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Abstract

The present report documents the results of Working Group,2D and K
decays, of the workshop on Flavour in the Era of the LHC, he(@EERN from
November 2005 through March 2007.

With the advent of the LHC, we will be able to probe New PhygN®) up
to energy scales almost one order of magnitude larger thaasibeen possi-
ble with present accelerator facilities. While direct atitn of new particles
will be the main avenue to establish the presence of NP at @, lindirect
searches will provide precious complementary informatsgnce most prob-
ably it will not be possible to measure the full spectrum ofvrparticles and
their couplings through direct production. In particulprecision measure-
ments and computations in the realm of flavour physics areagd to play a
key role in constraining the unknown parameters of the Lragjem of any NP
model emerging from direct searches at the LHC.

The aim of Working Group 2 was twofold: on one hand, to prowadeoher-
ent, up-to-date picture of the status of flavour physics teetbe start of the
LHC; on the other hand, to initiate activities on the pathdoidg integrating
information on NP from highps and flavour data.

This report is organized as follows. In Sé¢. 1, we give an\oeer of NP

models, focusing on a few examples that have been discussamirie detalil
during the workshop, with a short description of the avadaibmputational
tools for flavour observables in NP models. Sédc. 2 containengise dis-
cussion of the main theoretical problem in flavour physit® évaluation of
the relevant hadronic matrix elements for weak decays. [Beontains a de-
tailed discussion of NP effects in a set of flavour obsenstiiat we identified
as “benchmark channels” for NP searches. The experimentapects for
flavour physics at future facilities are discussed in Se&idally, Sec[b con-
tains some assessments on the work done at the workshop eapdospects
for future developments.
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1 New physics scenarios
1.1 Overview

The Standard Model (SM) of electroweak and strong intesastidescribes with an impressive accuracy
all experimental data on particle physics up to energiehefdarder of the electroweak scale. On the
other hand, we know that the SM should be viewed as an eféettirory valid up to a scalé ~ My,
since, among many other things, the SM does not contain axelitandidate of dark matter and it does
not account for gravitational interactions. Viewing the &Man effective theory, however, poses a series
of theoretical questions. First of all, the quadratic sinsi of the electroweak scale on the cutoff calls
for a low value ofA, in order to avoid excessive fine tuning. Second, severdiehigher dimensional
operators which appear in the SM effective Lagrangian teothe accidental symmetries of the SM.
Therefore, their coefficients must be highly suppresseddarmot to clash with the experimental data, in
particular in the flavour sector. Unless additional supgicgemechanisms are present in the fundamental
theory, a cutoff around the electroweak scale is thus phenotagically not acceptable since it generates
higher dimensional operators with large coefficients.

We are facing a formidable task: formulating a natural esitam of the SM with a cutoff close to
the electroweak scale and with a very strong suppressioddifienal sources of flavour and CP viola-
tion. While the simplest supersymmetric extensions of thev@th minimal flavour and CP violation,
such as Minimal Supergravity (MSUGRA) models, seem to bepttenomenologically most viable NP
options, it is fair to say that a fully consistent model of St@eaking has not been put forward yet. On
the other hand, alternative solutions of the hierarchy lpralbased on extra dimensions have recently
become very popular, although they have not yet been tested same level of accuracy as the Minimal
Supersymmetric Standard Model (MSSM). Waiting for the Lid@iscover new particles and shed some
light on these fundamental problems, we should considengeraf NP models as wide as possible, in
order to be ready to interpret the NP signals that will shovinupe near future.

In the following paragraphs, we discuss how flavour and CRatian beyond the SM can be
analyzed on general grounds in a model-independent wayh&¥Wespecialize to a few popular extensions
of the SM, such as SUSY and little Higgs models, and preseit imost relevant aspects in view of our
subsequent discussion of NP effects in flavour physics.



1.2 Model-independent approaches
1.2.1 General considerations

In most extensions of the Standard Model (SM), the new degréreedom that modify the ultraviolet
behavior of the theory appear only around or above the elgetik scaley ~ 174 GeV). As long as
we are interested in processes occurring below this saadh @sB, D and K decays), we can integrate
out the new degrees of freedom and describe the new-phy&csse-in full generality— by means of an
Effective Field Theory (EFT) approach. The SM Lagrangiacdmees the renormalizable part of a more
general local Lagrangian which includes an infinite towehigher-dimensional operators, constructed
in terms of SM fields and suppressed by inverse powers of a s4¢al > v.

This general bottom-up approach allows us to analyse distiesextensions of the SM in terms of
a limited number of parameters (the coefficients of the higlmensional operators). The disadvantage
of this strategy is that it does not allow us to establishalations of New Physics (NP) effects at low and
high energies (the scaleyp defines the cut-off of the EFT). The number of correlationsagndifferent
low-energy observables is also very limited, unless sorsgicdve assumptions about the structure of
the EFT are employed.

The generic EFT approach is somehow the opposite of theasthimp-down strategy towards NP,
where a given theory —and a specific set of parameters— aleysdo evaluate possible deviations from
the SM. The top-down approach usually allows us to estakksieral correlations, both at low energies
and between low- and high-energy observables. Howeveprtbe to pay is the loss of generality. This
is quite a high price given our limited knowledge about thggits above the electroweak scale.

An interesting compromise between these two extreme gtestdés obtained by implementing
specific symmetry restrictions on the EFT. The extra coimgrancrease the number of correlations in
low-energy observables. The experimental tests of suatelations allow us to test/establish general
features of the NP model (possibly valid both at low and highrgies). In particularB, D and K
decays are extremely useful in determining the flavour-sginynbreaking pattern of the NP model. The
EFT approaches based on the Minimal Flavour Violation (MEYDothesis and its variations (MFV at
largetan 3, n-MFV, ...) have exactly this goal.

In Sect[1.2.P we illustrate some of the main conclusionsibN® effects in the flavour sector de-
rived so far within general EFT approaches. In Sect. 11.2.anedyse in more detail the MFV hypothesis,
discussing: i) the general formulation and the general equsnces of this hypothesis; ii) the possible
strategies to verify or falsify the MFV assumption from l@mergy data; iii) the implementation of the
MFV hypothesis in more explicit beyond-the-SM frameworksch as the Minimal Supersymmetric SM
(MSSM) or Grand Unified Theories (GUTS).

1.2.2 Generic EFT approaches and the flavour problem

The NP contributions to the higher-dimensional operatbtiseoEFT should naturally induce large effects
in processes which are not mediated by tree-level SM angiglitusuch as meson-antimeson mixing
(AF = 2 amplitudes) or flavour-changing neutral-current (FCNC¢ decays. Up to now there is no
evidence of deviations from the SM in these processes andmifilies severe bounds on the effective
scale of various dimension-six operators. For instance gthod agreement between SM expectations
and experimental determinations &P—K° mixing leads to bounds abov®? TeV for the effective
scale of AS = 2 operators, i.e. well above the few TeV range suggested byumatatabilization of
the electroweak-symmetry breaking mechanism. Similantsware obtained for the scale of operators
contributing to lepton-flavour violating (LFV) transitienn the lepton sector, such as— e~.

The apparent contradiction between these two determimatibA is a manifestation of what in
many specific frameworks (supersymmetry, technicologr) gioes under the name fidivour problem
if we insist on the theoretical prejudice that new physics tieemerge in the TeV region, we have to
conclude that the new theory possesses a highly non-gefteraur structure. Interestingly enough,
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Fig. 1: Constraints on thg—7 plane using tree-level observables only, from Ref. [7] @se Ref. [8]).

this structure has not been clearly identified yet, maintelse the SM (the low-energy limit of the new
theory), doesn't possess an exact flavour symmetry. Within@el-independent approach, we should try
to deduce this structure from data, using the experimentatrnation on FCNC transitions to constrain
its form.

1.2.2.1 Bounds oA F' = 2 operators

In most realistic NP models we can safely neglect NP effectdlicases where the corresponding ef-
fective operator is generated at the tree-level within the Bhis general assumption implies that the
experimental determination of and |V,;| via tree-level processes (see Higl. 1) is free from the con-
tamination of NP contributions. The comparison of the expental data on meson-antimeson mixing
amplitudes (both magnitudes and phases) with the thear&i expectations (obtained by means of
the tree-level determination of the CKM matrix) allows taide some of the most stringent constraints
on NP models.

In a wide class of beyond-the-SM scenarios we expect sizaideuncorrelated deviations from
the SM in the various\F = 2 amplitudes: As discussed by several authors [2—6], in this case NP
effects can be parameterized in terms of the shift induceteB,—B, mixing frequenciesq = d, s)
and in the corresponding CPV phases,

(By|HI" B,)
(Bq|HZ"|By)
and similarly for the neutral kaon system. The two equiviaemameterization ', , ¢, ) or (4, 04)]

have been shown to facilitate the interpretation of theltest the UTfit [7] and CKMfitter [8] collabo-
rations for theB,; case, shown in Fif] 2.

The main conclusions that can be drawn form the present sgmbf new-physics effects ilnF’ =
2 amplitudes can be summarized as follows:

— CBq e2z¢>3q — Tgezzeq , (1)

— In all the three accessible short-distance amplitud&s-(°, B;,—B,;, and B,—B;) the magnitude
of the new-physics amplitude cannot exceed, in size, thetgivt-glistance contribution. The latter

! As discussed for instance in Ref. [1], there is a rather gatienit where NP effects il\ F' = 2 amplitudes are expected
to be the dominant deviations from the SM in the flavour sectbis happens under the following two general assumptions:
i) the effective scale of NP is substantially higher than¢lextroweak scale; ii) the dimensionless effective cagdiruling
AF = 2 transitions can be expressed as the square of the corrésgahd = 1 coupling, without extra suppression factors.

Q
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andB,—B, mixing from ref. [9].

is suppressed both by the GIM mechanism and by the hieratc$ticicture of the CKM matrix
V) o a2

S (ViVig)* (MI(Q1r"Qp)?|M) @
Therefore, new-physics models with TeV-scale flavoured-ekesyof freedom an®(1) flavour-
mixing couplings are essentially ruled out. To quantifysteiatement, we report here the results
of the recent analysis of ref. [9]. Writing

AF=2
Asn

oo
ARE =2 ~ S5 (M|(QTFQ7)* M),
3)



wherel'* is a generic Dirac and colour structure (see ref. [9] for itBteone ha$

2 x 10° TeV x |Cfy|1/?
A > 2x10° TeV x |Cly|'/?
3 x 10?2 TeV x |C4,]/?

— As clearly shown in Fid.]3, in th8,—B, case there is still room for a new-physics contribution up
to the SM one. However, this is possible only if the new-pbysiontribution is aligned in phase
with respect to the SM amplitude§" close to zero). Similar, but thighter, constraints holaals
for the new physics contribution to tHé’—K° amplitude.

— Contrary toB;—B,; and K°-K° amplitudes, at present there is only a very loose bound on the
CPV phase of thé3,—B, mixing amplitude. This leaves open the possibility of ols®r a large
Acp(Bs — J/¥¢) at LHCb, which would be a clear signal of physics beyond the SM

As we will discuss in the following, the first two items listatove find a natural explanation within the
so-called hypothesis of Minimal Flavour Violation.

1.2.3 Minimal Flavour Violation

A very reasonable, although quite pessimistic, solutioth&flavour problem is the so-called Minimal
Flavour Violation (MFV) hypothesis. Under this assumptiarich will be formalized in detail below,
flavour-violating interactions are linked to the known sture of Yukawa couplings also beyond the SM.
As a result, non-standard contributions in FCNC transgitumn out to be suppressed to a level consistent
with experiments even fak ~ few TeV. One of the most interesting aspects of the MFV hypsithis
that it can naturally be implemented within the EFT approchNP [10]. The effective theories based
on this symmetry principle allow us to establish unambiguoorrelations among NP effects in various
rare decays. These falsifiable predictions are the key dngmés to identify in a model-independent way
which are the irreducible sources of flavour symmetry bregki

1.2.3.1 The MFV hypothesis

The pure gauge sector of the SM is invariant under a large tmrgroup of flavour transformations:
Gsm =G, ® G, @ U(1)°, where

G, =SUB3)g, ®SUB)y, @SUB)p,,  Ge=SUB)L, @ SUB) g, 4

and three of the fivé/ (1) charges can be identified with baryon number, lepton numixéhgpercharge
[11]. This large group and, particularly t1$&J(3) subgroups controlling flavour-changing transitions, is
explicitly broken by the Yukawa interaction

Ly = QLYDDRH + QLYUURHC + ELYEERH + h.c. (5)

SinceGsy is already broken within the SM, it would not be consisteritripose it as an exact symmetry
beyond the SM: even if absent a the tree-level, the breakKidigx@ would reappear at the quantum level
because of the Yukawa interaction. The most restrictiveothgsis we can make footectin a consistent
way flavour mixing in the quark sector, is to assume #jatandY7; are the only sources ©f, breaking
also beyond the SM. To implement and interpret this hypdghasa consistent way, we can assume that
G, is indeed a good symmetry, promoting, p to be non-dynamical fields (spurions) with non-trivial
transformation properties under this symmetry

Yy ~ (3737 1)gq ) Yp ~ (37 1,3)gq . (6)

2The choicel™ = P; ® Pr gives the most stringent constraints. Constraints fronerotiperators are up to one order of
magnitude weaker.

10



MFV dim-6 operator Main observables A [TeV]
HQrLYuYn,.Qr)? ex, Amp,, Amp, 59[+] 88[—
eHT (DRYE,YUYJUWQL> Fl, B — Xy 5.0 [+]
(QLYuY 7, Qr) (L, L) B — (X)), K —wwp, (7)ll| 3.7[+] 3.2

[+]

(QuYuYiy,Qr)(H'D,H)  B— (X)U, K — muvp,(m)ll| 2.0 [+

Table 1: 95% CL bounds on the scale of representative dimension-sixabpesin the MFV scenario. The con-
straints are obtained on the single operator, with coefftciel /A? (+ or — denote constructive or destructive
interference with the SM amplitude).

If the breaking of the symmetry occurs at very high energyescawell above the TeV region where
the new degrees of freedom necessary to stabilize the Heggersshould appear— at low-energies we
would only be sensitive to the background values ofthe.e. to the ordinary SM Yukawa couplings.
Employing the effective-theory language, we then definedhaeffective theory satisfies the criterion of
Minimal Flavour Violation in the quark sector if all higheimensional operators, constructed from SM
andY fields, are invariant under CP and (formally) under the flawoupg, [10].

According to this criterion one should in principle consideerators with arbitrary powers of the
(dimensionless) Yukawa fields. However, a strong simplificearises by the observation that all the
eigenvalues of the Yukawa matrices are small, but for theotay and that the off-diagonal elements of
the CKM maitrix (/;;) are very suppressed. Using igsymmetry, we can rotate the background values
of the auxiliary fieldsY” such that

Yp =M\, Yo =Vin,, (7)

where\ are diagonal matrices arid is the CKM matrix. It is then easy to realize that, similarythe
pure SM case, the leading coupling ruling all FCNC transgiavith external down-type quarks is:

(Arc)ij = (8)

(YUY[Dij ~ A2V Vs i,

i=7.

The number of relevant dimension-6 effective operatoisan strongly reduced (representative examples
are reported in Tablg 1, while the complete list can be fourRdef. [10]).

1.2.3.2 Universal UT and MFV bounds on the effective opesato

As originally pointed out in Ref. [12], within the MFV frameawk several of the constraints used to deter-
mine the CKM matrix (and in particular the unitarity triapglare not affected by NP. In this framework,
NP effects are negligible not only in tree-level processgisaltso in a few clean observables sensitive
to loop effects, such as the time-dependent CPV asymmetBy, in+ J/¥ K, 5. Indeed the structure
of the basic flavour-changing coupling in EQl (8) impliestttre weak CPV phase d8;—B; mixing is
arg[(ViaV3)?], exactly as in the SM. The determination of the unitarifgrigle using only these clean
observables (denoted Universal Unitarity Triangle) isvamdn Fig.[43 This construction provides a
natural (a posteriori) justification of why no NP effects bdeen observed in the quark sector: by con-
struction, most of the clean observables measureft &ctories are insensitive to NP effects in this
framework.

In Table[1 we report a few representative examples of the dgon the higher-dimensional op-
erators in the MFV framework. As can be noted, the built-inNCEuppression leads to bounds on the

3The UUT as originally proposed in Ref. [12] includas\/g, /A Mg, and is therefore valid only in models of CMFV (see
Sec[1.2.31). On the other hand, removikg/s, /A Mz, from the analysis gives a UUT that is valid in any MFV scenario
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Fig. 4: Fit of the CKM unitarity triangle within the SM (left) and inemeric extensions of the SM satisfying the
MFV hypothesis (right) [7].

effective scale of new physics not far from the TeV regione§ébounds are very similar to the bounds
on flavour-conserving operators derived by precision sdaaak tests. This observation reinforces the
conclusion that a deeper study of rare decays is definiteddeskin order to clarify the flavour problem:
the experimental precision on the clean FCNC observablgsirezl to obtain bounds more stringent
than those derived from precision electroweak tests (asdilply discover new physics) is typically in
the 1% — 10% range.

Although the MFV seems to be a natural solution to the flavaoblem, it should be stressed
that we are still very far from having proved the validity bfg hypothesis from data. A proof of the
MFV hypothesis can be achieved only with a positive evidesfqehysics beyond the SM exhibiting the
flavour pattern (link between — d, b — d, andb — s transitions) predicted by the MFV assumption.

1.2.3.3 Comparison with other approaches (CMFV & n-MFV)

The idea that the CKM matrix rules the strength of FCNC trzmss$ also beyond the SM has become a
very popular concept in the recent literature and has beeteimented and discussed in several works
(see e.g. Refs. [12-16]).

It is worth stressing that the CKM matrix represents only paét of the problem: a key role
in determining the structure of FCNCs is also played by qumaasses, or by the Yukawa eigenvalues.
In this respect, the MFV criterion illustrated above pr@sdhe maximal protection of FCNCs (or the
minimal violation of flavour symmetry), since the full sttuce of Yukawa matrices is preserved. At the
same time, this criterion is based on a renormalizationygriavariant symmetry argument. Therefore,
it can be implemented independently of any specific hypathedsout the dynamics of the new-physics
framework. The only two assumptions are: i) the flavour symtmynand the sources of its breaking; ii)
the number of light degrees of freedom of the theory (idezttifivith the SM fields in the minimal case).

This model-independent structure does not hold in most efalternative definitions of MFV
models that can be found in the literature. For instanceddfimition of Ref. [16] (denoted constrained
MFV, or CMFV) contains the additional requirement that tlilecive FCNC operators playing a sig-
nificant role within the SM are the only relevant ones alsoobelythe SM. This condition is realized
within weakly coupled theories at the TeV scale with only ¢ight Higgs doublet, such as the model
with universal extra dimensions analysed in Ref. [17], e MiSSM with smalltan G and smallu term.
However, it does not hold in other frameworks, such as techmir models, or the MSSM with large
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tan 3 and/or largeu term (see Sedt. 1.2.3.6), whose low-energy phenomenologig still be described
using the general MFV criterion discussed in Sect, 1.2.3.1.

Since we are still far from having proved the validity of thé&=M hypothesis from data, specific
less restrictive symmetry assumptions about the flavouctsire of NP can also be considered. Next-
to-minimal MFV frameworks have recently been discussedeh R18,19]. As shown in Ref. [19], a
convenient way to systematically analyse the possibleatievis from the MFV ansatz is to introduce
additional spurions of th@sy; group.

1.2.3.4 MFV at larggan g

If the Yukawa Lagrangian contains only one Higgs field, as @ @), it necessarily breaks both
and two of theU (1) subgroups ofisy. In models with more than one Higgs doublet, the breaking
mechanisms af, and thel/ (1) symmetries can be decoupled, allowing a different overaiinalization

of the Yy p spurions with respect to the SM case.

A particularly interesting scenario is the two-Higgs-dimibmodel where the two Higgses are
coupled separately to up- and down-type quarks:

Ly, = QrYpDrHp + QLYyUrHy + LLYEErHp + h.c. 9

This Lagrangian is invariant undeflg 1) symmetry, denoted(1)pq, whose only charged fields af&g
and Er (charge+1) andHp (charge—1). TheUpg symmetry prevents tree-level FCNCs and implies
that Y7 p are the only sources @f, breaking appearing in the Yukawa interaction (similar te time-
Higgs-doublet scenario). Coherently with the MFV hypotbem order to protect the good agreement
between data and SM in FCNCs aid” = 2 amplitudes, we assume theg p are the only relevant
sources ofj, breaking appearing in all the low-energy effective opasatd his is sufficient to ensure
that flavour-mixing is still governed by the CKM matrix, anatarally guarantees a good agreement with
present data in th& F' = 2 sector. However, the extra symmetry of the Yukawa intepactllows us

to change the overall normalization ¥if; p with interesting phenomenological consequences in specifi
rare modes.

The normalization of the Yukawa couplings is controlledthy 5 = (Hy) /(Hp). Fortan 5 > 1
the smallness of thé quark andr lepton masses can be attributed to the smallneds ofn  rather
than to the corresponding Yukawa couplings. As a resultygars > 1 we cannot anymore neglect the
down-type Yukawa coupling. In this scenario the deterniimedf the effective low-energy Hamiltonian
relevant to FCNC processes involves the following threpsste

— construction of the gauge-invariant basis of dimensigregerators (suppressed By 2) in terms
of SM fields and two Higgs doublets;

— breaking ofSU(2) x U(1)y and integration of th& ()% ) heavy Higgs fields;

— integration of theO(Ma,) SM degrees of freedom (top quark and electroweak gauge spson

These steps are well separated if we assume the scale hietars My > My,. On the other hand, if

A ~ My, the first two steps can be joined, resembling the one-Hilggaslet scenario discussed before.
The only difference is that now, at largen 3, Yp is not negligible and this requires to enlarge the basis
of effective dimension-six operators. From the phenonagiohl point of view, this implies the breaking
of the strong MFV link betwee - and B-physics FCNC amplitudes occurring in the one-Higgs-deubl
case [10].

A more substantial modification of the one-Higgs-doubletecaccurs if we allow sizable sources
of U(1)pq breaking. It should be pointed out that th¢l)pg Symmetry cannot be exact: it has to be
broken at least in the scalar potential in order to avoid tlesgnce of a massless pseudoscalar Higgs.
Even if the breaking olU(1)pq and g, are decoupled, the presenceléfl)pq breaking sources can
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have important implications on the structure of the Yukamtaraction. We can indeed consider new
dimension-four operators such as

eQLYpDr(Hy)®  or 6QLYUYJYDDR(HU)c ; (10)

wheree denotes a generig,-invariantU(1)pq-breaking source. Even if < 1, the produck x tan 3
can beO(1), inducing O(1) non-decoupling corrections t8y;. As discussed in specific supersym-
metric scenarios, fartan 8 = O(1) the U(1)pq-breaking terms inducé(1) corrections to the down-
type Yukawa couplings [20], the CKM matrix elements [21]ddhe charged-Higgs couplings [22-24].
Moreover, sizable FCNC couplings of the down-type quarkthoheavy neutral Higgs fields are al-
lowed [25-30]. All these effects can be taken into accoutlitorders with a proper re-diagonalization
of the effective Yukawa interaction [10].

Since theb-quark Yukawa coupling becomé3(1), the largetan (5 regime is particularly inter-
esting for helicity-suppressed observableBiphysics. One of the clearest phenomenological conse-
qguences is a suppression (typically in itie-50% range) of theB — /v decay rate with respect to its SM
expectation [31]. Potentially measurable effects inlthe 30% range are expected alsoih— Xy and
AMp,. The most striking signature could arise from the rare deéay; — ¢*¢~, whose rates could
be enhanced over the SM expectations by more than one ordeagriitude. An enhancement of both
By — (T¢~ andB; — ¢*¢~ respecting the MFV relatioR(Bs — (1 ¢7)/T(By — (T07) =~ |Vis/Via|?
would be an unambiguous signature of MFV at latge (.

Within the EFT approach where all the heavy degrees of fr@edrcept the Higgs fields are
integrated out, we cannot establish many other correlstaomong the helicity-suppresséttphysics
observables. However, the scenario becomes quite predistthin a more ambitious EFT: the MSSM
with MFV (see Sect_1.2.3.6). As recently discussed in R&—B4], in the MFV-MSSM with large
tan 8 and heavy squarks, interesting correlations can be estadliamong all thé-physics observ-
ables mentioned above and several flavour-conserving \@iges (both at low and high energies). In
particular, while compatible with preseft-physics constraints, this scenario can naturally restiige
long-standing g — 2),, anomaly and explain in a natural way, why the lightest Higgsam has not been
observed yet. The predictivity, the high-sensitivity taigas B-physics observables, and the natural
compatibility with existing data, make this scenario a vietgresting benchmark for correlated studies
of low- and high-energy data (see Sé&c¢t. 5).

1.2.3.5 MFV in Grand Unified Theories

Once we accept the idea that flavour dynamics obeys a MFViplinat least in the quark sector, it
is interesting to ask if and how this is compatible with Graswified Theories (GUTSs), where quarks
and leptons sit in the same representations of a unified gguoyg. This question has recently been
addressed in Ref. [35], considering the exemplifying cdstlid5),.uge-

Within SU(5)gauge, the down-type singlet quarks{;) and the lepton doublets {) belong to
the 5 representation; the quark doubl€}), the up-type l(];'z) and lepton singletsE}z) belong to the
10 representation, and finally the right-handed neutringg ére singlets. In this framework the largest
group of flavour transformation commuting with the gaugeugris Gocur = SU(3)5 x SU(3)10 X
SU(3)1, which is smaller than the direct product of the quark antbleflavour groups compatible with
the SM gauge sectog, x G;. We should therefore expect some violations of the MFV mtashs, either
in the quark sector, or in the lepton sector, or in both (aewwof the MFV predictions for the lepton
sector [36] can be found in the WG3 section of this report).

A phenomenologically acceptable description of the lowrgp fermion mass matrices requires
the introduction of at least four irreducible sourcesGefyT breaking. From this point of view the
situation is apparently similar to the non-unified case: fthe GoyT spurions can be put in one-to-
one correspondence with the low-energy spuribng r plus the neutrino Yukawa coupling, (which
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is the only low-energy spurion in the neutrino sector assgnain approximately degenerate heayy
spectrum). However, the smaller flavour group does not alfmdiagonalization oY, andYx (which
transform in the same way und@g:yr) in the same basis. As a result, two additional mixing ma#sric
can appear in the expressions for flavour changing rates T3t hierarchical texture of the new mixing
matrices is known since they reduce to the identity matrtk@limit Yl = Y. Taking into account this
fact, and analysing the structure of the allowed higheretisional operators, a number of reasonably
firm phenomenological consequences can be deduced [35]:

— There is a well defined limit in which the standard MFV scandor the quark sector is fully
recovered]Y,| < 1 and smaltan 5. The upper bound on the neutrino Yukawa couplings implies
an upper bound on the heavy neutrino masdds)( In the limit of a degenerate heavy neutrino
spectrum, this bound is abol@'? GeV. For),, ~ 10'? GeV and smaltan 3, deviations from the
standard MFV pattern can be expected in d&@rdecays but not ifB physics? Ignoring fine-tuned
scenarios, M, > 10'? GeV is excluded by the present constraints on quark FCNGitians.
Independently from the value @f/,,, deviations from the standard MFV pattern can appear both
in K and in B physics fortan 3 2 m;/my,.

— Contrary to the non-GUT MFV framework for the lepton sectbe rate foru — ey and other
LFV decays cannot be arbitrarily suppressed by loweringntlass of the heavyg. This fact
can easily be understood by noting that the GUT group alldsesd,,-independent contributions
to LFV decays proportional to the quark Yukawa couplings.e Tatter become competitive for
M, < 10" GeV and their contribution is such that far < 10 TeV thep — ey rate is above
10~13 (i.e. within the reach of MEG [37]).

— Within this framework improved experimental searchegon ;v andr — ey are a key tool:
they are the best observables to discriminate the relatieco$ the non-GUT MFV contributions
with respect to the GUT ones. In particular, if the quarkdoeld terms turn out to be dominant,
the B(t — wy)/B(u — ev) ratio could reach values @(10~*), allowing 7 — - to be just
below the present exclusion bounds.

1.2.3.6 The MFV hypothesis in the MSSM

A detailed discussion of the so-called Minimal Supersymime&ixtension of the SM will be presented
in Sect[1.B. Here we limit ourself to analyse how the MFV hyesis can be implemented in this
framework, and to briefly summarise its main implications.

It is first worth to recall that the adjectivainimalin the MSSM acronyms refers to the particle
content of the model and not to its flavour structure. In galneghe MSSM contains a huge number
of free parameters and most of them are related to the flavmuatgre of the model (sfermion masses
and trilinear couplings). Since the new degrees of freedampdrticular the squark fields) have well-
defined transformation properties under the quark-flaveau@g,, the MFV hypothesis can easily be
implemented in this framework following the general ruleslioed in Sect, 1.2.311: we need to consider
all possible interactions compatible with i) softly-broksupersymmetry; ii) the breaking 6f, via the
spurion fieldsYy, p. This allows to express the squark mass terms and the &ilim@ark-squark-Higgs
couplings as follows [10, 38]:

my, = <a1ﬂ F 0 Yo Y+ boYpY) + baYpY YoV + baYu ViV + .. ) . (11)

mE = (a2]1+b5YJYU+...>, (12)

4 The conclusion thak’ decays are the most sensitive probes of possible devidtiomsthe strict MFV ansatz follows from
the strong suppression of the— d short-distance amplitude in the SM;V;: = ©(107*)], and goes beyond the hypothesis
of an underlying GUT. This is the reason why — wv decays, which are the best probessof> d AF = 1 short-distance
amplitudes, play a key role in any extension of the SM coirtgimon-minimal sources of flavour symmetry breaking.
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’I’T’LzDR = m? <a3ﬂ + bGYgYD + .. > s (13)
Ay = Afal+bYpYh+..) Yy, (14)

Ap

A <a5]l +bYy Y+ . ) Yp | (15)

where the dimensionful parametehsand A set the overall scale of the soft-breaking terms. In Eq9—~11
(@5) we have explicitly shown all independent flavour stuoes which cannot be absorbed into a redef-
inition of the leading terms (up to tiny contributions quatilr in the Yukawas of the first two families).
Whentan G is not too large and the bottom Yukawa coupling is small, @mns quadratic iy, can be
dropped.

In a bottom-up approach, the dimensionless coefficiengmdb; in Egs. [11)-1(16) should be con-
sidered as free parameters of the model. Note that thiststeus renormalization-group invariant: the
values ofa; andb; change according to the Renormalization Group (RG) flowtheigeneral structure
of Egs. [11)-l(1b) is unchanged. This is not the case ibflaee set to zero (corresponding to the so-called
hypothesis of flavour universality). If this hypothesisés as initial condition at some high-energy scale
M, then non vanishing; ~ (1/47)? In M?/m? are generated by the RG evolution. This is for instance
what happens in models with gauge-mediated supersymmetaking [39—-41], where the scald is
identified with the mass of the hypothetical messengergesti

Using the soft terms in Eqs. (11)—(15), the physital 6 squark-mass matrices, after electroweak
symmetry breaking, are given by

72— méL + YUYJU?J + (% — %s%v) M% cos 203 (Ay — uYy cot ) vy
v (Ay — Yy cot B)T vy mQUR + YJYU’U[Z] + %S%VM% cos23 |’
W2 - m%L + YDYg’UZD - (% - %s%v) M% cos 203 (Ap — puYptan ) vp .
b (Ap — uYp tanﬁ)TvD m%R —I-YgYDU%) — %S%VM% cos 203

(16)

where . is the higgsino mass parameter andp = (Hy,p) (tan8 = wvy/vp). The eigenvalues
of these mass matrices are not degenerate; however, thesplassgs are tightly constrained by the
specific (Yukawa-type) symmetry-breaking pattern.

If we are interested only in low-energy processes we cagiiate out the supersymmetric particles
at one loop and project this theory into the general EFT @sed in the previous sections. In this case
the coefficients of the dimension-six effective operatorgtan in terms of SM and Higgs fields (see
Table[1) are computable in terms of the supersymmetrictsefiking parameters. We stress that if
tan 8 > 1 (see Secf_1.2.3.4) and/or/ifis large enough [42], the relevant operators thus obtaimed g
beyond the restricted basis of the CMFV scenario [16]. Tipecht effective scale suppressing these
operators (assuming an overall coefficiefit?) is

A~ 47, (17)

Looking at the bounds in Tablé 1, we then conclude that if MB\dh, the present bounds on FCNCs do
not exclude squarks in the few hundred GeV mass range, ilewitlein the LHC reach.

It is finally worth recalling that the integration of the supgmmetric degrees of freedom may
also lead to sizable modifications of the renormalizableratpes and, in particular, of the effective
Yukawa interactions. As a result, in an effective field tlyeaith supersymmetric degrees of freedom,
the relations betwee¥;; p and the physical quark masses and CKM angles are potentaltijffied. As
already pointed out in Se¢t. 1.2.B.4, this effect is palaidy relevant in the largean 3 regime.
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1.3 SUSY models
1.3.1 FCNC and SUSY

The generation of fermion masses and mixings (“flavour o) gives rise to a first and important
distinction among theories of new physics beyond the eleaak standard model.

One may conceive a kind of new physics that is completely 6ilablind”, i.e. new interactions
that have nothing to do with the flavour structure. To prowageexample of such a situation, consider
a scheme where flavour arises at a very large scale (for estie Planck mass) while new physics is
represented by a supersymmetric extension of the SM witbrsypimetry broken at a much lower scale
and with the SUSY breaking transmitted to the observabloséy flavour-blind gauge interactions. In
this case one may think that the new physics does not causmajoy change to the original flavour
structure of the SM, namely that the pattern of fermion massed mixings is compatible with the
numerous and demanding tests of flavour changing neutnarasr

Alternatively, one can conceive a new physics that is eméahgith the flavour problem. As an ex-
ample consider a technicolour scheme where fermion masskamiaings arise through the exchange of
new gauge bosons which mix together ordinary and technigersn Here we expect (correctly enough)
new physics to have potential problems in accommodatingshal fermion spectrum with the adequate
suppression of FCNC. As another example of new physics shaott flavour blind, take a more con-
ventional SUSY model which is derived from a spontaneousbkén N=1 supergravity and where the
SUSY breaking information is conveyed to the ordinary sectdhe theory through gravitational inter-
actions. In this case we may expect that the scale at whiobuitaarises and the scale of SUSY breaking
are not so different and possibly the mechanism of SUSY lmmgadnd transmission itself is flavour-
dependent. Under these circumstances we may expect aigbfwour problem to arise, namely that
SUSY contributions to FCNC processes are too large.

The potentiality of probing SUSY in FCNC phenomena was tgadialized when the era of
SUSY phenomenology started in the early 80’s [43, 44]. Ittipalar, the major implication that the
scalar partners of quarks of the same electric charge bohdgielg to different generations had to share
a remarkably high mass degeneracy was emphasized.

Throughout the large amount of work in the past decades #@rbealearer and clearer that gener-
ically talking of the implications of low-energy SUSY on FCNmay be rather misleading. We have
a minimal SUSY extension of the SM, the so-called Constdhilinimal Supersymmetric Standard
Model (CMSSM), where the FCNC contributions can be compinddrms of a very limited set of un-
known new SUSY parameters. Remarkably enough, this minimeglel succeeds to pass all FCNC tests
unscathed. To be sure, it is possible to severely constnaisUSY parameter space, for instance using
b — s7v, in away that is complementary to what is achieved by dirét$% searches at colliders.

However, the CMSSM is by no means equivalent to low-energ$BA first sharp distinction
concerns the mechanism of SUSY breaking and transmissithre tobservable sector that is chosen. As
we mentioned above, in models with gauge-mediated SUSXimgpéGMSB models [39, 40,45-68]) it
may be possible to avoid the FCNC threat “ab initio” (notibattthis is not an automatic feature of this
class of models, but it depends on the specific choice of tttersthat transmits the SUSY breaking in-
formation, the so-called messenger sector). The other foarenical” class of SUSY theories that was
mentioned above has gravitational messengers and a vgeydaale at which SUSY breaking occurs.
In this brief discussion we focus only on this class of grawitediated SUSY breaking models. Even
sticking to this more limited choice we have a variety of op§ with very different implications for the
flavour problem.

First, there exists an interesting large class of SUSY zatitins where the customary R-parity
(which is invoked to suppress proton decay) is replaced hgratiscrete symmetries which allow either
baryon or lepton violating terms in the superpotential. ,Ravien sticking to the more orthodox view
of imposing R-parity, we are still left with a large variety eéxtensions of the MSSM at low energy.

17



The point is that low-energy SUSY *“feels” the new physicshat superlarge scale at which supergravity
(i.e., local supersymmetry) broke down. In the past yearshawe withessed an increasing interest
in supergravity realizations without the so-called flavaniversality of the terms which break SUSY
explicitly. Another class of low-energy SUSY realizatipmghich differ from the MSSM in the FCNC
sector, is obtained from SUSY-GUT’s. The interactions imvmy superheavy particles in the energy
range between the GUT and the Planck scale bear importaticatipns for the amount and kind of
FCNC that we expect at low energy [69-71].

1.3.2 FCNC in SUSY without R-parity

It is well known that in the SM case the imposition of gauge Byetry and the usual gauge assignment
of the 15 elementary fermions of each family lead to the aat@rconservation of baryon and lepton
numbers (this is true at any order in perturbation theory).

On the contrary, imposing in addition to the us§al (3)® SU (2)®@ U (1) gauge symmetry an N=1
global SUSY does not prevent the appearance of terms whiglicigly break B or L [72, 73]. Indeed,
the superpotential reads:

W = WWQHyu + hPQHpd" + h*LHpe® + pHyHp
+ M/HUL + )\;/]kufdj Z + )\;ijZL]dZ + )\ijkLiLjez s (18)

where the chiral matter superfield$, u¢, d¢, L, e¢, Hy and Hp transform under the above gauge
symmetry as:

Q= (3,2,1/6); u = (3,1,-2/3); d° = (3,1,1/3); (19)
L=(1,2,-1/2); =(1,1,1); Hy=(1,2,1/2); Hp=(1,2,—1/2).

The couplingshV, hP, h are3 x 3 matrices in the generation spaégj andk are generation indices.
Using the product of\’ and \” couplings it is immediate to construct four-fermion operatleading
to proton decay through the exchange of a squark. Even if bovwsafor the existence ok’ and \”
couplings only involving the heaviest generation, one ¢tawsthat the bound on the produtx \” of
these couplings is very severe (@t10~7)) [74].

A solution is that there exists a discrete symmetry, B-pdrib—79], which forbids the B violating
terms proportional to\” in eqg. [I8). In that case it is still possible to produce diadfects in FC
processes. Two general features of these R-parity viglatimtributions are:

1. complete loss of any correlation to the CKM elements. Retance, in the above example, the
couplings)\’ and\ have nothing to do with the usual angkég andV;, which appear ih — st~
in the SM;

2. loss of correlation among different FCNC processes, whie tightly correlated in the SM. For
instance, in our example — di*1~ would depend o\’ and \ parameters which are different
from those appearing iB,; — B, mixing.

In this context it is difficult to make predictions given thdbirariness of the large number dand
)\ parameters. There exist bounds on each individual couiiag assuming all the other L violating
couplings are zero) [80, 81].

Obviously, the most practical way of avoiding any threat @ri8l L violating operators is to forbid
all such terms in eql_(18). This is achieved by imposing the URuahtter parity. This quantum number
is +1 for every ordinary particle and 1 for SUSY partners. We now turn to FCNC in the framework of
low-energy SUSY with R parity.
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1.3.3 FCNC in SUSY with R-parity - CMSSM framework

Even when R parity is imposed the FCNC challenge is not otvéxtiue that in this case, analogously to
what happens in the SM, no tree level FCNC contributioneaktowever, it is well-known that this is a

necessary but not sufficient condition to consider the FCkBlpm overcome. The loop contributions
to FCNC in the SM exhibit the presence of the GIM mechanismwaadhave to make sure that in the
SUSY case with R parity some analog of the GIM mechanism igeact

To give a qualitative idea of what we mean by an effective s@i®& mechanism, let us consider
the following simplified situation where the main featureseege clearly. Consider the SM box diagram
responsible fork® — K9 mixing and take only two generations, i.e. only the up andrhquarks
run in the loop. In this case the GIM mechanism yields a siggoe factor ofO((m2 — m2)/M3,).

If we replace the W boson and the up quarks in the loop withr tBEISY partners and we take, for
simplicity, all SUSY masses of the same order, we obtain ars@dM factor which looks like the GIM
one with the masses of the superparticles instead of thoge aforresponding particles. The problem
is that the up and charm squarks have masses which are mgeh than those of the corresponding
quarks. Hence the super-GIM factor tends to b&¢f) instead of being)(10~3) as it is in the SM
case. To obtain this small number we would need a high degeynbéetween the mass of the charm and
up squarks. It is difficult to think that such a degeneracy imawnccidental. After all, since we invoked
SUSY for a naturalness problem (the gauge hierarchy isswe$hould avoid invoking a fine-tuning to
solve its problems! Then one can turn to some symmetry red&smrinstance, just sticking to this simple
example that we are considering, one may think that the madindf the charm and up squark masses is
the same, i.e. the mechanism of SUSY breaking should have saiversality in providing the mass to
these two squarks with the same electric charge. Anotheiljility one may envisage is that the masses
of the squarks are quite high, say above few TeV’s. Then e\ihiey are not so degenerate in mass, the
overall factor in front of the four-fermion operator respdne for the kaon mixing becomes smaller and
smaller (it decreases quadratically with the mass of tharsg) and, consequently, one can respect the
experimental result. We see from this simple example thatdsue of FCNC may be closely linked to
the crucial problem of how we break SUSY.

We now turn to some more quantitative considerations. Welsgaliscussing the different degrees
of concern that FCNC raise according to the specific lowgn&USY realization one has in mind. In
this section we will consider FCNC in the CMSSM realizatiohs Sect.[1.3.4 we will deal with CP-
violating FCNC phenomena in the same context. After disngshese aspects in the CMSSM we will
provide bounds from FCNC and CP violation in a generic SUStémsion of the SM (Sedt. 1.3.5).

Obviously the reference frame for any discussion in a sgeSifiSY scheme is the MSSM. Al-
though the name seems to indicate a well-defined particleemede can identify at least two quite
different classes of low-energy SUSY models. First, we HaeeCMSSM, the minimal SUSY exten-
sion of the SM (i.e. with the smallest needed number of sugdslj with R-parity, radiative breaking of
the electroweak symmetry, universality of the soft bregkerms and simplifying relations at the GUT
scale among SUSY parameters. In tbimstrainedversion, the MSSM exhibits only four free param-
eters in addition to those of the SM, and is an example of a St8¥el with MFV. Moreover, some
authors impose specific relations between the two paramdtend B that appear in the trilinear and
bilinear scalar terms of the soft breaking sector, furtleeucing the number of SUSY free parameters to
three. Then, all SUSY masses are just functions of theserfdapiendent parameters and, hence, many
relations among them exist.

In SUSY there are five classes of one-loop diagrams thatibaterto FCNC and CP violating
processes. They are distinguished according to the vigagicles running in the loop: W and up-
quarks, charged Higgs and up-quarks, charginos and upksgueeutralinos and down-squarks, gluinos
and down-squarks. It turns out that, in tkisnstrainedversion of the MSSM, at low or moderaten
the charged Higgs and chargino exchanges yield the dom81asty contributions, while at largewn
Higgs-mediated effects become dominant.
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Obviously this very minimal version of the MSSM can be vergdictive. The most powerful
constraint on this minimal model in the FCNC context comesib — s+ [23,82—84]. For large values
of tan 3, strong constraints are also obtained from the upper boan#l,0— p*u—, from AM, and
from B(B — tv) [27-30, 32, 85]. No observable deviations from the SM prtaatis in other FCNC
processes are expected, given the present experimentdieorétical uncertainties.

It should be kept in mind that the above stringent resuliststdepend not only on the minimality
of the model in terms of the superfields that are introducetalso on the “boundary” conditions that
are chosen. All the low-energy SUSY masses are computednstef the four SUSY parameters at
the Planck scaléd{p; through the RG evolution. If one relaxes this tight consitrain the relation of
the low-energy quantities and treats the masses of the SWa8KIps as independent parameters, then
much more freedom is gained. This holds true even in the MSSiH MFV at small or moderate
tan §: sizable SUSY effects can be present both in meson-antimmédang and in rare decays [86], in
particular for light stop and charginos.

Moreover, flavour universality is by no means a predictiotoof-energy SUSY. The absence of
flavour universality of soft-breaking terms may result froadliative effects at the GUT scale or from
effective supergravities derived from string theory. F@tance, even starting with an exact universality
of the soft breaking terms at the Planck scale, in a SUSY GUWé&rse one has to consider the running
from this latter scale to the GUT scale. Due to the large vafube top Yukawa coupling and to the fact
that quarks and lepton superfields are in common GUT mul$iplee may expect the tau slepton mass
to be conspicuously different from that of the first two gextien sleptons at the end of this RG running.
This lack of universality at the GUT scale may lead to larg#ations of lepton flavour number yielding,
for instance,u — ey at a rate in the ball park of observability [87]. In the norivensal case, most
FCNC processes receive sizable SUSY corrections, anddrtl@ur physics poses strong constraints
on the parameter space of SUSY models without MFV.

1.3.4 CP violation in the CMSSM

CP violation has a major potential to exhibit manifestadiah new physics beyond the standard model.
Indeed, it is quite a general feature that new physics psssasew CP violating phases in addition
to the Cabibbo-Kobayashi-Maskawa (CKM) phdsekyr) or, even in those cases where this does not
occur,dckm Shows up in interactions of the new particles, hence witlemitd! departures from the SM
expectations. Moreover, although the SM is able to accamhg observed CP violation, the possibility
of large NP contributions to CP violation in— s transitions is still open (see seéc.]3.7 and ref. [88] for
recent reviews). The detection of CP violation/y mixing and the improvement of the measurements
of CP asymmetries ih — s penguin decays will constitute a crucial test of the CKM ietwithin

the SM. Again, on general grounds, we expect new physicsadige departures from the SM CKM
scenario. A final remark on reasons that make us optimistitawing new physics playing a major
role in CP violation concerns the matter-antimatter asytryrie the universe. Starting from a baryon-
antibaryon symmetric universe, the SM is unable to accoamthfe observed baryon asymmetry. The
presence of new CP-violating contributions when one gogerzethe SM looks crucial to produce an
efficient mechanism for the generation of a satisfacthBrasymmetry.

The above considerations apply well to the new physics septed by low-energy supersymmet-
ric extensions of the SM. Indeed, as we will see below, sypemsetry introduces CP violating phases
in addition todckn and, even if one envisages particular situations where sxith-phases vanish, the
phasedck itself leads to new CP-violating contributions in processgere SUSY particles are ex-
changed. CP violation ih — s transitions has a good potential to exhibit departures fteerSM CKM
picture in low-energy SUSY extensions, although, as wedisituss, the detectability of such deviations
strongly depends on the regions of the SUSY parameter spais¥ aonsideration.

In this section we will deal with CP violation in the contexttbe CMSSM. In Sed._1.315 we will
discuss the CP issue in a model-independent approach.
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In the CMSSM two new “genuine” SUSY CP-violating phases aesent. They originate from
the SUSY parameters, M, A and B. The first of these parameters is the dimensionful coeffiaén
the H, H, term of the superpotential. The remaining three paramaterpresent in the sector that softly
breaks the N=1 global SUSYY denotes the common value of the gaugino masdes, the trilinear
scalar coupling, while3 denotes the bilinear scalar coupling. In our notation akththree parameters
are dimensionful. The simplest way to see which combinatigithe phases of these four parameters
are physical [89] is to notice that for vanishing valuesupfM, A and B the theory possesses two
additional symmetries [90]. Indeed, lettifiyandy vanish, &/ (1) Peccei-Quinn symmetry arises, which
in particular rotatedd,, and Hy. If M, A and B are set to zero, the Lagrangian acquires a continuous
U(1) R symmetry. Then we can consider M, A and B as spurions which break tHé(1)po and
U(1)r symmetries. In this way the question concerning the numbenature of the meaningful phases
translates into the problem of finding the independent coatlins of the four parameters which are
invariant underU (1) pg and U (1) and determining their independent phases. There are thoke s
independent combinations, but only two of their phases raslegendent. We use here the commonly
adopted choice:

by =arg(A"M), Op =arg (B*M). (20)

The main constraints ot and® g come from their contribution to the electric dipole momeuitshe
neutron and of the electron. For instance, the effecd gpfand ® 3 on the electric and chromoelectric
dipole moments of the light quarks,(d, s) lead to a contribution td$; of order

e
dNN =

m

100GeV \ >
2 < © > sin®4 g x 10~ e cm, (22)

wherem here denotes a common mass for squarks and gluinos. We hefeedader to the results of
Working Group Il for a detailed discussion of the preseatist of constraints on SUSY from electric
dipole moments. We just remark that the present experirhieotads imply thatb 4 5 should be at most
of ©(1072), unless one pushes SUSY masses up oTeV).

In view of the previous considerations most authors deality the CMSSM prefer to simply
put® 4 and®p equal to zero. Actually, one may argue in favour of this cady considering the soft
breaking sector of the MSSM as resulting from SUSY breakirgmanisms which forcé 4 and®p
to vanish. For instance, it is conceivable that bdtland A/ originate from the same source Gf(1)
breaking. Sinc® 4 “measures” the relative phase 4fand, in this case it would “naturally”vanish. In
some specific models it has been shown [40] that through dogmss mechanism alsbg may vanish.

If 4 = & = 0, then the novelty of the CMSSM in CP violating contributiomgrely arises
from the presence of the CKM phase in loops with SUSY padi{®9, 91-96]. The crucial point is that
the usual GIM suppression, which plays a major role in ewalga ands’ in the SM, is replaced in the
MSSM case by a super-GIM cancellation, which has the sameégoof suppression as the original
GIM (see previous section). Again also in the MSSM, as it & ¢hse in the SM, the smallnesseof
ande’ is guaranteed not by the smallnessipfnr, but rather by the small CKM angles and/or small
Yukawa couplings. By the same token, we do not expect anyfisignt departure of the MSSM from
the SM predictions also concerning CP violatiomArphysics. As a matter of fact, given the large lower
bounds on squark and gluino masses, one expects relatiaglgdntributions of the SUSY loops in
e or ¢ in comparison with the normdl/ loops of the SM. Let us be more detailed on this point. In
the MSSM the gluino exchange contribution to FCNC is subitegalith respect to charginoy) and
charged Higgs{*) exchanges. Hence when dealing with CP violating FCNC msE=in the MSSM
with ® 4 = &5 = 0 one can confine the analysis {6 and H* loops. If one takes all squarks to be
degenerate in mass and heavier thar200 GeV, theny® — § loops are obviously severely penalized
with respect to the SMV — ¢ loops (remember that at the vertices the same CKM angles otbwoth
cases). The only chance to generate sizable contributio@$tviolating phenomena is for a light stop
and chargino: in this case, sizable departures from the @Mligirons are possible [86].
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In conclusion, the situation concerning CP violation in BW8SM case withb4 = &5 = 0 and
exact universality in the soft-breaking sector can be surimea in the following way: the MSSM does
not lead to any significant deviation from the SM expectafi@nCP-violating phenomena a&, e,
¢’ and CP violation inB physics; the only exception to this statement concerns dl godion of the
MSSM parameter space where a very lighndy* are present.

1.3.5 Model-independent analysis of FCNC and CP violatingppesses in SUSY

Given a specific SUSY model it is in principle possible to mak&ill computation of all the FCNC
phenomena in that context. However, given the variety abogtfor low-energy SUSY which was men-
tioned in the Introduction (even confining ourselves henatalels with R matter parity), it is important
to have a way to extract from the whole host of FCNC processes af upper limits on quantities that
can be readily computed in any chosen SUSY frame.

A useful model-independent parameterization of FCNC &fistthe so-called mass insertion (Ml)
approximation [97]. It concerns the most peculiar sourcE@NC SUSY contributions that do not arise
from the mere supersymmetrization of the FCNC in the SM. Targginate from the FC couplings of
gluinos and neutralinos to fermions and sfermions [98-1@0je chooses a basis for the fermion and
sfermion states where all the couplings of these partide®utral gauginos are flavour diagonal, while
the FC is exhibited by the non-diagonality of the sfermioogaigators. Denoting ki the off-diagonal
terms in the sfermion mass matrices (i.e. the mass term#ngekfermions of the same electric charge,
but different flavour), the sfermion propagators can be eelpd as a series in termsdf= A /7m? where
m is the average sfermion mass. As long/mss significantly smaller tham»?, we can just take the
first term of this expansion and, then, the experimentalrmégion concerning FCNC and CP violating
phenomena translates into upper bounds on thieg&01-104].

Obviously the above mass insertion method presents the mayantage that one does not need
the full diagonalization of the sfermion mass matrices tdquen a test of the SUSY model under consid-
eration in the FCNC sector. It is enough to compute ratiob®biff-diagonal over the diagonal entries of
the sfermion mass matrices and compare the results witheihergl bounds on th&s that we provide
here from all available experimental information.

There exist four differenfA mass insertions connecting flavour@nd; along a sfermion propaga-
tor: (Aij) s (Dij) gpe (Aij) g @Nd(Ayj) .- The indicesl and R refer to the helicity of the fermion
partners. Instead of the dimensionful quantiti®st is more useful to provide bounds making use of
dimensionless quantities, that are obtained dividing the mass insertions by an agesarmion mass.

The comparison of several flavour-changing processes itoekigerimental values can be used to
bound theds in the different sectors [104—-116]. In these analysesdusgomary to consider only the
dominant contributions due to gluino exchange, which gigead approximation of the full amplitude,
barring accidental cancellations. In the same spirit, thends are usually obtained taking only one non-
vanishing Ml at a time, neglecting the interference among.Milhis procedure is justifiea posteriori
by observing that the Ml bounds have typically a strong m@rg making the destructive interference
among different Mls very unlikely.

The effective Hamiltonians foAF' = 1 andAF = 2 transitions including gluino contributions
computed in the MI approximation can be found in the literatiogether with the formulae of several
observables [104]. Even the full NLO calculation is avdidior the A F' = 2 effective Hamiltonian [117,
118]. See Refs. [111-113] for the calculationtef 5-enhanced subleading terms for sevdsadecays
in the case of general flavour violation.

In our study we use the phenomenological constraints deliieio Tabld 2. In particular:

Sector 1-2 The measurements ak M, ¢ and&’/e are used to constrain th@f,) , . with
(A,B) = (L,R). The first two measurement&\ M and e respectively bound the real and
imaginary part of the producfs?,) (6¢,). In the case ofA My, given the uncertainty coming
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Observable \ Measurement/Bound | Ref.
Sector 1-2
AMp (0.0 -5.3) x 1073 GeV [119]
£ (2.232 4 0.007) x 1073 [119]
|(€'/e)susy] <2x1072 -
Sector 1-3
AMgp, (0.507 & 0.005) ps~* [386]
sin 23 0.675 & 0.026 [386]
cos 23 > —04 [120]
Sector 2-3
BR(b — (s + d)y)(Ey > 2.0 GeV) (3.06 +0.49) x 1074 [121]
BR(b — (s + d)y)(E, > 1.8 GeV) (3.51 +0.43) x 1074 [122]
BR(b — sv)(E, > 1.9 GeV) (3.34 £ 0.18 £0.48) x 1074 [123]
Acp(b— s7v) 0.004 + 0.036
BR(b — sIT17)(0.04 GeV < ¢®> < 1 GeV) (11.34 £5.96) x 1077 [124,125]
BR(b — sItI7)(1 GeV < ¢ < 6 GeV) (15.9 +4.9) x 1077 [124,125]
BR(b — sIT17)(14.4 GeV < ¢% < 25 GeV) (4.34 £ 1.15) x 1077 [124,125]
Acp(b— sitl7) —0.22 +0.26 [119]
AMp, (17.77 £0.12) ps! [126]

Table 2: Measurements and bounds used to constrain the hadiésic

from the long-distance contribution, we use the consarwatinge in Tablgel2. The measurement
of ¢’ /e, on the other hand, puts a bound ond¢hj. This bound, however, is effective in the case of
the LR Ml only. Notice that, given the large hadronic unceitias in the SM calculation of /e,

we use the very loose bound on the SUSY contribution showrabie[2. The bounds coming
from the combined constraints are shown in Table 3. Notiae there and in the other sectors, the
bound on the RR Ml is obtained in the presence of the radigtineluced LL Ml (see eq.[(11).
The product(6f,) , , (8%,) , generates left-right operators that are enhanced botheo@®D
evolution and by the matrix element (for kaons only). Therefthe bounds on RR Mls are more
stringent than the ones on LL Mis.

Sector 1-3The measurements &)/, and23 respectively constrain the modulus and the phase
of the mixing amplitude bounding the produgt’,) (5¢;). For the sake of simplicity, in Tablé 3
we show the bounds on the modulus(6f;) only.

Sector 2-3 This sector enjoys the largest number of constraints. Thentemeasurement of
AMp, constrains the modulus of the mixing amplitude, thus boumttie products$ (6%;) (6%;) |-
Additional strong constraints come frohB = 1 branching ratios, such ds— sy andb —
slT1~. Also for this sector, we present the bounds on the modulysgj in Table[3.

All the bounds in Tabl€]3 have been obtained using the NLOesgions for SM contributions

and for SUSY where available. Hadronic matrix elementddéf = 2 operators are taken from lattice
calculations [127-130]. The values of the CKM paramefeand?; are taken from th&Tfit analysis

in the presence of arbitrary loop-mediated NP contribwipf]. This conservative choice allows us
to decouple the determination of SUSY parameters from th&Q@katrix. Forb — s+ we use NLO
expressions with the value of the charm quark mass suggbgtdte recent NNLO calculation [373].
For the chromomagnetic contributiondg'= we have used the matrix element as estimated in Ref. [131].
The95% probability bounds are computed using the statistical otettescribed in Refs. [107, 132].

Concerning the dependence on the SUSY parameters, the ouaidly depend on the gluino
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(0%) orr| | 100%2) p—rrl | 1(6%) L&l |(6%2) g |
1-102 2.1074 5.1074 5-1074
(5%2)LL,RR ‘(5%2)LL:RR| |(511L2)LR| |(5%2)RL|
3.1072 2.10°3 6-10-3 6-10°3
(6(1i3)LL,RR ‘(5il3)LL:RR| ‘ (5?3)LR| |(6(1i3)RL|
7-1072 5-1073 1-102 1-102
|(63) .1 1(95) il | 100%5) Lo—prl | [(9%5) Lrnr
2.1071 7-1071 5.-102 51073

Table 3: 95% probability bounds oh(zng)AB | obtained for squark and gluino masses of 350 GeV. See the text
for details.

mass and on the “average squark mass”. A mild dependencenghis introduced by the presence of

double MIs(éZdj) L (5%) ; in chromomagnetic operators. This dependence howeventessizable
only for very large values afan 3. Approximately, all bounds scale as squark and gluino nsasse
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1.4 Non-supersymmetric extensions of the Standard Model

In this Section we briefly describe two most popular non-ssypametric extensions of the Standard
Model (SM), paying particular attention to the flavour sttwe of these models. These are Little Higgs
models and a model with one universal extra dimension.

1.4.1 Little Higgs models
1.4.1.1 Little hierarchy problem and Little Higgs models

The SM is in excellent agreement with the results of parftigsics experiments, in particular with the
electroweak (ew) precision measurements, thus suggdsighe SM cutoff scale is at least as large
as10 TeV. Having such a relatively high cutoff, however, the SMuiges an unsatisfactory fine-tuning
to yield a correct£& 102 GeV) scale for the squared Higgs mass, whose correctionguadratic and
therefore highly sensitive to the cutoff. This “little higchy problem” has been one of the main moti-
vations to elaborate models of physics beyond the SM. Whilge&ymmetry is at present the leading
candidate, different proposals have been formulated nemently. Among them, Little Higgs models
play an important role, being perturbatively computabléaigbout10 TeV and with a rather small num-
ber of parameters, although their predictivity can be wealleby a certain sensitivity to the unknown
UV-completion of these models (see below).

In Little Higgs models [133] the Higgs is naturally light ass identified with a Nambu-Goldstone
boson (NGB) of a spontaneously broken global symmetry. AaceklGB, however, would have only
derivative interactions. Gauge and Yukawa interactionthefHiggs have to be incorporated. This can
be done without generating quadratically divergent ommg-loontributions to the Higgs mass, through
the so-callectollective symmetry breaking

In the following we restrict ourselves to product-grouptleitHiggs models in order not to com-
plicate the presentation. The idea of collective symmetgaking has also been applied to simple-
group models [134, 135], however the implementation is soma¢ different there. (Product-group)
Little Higgs models are based on a global symmetry gréutike G = G’V in the case of moose-type
models [133, 136] o7 = SU(5) in the case of the Littlest Higgs, that is spontaneously énoto a
subgroupHd C G by the vacuum condensate of a non-linear sigma model field subgroup ofG is
gauged, which contains at least tW&'(2) x U(1) factors, or larger groups containing such factors. The
gauge group is then broken to the SM gauge gr8Uf§2);, x U(1)y by the vacuum expectation value
(vev) of X. The potential for the Higgs field is generated radiativeigking thus the scale of the ew
symmetry breaking ~ 246 GeV a loop factor smaller than the scglewhere the breaking: — H
takes place.

In order to allow for a Higgs potential being generated rinbdy, interaction terms explicitly
breaking the global symmetry growp have to be included as well. However, these interactions hav
preserve enough of the global symmetry to prevent the Higgsnpial from quadratically divergent ra-
diative contributions. Only when two or more of the corresgiag coupling constants are non-vanishing,
radiative corrections are allowed. In particular, onlyvab tor higher loop level, quadratically divergent
contributions appear, but these are safely small due t@tgefactor in front. This mechanism is referred
to as the collective symmetry breaking.

1.4.1.2 The Littlest Higgs

The most economical, in matter content, Little Higgs modethie Littlest Higgs (LH) [137], where
the global groupSU (5) is spontaneously broken int8O(5) at the scalef ~ O(1TeV) and the ew
sector of the SM is embedded in &t/ (5)/S0(5) non-linear sigma model. Gauge and Yukawa Higgs
interactions are introduced by gauging the subgroup(ofs): [SU(2) x U (1)]1 x [SU(2) xU(1)]a, with
gauge couplings respectively equalgo ¢}, g2, g5. The key feature for the realization of collective SB
is that the two gauge factors commute with a differ&bt(3) global symmetry subgroup &fU(5), that
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prevents the Higgs from becoming massive when the coupbhgse of the two gauge factors vanish.
Consequently, quadratic corrections to the squared Higmgsimvolve two couplings and cannot appear
at one-loop. In the LH model, the new particles appearingpafTeV scale are the heavy gauge bosons
(Wf;, Zu, Ag), the heavy topT) and the scalar tripleb.

In the LH model, significant corrections to ew observablesi@drom tree-level heavy gauge
boson contributions and the triplet vev which breaks theatlial SU(2) symmetry. Consequently, ew
precision tests are satisfied only for quite large valueh®NP scalg > 2 -3 TeV [138,139], unable to
solve the little hierarchy problem. Since the LH model bgio the class of models with Constrained
Minimal Flavour Violation (CMFV) [12], the contributionsfdhe new particles to FCNC processes turn
out to be at most0 — 20% [140-146].

1.4.1.3 T-parity

Motivated by reconciling the LH model with ew precision &stheng and Low [147, 148] proposed to
enlarge the symmetry structure of the theory by introdueidiscrete symmetry called T-parity. T-parity
acts as an automorphism which exchange$$ih&2) x U(1)]; and[SU(2) x U(1)]» gauge factors. The
invariance of the theory under this automorphism implies= g, andg| = g5. Furthermore, T-parity
explicitly forbids the tree-level contributions of heavaugie bosons and the interactions that induced the
triplet vev. The custodiabU (2) symmetry is restored and the compatibility with ew precisitata is
obtained already for smaller values of the NP scAle, 500 GeV [149]. Another important consequence
is that particle fields are T-even or T-odd under T-paritye BM particles and the heavy tdp are T-
even, while the heavy gauge bosdfh’%, Z g, A and the scalar tripleb are T-odd. Additional T-odd
particles are required by T-parity: the odd heavyTapand the so-called mirror fermions, i.e., fermions
corresponding to the SM ones but with opposite T-parity @tti TeV) mass [150].

1.4.1.4 New flavour interactions in LHT

Mirror fermions are characterized by new flavour interatdiavith SM fermions and heavy gauge bosons,
which involve two new unitary mixing matrices, in the quadctor, analogous to the Cabibbo-Kobayashi-
Maskawa (CKM) matrixVckm [151, 152]. They aréd/y; and Vi, respectively involved when the SM
quark is of down- or up-type, and satisfyiih’gluVHd = Vekm [153]. Similarly, two new mixing matrices
Ve andVy,, appear in the lepton sector and are respectively involveeinvthe SM lepton is charged
or a neutrino and related to the PMNS matrix [154—156] tthéVVHg = VJMNS. Both Vg and Vi,
contain3 angles, likeVekw and Vpuns, but 3 (non-Majorana) phases [157], i.e. two more phases than
the SM matrices, that cannot be rotated away in this case.

Therefore,Vy4 can be parameterized as

d d d d _—ié4 d —iéd
. C12€13 L 512C13€ 12d L S13€ 18
_ d_od id d od od i(88,—6 d d d od od _i(6% —5d —5d. d d —isd
Via = | —st5c83¢" 12 — cfy5535¢5¢/ (0% %) C12C23 — '5('112523'5’136(13 ' 2“(3 S23C13€ %
d .d _i(6% +5 d d .d s d d _id d d .d i(6%—8 d d
S12523 ¢!tz 23)_0120235136 13 —Cp893€"728 —3120233136( i2) C23C13

(22)
and a similar parameterization appliesiig;,.

The new flavour violating interactions involving mirror fetons contain the following combina-
tions of elements of the mixing matrices

IO —ygisyid, (D —yibyid (O _ybys (= 1,2,3), (23)
in the quark sector, respectively féf, B; and B, systems, and
= v T = v, M = v, (24)

that enter the leptonic transitiops— e, 7 — e andr — p, respectively.
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As the LHT model, in contrast to the LH model without T-parityes not belong to the Minimal
Flavour Violation (MFV) class of models, significant effe@h flavour violating observables both in the
guark and in the lepton sector are possible. This becomegmvif one looks at the contributions of
mirror fermions to the short distance functiofis Y and Z that govern rare and CP-violating and B
decays. For example, the mirror fermion contribution to tideal to the SM one in th& function has

the following structure [158]
1 i i
NGl 55 VF(m, mirs) + 5;(), VF(mg, mas)| (25)
t

where the unitarity conditio@?zlgj(.i) = 0 has been used;’ denotes a function of mirror fermion

massesny; (j = 1,2, 3), andAf) are the well-known combinations of CKM elements, with K, d, s
standing forK, By and B, systems, respectively.

It is important to note that mirror fermion contributionseeanhanced by a factdr/Af) and are
different for K, B; and B, systems, thus breaking universality. Ag() ~ 4.107%, whereasxgd) ~

1-1072 andAEs) ~ 4 -1072, the deviation from the SM prediction in tH€ system is found to be by
more than an order of magnitude larger than in ihesystem, and even by two orders of magnitude
larger than in tha3, system. Analogous statements are valid forthandZ functions.

Other LHT peculiarities are the rather small number of nertiglas and parameters (the SB scale
f, the parameter.;, describing7’, mass and interactions, the mirror fermion massesiangdand Vi,
parameters) and the absence of new operators in addititve t8NM ones. On the other hand, one has to
recall that Little Higgs models are low energy non-linegnsa models, whose unknown UV-completion
introduces a theoretical uncertainty reflected by a logamitally enhanced cut-off dependence [142,158]
in AF = 1 processes that receive contributions from Z-penguin anddimgrams. See [142, 158] for a
detailed discussion of this issue.

1.4.1.5 Phenomenological results

We conclude this section with a summary of the main resultedoin recent LHT phenomenological
studies [153, 158-161].

In the quark sector [153,158, 159], the most evident depstitom the SM predictions are found
for CP-violating observables that are strongly suppressdédde SM. These are the branching ratio for
K1 — 7%w and the CP-asymmetry,,, that can be enhanced by an order of magnitude relative to
the SM predictions. Large departures from SM expectatioasaso possible foBr (K — 7¢T¢™)
andBr(Kt — ntvi) and the semileptonic CP-asymmetfy, , that can be enhanced by an order of
magnitude. The branching ratios 8 ; — x"p~ andB — X qv7, instead, are modified by at most
50% and 35%, respectively, and the effects of new electroweak pengmn8 — 7K are small, in
agreement with the recent data. The new physics effeds 1 X ;v andB — X, 4¢*¢~ turn out to
be below5% and15%, respectively, so that agreement with the data can easigptened. Small, but
still significant effects have been foundi ; mass differences. In particularyé suppression o\ M
is possible, thus improving the compatibility with the retexperimental measurement [126, 162].

The possible discrepancy between the valuesiof 5 following directly from Acp(By — ¥ Kg)
and indirectly from the usual analysis of the unitarity igée involving AM, s and |V,,;,/Ve| can be
cured within the LHT model thanks to a new phase, ~ —5°.

The universality of new physics effects, characteristictMid-V models, can be largely broken, in
particular betweer< and B, 4 systems. In particular, sizable departures from MFV refeibetween
AM; 4 andBr(Bs g — ptp~) and betweerdy k-, and theK — wvi decay rates are possible. Similar
results have been recently obtained in a model Wititontributions [163].

More recently, the most interesting lepton flavour violgtiatecays have also been studied [160,
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161]. These aré; — ¢;v analyzed in [160, 161] and — pP (with P = 7,n,7') , u= — e ete™,
the six three-body decays™ — E;Ejé‘, the rate foru — e conversion in nuclei, and th& or B
decaysKy s — pe, K g — 7O pe, Bis — pe, Bgs — Teand B;s — 7u studied in [161]. It
was found that essentially all the rates considered carhrea@pproach present experimental upper
bounds [164]. In particular, in order to suppress the— ey andu~ — e"eTe™ decay rates and
the . — e conversion rate below the experimental upper boundsythemixing matrix has to be rather
hierarchical, unless mirror leptons are quasi-degene@te finds [161] that the pattern of the branching
ratios for LFV processes differs significantly from the ome@untered in supersymmetry [165-167].
This is welcome as the distinction between supersymmethyl&T models will be non-trivial in high
energy collider experiments. Finally, the muon anomaloagmetic momenfg — 2),, has also been
considered [160, 161], finding the resuft”’” < 1.2- 1077, even for the scalg as low as500 GeV.
This value is roughly a factds below the current experimental uncertainty, implying ttiet possible
discrepancy between the SM prediction and the data canrsaited in the LHT model.

1.4.2 Universal Extra Dimensions

Since the work of Kaluza and Klein [168, 169] models with mtran three spatial dimensions often
have been used to unify the forces of nature. More recentpilied by string theory, extra dimensional
models have been proposed to explain the origin of the Tel $§£a0-179].

A simple extension of the SM including additional space disiens is the ACD model [180] with
one universal extra dimension (UED). Here all the SM fieldsdamocratically allowed to propagate in
a flat extra dimension compactified on an orbiféldl/Z, of size10~'® m or smaller. In general UED
models there can also be contributions from terms residingeaboundaries. Generically, these terms
would violate bounds from flavour and CP violation. To be ¢stent with experiment, we will assume
the minimal scenario where these terms vanish at the cigeafe. The only additional free parameter
then compared to the SM is the compactification s¢dlB. Thus, all the tree level masses of the KK
particles and their interactions among themselves and tivélSM particles can be described in terms
of 1/R and the parameters of the SM. In the effective four dimeraitmeory there are, in addition to
the ordinary SM particles, denoted as zéno= 0) modes, corresponding infinite towers of KK modes
(n > 1) with massesn%n)vKK = m3 + m?2, wherem,, = n/R andm, is the mass of the zero mode.

A very important property of UEDs is the conservation of KKipathat implies the absence of
tree level KK contributions to low energy processes takitag@ at scaleg. < 1/R. Therefore the
flavour-changing neutral current (FCNC) processes likéigharantiparticle mixing, raréd< and B de-
cays and radiative decays are of particular interest. Shmese processes first appear at one-loop in the
SM and are strongly suppressed, the one-loop contribufrons the KK modes to them could in prin-
ciple be important. Also, due to conservation of KK parite 8IM mechanism significantly improves
the convergence of the sum over KK modes and thus removesitiséigity of the calculated branching
ratios to the scalé/; > 1/R at which the higher dimensional theory becomes non-petivdy and
at which the towers of the KK particles must be cut off in anrappate way. Since the low energy
effective Hamiltonians are governed by local operatorsaaly present in the SM and the flavour and CP
violation in this model is entirely governed by the SM Yukawhe UED model belongs to the class of
models with CMFV [10, 12]. This has automatically the foliog important consequence for the FCNC
processes considered in [17,181-183]: the impact of the I&Han on the processes in question amounts
only to the madification of the Inami-Lim one-loop functiofis4], i.e. each function, which in the SM
depends only om;, now also becomes a function bf R:

F(z,1/R) = Fy(z) + > Fo(ze.0), @ =—f, op=—g-. (26)
w

n=1
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1.5 Tools for flavour physics and beyond
1.5.1 Tools for flavour physics

An increasing number of calculations of flavour (relatedyeables is appearing, including more and
more refined approaches and methods. It is desirable to hase talculations in the form of computer
codes at hand. This allows to easily use the existing knayadddr checks of the parameters/models for
a phenomenological/experimental analysis, or to check@gpendent calculation.

As a first step in this direction we present here a collectiboomputer codes connected to the
evaluation of flavour related observables. (A differensslaf codes, namely fit codes for the CKM
triangle, are presented later in Section 1.5.3.) Some sktltedes are specialized to the evaluation of
a certain restricted set of observables at either low or kiggrgies (the inclusion of codes for high-
energy observables is motivated by the idea of testing anpetea space from both sides, i.e. at flavour
factories and at the LHC). Others tools are devoted to thieatian of particle spectra including NMFV
effects of the MSSM or the 2HDM. Some codes allow the (esalyjtiarbitrary calculation of one-loop
corrections including flavour effects. Finally tools areluded that faciliate the hand-over of flavour
parameters and observables. Following the general ideaoofding the existing knowledge to the
community, only codes that are either already publicly latée, or that will become available in the
near future are included. In order to be useful for the higbrgy physics community, it is mandatory
that the codes provide a minimum of user friendlyness angatp

As a second step it would be desirable to connect differetésgworking in the same model) to
each other. This could go along the lines of the SUSY Les Hesi¢kccord [185, 186], i.e. to define
a common language, a common set of input parameters. It wegldre the continuous effort of the
various authors of the codes to comply with these definitidxsother, possibly simpler approach is to
implement the tools as sub-routines, called by a masterttadéakes care of the correct defintion of the
input parameters. This is discussed in more detail in Sedib.2. It will facilitate the use of the codes
also for non-experts.

name short description av.
1. no name K K mixing, B(s)B(s) mixing, b — sv,b — sITl~ in NMFV MSSM | o
2. no name B physics observables in the MFVY MSSM +
3. no name rare B and K decays in/beyond SM 0
4. SusyBSG B — Xy in MSSM with MFV +
5. no name FCNC observables in MSSM 0
6. no name FC Higgs/top decays in 2HDM I/Il 0
7. no name squark/gluino production at LO for NMFV MSSM +
8.FeynHiggs Higgs phenomenology in (NMFV) MSSM +
9. FCHDECAY FCNC Higgs decays in NMFV MSSM +
10.FeynArts/FormCalc | (arbitrary) one-loop corrections in NMFV MSSM +
11.SLHALib2 read/write SLHA2 data, i.e. NMFV/RPV/CPV MSSM, NMSSM +
12.80ftSUSY NMFV MSSM parameters from GUT scale input +
13.S8Pheno NMFV MSSM parameters from GUT scale input +

Table 4: Overview about codes for the evaluation of flavour relateskolables;
av. = availability: + = availableo = planned

An overview of the available codes is given in Table 4. To giveetter idea of the properties of
each code we also provide a list summarizing the authorspra dascription, the models included, the
input and output options, as well as the available liteeatur
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1. no name
Authors: M. Ciuchiniet al.[107,116,187]
Description: calculation of K’ mixing, B(s)B(s) mixing, b — sy, b — s~
Models: NMFV MSSM
Input: electroweak-scale soft SUSY-breaking parameters
Output: see Description, no special format
Availability: available from the authors in the near future

2. no name
Authors: G. Isidori, P. Paradisi [32]
Description: calculation oBB physics observables
Models: MFV MSSM
Input: electroweak-scale soft SUSY-breaking parameters
Output: see Description, no special format
Availability: available from the authors upon request

3. no name
Authors: C. Bobeth, T. Ewerth, U. Haisch [188-190]
Description: calculation of BR’s, F/B asymmetries for ré&teand K decays (in/exclusive)
Models: SM, SUSY, CMFV
Input: SM parameters, SUSY masses, scales
Output: see Description, no special format
Availability: available from the authors in the near future

4. SusyBSG
Authors: G. Degrassi, P. Gambino, P. Slavich [191]
Description: Fortran code fd8(B — X,v)
Models: SM, MSSM with MFV
Input: see manual (SLHA(2) compatible)
Output: see Description, no special format
Availability: cern.ch/slavich/susybsg/home.html, manual available

5. no name

Authors: P. Chankowski, S. Jager, J. Rosiek [192]
Description: calculation of various FCNC observables i@ MMISSM (computes 2-, 3-, 4-point Greens
functions that can be used as building blocks for variouslidndes)
Models: MSSM
Input: MSSM Lagrangian parameters in super CKM basis (a$.H/R)
Output: see Description, no special format
Availability: available from the authors in the near future

6. no name
Authors: S. Bejar, J. Guasch [193-195]
Description: calculation of FC decayg:— tc, ¢ — bs,t — c¢ (¢ = h, H, A)
Models: 2HDM type I/l (withAs, A\g)
Input: similar to SLHAZ2 format

20



Output: similar to SLHAZ2 format
Availability: available from the authors in the near future

7. no name
Authors: G. Bozzi, B. Fuks, M. Klasen
Description: SUSY CKM matrix determination through squakd gaugino production at LO
Models: NMFV MSSM
Input: MSSM spectrum as from SUSPECT (SLHA2 compliant)
Output: cross section (and spin asymmetry, in case) asifunscof CKM parameters
Availability: from the authors upon request

8. FeynHiggs
Authors: S. Heinemeyer, T. Hahn, W. Hollik, H. Rzehak, G. gl&in [199-201]
Description: Higgs phenomenology (masses, mixings, gessons, decay widths)
Models: (N)MFV MSSM, CPV MSSM
Input: electroweak-scale soft SUSY-breaking parameti$iA(2) compatible)
Output: Higgs masses, mixings, cross sections, decay sWi@®bHA(2) output possible)
Availability: www.feynhiggs.de, manual available

9. FCHDECAY
Authors: S. Bejar, J. Guasch [196-198]
Description: BR¢ — bs,tc) (¢ = h, H, A), BR(b — s7v), masses, mixing matrices
Models: NMFV MSSM
Input: via SLHA2
Output: via SLHA2
Availability: fchdecay.googlepages.com, manual available

10. FeynArts/FormCalc

Authors: T. Hahn [202—-204]
Description: Compute (essentially) arbitrary one-looprections

Models: NMFV MSSM, CPV MSSM

Input: Process definition
Output: Fortran code to compute e.g. cross-sections, caimkesl with SLHALIb2 to obtain data
from other codes

Availability: www.feynarts.de, www.feynarts.de/formcalc, manual available

11. SLHALib2
Authors: T. Hahn [185, 205]
Description: read/write SLHA2 data
Models: NMFV MSSM, RPV MSSM, CPV MSSM, NMSSM
Input: SLHAZ2 input file
Output: SLHAZ2 output file in the SLHAZ2 record
Availability: www.feynarts.de/slha, manual available

12. SoftSUSY

Authors: B. Allanach [206]
Description: evaluates NMFV MSSM parameters from GUT saglet
Models: NMFV MSSM
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Input: SLHAZ2 input file
Output: SLHAZ2 output file
Availability: hepforge.cedar.ac.uk/softsusy, manual available

13. Spheno

Authors: W. Porod [207]
Description: evaluates NMFV MSSM parameters from GUT sioglat and some flavour obs.
Models: NMFV MSSM
Input: SLHAZ input file
Output: SLHAZ2 output file
Availability: ific.uv.es/~porod/SPheno.html, manual available

1.5.2 Combination of flavour physics and high-energy tools

It is desirable to connect different codes (e.g. workinghia (N)MFV MSSM, as given in the previous
subsection) to each other. Especially interesting is timebooation of codes that provide the evaluation
of (low-energy) flavour observables and others that dedd wiyh-energy (highy) calculations for the
same set of parameters. This combination would allow tottes{(N)MFV MSSM) parameter space
with the results from flavour experiments as well as from féglrgy experiments such as ATLAS or
CMS.

A relatively simple approach for the combination of differecodes is their implementation as
sub-routines, called by a “master code”. This master collestaare of the correct defintion of the
input parameters for the various subroutines. This woulitbEne.g. experimentalists to test whether
the parameter space under investigation is in agreememtvaitous existing experimental results from
both, flavour and high-energy experiments.

A first attempt to develop such a “master code” has recentyntstarted [208]. So far the flavour
physics code (2) [32] and the more high-energy observaldamted codeFeynHiggs [199-201] have
been implemented as subroutines. The inclusion of furthdes is foreseen in the near future (see [1100]
for the latest developments).

The application and use of the master code would change apeeimental data showing a devia-
tion from the SM predictions is available. This can comeegithom the on-going flavour experiments, or
latest (hopefully) from ATLAS and CMS. If such a “signal” aggrs at the LHC, it has to be determined
to which model and to wich parameters within a model it camesgond. Instead of checking parameter
points (to be investigated experimentally) for their agneat with experimental data, now a scan over
a chosen model could be performed. Using the master codate/glibroutines each scan point can be
tested against the “signal”, and preferred parameter megian be obtained using)&@ evaluation. It
is obvious that the number of evaluated observables has &s lerge as possible, i.e. the number of
subroutines (implemented codes) should be as big as passibl

1.5.3 Fittools

The analysis of the CKM matrix or the Unitarity Triangle ((WEguires to combine several measurements
in a consistent way in order to bound the range of relevararpaters.

1.5.3.1 The UTfit package

The first approach derives bounds on the parametarsd 7, determining the UT. The various observ-
ables, in particulae -, which parameterizes CP violation in the neutral kaon sethie sides of the UT
[Viv/Ves|, Amg, Amg/Amyg, and the angleg, « and~, can be expressed as functiong@nd7, hence
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their measurements individually define probability regiamthe {, 77) plane. Their combination can be
achieved in a theoretically sound way in the framework ofBagesian approach [132].

Each of the functions relates a constraint(wherec; stands foreg, |V,,/Ves|, €tc.) top and
7, via a set of parametess, wherex = {z1,z9,...,zy} stands for all experimentally determined or
theoretically calculated quantities on which the variopgdepend,

cj = ¢;i(p, ;%) (27)

The quantities:; andx are affected by several uncertainties, which must be plpfaeen into account.
The final p.d.f. obtained starting from a flat distributiongadnds is

fom s [ T1 56100 T] fle)ds, (28)

Jj=1,M i=1,N

The integration can be done by Monte Carlo methods. Therseweral ways to implement a Monte
Carlo integration, using different technigues to geneesnts.

The UTiit Collaboration has developed a software package, writt€i, that implements such
a Bayesian Monte Carlo approach with the aim of performiregWi analysis. A considerable effort
has been spent in order to achieve an optimal Monte Carlogene efficiency. All the recent analyses
published by the Collaboration are based on this packad(7209-211].

The UTiit code includes an interface to import job options from a setasffiguration files, an
interface for storing the relevant p.d.f.s inside ROOTdusams, tools for generating input quantities,
the p.d.f.s of which cannot be expressed in simple analyfiizen but must be numerically defined -
e.g. the current measurementscofand v - and tools for plotting one-dimensional p.d.f.s and two-
dimensional probability regions in thg, (7 plane). The UTit code can be easily re-adapted to solve any
kind of statistical problem that can be formalized in a Bégreénferential framework.

1.5.3.2 The CKMFitter package

Another, somewhat different approach is followed by CKNEtitan international group of experimental
and theoretical particle physicists. Its goal is the phesmmology of the CKM matrix by performing a
global analysis:

— within the SM, by quantifying the agreement between tha dat the theory, as a whole;

— within the SM, by achieving the best estimate of the thézakparameters and the not yet mea-
sured observables;

— within an extended theoretical framework, e.g. SUSY, bgradeing for specific signs of new
physics by quantifying the agreement between the data andxtended theory, and by pinning
down additional fundamental and free parameters of thendgtétheory.

The CKMfitter package is entirely based on the frequentipt@gch. The theoretical uncertainties are
modeled as allowed ranges (Rfit approach) and no athiori information is assumed where none is
available. More detailed information is provided in Refl. §&d on the CKMfitter website [212].

The source code of the CKMfitter package consists of more 48000 lines of Fortran code
and 2000 lines of C++ code. It is publicly available on the Cliktdr website. Over the years, the fit
problems became more and more complex and the CPU time cptisanncreased. The global fit took
about 20 hours (on one CPU). A year ago, it was decided to noMathematica [gain: analytical vs.
numerical methods]: the global fit takes now 12 minutes. Remots, we moved also from PAW with
kumac macros to ROQOT.
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2 Weak decays of hadrons and QCD
2.1 Overview

QCD interactions, both at short and long distances, nedlyssaodify the amplitudes of quark flavour
processes. These interactions need to be computed sufficiexl in order to determine the parameters
and mechanisms of quark flavour physics from the weak dedayadoons observed in experiment. The
standard framework is provided by the effective weak Hamitins

Hepp ~ ZCiQi, (29)

based on the operator product expansion and the renorti@tizaoup method. The Wilson coefficients
C; include all relevant physics from the highest scales, ssdch@aweak scalé/y;,, or some new physics
scale, down to the appropriate scale of a given process, asuel, for B-meson decays. This part is
theoretically well under control. Theoretical uncertaiatare dominated by the hadronic matrix elements
of local operatorg);. Considerable efforts are therefore devoted to calcuéstinate, eliminate or at
least constrain such hadronic quantities in flavour phyaggications.

This section reviews the current status of theoretical oo treat the strong interaction dy-
namics in weak decays of flavoured mesons, with a particutgrhasis onB physics. Specific aspects
of D-meson physics will be discussedin]3.9, kaons will be careid in 3.8.

The theory of charmless two-body decays and the concept of factorization are reviewéd in 2.2.
The status of higher-order perturbative QCD calculationthis field is described. Universal properties
of electromagnetic radiative effects in two-boBydecays, which influence precision studies and isospin
relations, are also discussed here. Factorization in theyhguark limit simplifies the matrix elements
of two-body hadronid3 decays considerably. In this framework certain nonpediivbe input quantities,
for instanceB-meson transition form factors, are in general still regdir QCD sum rules on the light
cone (LCSR) provide a means to compute heavy-to-light faotokrs at large recoil — =, B —
K*, etc.). The results have applications for two-body hadras well as rare and radiativé-meson
decays. This subject is treated in secfiod 2.3. Complememtformation can be obtained from lattice
QCD, a general approach, based on first principles, to campuriperturbative parameters of interest to
quark flavour physics. Decay constants and form factoranfatisecoil) are among the most important
guantities. Uncertainties arise from the limitations o firactical implementations of lattice QCD. A
critical discussion of this topic and a summary of results loa found in section 2.4.
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2.2 Charmless two-bodyB decays
2.2.1 Exclusive decays and factorization

The calculation of branching fractions and CP asymmetoesliarmless two-bodys decays is rather
involved, due to the interplay of various short- and longtaince QCD effects. Most importantly, the
hadronic matrix elements of the relevant effective HamitheAf?:1 [213] cannot readily be calculated
from first principles. The idea of factorization is to disemgle short-distance QCD dynamics from
genuinely non-perturbative hadronic effects. In order wargify the hadronic uncertainties resulting
from this procedure we have to

— establish a factorization formula in qguantum field theory,
— identify and estimate the relevant hadronic input pararset

2.2.1.1 Basic concepts of factorization

We consider generic charmlessdecays into a pair of mesonB, — M; M,, where we may think of

B — nw as a typical example. The operat@ps in the weak Hamiltonian can be written as the local
product of quark currents (and electro- or chromomagnetid fitrength tensors), generically denoted as
Jf’b. In naive factorization one assumes that also on the hadlevel the matrix element can be written
as a product,

Ci(n) (M M2|Q;| B) ~ Ci(n) (M|JZ|B) (Ma|J?|0) + (My < M) (30)

whereC; () are Wilson coefficients, and the two matrix elements (if revb} define theB — M form
factor and the decay constant f, respectively. The naive factorization formula](30) carim® exact,
because possible QCD interactions betwéénand the other hadrons are neglected. On the technical
level, this is reflected by an unmatched dependence on theitfaation scaleu.

In order to better understand the internal dynamics inBhe» M Ms transition, it is useful to
classify the external degrees of freedom according to tigpical momentum scaling in thB-meson
rest frame:

heavyb quark: p, ~ m;(1,0,0), constituents of\/: p. ~ u; mp/2 (1,0, ,+1)
soft spectatorsps ~ O(A), constituents ofVfs: peo ~ v;my/2 (1,0, —1)

whereA is a typical hadronic scale of the order of a few 100 MeV. Tliein, denotes the directions in
the plane transverse to the two pion momentaw@and; are momentum fractions satisfyifg< w;, v; <

1. Interactions of particles with momenta and p, imply internal virtualites of ordefp; + p>)?.
In Table[5 we summarize the situation for the possible icteyas between thd3-meson and pion
constituents. We observe the emergence of two kinds of-sligtetnce modes,

— hard modes with invariant mass of ordey;,
— hard-collinear modes with energies of ordey/2 and invariant mass of orderAm,,.

The systematic inclusion of these effects requires a samatius expansion i/m;, anda;. The leading
term in theA /m;, expansion can be written as [214, 215]

(MML|QiB) = FPMify, / QT )b (v)  + (M o My)

+ fafan fan / dw du dv T (u,v,w) P 5, (W)Par, (Wb, (v).  (31)

The functionsg,; and¢p, denote process-independent light-cone distribution dnags (LCDA) for
light and heavy mesons, respectivefy,, fB are the corresponding decay constants, a%d! is a
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Table 5: External momentum configurations and their interactionB > M Mo.

heavy soft colj colly
heavy| - heavy hard hard
soft | heavy soft hard-coll hard-col},
colly hard  hard-coll colly hard
coll, hard hard-col hard colb

B — M QCD form factor atz? = 0. These quantities constitute the hadronic input. The coeffi
function 7} contains the effects of hard vertex corrections as in Bif).5¢ ! = O(«s) describes
the hard and hard-collinear spectator interactions asgr®c). The explicit scale dependence of the
hard and hard-collinear short-distance functidiis 7! matches the one from the Wilson coefficients
and the distribution amplitudes. The formulal(31) holdslfght flavour-nonsinglet pseudoscalars or
longitudinally polarized vectors up tg'm;, power corrections which do not, in general, factorize. Maiv
factorization, Figlb(a), is recovered in the limif — 0 andA/m; — 0, in which T} reduces td.

C

2 :
i c2 h l c2
eff
b b b
qs qs qs
cl cl
(a) cl (b) cl ()

Fig. 5: Sample diagrams for QCD dynamicsih— M; M, transition: (a) naive factorization, (b) vertex correc-
tion, sensitive to the momentum fractierof collinear quarks inside the emitted pion, (c) spectatteractions,
sensitive to the momenta of collinear quarks in both piorts@irthe soft spectator in thB-meson.

cl

2.2.1.2 QCD factorization and soft-collinear effectivedhy (SCET)

The factorization formula (31) can also be understood incwetext of an effective theory for soft-
collinear interactions (SCET), see for instance Refs. 218, 220]. Here the short-distance functions
T arise as matching coefficients between QCD and the effethisery. The effective theory for
B — My M- decays is constructed in two steps. As a consequence, thedsstance functiorTiH can

be further factorized into a hard coefficiehif' and a hard-collinear jet function

TN (u,v,w) = /dz HY (v, 2)J (2, u,w). (32)

H and J comprise (respectively) the contributions associateth wie hard scale;, ~ m; and the
hard-collinear scaleu,. ~ /m,A from Feynman diagrams that do involve the spectator andatann
be absorbed intd’ZM . The effective theory can be used to determine the haréheall contributions
and to resum, if desired, parametrically large logaritimg;, /1, by renormalization group methods.
We emphasize that the theoretical basis for the (diagrampfattorization approach and SCETtie
same The factorization formuld (31) was originally derived bp@ver-counting analysis of momentum
regions of QCD Feynman diagrams and the resulting coneuisitj214, 215]. However, in SCET the
formulation of factorization proofs, the classificationpafwer corrections of ordet/m;y, the emergence
of approximate symmetries, etc. may be more transpareft 220].
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2.2.1.3 QCD factorization vs. “pQCD approach”

The so-called “pQCD approach” [221] follows an alternatamproach to understand the strong dynam-
ics in charmles$3-decays. In contrast to QCD factorization, where fheeson form factors as well as a
certain class of power corrections are identified as “natefizable” quantities of order,)°, the pQCD
approach describes all contributions to the hadronic mateaments in terms af(«,) hard-scattering
kernels and non-perturbative wave functions. This is aghieby introducing additional infrared pre-
scriptions which include an exponentiation of Sudakov figms and a phenomenological model for
transverse momentum effects. The discussion of paran@tdcsystematic theoretical uncertainties in
the pQCD approach is more difficult, because a complete NLeO®i(a2)) analysis of non-factorizable
effects has not yet been performed, and because indepenftmation on the hadronic input func-
tions is not available. We will therefore not attempt a dethreview here, but instead refer to a recent
phenomenological analysis [222] for details.

2.2.2 Theoretical uncertainties
2.2.2.1 Status of perturbative calculations

The calculation of the coefficient functioriisl’II in SCET involves the determination of perturbative
matching coefficients as well as of anomalous dimensionsffective-theory operators. The matching
coefficients at ordeti; have been calculated in the original BBNS papers [214, 2R3 1-loop jet func-
tion enteringZ}!' has been determined in [224-227]. NLO results for the spmcsaattering function at
ordera? have been reported in [228] and will be further discusse@aien[2.2.8 below. One important
outcome of these investigations is that the perturbatiy&esion at the hard-collinear scale seems to be
reasonably well behaved, and the uncertainty associatbdiva factorization-scale dependence is under
control.

2.2.2.2 Hadronic input from non-perturbative methods

Most of the theoretical information of-meson form factors (at large recoil) and light-cone distri
bution amplitudes comes from the QCD sum rule approach, sée[Z9] and references therein for
a review. State-of-the art predictions for decays intotligheudoscalars or vector mesons can be
found in Refs. [230-232] and sectibn 2.3. Typically one fia8s20% uncertainties for form factors
at E = FEn.x and thel/u moment of distribution amplitudes. Recently, an altek@aprocedure has
been proposed [233] (see also Refs. [234, 235]), where slas ane derivedvithin SCET at the hard-
collinear scale. In particular, this approach allows usfgesate the “soft” contribution tB-meson form
factors, which is found to be dominating over the spectatattering term.

Information on the light-cone distribution amplitude oétB-meson is encoded in the phenomeno-
logically relevant moments

* dw

3=l e= [ Ponn), o we= [ [ epen @3

A recent OPE analysis [236] finds;' = (2.09 £ 0.24) GeV~! ando!)) = 1.61 £ 0.09 aty = 1 GeV.
Similar results, with somewhat larger uncertainties, Hasen obtained from sum rules in Ref. [237].

2.2.2.3 BBNS approach vs. BPRS approach

So far, we have only considered the leading term inlthe, expansion. Comparison with experimen-
tal data as well as (model-dependent) estimates show thaeftain decay topologies power correc-
tions may not be negligible. Different options for dealinifhwthese (non-factorizable) contributions
lead to some ambiguity in the phenomenological analyse® tWh main players are the “BBNS ap-
proach” [223, 238, 239] and the “BPRS approach” [220, 240[jualitative comparison of the different

27



Table 6: Comparison of different phenomenological assumptionsBiNB and BPRS approaches

BBNS BPRS
charm penguins included in hard functions left as complex fit parametgr
spectator term perturbative factorization fit to data

(two real-valued quantitiessand( ;)

ext. hadronic input form factor and LCDA LCDA for light meson

(different scenarios)
power corrections model-dependent estimate part of systematic uncertainties

(complex functionsX 4 and X )

assumptions is given in Tablé 6. For more details see seZfdB, the original publications and the
controversial discussion in [241].

The main obstacle in this context is the quantitative exqtian of strong phases from final-state
rescattering effects. The factorization formula predibisse phases to be either perturbative (and cal-
culable) or power-suppressed. This qualitative picture dlao been confirmed by a recent sum rule
analysis [242]. However, a model-independent approaclalitutate the genuinely non-perturbative
rescattering effects is still lacking.

2.2.2.4 Flavour symmetries

It is known for a long time (see for instance [243—-245]) thapraximate flavour symmetries in QCD
can be used to relate branching fractions and CP asymmatriéifferent hadronic decay channels.
In this way the hadronic parameters can be directly extdafitam experiment. For instance, in case
of B — wm,wp, pp decays, the isospin analysis provides a powerful tool tesitam the CKM angle

a in the SM (see Ref. [246] for a recent discussion). Isospoiation from the small quark mass
differencem,, — m4 and QED corrections are usually negligible. Still one hasskp in mind that long-
distance radiative QED effects can be enhanced by largeitloge In M/ 5/ E, and compete with short-
distance isospin violation from electroweak penguin ofgesan’. ;. For instance, it has recently been
shown [247] (see sectidn 2.2.4 below) that the inclusiorofifighoton radiation in chargel — 7w, 7 K
decays can give up to 5% corrections, depending on the exeetal cuts. Including hadronic states
with strange quarks, one can use flavour-SU(3) to get ever mrstraints. In general, one expects
corrections to the symmetry limit to be not larger than 30%iHh(uhe possible exception of potentially
large differences in non-perturbative rescattering pdlasee for instance the sum-rule analysis in [248].
In the long run, one should also aim to constrain first-oi$¥€x 3) corrections directly from experimental
data.

2.2.3 NNLO QCD corrections

NNLO QCD corrections to the heavy-quark expansion of haidroratrix elements for two-body charm-
less hadronid3-decays can be phenomenologically relevant and are immiddassess the validity and
perturbative stability of the factorization framework. iIsection gives a concise account of available
results and their phenomenological impact.

2.2.3.1 Hard and hard-collinear matching coefficients

The hard coefficient®! and H! introduced in2.2]1 (eqd_(B1) arid(32)) are found by matgttie lead-
ing momentum dependence of (respectively) QCD four- andfdoiat functions with a; insertion to
operators in SCEfIgiven by products of a light (anti-)collinear quark bilimeand a heavy-light current.
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Schematically,
/ dt T} () [ (tn—)x(0)] [CAO [£(0)R / ds Cp1()[£(0) D Lhe1 (514 ) I (0)]]
+mib / dt ds HY(t, 5) [2(tn)x (O)[E(0) D nex (115 s (0)], (34)

where certain Wilson lines and Dirac structures have beppressed. The particular choice of heavy-
light current in the first line is designed to reproduce thik Q@CD (not SCET) form factors; other
choices of operator basis as, for instance, in the “SCETogah’ [220], simply result in a reshuffling
of contributions between thg! and H}' terms. The product structure of either term together with th
absence of soft-collinear interactions from the SCEAgrangian at leading power suggests factorization
of both terms’ hadronic matrix elements into a light-corgritbution amplitude Ms|[xx]|0) x ¢z, and
(respectively) the QCD form factaF”?*1 and a SCET nonlocal “form factor’=5M1 () [249]. This
expectation is indeed borne out by the finiteness of the dotwas, found in all available computations.

The jet functionJ (see eq.[(32)) arises in matching tBe-type current from SCETonto SCET;
and is known to NLO [224-227]. This matching takes the fommp@sition space)

/d4$T<ESCET( )€ )Dihc1(3n+)hv(0)]> = /dw drJ (s, r,w)[€(rny.)€(0)][Gs (wn—)h, (0)],

(35)
where we again have suppressed Dirac structures and Wiisem Fourier transforming with respect to
s, r, wresults inJ(z, u,w) entering eq.[(31).

At leading power, all one-loop corrections #! and.J and part of the two-loop contributions to
T} are now available. The current-current correction&/fbfor the V—A x V—A operators{ = 1, 2) have
been found in Refs. [228, 250, 251]. The imaginary parts efdbrresponding two-loop contributions to
T} have been computed in Ref. [252,253]. These are sufficiestttain the topological tree amplitudes
a1 andas, involving the large Wilson coefficientS; ~ 1.1 andCy ~ —0.2, at NNLO up to an0(a?)
correction to the real part df!. In particular, the imaginary part af; » is now fully known atO(a?).
As it is first generated ab(«;), this represents a first step towards an NLO prediction afctliCP
asymmetries in QCD factorization. Spectator-scatterimgections from the remaining— A x V+ A
operators, as well as penguin contractions and magnetigupemnsertions, have been computed in
Ref. [254]. Together they constitute the QCD penguin amgésa’] (p = u, ¢) and the colour-allowed
and colour-suppressed electroweak penguin amplitufleis «? anda},, where the sign in front of?
depends on the spins of the final-state mesons, and certaiarimally enhanced power correctiomg,g,
annihilation, etc.) are omitted (see, however, sedtioB22.

2.2.3.2 Phenomenological impact and final remarks

Numerical estimates of the and their uncertainties require estimatingn, corrections, some of which
are “chirally enhanced” for pseudoscalars in the final stafethese, the scalar pengui}, and its elec-
troweak analogk, happen to factorize &(«;). NNLO corrections are not known and their factorization
is an open question. Here we use the kna(av) results. Annihilation and twist-3 spectator interac-
tions do not factorize already at L@(«)). The former are not included in amy but enter the physical
decay amplitudes. The latter have flavour structure idahticthea; and are by convention included as
estimates. For the colour-allowed and colour-suppressedaimplitudes, andas, we find

ar(nm) = 1.015 + [0.025 + 0.012i]y + [? + 0.027i] v
- [ Tsp } {[o.ozo]Lo +[0.034 + 0.029¢] g1 + [o.om]twg}

0.485
= 0.975100% + (0.010100%)i, (36)
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ag(nm) = 0.184 — [0.153 + 0.077i]y + [? — 0.049i]yv

T.Sp ‘
+ [0.485} {[0'122]“) +[0.050 + 0.053i] v + [0.071]tW3}

= 0.27575755 + (=0.073%5653)i. (37)

In each expression, the first line gives the form-factortés@rcontribution, the second line the spectator-
scattering contribution, and the third line their sum withestimate of the theoretical uncertainties due
to hadronic input parameters (form factors, LCDASs, quarlssea), power corrections, and neglected
higher-order perturbative corrections as explained iaitlet Ref. [254], where also the input parameter
ranges employed here are given. The first two lines in Eq9. 486 [37) are decomposed into the
tree (naive factorizationy!), one-loop ¥’), and two-loop V'V vertex correction (the question marks
denote unknown real parts); trea,( LO), one-loop &2, HV), and twist-3 power correction (tw3)
to spectator scattering. The prefaciqp = (9far, f5)/(my FEM1\p) encapsulates the bulk of the
hadronic uncertainties of the spectator-scattering teNumerically, fora; the corrections are, both
individually and in their sum, at the few-percent level, Isticata, is very close to 1 and to the naive-
factorization result. On the other hand, individual coti@ts toas are large, with a near cancellation
between naive factorization and the one-loop vertex ctioieca, is thus especially sensitive to spectator
scattering and to higher-order vertex corrections. Theddhare all important is seen from thé’, LO,
and HV numbers in eq[(37).

Analogous expressions can be given for the remaining andeliparameters; . . . o', [254], ex-
cept that no two-loop vertex corrections are known. Qualgly, NNLO spectator-scattering corrections
are as important for the leading-power, but small (electay penguin amplitudezz;g@z10 as they are
for a, but are found to be small for the large electroweak penguipliide af). Corrections to the QCD
penguin amplitude/] are also small, in spite of the involvement of the large WilsoefficientC;. This
is due to a numerical cancellation, which may be accideftiak scalar QCD and electroweak penguin
amplitudesaf andak are power suppressed but “chirally enhanced”. NNLO coioestto them are
currently unknown but might involve sizable contributigegreportional toC, unless a similar numerical
cancellation as in the case @f prevents this. This would be relevant for direct CP asymiein the
7K system and elsewhere. For a more complete discussion, §€@54.

A good fraction of NNLO corrections to the QCD factorizatifimmula are now available. While
the perturbation expansion is well-behaved in all casevesof these corrections turn out to be signif-
icant, particularly those to the colour-suppressed trek (atectroweak) penguin amplitudes. Further
important corrections to the QCD and colour-suppressed EWjygin amplitudes proportional 6;
may enter through the chirally-enhanced power correctignsnda, making their NNLO calculation
an important goal.

2.2.4 QED corrections to hadroni@ decays
2.2.4.1 Introduction

The large amount of data collected so farafactories has allowed to reach a statistical accuracy on
B decays into pairs of (pseudo)scalars at a level where etaaggnetic effects cannot be neglected
anymore [255, 256]. On one hand, a correct simulation of thevoidable emission of photons from
charged particles has to be included in Monte Carlo progiarosder to evaluate the correct efficiency.
Onthe other hand, a clear definiton of the effective cut oft)(photon spectra is essential for a consistent
comparison both between theory and experiments and betwselts from different experiments.

We discuss the theoretical and experimental treatmentdiditirée corrections in hadronif de-
cays. We present analytical expressions to describe thegpaffects induced by both real and virtual
(soft) photons in the generic proceSs— P; P»(vy), where bothH and P, » are scalar or pseudoscalar
particles. We then discuss the procedures to be adopteganimental analyses for a clear definition of
the observables.
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2.2.4.2 The scalar QED calculation

General properties of QED have been exploited in detail fostnof the pure electroweak processes or
in general for processes that can be fully treated in ternmedfirbation theory. This is not the case of
hadronic decays. However, due to the universal charactefrafed QED singularities, it is possible to
estimate the leadin@(«) contributions to these processes within scalar QED, in pipecximation of a
point-like weak vertex.

The most convenient infrared-safe observable relateddqthcessB — P, P; is the photon
inclusive width

risc(pmaxy — (B — P Py + )|y B, <pmax = 12 + Tiogny (EF) (38)

namely, the width for the proced8 — P, P, accompanied by any number of (undetected) photons,
with total missing energy less or equal &' in the B meson rest frame. The infrared cut-aff**

can be the photon energy below which the st&e?,) cannot be distinguished from the stafg P, +

n~); however, in principle it can also be chosen to be a high eefgz scale (up to the kinematical
limit). At any order in perturbation theory we can decompB%“ﬁ1 in terms of two theoretical quantities:
the so-called non-radiative widtf,, and the corresponding energy-dependent e.m. correciorf
G2 (EF™),

DH(EF™) = Ty (1) Gra(EF™, p) - (39)

In the limit EX*** < Mp the electromagnetic correction factor can be reliablynestied within scalar
QED. We define the non-radiative widEt, () as

B
F?2(:“) = 167 Mp ‘AB—>P1P2 (M)’Z ) (40)
5 —

[1 —(rn+ 7“2)2} [1 —(m-r)?, = My (41)

namely the tree-level rate expressed in terms of the rerimedgscale-dependent) weak coupling. Here
them; refer to the masses of the light mesons in the final sfétg,is the B-meson mass. The function
G12(EM™, 1) can be written as

« M?2 1
E,p)=1+—|boln (L )+ Fa+ Hi2+ N 42
G12(E, 1) +7T[12 D<4E2>+ 12 + 5 Hip + 12(#)] ; (42)
where H15 represents the finite term arising from virtual correctjomsd £, the energy-independent
contribution generated by the real emission (heres EX*):

B3k AB — PP« m2 E
—_— = — |bppln | —= F — . 43
/EV<E (2m)3 2F, S%;S' A(B = P P,) |02 n 1E2 + 12+(9<MB> (43)

As expected, after summing real and virtual corrections, ittirared logarithmic divergences cancel
out in G12(E, i), giving rise to the universdh(Mp/E7**) term. The scale dependence contained in
Ni2(12) cancels out in the produdt}, x G- due to the corresponding scale dependence of the weak
coupling. For the explicit expressions 6i,,H1>, and Ni» and a more detailed discussion of the
dependence we refer to [247]. The result thus obtained cappléed to bothB and D decays.

We finally give the results fo6_ and G in the limit m; 2, E < Mp, which represents a
convenient, and very good approximation:

ol AE? L
Gy = 1—;{[2ln6+1+ln(1—52)]ln<M—BQ>—4lne+?—|—1—|—(9(5)} (44)
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2 2
Gy = 1-—- e {[lne+1+ln(1+5)]ln (%) —21H6+% —1+(’)(5)} (45)

s

B
where
mi + mg m1 —ma
— = — = 46
¢ 2MB ’ m1 + ms ’ ( )

with 12 = +—, 40, respectively. This approximation also serves to clatify physical relevance of
the correction factors. The logarithmic terms as well asGoalomb correction{ 72) are model-
independent, well defined effects. On the other hand, thairéng constant pieces(l) are not mean-
ingful in the absence of the proper UV matching, but they abelsminant and numerically rather small.

2.2.4.3 Inclusion of final state radiation effects in an ekpental analysis

We will discuss in particular the inclusion of final stateiedbn in the analysis of rar& decays aiB
factories. In this kind of environment, the efficiency isimstted through Monte Carlo simulation where
QED effects are taken into account using the PHOTOS sinomlg@idckage [257]. The firstissue is then to
check if the performances of the entire event simulatiorirchee the ones expected from the theory. One
can thus compare the simulatégl (£7'**) function, as well as the energy and angular distributiomef t
generated photons (whose analytical expression can be fay247]) and then, if needed, correct the
distributions on which efficiency and parametrization & th variables are evaluated. Then, particular
care has to be taken in order to quote the results in such ahaayadiation effects can be disentagled.
In principle, it would be necessary to selégtcandidates with a specified maximum amountgfi00
MeV) photon energy in the final states, a quantity which ifiaift to reconstruct in & factory context.
Instead, one could define the data sample selecting on arveldseaariable which can be clearly related
to the maximum allowed energy for photoA%**. The variableAE = E}; — \/s/2, whereE’; is the
reconstructed3 candidate energy in the" e~ center of mass (CM) frame angds the total CM energy,

is clearly suitable for this purpose. TheFE window chosen for the analysis would then allow for the
presence of radiated photons up to the chosen cut, provillgossibility of quoting results, e.g., on
branching fractions, with a defined cut on the soft photorspe. Once a result of this kind is obtained,
it is easy to extract the weak couplings — which cannot bectlraneasured due to the intrinsic and
unavoidable features of QED — employing the theoreticadutation explained in the previous section.
This is very important, since the comparison between thieatepredictions and experiments can be
done more efficiently in terms of the weak couplings. Morepeemeaningful comparison between
different experiments can only be done in terms of the wealplags (non-radiative quantities) or in
terms of the inclusive widths employing the same infraredotfy

2.2.5 Outlook on future improvements

The improvement of our quantitative understanding of haidreffects in charmless non-leptonig-
decays requires both experimental and theoretical efforts

Completion of the NNLO analyses for the factorizable weesd hard-scattering contributions to
reduce the perturbative uncertainties.

Further improvement in hadronic input parameters (forotoid, LCDA) by non-perturbative
methods, combined with experimental datai$nand D-meson decays.

More systematic treatment of power-corrections.
Better understanding &fU (3)-breaking effects in the analysis 6f andB,, ; decays.

In the future, the main limitations will probably be due t@thnetical uncertainties in non-perturbative
strong rescattering phases.
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2.3 Light-cone QCD sum rules
2.3.1 Distribution Amplitudes

Light-cone wave functions or distribution amplitudes (Déte matrix elements defined near light-like
separations connecting hadrons to their partonic coestitu They are widely used in hard exclusive
processes with high momentum transfer [258], which arenafeminated by light-like distances. For-
mally they appear in the light-cone operator product exipen&.COPE) and can be seen as the analogue
of matrix elements of local operators in the operator proéxpansion (OPE). The terms in the OPE are
ordered according to the dimension of the operators, tlmstén the LCOPE according to their twist,
the dimension minus the spin. We shall discuss distribuimplitudes for light mesons, which are most
relevant for the LHCb experimefit We shall take the< (495) and theK*(892) as representatives for
the light pseudoscalar and vector me$ons

1
(0/(2) 7" 512, 0]s(0) | K (q)) = ifrq-a /0 du e 2 pre (u) + O(x2,mY),
1
01g(z)x,~" 2, 01s(0)| K* (¢, \)) = (eW - ) freemnce / due gl (u) + O(a?, m%.),  (47)
0

(0lg(z)oyu [z, 0]s(0)| K™ (g, A))

1
ieNa, — M ay) fie (1) /0 due™ " gy (u) + O(a®, mi-).

The vectorz,, is to be thought of as a vector close to the light-cone. Theablru (v = 1 — u)
can be interpreted as the collinear momentum fraction ezhrby one of the constituent quarks in
the meson. Corrections to the leading twist come from thoegces: 1. other Dirac-structures (e.g.
(0|g(z)vs[z,0]s(0)| K (q))), 2. higher Fock states (including an additional gluon) @nchass and light-
cone corrections as indicated in the equations above.

The wave functiong(u, 1) are non-perturbative objects. Their asymptotic forms a@in from
perturbative QCD¢(u, 1) = 6uu. Use of one-loop conformal symmetry of massless QCD is made
by expanding in the eigenfunctions of the evolution kertted, Gegenbauer polynomia[éf’/Q,

¢(u, p) = 6ut (1 + > an(n)Cy* (2u — 1)) : (48)

n=1

where thex,, are hadronic parameters, the Gegenbauer momentsislbdd they vanish for particles
with definite G-parity, e.g.as,+1(7) = 0. For the kaoms,+1(K) # 0, which contributes to SU(3)
breaking. In practice the expansion is truncated after aéems. This is motivated by the fact that the
hierarchy of anomalous dimensiong,1 > 7, > 0 implies|a,+1| < |a,| at a sufficiently high scale.
From concrete calculations and fits it indeed appears tbdtidrarchy already sets in at typical hadronic
scales~ 1 GeV. Moreover, for smooth kernels the higher Gegenbauer magive small contributions
upon convolution much like in the familiar case of the pastrave expansion in qguantum mechanics.

A different method is to model the wave-functions by usingesmental and theoretical con-
straints. In [276] a recursive relation between the Gegasbmoments was proposed, which involves
only two additional parameters. This constitutes an adtiéra tool especially in cases where the confor-
mal expansion is converging slowly.

We shall not report on higher-twist contributions here lkefer to the literature [274, 275]. It
should also be mentioned that higher-twist effects can thergrominent such as in the time dependent
CP asymmetry irB — K™~y via soft gluon emission [262].

>There are of course other DA of interest. Baryon DA have régdreen reviewed in [259], the photon DA is treated
in [260] and a recent lecture on the B-meson DA can be foung6a]
81n the literature sometimes another phase convention éovélastor meson states is used, Whéf&oiher = |V ) here-
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2.3.1.1 Decay constants

The decay constants normalize the DA. For the pseudoscaléfthey are well known form experiment.
The decay constants of tagand#’, and in general their wave functions, are more complicatesltd
n-n’ mixing and the chiral anomaly and shall not be discussed. Hepe the vector particles there are
two decay constants as seen frém| (47). The longitudinalydemastants can be taken from experiment.
For instance fop, w and¢ they are taken fromv® — ete~ and forp~ and K*~ from 7~ — Vv,

It is worth noting that the difference ifi,0 and f,— seems consistent with the expected size of isospin
breaking, whereas some time ago there seemed to be a shighirtg266].

For the transverse decay constayits one has to rely on theory. QCD sum rules provide both
longitudinal and transverse decay constants [232, 263]
fo =(206 £7)MeV  f,(1GeV) = (165 + 9) MeV
fro=(2224+8)MeV  fi.(1GeV)= (185 4 10) MeV . (49)
In lattice QCD there exist two quenched calculations of titeorof decay constants [264, 265], which

are consistent with the sum rule values above. Combininthedle experimental, sum rule and lattice
results we get [267]

fo =216 £2)MeV  f,(1GeV) = (165 + 9) MeV

fo =(187£5)MeV  f(1GeV) = (151 £ 9) MeV

fre=1(220+£5)MeV  fie. (1 GeV)= (185 + 10) MeV

fo =(@215£5)MeV  f;(1GeV) = (186 +9) MeV . (50)

2.3.1.2 The first and second Gegenbauer moment

As mentioned before, the first Gegenbauer moment vanishgsafticles with definite G-parity. Intu-
itively the first Gegenbauer moment of the kaon is a measutieecdiverage momentum fraction carried
by the strange quark. Based on the constituent quark moteéipected that; (K) > 0. A negative
value of this quantity [268] created some confusion andaitetl reinvestigations. The sum rule used
in that work is of the non-diagonal type and has a non-pe@sitiefinite spectral function, which makes
the extraction of any kind of residue very unreliable. Laterdiagonal sum rules were used and stable
values were obtained [232,269] & 1 GeV)

a1 (K, p) = 0.06 + 0.03, a!(K*, 1) =0.034+0.02, af (K*, u)=0.04+0.03, (52)

although with relatively large uncertainties. An intenegtalternative method was suggested in [270]
where the first Gegenbauer moment was related to a quark-ghairix element via the equation of
motion. An alternative derivation and a completion for @fes was later given in [271]. The operator
equation for the kaon is

9 - m?2 —m?
Con(K)= =My g s T g (K),
5 mg + My mie

where the twist-4 matrix element; is defined as{0|G(gGa,.)iv" V58| K (q)) = iga frm3 ka(K). Sim-
ilar equations exist for the longitudinal and transversgecalt is worth stressing that those operator
relations are completely general and it remains to deterriie twist-4 matrix elements. Attempts to
determine them from QCD sum rules [270, 271] turn out to besisbent with the determinations from
diagonal sum rules (51) but cannot compete in terms of theracg. Later lattice QCD provided the
first Gegenbauer moment for the kaon DA from domain-wall ferma [272] and Wilson fermions [273]
whose values agree very well with the central valuerofK) in (51), but have significantly lower un-
certainty.
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The second Gegenbauer moment has also been determinedifigona sum rules for the and
K [269,274]
oz (K)
a9 (7‘1’)
It can be seen that the SU(3) breaking in the second momergssimably moderate. Values @f for
the vector mesong, K* and¢ have recently been updated in [275].

ag(m,1GeV) = 0.27 +0.08

=1.05+0.15 (52)

2.3.2 Heavy-to-light form factors from LCSR

Light-cone sum rules (LCSR) were developed to improve onesofrthe shortcomings of three-point
sum rules designed to describe meson-to-meson transitionféctors. The problem is that fét — M
transitions, wheré/ is a light meson, higher order matrix elements grow with rendering the OPE
non-convergent. In the cagde — M three-point sum rules and LCSR yield comparable results. A
review of the framework of LCSR can be found in [229].

The form factors oft” and A currents forB to light pseudoscalar and vector mesons are defined
as g =pp—p)

2 _ 2 2 9
(PW) b Bos)) = 1) [<p3 +p), - 2B qu] @) B 6y
2V (¢?) e* - q

v (V(p, )lgyu(1 — 75)b| B(pp)) =

v P O . 2
g+ my verS PP — 2imy Ao(q )q—Qqu (54)

2 2
mpyp —MmM
[(pB +p)y— 252 2 Y g,

*

. ., & .
—i(mp +my)A1(q?) [eu - q—gq%} +iAs(q?)

*

e -q
mp -+ my

The factorey accounts for the flavour content of particles: = /2 for p°, w andey = 1 otherwise.
The tensor form factors, relevant f& — V-~ or B — P(V)I*il~, are defined as

i 2
POt B} = L (24 ), — (0, — )] (55)
v (V(p,€)|Gouwg” (1 +v5)b|B(pg)) = 2i T1(¢?) €pwpo € Dpp° (56)
2
+To(¢%) [(m% —m3 ), — (% - @) (pp + )] + T3(a%) (6" - ) |du — ——— (0B + D),

mp —my
with 77(0) = T»(0). Note that the tensor form factors depend on the renorntmizacaley. of the
matrix element. All form factors i (53) E(56) are positivedx?'?? = —1.

LCSR allow us to obtain the form factors from a suitable datien function for virtualities of
0 < ¢* < 14GeV?. The residue in the sum rule is of the typgs f+(¢?))sr. Using a second sum
rule for (fp)sr to the same accuracy, the form factor is obtainedfas= (fzf+(¢?))sr/(fB)sr.
where several uncertainties cancel. The final uncertaiofi¢ghe sum rule results for the form factors are
around10% and slightly more for theB — K transitions due to the additional uncertainty in the first
Gegenbauer moment. The most recent and up-to-date cadeufat B — M form factors, including
twist-3 radiative corrections, can be found in [230, 231f.isInot obvious how the accuracy can be
significantly improved by including further corrections.n®interesting option would be to calculate
NNLO QCD corrections, which could first be attempted in thgédas, limit.

Another interesting question is whether it is possible tieed the form factor calculations to the
entire physical domaif < ¢> < (mg—m P(v))2. It has been advocated by Becirevic and Kaidalov [277]
to write the form factorf,. as a dispersion relation it with a lowest-lying pole term plus a contribution
from multiparticle states, which in a minimal setup can bpragimated by an effective pole term at
higher mass:

1 o0 p(s) 1 T
fild®) = ———+ / ds — + . (57)
+( ) 1— qz/m% (mp+mp)? s — q2 1-— q2/m% 1- q2/m1%1t
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Table 7: Form factors from light-cone sum rules.

FE=m(0) TP~P(0) VB (0) AFP(0) A7TP(0) AT TP(0)
0.258 £0.031 0.267 £0.023 0.323 +£0.030 0.303 +=0.029 0.242 +0.023 0.221 +£0.023

In the past it has often been popular to adopt Vector Mesonibame (VMD), i.e. to sety = 0.
BaBar measurements of semileptonic decay spectra with fingeib the ¢-distribution now strongly
disfavour simple VMD [278]. Another important point is thhe fits to the parametrisation (57) allow us
to reproduce the results from LCSR extremely well [230, 23He parametrisation also passes a number
of consistency tests. The soft pion pofiagtm%) = f5/ f~ can be attained upon extrapolation, leading to
a B-meson decay constant §f = 205 MeV. This is well in the ballpark of expectations and consistent
with the Belle measurement & — 7v. Moreover the residuer )y, = (fp+g9BBx)/(2mp+), which

is rather stable under the fits, agrees within ten percent wihtat is known from hadronic physics.
Representative results are given in Tdble 7. More form factan be found in eq. (27) and Tab. 3
of [230] for B — =, K,n and in Tab. 8 of [231] foilB — p, K*, ¢,w. It has to be emphasized that the
B — K, K* transitions have been evaluated before the progress inUk@)-®reaking was achieved.
An update would be timely and will certainly be undertakensoch important cases & — K*[7[~.

In particular for theB — K*~ decay rate in the standard model (SM) it was emphasized 8; 230]
that within the framwork of QCD factorizatioh (0)sy—exp,qcpr = 0.28 & 0.02. An update of SU(3)-
breaking effects yield%} (0) = 0.31 & 0.04 [281], which seems reasonably consistent.

In certain decay channels, such Bs— K*IT[~, several form factors enter at the same time.
Sometimes ratios of decay rates are needed, e.qg. for thectatr of |V, /V;s| from B — K*~. Simply
taking the uncertainties in the individual form factors auttiing them linearly could be a drastic over-
estimate since parametric uncertainties, such as thaserf;g might cancel in the quantities of interest.
In the former case no efforts have been undertaken. In ttex lzdse a consistent evaluation [263] leads
to the form factor ratig = T2 ~5"(0)/T7 " (0) = 1.17 + 0.09.

2.3.3 Comparison with heavy-to-light form factors from givistic quark models
W. Lucha, D. Melikhov, S. Simula, B. Stech

Quark models have been frequently used in the past to estinaalronic quantities such as form
factors. They may be applied to complicated processesyhacdessible to lattice calculations and they
provide connections between different processes thrcqwgtvave functions of the participating hadrons.
Relativistic quark models are based on a simplified pictfi@@D: Below the chiral symmetry breaking

Table 8: Examples of form factors faB — p [B, — K*] from the quark model [292].

V(0) A1(0) A2(0) Ao (0) 1:(0) 13(0)
031[0.44] 0.26[0.36] 0.24[0.32] 0.29[0.45] 0.27[0.39].19[0. 27]

scalen, ~ 1 GeV, quarks are treated as particles of fixed mass integautana relativistic potential
and hadron wave functions and masses are found as solutiaghsee-dimensional reductions of the
Bethe—Salpeter equation. The structure of the confiningntiall is restricted by rigorous properties of
QCD, such as heavy-quark symmetry for the heavy-quark 582, 283] and spontaneously broken
chiral symmetry for the light-quark sector [284]. The vau# the constituent-quark masses and the
parameters of the potential are fixed by requiring that thectspm of observed hadron states is well
reproduced [285, 286].

Various versions of the quark model were applied to the detsmn of weak properties of heavy
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hadrons (see e.g. [287—-289]). For instance, the weak ti@m$brm factors are given in the quark model
in [290] by relativistic double spectral representatiomserms of the wave functions of initial and final
hadrons and the double spectral density of the correspgrieiignman diagrams with massive quarks.
This approach led to very successful predictionsBatecays [291,292]. Many results for varioBsand

B, decays have been obtained [292-296], yielding an overalifg in agreement with other approaches,
such as QCD sum rules. Table 8 gives examples of the resofis]#92]. A comparison between various
guark models performed in [297] leads to a qualitative estiinof the overall uncertainty of some 10—
15%. The main limitation of the quark model approach is the diffic to provide rigorous estimates of
the systematic errors of the calculated hadron parametetsis respect, quark models cannot compete
with lattice gauge theory.
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2.4 Lattice QCD
2.4.1 Recentresults

In this section we give a summary of recent lattice resulevemt to flavour physics. The tables should
be consulted with an eye on the systematics discussed i#. 2Fbr a more complete coverage, see
the review talks on heavy flavour physics [298—-300] and kdoysies [301-303] at the last few lattice

conferences.

2.4.1.1 Decay constants

The axial-vector decay constants relevant tosthe £ leptonic decays

(0](dyy5u) ()7 (p)) = i frpue "

(and analogously foK', D, B mesons) may be evaluated on the lattice. Some recent raseiitellected

in Table[9. The first column gives the statistical and syst&nearors. The second column says whether

Table 9: Decay constants from lattice QCD.

fr/fr = 1.24(2) Ny =2+1 dom/dom no RBC/UKQCD [304]
fre/fr = 1.218(2)(T3)) N;=2+1 stag/dom no NPLQCD [305]
fre/fr = 1.208(2)(F7) N;=2+1 stag/stag yes MILC [306]
fr/fr=1.189(7) Ny =241 stag/stag yes HPQCD [307]

fp, = 242(09)(10) MeV Ny =0 —/clov yes ALPHA[308]

fp, = 240(5)(5) MeV Ny =0 —/clov yes Romell [309]

fp, = 249(03)(16) MeV Ny =241 stag/stag yes FNAL/MILC/+[310]
fp. =238(11)(T97) MeV  Np =2 cloviclov yes CP-PACS [298]
fp. =241(3) MeV Ny =2+1 stag/stag yes HPQCD [307]

fp =232(7)(15)(53) MeV Ny =0 —/dom no RBC|[311]]

fp= 202(12)(+20) MeV Ny =2 clov/clov yes CP-PACS [298]
fp./fp=1.052)(*9(6) Ny=0 —/dom no RBC[311]

fp./fp = 1.24(7) Ny =2+1 stag/stag yes FNAL/MILC/+[310]
fp./fp =1.162(9) Ny =241 stag/stag yes HPQCD [307]

fB, = 192(6)(4) MeV Ny =0 —/clov yes Romell [309]

fB. = 205(12) MeV Ny =0 —/clov yes ALPHA[312]

fB, = 191(6) MeV Ny =0 —/clov yes ALPHA[313]

fB. = 242(9)(51) MeV Ny =2 clov/iclov yes CP-PACS [314]

fp, =217(6)(F30) MeV ~ Np =2 stag/wils yes MILC [315]

fB, =260(7)(26)(8) MeV Ny =2+1 cloviclov no HPQCD [316]
fB,/fp =1.179(18)(2 ) Ny =2 clov/clov yes CP-PACS [314]
fe./fs =116(1)(3)(*y) Ny =2 stag/wils yes MILC [315]

fs./f =1 13(3)(f(1]2) Ny =2 clov/clov no JLQCD [317]
fe./fB=120(3)(1) Ny =241 stag/stag yes HPQCD [318]
fB./fB =1.29(4)(6) Ny =2 dom/dom no RBC [319]

(58)

the simulations are quenched/{ = 0), or dynamical with a commom,,; mass only Ny = 2), or

with strange quark loops includedVf = 2 + 1). The remaining columns indicate the light quark
formulation in the sea and valence sectors and whether émoam extrapolation has been attempted.
To the quenched results, an extra 5% scale setting errotcsbeuadded (s€e 2.4.2.1). Generally, the
lattice results compare favourably to the recent experiateleterminations (using the appropriate CKM
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element from another procesg)y = 223(17)(03) MeV at CLEO [320], fp, = 282(16)(7) MeV at
CLEO [321], fp, = 283(17)(16) MeV at BaBar [322] andfz = 229(13¢)(*31) MeV at Belle [323].

One may also form the rati¢/Mp, fp,/v/Mp fp and compare to the result30(12), implied by the
CLEO and BaBar numbers.

2.4.1.2 Form factors

The vector form factors of semi-leptonic decays like— 7/v or D — K/v, defined in[(GB), can be
calculated inthe rangg .. < ¢* < ¢2,.., Whereg?, . = (Mp—M,)?, (Mp—Mf)?, respectively, while
¢ IS @ soft bound (set by the cut-off effects and noise one densitolerable). Ofterfi, (0) = f,(0) is
used and a parametrisation is employed to extrapolate. grifenmost popular are those of Betirevit-
Kaidalov [277] and Ball-Zwicky [277,278]

BK, 2\ _ / BK, 2y [
BZ(2) — / rg?
vq7) = + (60)

1-¢  (1-¢)1 -

whereg® = ¢*>/M3. (or ¢/M?3. for D-decays), with the parametefs= f(0),« (BK,BZ) andr
(BZ). The expression il (60) is equivalent to the approxarfatrm in [57). Some recent results, with
the same meaning of the columns as before, are given in T@blEHE definition ofF is given in [330].

Table 10: Form factors from lattice QCD.

K=m(0) = 0.960(5)(7) Ny =0 —/clov.  no Romel-Orsay [324]
J277(0) = 0.952(6) Ny =2 cloviclov no JLQCD [325]
K=7(0) = 0.968(9)(6) Np =2 dom/dom no RBC[326]
fE=7(0) = 0.9680(16) Ny=2+1 dom/dom no UKQCD/RBC [327]
fE=m(0) = 0.962(6)(9) Ny=2+1 stag/clov no FNAL/MILC/+[328]
D=7(0) = 0.64(3)(6) Ny=2+1 stag/stag no FNAL/MILC/+[329]
D=K(0) =0.73(3)(7) Ny=2+1 stag/stag no FNAL/MILC/+[329]
B—”T(O) =0.23(2)(3) Ny =241 stag/stag no FNAL/MILC/+[330]
B_”T(O) =0.31(5)(4) Ny =241 stag/stag yes HPQCD [331]
FB=D(1) =1.074(18)(16) N;=2+1 stag/stag no FNAL/MILC/+ [330]
FB=P(1) = 1.026(17) Ny =0 —/clov yes Romell [332]

Earlier work on theB — #/¢v form factors can be found in [333-336]. Fbor — K{¢v andD — 7wlv
the ¢*>-dependence of the form factors has been traced out by the NNAC/+ collaboration [329] and
compared to experimental results by the BES [337] and FOQ38][collaborations. FoB — v
the ¢>-dependence, as determined by the HPQCD and FNAL/MILC/falbotations, is in reasonable
agreement [298]. For a generic comment why the form factqf at 0 is not always the best thing to
ask for from the lattice, see section 214.3.

2.4.1.3 Bag parameters
On the lattice, the SM bag parameté?s (1) and Bg(u) for neutral kaon and3-meson mixing

(RO (sd)v-a(5)val K = M fE By (61)
(BYGa)v-a(av-alB) = M f3Bo,  (a=d.s) (62
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are extracted indirectly. The measured quantitiesfgB; and f5; then the ratio is taken to obtain the
quotedBp (similar for Bx). Therefore, it makes little sense to combiBg from one group ands
from another to come up with a lattice value ff+/Bg. On the other hand

¢ 1.V BB, (63)
de \V4 BBd
is benevolent, from a lattice viewpoint, since it followstn the ratio of the same correlator with two
different quark masses (in practice, an extrapolatign— mghys is needed). Many systematic uncer-
tainties cancel in such ratios, but the chiral extrapotatoror is not reduced. It would make sense to
guote the renormalisation scheme and scale independemntitgjua
Bx = lim ay(p)?% |1+ %JNf + ] Bx () (64)
H—00 4
with known.J N;- Froma perturbative viewpoir x andBy are equivalent, but from a lattice perspective

the latter is much better defined. Recent resultd¥pr= Bx (2 GeV) andBg = Bp(my,) are quoted in
Table[11. Note that these values refer to bag parameterspiitbr structurd’V + A A in the 4-fermion

Table 11: Bag parameters from lattice QCD.

Bg = 0.5746(061)(191) N =0 —/dom yes CP-PACSI[339]

Br = 0.55(7) Ny =0 —/over yes MILC [340]

By = 0.96(10) [hat] Ny =0 — /wils  yes Becirevic et al. [341]
By = 0.563(21)(49) Ny =0 —/dom yes RBC [342]

B = 0.563(47)(07) Ny =0 —Jover yes BMW [129]

By = 0.789(46) [hat] Ny =0 —/twis  yes ALPHA [343]

By =0.49(13) Ny =2 clov/iclov. no UKQCD [344]

Br = 0.495(18) Ny =2 dom/dom no RBC [345]

B = 0.618(18)(135) Ny =241 stag/stag no HPQCD/UKQCD [346]
B = 0.557(12)(29) Ny =241 dom/dom no RBC/UKQCD [347]
Bp, = 0.940(16)(22) Ny =0 —/over no Orsay [348]

Bp = 0.836(27)(*29) Ny =2 cloviclov no JLQCD [317]
Bp,/Bp = 1.017(16)(155) Ny =2 cloviclov. no JLQCD [317]
Bp,/Bp = 1.06(6)(4) Ny =2 dom/dom no RBC [319]

fB.\/Bp, =281(21) MeV N; =2+1 stag/stag no HPQCD [349]

¢ = 1.14(3)(53) Ny =2 clov/clov no JLQCD [317]
€ =1.33(8)(8) Ny =2 dom/dom no RBC[319]

operator, as they appear in the SM.

2.4.1.4 BSM matrix elements

There are several hadronic matrix elements for BSM opesatasilable from the lattice. Kaon-mixing
matrix elements withV'V — AA, SS + PP, SS — PP, TT spinor structure in the 4-fermion operator are
found in [129, 130,342, 350, 351] ard’|Q| K°) is being addressed in [352]. In the literature, they go
by the name of “SUSY matrix elements”, but the idea is thay dmé (perturbatively calculated) Wilson
coefficient refers to the specific BSM theory, while the {tattevaluated) matrix element is fully generic.
Thanks to massless overlap fermions [353, 354] obeying thepgarg-Wilson relation [355] and hence
enjoying a lattice analogue of chiral symmetry [356], it wnpossible to avoid admixtures of operators
with an unwanted chirality structure.
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Table 12: CKM matrix elements from lattice QCD.

|Vus | Latos |Vub|Latos |VelLatos  |Ves|Latos |Veb|Latos
0.2244(14) 3.76(68)10~3 0.245(22) 0.97(10) 3.91(09)(34) 10~2

2.4.1.5 CKM matrix elements

In his Lattice 2005 write-up [298], Okamoto quantifies thegmiéudes of all CKM matrix elements,
except| V4|, usingexclusively lattice resultéand experimental data, of course). They are collected in
Table[12. The magnitude¥, 4|, |Vis|, |Vis| may be subsequently determined, if one assumes unitarity of
Verw. This gives|Vyg|Ph s = 0.9743(3), |Vis[$M 5 = 3.79(53) 1072 and| Vi, [$M 05 = 0.9992(1).

2.4.2 Scale setting and systematic effects
2.4.2.1 Burning\;+1 observables in\; flavour QCD

In a calculation with, say, a commanl and separate, c quark masses, four observables must be used
to set the lattice spacing and to adjust,, ms, m. to their physical values (with,4 there is a practical
problem, but this is immaterial to the present discussiém)yeneral, Ny +1 lattice observables cannot
be used to make predictions, since LQCD establishes a ctimmec

Jx

M, Aqcp

]w7r Mo fKa BK

MK — Mg + va fDS

%Z Z; [, B,
N—— —— — BB> BBS
experiment parameters ~——————"

predictions

With infinitely precise data it would not matter which obsarles are sacrificed to specify the bare
parameters in a given run (every observable depends a béamaé the/N; +1 parameters). In practice,
the situation is different. To adjust the bare parameteesdontrolled way, it is important to single out
N;+1 observables that are easy to measure, do not show tremecuteoi$ effects and depend strongly
on one physical parameter but as weakly as possible on &li.dBy now it is clear that one should not
use any broad resonance (e.g. thesince this introduces large ambiguities [357].

Frequently, the Sommer radiug [358] is used as an intermediate scale-setting quantigy;tiee
continuum limit is taken forfp,ro. But the issue remains what physical distance should béifigen
with ro. Typically, a quenched lattice study converts a value figrro with specified statistical and
systematic errors into an MeV result fig,, assuming that, is exactly0.5 fm (the preferred value from
charmonium spectroscopy), or exadily7 fm (from the proton mass), or exactly51 fm (from fg). If
one is interested in quenched QCD, any of these values isHiowever, if one intends to use the result
for phenomenological purposes, it is more advisable tibate a certain error torg MeV) itself. For
instance, one might usg = 0.49(2) fm. This is where the suggestion to add an extra 5% scale-gettin
ambiguity to most quenched results comes from. In princigleh ambiguities persist iN; = 2 + 1
QCD, but they get smaller as one moves towards realistickquasses.

2.4.2.2 Perturbative versus non-perturbative renornaain

On the lattice, there are two types of renormalisation. Qlslly, any operator which “runs” requires
renormalisation. For instance, when calculating a bagrpeter, the lattice result iBilue’ferm(a‘l),
where the superscript indicates the specific cut-off schaefiaed by the gluon and fermion actions that
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have been used. In order to obtain an observable with a wélted continuum limit, this object needs
to be converted into a scheme where the pertinent gce@ot linked to the cut-oft, . Consequently,
glue,ferm

the conversion factor iB)@(m = C(pa)BY (a~1') would diverge in the continuum limit, but this
is immaterial, sinc&'(ua) is not an observable.

Besides, a finite renormalisation is used for many quastifanterest. For instance, to measure
[, one multiplies the point-like axial-vector curredf, = dv,vsu with a renormalisation factog 4.
Asymptotically (for large3), this factor behaves lik& 4 = 1+ const/3+O(32). Accordingly, Z(3)
may be calculated either in weak coupling perturbation theo non-perturbatively. For some actions
both avenues have been pursued, and sometimes it was faindtthin perturbation theory it is difficult
to estimate the error (there may be big shifts when going fielmop to 2-loop and/or all perturbative
calculations ofZ4(3) may differ significantly from the outcome of a non-pertuizatdetermination).
The results withV; = 241 staggered quarks rely on perturbation theory and sometsXger that some
of the renormalisation factors may be less precisely kndwan tvhat is currently believed. On the other
hand one might argue that these actions involve UV-filte(fligk-fattening”) and may be less prone to
such uncertainties than unfiltered (“thin-link”) actioffiese issues are under active investigation.

2.4.2.3 Summary of extrapolations

Lattice calculations are done in a euclidean doxx T with a finite lattice spacing. From a field-
theoretic viewpoint only thd” — oo limit is needed to define particle properties (to locate tbke p
of an Euclidean Green’s function and to extract the resithief — oo behaviour of the correlation
function C(t) needs to be studied). All other limits are taken subsequémtihe physical observables.
A summary of all extrapolations involved is:

1) T — oo or removal of excited states contamination (in practiceosing7 > L is sufficient)
2) a — 0 or removal of discretisation effects (at fixét= L? and fixedMj,,q L)

3) V — oo or removal of (spatial) finite-size effects (at fixed renolise quark masses)

4) myuq — mP™® or chiral extrapolation

5) my — m}jhys or heavy-quark extrapolation/interpolation (not with iéab formulation)

Extrapolations 1-3 are standard in the sense that one knmwsdrcontrol them. The chiral extrapolation
is far from innocent, since it is not really justified to usarahperturbation theory [359, 360] if one
cannot clearly identify chiral logs in the data, and it isch&r tell such logs from lattice artifacts and
finite-size effects. The entries with the smallest erroslzanong theV; = 2+ 1 data quoted above stem
from simulations with the staggered action. In such stuttiesextrapolations 2 and 4 are performed by
means of staggered chiral perturbation theory [361, 3&2hgua large number of fitting parameters. This
makes it hard to judge whether the quoted error is realistit at least the “post processing” is done in
a field-theoretic framework (no modelling). The fifth poirgpénds on the details of the heavy-quark
formulation (NRQCD, HQET, Fermilab) employed, but evetijyavith o~ ~ 10 GeV and higher, one
could use a standard relativistic action.

2.4.2.4 Conceptual issues

Besides these practical aspects, there might be concdpsugs regarding the theoretical validity of
certain steps. In the past, the so-called quenched appatiimhas been used, where the functional
determinant is neglected. While fundamentally uncorgdhliit seems to have little impact on the final
result of a phenomenological study — as long as no flavoudatimantity is measured, final-state
interactions are not particularly important and the loingjashce physics involved does not exceetlfm
(i.e. for M, > 200 MeV, which still is the case in present simulations). Stat¢hefart calculations use
the partially quenched framework [363—-365], which, desfg name, isiot a half-way extrapolation
from quenched to unquenched. It amounts to having, besiggs= m'%, also data withns: > ma

which typically stabilise the extrapolation 5% = m'% = mP'*. But even with the determinant
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included, things remain somewhat controversial. The nggtrocedure with staggered quarks (to obtain
Ny = 2+ 1, the square-root oflet(D;\ ) and the fourth-root oflet(D;; ) is taken) has been the
subject of a lively debate. Much theoretical progress orewstdnding its basis has been achieved — for
a summary see the plenary talks on this point at the last thtéee conferences [366—369].

2.4.3 Prospects of future error bars

Future progress on the precision of lattice calculatiof@@GD matrix elements will hopefully come from
a variety of improvements, including a growth in computewpn the development of better algorithms,
the construction of better interpolating fields, and thegresf better relativistic and heavy quark actions.
Some of these factors are easier to forecast than othersidtance, the amount of CPU power is a rather
monotonic function of time (for the lattice community as aohd) not for an individual collaboration).
By contrast, progress at the algorithmic frontier comesvinligionary steps — we have just witnessed
a dramatic improvement of full QCD hybrid Monte Carlo alglonhs [370]. The last two points are
somewhere in between; here, every collaboration has itspreferences, which are largely driven by
the kind of physics it wants to address. Below, some estigrfatdfuture error bars on quantities relevant
to flavour physics will be given, but it is important to keepmiind two caveats.

The first caveat is a reminder that the anticipated percenéauprs quoted below belong to a
rather restricted class of observables. In the foresedahlee lattice methods can only be competitive
for processes where the following conditions hold simudtarsly:

only one hadron in initial and/or final state,

all hadrons stable (none near thresholds),

all valence quarks in connected graphs,

all momenta significantly below cut-off scale /a.

This is the case for the quantities discussed below, but @#nm¢hat quick progress on other interesting
quantities, such ag?—*(¢?), is not likely.

The second caveat concerns the role of the theoretical taitges, as discussed in the previous
paragraph. For instance, some of the estimates given belswnree that certain (finite) renormalisation
(i.e. matching) factors will be known at the 2-loop level. cBucalculations are tedious and rely on
massive computer algebra (the lattice regularisationaeslthe full Lorentz symmetry, resulting in a
proliferation of terms). Accordingly, future progress eich calculations is difficult to predict. In the
same spirit one should mention that in the predictions dsed below it is assumed that fof, =
250...350 MeV one is in a regime where chiral perturbation theory applies @n be used to further
extrapolate the lattice data to the physical pion mass.dmutilikely event that for some specific process
this is not the case, the corresponding prediction wouldrgmlsubstantial revision.

With these caveats in mind it is interesting to discuss tlogepted error bars as they are released
by some lattice groups. For instance MILC has a detailedd“map” of their expected percentage errors
(including statistical and theoretical uncertainties) donumber of matrix elements. They are collected
in the following Table_ 1B, which they kindly provide. By faneg most ambitious plans are those of
HPQCD. They have just released numbers fipr and fp,/fp with a claimed accuracy of 1.3% and
0.8%, respectively [307]. They plan on computifig, and fz as well as theB — 7 form factor at
q>~16 GeV? to 4%. Finally, they envisage releasing the ratig / f5 with 2% accuracy and with 3%
accuracy by the end of 2007.

In this context it is worth pointing out that progress in atffields, in particular in experiment,
has the potential to ease the task for the lattice commulRdy.instance, quoting the vector form factor
f+ for semileptonicB — w/v decay aiz> = 0 is not the best thing to ask for from the lattice, since a
long extrapolation is needed (dee 2.4.1.2). Still, in th&t pais was common practice, since there was
very limited experimental information available. In theanéme the situation has changed. Now, rather
precise information on the shape of this form factor (viankith differential decay rate datd’/dq?)
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Table 13: Prospects for lattice uncertainties (MILC Collab.). The— /v form factor is taken aj® = 16 GeV>.

Lat06 Lat'07 2-3yrs. 5-10yrs.
Ip,, B, 10 7 5 34
fp, B 11 7-8 5 4
fevBp 17 8-13 4-5 3-4
19 - 4 3 1-2
(B,D) — (K, m)lv 11 8 6 4
B — (D, D*)tv 4 3 2 1

is available, and only the absolute normalisation is difficm determine in experiment (see e.g. [371]
for a detailed analysis). As a result MILC and HPQCD give thiurfe lattice precision attainable at
¢*=16 GeV?, i.e. at a momentum transfer which can be reached in the ationl

BA



3 New physics in benchmark channels
3.1 Radiative penguin decays

The flavour changing neutral current (FCNC) transitibns sy andb — d~ are among the most valu-
able probes of flavour physics. They place stringent comgsran a variety of New Physics models,
in particular on those where the flavour-violating trawsitio a right-handed- or d-quark is not sup-
pressed, in contrast to the Standard Model (SM). Assumiagi to be valid, the combination of these
two processes offers a competitive way to extract the rdi@kM matrix elementsV;,;/V;s|. This deter-
mination is complementary to the one frabhmixing and to the one of the SM unitarity triangle based
on the tree-level observabl¢g,;, /V.,| and the angley. Other interesting observables are the CP and
isospin asymmetries and photon polarization. Radidbivdecays are also characterized by the large im-
pact of short-distance QCD corrections [372]. Consideralfflort has gone into the calculation of these
corrections, which are now approaching next-to-nexesmding order (NNLO) accuracy [373—-385]. On
the experimental side, both exclusive and inclugive> s+ branching ratios are known with good ac-
curacy,~ 5% for B — K*v and~ 7% for B — X, [386], while the situation is less favourable for
b — d-y transitions: measurements are only available for exatushannels. Here, we shall discuss first
the inclusive modes, then the exclusive ones. We shall heinan overview of the current status of
the SM calculations and later consider the situation for @df New Physics.

3.1.1 B — X, 47 inclusive (theory)

The inclusive decay rate of thB-meson 8 = B° or B™) is known to be well approximated by the
perturbatively calculable partonic decay rate of ikgpuark:

2 2
A" A Ai) (65)

D, _ arton
F(BHXS’Y)EW>EO_F(6_>X£ fY)Ev>EO+O<m_§7Wg’ -
with A ~ Aqep and Ey the photon energy cut in thB-meson rest frame. The non-perturbative cor-
rections on the r.h.s. of the above equation were analyz&eis. [387—394]. There are also additional
non-perturbative effects that become important whgiecomes too largety ~ my /2 — A) [395-397]
or too small £y < m;/2) [398,399].

Fig. 6: Sample LO diagram for the b — s transition.

It is convenient to consider the perturbative contributfat. At the leading order (LO), it is
given by one-loop diagrams like the one in Fify. 6. Dressing dragram with one or two virtual gluons
gives examples of the next-to-leading order (NLO) and thé.NNiagrams, respectively. The gluon and
light-quark bremsstrahlung must be included as well. Theeti experimental accuracy (see Hq.] (67))
can be matched on the theoretical side only after includieg\NLO QCD corrections [373].

At each order of the perturbative seriesiipy large logarithmd. = In M‘%V /m? are resummed by
employing a low-energy effective theory that arises aftsradipling the top quark and the electroweak
bosons. For example, the LO includes@lIL" terms, the NLO alb? L™~ ! terms, etc. Weak interaction
vertices (operators) in this theory are either of dipoleetfgor*”'b ), andso*”T*bGY,, ) or contain four
quarks (sT'b][qT"¢]). Coupling constants at these vertices (Wilson coeffis)eate first evaluated at the
electroweak renormalization scalg ~ m;, My by solving the so-callednatching conditions. Next,
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they are evolved down to the low-energy sgaje~ m,; according to the effective theory renormalization
group equations (RGE). The RGE are governed by the operaiking under renormalization. Finally,
one computes thenatrix elementf the operators, which in the perturbative case amountsltolating
on-shell diagrams with single insertions of the effectivedry vertices.

The NNLO matching and mixing are now completely known [3748]3 The same refers to those
matrix elements that involve the photonic dipole operatona [379-383]. Matrix elements involving
other operators are known at the NNLO either in the so-cdllege3, approximation [384] or in the
formal m, > my/2 limit [385]. The recently published NNLO estimate [373]:

B(B — Xs7)E,>1.6 Gev = (3.15£0.23) x 10~ (66)

is based on this knowledge. The four types of uncertaintiesi-perturbative (5%), parametric (3%),
higher-order (3%) aneh.-interpolation ambiguity (3%) have been added in quadeaitu{66) to obtain
the total error. The main uncertainty is due to unkno®@fwsA/m;) non-perturbative effects related
to the matrix elements of four-quark operators (see [38&]Wwhich no estimate exists. Similar effects
related to dipole operators have been recently estimatiégkivacuum insertion approximation [394].

As far as inclusivé — d~v decays are concerned, their measurement is quite chaltgnifiore-
over, due to non-perturbative effects that are suppressigdoy A /my, their theoretical accuracy is
not much better than in the exclusive case. On the other bla@éxperimental prospects in the exclusive
case are brighter.

3.1.2 B — X, 47 inclusive (experiment)
3.1.2.1 Present status

The inclusiveb — s+ branching fraction has been measured by BaBar, BELLE andCCu&ing both

a sum of exclusive modes and a fully inclusive method [123, 430, 441]. The inclusive measurement
utilizes the continuum subtraction technigue using theredbnance data sample. In order to suppress
the continuum contribution the BaBar measurement usesrig¢pgs. The analyses of BELLE and CLEO
are untagged and their systematic errors are dominatedrinaam subtraction. The accuracy of the
BaBar measurement is limited by the subtraction of backgieurom otherB decays. The BELLE
measurement extends the minimum photon energy down @el.8which covers 95% of the entire
photon spectrum. Alb — s+ branching fractions measured by BaBar, BELLE and CLEO ubivity
exclusive and inclusive methods agree well, giving a newlchaverage of [386]

B(B — X¢7)E,>1.6 Gev = (3.55 £0.30) x 107, (67)

This is a bit high compared to the recent NNLO calculatiorigé)(

The published measurements are based on only a fractior @ivdilable statistics, but improve-
ments with the full data set will be limited by systematicoest from the fragmentation of the hadronic
X inthe sum of exclusive modes, and from the subtraction dfgpainds in the fully inclusive method.
A new method measures the spectrum of photons recoilingisigmsample of fully reconstructed decays
of the otherB. This is currently statistics limited, but should evenlyalave lower systematic errors. A
final accuracy of 5% on the inclusive— s+ branching fraction looks achievable. As for the— dvy
inclusive branching fraction, the measurement using a dueRadusive modes is under study and looks
to be feasible with the full datasets from the B factorie®liRrinary results have appeared in [442].

We note that thé — s+ spectral shape also provides valuable information on thpesfunctions
in B meson decays. This information has been used as an inpu exthaction of//;, from inclusive
b — ulv decays [443,444].

Measurements of the direct CP asymmetries, published ¢tusiveb — s+ by BaBar [445] and
BELLE [437], show no deviation from zero. All these measueats will be statistics limited at current
B-factories, and will not reach the sensitivity to probe ti¢ @ediction.
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3.1.2.2 Future prospects

One would expect a substantial improvement of the expettahprecision for inclusive measurements at
future B-factories. Studies have been performed for SuperK EKB¢Beith 50 ab~—! data, assuming the
existing Belle detector [820]. This is probably a reasoaassumption in many cases since the expected
improvements in the detector, especially in the calorimeteuld be just sufficient to compensate for
the necessity to cope with the increased background.

For the measurements that are fully statistics dominated ids straightforward to extrapolate
to a larger integrated luminosity. The error for the direntrametry measurement bf— s+ would be
4+0.009(stat) + 0.006(syst) for 5 ab~! or +£0.003(stat) =+ 0.002(syst) =+ 0.003(model) for 50 ab~?.

A small systematic error implies that kaon charge asymetire well under control. The size of the
total error is still much larger than the SM estimate, butva fercent deviation from zero due to New
Physics could be identified.

One would also expect a better measurement of the branatsiaiiph of B — X+. Although the
background level is more and more severe, it would be pasgidbwer thefs, bound by0.1 GeV with
roughly twice more data, and it would be possible to measwdtanching fraction fof,, > 1.5 GeV
with a fewab~!. Beyond that, one may need to make use offfhtag events ofy — ete~ conversion
to suppress backgrounds from continuum and neutral hadfaraher challenging measurement would
be inclusiveb — dv to improve our knowledge ofi;;/V;s| besides theAm, measurement, since the
one from exclusiveB — p~ will hit the theory limit soon. The first signal may be measiwgth 5 ab~*
using the sum-of-exclusive method, with a total erro~o25%, of which the systematic error would
already be dominant.

3.1.3 Exclusiveb — (s, d)~ transitions (theory)

Whereas the inclusive modes can be essentially computadipatively, the treatment of exclusive chan-
nels is more complicated. QCD factorisation [279, 280, 403} has provided a consistent framework
allowing one to write the relevant hadronic matrix elemexgs

1
(V~|Qi|B) = [TF*WO) T + /0 d€ duT] (€,u) ¢5(€) ¢y (V)| - €. (68)

Heree is the photon polarisation four-vectdp, is one of the operators in the effective Hamiltonian for
b — (s,d)y transitions TP~V is aB — V transition form factor, ang s, ¢ are leading-twist light-
cone distribution amplitudes of theé meson and the vector mesbn respecfively. These quantities are
universal non-perturbative objects and describe the thsignce dynamics of the matrix elements, which
is factorised from the perturbative short-distance irtioas included in the hard-scattering kernéfs
andT}! (see Sed.]2 for a more general discussion).

Eqg. (68) is sufficient to calculate observables that ar€¢f) in the heavy quark expansion,
like B(B — K*v). For B(B — (p,w)7), on the other hand, power-suppressed corrections play an
important rdle, for instance weak annihilation, which iedrated by a tree-level diagram. In this case,
the parametric suppression by one powei Ay, is alleviated by an enhancement factar® relative
to the loop-suppressed contributions at leading ordet/im;,. Power-suppressed contributions also
determine the time-dependent CP asymmetrin- Vv, see Refs. [262, 404—-406], as well as isospin
asymmetries [407] — all observables with a potentially éacgntribution from new physics. A more
detailed analysis of power correctionsin— V', including alsoB, decays, was given in [267].

The non-perturbative quantities entering Eql (68), 7" and the light-cone distribution am-
plitudes, at present are not provided by lattice, althouni tnay change in the future. The most up-
to-date predictions come from QCD sum rules on the lightegavhich are discussed in sectionl2.3. In
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Ref. [263], the following result was obtained for the brainghfraction ratio:

B(B — (p,w)y) _ |Vadl?

R —~ =

(0.75 £ 0.11(£) + 0.02(UT param., O(/my))) (69)

where¢ = TB=K"(0)/TP~P(0) = 1.17 + 0.09 (Sec. [2.B). The error of is dominated by that
of the tensor decay constanf;fK*, which currently are known to about 10% accuracy [263]; a new
determination on the lattice is under way [408], which willlin to reduce the error of to +0.05.
Concerning Eq.[{89) two remarks are in order. First, the bras$ of thel /m; correction are due to
an accidental CKM suppression. Second, 1jiey;, corrections have a dependence|bpy/V;s| as well,
originating from a discrimination in the andc-loops. Eq.[(€D) allows one to determifig,;/V;,| from
experimental data; at the time of writing (February 07), iEFuotesR., = 0.028 £ 0.005, from
which one findgV;;/Vis I;Fj% = 0.192 £ 0.014(th) £ 0.016(exp) which agrees very well with the
results from global fits [8, 120]. The branching ratios thelwss carry a larger uncertainty because the
individual T2~"" are less accurately known than their ratio. The explicititsscan be found in [267].
The isospin asymmetry i — K*~ was first studied in Ref. [407] and found to be very sensitive t
penguin contributions; it was updated in [267] with the tesu

F(BO — K*O’y) — F(B_ — K*_’y)
['(B% — K*09) + I(B~ — K*77)

A(K*) = =(54+14)%; (70)
the present (February 07) experimental result from HFAG[38(3 + 4)%. The isospin asymmetry for
B — pvy depends rather crucially on the angl¢267]. The last observable in exclusive — V'~ tran-
sitions to be discussed here is the time-dependent CP adyynmkich is sensitive to the photon polar-
isation. Photons produced from the short-distance prdcess s, d)y are predominantly left-polarised,
with the ratio of right to left-polarised photons given byethelicity suppression facton 4/m;. For
B — K*v, where direct CP violation is doubly CKM suppressed, the §Franetry is given by

D(BO(t) — K*%y) — T(B°(t) — K*%9)

Acp(t) = F(Bo(t) R K*O’Y) +F(Bo(t) — K*Ofy)

= C cos(Ampt) + Ssin(Ampt), (72)

with Sg+y = —(2 + O(a)) sin(28)ms/my + - - - = —3% being the contribution induced by the elec-
tromagnetic dipole operatd@;. The dots denote additional contributions inducedh by svg, which

are not helicity suppressed, but involve higher (thredigla) Fock states of th& and K* mesons. The
dominant contributions to the latter, duedgjuark loops, have been calculated in Ref. [262] from QCD
sum rules on the light-cone in an expansion in inverse poafdhe charm mass and updated for all other
channels in [267]. A calculation of the charm-loop conttibo without reference to &/m. expansion

is in preparation [409] and shows that there is a large stptrage. Thei-quark loop contributions are
essential fob — d transitions since they are of the same CKM-order agttyeark loops: a new method
for their estimation was devised in [267], building on earrideas developed fd8 — =« [410].

Sv, |B—p |Bow |B—K' |B—K|B—0
iN% | 02+1.6 | 0.1+£1.7 | —(23£1.6) [ 0.3+£13 | —(0.1£0.1)

This class of observables is interesting because any exgetal signal much larger than 2% will con-
stitute an unambiguous signal of New Physics. Scenariosraethe SM that do modify must include
the possibility of a spin-flip on the internal line which remes the helicity suppression efz. Ex-
amples include left-right symmetric models and non-MFV SU¥o date the experimental result is
Surac = —(28 £ 26)%.
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3.1.4 Exclusiveb — (s, d)~ transitions (experiment)

3.1.4.1 Present status

Many exclusiveb — (s, d)y modes have been studied by BaBar, Belle and CLEO. Resulsef@ral
important channels are collected in the following tableg[38

decay | B™ - K*™y | B" - K*%y | Bt — pty | B = p% | B - wy

BR/10~¢

0.28 0.19 0.20
40.3 £ 2.6 ‘ 40.1 £2.0 ‘ 0.88% 58 ‘ 0.937019 ‘0.46517

The results on thé& — py, B — w+y branching fractions are still statistics limited, but by #nd of the
B factories it is likely that the theoretical uncertaintie#l twe the most significant factor.

Direct CP asymmetries have been publishedBor~ K*y and B — K¢~ decays [436, 446,
447]. The time-dependent CP asymmetry has been measur8d48& 448] using the technique of
projecting theK s vertex back to the beam axis for a large samplebof— K*0y — K97% and
B — K2n% decays in the higti{m-mass range. In the near future, similar measurements o#iiieg
exclusive radiative decay modes suchiz{s — Kgm, for which ¢ — K™K~ provides theB-decay
vertex measurement, could provide similar constraints.

3.1.4.2 Future prospects

A systematic study of CP violation in radiative penguindecays will be performed at LHCb using a
dedicated highpr photon trigger [449]. Due to small branching ratios of ortiér® - 10~ their recon-
struction requires a drastic suppression of backgrourwts farious sources, in particular combinatorial
background fronbb events, containing primary and secondary vertices anccteized by high charged
and neutral multiplicities.

The background suppression exploits the generic propeastibeauty production ipp collisions.
The large mass of beauty hadrons results in hard transvessgemum spectra of secondary particles.
The large lifetime(8~ycr) ~ 5 mm, results in a good isolation of the decay vertex and in the incon-
sistency of tracks oB-decay products with the reconstructegcollision vertex.

The selection procedure was optimized on the exampl’of- K*0y — K+7~~ decay [450],
which LHCb considers as a control channel for the study ofesgatic errors common for radiative
penguin decays. The selection cuts, based on using theddypH#inematics and various geometrical
cuts on the primary and secondary vertices, were applied tmiBion fully simulatedbb events. The
invariant mass distribution for the selected events, shavig.[4, corresponds to a data sample collected
in 13 min of LHCDb running at nominal luminosity af x 1032cm~!s~!'. LHCb expects the yield for
BY — K*0y decays to be 36k signal events péb1' of accumulated data with background to signal
ratio0.78+0.11. For By — ¢y decays, the corresponding yield is estimated to be 6k with#tkground
to signal ratio less than 0.95 at 95% CL. The measuremeBfof> K*~ decay looks also feasible at
ATLAS [451].

Similar to B — K79y decays the time-dependent CP-asymmmetry sensitive tdbterp po-
larisation can also be measuredBn — ¢~ decays provided that the proper time resolution is sufftcien
to resolveB,—B, oscillations. The proper time resolution depends on therkitics and topology of
particular B; candidates, mainly on the opening angle between kaonsdrdetays. The sensitivity of
this measurement is presently under study at LHCb.

For the futureB-factory, scaling the error of the measured time-depen@éntiolation asymmetry
for the B — ng07 channel, one would expect a statistical accuracy of abduatd. ab™!, or 0.03 at
50 ab~ .

LHCb also studied the possibility to measure the photonrjzaiion in the radiative decays of
polarized beauty baryons, liké, — A~, using the angular asymmetry between thespin and the
photon momentum combined with tad — pr decay polarisation [452,453].
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Fig. 7: The invariant mass distribution for selected B® — K*°v candidates from a bB inclusive sample. The
points indicate true B — K*?y events and the filled histogramm represents combinatorial background.

3.1.5 New Physics calculations and tools

New Physics affects the matching conditions for the Wilsoefiicients of the operators in the low-
energy effective theory and may even induce sizable cogffisifor operators that have negligible or
vanishing coefficients in the SM. The theoretical accuratthe predictions for radiativéd3 decays in
extensions of the SM is far from the accuracy achieved in tle Gomplete NLO matching conditions
are available for the MSSM with Minimal Flavour Violation @¥) and/or largetan 3, as well as for

a class of non-supersymmetric models [422] that include&ifiggs-Doublet-Models and Left-Right
symmetric (LR) models. The unknown NNLO contributions te thatching conditions beyond the SM
are unlikely to be numerically relevant at present.

3.1.5.1 Summary of New Physics calculations
Here is a brief summary of recent calculations and analystgei most popular New Physics scenarios.

e 2HDMs have been studied in full generality at NLO [83,411, 412]tHe type-Il 2HDMB(B —
Xs7) places a strong bound on the mass of the charged Higgs bbgen,> 295 GeV at 95% CL,
independently of the other 2HDM parameters [373]. This icimstronger than other available
direct and indirect constraints d; + .

e MSSM The complete LO contributions in the MSSM have been knownesithe early nineties
[413-420] but the NLO analysis is still incomplete to dateewNsources of flavour violation
generally arise in the MSSM, making a complete analysisequomplicated even at the LO [421].
While B — X,v does place important constraints on the MSSM parameteespiaey depend
sensitively on the exact SUSY scenario and are hard to suizertazcause of the large number of
parameters.

— MFV In the MFV scenario the NLO QCD calculation &f — X+ is now complete: the
two-loop diagrams involving gluons were computed in refi,[822], and the two-loop di-
agrams involving gluinos were more recently computed in [#23, 424]. Since weak in-
teractions affect the squark and quark mass matrices irfexrafit way, their simultaneous
diagonalization is not RG-invariant and MFV can be imposely at a certain renormaliza-
tion scale. The results of [423, 424] therefore depend eitiglion the MFV scale, which is
determined by the mechanism of SUSY breaking.
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— Large tan 8. In the limit of heavy superpartners, the Higgs sector of tH&3W is modified
by non-decoupling effects and can differ substantiallyrfithe type-1l 2HDM. Large higher
order contributions t& — X, in that limit originate from terms enhanced tyn 3 factors,
and can be taken into account to all orders in an effectivatagian approach [10, 23, 24, 29,
425]. In fact, largetan 3 and logs ofM,,, /My have been identified in [23] as dominant
NLO QCD contributions in MFV with heavy squarks. Ref. [33teatly studied thean 8-
enhanced effects when MFV is valid at the GUT scale and auafditiflavour violation in the

squark sector is generated by the RGE of the soft SUSY-lmggkarameters down to the
weak scale.

— Beyond MFV. In the more general case of arbitrary flavour structure instipgark sector,
experimental constraints dn— s transitions have been recently studied at LO [107, 108]
and includingtan S-enhanced NLO effects [111-114]: radiative decays playn#&rakrole in
these analyses, and the constraints are quite strong far gbthe flavour-violating parame-
ters.

e Large extra dimensions In these models the contribution # — X~ from the Kaluza-Klein
excitations of the SM particles can induce bounds on theditee additional dimension(s). This
has been studied in ref. [17,426] for the case of flat extraedsions and in ref. [427-429] for the
case of warped extra dimensions.

e Little Higgs. In these models the Higgs boson is regarded as the pseudistGuot boson of a
global symmetry that is broken spontaneously at a scale rfaugkr than the weak scale. The
most extensively studied version of the model, the Littléigigs, predicts the existence of heavy
vector bosons, scalars and quarks. The contributidh te X~ from these new particles has been
studied in ref. [142, 146] for the original Littlest Higgs a&l, and in ref. [159] for the model in
which an additional T-parity and additional particles arteaduced to preserve the SU(2) custodial
symmetry.

e LR models. The contributions of Left-Right symmetric models B — X,y are known at the
NLO [422], but no recent phenomenological analysis is atdl.

An alternative to the analysis & — X, in different models consists in constraining the Wilson
coefficients of the effective theory. Thimodel independent approachhas been applied combining
various B decay modes and neglecting operators that do not contributee SM [430, 431]. While
B(B — Xgv) fixes only|C7(my)|, the sign can be learned from — X /¢~ [188].

3.1.5.2 MSSM tools faB — X,

Several public codes (see also Sec] 1.5) that determine 8®M/mass spectrum and other SUSY ob-
servables contain MSSM calculations®f3 — X,v) in various approximations. i crOMEGAs [432]

the SM patrt of the calculation is performed at NLO, while th8 M contributions are implemented fol-
lowing [23]. The calculation irsuSpect [433] includes also the NLO gluon corrections to the chargin
contributions from [84] in the case of light squarks. In ¢ast,SPheno [207] andFeynHiggs [204,434]
include the SUSY contributions only at LO, but they allow #éogeneral flavour structure in the squark
sector. A computer code for the NLO QCD calculation&{fB — X,v) in the MSSM with MFV
[423,424] has recently been published [191].
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3.2 Electroweak penguin decays
3.2.1 Introduction

In the SM, the electroweak penguin decays s(d)¢* ¢~ are only induced at the one-loop level, leading
to small branching fractions and thus a rather high seiitgitig contributions from new physics beyond
the SM. On the partonic level, the main contribution to theagerates comes from the semi-leptonic
operatorsQy, Oy and from the electromagnetic dipole operaf®} in the effective Hamiltonian for
|AB| = |AS(D)| = 1 transitions [213]. Radiative corrections induce add#iosensitivity to the
current-current and strong penguin operatdys andOj. Part of these effects are process-independent
and can be absorbed into effective Wilson coefficients. haae regions of phase-space and for par-
ticular exclusive and inclusive observables, hadronicuainties are under reasonable control and the
corresponding short-distance Wilson coefficients in angbbd the SM can be tested with sufficient
accuracy.

Because of their small branching fractions these decaysxgrerimentally challenging. Their
detection requires excellent triggering and identificatd leptons, with low misidentification rates for
hadrons. Combinatorial backgrounds from semileptdhiand D decays must be managed, and back-
grounds from long-distance contributions, suchBas- J/¢ X, must be carefully vetoed. Once iden-
tified, their interpretation (particularly the angulartdisutions) requires disentangling the contributing
hadronic final states. Most of these experimental problesnsbe managed by confining studies to the
simplest exclusive decay modes. Leptonic states areatestrioc™ e~ andp ™, and hadronic states
are the simplest one- or two-particle varieties, typically K*, ¢, or A. More inclusive studies are
significantly less sensitive but have the advantage of alsintpeoretical interpretation. Fortunately,
measuring fully reconstructed decays to final states wijttoles (especially muons) is a strength of all
future proposed3 physics experiments, hence all are capable of contributinyis topic in the LHC
era.

3.2.2 Theory of electroweak penguin decays
3.2.2.1 Inclusive decays

The heavy quark expansion and the operator product expaimstbe theory of inclusives — X ¢+ ¢~
decays allow to calculate radiative QCD and QED correctimnthe partonic decay rate and to pa-
rametrize and estimate power corrections to the hadronicixelements in a systematic way. The
calculation of NNLO QCD corrections has (essentially) beempleted recently [374, 376, 454—459].
These reduce the perturbative uncertainties below 10%0 #lbleadingAg,.p,/m? and A p/m3,
Acp/mj corrections [387,389,460-463] as well as finite bremsktrapeffects [464,465] are available
in the literature.

At this level of accuracy, QED effects become important, tBor instance, the scale ambiguity
from aem (1) betweeny = My, andu = my alone results in an uncertainty of abottt%. QED
corrections to the Wilson coefficients have been calculmt&kef. [459], and the results for the two-loop
anomalous dimension matrices have been confirmed in [488D Rremsstrahlung contributions where
the photon is collinear with one of the outgoing leptons areamced byin(m?/m?2). They disappear
after integration over the whole available phase space lnwive and remain numerically important
wheng? is restricted to either low or high values.

A numerical analysis [466], done under the assumption dfepeseparation of electrons and
energetic collinear photons, results in the following lotsing ratios integrated in the rangeGeV? <
m?z < 6 GeV2:

B(B — Xyutp~) = [1.59 + 0.085cale £ 0.06,, % 0.024¢,, £ 0.015,, £ 0.02,, (a1)

40.015¢ck0 £ 0.026pR,, | x 1070 = (1.59 £0.11) x 107¢ | (72)
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B(B — Xsete™) = [1.64 + 0.085cale % 006, % 0.025¢,m, = 0.015,, £ 0.024_ (1)
+0.015¢ckm £ 0.0268R,, | X 1075 = (1.64 £ 0.11) x 1079, (73)

where the error includes the parametric and perturbaticernminties only. For central values and error
bars of the input parameters see Table 1 of Ref. [466]. Ttatreleand muon channels receive different
contributions because of the(m?/m?) present in the bremsstrahlung corrections. The differgete
reduced when the BaBar and Belle angular cuts are includet should also keep in mind that the
contributions of the intermediaté andv’ are assumed to be subtracted on the experimental side. A
numerical formula that gives the branching ratio for non-&¥ies of the relevant Wilson coefficients is
given in Egs. (12) and (13) of Ref. [466].

The differential branching ratio (BR) is sensitive to theenfierence of the Wilson coefficients;
and Cy. The forward-backward asymmetry (FBA) for the chargeddaptis sensitive to the products
C7 Cyp andCy C1g. For instance, reversing the sign ©f makes the zero of the FBA disappear [430]
and leads to an enhancement of the Igintegrated BR:

BB — X p™)=311-10°,  B(B— X,eTe™)=3.19-107°. (74)

(A similar value for that case has been found in [188].)

3.2.2.2 Exclusive decays

We focus on the theoretical description®f— K*¢*¢~ decay as one of the phenomenologically most
important examples. The double-differential spectrum imaparametrized as [467]

d*T 3

A deostr =3 [(1 + cos? 6¢) HT(q2) + 2 cos b, HA(qz) +2(1— cos? 6¢) HL(q2)] ) (75)

Here, forB° or B~ decaysy;, is the angle between thig and theB-meson 3-momentum in thie ¢~
c.m.s/ and¢? = m?z is the invariant mass of the lepton pair. Alternatively, finections H x (¢*) can be
expressed in terms of transversity amplitudes [468]

Hr(¢*) = |ALLlP+|ALrP + 141> + |4 R, (76)
Hi(¢®) = |Aorl* + 140l (77)
Ha(q®) = 2Re[A|pAlr— A4 L] (78)

If the invariant mass of the lepton pair is sufficiently beltve charm threshold af? = 4m?
and above the real-photon polegdt= 0, the transversity amplitudes can be estimated within th®QC
factorization approach [280, 469, 470]

2
Al r~—A)r ~ V2Nmgp <1 - —,’Zg > [CgL(qz) = 010] CL(d?), (79)
B

2 2
78 (1- q—2> [cha®) = ol @) (80)

A o~ 1

0,L/R \/? < m?
where the normalization factd¥ is defined in Eq. (3.7) in [468]. The functio§-,(¢*) can be calcu-

lated perturbatively in the heavy-quark limit, requirigty < Am;, < 4m? [280, 469]. Large logarithms
can be resummed using renormalization-group techniquesfircollinear effective theory [470]. The

form factors¢ L,H(q2) have to be estimated from experimental data or theoreticalets® 1/m,, power
corrections may be sizeable and currently constitute amsajarce of theoretical uncertainty.

"Different sign conventions are used in the literature.

8The conventions to define the form factars | in [470] are different from those of Ref. [469]. Therefore txplicit

expressions fo@j’” also differ.
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Similarly, in the region far above the charm resonances h#lieity amplitudes can be treated
within heavy-quark effective theory, based on an exparisioyym; and4m?/q? [471]. To first approx-
imation one finds

2 2
Al r ~ —V2Nmp <1— :z—2> [Cgﬂ(qz) m;mB 7 4:010] mp g(q°) , (81)
B
2 2
Ajr =~ —V2Nmp |65 (%) + 2B o + ¢y iCl (82)
1L/ 5 2 o
m% — ¢* 2my, (@) + (m% — ) ar(¢?)
A ~ —Nmp—B"9 o +C B +t\% ) (83
0,L/R mp S {C (q )+ C 10] . (83)

Heref(q?), 9(¢?), a; (¢?) are the leading HQET form factors [471]. The effective “Witscoefficients”
Cs “ff are functions of the lepton invariant mags and combine short-distance dynamics encoded in
Wllson coefficients and (non-trivial) long-distance dynesnat the scalen,. In the naive factorization

approximation, they are related G@L’”(q2) via

CHP) = o)+ Y (e ) + g2 M) . = () + TR O L (84)
Chia®) ~ Cal)+Y(a)+ ot €3 () = C5(?) + 2 G5 . (85

(In the following, we will also use the notatiably 1o(x = my) = Ag 10 andC?ff(u =myp) = Az.)

It is to be stressed that the theoretical systematics initrentatic regiong?> < 4m?2 andq? >
4m is quite different, due to the different short-distanceeetf to be accounted for in the calculation
of Cg H( %) or C?f{), the independent hadronic form factors in SCET/HQET, aeddifferent nature of
(non factorizable) power corrections.

Experimentally, the dilepton invariant mass spectrum &eddrward-backward (FB) asymmetry
are the observables of principal interest. Their theaabéigpressions can be easily derived from Eq. (75).
In particular, the forward-backward asymmetry vanisheg af Re [Cy-(¢3)] = 0, which turns out to be
very sensitive to the size and relative sign of the electednfilson coefficients”; andCy [472,473].
The theoretical predictions depend on the strategy to fik#iteonic input parameters, and on the scheme
to organize the perturbative expansion in QCD. The authbf280, 469] fix the hadronic form factors
from QCD sum rules [474] and calculate the short-distanedfictents in fixed-order perturbation theory.
For the partially integrated branching fraction they find

6 GeV? 2
dBr[B+ — K+t 4 GeV?
/ dg? 2! ;q2 I _ <7<”(0.66 )> (3.331348) - 1077 (86)
1 GeV?

where the leading dependence on one ofthes K* form factors has been made explicit. For neutral
B mesons the result is about 10% smaller. The forward-backasymmetry zero in this scheme comes
out to be

@K = 4.367033 GeV?,  @[K*T] = 415703 GeV?, (87)

with an additional uncertainty from power corrections rastied to be of the order of 10%.

The authors of [470] fix the form fact@r (0) by comparing the experimental resultsBn— K*~y
with the theoretical predictions at NLO at leading power asduming a simple energy dependence of
the form factor. Furthermore, the leading perturbativeattgms in SCET are resummed. They get a
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somewhat smaller value for the partially integrated bravgfractior?

7 GeV?
dBr(Bt — K*T(t(7) )
/ dq" e = (2.924030 ¢, T08Rlckm T030) x 1077 88)
1 GeV?

which is mainly due to a smaller default value for tBe— K™ form factor ¢ taken from [231]. The
forward-backward asymmetry zero now reads

at = (4.07151%) GeV? | (89)

where the smaller parametric uncertainties comparef _tp 4B8¥ traced back to the renormalization-
group improvement of the perturbative series and the iffestrategy to fix | (¢?). Isospin-breaking
effects between charged and neutBatlecays, and potentially large hadronic uncertainties fpomer
corrections have not been specified in [470].

As has been pointed out in [475], t#€* meson is always observed through the resodant
(Km)¢t¢~ decay. Depending on the considered phase-space regioe Dalitz plot, this may induce
further corrections to the position of the asymmetry zern.tl@ other hand, it allows for an analysis of
angular distributions. Following Ref. [468], one can cdesithe polarization fractions

Hi(q%) 2 Hr(q%)
Fr(¢?) = : P = 90
M) = H ) + B @) MO = @) + B (@) ©9
and theK*-polarization parametetiy-(¢>) = 2F./Fr — 1. Like the FBA, these observables have
smaller hadronic uncertainties (for small values;8f, as the hadronic form-factors cancel in the ratios
to first approximation [468]. Introducing the andlg of the K meson relative to thé&-momentum in
the K* rest frame, the triple differential decay rate reads

d3F 9 9 9 dr

= 3= Fpcos? O sin? 0 + o (1 — Fy) sin® O (1 + cos® ) p ——

dq? dcos 0 d cos O {8 1 €O8™ O S0 + o5 ( L) sin” O (1 + cos” 6y) i
+ 7 5in Ok cos b, <d—q2 — d—q2> . (91)

Finally, the remaining angley, between the decay planes of the lepton pair Aridmeson defines the
distribution [468]

dar

d’T 1 1 @) .
i2ds ~ o (1 + 5 (1 —Fp) Ay’ cos2¢ + Ap sm2qﬁ>

where the asymmetr)jlgg) (¢?) is sensitive to new physics from right-handed currents,taacdmplitude

A is sensitive to complex phases in the hadronic matrix elésnémthe SM, the asymmetpyg) and
the amplituded;,, are negligble at low?, so the measurement of either is a precision null test.

The differential decay rate foB — K/¢*¢~ can be found in [469]. Within the SM the FB
asymmetry inB — K¢/~ is highly suppressed. At hadron colliders, also the decaglesn®, —
o0T¢~ and B, — n()¢t¢— can be studied. Their theoretical description is analogoutie B —
K*(K) case, but accurate numerical studies require better kdgelef the hadronic parameters entering
the B, and¢(n, n')-meson wave functions.

Baryonic decay channeld,, — A/ ¢, are theoretically less well understood. So far, they have
only been discussed within the (naive) factorization apijpnation, based on symmetry relations and
model estimates for tha, — A° form-factors (see e.g. [476-478]). Besides #fiespectrum and the
FBA, the baryonich — s¢*¢~ decays offer the possibility to study various asymmetryapeters and
A9 polarization effects, which exhibit a particular depermkenn NP effects [479-485]. Also a possible
initial A, polarisation can be accounted for [486].

®Notice that the upper limit of integration iR (88) is slighthrger than those if (86).
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3.2.2.3 Charmonium resonancesbin- s/¢

The calculation of inclusive and exclusive observable$ in- s¢/*¢~ decays is complicated by the
presence of long-distance contributions related to ingeliatece pairs from the 4-quark operators in the
effective Hamiltonian. The effect depends on the invarimass;? of the lepton pair.

For the inclusive rate, the charm quarks can be integratedesturbatively within an OPE based
on an expansion ins and(1/m., 1/m;) (with the ratiom./m; kept fixed). Below the charm threshold
q®> < 4m?, the expansion i /m? still converges, and the inclusive decay spectrum can berides
in terms of a local OPE [389, 392, 393, 460, 487, 488]. Sirildor exclusive decays it is possible to
integrate out the intermediate charm loops perturbatiebding to non-local operators whose matrix
elements can be further investigated using QCDF, SCETgitt{tone) sum rules, see the discussion in
Sec[2 and [262,391] (for the cage= 0).

Approaching the charm threshold @t ~ 4m?, the heavy-quark expansion breaks down, both in
inclusive and exclusive decays. A pragmatic solution isgtwore thecé resonance region completely
by introducing “appropriate” experimental cuts gh Alternatively, one may attempt to model a few
resonances explicitly (in practice thi¢«) and they(25)), see e.g. [473] and references therein. However,
this method bears the danger of double-counting when cadhbivith the OPE result, which can be
avoided by using dispersion relations for the electromagnacuum polarization [489]. Still, non-
factorizable soft interactions between the resonatingnsbaium system and th8 — X, transition
cannot be accounted for in a systematic way at present.

For values of;?> above the charm threshold, the invariant mass of the hafioil state is small,
and the decay rate is dominated by a few exclusive statesrusbthe OPE result for the inclusive
spectrum, one has to smear the experimental spectrum owesfficiently” largeq? range and rely on
the (semi-local) duality approximation. For the descdptdf the exclusive channels in that region, one
has to rely on an expansion in termsiaf? /¢ within HQET [471]. In summary, to avoid contamination
from charmonium or light vector resonances, one shouldidenthe rangd GeV? < <6 GeVZ2,

Finally, one has to mention that light-quark loops need dlainmvestigation in order to assess
the role of light vector resonances at small values,of We also should stress that while analyzing
the cc background in inclusiveB — X[~ transitions, special care should be taken of the chain of
B — J/¥Xs, J/1 — 171~ X decays, mimicking — sI1~ with ¢ < miw.

3.2.3 Experimental studies of electroweak penguin decays
3.2.3.1 Measurements (prospects) at (Sugefgctories

The B-factory experiments BaBar and Belle have succeeded inuringsheb — s¢*/~ process in
B decays, both exclusively [490-492] and inclusively [122B]L Measured observables include: total
branching fractions; direct CP asymmetries; partial binéng fractions vs. the dileptop? and the
hadronic X, mass; and, fo3 — K*¢T¢~, the dilepton angular asymmetryr g vs. the dilepton
¢?, the K* longitudinal polarization vs. the dileptay?, and fits of thed?I"/d cos 6 dq? distribution to
extract experimentallylg /A7 and A;9/A7. Upon accumulation of more data in currdtfactories or
the proposed supeB factories, it should be possible to extract most of the olad#es described in
Section 3.2.R, in increasingly finer binning and precisi@ine expected experimental sensitivity of 50
ab~! of B — K*¢*¢~ data at a supeB factory is comparable to 3.3 9 of B° — K*0;*;~ data at
LHCD, as described below.

The optimal measurement technique is to completely reamtghe signalB decay: selection of
events with an electron or muon pair, selection of all haslrohthe appropriateX; system & or K*
mesons for the exclusive case, anll dlus 1, 2, 3 or 4 pions for the inclusive case), and then agiidia
of the standard kinematic requirements in mass and enerdghidaesultingB candidate. Partial or full
reconstruction requirements for the recBilare in general suboptimal. Triggering signal events ig/full
efficient and particle identification is both efficient (tgpily 80-90% per particle) and pure (negligible
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Result [L£ (b)) vyield efficiency (%) B (1079)

BaBarB — K (/ [492] 208 46 + 10 15£1 0.34+0.07 £0.02
Belle B — K¢/ [490] 253 79+ 11 13£1 0.55=+0.08 +0.03
HFAG B — K¢ [493] 0.44 £ 0.05
BaBarB — K"/ [492] 208 57 + 14 79+04 0.78+0.19=+0.11
Belle B — K*(¢ [490] 253 82+ 11 4.6+£02 1.65+£0.23+0.11
HFAG B — K*(( [493] 1.17 £ 0.16
BaBarB — X, ¢/ [124] 82 40+ 10 2.0+0.4 56+f15+13
Belle B — X,/ [125] 140 68 + 14 27405 41+0.8+0.9
HFAG B — X (¢ [493] 45+1.0

Table 14: Branching fraction measurementgafactories foh — s¢+¢~ decays, including integrated luminosity,
signal yield, detection efficiency, and the measured brimgdinaction over the full? range. The HFAG averages
are also included.

fake rates for electrons, percent level fake rates for mamdskaons) down to low particle lab momenta
(0.3 GeVE for electrons and 0.7 Ge¥for muons). Charmonium background can be efficiently vetoed
by the lepton-pair mass and does not significantly contamitiee¢> regions dominated by the short-
distance physics of interest. The remaining combinattdakground, mostly from semileptonig and

D decays, is significant, but it can be reliably separated fs@nal by extrapolation from distributions
in kinematic sidebands, typically via an unbinned maximikalihood fit. Branching fraction results are
shown in Tablé_14. The effective signal to background raiiatiese results varies from 1:2 (inclusive)
up to 2:1 (BelleK*¢¢). Comparable sensitivity is attained for both electron ammbn decay channels.

Assuming HFAG branching fractions, and the efficiencies laackgrounds observed in the Belle
results, the expected signal yields (and their statisticatision) per 1 ab' are229 + 16 (7%),215 + 16
(7%), andd86 + 24 (5%), for K ¢¢, K*¢¢, and X (¢, respectively. The experimental uncertainty for total
branching fractions should therefore be less than or coamparto current Standard Model theoretical
uncertainties, using3-factory data alone. Direct CP violation will be bounded ta tevel of 5-7%
with 1 ab!, and thus a SupeB factory would obtain a high precision test (1%) of the null result
expected in the Standard Model. Similar precision is exgedbr measuring differences in branching
fractions between electron and muon channels, which is atsmteresting null test of the Standard
Model [431,494]. A possible complicating factor for the luive X ;¢ (partial) branching fractions is
the necessity of an aggressive requirement on the massto be less than 1.8 Ged. Such a tight
cut may introduce significant shape function effects in® ititerpretation of the results, in the same
manner as a photon energy cut does Bor— X,y [495,496]. A looserMx, requirement will have
poorer precision, and thus SupBrfactory samples may be required to compare with the mosigarec
predictions.

The B factories have also succeeded in accumulating large enBughK *¢¢ samples to perform
angular analyses as a function of dilepton mass. The anglgzed thus far include the anglé;,
between the positive (negative) lepton and #h@3) momentum in the dilepton rest frame, and the angle,
Ak, of the K meson relative to th& momentum in thek* rest frame. The integrated longitudin&l*
polarization F, and the forward-backward asymmetfy-5 are related to the decay products’ angular
distribution via Eq.[(91), which upon integration of one lo¢tangular variables reduces to

d’T 3 3 dr
— = —F 29 (1 —Fp)sin®0g p — 93
dq? dcos Ok {2 L CosTOK + 7 ( L) sin K} dq?’ (93)
d*T 3 3 dl
——— = S Fsin?,+-(1-F )1 29 A O p — - 94
d doos by {4 7 sin® 6, + 8( ) (14 cos”0y) + App cos g} i (94)

From the singly- or doubly-differential angular distrilmrts (in a giveny-bin) it is then possible to infer
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[ L (abt) 1 5 10 50
K*0: App ¢*in1-6GeV?/c! 18 82 58 2.6
¢® >10GeV?/c* 11 47 33 15
All 79 35 25 1.1
K*0 Fy, ¢?in1-6GeV/c! 12 53 37 17
¢®>10GeV?/c* 94 42 3.0 13
All 72 32 23 10
KT Apg Al 84 37 26 12

Table 15: Expected statistical precision of a Suggfactory, in percent, for the angular observablesg andFr,
versus the integrated luminosity, integrated over varianges of;?.

Arg(q?) andFr (¢?) simultaneously. There is also the remaining angldyetween the decay planes of
the lepton pair and{* meson, which has yet to be analyzed, see[Eq. (92).

BaBar has measuredizz and Fy,, in two bins ofg? (above and below 8.4 Ge¥), via unbinned
maximum likelihood fits to the singly-differential disttibons ofcos 6, andcos 0, which take into ac-
count signal efficiency as a function of angle as well as bamkyd angular distributions (which are in
general non-uniform and forward-backward asymmetric[49able[ 15 shows the expected precision
for these observables extrapolated to Super B luminosiiesuming HFAG branching fractions and
Standard Model predictions fefl"/dg?. The ultimate 50 ab' precision of theArp of B — K*//,
integrated over the theoretically preferred range of 1-§Ge?, is 2.6%. If this region is extended more
aggressively to the original BaBar choice of 0.1-8.4 &&Y, the signal statistics are doubled, and the
precision improves to 1.8%. Similar precision is expectadH;,. Measuring integrated angular observ-
ables of these types has the advantages of model independetiteir interpretation; the underlying
relation between these measurements, the Wilson coefficiand the form factors can change without
necessitating revision of the measurement. The averadinmihiple experimental results is also very
straightforward.

Alternatively, Belle has analyzed the doubly-differehtilistribution d°I"/d cos 6,dq? and then
performed a maximum likelihood fit to extract the Wilson daént ratiosAg /A7 and A1/ A7 from the
data [491]. Using the theoretical approximation in Ref.q}&nd assuming the form factor model of
Ref. [473], they find

Ag/A; ~ —153T30+1.1
Ajg/A; =~ 103752 +1.8, (95)

where theA; are the leading order Wilson coefficients. This is in agregnwgth the LO Standard
Model predictions of -12.3 and 12.8, respectively. The d@ani systematic uncertainty is from theo-
retical model dependence, particularly the form factor ed@hd parametric uncertainty from,. This
method has been studied for Suggifactory luminosities, as discussed in Ref. [497]. Fidurgh8ws

a projection ofdArp/dq? from a likelihood fit to the Wilson coefficients, for a simuddtsample of 5
ab~!, compared tod i 5 integrated over various bins i measured from the same sample. Employing
the entire range of?, the expected statistical precision is shown in Table 16h\8410 ab!, the ex-
pected statistical uncertainty will be less than the cursgatematic uncertainty. The expected ultimate
statistical sensitivity for 50 atd is about 4% for each coefficient. These fits extract essgntis same
information as that obtained from measuring the zgrof dArp/dq* (a theoretically clean estimator
of Ag/A7), except that the distribution is analyzed globally andjost in the vicinity ofg?; equivalent
uncertainties fog?2 are identical to those afly. In order to control theoretical uncertainties, it may be
necessary to restrict the fit to 1-6 G&\*. For that measurement the price in experimental statiistics

roughly a factor of 0.6, with an even larger sacrifice in s@nsi for A;q, which is most relevant at high

q>.
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Fig. 8: Expected measurement @fi -z /dq? for B — K*¢+¢~ (points) with 5 ab! of data from a SupeB
factory; the best fit of that data for Wilson coefficients and A, is superimposed (solid line) [497].

L@ 1 5 10 50
Ag 25 11 7.8 35
A 29 13 9.2 41

Table 16: Expected statistical precision for a Superfactory, in percent, for Wilson coefficientég and A1
versus the integrated luminosity, integrated over theemnginge of>.

With more data, it could also be possible to bound other Wilsoefficients which are negligible
in the Standard Model, such as those corresponding to smadaator products or products with flipped
chirality. Fitting triply- or quadruply-differential digbutions with the additional decay angless 6k
and¢, as is currently done for large samplesidf— V'V decays, will also be possible.

Measuring the angular distribution of inclusiié — X /¢ decays has not yet been attempted,
however with thousands of events expected at a Siptactory there will be sufficient statistics for
a precise measurement df-5 [498]. This is an attractive measurement, as observablels asig?
are predicted more precisely than for the exclusive casé%). Scaling from the expected yield per
ab~! of 486 + 24, and assuming the same sensitivity4g/A; per event as for th& — K*¢¢ Wilson
coefficient fits, a 5% statistical precision fdi /A (and hencej3) could be achieved with roughly 10
ab~!, although again a critical issue for the precision is howenddange of? is appropriate for such fits.
Understanding systematic uncertainties from a sum-olidsk@-modes analysis will be challenging, in
particular the effect of imprecis&; fragmentation modeling on the multiply-differential eféincy.

3.2.3.2 By — K*u*u~ at LHCb

The exclusiveB; — K*°utu~ decay can be triggered and reconstructed in LHCb with hifibieficy
due to the clear di-muon signature andri§eparation provided by the RICH detector [499].

The selection criteria including the trigger have an efficieof 1.1% for signal. The trigger
accepts 89% of the Monte Carlo signal events, which are stamted offline. Ir2 fb—! of integrated
luminosity this selection gives an estimated signal of 7@@€nhts with a total background of 3500 events
in a 50 MeV/c? mass window around th8 mass andt100 MeV/c? window around thek * mass.
The branching ratio foB; — K*°u*p~ was assumed to de22 x 1075, The irreducible non-resonant
B; — Ktn~uTp~ background was estimated at 1730 events; the branchirgusdéid for this was
set using a 90% upper limit estimate found from the sidebardse K*° mass in [492]. Other large
components of the background are 1690 from events with twulegtonic B decays, 640 of which
are from semileptonic decays of both thend thec quarks within the same decay chain. Exclusive
backgrounds from othér — s~ decays were considered and contribute at a very low leveDof 2
events.
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The selection efficiency as a function gfis flat in the regionim? to 9 GeV?/c* due to the high
boost of theB,. For highg? values the selection efficiency as a functiorgois flat while for lowq? the
efficiency is highest aroun} = /2 [500].

In addition to the well-known forward-backward asymmetty; 5, LHCb will be able to extract
information about the differential decay raf€/ds and the transversity amplitude,, 4;, and A

through the asymmetr)ﬁg?) and theK*? longitudinal polarisatiorf;,, see Eq9(91) an@ (92).

For measuring the zero point iz g, a linear fit is performed to the measurdg g in the region
2 — 6 GeV?/c* as illustrated in Fig19. For the resolution in the zero poihtd 5 [500] we estimate
0.50(0.27) GeV?/c* with 2(10) b~ of integrated luminosity. If the background is ignored tesalution
i5 0.43(0.25) GeV?/ct.

Mean = 4.01 GeV?

Sigma = 0.50 GeV*
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Fig. 9: The forward-backward asymmetry iy — K*°u+ i~ with 2 fb~! of integrated luminosity at LHCb. To
the left the forward-backward asymmetry as a function®in a single toy Monte Carlo experiment and to the
right the fitted zero point location for an ensemble of Mon#l€ experiments. The peaks at 2 and 9 correspond
to fits where the zero point was outside this region.

The statistical errors fod g, Ag) andrF, have been estimated by performing simultaneous fits to
thed;, O and¢ projections of the full angular distribution in 3 bins @f below thew resonances [501].
In the theoretically favoured region af < ¢*> < 6 GeV?/c* the resolution inAgg) is 0.42(0.16) with
2(10) fb~! of integrated luminosity. See Taljlel17 for estimated stedilserrors on all the parameters. In

particular the resolution oﬂgﬁ) would improve if the theoretically comfortable region cbble expanded
upwards frons GeV?/c?.

q¢? region Arp Agﬁ) Fr,
(Gev?/ct) | 2fb=1 10fb~! 2fb~! 10fb~! 2fb~! 10fb~!
0.05—1.00 | 0.034 0.017 0.14 0.07  0.027 0.011
1.00 — 6.00 | 0.020 0.008  0.42 0.16  0.016  0.007
6.00 —8.95 | 0.022 0.010  0.28 0.13  0.017  0.008

Table 17: The expected resolution for measurements of the paramatess A;?) and Fy, for the By —
K9~ decay at LHCb in regions of the squared di-muon m@dssith 2 and10 fb~! of integrated luminosity.

3.2.3.3 Rk atLHCb

ReconstructingB™ — KTete™ as well asBT™ — K*Tpu*pu~ allows us to extract the rati®y of

the two branching fractions, integrated over a given didepmass range. The same reconstruction
requirements are applied 8" — KTu*tp~ and Bt — KTeTe™ decay. A proper bremsstrahlung
correction is essential in the latter channel. The comecfor the lower reconstruction and trigger
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Fig. 10: ExpectedB+ candidate mass distributions in tlis~ — KTeTe™ (left) and BT — KT putpu~ (right)
modes for10 fb—! at LHCb. The dotted lines show the contributions from sigmad specific backgrounds as
extracted from the fit (see text).

efficiency in the electron mode is extracted fr@n — J/¢ KT decays. The di-lepton mass range is
chosen to bem” < ¢* < 6 GeV?/c* in order to avoidcc resonances (especially in ta&e~ mode)
and threshold effects due to the highemass. The event yields are extracted from a fit toAbi ¢/~
mass distributions. Peaking backgrounds frBrh — J/¢ K+ andB; — K*{*¢~ are measured using
control samples and included in the fit.

The expected3 candidate mass distributions are shown in Eig. 10 for fivesy@a fb—!) of data
taking. The yields returned by the fit are given in the tableweThey are compatible with the number
of true MC events. Thé3/S ratios are given for the full signal box withitt600 MeV around theB,,
mass (shown in Fid. 10).

Yield B/S  o(mp,)
Bt - Ktutpy~ 187744230 ~29 14MeV/c?
BT — KTete™ 92404380 ~30 68MeV/c?

The errors on the yields are the statistical error returnethé fit. Using these errors one gets an
error onRy of 4.3% for 10 fb1.

3.2.3.4 Semileptonic rarB decays at ATLAS

With the ATLAS experiment, new physics effectstin— si™(~ transitions will be searched for in the
branching ratio and forward-backward asymmetiys(¢?) betweenb-hadron and™ momenta. With
baryonic decaysX, — A°u* 1) new physics effects can also be extracted frdfrpolarisation and
asymmetry parameters (Figs. 2,3,4 from [480]), but infleepicpossible initialA; polarisation has to be
accounted for [486]. Note that the measurement of the detemass spectrum is more sensitive to the
ATLAS detector efficiency than to new physics.

The main part ofB-physics studies will be performed in the initial LHC lownshinosity stage (3
years atL = 1033 cm~2s71). It is expected that the luminosity will vary by a factor of 2 during
beam-coast and there will Be— 3 interactions per collision. The production ratebéfpairs at ATLAS
is ~ 500 kHz, which implies having - 10'2 bb pairs per yearl(0” seconds).

Experimental feasibility studies for rare decaysiff, BY, B and A, at ATLAS have been
performed using the full detector simulation chain [502heTdecay kinematics was defined via matrix
elements included into tephysics Pythia interface [503B(, BY) or using the EvtGen decay tool [504,
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505] (BT, Ap) with matrix elements taken from theoretical publicatiim§292,430,477,479,506]. The
pp interactions were generated using Pythia6 [507] tuned darectb-quark production [503]. Events
were filtered at generator level to emulate the di-muonic 1L¥figger cuts (see below) and charged tracks
from the B-decays were required to fitin ATLAS tracking system capidd (pr 2 0.5 GeV, || < 2.5
[508]). These cuts influence the spectrum andirp shape. Study of the sample &f — A%yt~
events have shown that higher di-muon mass values are raetf@raction of events with? below.J /1)
mass decreased froflT % to 58 %) and Ar is affected in the;?/M? < 0.1 region (suppression by
40 % of |Arp| was found).

The trigger system at ATLAS consists of three levels: Levélidger (LVL1), Level 2 trigger
(LVL2) and Event Filter (EF) [509]. LVL1 stage is based on tietection of two highst muons by
the fast muon trigger chambergt(,, > 6 GeV, pr,, > 4 GeV and|n,, ,| < 2.5 driven by detector
acceptance). A preliminary study of the di-muonic LVL1 peniance was shown in [510]. The LVL1
rate is dominated by real di-muons giving a rate~ofi50 Hz, but also by events with a single muon,
doubly counted due to overlap of trigger chambers. In ordesuppress the fake di-muon triggers, a
system of overlap flags was introduced. The study indicdtat dignal rejection due to this overlap-
removal algorithm is less then5 %. Efficiency suppression due to small di-muonic opening esglas
also studied, finding the effect beloiv%. Overall (75 — 80) % single muon and- 60 % di-muon
trigger efficiency was found for the sample 8§ — Ayt~ events. At the second level, the muon
pt measurement will be confirmed in the Muon Precision ChamBdes Calorimeter and extrapolated
to the Inner Detector in order to reject muons fréfiw decays. The di-muon specific detailed LVL2
and EF strategies have not yet been set up. The purpose of isMbZelect preliminary candidates for
the B-hadrons rare decay, based on track parameters and fagkatialcs. A secondary fast vertex fit
can optionally be used at LVL2 level to achieve a satisfyctmckground rejection. At the EF level,
offline-like selection cuts will be applied.

The key signature of rare decays is the presence of the dpgbgirge muon pair. The di-muon
pair is likely to form a secondary vertex which is detachemhfrthe primary vertex. The identification
of this vertex, if particularly close to the interaction phirequires well reconstructed leptons. The event
selection is done in the following order: muon and di-mucentification; secondary hadron selection;
B-hadron selection. The analysis has to rely on topologiaghbles as vertex quality, vertex separation
(et > 0.5 ps) and pointing to primary vertex constraint on thehadron momentum. The vertexing
algorithm used is the one adopted from the CDF collabord&ad]. Simple vertex fits are used to select
secondary hadrons and di-muon candidates, while fo#tedron the whole cascade decay topology
is fitted at once.

Due to low signal BRs, great background suppression has ézlieved. The main background
source comes from beauty decays producing a muon pair inrthestate. The present study based on
a sample obb — Xy >6(4) Gev Hpr>4 Gev €VENLS, provides upper limits for fake events as sketched in
Table[18.

Decay Signal Background Interval ofg?/Mz -39 914 839
BY — K%utu~ 2500 12000 Number of events 570 540 990
BY = gutp 900 10000 App 11.8% —6.1% —13.7%
BT — K*tutpu~ 2300 12000 Statistical error 4.2%  4.3% 3.2%
Bt — K*puty~ 4000 12000 SM prediction 10% —14%  —29%
Ap — AOutp~ 800 4000

Table 19: AveragedA r 5 of B — K% u™u~ from AT-
Table 18: Expected number of events for signal andLAS simulations (not corrected for detector effects and
background upper limit afte30 fb~! measurement. background) af;,; = 30 fb—!, its statistical precision
and comparison to SM prediction.

In Table[I9 the reconstructedrp is presented f0|Bg — K%yt~ decay. We divide the
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q*/M3%—region into three intervals: the first interval frof@m,/Mp)? to the so-called “zero-point”
[472], the second interval from the “zero-point” to the lovb®undaries of the//« and+’ resonances,
and the last interval from the resonance are@M; — M+)?/M?%. Data collected in 3 years of LHC
operations, corresponding 80 fo~! of integrated luminosity, will be enough to confirm the Start

Model or to set strong limits on SM extensions.

An attempt to estimate the statistical errors of the bramghiitio measurements has been made for
BT — Ktutp~ andBt — K*Tutu~ decays [512]. They were 3.5 % and~ 6.5 %, respectively
for BY — Ktutp~ andBT™ — K*Tutu~ decays. These errors on the branching ratio measurements
are much smaller than the current experimental and theat&ines.

3.2.4 Phenomenological implications and new physics coastts
3.2.4.1 New Physics in exclusive— s¢*¢~ induced decays

The potential of Standard Model (SM) tests and New Physi) @¢arches with — s¢™¢~ transitions
has been stressed and explored in several works, e.g.,.948B,and references therein. Of particular
interest for the LHC are the exclusive decays®i) — ¢T¢—, (i) B — K®¢te—, By — ¢l

By — n et ¢~ and (iii) Ay, — AlT¢—, wherel = e, p, (7). Decays involving additional photons, such
asB, — {7/~ [514] are more sensitive to the hadronic QCD dynamics thamrtbdes (i—iii). They are
briefly considered in Se€._3.4. Lepton flavor violating (LFd&cays such as — se* T are discussed
e.g. in [515,516] and will not be considered further here.st¥ess that FCNCs with final statdeptons

are poorly constrained experimentally to date, and it wdsaldhighly desirable to fill this gap since they
test third generation couplings. The latter feature is algred by the di-neutrino final states discussed,
e.g.,in [517] and in Se€. 3.3.

The presence of NP can lead to modified values for the shetdrtie coefficient§’;, including
new CP-violating phases, and the generation of new operatdhe weak effective Hamiltonian. These
could include chirality flipped versions of the SM operat6ts(down bym,/m;, within the SM) from
right-handed currents or scalar operators from Higgs ex@esOs p (down bymgmb/m%V within the
SM), or tensor currents. Scenarios wiight NP particles require additional operators, build out of
the latter, see [518] for the MSSM with light sbottom and gtui Model-independent information on
ng)vlo has been previously extracted from combined analysis-ef s¢™¢~ and radiativeh — s+, sg
data [430, 473, 491], also including (pseudo)-scalar dautions Cs p [431,519]. In this program the
study of correlations between decays and observables mportant ingredient, which enables identifi-
cation of a possible SM breakdown and its sources.

The leptonic decay?g — (¢~ is a smoking gun for neutral Higgs effects in SUSY models with
largetan 3 and is discussed in detail in Sectionl3.4. A clean test of mahiflavour violation (MFV,
see sectiof 1.2.3) is thB;-B,-ratio Ry = B(BY — ¢(T¢7)/B(B? — ¢7¢7). In the SM and within
MFV models0.02 < Ry, < 0.05, whereas in non-MFV scenarids,, can beO(1) [520]. Phases
in Cs p are probed with time-dependent and integrated CP-asyname#&quiring lepton-polarization
measurements [521-523].

Besides the measurement of branching ratios,Rhe K¢/~ and B — K*¢T¢~ decays offer
a number of orthogonal observables. For instance, the ketperimental results from Belle and BaBar
for these modes [491,492,524] already include first ingasittns of angular distributions. The dilepton
mass (%) spectra ofB — K )¢+ ¢~ are sensitive to the sign éte(CST"Cs™) and to NP contributions in
Cy,10, and ﬂippedCé,10 [525] — however, with rather large hadronic uncertaintresf form factors and
non-factorizable long-distance effects (see §ec.13.2J8)ng constraints ofCg p| from By — ptp~
[519] shows thaB — K )¢/~ spectra are rather insensitive to NP effect§inandCp.

The forward-backward asymmetry for decays into light pssgdlars Arg(B — K(1(7), van-
ishes in the SM. Beyond the SM it is proportional to the leptoass and the matrix elements of
the new scalar and pseudoscalar penguin operators. Ther Bagzsurement of the angular distribu-
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tion [492] is consistent with a zero FB asymmetry. Using nidigependent constraints ¢@'s p| from

Bs — ptu~ [519] one expectsipp(B — Kutu~) < 4%. Moreover, in the MSSM with largean 3
one haxs ~ —Cp, and the FB asymmetry comes out even smallgrz(B — K(1T(7) < 1(30)%

for ¢ = u(7) [494,526,527]. In contrast, for decays into light vectorsoes,App(B — K*(T(7) is
non-zero in the SM and exhibits a characteristic zgtavhose position is relatively free of hadronic un-
certainties, see Séc. 3.P.2. In a general model-indepehieanalysis [525,528] the position of the zero,
the magnitude and shape 4f-3(B — K*¢*¢~) are found to depend on the modulus and phases of all
Wilson coefficients. Note that alsé, — A¢T¢~ decays share the universal Si-z-zero in lowest
order of thel /m; anda, expansion [476]. In off-resonandgé — Kr¢*¢~ decays the analogou$y
zero is also sensitive to NP effects [475]. The CP-asymnfetrthe FB asymmetry ilB — K*(+ ¢~ is

a quasi-null test of the SM [517], witd$£ |sy < 1073 Sizable values can arise beyond the SM, for
instance from non-standard CP-violatiigpenguins, contributing targ[C1].

The (CP-averaged) isospin asymmetryAn— K*¢*¢~ is defined from the difference between
charged and neutraB decays [529]. It vanishes in naive factorization (assumsogpin-symmetric
form factors). A non-zero value arises from non-factorieahteractions where the photon couples to
the spectator quark. For small values;of the isospin asymmetry can be analyzed in QCDF [529]. The
largest contributions are induced by the strong penguimadpes O3 _g, and the sign of the asymmetry
depends on the sign 6fs. Within the SM and minimal-flavour violating MSSM scenaritise isospin
asymmetry is found to be small. Sizable deviationsigfB — K*¢*¢~) from zero would thus signal
NP beyond MFV.

Following Ref. [468], one can construct further observalifem an angular analysis of the de-
cay B — K*0(— K—nt)¢t¢~, see [[Q0.92). The SM predictions are consistent with thetiegi
experimental data for the (integrated) value of the lordiital * polarization F, [492]. A model-
independent analysis with flipp&®, shows some sensitivity of the angular observables to tightded
currents [468], see also [525]. The shapes of the transessgametriesdr(¢?) depend strongly of;
andC’, whereas NP effects ifiy 1o are rather small taking into account constraints from ofhgrhysics
data. Moreover, the zeros ﬁliTl’z)(qQ) are sensitive t@’;. NP can give large contributions to the polar-
ization parametety«(q?) andFL,T(qQ) in extreme scenarios, however the influenc&gfand Cy is
stronger and theoretical errors are larger thaﬁsh2).

The muon-to-electron ratios

q2 +,,— q2 +,—
RHE/ ag? TE ) / ap B HEC) gk (96)
a dg® a dg®

are probing for non-universal lepton couplings, for ins&@afrom Higgs exchange or R-parity violating
interactions in SUSY models. Kinematic lepton-mass effecte tiny,(’)(mi/mg). Taking the same
integration boundaries for muon and electrons, the SM piiedis are rather free of hadronic uncertain-
ties [431]

RM =1+ 0(m?/m}), with R3M=1+0.0001, R} =0.991+0.002, (97)

and agree with the measuremeRtg = 1.06 4+ 0.48 + 0.08 and Rg+ = 0.91 + 0.45 + 0.06 [492].

Studying correlations between different observables, moag be able to discriminate between
different NP models. For instance, non-trivial correlatieffects appear betweeR and B(B; —
ptu”), sinceB — K(*(~ depends oi’s p + C p whereas3(B) — (747) onCs p — C p [431].
Also, B(Bs — ptu~) and Amg are strongly correlated in the minimal-flavour violating BIg at
largetan 3 [30], whereas no such correlation occurs in models with aitiatial gauge singlet, like the
NMSSM studied in [530]. A summary of all observables withttahresults is given in Table 20.
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Table 20: Summary of observablesii — K¢*¢~, B — K*(*{~ andB} — (¢~ decays.

Observable comments
dT'(B — K™¢+4=)/dg®> Hadronic uncertainties (form factors, non-factorizalffeats, cc)
SM: depends ofC¢ || andRe(CET* Cg)
NP: sensitive t&-penguinsCy ., sgn(C£T), but not toC(/)P
App(B — K0H07) SM: ~ 0 (quasi null test)
NP: sensitive t@C's + Cg
using By — p ™ constraint:< (few % for u™ ™)
dApp(B — K*(T(~)/dg* Hadronic uncertainties

(shape and magnitude) NP: sensitivega(CST), sgn(CS), Z-penguins
FB asymmetry zero Smaller uncertainties (test of the SM)
ASE SM: < 103 (quasi null test)

NP: CP-phase i’ (+ dynamic strong phase)
dA;(B — K*¢(*¢7)/dg> Hadronic uncertainties
SM: O(+10%) for ¢> < 2 GeV?; depends oi’s 6 (c.f. A;(B — K*v))
O(—1%) for 2 < ¢? < 7 GeV?; depends oi€’; 4
NP: sensitive to strong penguin operateg) (CS™)

A(Tl’Q), ags, Fr.r Smaller uncertainties (test of SM)
NP: right-handed currents, e.g:;
Ry Tiny uncertainties< +1%

SM: 1+ O(m2 /m}) (common cuts)

NP: non-universal lepton couplingé‘,g’)P, neutral Higgs exchange
B(BY — (7(7) Uncertainties:fp,

SM: depends ofC'g V|

NP: lepton-mass eﬁects}g’)}), neutral Higgs exchange
Ry Uncertainties:fg,/ fB,

SM: ~ [Vial*/|Visl* 1,/ 1,

NP: test of MFV

3.2.4.2 B — K*¢/ and universal extra dimensions

FCNC B decays are sensitive to new physics scenarios involving eliimensions. As an example,
we discuss here the possibility to constrain the model megadn [180] (ACD model), which is an
extension of the SM by a fifth (universal) extra dimensione Bxtra dimension is compactified to the
orbifold S'/Z,, and all the SM fields are allowed to propagate in all dimemsioThis model only
requires a single additional parameter with respect to Merfamely the radius? of the compactified
extra dimension. The Standard Model is recovered in the lihk — oo where the predicted extra
Kaluza-Klein particles decouple from the low energy theory

The effective Hamiltonian inducing — s¢*¢~, b — svv andb — sv transitions in ACD
has been computed in [17, 181]. In the case of the exclusivdesB — K®/¢T¢— B — K®up
and B — K*~ there are several observables sensitivé AR that can be used to probe this scenario
[182,183]. At present, the most stringent experimentalnidoon1/R comes fromB — K*+, leading
to1/R > 300 — 400 GeV, depending on the assumed hadronic uncertainties.

For values ofl /R of the order of a few hundred GeV, one expects an enhancemesnt/® —
K®rte=)andB(B — K™ vi) with respect to the SM (of the order of 20% fotR = 300 GeV) and a
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suppression oB(B — K*v) (at the same level far/ R = 300 GeV). In general, the sensitivity i/ R is
masked by the uncertainty of the hadrofic— K *) matrix elements. A useful observable with smaller
hadronic uncertainties is the position of the forward-eaid asymmetry zero il8 — K*¢*¢~, which

in ACD is shifted to smaller values d¥ R decreases, as shown in Higl 11 (left). Another interesting
guantity, which however has a more pronounced dependentadnonic uncertainties is the position
(¢®)maz Of the maximum of the longitudinal helicity fraction &* in the same process; its sensitivity

to 1/R is also shown in Fid. 11 (right).
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Fig. 11: Position of the zerasy = ¢3, of Arp (left) and of the maximum of the longitudinal* helicity fraction
(right) in B — K*¢*¢~ as a function ofl /R in the ACD extra dimension scenari® is the radius of the com-
pactified extra dimension. The uncertainties only inclddeR® — K* form-factor dependence; non-factorizable
corrections have not been taken into account.

In the case o3 — K™+t~ decays, -polarization asymmetries can be considered, in which
the hadronic form factor dependence drops out for ldtfgeecoil energies. The transverse asymmetry
decreases aly/ R is decreased, whereas the branching fraction increasescdrhbined observation of
this pattern of deviations from SM results would represesigaature of the ACD scenatrio.
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3.3 Neutrino modes

Here we discuss the so called neutrino modes. In particslarntalk about the rare SM modds —
X,vpand B — 7Tv. Experimentally, these modes are similar since both arecated with large
missing energy. IB — X, v v there are the two neutrinos, I — 7 v ther decays very fast, yielding
a final state with two neutrinos as well. Theoretically these modes are differentB — X;v v is a
FCNC process and thus occurs at one loop in the BM+ 7 v, on the other hand, occurs at tree level,
but it is strongly suppressed for several reasons: hel@igmall CKM factor and the decay mechanism
by weak annihilation~ 1/mp.

3.3.1 Neutrino modes: theory
3.3.1.1 Inclusivé — svi decays

Here we follow [532] with necessary updates. The FCNC dd8ay X, v I is very sensitive to exten-
sions of the SM and provides a unique source of constraintore NP scenarios which predict a large
enhancement of this decay mode. In particular,®Bhe> X, v i, mode is very sensitive to the relatively
unexplored couplings of third generation fermions.

From the theoretical point of view, the decdy— X v v is a very clean process. Both the
perturbativer; and the non-perturbativie/m? corrections are known to be small. Furthermore, in con-
trast to the decay3 — X, ¢ ¢~, which suffers from (theoretical and experimental) baokad such
asB — X, J/v — X ¢t ¢, there are no important long-distance QCD contributioniser&fore, the
decayB — X, v v is well suited to search for and constrain NP effects.

Another advantage of thB — X, v 7 mode is that the missing energy spectrum can be calculated
essentially in a model independent way. Thus, one can fireotnpare experimental data with the
theoretical expressions as derived in specific models. tthdeonly assumption of two-component left-
handed neutrinos the most general form of the four-fermieraction responsible faB — X, v; v;
reads

L=CrLOL+CrOg, (98)
where ' ‘ ' '
Or = [qrvubr] [, A" v ], Or = [Gr V4 bR) [7L, Y*v]] . (99)
Here L and R denote left- and right-handed componentss d, s, andi,j = e, u, 7. As the flavours
of the decay products are not detected, in certain models than one final state can contribute to the
observed decay rate. Then, in principle, b6th and C'i carry three indiceg, i, j, which label the
quark and neutrino flavours in the final state.

In the SM, B — X, v v proceeds vidV-box andZ-penguin diagrams and only;, is present.
The corresponding coefficient reads
N V2GFa z [2+z 3x—6

Vi Vis X , X = — 1 . 100
wsin?fy o) o() 8 x—1+(w—1)2 ne (100)

M

wherez, = m?/m},. The leadingl/m? and «, corrections to the SM result are known. Thus, the
theoretical uncertainties in the SM rate are rather snegk tharO(5%). They come mainly from the
uncertainties inmy, |Vis| and unknown higher order corrections. At lowest order, thigsimg energy
spectrum in theB rest-frame is given by [531]

dP(B — Xq v; Dj) . mg’
dx 9673

Here we have not yet summed over the neutrino flavours. ThaifumS(r, =) describes the shape of the
missing energy spectrum

(ICL? +|Cr[*) S(r,). (101)

S(ryz) =vQ—2)2—r [(1 —xz) (e —1)+7r (1 —3z) —6nyr (1l —2z —7")] : (102)
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The dimensionless variable= E,,;ss/m;, can range betwegil —r)/2 < z < 1—/r, andr = m?2/mg3.
The parameten = —Re(Cy, C3)/(|CL|*> + |Cr|?) ranges between < n < 1. Sincer is very small,
in practice the spectrum is independent of the relative gizé;, andC'r and therefore immune to the
presence of new physics.

It is convenient to define two “effective” coefficienf%L and@R, which can be computed in terms
of the parameters of any model and are directly related tetiperimental measurement. To remove
the large uncertainty in the total decay rate associatell memg factor, it is convenient to normalize
B(B — X, v ) to the semileptonic rat8(B — X,.er). The contribution fromB — X, e, as well
as possible NP effects on the semileptonic decay rate atigiiégy In constraining NP, we can also set
ms = 0 and neglect both order, and 1/m§ corrections. This is justified, since when averaged over the
spectrum these effects are very small, and would affectuhngenical bounds on the NP parameters only
in a negligible way. For the totab — X, v; v; decay rate into all possible= d,s andi,j = e, pu, 7
final state flavours, we then obtain

B(B — X v7) Cr+Chy

BB = Xocw) Vol fim2/md)’ (103)

wheref(z) = 1 — 8z + 823 — x* — 1222 In z is the usual phase-space factor, and we defined

_ 1 . - 1 o
Ci=gor L[+ Cr=ger X |o¥

q7Z7J q)Zi.]

2 2
s .

(104)

Note that channels with a different lepton flavour in the fstate do not interfere. Thus, the sum among
different channels is in the rate and not in the amplitudee ®M prediction, including NLO QCD
corrections [213,547,548], BSM(B — X, v ) =4 x 107°.

New physics can generate new contribution€'toand/or toC'r. Many new physics models were
studied in [532]. In general, there are bounds from othecgsses, in particulab, — s¢*¢~. In all
models where these two processes are related, the NP cdiatnitbo the neutrino modes is bounded to
be below the SM expectation. In that case one needs to mehsuneutrino mode at high precision in
order to be able to probe these models of new physics.

The other case may be more interesting. In some models thareanhancement of the couplings
to the third generation. TheR — X, v i is related only tob — s7"7~. This mode is very hard to
measure and thus there is no tight bound on these modelsatinakes NP could enhance the rate much
above the SM rate. That is, if we find that the ratefof~ X, v v is much above the SM rate, it will be
an indication for models where the third generation is dfe.

3.3.1.2 Exclusivé — svv decays

In principle, the theoretically cleanest observables apeiged by inclusive decays, on the other hand,
the exclusive variants will be more readily accessible ipeginent. Despite the sizable theoretical
uncertainties in the exclusive hadronic form factors, ¢h@®cesses could therefore give interesting first
clues on deviations from what is expected in the Standarde/dd 7]. This is particularly true if those
happen to be large or if they show striking patterns. In thieviang, we discuss integrated observables
and distributions in the invariant mass of the dileptonayst?, for the three-body decay8 — Mvw,
with M = K, K*. The kinematical range af is given by0 < ¢?> < (mp — my)?. Inthe B — Muvp
decaysg? is not directly measurable but it is related to the kaon gnarghe B-meson rest framef,,

by the relatiortf = ’I’)’L2B + m?\/[ —2mpFEy, wheremy < By < (mZB + m?\/[)/(QmB)

B — Kvp

The dilepton spectrum of this mode is particularly simple @nis sensitive only to the combination
|C¥ +C%|* [535,536]. Thisis in contrast to the inclusive case whelfg e combinatiorfC¥ |*+|C% |2
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entered the decay rate. In the inclusive case all the im@rée terms average to zero when we sum
over all the possible hadronic final states. In this way esieli processes are natural grounds where
to perform tests of right-handed NP currents, given thderfierence with the purely left-handed SM
current. Finally, the dilepton spectrum is [535, 536]

dI'(B — Kvp) _ G2a’mb
ds 25675

[ViaVal® Xi%() 2 (9)1CF + CP (105)
where we have defined the dimensionless variables;?/m?% andry, = m3,/m%, and the function
Mr(s) =143, + 5% =25 — 2rpr — 2ryys . (106)

In the case of\/ = K the hadronic matrix elements needed for our analysis aenddy [53) with
P = K. Up to small isospin breaking effects, which we shall neglége same set of form factors
describes both charge®{ — K ~) and neutral B° — K?) transitions. Thus in the isospin limit we
get

(B — Kvv) =T (BT — Ktvi) = 2I'(B° — K svp) . (107)

The absence of absorptive final-state interactions in thisgss also leads 1B — Kvv) = I'(B —
Kwvr), preventing the observation of any direct CP violating efféntegrating Eq.[{105) over the full

range ofs leads to
2

CL+Ck (108)

B(B — Kvp) = (3.8752) x 107° y
' Crlép

where the error is due to the uncertainty in the form factors.

If the experimental sensitivity of3(B — Kwvi) reached the0~% level, then the uncertainty
due the form factors would prevent a precise extractiofCgf+ C%| from (108). This problem can
be substantially reduced by relating the differentialriistion of B — Kvv to the one ofB — wev,

FE(s)

[537,538]:
2 </\K(8) > 3/2
Ax(8) fi(s)

Indeed f&(s) and f7(s) coincide up toSU(3) breaking effects, which are expected to be small, es-
pecially far from the endpoint region. An additional unagnty in (109) is induced by the CKM ratio
[V:Vio|? /| Vs |? which, however, can independently be determined from gihezesses.

2

_ 2
dl'(B — Kvp)/ds  3a* |CY + CHJ* . (109)

dU'(BY — 1—etv,)/ds ~ 4m2

VisVi
Vub

B — K*vv

A great deal of information can be obtained from the chahelb K*vv investigating, together with
the lepton invariant mass distribution, also the forwaagiward (FB) asymmetry in the dilepton angular
distribution. This may reveal effects beyond the Standaatdfl that could not be observed in the
analysis of the decay rate. The dilepton invariant masstepamf B — K*vv decays is sensitive to
both combination$C; — C%| and|C7 + C}%| [535, 536, 539]:

dU(B — K*vi)  GpaPmy 512 8 Ak=(9)VE(S) | | w2
ds = e VeVl e\ T e 19T G

1 2. (s)A3(s)

14+ Vrg)? (Mg 127+ 5) A? e

+T'K* ( + TK ) ( K (S) + 7GI{ S) 1(3) + (1 + W)Q

—2Ak+(8)(1 — rg= — 5)A1(s)Aa(s)

CY — CRP } (110)
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where the form factors!; (s), A2(s) andV (s) are defined in[(54). Integrating E¢._(110) over the full
range ofs leads to

2
+ (L1F03) x 1075

2

M (111)

CL‘Z‘M

— vy = Baa) x 1077 .
B(B — K'vp)| 1.3%03) x 107° 112

cy — ¢,

B(B — K*'vp) = (24750 x107° y
CL’SM

A reduction of the error induced by the poor knowledge of tnf factors can be obtained by
normalizing the dilepton distributions d@ — K*vi to the one ofB — per, [538, 540]. This is
particularly effective in the limits — 0, where the contribution proportional t6'; + C%| (vector
current) drops out.

3313 B—/lv

Recently, the Belle [323] and BaBar [533] collaborationyehabserved the purely leptonic decays
B~ — 771, (120) and[(1211). Even if both measurements are still adfedty large uncertainties,
the observation of th&~ — 7~ transition represents a fundamental step forward towaddeper un-
derstanding of both flavour and electroweak dynamics. Theige measurement of its decay rate could
provide clear evidence of New Physics, such as a non-staitiggs sector with largean 8 [31].

Due to theV — A structure of the weak interactions, the SM contribution8te- ¢ v are helicity
suppressed. Hence, these processes are very sensitive-8vheffects (such as multi-Higgs effects)
which might induce an effective pseudoscalar hadronic veemtent [31]. In particular, charged Higgs
bosons {*) appearing in any model with two Higgs doublets (includihg 8USY case) can contribute
at tree level to the above processes. The relevant fourifetenaction for the decay of charged mesons
induced bylV+ and H* has the following form:

%Vub [(E%PLI))(ZV”PLV) — tar?s <%}Zg> (ﬂPRb)(ZPLI/)} (113)

wherePr ;, = (1 + v5)/2. Here we keep only thean 5 enhanced part of th& +ub coupling, namely
the my, tan 3 term. The decay® — /(v proceed via the axial-vector part of thé* coupling and via
the pseudoscalar part of ti#&* coupling. The amplitude then reads

2

VB {mg — my tan?g WQB } 1(1 — 73)v. (114)

G
Ao = 7};

We observe that the SM term is proportionahi@ because of the helicity suppression while the charged
Higgs term is proportional te, because of the Yukawa coupling.

The SM expectation for th8— — 7~ branching fraction is

G2 2 2\ 2
BB~ — 7 )M = _FZBmT <1 N m—5> fB|Va[*r5 = (1.59 £ 0.40) x 107> (115)
i mB

where we usedV,;| = (4.39 £ 0.33) x 1073 from inclusiveb — u semileptonic decays [3861; =
1.643 £ 0.010 ps, and the recent unquenched lattice resglt= 0.216 + 0.022 GeV [318].
The inclusion of scalar charged currents leads to the fatiguexpression [31]:
B(B~ — 17 0)
B(B~ — 7—v)SM

’I’)’L2 2
Rpr, = =ryg = [1 —tan? 3 TB] , (116)

mHi

Interestingly, in models where the two Higgs doublets aneptad separately to up- and down-type
quarks, the interference betweBfi- and H* amplitudes is necessaritiestructive For a natural choice
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of the parameters3( < tan 8 < 50, 0.5 S My=/TeV < 1) Eq. (118) implies a (5-30)% suppression
with respect to the SM. The corresponding expressions &kth— (v channels are obtained with the
replacemening — mp, while for theD — (v casemQB — (ms/mc)mQD. It is then easy to check that
a30% suppression of3(B — 7v) should be accompanied by0a&8% suppression (relative to the SM)
in B(D — (v) and B(K — {v). At present, the theoretical uncertainty on the correspandecay
constants does not allow to observe such effects.

Apart from the experimental error, one of the difficultie®itaining a clear evidence of a possible
deviation of Rz, from unity is the large parametric uncertainty induced fiy| and|V,;|. An interest-
ing way to partially circumvent this problem is obtained ymalizing B(B~ — 7~ ) to the B4-BY
mass differenceXMp,) [32]. Neglecting the tiny isospin-breaking differencesnasses, life-times and
decay constants, betweéty and B~ mesons, we can write [32]

BB o) 3 () el )
T8AMp, AnpSo(m?/M3,)Bp, M, m%) | Via|
—u (Vs Vaal \? ( 0.836
= 1.77x1074 | . . 118
% <0.464 Br, (118)

Following standard notation, we have denotedSeym? /M3,), ng and B, the Wilson coefficient, the
QCD correction factor and the bag parameter ofAfie¢ = 2 operator within the SM (see e.g. Ref. [29]),
using the unquenched lattice resﬁlgd = 0.836 +0.068 [317] and|Vy;/Viq| = 0.464 + 0.024 from the
UTHfit collaboration [210].

The ratioR); , = B(B~ — 7~ v)/TsAMp, could become a more stringent test of the SM in
the near future, with higher statistics on tBe — 7~ v channel. In generic extensions of the SM the
New Physics impact o z,, andR';_, is not necessarily the same. However, it should coincidesif t
non-SM contribution tAA Mg, is negligible, which is an excellent approximation in thassl of models
considered in [32].

For consistency, th@/,;/V:4| combination entering i’;_, = B(B~ — 7~ v)/T8AMp, should
be determined without using the information dn\/z, and B~ — 7~ (a condition that is already
almost fulfilled). In the near future one could determine tfaitio with negligible hadronic uncertainties
using the relationVy,/Via| = | sin Beyn/ 10 Yo |-

From Eq.[(116), it is evident that such tree level NP contitims, namely the 5 factor, do not in-
troduce any lepton flavour dependent correction and thuartieps from the SM lepton universality are
not introduced. However, as pointed out in Ref. [534], thiad longer true in realistic supersymmetric
frameworks if the model contains sizable sources of flavaalation in the lepton sector (a possibility
that is well motivated by the large mixing angles in the nieotisector). In the last case, we can expect
observable deviations from the SM in the ratios

B(P — Ell/)

l1/la
Rp'™ = B(P — lov)

(119)
with P = 7, K, B and/; » = e, u, 7. The lepton-flavour violating (LFV) effects can be quitegaine

or ;» modes, while in first approximation they are negligible iatrchannels. In the most favourable sce-
narios, taking into account the constraints from LFdecays [165,166], spectacular order-of-magnitude
enhancements fdi%eB/T andO(100%) deviations from the SM irR%/T are allowed [32]. The key ingre-
dients that allow visible non-SM contributions Rf}‘)/e within the MSSM are large values 6fn 3 and
sizable mixing angles in the right-slepton sector, suchttr@P — /;v; rate (withi # j) becomes non
negligible.
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3.3.2 Neutrino modes: experiment

Experimental prospects for neutrino modes, such assv v, B — 7v andb — c7 v, are discussed.
Because of the missing multiple neutrinos in the final stdtese decays lack kinematic constraints,
which could be used to surpress background processes.cidie B-factories, where background is
relatively low and can be reduced by reconstructing the mpamying B meson, would be the ideal
place to measure these decays. We also discuss the prospBct$ ;. v, which can be used to test the
lepton universality in comparison 18 — 7v.

Belle and BaBar have used hadronic decays to reconstruetcttaampanyingB (hadronic tags),
for which the tagging efficiency is about 0.3(0.1)% for theugfed (neutral)3 meson. BaBar has used
also semileptonic decay8 — D™)¢ v (semileptonic tags) to increase the efficiency at the expehs
the signal-to-noise ratio.

The present e~ B-factory experiments are starting to measure some of trexssyd, as demon-
strated by the first evidence & — 7, which was recently reported by Belle. However, precision
measurements and detection of very difficult modes, suéhass v v, require at least a couple of tens
ab~! data, which can be reached only at the proposed sBgfactories.

3.3.2.1 b— svv

Presently, experimental limits on exclusive~ sy modes are available from Belle and BaBar. Belle has
reported the result of a search 8 — K~ v using a 253 fo! data sample [541]. The analysis utilizes
the hadronic tags, and requires that the event has no ramgaiharged tracks nor neutral clusters other
than theK — candidate. Fid. 12 a) shows the distribution of remainingtra cluster energy recorded
in the electromagnetic calorimetek £~ ;) after all the selection cuts are applied. The signal distect
efficiency is estimated to b&3% for the tagged events. In the signal region, definedas; < 0.3
GeV, the expected number of signals is 0.70, assuming tmel&t Model branching fraction &f(B —
K vv) =4x 10~%, while the number of background estimated from the sidelutatd is2.6 + 1.6.
The deduced upper limit (90% C.L.) on the branching fractsoi(B~ — K~ vv) < 3.6 x 1075, More
recently, Belle has reported an upper limit®fB° — K*%v ) < 3.4 x 10~4, from a similar analysis
on a 492 for'! data sample [542].

BaBar has reportei(B~ — K~ v ) < 5.2x 1075, by combining the hadronic and semileptonic

B—)KV\_) <
. 19 _B=RW s
(5} |
o o ] Background o) §
g I [ ]signak 10 o
~ ] o
T | ©
= >
71w
[ |l-|'-"i"-|--+-r|..| lodoilod

Hs %05 T
E. (GeV) Eoyira (GEV)

Fig. 12: Distribution of remaining energy fdB~ — K~ v v candidates; a) from Belle’s analysis using the hadronic
tag on a 253fb! data sample, and b) from BaBar’s analysis using the seroiéptag on a 82 fb' data sample.
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tag events from a 82 fid data sample [543]. Fig._12 b) shows the distribution of thmia@ing energy
(E..tra in BaBar's notation) for the semileptonic tag sample. Beeaaf the largeB~ — D™/ 5
branching fractions, the semileptonic tag method has aifécto 3 higher efficiency than the hadronic
tag method.

Based on a simple-minded extrapolation from the Belle amlywith the hadronic tags, the re-
quired integrated luminosity for observing tie — K~ v v decay with 3(5)r statistical significance
is 12(33) ab!'. The statistical precision for the branching fraction measent will reach 18% at 50
ab~!. Addition of the semileptonic tag sample may improve thesiwity (this is under investigation).

It is extremely difficult to perform an inclusive search tor- sv. No serious studies have been
made yet.

3.3.22 B—1v

Detection of B~ — 7~ 7 is very similar to that ofB — K®v 7, and it requires that the event has
no extra charged tracks nor neutral clusters other tharetliom ther decay and the accompanyitig)
decay.

BABAR

preliminary

Events/0.1 GeV

Events /0.1 GeV

201020304 0506070809 1
Eexira (GEV)

—e— On-resonance Data
fenneees Background MC (scaled) 3
--- Signal MC E

Events/0.1 GeV

PNWD IO NO©
I T T T T L

01020304 0506070809 1
EeX”a(GeV)

o

Fig. 13: Distribution of the remaining energy faB~ — 7~ v candidates; a) from Belle’s analysis using the
hadronic tag on a 414 f data sample, and b) from BaBar’s analysis using the senitéptag on a 288 fbr!
data sample.

Recently Belle has reported the first evidence lor — 7~ v by applying the hadronic tag on
a 414 fo! data sample [323]. The reconstructedlecay modes are™ — e~ U, vy, pu~ UyVry T U,
7~ nv,, n~ 7t 7~ v.. Fig.[I3 a) presents thBz, distribution, combined for all the decay modes,
which shows an excess of events néas-;, = 0. The number of signalX,) and background events
(V) in the signal region are determined to g = 17.2t2;§ and N, = 32.0 £ 0.7 by an unbinned
maximum likelihood fit. The significance of the excess$.i&r including both statistical and systematic
uncertainties. The obtained branching fraction is [323]

B(B~ — 77 7) = (1.7973%5(sta) )2 (sys)) x 1074 (120)

BaBar has reported results of B — 7~ 7 search using the semileptonic tag on a 288'fb
data sample [533]. The tag reconstruction efficiency is aboi®o, depending slightly on run periods.
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When all the analyzed decay modes are combined, 213 events are observed, whilathground
is estimated to béd91.7 + 11.7. Since the excess is not significant, they provide an uppat bf
B(B~ — 77 7)< 1.8 x 107* (90% C.L.), and also quote the value [533]

BB~ — 7~ ) = (0.881) 85 (sta)£ 0.11(sys)) x 107, (121)

The semileptonic tag gives roughly two times higher efficiethan the hadronic tag, but introduces
more backgrounds.

Within the context of the Standard Model, the product of theneson decay constant and the
magnitude of the CKM matrix elemefiv,;| is determined to bgp|V,,| = (10.17]%(sta) 1}(sys) x
101 GeV from the Belle result. Using the value gf,,| = (4.39 & 0.33) x 10~3 from inclusive

charmless semileptoniB decay data [386], we obtaify; = 0.2297003¢ (sta)t | 037(sys) GeV.
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Fig. 14: The constraint on the charged Higgslo boundary in the ratiey (left) and thed5.5% C.L. exclusion
boundaries in thé M+, tan 3) plane (right). The top figures show the constraint from thesent Belle result.
The bottom figures show the expected constraints at3ab

The charged Higgs can be constrained by comparing the nezhbuanching fraction{**?) to
the Standard Model value ¢ = (1.59 + 0.40) x 10", which is deduced from the aboy%,;| value
and fp = (0.216 £ 0.022) GeV obtained from lattice QCD calculations [318]. Using Belle result,
the ratio [(116) is'y = 1.13+0.53, which then constrains the charged Higgs in(th&;+, tan (3) plane,
as shown in Fid._14 (top). The hatched area indicates themexgicluded at a confidence level of 95.5%.
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Fig. 15: ExpectedMy+ reach attan 5 = 30 as a function of the integrated luminosity. The three curves
correspond tdA |V |/ |Vus|, Afs/ f5) = red:(0%,0%), blue:(2.5%,2.5%) and green:(5%,5%).

Further accumulation of data helps to improve on both thigstital and systematic uncertainty
of the branching fraction. Some of the major systematicreyich as ambiguities in the reconstruction
efficiency and the signal and background shapes, come frerintlited statistics of a control sample.
On the other hand, the error in the ratig depends on the errors in the determinationl@f| and /5.
Fig.[14 (bottom) shows the expected constraint at 5 aassuming the scaling of the experimental error
by 1/v/L (L is the luminosity) and 5% relative error for bot¥i,,| and fp. Fig.[I5 presents thé/, +
reach atan § = 30 as a function of the integrated luminosity. Here thig;+ reach is defined as the
upper limit of the 95.5% excluded region at a givem 3. The figure shows the expectation for three
cases{A|Vu|/ |Vl Afr/fB) = (0%,0%), (2.5%,2.5%) and (5%,5%). Precise determinatfdiv,g|
and fp is desired to maximize the physics reach.

3.3.23 B— D®ry

The semileptonid3 decay intor final state,B — D)7 7, is also a sensitive probe for the charged Higgs.
In the SM, the branching fractions are expected to be aBoutl0—3 for B — D77 and1.6 x 1072

for B — D*r i, respectively. Because of the presence of at least twoinestin the final state, the
reconstruction of these modes requires the reconstruofitime other B meson in the event, and hence
requires a larger data sample with respect to that used teured — D*)¢ 7 wherel = p, e. Fig[I8
presents the expected future constraint in(th&;+, tan ) plane for a SupeB factory with a 5 and
50 ab ! data sample.

3.3.24 B — uv

Contrary to theB~ — 7 case, theB~ — pu~ v decay has more kinematic constraint because it
has only one neutrino in the final state and the charged legit@nfixed energy in thés rest frame.
Therefore, present analyses by Belle and BaBar take a ctiomahapproach, where one looks for a
single high momentum lepton, and then inclusively recaras$rthe accompanying via a 4-vector sum

of everything else in the event. The lepton momentum is seteiarthe center-of-mass frame due3o
momentum to give a couple of hundred MeV/c width.

Fig.[17 a) shows the muon momentum distribution from thedBaflalysis to search for tHg~ —
u~ v decay using the conventional approach on a 253 fitata sample. The signal detection efficiency
is 2.2%. The expected number of signals based on the Stakttatel branching fraction7(1 x 10~7)
is 4.2, while the estimated background is 7.4. The reporfggeulimitis B(B~ — p~v) < 1.7 X
10-6(90% C.L.) [544].
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Fig. 16: Expected constraint on the charged Higgs from measureroétite B — D7 7 branching fraction at 5
and 50 ab!.

Recently BaBar has reported a result of (he- 1 v search using the hadronic tags on a 2087 fb
data sample. In this case, as tBenomentum is determined by the full reconstruction, thermismear-
ing in the lepton momentum. Fig. 117 b) is the muon momenturmibigion after all the selection cuts
are applied. The signal detection efficiency is about 0.18f&0prder of magnitude lower than for the
conventional analysis. The reported upper limiBiB~ — u~ ) < 7.9 x 107(90% C.L.) [545].

Fig.[18 shows the expected statistical significance as difumof the integrated luminosity, based
on a simple extrapolation from the present Belle result. ukzglation of 1.6 (4.3) ab' data will allow
us to detect the3~ — p~ o signal with 3 (5) statistical significance. The 507akdata at supef3-
factories will allow us to detect about 800 signal events ewe@dsure the branching fraction with about
6% statistical precision.
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Fig. 17: a) Muon momentum distribution from the Belle analysis usingnclusive reconstruction of the accom-
panyingB for a 253 fb—! data sample. b) The same distribution from the BaBar arsiy@ng the hadronic tags
on a 208.7 fb! data sample.

There are some points which need to be further studied.
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Fig. 18: Expected sensitivity foB~ — u~ © as a function of the integrated luminosity.

— Optimization of the tagging; there may be some improvenbgntising the semileptonic tag in
addition to the hadronic tag, especially fBr~ — K~ v v, for which the impact of additional
neutrinos seems to be relatively small.

— Effects of backgrounds in a high luminosity environmeatufe prospects are discussed so far by
extrapolation from the present results, which may be to@kmn particular, the impact of higher
backgrounds to the tagging efficiency and the missing ernesgplution have to be more carefully
examined.

Q7



3.4 Very rare decays
3.4.1 Theory ofB, — £7¢~ and related decays

A particularly important class of very rare decays are tiptolisic FCNC decays of 8, or aB; meson.

In addition to the electroweak-loop suppression the cpoeding decay rates are helicity suppressed in
the SM by a factor ofn? /m%, wherem, and My are the masses of lepton amdmeson, respectively.
The effective|] AB| = |AS| = 1 Hamiltonian, which describes — s decays, already contains 17
different operators in the Standard Model, in a generic rhiaiependent analysis of new physics this
number will exceed 100. One virtue of purely leptoiig decays is their dependence on a small number
of operators, so that they are accessible to model-indep¢rstudies of new physics. These statements,
of course, equally apply tb — d transitions and leptoni@,; decays. While in the Standard Model all
six B, — (¢~ decays (withy = d or s and? = e, ;1 or 7) are related to each other in a simple way, this
is not necessarily so in models of new physics. Thereforebaliecay modes should be studied.

Other very rare decays, suchBg — (¢~ ¢/, (T¢~~, et~ are briefly considered in Sec.
B.4.1.3 below.

3.4.1.1 B, — £T¢~ inthe Standard Model

Photonic penguins do not contribute iy — ¢*¢~, because a lepton-anti-lepton pair with zero angular
momentum has charge conjugation quantum nungbet 1, while the photon hag’ = —1. The
dominant contribution stems from the Z-penguin diagramiarsthown in Figuré 19.

w+,G*
t t

A
l l

Fig. 19: Left: Z-penguin contribution td3, — ¢/~

There is also a box diagram with two W bosons, which is sugeby a factor oMVQV/mf with
respect to the Z-penguin diagram. These diagrams detetimérilson coefficienC 4 of the operator

Qa = by ar tyuyst. (122)
We will further need operators with scalar and pseudoscalaplings to the leptons:
Qs = muwbrar L, Qp = mpbrygr OysL. (123)

Their coefficientsCs andC'p are determined from penguin diagrams involving the Higgemeutral
Goldstone boson, respectively. Whilg; andCp are tiny and can be safely neglected in the Standard
Model, the situation changes dramatically in popular medéhew physics discussed below. The effec-
tive Hamiltonian reads

Gr__ @
V2 msin? Oy
The operator€)’s, Q> and@’,, where the chiralities of the quarks in the currents are flipped with
respect to those in (1P2), (123), may also become relevageneral extensions of the SM.

C 4 has been determined in the next-to-leading order (NLO) oDQ&16—548]. The NLO cor-
rections are in the percent range and higher-order coorecplay no role('4 is commonly expressed

H VisVig [CsQs + CpQp + CaQal + hec. (124)
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in terms of theMS mass of the top quarkn;. A pole mass ofn?'® = 171.4 + 2.1 GeV corresponds
tom; = 163.8 + 2.0 GeV. An excellent approximation to the NLO result f6ts, which holds with an
accuracy ob - 10~ for 149 GeV < m; < 179 GeV, is

80.4 GeV Ty

1.52
Calme) = My 164 Gev}

0.9636

(125)

In the literatureC 4 (m;) is often calledy’ (m? /M3,). The exact expression can be found e.g. in Egs. (16-
18) of [548]. The branching fraction can be compactly expedsn terms of the Wilson coefficientsy,

Cg andCp:
G2 o? Am?2
B(B, — ¢ty = —F7 v 1P g M3 OFA 1 — L
(By — ) 64 73 sin’ Oy VisVial” 75, M, /5, Mg,

4m? 9 9 2my 2

Here fp, and7p, are the decay constant and the lifetime of figmeson, respectively, arttiy is the

Weinberg angle. SincB, — ¢*¢~ is a short-distance process, the appropriate value of taesfiicture
constant isv = a(Mz) = 1/128. With Eq. [125) andCs = Cp = 0 Eq. (126) gives the following
Standard Model predictions:

B(B,—rtr7) = (82040.31)-1077 x 1.;;8[)8 :og)/ffo'z: :240"0@6\[:2 (127)
B(B:—ptu7) = (386£0.15)-107° x 1.;§7sps :oh‘)/fo‘si _240f§2ev_ (128)
B(By —eteT) = (9.05+0.34)- 1071 x 1'572B7Sps :0?(‘)/;150‘8: _240f§2ev_ (129)
B(Bg—7T77) = (223+0.08)-107% x 1'5T2B7dps :0%22: _200f§71ev_ (130)
B(Ba—ptu7) = (106£0.04)- 10710 x 1.5T2B;ps :0{2)%22: _200f§2ev_ (131)
B(Bg—ete”) = (24940.09) 107" x 1;;;{)8 0‘:)%‘;‘2 _200f iiIeV_ (132)

The dependences on the decay constants, which have sizabtetical uncertainties, and on the relevant
CKM factors have been factored out. Whilg;| is well-determined through the precisely measured
|Ves|, the determination ofV;,| involves the global fit to the unitarity triangle and sufférsm larger
uncertainties. The residual uncertainty in Egs. (127}+883s from the ZzeV error in7m;.

Alternatively, within the standard model, the CKM dependeras well as the bulk of the hadronic
uncertainty may be eliminated by normalizing to the wellasigred meson mass differenc®s/_, thus

trading f%q for a (less uncertain) bag parameé@r[549]:

- B, Y (W} /My,)
B(B, — t¢") = 2o — T W)
! B, S(m;/M,)

AM,, (133)

whereS$ is a perturbative short-distance functian,= 4.36 - 10~'° includes a normalization and NLO
QCD corrections, and = ¢, u. This reduces thetal uncertainty within the SM below the 15 percent
level. (A similar formula may be written fat = 7.)
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3.4.1.2 B, — £T¢~ and new physics
Additional Higgs bosons

The helicity suppression factor ef,/Mp, in front of C4 in Eq. (126) makes3(B, — (*{~) sensitive

to physics with new scalar or pseudoscalar interactions¢hwtontribute toC's andCp. This feature
rendersB, — (¢~ highly interesting to probe models with an extended Higgscse Practically all
weakly coupled extensions of the Standard Model contairag#iggs multiplets, which put®(B, —
¢t¢~) on the center stage of indirect new physics searches. Higgsnis couple to fermions with
Yukawa couplingg)s. In the Standard Mode), oc my, /My andy, o« m,/My are so small that Higgs
penguin diagrams, in which the Z-boson of Figlré 19 is resulaoy a Higgs boson, play no role. In
extended Higgs sectors the situation can be dramaticaiigreint. Models with two or more Higgs
multiplets can not only accommodate Yukawa couplings oépahe, they also generically contain tree-
level FCNC couplings of neutral Higgs bosons. In simple tiiggs—doublet models these unwanted
FCNC couplings are usually switched off in an ad-hoc way bpasing a discrete symmetry on the
Higgs and fermion fields, which leads to the celebrated tiggstdoublet models of type | and type II.
Here we only discuss the latter model, in which one Higgs teiutd,, only couples to up-type fermions
while the other oneH,, solely couples to down-type fermions [550]. The parametetrolling the
size of the down-type Yukawa couplingtisn 5 = v, /v4, the ratio of the vacuum expectation values
acquired by, andHy. The Yukawa coupling ; of H, to the fermionf satisfieg; sin 8 = my tan /v

with v = /02 + Ug = 174 GeV. Hencey, =~ 1 for tan § =~ 50. The dominant contributions G5 and

C'p for largetan (3 involve charged and neutral Higgs bosons, but the final reanl be solely expressed
in terms oftan § and the charged Higgs boson madg + [551]

Inr M12{+

ith r = : 134
3 with = (134)

CS = CP = mtan ﬂ

while C4 remains the same as in the SM. Although for very large valfiesio3/M -+ the branching
fraction can be enhanced, the contributions in Eq.](134 &ty reduceB(B, — ¢*¢~) with respect
to the Standard Model value. The decoupling #éf;+ — oo is slow, e.g. fortan 6 = 60 and Mg+ =
500 GeV the new Higgs contributions redud¥ B, — ¢*¢~) by 50%!

Supersymmetry

The generic Minimal Supersymmetric Standard Model (MSSbfjtains many new sources of flavour
violation in addition to the Yukawa couplings. These newdlavviolating parameters stem from the
supersymmetry—breaking terms and their effects couldyeasieed those of the CKM mechanism. In
view of the success of the CKM description of flavour—chagdiransitions one may supplement the
MSSM with the hypothesis dflinimal Flavour Violation (MFV) which can be formulated systemati-
cally using symmetry arguments [10]. In the MFV-MSSM theyosburces of flavour violation are the
Yukawa couplings, just as in the Standard Model. In thisisedhe MSSM is always understood to
be supplemented with the assumption of MFV. While in MFV sa@s the contributions from virtual
supersymmetric particles to FCNC processes are normatylenthan the Standard Model contribution,
the situation is very different faB, — ¢*¢~.

The MSSM has two Higgs doublets. At tree-level the coupliagsas in the two-Higgs-doublet
model of type I, because the holomorphy of the superpakfaibids the coupling of,, to down-type
fermions and that off; to up-type fermions. At the one-loop level, however, thaation is different,
and both doublets couple to all fermions. The loop-induaagbtings are proportional to the product of
a supersymmetry-breaking term and fhparameter. Iftan 3 is large, the loop-induced coupling &f;
and the tree-level coupling dff; give similar contributions to the masses of the down-typenfens,
because the loop suppression is compensated by a faatai Gf[20]. In this scenario the Higgs sector
is that of ageneraltwo-Higgs-doublet model, which involves FCNC Yukawa cangsé of the heavy
neutral Higgs bosond® and H° [25]. The Wilson coefficient§'s andCp differ from those in Eq[{134)
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in two important aspects: they involve three rather than pewers oftan 5 and they depend on the
massM 40 ~ Mo instead of the charged Higgs boson mass. The branching sttéde as

2,2 6

B(By — (M0 )susy o %}W
A0

and could, in principle, exceed the Standard Model resnli&qgs. [12V=132) by a factor ab? [27].
Thus the experimental upper limit d(B; — p+p~) from the Tevatron, which is larger thas(Bs —
utu)swm in Eq. (I28) by a factor of 25, already severely cuts into taemmeter space of the MSSM.
B(Bs — ptu~) in MSSM scenarios with largean 3 has been studied extensively [27-30, 519, 552—
554].

Very popular special cases of the MSSM are the minimal supeity model (IMSUGRA) [555-
559] and the Constrained Minimal Supersymmetric Standasdé(CMSSM). While the MSSM con-
tains more than 100 parameters, mSUGRA involves only 5 iaddit parameters and is therefore much
more predictive. In particular correlations betweeB; — u* ) and other observables emerge, for
example with the anomalous magnetic moment of the muon anchtss of the lightest neutral Higgs
boson [554]. Other well-motivated variants of the MSSM inpmate the parameter constraints from
grand unified theories (GUTsB(Bs — u* ™) is especially interesting in GUTs based on the symme-
try group SO(10) [554,562,563]. In the minimal SO(10) GU# thp and bottom Yukawa couplings
andy; unify at a high scale implying thatin 3 is of order 50. While realistic SO(10) models contain
a non—minimal Higgs sector, any experimental informatiarthee deviation ofy;,/y, from 1 is very de-
sirable, as it probes the Higgs sectors of GUT theories. hjurtion with other observables like the
mass difference in th&, - B, system [30] orB(B* — 7v,) [31,32,564], which depend in different
ways ontan § and the masses of the non-Standard Higgs bosons and thewupagtric particles, the
measurement aB(B; — p ) at the LHC will, within the MSSM, answer the question whettrex
top and bottom Yukawa couplings unify at high energies.

3.4.1.3 Other very rare decays

The decaysB, — ("¢~ andB, — ("¢~ ¢'"¢'~ are of little interest from a theoretical point of view.
First, they are difficult to calculate, since they involveofin couplings to quarks and are thereby
sensitive to soft hadron dynamics. Second, they are natityelsuppressed, because the (real or vir-
tual) photon can recoil against a lepton pair iy a= 1 state. This implies that they probe operators
of the effective Hamiltonian which can more easily be stddiem B, — Xy andB — X/{ ("
decays. However, the absence of a helicity suppression sndke— (*¢~~ a possible threat to
B, — (*¢~ as will be discussed in the experimental sections. A naitenate givesB(B; —
ptu=y) ~ (my/m2)a/(4n) B(Bs — ptp~) ~ B(Bs — ptu~), while a more detailed analysis
even findsB(Bs — putu~v) > B(Bs — ptu~) [296].

Lepton-flavour violating (LFV) decays lik&, — (T, ¢ = e, 7, are negligibly small in the
Standard Model. They are suppressed by two powers, ofMy, wherem,, denotes the largest neu-
trino mass. However, this suppression factor is absentriaioemodels of new physics. In supersym-
metric theories with R parity (such as the MSSM) their bramghratios are smaller than those of the
corresponding lepton-flavour conserving decay, 8g— u"u~. Large effects, however, are possible
in models that contain LFV tree-level couplings or leptatpsa Here supersymmetric theories without
R parity and the Pati-Salam model should be mentioned. Sypenetry without R parity involves a
plethora of new couplings, which are different for all comdtions of quark and lepton flavour involved,
so that no other experimental constraints prevent largesfin B, — ¢(*;¥. Flavour physics in the
Pati-Salam model has been studied in [565].
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Table 21: Branching fraction upper limit&90% confidence level foB, — p+u~ from different experiments.

Experiment | Year | Limit [1077] Process Reference
DO 2007 75 ppatl.96TeV | [568]
CDF 2006 80 pp at1.96 TeV | [569,570]
CDF 2005 150 ppatl.96TeV | [571]
DO 2005 410 pp at1.96 TeV [572]
CDF 2004 580 ppatl.96TeV | [573]
CDF 1998 2,000 pp at1.8TeV [574]
L3 1997 | 38,000 ete™ — 7 [575]

Table 22: Branching fraction upper limits &0% confidence level foB,; — p* ™ from different experiments.

Experiment | Year | Limit [107Y] Process Ref
CDF 2006 23 pp at1.96 TeV | [569,570]
CDF 2005 39 pp at1.96 TeV [571]
BaBar 2005 83 ete™ = T(4S) | [566]
CDF 2004 150 pp at1.96 TeV [573]
Belle 2003 160 ete” — Y(4S) | [576]
CLEO 2000 610 ete” — Y(49) [577]
DO 1998 | 40,000 pp at1.8 TeV [578]
CDF 1998 680 pp at1.8TeV [574]
L3 1997 | 10,000 ete™ — 7 [575]
UA1 1991 8,300 pp at630 GeV [579]
ARGUS 1987| 45,000 |efte — T(45) | [580]
CLEO 1987 77,000 ete” — Y(49) [581]

3.4.2 Present experimental status &, — £1T£~ decays

The experimental searches f8;, — (¢~ have focused o3, — p*p~ andB; — ptp~. For the
ete™ final states, the branching fractions are suppressed véleot toB(B — it u~) by m2/m? =

2.3 x 1075, The best limit that has been setB{B — eTe™) < 61 x 107 @ 90% confidence level
(CL) [566]. Though the branching fraction of the' 7~ mode is enhanced by a factor of 212 with
respect to that of the ™~ mode, the only experimental upper limit from BaBaH¢B,; — 7777) <

4.1 x 1073 @ 90% CL [567]. This is less sensitive than the decBy— p*p~. Due to at least two
missing neutrinos in the decays of the twe the reconstruction of this mode is rather difficult, since
no kinematic constraint can be employed to eliminate bamkupls. At ane™e™ superB factory the
B, — 777~ mode may be observable by fully reconstructing éhameson in a hadronic mode and then
searching foB; — 777~ in the recoil system.

Thus,B; s — ptp~ are the most promising modes to test the Standard Model.e E&bsum-
marizes the searches f&, — p*pu~ by different experiments in the past two decades. Y&
CL upper limits are shown in Figufe 20 in comparison to the Stdjction. The lowest limit of
B(B, — ptp~) < 93 x 1072 @ 95% CL is obtained by the DO experiment usiagout 2fb~! of
pp data [568]. Using’80pb~! of pp data CDF achieved a branching fraction upper limit3{fB, —
ptp™) <100 x 1072 @ 95% CL [569,570]. The corresponding searchesByr— p+p~ are summa-
rized in Tabld2R. Here, the lowest limit &(B; — pTp~) < 30 x 1072 @ 95% CL is obtained by
the CDF experiment using80 pb—! of pp data [569, 570]. Thé0% CL upper limits are also shown in
Figure[20 in comparison to the SM prediction.

In the present CDB, — p+u~ analysis, the background level is at about one event, whie t
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branching fraction upper limi& 90% CL lies about a factor of 20 above the SM value. Thus, any aisaly
attempting to reach a sensitivity at the level of the SM prolh needs a significant improvement in
background rejection. Scaling the present CDF result toerlasity of 10 fb~! yields branching fraction
upper limits at90% confidence level 06.2 x 10~ for B, — putp~ and1.8 x 1079 for By — ptu~.

A simple scaling of the BaBar result iab~! yields B(B; — uTp~) < 9 x 107 @ 90% CL.
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Fig. 20: Compilation 0fd0% confidence level upper limits fd8(Bs — p ) (left) andB(By — ptp™) (right)
from different experiments in comparison to the SM preditti

3.4.3 LHC preparations for measurements of the very raBedecays

Three LHC experiments, LHCb, ATLAS and CMS, are aiming foe theasurement of very raig
decays. Differences in the detector layouts lead to diffiestrategies in data-taking, triggers and the
offline selections to maximize the gain of signal events.

3.4.3.1 Luminosity conditions and triggers

Whilst the nominal LHCb luminosity will bé2 — 5) x 1032 cm~2s~!, the forward muon stations can
identify muons with low values of transverse momenta, alhgathe first level trigger (LO) to collect
events with one or two muons withy values as low as.1 GeV/c [582]. Because the beauty cross
section grows rapidly at small transverse momenta, therloW€b luminosity is compensated by higher
b-production. ATLAS and CMS will start to collect the exclusidi-muonB decays at a luminosity of
few times1033 cm~2s~! and will later continue at the nominal LHC luminosity o4 cm—2s~!. Thus
rare B-decays will be recorded at all LHC luminosities. Howevez ttentral detector geometries will
allow muons to be recorded only abave ~ (3 — 6) GeV /c at the first trigger level (L1) [583,584].

First level triggers for the exclusive di-muds decays in LHCb, ATLAS and CMS are summa-
rized in Tablé 2B. In LHCb the strategy relies on both thelgimguon trigger withpr > 1.1 GeV/c and
di-muon trigger streams witllpy (up) > 1.3GeV/c. ATLAS and CMS will collect the majority of
their signal events @&x 1033 cm—2s~! through the di-muon trigger with the muon transverse moorant
thresholdss GeV /c and3 GeV /c, respectively. Such triggers will result in output ratesbbut700 Hz
and3500 Hz for ATLAS and CMS, respectively, and abdxi0 kHz for LHCb.

The high level trigger (HLT) strategy is similar for all tleexperiments. First, one confirms the
presence of trigger muon(s) by reconstructing tracks withé so called region of interest (Rol) around
a muon candidate and by matching reconstructed tracks immiee detector with tracks from the muon
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Table 23: L1(0) triggerpr thresholds. The output trigger rates are given for a luniipad 2 x 1032 cm 2571
(LHCb) and2 x 103 cm=2s~! (ATLAS/CMS).

Experiment L1(0) momentum cut L1(0) Rate
ATLAS 24 pr (1) > 6.0GeV/c 0.7kHz
CMS2u pr () > 3.0GeV/c 3.8kHz
LHCb 1 pr (1) > 1.1GeV/c 110kHz
LHCb 24 Ypr (up) > 1.3GeV/c  145kHz

system. Further, cuts are applied to the muons requiringthealues to be above GeV /c for LHCb

and abovel GeV /c and 6 GeV /c for CMS and ATLAS, respectively. Then, primary and secondar
vertices are reconstructed. Cuts on vertex quality< 20 and on the flight path of3, candidates
Ly > 200 um (ATLAS) and Lzp > 150 pm (CMS) are applied. LHCD (single muon stream) uses an
impact parameter cutP (i) > 3o0;p and for the di-muon stream the secondary vertex qualityéut

20. Finally, a cut on the invariant mass of the two muons is &gl GeV/c2 < My, < 6GeV/c2
(ATLAS), M, > 2.5 GeV /c? (LHCb di-muon stream), or a mass window around the nomihahass

of £150MeV /c? (CMS). The HLT rate is less than7 Hz for CMS and about60 Hz for LHCbh. A
detailed description of trigger algorithms can be foundbi®d-584].

3.4.3.2 Offline performance and signal selection

After the trigger the offline analysis faces the challengsedécting a signal from backgrounds of similar
topology. The most important offline performance paranseter the di-muon events in the kinematic
ranges accepted by triggers are given in Table 24. The eliftas lead consequently to different selection
strategies.

Table 24: LHC detector performance parameters fr ™~ events in the kinematic ranges of trigger accep-
tancesoy,, is the muon track impact parameter resolutiogy, , is the B; — w ™ mass resolution.

Experiment LHCb ATLAS CMS
pr *, GeVic >3 > 6 >4
O I'm, pim 14—-26 25-—-70 30-—50
o, MeV/ c? 18 84 36

In ATLAS the reconstructed di-muon invariant mags,, is required to be within an interval of
(—=70MeV /c2, +140 MeV /c?) around theB, mass. The isolation cut in the ATLAS experiment requires
no charged tracks withy > 0.8 GeV/c in an angular coné < 15° around theB, candidate. For the
reconstructed vertices the significance of the recongduttight path in the transverse plane defined as
L., /oy, is required to be larger than 11 and the vertex reconstrucfility parameteg?® < 15. The
space separation between two muon candidat&sis= /A¢? + An? < 0.9. Details of the study can
be found in [585].

In CMS isolation is defined as

pr(BY)
= > 0.85. 135
pr(BY) + Suklpr| — (135)

A value of X, |pr| is calculated for all charged tracks in a cone witf® = 1 around theB, candidate.
For the muon separation the value &R should be in the range (0.3, 1.2). The vertex cuts are the
following: L.,/or > 18 andx? < 1. The momentum of thé, candidate should point to the primary
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vertex: cos a > 0.995, whereqa is the angle between the momentum of fecandidate and the vector
connecting the primary and secondary vertiggs — V,,,..,,. A tight mass cut is applied)M,,, — Mp, | <
100 MeV /c2. Details of the study are given in [586].

In LHCDb the selection is divided into several steps [587isiRhe following soft selection cuts are
applied:|M,,, — Mp,| < 600 MeV /c?, vertex quality cuty? < 14, IP/o;p < 6 for the B, candidate,
secondary and primary vertex separatigy.. — Z,.im|/ov > 0, pointing anglex < 0.1rad, soft muon
identification for both candidates,( =95% ande, =1%). Further on three categories of discriminant
variables are introduced: Geometry (G; lifetinig,andy impact parameter, distance of closest approach
(DOCA) and isolation), PID (particle identification) and I{ihvariant mass). These variables are used
to compute the S/B ratio event by event, while no further emésapplied. Each event is weighted with
its S/B ratio in the signal sensitivity calculation. Usimgstmethod it is expected to reconstruct about 70
signal events pe? fb—! [587]. If the previous method is combined with the requiretr® > 0.7, with
no background events left, this leads to an estimate of 2takigyvents to be reconstructed in the same
period as above.

In Table[2% the number of signal events is shown for each expet for different integrated
luminosities. For ATLAS/CMS the number farfb~! is simply scaled from the one fao fb=!. In the
same way the LHCb number fan fb~! is obtained by scaling the number @fb—!. The CMS and
ATLAS studies for100 fb—! were published in [588] and [589], respectively. In the CMi&ly harder
selection criteria have been applied for high luminosigmnde the reconstruction efficiency for signal
events is lower with respect to lower luminosity.

Table 25: Number of signal events as a function of integrated lumiyo$he time after which the corresponding
luminosity will be delivered is indicated in parentheses.

Experiment 2fb—! 10fb—1 30fb—! 100fb—! 130fb—!
ATLAS 1.4 7.0 21.0 92 113 (4 years)
CMS 1.2 6.1 18.3 26 44 (4 years)
LHCb 20 100 (5 years) - -

3.4.3.3 Background studies
The search foB; — p* i~ has to deal with the problem of an enormous level of backgtoun

The largest contribution is expected to come from combimgtbackground. These events consist
predominantly of beauty decays, where the di-muon carelidaiginate either from semileptonic decays
of b andb quarks or from cascade decays of one of thejuarks. To determine the contribution of
this background LHCb simulated a sample of inclusibeevents, requiring that botb-quarks have
|#| < 400 mrad, to match, on the safe side, the LHCb acceptan@@fnrad. Nevertheless, the sample
of 34 million events corresponds to only 05316~ '. The study of this sample, however, showed that in the
sensitive region of phase space, the relevant backgroumdine two real muons fromdecays. Hence,

a specific sample of 8 million events was generated, correpg to an effective luminosity of 3¢b—1,
where for bothb-hadron decays a muon is required among the decay produdiSb luses this sample
to evaluate the background and extrapolates the result ioea mtegrated luminosity, for instance, 2
fo—!. In the sensitive regiond > 0.7) [587], no background event was selected, hence an uppir lim
of 125 events is estimated at®0CL. ATLAS simulatedbb events with two muons, requiring to have
transverse momengg > 6 (4) GeV /c for the first (second) muon. In CMS the cut for both muons was
pr > 3GeV/c. The pseudorapidity of each of the muons was required to lleeimangeln| < 2.4

in agreement with the trigger acceptances. Additionally dirmuon mass was required to be in the
interval M,,, < 8GeV/c? and5GeV/c? < My, < 6GeV/c? in ATLAS and CMS, respectively. The
number of background events generated with these cutsspomds tal0 (8) pb~! for ATLAS (CMS).
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Both experiments evaluated the background using theselessnamd extrapolated the results to a given
integrated luminosity. A10fb—! ATLAS expects 28-12 events [590] and CMS 1422 events [586].

Due to the high sensitivity of the LHC experiments, the baockgd composition may be changed
relative to the situation at the Tevatron. In addition to bomatorial background, contributions from
topologically similar rare exclusive decays as well as dagiification effects may become important.
We give a classification of the different types of these pidébackgrounds and several estimates of
their contribution.

First, let us consider the very rare dec®f5" — (%%, v)u™ p~ with branching ratios expected to
be~ 2 x 1078 [296]. A background contribution may arise when e is soft and escapes detection.
The di-muon invariant mass distribution has been modeledTipAS and CMS for cases whenz&*
is not reconstructed in the inner tracker, ory~) with E7 < (2 — 4) GeV escapes detection in the
electromagnetic calorimeter. Based on a full detector kittn CMS concluded that neither of the
processeB’ — yutp~, B* — ntptp~ or B — 7%+~ will contribute significantly in the
signal region. ATLAS reached similar conclusions for thetfitvo processes, while they plan to do
a detailed study for the third decay. These very rare decaprais are worth studying in their own
right, since some properties (for example the di-muon iavédmmass spectrum) are also sensitive to NP
contributions [296].

Decays into four leptons, such @t) — utpu~¢*y,, are another possible background source to

B, — ptu~. If the pr of one of the leptons is below the detector reconstructigralbiities, then there
are only two tracks observed from tligmeson vertex and the invariant mass of the di-lepton pair ca
be close to theB, ; mass. The expected branching fractions of these decays>ai®—°® and8 x 1075

for BT and B, respectively [591]. Using the fast simulation tool (ATLEA), ATLAS showed that the
number of background events froBt — u™p~ptr can be as high as 50 % of the accepted signal
events fromB, — ™ u~ with a SM rate. In CMS the analysis showed that the contidioufrom this
source is negligible. The difference is due to different snasolutions of ATLAS and CMS. LHCb
simulated a resonant mode of the four-lepton chalﬂfgl — (J/v — ptp~)pr in which two muons
are coming from/ /1. The study led to the conclusion that the background fromi¢dhannel in the mass
region+60 MeV /c? around theB, mass is less than 10% offa, — .~ signal within the SM.

The last category considered are backgrounds fiboecay channels where secondary hadrons
are misidentified as muons. The simplest backgrounds cametfre two-body hadronic decay; , —
K*71F,Bys — KTKT andB,  — 77 T. The background contribution can be estimated by assigning
to each of the final-state hadrons a probability that it wdaddregistered as a muon. This probability
was obtained from full detector simulations of large sammiEbeauty events. Such a study has been
performed at LHCb, resulting iR 2 events peRfb~! (in a +£20 mass window). CMS concluded
that these backgrounds are negligible. ATLAS studies apagress. Fake signal events can also be
generated by semileptoni8 decays such aB? — 7~ v, which have a branching ratie 1074 As
in the previous case, background can arise from ; misidentification and a soft neutrino escaping an
indirect identification. Similar channels to be accountdare B, — K~ ptv, andBT — K ptpu~.

3.4.3.4 LHCreachfoB, — utu~

The results of the signal and background studies describ#dteiprevious sections were finally used to
estimate upper limits on the branching ratio®f — x*u~, which are shown in Figurds P1 ahd] 22.
ATLAS and CMS used the algorithms of [164], while LHCb deysd the new approach published
in [587]. In all cases the results were given at 90% confidémad as a function of integrated luminosity.
The theory prediction foB(B; — pt ™) shown in Figure521 ald P2 uses the valug gf = (230 +

9) MeV extracted from the CDF measurement®i/p, = 17.8 4+ 0.1 ps~!. The prediction therefore
assumes that new physics neither affé8ts— "~ nor AMp,. Note that the above value fgi, is
also consistent with direct QCD lattice calculations (ssetion[2.4).
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Fig. 21: Branching ratio ofB, — u* .~ observed (3) or discovered (8) as a function of integrated luminosity
for ATLAS/CMS.
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Fig. 22: Branching ratio ofB, — u+u~ observed (3) or discovered (6) as a function of integrated luminosity
for LHCb.

After one year of LHC the expected results from LHCb will alltco exclude or discover NP in
Bs — pTp~. ATLAS and CMS will reach this sensitivity after three yeawsfter LHC achieves its
nominal luminosity, the ATLAS and CMS statistics will ina®e substantially. After five years all three
experiments will be in a position to provide a measuremetti@branching ratio oB; — p* ™.

3.4.4 Conclusions
The very rare decayB, — p*p~ are special in many respects. Their branching ratios ard snthe
Standard Model, but can be enhanced significantly in thelwitadied Minimal Supersymmetric Stan-

Q7



dard Model (MSSM). Leptonic meson decays belong to the phytgipics that can be experimentally
studied by three of the four major LHC experiments, namel\CBHATLAS and CMS. The LHC exper-
iments will probe the branching fraction &; — .+~ down to the Standard Model value and possibly
reveal a smoking gun signal of new physics well ahead of tteztisearches using high- physics. Irre-
spectively of whetheB(Bs — p+ ™) is found in agreement with the Standard Model predictionady n
the measurement will severely constrain the Higgs secttieoMSSM and will provide valuable input
for LHC Higgs physics: any sizable enhancemenB¢3;, — p* 1) implies a large value ofan 3, so
that the non-standard Higgs bosons couple stronglygoarks and--leptons. Then these Higgs bosons
will be dominantly produced in association witkets and will decay dominantly intb-hadrons and
T-leptons.
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3.5 UT angles from tree decays
3.5.1 Introduction

It is very fortunate that thé system allows an almost pristine determination of all tmeghangles from
“tree” decays.3(¢1) from J/¢ K g-like modes and/(¢3) from D K-type modes are genuine tree decays
and are theoretically very clean. The irreducible theorgrefi TE) for 5 is expected to be less than 1%
and may be even considerably less than that [39ZDn  the ITE is estimated at O(0.1%). Faf¢s)

the situation with regard to theory error is a bit more cogaikd. Isospin analysis allows, in principle,
extraction ofa(¢9) from 7w, pm, or pp, but electroweak penguin contributions (EWP) do not respec
isospin. So, in each of the three channels the EWP contiisitind other isospin violations are difficult
to ascertain rigourously. But given that there are thre@olis it seems reasonable that the theory error
even fora will be small, O(few%) (seeg.g, [594]). Given that we now have theoretical methods that
will allow us to quite precisely determine all the three a&sglwhich are fundamental parameters of
the SM, it is clearly important to determine them with aceyreoughly commensurate with what the
theoretical methods promise. In this brief report we willisnarize the current status as to our attempts
to extract these three angles directly from data collectedapily through the spectacular successes of
the two asymmetrid3 factories, followed by our guess estimates for the potkafia SuperB factory
(SBF) with regard to this goal. Of course, LHCb will soon lmegperation, and our expectations for the
precisions on tree-level angle determinations from LH@badso presented.

3.5.2 Angles fromB factories of today & of tomorrow

3.5.2.1 B¢

Measurements af’P asymmetries in the proper-time distribution of neufBatlecays ta_P eigenstates
mediated byp — ccs transition provide a direct measurementiof25 (= sin 2¢1). The time-dependent
decay-rate asymmetry for decaysd® eigenstates containing a charmonium aﬂdg%lmeson is given
by

Acp(t) = Sp—czs sin(Amgt) — Cp_, zs cos(Amgt). (136)
where Amy is the mass difference between the t#8 mass eigenstates. Since these decays are
dominated by a single (tree level) amplitutfe one expects to a very good approximatisi. .z, =
—nep sin 2 andCy_, s = 0 wherencp is the CP eigenvalue of the final state.

In 2001, both BaBar and Belle collaborations establisb&dviolation in the B system through
thesin 26 measurements ih— ccs decays [595, 596].

In the latest results, the BaBar collaboration [597], usiriy8 million BB events, includes the
CP-odd (cp = —1) final states/ /K2, ¥(2S)K2, xa K2 andn.K$ as well as theCP-even (cp =
+1) J/¥ K¢ final state. In addition, the vector-vector final statey K* with K* — K370, which is
found from an angular analysis to hayep close to+1 [599], is used. The Belle collaboration [598]
uses a sample 685 million BB events where only /¢y K2 and.J/¢ K? (golden modes) are analysed.
The results for-ncpSy_.s andCy_, s are given in Tableé 26 and in Fig. 123 and are atibelevel for
each collaboration.

The world average computed by the Heavy Flavor Averagingu@{tiFAG) [493] includes also
the results obtained by the ALEPH, OPAL and CDF experimentsis

sin 283 = 0.675 + 0.026 (137)

where most of the systematic uncertainties have beendraatencorrelated. This result suggests that on
the time scale of 2008, when an integrated luminosity ofioodi@ fb~! is expected from thé factories,
the total uncertainty osin 23 will be around 0.02.

%For a more conservative (but data driven) estimateaseeref. [593].
The same processes can be described by a penguin diagrambwinigs corrections at order \*.
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Table 26: Results for theCP-violating parameters in the — ccs decays:S,_..cs andCy_ zs. The B factory
averages are given after ICHEP 2006 as calculated by HFAG][4Bhe final world averages include also the
results from ALEPH, OPAL and CDF (which use only thigy K{ final state).

Experiment _nCPSb—wEs Ch— ces

BaBar [597] 0.710 £ 0.034 £ 0.019 0.070 + 0.028 £+ 0.018
Belle [598] 0.642 £ 0.031 £ 0.017 —0.018 £ 0.021 +0.014
B factory average 0.674 £+ 0.026 0.012 £+ 0.022
Confidence level 0.18 0.02

Average 0.675 £+ 0.026 0.012 £ 0.022

sm(ZB) sm(chl)@ i B=e, EER
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Fig. 23: (Left) World average of measurements$f . .z, as calculated by HFAG [493]. (Right) Constraints on
the (p, ) plane, obtained from the average-eficpSy—.zs and Eq[13)7.

The actuakin 23 result gives a precise constraint on ti#e7) plane, as shown in Fig. 23 and can
be compared with the expected value obtained with othert@nts fromCP conserving quantities,
and with CP violation in the kaon system, in the form of the parameter Such comparisons have
been performed by phenomenological groups: for exampderebult from the global UT fit without the
measurement ofin 243 is obtained by CKMfitter [8] to b®.8237) 01 or by UTTfit [209] to be0.759 +
0.037. Itis clear that the increased precision in the25 measurement is now revealing some tension
with the rest of the fit. This is mainly due to the actdig}, value, and in particular to the inclusive one,
strikingly in countertendency with respect to the reldtiMew value ofsin 23 [120].

With sin 23 being now a precision measurement, other analyses are peifagrmed in order to
remove the two-fold ambiguity unavoidable with a sine deieation.

Considering the3 meson decays to the vector-vector final state*?, in the case of a final state
not flavour-specific K** — K37°), a time-dependent transversity analysis can be perfoatieding
sensitivity to bothsin 25 and cos 26 [600]. Such analyses have been performed by Wgtfactory
experiments: from Table_ 27 we can remark that at presentethdts are dominated by large and non-
Gaussian statistical errors, but nevertheless it can Hetlsaticos 26 > 0 is preferred by the experimental
data inJy K*.

Finally, decays of3 mesons to final states such Az are governed by — cud transitions. If
the final state is @P eigenstatei.e. Dopn, the usual time-dependence formulae are recovered, with
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Table 27: Results from theB factories together with the HFAG averages [493] from Bfe— JyK*° and the
BY — D™ RO analyses.

BY — JyK*0 sin 23 cos 23

BaBar [602] —0.10 £ 0.57 £ 0.14 3327008 +0.27
Belle [603] —0.24 £ 0.31 £ 0.05 0.56 & 0.79 + 0.11
Average 0.16 + 0.28 1.64 +0.62

BY — D®RO sin 203 cos 203

BaBar [604] 0.45 £ 0.36 + 0.05 + 0.07 0.54 +0.54 + 0.08 +0.18
Belle [605] 0.78 4 0.44 £ 0.22 1874055 0%
Average 0.57 £+ 0.30 1.16 £ 0.42

the sine coefficient sensitive tn 23. Since there is no penguin contribution to these decaysg tke
even less associated theoretical uncertainty tham fer ccs decays likeB — Jng. When multi-
body D decays, such ab — ng+7r‘, are used, a time-dependent analysis of the Dalitz plotef th
neutral D decay allows a direct determination of the weak ph&se[601]. Such analyses have been
performed by botlB-factory experiments. The decaigs— D#°, B — Dn, B — Dw, B — D*r" and

B — D*nare used. The daughter decays Bre— Dr? andD — K2n"7~. The results are shown in
Table[27. Again, it is clear that the data prefes 23 > 0. Taken in conjunction with thdy K* results,
cos 23 < 0 can be considered to be ruled out at approximakedy [209]. Time-dependent analysis of
the decayB — D*+D*‘Kg also prefersos 23 > 0.

3.5.2.2 a(dy)

The CKM unitarity anglen(= ¢2), defined asx = arg {—%] is a measure of the relative phase

of the CKM elementd/,;, andV,, in the usual parameterizgtiglﬁ of the CKM unitarity matrixo$t of
the experimental information om is extracted from measurements of the charmless deBays =,

B — pm andB — pp, which can arise from the tree-level transitibn— u(ud), carrying the CKM
elementV,,;, (left diagram in FigC24). In a simple world, where a decay medch asB — 77~

is dominated by a single tree diagram, one needs only to me#se time-depender@P? asymmetry
Sxx = sin 2ce. However, a complication to this picture arises from thespree of loop (penguin) pro-
cesses (right diagram in Fig.]24), involving different CKMimx elements, but leading to the same final
states. The interference of the two diagrams then obsclieesonnection between tli&P observables
and the angley, requiring a “tree and penguin disentanglement” strategyé experimental program.
This involves a larger set of experimental observableshierdetermination of the angtethat includes
the time-dependenf’P” asymmetriesS; andC'; in B decays, and the branching fractions and direct
CP asymmetries in both neutral and chargédlecays. The net effect of the penguin amplitude is to
introduce the possibility of direa@P violation (Cy # 0) and a nonzero value dfaf = o/;ﬁ — a, where

oﬂ:ﬁ is determined from the relatiofly = /1 — C’J% sin 20/;7. For theB — ww decays, the penguin cor-

rectionAa™ can be determined from an isospin analysis [244] of the daogylitudes of theB — o
andB — & decays. (See Fif. 25.) A key element of this analysis is thadhing fraction for the de-
cay B — 7%, which is an indicator of the size of the penguin effects amisequently of the penguin
correctionAa™, which is bounded [606] byin? Aa™ < %. Ref. [211] proposes to add
information on the hadronic amplitudes to the isospin asig)yfor example by using the branching ratio
of B, — K™K~ to constraint the penguin contribution (even allowing SJ{faking effects as large

as 100%). This would help constraining the valuexpin particular eliminating the solutions at~ 0.
A system analogous to that of ti& — 7 decays is the family of thé&@ — pp decays B° —
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Fig. 24: The tree (left) and penguin (right) diagrams contributiog'¢tharmless”B decays such a8 — 7,
B — ppandB — p.

pTp=, BT — ptp° BY — p%%). While in general the3° — pp decays can be a mixture 6fP-even
and CP-odd components, the angular analysis of the ddg8&y— p*p~ (and alsoBT — p*p°) has
shown that th&'P-even component (longitudinal polarization) is domin&ence significantly simplify-
ing the time-dependeidiP analysis of the process [607,608]. As in the casB ef 7w, time-dependent
CP asymmetriesS}, andC,,, are used to determingf;. The branching ratio foB° — p°s° relative
to B — ptp~ andB — p*p° sets the scale of the penguin correctibn? = a’;j’} — «, which can be
determined from an isospin analysis of the decay amplitudes

Decay mode BR10°) St C (or Acp for BT)
BY =t 5.2 +0.2 —0.59 4 0.09 —0.39 +0.07
BT — g0 5.7+0.4 - 0.04 4 0.05
B — 700 1.3+0.2 - 0.367033 A 3
BY — ptp~ 23.1t§:§ AET O

[fr = 0.968 +0.023] —0.13+0.19 —0.06 +0.14
B+ - p+p0 18.2+3.0 b AB—TT) = AB*— ')

_ +0.044
[fr =0.912"003 - —0.08 +£0.10

BY — p0p° 1.16 £ 0.46

0.12
[fr =0.861713 - -

Fig. 25: Table: Summary of measured decay properties ofRhe: 7w andB — pp decays that are relevant to

the determination of the CKM unitarity angle We quote here the averages updated after ICHEP 2006 as given

by HFAG [493] with a total o882 million BB pairs from BaBar§47 million events [609]) and Belle5g5 million
events [610]) experiments. Figure: Isospin trianglestier® — 7w system.

In Table[25 we present the current status of measurementsiusiee determination aof: in the
B — nmand B — pp systems [493]. Nearly all components of the isospin anslysthe B — =
system are now measured, albeit with varying degrees oigiwac Also the current measurements allow
for the isospin triangles to close in both systeths

The fact that the branching fraction for the deday— 77" is of the same order as the branching
fractions forB+ — 77 and B — 77~ is indicative of significant contributions from penguin
amplitudes in this channel. Currently ti2 — p°p° search is giving the first evidence of a signal
(BaBar reporting 8o effect [611]) and thus a very preliminary measurement of#lte. Still, the major
advantage of thé — pp system over therr one is clearly evident from the suppressionf— p°p°
relative toB — pTp~ and B — ptp® decays, implying a much smalléxa correction and smaller
related uncertainties from this source. The curentcorrection upper limits ar&a.., < 41° at90%
C.L. from BaBar andA«,,, < 21° at90% C.L. from BaBar.

One other advantage of thg system is that, in contrast td'7°, a time dependertP-asymmetry
analysis of the)’p° final state will be possible as soon as enough statisticsvaiiable. This feature will

12This was not the case for tHig — pp system with the pre-2006 measurements.
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Table 28: Summary of measuredP-asymmetry parameters of ther system following the convention used
in [615]. We quote here the averages updated after ICHEP a8@@ven by the HFAG [493] with a total GD6
million BB pairs from BaBar§47 million events [613]) and Belle4¢9 million events [614]) experiments.

pTmT Q2B/Dalitz plot analysis

Sor Con AS,. AC,, AT
0.034+0.09 0034007 —0.02+£010 036+007 —0.13+0.03
Apr Ao
0.11 £ 0.06 —0.19£0.13

allow both $% andC® to be accessed. From a feasibility study we can foresee éar4h—! scenario
an error of 0.3 or5%’ and 0.25 orC. This information will greatly help in reducing the ambitjes in
the o extraction from this system.

The B — pm system presents a special case with the possibility of iaddit handles: the final
statesp™ 7~ andp~xT, which can be reached by boif andB°, have substantial overlap in the Dalitz
plot; thus their amplitudes interfere and generate additidependence amand the strong phases of the
final states. Quinn and Snyder [612] have shown that thefantrce effect can be exploited to extract
the anglea even in the presence of penguins. This involves the ampliamhlysis of ther Dalitz
distribution.

Thep* =T final states are nafP eigenstates, and four flavour-charge configuratigsiy B°) —
ptnT) must be considered. Both experiments assume that the adgsicorresponding to these final
states are dominated by the three resonapdes— andp®. Thep resonances are assumed to be the
sum of the ground state(770) and the radial excitations(1450) andp(1700). Possible contributions
to the B — 77— 7 decay other than thg's are studied as part of the systematic uncertainties. The
time-dependent analyses use a general parameteriZatibat allows to describe the differential decay
width as a linear combination of independent functions, sehcoefficients are the 26 free parameters of
the fit.

From the bilinear coefficients, both experiments extraet dhasi-two-body (Q2B) parameters.
Considering only the charged bands in the Dalitz plot, th& @B&alysis involves 5 different parameters
Spms Comy AS e, AC, and A7y, The first two parameterize mixing-inducét violation related to the
angle« and flavour-dependent dire€P violation, respectively. The second two are insensitive'id
violation: AS, is related to the strong-phase difference between the arde8 contributing tdB? —
pm decays, and\C,, describes the asymmetry between the r&tgs’ — ptr) +I(BY — p~n)
andI'(B? — p~at) + I'(BY — p*x™). Finally, A%y, is the time-independent charge asymme@?
symmetry is violated if either one of the following condit®is true: A%, # 0, C,r # 0 0r S, # 0.
The first two correspond t@'P violation in the decay, while the last condition & violation in the
interference of decay amplitudes with and with@tmixing. In Tabld 28, we report the HFAG averages
of the Q2B parameters provided by the experiments, whichldhze equivalent to determining average
values directly from the averaged bilinear coefficientse ©an transform the experimentally motivated
CP parametersAgy, andC, into the directCP violation parametersi}~ and.A,* defined in [615].
AT (A7) describesCP violation in B decays where thg is emitted (not emitted) by the spectator
interaction. Both experiments obtain values #y." and.A;~ which are averaged in the Taljle] 28. In
addition to theB® — p*7F Q2B contributions to the* 77 final state, there can also bebd — p°7°
component. Belle and BaBar have extracted the Q2B parasn&teociated with this intermediate state
which average toS 00 = 0.30 & 0.38 andC o0 = 0.12 + 38 (HFAG Summer 2007).

In Fig.[28, the plots of the averages and the separate resulte various"P-violating parameters

135ee for details Refs. [613], [614] and [493].
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Fig. 26: The experimental results on thi& asymmetry parameters in ther (left), pp (center) andpr (right)
systems, as summarized by HFAG [493].

are shown: it can be seen that the two collaborations, BaihBalle, are still discrepant at the level of
20 (1.50) inthe B — ntn~ (B — pTnT) system. In thep system, though, some updates to the entire
currently available statistics are still missing.

We can get an estimate of the current experimental valuemftting together all the analyses in
all the modes. The results on the Standard Model (SM) saiditam the two fitting groups aré92+7)°
for the bayesian approach [209] a(ﬁBisl)l)o for the frequentist approach [8]. From the same analyses
we can also extract the SM values using the UT fit constraints and without using dhiemformation:
(93+6)° for the bayesian approach a J_“i’g)o for the frequentist one. We can remark how the current
values are in very good agreement with the expected SM values

3.5.2.3 ~(¢3)
Measurement ofy from B decays to open charm

The possibility of observing dire¢tP violation in B — DK decays was first discussed by 1.Bigi,
A.Carter and A.Sanda [616,617]. Since then, various meathmdeasure the weak anglg= ¢3) using
B — DK decays have been proposed. All these methods are based keytwbservations: neutr&)°
and DY mesons can decay to a common final state, and the de@tay> DK+ can produce neutrdd
mesons of both flavours via— zus andb — 7c3 transitions (Figl_27), with a relative phage between
interfering amplitudes that is the suy + ~, of strong and weak interaction phases. For the decay,
B~ — DK, therelative phase 6. = ég — -, so bothdp and~ can be extracted from measurements
of such charge conjugate decay modes. The feasibility of themeasurement crucially depends on the
size ofrp, the ratio of theB decay amplitudes involved § = |A(BT — DK*)|/|A(B* — DK™))).
The value ofrp is given by the ratio of the CKM matrix elements V. |/|V;V,| and the colour
suppression factor, and is estimated to be in the range.2.J608]. These methods are theoretically
clean because the main contributions come from tree-léagrams (Figl 27}*. Various methods have
been proposed to exploit this strategy using different doatlons of final states. These approaches
include using the branching ratios of decays§'fe eigenstates (GLW method [621—623]) or using doubly
Cabibbo suppressed modes (ADS method [624]). A Dalitz plot analysis of a threshp final state of
the D meson allows one to obtain all the information required fierdetermination of in a single decay
mode [625-627]. Three-body final states suclﬁ(@sﬁw— [626,627] have been suggested as promising
modes and give today the best estimate of the angle

¥p-D mixing is neglected in the current analyses. This effectlmimcluded though [619] and is shown to be very small
within the SM [620].
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Fig. 27: Feynman diagram of thB* — DK+ andB+ — DK™ decays.
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Fig. 28: Rcp, andAcp, averages obtained by tliefactories [386].

In the GLW method, thé is reconstructed through its decayd® eigenstates. The experimental
observables are the ratio of charge averaged partial ftgs,, and the charge asymmetrycp, which
are related to the model parameters through the relaftops = 1 +r% +2rpcosdpcosyandAcp, =
+2rp sindpsiny/Rep, . CPy refers to theCP-even final statesy™n~ and Kt K —, andCP- refers
to theCP-odd final statesK97°, K2¢, Kow... Results are available from both BaBar and Belle in the
decay mode3* — DK* B* — D*K* and B* — DK** (Fig.[28). The errors folRcp, and
Acp, are typically 10% for the most promising modg;" — DK=*. A 3o significance for the charge
asymmetry of theé3 — DK mode seems to be within reach in the near future, wheln 1 of data will
be collected by each experiment. For the ADS method, usingpressed — f decay O — K+n—,
K*p~, K*r~...), the measured quantities are the partial rate asyngeti s, and the charge averaged
rate, Raps = I'(B~ — [f]pK~)/T(B~ — [flpK~). Raps is related to the physical parameters by
the expression?, + 1% + 2rprp cos(dp + dp) cos . The overall effective branching ratio is expected
to be small & 10~7), but the two interfering diagrams are of the same order ajnitade and large
asymmetries are therefore expected. The method has fonownis:~, r, 65 + ép and the amplitude
ratiorp. However, the value aof p can be measured using decaydbimesons of known flavour. If one
wants to use the ADS method alone, two modes need to be usarhu@ke, one can also combine one
ADS mode (as an example) with one GLAWP eigenstate. No significant signal has been yet observed
for the ADS modes at th& factories so onlyR 4 ps has been measured so far for th&é) K (*) modes
(Fig.[29). These measurements will bring soon valuabletcainss onr .

In the Dalitz methodD® and DY mesons decay into the same final statgr ™7~ [626,627] (or
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Fig. 29: Raps averages obtained by tligfactories [386].

K+n~70[625]). Assuming naCP asymmetry in neutrab decays, the amplitude of decay as a function
of Dalitz plot variablesn? = m%(%ﬁ andm? :migf isMy = f(m2,m%)+rper 08 f(m2 md),
wheref(m?%,m?) is the amplitude of th&® — K37 "7~ decay. The method has a second ambiguous
solution: ¢ + 180°,6p + 180°), since this transformation does not change the sum orrelifte of
phases that are actually measured.

Results from the twaB factories Belle and BaBar are available. The Belle collation uses a data
sample 0f386 x 10°B B pairs [628] where the reconstructed statesre— DK+, Bt — D*K*
with D* — D7% andB*™ — DK** with K** — K37. Analysis by the BaBar collaboration [629] is
based o847 x 10 BB pairs usingB™ — DKt andB+ — D*K* with two D* channels:D* — Dx”
and D* — D+ (the previous BaBar [630] publication includes also #sie — DK** channel but this
mode is not included in the recent update). The number ofntngacted signal events in the Belle's
data are331 + 23, 81 + 11 and54 + 8 for the Bt — DK™, Bt — D*Kt and BT — DK**
channels, respectively. BaBar fing88 + 23, 97 & 13 and93 + 12 signal events in th&+ — DK™,

Bt — D*[Dr°]K* and B* — D*[Dy]K* channels respectively. The amplitudds parametrized
as a coherent sum of two-body decay amplitudes (16 for BdBdior Belle) plus a non-resonant decay
amplitude and is determined directly in data from a large @edn sample of flavour-tagged decays
produced in continuuna™e~ annihilation. For example, Belle includes five Cabibbaakd ampli-
tudes: K*(892)tn~, K*(1410)*7~, K;(1430)*n~, K;(1430)* 7~ and K*(1680)" 7, their dou-
bly Cabibbo-suppressed partners, and eight channels wiflj and arr resonance:p, w, fo(980),
f2(1270), fo(1370), p(1450), o1 andoy . The parameters of the resonances obtained in the fit are
M,, = 519 4+ 6 MeV/c?, T, = 454 & 12 MeV/c?, M,, = 1050 + 8 MeV/c? andT,, = 101 £ 7
MeV/c? (the errors are statistical only), while the parametersefdther resonances are taken to be the
same as in the CLEO analysis [631]. The agreement betwealataend the fit result is satisfactory for
the purpose of measuringand the discrepancy is taken into account in the model weiogyrt

Once f is determined, a fit td3* data is performed to obtain the Cartesian parameters=
rycos(ty + dp) andysr = rysin(+y + dp), which have the advantage to be Gaussian-distributed,
uncorrelated and unbiasec(is positive definite and hence exhibits a fit bias toward lavgéues when
its central value is in the vicinity of zero) and simplify tla&eraging of the various measurements.
Figure[30 shows the results of the separfdteand B~ data fits forB — DK, D*K and DK* modes
in the x — y plane for the BaBar and Belle collaborations. Confidenceruais were then calculated
by each experiment using a frequentist technique (the keddsdeyman ordering in the BaBar case, the
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Feldman and Cousins ordering [632] in the Belle case). Theaevalues for the parameteysrp and

dp from the combined fit (using ther., v+ ) obtained for all modes) with their one standard deviation
intervals are presented in Talplel 29. Note that there are lemgelations between the fit parameters
andr . With the available data the statistical errorpimcreases with decreasimg and thus it depends
strongly on the central value ofz as determined by the fit. The uncertainties in the model used t
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Fig. 30: Results of signal fits with free parametars = r cosf+ andyy = rsinfy for Bf — DK+ D*K#*
and DK** modes from the BaBar and Belle latest publications [628].6Z8e contours indicate one standard
deviation.

parametrize thé° — ng+7r— decay amplitude lead to an associated systematic erroe ffit tesult.

These uncertainties arise from the fact that there is nauenitpoice for the set of quasi-2-body channels
in the decay, as well as the various possible parameteniatf certain components, such as the non-
resonant amplitude. To evaluate this uncertainty sevégahative models have been used to fit the data.

Table 29: Results of the combination #t — DK+, Bt — D*K*, andBT™ — DK*t modes for BaBar and
Belle analyzes. The first error is statistical, the secoraysematic and the third one is the model error. In the
case of BaBar, one standard deviation constraint is givethérp values.

Parameter BaBar Belle

v (92 4+ 41 4+ 11+ 12)° (53712 £3+9)°
rp(DK) < 0.140 0.15975:025 4 0.012 £ 0.049
65(DK) (118 & 63 4 19 + 36)° (146719 + 3 + 23)°
rp(D*K) 0.017 — 0.203 0.17570 058 + 0.013 4 0.049
6p(D*K) (—62 4 59 & 18 £ 10)° (302732 + 6 +23)°
rp(DK*) 0.56475:21% 4 0.041 £ 0.084
op(DK*) (243739 4+ 3 4 49)°

Despite similar statistical errors being obtained fox, y+ ) in both experiments, the resulting
~ error is much smaller in Belle’s analysis. Since the unaetaon ~ scales roughly as/rpg, the
difference is explained by noticing that the BaRar., y+) measurements favour values:of smaller
than the Belle results.

All methods (GLW, ADS and Dalitz) are sensitive to the samepeeters of the3 decays, and
can therefore be treated in a combined fit to extractSuch comparisons have been performed by

107



various phenomenological groups, such as CKMfitter [8] aiditJ209]. The CKMfitter group using a
frequentist statistical framework obtai(ig7 4 31)° whereas the UTfit group with a bayesian approach
obtains(82 + 19)°. This is in agreement with the prediction from the global CKiMwhere the direct

~ measurement has been excluded from the fit). As mentionéidretite size of the z parameters play

a crucial role in they determination and they are found to bg(DK) < 0.13, rg(D*K) < 0.13 and
rp(DK*) < 0.27 at 90% C.L. by Ref. [8] andz(DK) < 0.10, rg(D*K) < 0.12 andrg(DK*) <
0.26 at 90% C.L. by Ref. [209]. All values are in agreement with tiaédve expectation from CKM and
colour suppression.

Clearly, the precision ony will improve with more data. However, the dependence of dressiv-
ity on the value of-g means that we should be careful when extrapolating the piressults to a higher
statistics scenario. Assuming a valuergfin the range of 0.1-0.15, the statistical error obtainedhey t
end of theB factories (2 ab!) will be 10-15 degrees. The way to improve theensitivity in the near
future is to include moré® (and use of>*°) modes, with combined strategies [619], use of differéntia
spectra [633], many body modes, charm factory inputs [G8dhg with the use oB” modes [633,635].
Although at present (and until the end Bffactories era) they accuracy in thd(%wﬂr‘ analysis is
dominated by the statistical uncertainty, the model erridlr @ventually dominate in the context of a
Super B factory. Model independent ways to extrachave been proposed [625, 626, 636]. One way
to implement this is to notice that in addition to flavour tadd>? — ng+7r‘ decays, one can use
CP tagged decays t& 277~ from the(3770) — DD process. Combining the two data sets, the
amplitude and phase could be measured for each point on tiite plat in a model independent way.
Study with MC simulations (assuming= 0.2) indicates that with 50 at} of datay can be measured
with a total accuracy of few degrees [636]. Combining allittethods with the statistics anticipated at a
SuperB factory (50 ab!), it is expected that an error of about two degrees is olégn@hapter 4).

Measurement ofsin 23 + v from B decays to open charm

Interference between decays with and without mixing camioiccthe non€P eigenstates$3? —
DExF(pF). The Cabibbo-favoured — @ decay amplitude interferes with the Cabibbo-suppressed
b — u decay amplitude with a relative weak phase shifthese modes have the advantage of a relatively
large branching fraction but a small ratiof suppressed to favored amplitudes. Time-dependent asym-
metries in these modes can be used to constsai2s + ) [641]: the coefficient of thein(AmAt)
term can be written, to a very good approximationSas= 2r sin(23 + v % ), whered is the strong
phase shift due to final state interaction between the degayesons.

Potential competing’P violating effects can arise froh — wu transitions on the tag side if a kaon
is used to tag the flavour on the othBrin the event, resulting in an additionain term S'+ =
2r'sin(26 + v £+ §') [637]. Here,r’ (¢') is the effective amplitude (phase) used to parameterige th
tag side interference. To account for this term, one canitew™ as S* = (a = ¢) + b, where

a = 2rsin(26 4 v) cosd, ¢ = cos(203 + v)[2rsind + 2r'sind’'] andb = 2r'sin(26 + ) cos d’. The
results fromB factories [638—640] are shown férr and D*7 modes in terms of andc in Fig.[31.CP
violation would appear as # 0. External information is however needed to determire 6. Naively,
one can estimate ~ |V V,,/V,,qV;| ~ 0.02. One popular choice is the use of SU(3) symmetry to
obtainr by relating decay mode tB decays involvingDs mesons [641].

3.5.3 Expectations from LHCb
3.5.3.1 Introduction

This section summarises the outlook for measurements of @Kdyles through tree-level processes at
LHCb. All estimates are given farfb—! of integrated luminosity, which is a canonical year of LHCb
operation. (In the summary section, extrapolations armlsde tol0 fb~!, which represents five years
of operation.) Background estimates have been made usingj®dn simulated generiéb events and,
where appropriate, with specific samples of known dangetmpelogies. Full details may be found in
the cited LHCb notes and other references.
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Fig. 31: Results of thex andc measurements for ther (left) and D*= (right) modes.

3.5.3.2 Measuring? with BY — J/9 K3

The channeB? — J /¢Kg, with the J /v decaying tqu™* u~, is relatively easy to trigger on and recon-
struct at LHCb. In order to minimise systematic effectscigda cuts have been developed which impose
the least possible bias on the lifetime distribution of teeaying;°.

It is estimated that 333k untagged triggered events will biéected per 2 fb! of integrated
luminosity. Background studies have been performed usitayge sample of generibb events and
a dedicated sample of promgf+) events. The results indicate that the expected B/S ratio fhe two
sources is 1.1 and 7.3 respectively. The high backgroumd fn@mpt.J/+’s has little consequence for
thesin 23 sensitivity, as the events are restricted to low proper giniehe performance of the flavour
tag is determined from the similar topolo@? — .J/)K*° control channel. The statistical precision on
sin 23 with 2 fb~! is estimated to be 0.015. More information may be found i%]65

3.5.3.3 Measuringv with B® — pr and B® — pp at LHCb

The potential of LHCb in the decal’ — pr — 7t~ 7" has been studied extensively [642]. The hard
spectrum of ther’, together with the vertex constrains on ther— pair means that the decay can be well
isolated from background, even in the high multiplicity eamment of the LHC. A multivariate variable
is built up to exploit all available discriminating variasl It is estimated thadt4 x 10* events will be
accumulated per &~! of integrated luminosity. The acceptance for these everftrdy uniform over
Dalitz space, apart from in the region of |OWL£+7TO, mfr,ﬂo), which is depopulated due to the minimum
energy requirement on the.

The background has been studied with large simulated sangplgenerichb events and with
specific charmless decay channels. It is concluded thaBfi$eratio should not exceed one, a value
which has been assumed for the subsequent sensitivityestudi

The expected precision on the angléhas been estimated using a toy Monte Carlo, taking the
resolutions and acceptances from the full simulation, aondetiing the background as a combination
of non-resonant and resonant contributions. Repeatedxjpgrienents are performed, each of which
has 10000 signal events. Various scenarios have been eceitbr the relative values of the penguin
and tree amplitudes contributing to the final state. Thelt®shown here assume the ‘strong penguin’
case [643]. An unbinned log likelihood fit is used to extrée physics parameters of interest, in partic-
ular o. The achievable precision anvaries between amplitude scenarios, and fluctuates expetritn
experiment. The statistical error is beld@ for about 90% of experiments. The mean value is around
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Fig. 32: Change iny? with « for a fit to simulated experiments assuming the LHCb perforceavith 1000 signal
events and a B/S ratio of 1. Each curve corresponds to adiffexperiment. Superimposed in black is the average
of all experiments. The input value ofis 97°.

8°. On about 15% of occasions the fit converges to a pseudomsiofation, but these effects diminish
with larger data sets. Figurel32 shows the variatiog@rior fits to many toy experiments as a function
of a, and the average of these curves, with a clear minimum sdée atput value ofx = 97°. Studies

of potential systematic uncertainties indicate that it isdl important to have good understanding of the
p lineshape.

The performance of LHCb has also been investigated in thees®¥ — p*pT andB+ — p*p°.
It is concluded that although significant numbers of eveatslme accumulated, the total event samples
are similar in size to those that will come from tBefactories. More promising is the dec& — p°p°
which can be used in an isospin analysis to constrain thedniasarising from penguin contamination
in the channelB® — p*pT. 1200 events will be obtained perf@—!, assuming a branching ratio of
1.2 x 1075, More details on this analysis, and estimates of its impa¢he« extraction within possible
scenarios can be found in [642].

3.5.3.4 Measuring with B — DK strategies at LHCb

In principle all B — DK channels, where th® decays hadronically, carry information on the angle
~. LHCb has investigated several modes, with the emphasisase twhere the decays involve charged
tracks only. The presence of one or more kaons in the fina stakes these decays particularly suited
to LHCDb, on account of its RICH system. The estimated evezitlgifor the modes so far considered are
summarised in Table_ B0. Background studies have been @¢amieusing large simulation samples of
generichb events, as well as specific channels which are potentiateswf contamination, for example
B — Dr. In all cases it is concluded that the background levels earetuced to an acceptable level.
More information can be found in the referenced notes. Mditlyeostrategies that have been investigated
are common to those pioneered at fhéactories and discussed in Section 3.5.2.3.
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Table 30: Expected event yields and estimated backgroun@ for! in B — DK decay modes so far considered
at LHCb. In the rows where two signal yields are listed, thekiground corresponds to that expected in either
channel. All numbers come from typical scenarios preseintde references quoted in the text. The background
inthe D(KYK* K ~) K= final state has not yet been studied, but it is expected togéfisantly smaller than that

inthe D(K Y7~ )K* mode.

Decay Mode Signal Background
BT - D(KTK")K* 2600, 3200 3700 £ 1000
B* — D(rtn7)K* 900, 1100 3600 = 1500
B* - D(Kiij)Ki 28000, 28300 17500 + 1000
B* — (K¥ K 10, 400 800 + 500
B* — D(K*rFrtn )K* 30400, 30700 20200 =+ 2500
B — (Kﬂriﬂ T)K*E 20, 410 1200 + 360
B* — D(Kyrtr™)K* 5000 1000 — 5000 (90% C.L.)
BT — D(K0K+K YK+ 1000 /

B* - D(KtK - ntn™)K* 1700 1500 + 600

B* — (Drn" )(KiwﬂKi 16800, 16600 34300 + 11500
B* — (Dr%)(KTrH)K 350, 100 4800 + 3800
BT - (D )(Kiﬁ)Ki 9400, 9300 34300 + 11500
B* — (D )(Kﬂi) 10, 140 4800 4 3800
B° BY - D(KtK—)K*0, K*0 240, 450 <1000 (90% C.L.)
B BY — D(rtn™)K*0 70, 140 <1000 (90% C.L.)
BY BY - D(K*rF)K*0, K*0 1750, 1670 < 1700 (90% C.L.)
B BY - D(KFr*)K*0, K*0 350, 260 < 1700 (90% C.L.)

The simplest topologies afe — DK decays where th®° (D) decays to &’P-eigenstate such
asKtK~ orntn—, orto K*7¥. Of particular interest is the subset of highly suppress@&s’ decays
B* — D(K¥7%)K* where the interference effects are highest. The exact nuofileepected events in
this mode depends on the assumptionferthe ratio of the interfering? decay amplitudes. Assuming a
value ofrp = 0.08 leads to the expectation of around 400 events, integrated/®v and B~ channels,
with a variation dependent on the value of the strong phderelce between the diagrams involved in
both the B and D decays [644].

The 3-body Dalitz analysis 0K07r+ in B — DK decays has been successfully pioneered
at the B factories. Here too LHCb expects to make a significant doumtion with 5000 triggered and
reconstructed decays perfB~! [646]. A technical challenge in selecting these events ésgnted
by thosng’s which decay downstream of the VELO region; these decagsuatt for around two
thirds of the total sample. Although such events can be sgbadéy reconstructed offline, this procedure
is challenging to perform in the high level trigger, where #xisting track-search algorithm fd(g
daughters does not fit within the allocated CPU budget. lofed that this difficulty will be overcome.
The problem is not so critical for the sister 3-body mdde— KgK+K—, where the two kaons offer
the possibility of devising an inclusive high level triggeelection not dependent on the finding of the
K.

The 4-body moded) — K*nTrtr~ andD — K+tK nTx— are particularly attractive to
LHCDb as all the decay products are prompt charged tracksemmt on the charge of the decayiig
and the charges of the particles in thedecay, thei 7w channel accesses four possible final states, of
which the rarest twoB* — D(KTr¥rtn~)K™*, possess large interference effects through the ADS
mechanism. The expected sample size integrated over tivesehtinnels is about 400 events [647].



Provided that the sub-resonant decay structure can be fiittadfour-body amplitude analysis these
suppressed channels will provide high sensitivy t@ither in isolation, or in conjunction with the other
ADS modes. An analysis of the 4-body Dalitz spacekof K ~n 7~ accesses in a similar way to the
3-body self-conjugate mod& 277~ Here 1700 events are expected [647].

Extensions of the standafd — DK strategies have also been considered at LHCb. Detailed
studies have been performed®f — DK*°, where the charge of the kaon in theé® — K+ T decay
chain tags the flavour of the decayifij [648]. Here both the interfering® decay diagrams are colour
suppressed, and hence the interference effects are higreirt theB* case, although the branching
ratios are lower. Another method under studyBis — D*K*, where theD* decays either through
D79 or D%. As there is aCP-conserving phase difference nfbetween these two paths, separation
of the respective modes gives powerful additional consisan the analysis. At LHCb the energy of
the neutral particles is too low to permit efficient seleatitlowever, sufficient constraints exist in the
decay topology to allow a full reconstruction using the geartracks alone. Preliminary results indicate
a promising performance, although there are at presenfficisnt Monte Carlo statistics to make a
meaningful background estimate [645].

Assuming the Zb—! event yields listed in Table 80, and the background estisnatening out of
the Monte Carlo studies, full sensitivity studies have bperiormed for several of the analyses. The
precision ony depends on the parameters assumed. Taking= 0.08, the statistical undertainty is
found to be6 — 10° for a combined3* — DK* analysis involving the two-body D decay modes, and
D — Krnr, where the resonant substructure of the latter decay iarsnefglected [644]. A similar
sensitivity is found for theB? — DK*0 study involving two body modes only, where the ratio of the
interfering diagrams is taken to lie4 [648]. Estimates have also been made of theensitivity in
K§7r+7r— [646]. Including acceptance effects and background givigpiaal sensitivity of15°, again
takingrpg = 0.08. At present the only available studiessf” K 77~ [649] are for signal events only.
A background free analysis with the LHCb annual signal yisttlld have a statistical uncertainty of
14°, also withrp = 0.08. Systematic effects have not yet been considered, butliteady known from
the B factories that work is needed to improve the confidence inl2he» ngﬂr— decay model, an
issue which is likely to be important for all the 3 and 4 body &zalys.

Other decay modes remain to be investigated, for exaliple~ DK**, K** — K2r*. The
full power of theB — DK sensitivity will only come with a combined analysis of alkcassible decay
modes. The preliminary indications suggest tBat— D K decays will provide LHCb’s most precise
value of~, with a few degrees uncertainty being achievable with2! of data. There is no reason to
expect that the experimental systematics will signifigalithit this sensitivity, although more detailed
studies are required. It is clear, however, that residuaktainties associated with the understanding
of the D decay in the 3 and 4 body modes could be important. A possilgleasio is presented in the
Summary section based on arbitrary assumptions concettmisgource of uncertainty.

3.5.3.5 Measuring with B,, B, — DFKT andB°, B — D*r¥

The isolation ofB, — D KT decays is experimentally very challenging, because ofavebranching
ratio and the order-of-magnitude more prolific — D,m decay mode. The LHCb trigger system gives
good performance for fully hadronic modes and seléits» D KT events with an efficiency af9%.
The 7 — K discrimination of the RICH system reduces tBg — D, m contamination to~ 10%. It
is estimated that the experiment will accumulate 6.2k evpet 2fb—! of integrated luminosity, with
a combinatoric background to signal level-0f0.6 [650]. The excellent- 30 fs proper time precision
provided by the silicon Vertex Locator will ensure that tBg oscillations will be well resolved, and
hence allow the”P asymmetries to be measured. It is estimated that the gtatiptecision ony from
this channel alone will b&0° for 2 fb—!, assumingAm, = 17.5ps !, |AT's|/T's = 0.10 [650]. Note
that this extraction requires knowledge of the weak mixihgge in theB,; system, which is imported
from parallel LHCb studies performed with® — .J/v)¢ decays.
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A potential difficulty with theB, — D KT ~ extraction arises from ambiguities. In the limit
that AT’ is very small the analysis returns an 8-fold ambiguity. A+zeno value ofAI', in principle
ameliorates the problem, reducing the number of true aniti@guo four only, but even in this case the
eliminated solutions may in practice remain as false miniomeaccount of the limited experimental res-
olution. An attractive way to circumvent this difficulty is make a combined analysis of the observables
in the B, decay and those in the U-spin symmetB€ — D*#T channel [651]. This approach has the
added bonus of exploitingg® — D*7T decays in a manner which does not require knowledge of the
ratio between the interfering tree diagrams, which infifesystem is known to be very small, and hence
hard to determine experimentally. LHCb will accumulate Q' 8vents per Zb~! in this channel [652].
The combined analysis has the potential to reach a statigtiecision of°, depending on the values of
the parameters involved. Any bias associated with the d-spinmetry assumption also has a varying
impact on the measurement, depending on the position imedes space. In many scenarios the effect
is expected to be below the statistical uncertainty [653].

3.5.4 Summary

Table[31 presents a summary of the current status and thekdtr future direct measurements of the
angles of the unitarity triangle from tree dominatédiecays. The last column of this table is an estimate
of the ITE, which is the intrinsic error coming purely frometiretical limitations of the methods being
used. It seems that fein 23, at the end of the3 factory era with an estimates 2ab~! of data, the
experimental determination will be close to the expectedith error. In fact the theory erro(1%) is
somewhat smaller but apparently our current understariditigat experimental systematics are difficult
to reduce below about 2-3%. Measurementiaf25 at LHCb also looks very promising so far as the
statistical error goes.

For « although each of the three methods;, p7r, andpp will have a residual theory error due
to isospin violation by EWP and/or from other sources, it iste likely that once the experimental
information with high statistics on all the three modes Imees available the remaining intrisic theory
error will be small, O(few%). The currem factories and LHCb are expected to be able to determine
to an accuracy aroung® — 8°, i.e. considerably worse than the ITE. A Superfactory should be able
to attain the level of accuracy O(2%)ITE.

Unfortunately a precise determination of the angle likely to remain a challenge for a long time
to come. Admittedly we have been somewhat cautious in oyegions for theB factories and there
is some chance that we will gain more from combined strasegiempared to projections in this table,
as additional data becomes available in the next year or maeed LHCb should however be able to
do at least five times better than thise( an accuracy of about 2.6 degrees), with a final uncertainty
dependent on the errors associated with the knowledge @ thecay structure in the modes exploited
inthe B — DK channels. Itis interesting to note that with a SBF, and thg kiggh statistics associated
with an LHCb upgrade, the experimental errorprould approach 1 degree, but would still be larger
than that of the associated ITE.

Table 31: Unitarity Triangle from trees decays: Current status atdr&uprospects. ITE means irreducible theory
error; see text especially regarding the LHCb projections.

BF (Now)  BF(End '08) LHCb LHCb SBF ITE
[ Ldt ~1ap! 2ab! 2 b1 10 fo~! 50 aby !
o(a) 10° (11%) 7° (3%) 8.1° (9%) 16° (5%) 1.5° (1.6%) O(few %)
o(sin28)  0.026 (4%) 0.023 (3.3%)  0.015 (2.1%)  0.007 (1%) 0.013 (%) < 1%
o(v) 30° (46%) 15° (23%) 4.5° (7%) 2.4° (4%) 2°(3%)  0O(0.1%)




Lastly, we must caution the reader that the LHCb numbersie[tal are merely illustrative values,
extrapolated from present simulation studies, togethtr gértain (in some cases) arbitrary assumptions
about systematic errors. The estimated precisionsifo2 contain statistical uncertainties only, as
the experimental systematics are impossible to estimateeply in advance of first data. The values
for o are dominated by the input from th8® — pr analysis, with the conservative assumption of
a limiting systematic of°, associated with issues in the Dalitz analysis and the stafeting of the
p lineshape. They estimates includes inputs from th®, — D,K*, B* — D" (hh, hhhh)K®,

B* — D(K2rm)K* and B — D(hh)K*(K*7~) analyses. Here it is assumed that progress with
the understanding of th® decay structure will result in systematics 35f for the D — Kgmr mode,
and twice this for the 4-body decays. An arbitrafyerror is assigned to thBY channel to account for
the possibility of other amplitudes contributing th&hh) K+ 7~ final state. TheB* — DK® inputs
assume ampg value of 0.08. The assumed quantities for other parametergivzen elsewhere in the text
and references.



3.6 B-meson mixing
3.6.1 Introduction

During this workshop there has been a breakthrough in thererpntal study o3, — B, mixing with the
measurement of the following quantities: the oscillatimytiencyAm by the CDF collaboration [126],
the time-integrated untagged charge asymmetry in seroilépi3, decaysAgz"t and the dimuon asym-
metry Agy, by D@ [655, 656], theB; lifetime from flavour-specific final states [493, 657—66A], /T
from the time-integrated angular analysis®f — J/¢¢ decays by CDF [662], supplemented by the
three-dimensional constraint dq, AT,, and theB, — B, mixing phase from the time-dependent angular
analysis ofB; — J/1 ¢ decays by D@ [663]. These measurements can be comparecheiBtandard
Model (SM) predictions and used to constrain New Physics) @dBtributions to theB, — B, mixing

amplitude.

In this section we first discuss the theoretical predictiatithin the SM and their uncertainties.
We then present the results of a model-independent analfysl® in B, — B, mixing. We discuss the
implications of the experimental data for SUSY models bieagitallowing new sources of flavour and
CP violation in theB, sector or by considering a constrained Minimal Flavour &imn SUSY scenario.
The remainder of the section is devoted to the experimesfads of the measurements listed above
and gives an outlook for the LHC.

3.6.2 Standard model predictions

The neutralB; and B, mesons mix with their antiparticles leading to oscillatidmetween the mass
eigenstates. The time evolution of the neutral meson doubldescribed by a Schrodinger equation
with an effective2 x 2 Hamiltonian

-1 B
dt \ Bq Miy™ M 2 \I'iy Iy By

with ¢ = d, s. The mass differencAm, and the width differencéI’, are defined as
Amg=mi —mi, Al,=T9 -T%, (139)

whereH andL denote the Hamiltonian eigenstates with the heavier ahtHignass eigenvalue, respec-
tively. These states can be written as

B = (1B % (a/p), |By)) - (140)

V1+1(a/p)gl?

Theoretically, the experimental observables:,, AT, and|(q/p),| are related ta\/{, andT'%,.
In the B; — By and B, — B, systems, the ratib?, /M, is of O(m?/m?) ~ 1073 and, neglecting terms
of O(mj/m}), one has

AT ¢ q
_ q a _ _ 12 (4
Amg = 2| M|, . Re (M{12> , 1 ‘(p)q

The matrix elementd/}, and 'Y, are related to the dispersive and the absorptive parts of the
AB = 2 transitions, respectively. Short distance QCD correstitinthese matrix elements have been
computed at the NLO for botf/{, [687] andI'], [688—690]. The long distance effects are contained
in the matrix elements of four-fermion operators which haeen computed with lattice QCD using
various approaches to treat thgquark (HQET, NRQCD, QCD) [349, 691-696]. The correspondiag
parameters3 are found to be essentially insensitive to the effect of ienghed approximation (see sec.

2.4).

1 9
= —Im <ﬁ> . (141)
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The quantitylm(I'Y, /M{,) can be measured through the CP asymmetijrlecays to flavour-
specific final states. An important example is the semildptasymmetry

e, > _ N(By = I"X) -~ N(By, — I X)

= 2\ . 142
M%)~ N(By—I1tX)+ N(B, — I-X) (142)

ASSL :Im<

Two updated theoretical predictions &', /I's and for the semileptonic asymmetas; , ob-
tained by including NLO QCD an@®(1/my,) [697] corrections, are

AT, /T, = (T+3)-1072 | A%, = (2.56 £0.54) -107°  [690],
AT /Ts = (13+2)-1072 , A%, = (2.06+0.57)-107°  [698]. (143)

The difference in the central values Afl's/T"; is mainly due to a different choice of the operator ba-
sis [698] and it is related to unknow®(a?) and O(as/my,) corrections. Although the basis chosen in
ref. [698] leads to smaller theoretical uncertainties, ghit observed in the central values may signal
that the effect of higher-order corrections &', /T’ is larger than what could have been previously
estimated. We take into account this uncertainty by quo@sgfinal theoretical predictions in the SM,

the more conservative estimate [699]

AL Ty =(11+4)-107% | A%, =(23+05)-107°. (144)
ConcerningAmy, the SM predictions obtained by the UTfit and CKMfitter Cobladitions are

Amgs = (18.4+24)ps~ 1 [120] , Am, = (18.9757) ps~ [8]. (145)

3.6.3 B, — B, mixing beyond the SM

We now discuss the analysis 6 — B, mixing in the presence of new physics (NP) contributions to
the AB = 2 effective Hamiltonian. These can be incorporated in thdyaisin a model independent
way, parametrising the shift induced in the mixing frequeand phase with two parameterSg, and

¢s = 2¢p,, having in the SM expectation values of 1 and 0, respectijzig]:

SM+NP
(MNP

Cp,e'% = Cp, e*9ns =
S s SM
(M)

(146)

As for the absorptive part of th8, — B, mixing amplitude, which is derived from the double
insertion of theA B = 1 effective Hamiltonian, it could be affected by NP effecteN8 = 1 transitions
through penguin contributions. Such NP contributions veeresidered in [7,210]. We shall neglect them
in the present discussion. In this approximation, whicli®ived by most authors, NP entefls — B,
mixing only through the two parameters definedin (146).

Since the SM phase af;, /M7, is small in comparison with the current experimental seitsit
we shall assume in the following that CP violation/ mixing is dominated by the NP mixing phase
¢s. We then have

Al
SSL = m tan (238 (147)

and the same NP phasge will also govern mixing-induced CP violation in the exchssichannelB, —
J/¢ ¢. Note that the phases g, = Im(I'{,/M7,) and in theB, — J/¢ ¢ asymmetry are different
from each other in the SM, wheseg(—I';,/M7,) ~ —0.004 while the phase measuredity — J/v ¢
decay is—23, ~ —2\%n ~ —0.04 (see e.qg. [698]).

Making use of the experimental information described iril8e€.8, it is possible to constrafis,
ando¢p, [7,9,210, 665,698,700, 701]. We report here the resultsioéd in ref. [9].
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The use ofAT'y /T’ from the time-integrated angular analysisi®f — .J /1 ¢ decays is described
for instance in ref. [7]. Here we use only the CDF measurerf&8#] as input, since the D@ analysis is
now superseded by the new time-dependent study [663]. Tiee faovides the first direct constraint on
the B,—B, mixing phase, but also a simultaneous bound\dn, andT',. The time-dependent analysis
determines thé3,—B, mixing phase with a four-fold ambiguity. First of all, beingtagged, it is not
directly sensitive tasin ¢, resulting in the ambiguity¢s, cos d12) < (—¢s, —cosd12), whered; o
represent the strong phase differences between the traagvelarisation and the other ones. Second,
at fixed sign ofcos 41 o, there is the ambiguity¢s, AT's) < (¢s + m, —ATL's). One could be tempted
to use factorisation [698] aB; — J /v K* with SU(3) [702] to fix the sign otos d; 2. Unfortunately,
neither factorisation nor SU(3) are accurate enough to dirsmvconclusions on these strong phases.
This is confirmed by the fact that the two approaches lead posite results. Waiting for future, more
sophisticated experimental analyses, which could resthligeambiguity with a technique similar to
the one used by BaBar iB; — J/¢K* [602], we prefer to be conservative and keep the four-fold
ambiguity.

Compared to previous analyses, the additional experirignat discussed below improves con-
siderably the determination of the phase of g — B, mixing amplitude. The fourfold ambiguity
inherent in the untagged analysis of ref. [663] is somewdticed by the measurementsA¥; and
Agy, (see[(15D)), which slightly prefer negative valuesigf,. The results foilCs, and¢p,, obtained
from the general analysis allowing for NP in all sectors, are

Cp, =103+029 |, ¢ép = (—75+14)°U(=19+£11)°U(9+10)°U (102+16)°.  (148)

Thus, the deviation from zero g, is below thelo level, although clearly there is still ample room for
values of¢p_ very far from zero. The corresponding p.d.f. in tig_-¢ . plane is shown in fid._33.
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Fig. 33: Constraints o g, vs. Cp, from the NP generalised analysis of ref. [9].

3.6.4 B, — B, in SUSY with non-minimal flavour violation

The results orC's, and¢p, obtained above can be used to constrain any NP model. Asenesiing
example we discuss here the case of SUSY with new sourcesvofifland CP violation, following
ref. [703].

To fulfill our task in a model-independent way, we use the riassrtion approximation to evalu-
ate the gluino mediated contribution#o— s transitions. Treating off-diagonal sfermion mass terms as
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interactions, we perform a perturbative expansion of FCNplaudes in terms of mass insertions. The
lowest non-vanishing order of this expansion gives an éxaehpproximation to the full result, given
the tight experimental constraints on flavour-changingsiasertions. It is most convenient to work in
the super-CKM basis, in which all gauge interactions careysame flavour dependence as in the SM. In
this basis, we define the mass inserti(()&g)AB as the off-diagonal mass terms connecting down-type
squarks of flavout and; and helicityA and B, divided by the average squark mass (see[sekt. 1.3).

The constraints oii6%;) 45 have been studied in detail in ref. [116] using as experialénput
the branching ratios and CP asymmetries ef sy andb — s¢/*¢~ decays and the first measurement of
Bs — B mixing. We perform the same analysis using the full infolioraencoded irCz, andég,, and
the recently computed NLO corrections to thé? = 2 SUSY effective Hamiltonian [118]. We refer the
reader to ref. [703] for all the details of this analysis.

For definiteness, we present here the results obtained msiclypan average squark massso
GeV, a gluino mass di50 GeV, p = —350 GeV andtan 8 = 3. The dependence gnand ontan  is
induced by the presence of a chirality flipping, flavour coviegy mass insertion proportional fotan (.
In Fig.[34, we show the allowed ranges in the(Rg) , ,-Im(3;) , ; Planes. The corresponding upper
bounds at 95% probability are presented in Table 32.

Table 32: Upper bounds at 95% probability on the mass insertion paesigdg;) , , |, see the text for details.

|93) | | 1(955) il | 1(925) popnl | |(985) b

2.-107Y | 7-1071 5-1072 5-1073

One finds that the constraints §fg;), , and (6%;),, = (8%;) ,, come from the interplay of
B, — B, mixing with b — s decays.(09;) .., is dominated by the information B, — B, mixing, while
(693) ;  @and(093) ., are dominated bA B = 1 processes.

3.6.5 B, — B, in SUSY with minimal flavour violation

As a second model-specific case for meson mixing we mentianahSUSY with Minimal Flavour
Violation (MFV). The MFV scenario is defined, in general, it the effective field theory approach of
ref. [10]. In the specific case of SUSY, the soft squark massdgparametrised in the previous section
in terms of mass insertions, are expanded in terms of the S¢wa couplings [10, 38] and the relevant
parameters become the expansion coefficients. A detailsdmmaixing study within this approach has
been performed in ref. [42] and for lovan G shows that: (i) NP contributions araturally small, for

A M, of the order ofl /ps; (ii) such contributions are always positive; (iii)ifis not small, gluino con-
tributions enhance (even for lowin 3) scalar operators, which then spoil the phenomenologictline

of (V-A) x(V-A) dominated MFV [12]. In particular item (i) emphasist#®e importance of precision
determinations for lattice parameters ligaf NP is of minimal flavour violating nature.

3.6.6 Present experimental situation

New information concerning th&8, mixing parameters became available during the work$Hapour

in the Era of the LHCThe highlight was the measurement®, by D@ and CDF. The D@ experiment
used the semileptoniB; — D;urX decays withD; — ¢x , and determined a 90% confidence range
for Amg: 17 < Amg < 21 ps~!. The initial CDF result yielded aB3observation of3, — B, mixing by
making use of semileptonic and hadronic decay modes [66W]tl$ after CDF published an improved
analysis [126]. In this analysis the signal yield was inseshby improving the particle identification
and by using a neural network for the event selection, whilchiva the use of additional decay modes.
Moreover the flavour tagging was improved by adding an oppeasde flavour tag based on the charge
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of the kaons, and by the use of a neural network for the cortibmaf the kaon, lepton and jet-charge
tags. The result foAm, equals

Amg = 17.77 £ 0.010 £ 0.07 ps~ L. (149)

The probability that a statistical fluctuation would produhis signal i8 x 10~8 (> 50 evidence). This
value forAm is consistent with the SM expectation, see Bq.(145). The f&t;/V;s| was determined
by CDF as well [126], and equals2060 = 0.0007(Ams) 700088 (Amg + theory).

Also information on theB,; mixing phase became available [663]. The D@ experimenbpasd
two independent measurementsA¥, , defined in[(14R), using the same sign dimuon pairs [656] and
time-integrated semileptonic decal$s — uv D, with Dy — ¢ [655].

The same sign dimuon asymmetryihdecays at Tevatron can be expressed as [665]:

e N(bb — ptutX) = N(bb — p~p=X)  faZgAlp + fZAY, (150)
ST N gt X) A NG — e X faZa+ foZs
1 1
Zg = 1—y3_1—|—x(21’ zg =AMy /Ty, Yq = ATq/(2Tg).
Here f; = 0.398 + 0.012 and f;, = 0.103 £ 0.014 are theB,; and B, fragmentation fractions. The
measured asymmetys;, was presented by D@ in Ref. [656]:

fsZs &
faZq St

Measurements ofi¢, were performed by thefactories. The average value @t is [665]:

Asp(DO) = AL, + —0.0092 + 0.0044(stat.) + 0.0032(syst.). (151)

A%, = 40.0011 %+ 0.0055 . (152)
This leads to the value ofg; from the same sign dimuon asymmetry:
S, = —0.0064 £ 0.0101 . (153)

Recently D@ has also presented a time-integrated direcdume@ent ofA.S L° using semileptoni@; —
D* ¥y, decays [655]. They measure:

S = 4+0.0245 £ 0.0193(stat.) £ 0.0035(syst.). (154)

These two measurements 4f; are independent and their combination gives the chargerasym in
semileptonicB, decays: Ag; = 0.0001 £ 0.0090 [666]. The analysis of the time-dependent angular
distributions inB; — J/1¢ decays yields both the decay width differens€, and CP violating phase
¢ [663]:
ATy =0.174+0.09 £0.03 ps—!,
¢s = —0.79£0.56 +0.01. (155)
Combining the results fod?;, ALy, ¢, and using the CDF result on the mass differedoe, [126]
gives an improved estimate for, and AT, [666]: :
ATy =0.134+0.09 ps~!,
s =—070%055 . (156)
Also new results have been released recently concerning thfetime andAT's. At D@ the B, lifetime
for By — DsuvX was measured to be398 + 0.044(stat) ") 538 (sys) ps! [661]. The averageB;
lifetime equalsl.466 + 0.059 ps~! [119]. CDF published the measurementdf; = 0.477031(stat) +
0.01(sys) ps~* [662].
In the near future the LHC experiments LHCb, ATLAS and CMS atirt to provide information

on B, — B, mixing. In the following sections the sensitivity of LHCbtioe B, mixing parameterd\m,
AL, ¢s and Agy, and the prospects for CMS will be discussed.
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3.6.7 LHCDb

The LHCb experiment is designed as a single-arm forwardtsgaeter to study decays and CP viola-
tion. Its main characteristics are precise vertexing, ieffictcracking and good particle identification. The
high-precision measurements at LHCb will enable furthetstef the CKM picture, and probe physics
beyond the SM. This is in particular true for the measurenoérdd, — B, mixing parameters such as
Amg, AT, ds andASL.

LHCb will run at a nominal luminosity off = 2 x 1032 cm~2s~!. Assuming abb production
cross-section of,; = 500 pb, this will correspond to an integrated luminosity2fo~! per nominal
year of10” s of data taking. All event yields quoted below areZdb~—'. They have been obtained from
a full Monte Carlo (MC) simulation of the experiment, whigitiuded the following: pileup generation,
particle tracking through the detector material, detadletector response (including timing effects such
as spillover), full trigger simulation, offline reconsttiom with full pattern recognition, and selection
cuts. High-statistics samples of signal events have bemtuped for a detailed study of resolutions and
efficiencies. Combinatorial background has been studigdy@ssample ok~ 27M inclusive bb events
corresponding to about 10 minutes of data taking, whiletifled physics background sources have been
studied with large specific background samples.

3.6.7.1 Sensitivity tdhm, from By — Dgm

S F o
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N 5 B; ~ Do e [Jtagged as mixed
N7 C - \ — . il . .
g 14000i # Bd Drt S’ 300 = — mixed & unmixed & untagged
£ 12000£= ¥ } “incl. bb 8 250F
* 10000 ! . 5 F
F 5 UCJ 200;
8000— £
C A 150
6000— Y F
F * 100
4000 '* E
2000 S 501
£ wdiaL . 0:‘1‘H\HH\HH\HH\‘H
0 5300 5400 5450 0 1 2 3 4 5 6
My, (MeVic?) T(ps)

Fig. 35: Left: Reconstructe®, — D,m mass distribution from full MC simulation, after triggerdhall selection
cuts [667]. The points with error bars represent the sigmabf arbitrary vertical scale). The histogram represents
the B — D~nT background and the dotted flat line represents the upperdithe combinatorial background
from bb events, normalised to the signal. RigiReconstructed3, — D,m proper time distribution from full
MC simulation of the signal, corresponding to an integratedinosity of 0.5 fo~* [667]. The lower histogram
represents the events tagged as mixed. The backgroundshawen.

The mass differenc&m, between the mass eigenstates of fhe— B, system is best measured
as the frequency of the oscillatory behaviour of the proee distribution of flavour-taggeB, mesons
decaying to a flavour-specific final state. The best chanm¢hi®at LHCb isB, — D,m , with the sub-
sequentD} decay toK ™ K~ nt, because of its easy topology with four charged tracks aneiatively
large branching fraction oB(B, — D,n) x B(D} — KTK~—7%) = (1.77 £ 0.48) x 10~ [667].
Such decays can be detected, triggered, reconstructededentes! with a final mass resolution of
~ 14 MeV/c? (see Fig[3b left) and a total efficiency of about 0.4%, legdina yield of(140k + 40k)
events in2 fb~!. After the trigger and selection, the combinatorial backmd is expected to be domi-
nated bybb events, and has been estimated to be less than 5% of the ai@®o CL, in at50 MeV/c?
mass window around the signal. Using the same sample of afetilb events, the background from
partially reconstructed-hadron decays in the same mass window has been estimatedléssbthan
40% at 90% CL. This includes partially reconstructedand B, decays. A dedicated study showed that
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the background fronB — D~7" decays (where one of the charged pions fromZhdecay could be
misidentified as a kaon) is approximately 5% of the signal.

The proper time resolution, obtained on an event-by-evasislirom the estimated tracking errors,
typically varies between 15 fs and 80 fs with an average vafue 40 fs (dedicated studies are being
done at LHCb to model the proper time resolution [668] ancetify the estimated tracking errors [669]
with data). A flavour tagging power afD? of at least 9% is achieved on the MC signal, combining
several tags in a neural network: a muon or electron frombthe ¢ decay of the otheb-hadron, a
charged kaon from the — ¢ — s decay of the otheb-hadron, the vertex charge of the otlénadron,
and a charged kaon accompanying the sighaiin the fragmentation chain [670].

The statistical uncertainty on the measuremenhef, using an integrated luminosity affb=!
is expected to be-0.007 ps~! [650]. It will be dominated by systematic uncertaintiesatet! to the
determination of the proper time scale. Figuré 35 (rightvshthe proper time distribution from which
such a measurement could be extracted.

The By — D,m sample will play a crucial role as a control sample in all tidependent B
analyses; indeed it can be used to measure directly theodil(due to flavour tagging and proper time
resolution) on thein(Amgt) andcos(Am,t) terms in time-dependent CP asymmetries. It will also be
used as a normalisation channel for many measuremetis lofanching fractions. More details on the
selection ofB; — Dsm events can be found in Ref. [667].

3.6.7.2 Sensitivity te, and AT, from exclusiveh — ¢cs decays

The B, — B, mixing phasep, can be measured from the flavour-taggégddecays to CP eigenstates
involving theb — &c5 quark-level transition. The best mode for this at LHChAs — J/1¢ .
However, in this case, the vector nature of the two particiéke final state causes their relative angular
momentum to take more than one value, resulting in a mixtéit@Reven and CP-odd contributions.
An angular analysis is therefore required to separate them statistical basis. This can be achieved
with a simultaneous fit to the measured proper time and deecainsversity angle of the reconstructed
decays. Such afitis sensitive alsadd's because of the presence of the two CP components.

The sensitivity tap, has been studied so far with the following modes:

— Bs — J/Y(ptp7)p(KTK ™) [671,672]
- Bs = n(ntrata ,ntn KK~ KTK - KTK " )¢(K+TK™) [671,672]
= By — J/(u*u)n(yy, 7t rma%) [671,672)]

— Bs = J/Y(utp7)n' (n(yy)mta, p(nt o )y) [673,674]
— B, » DH(K*K— 7D (KTK~7~) [671,672]

The results are summarised in Tablé 33. For each signal avéiné full simulation the proper
time and its error are estimated using a least-squares fi¢ distributions of the proper time errors
(scaled with the sigma of their pull distribution) are shoimnFig.[36. Most channels have a proper
time resolution below 40 fs. A good proper time resolutioimigortant for resolving the fag, — B,
oscillations.

The sensitivities to thé, — B, mixing parameters are determined by means of fast paraisester
simulations, with the results of Talile]33 as inputs. A largmber of experiments are generated assuming
the following set of parameters\m, = 17.5 ps~!, ¢, = —0.04 rad, AT's/T's = 0.15, 1/T's = 1.45 ps,
and a fraction of CP-odd component Bfr = 0.2 (for B, — J/1¢ ). The different parameters are
extracted by performing a likelihood fit to the mass, properet and transversity angle (fd8, —
J/v¢ ) distributions, including a background contribution. The- éc5 likelihood is simultaneously
maximised with a similar likelihood for th8;, — D,m control sample such as to constraim:; and the
mistag fraction from the data. The background propertiesdatermined from thé&, mass sidebands.
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Table 33: Characteristics of different exclusibe— écs modes for the measurementgyf. The first 6 columns of
numbers are obtained from the full MC simulation. They repre the expected number of triggered, reconstructed
and selected signal events with an integrated luminosiy fof ! (before tagging), the background-over-signal
ratio determined mainly from inclusivé events, the3, mass resolution, the average value of the estimated event-
by-eventB, proper time error scaled by the width of its pull distributjghe flavour tagging efficiency, and the
mistag probability. These parameters have been used astingdiast MC simulation to obtain the sensitivity on
¢, given in the last column. The last line describes the cortiahnel (see text).

Channel 2fo~! | B/S Omass Otime | €tag | Wiag | 0(®s)
yield [MeV/c2] | [fs] | [%] | [%] | [rad]
By — J/¢ 131k | 0.12 14 36 57 33 | 0.023
By — 1.0 3k | 0.6 12 30 66 31 | 0.108
By — J/Yn(yy) 8.5k | 2.0 34 37 63 35 | 0.109
Bs — J/yn(rTr—7%) 3k | 3.0 20 34 62 30 | 0.142
Bs — J/Yn (nrtw7) 2.2k | 1.0 19 34 64 31 | 0.154
Bs — J/vn' (py) 4.2k | 0.4 14 29 64 31 | 0.080
By — DDy, 4k | 0.3 6 56 57 34 | 0.133
B, — Dgm 140k | 0.4 14 40 63 31 —
Z:'; 0.08
S’ E Mean 1, error p,,, scaled with Z;
. 0.07F
<Z(. = Bs - Ne @ Heyy = 30.4 5,2, = 1.16
0.06— | e By — J/Y n(Tom), Y, = 33.6 fs, 2, = 1.32
o pgeiniik L B, - JY@p,, =360fs,5 =122
005~  fsTPe L B. — JWN(W), Hoy = 37.1 75,5, = 1.22
0.04F- B b e B — Dy TL g, = 39.8 15,5, = 1.21
= B B; — D, Dyl = 56.0 fs, %, = 1.26
0.03 b
0.02—
001F- i
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Bg: 1, error scaled with pull [fs]

Fig. 36: Distribution of the event-by-event proper time resolutjts} for different B, channels, as obtained from
the full MC simulation. The normalisation is arbitrary.

The physics parameters, extracted in the signal region alitbther parameters fixed, atg, Amg,
Ars/rs, 1/Fs, Wtag, andRT (fOf BS — J/'l/)qb )

The sensitivities ta, for the different channels, obtained as the rms of the Oigion of the fit
results, are given in the last column of Tablé 33. They getigrease with increasirjgs|, and do not
depend much oAT's/T's. For instance, the statistical uncertaintyg@nfor ¢s = —0.2 rad is+0.026 rad
from B, — J/¢¢ alone, with2 fo~! [671]. The best performance is achieved with e — .J/1¢
sample, which also yields a statistical precisiontaf.0092 on AT's/T's (2 fo~!). The ¢, sensitivities
obtained from the other modes (which are pure CP-eiges3tate not as good, but still interesting.
Combining all modes, a statistical uncertaintfys) = +0.0092 rad is expected afteio fo—L.
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LHCb has the potential to perform the first significant measwent of¢,, test the consistency
with the SM expectations, and possibly uncover New Physiasrhay be hiding i3, — B, mixing.

3.6.7.3 Sensitivity telg; from By, — D,uvX and B, — Dgm

The CP-violating charge asymmetry;; is an important parameter to constrain new physics contribu
tions in B, mixing, see Section 3.8.31%, is accessible by measuring the charge asymmetry of the time-
integrated rates of untaggétl decays to flavour-specific final states suchibasu v X or D nt [675].

In LHCb the asymmetryl%; is measured by fitting the time-dependent decay rates. Tétisod allows

a determination ofd%; also for a non-zero production asymmetry®f and B, mesons which, at the
LHC, is expected to be aP(1%). Based on a large sample of fully simulated inclugivesvents and

a dedicated signal sample, LHCb estimates a signal yieldwfB, — D,uvX events in2 fo~! of
data, with a3 /S ratio of about 0.36 [676]. This leads to a statistical prieci®f +0.002 on A%, [677].

A similar analysis based on 140k, — D,m events is expected to reach a precisiont6t005 with

the same integrated luminosity ffb~! [677]. Systematic uncertainties are expected to be doetdnat
by the detector charge asymmetry, which needs to be detednsi@parately. A method is proposed to
control the detector charge asymmetry by measuring therdifteds; — A‘é 1 using B and B, decays

to the same final state, e.3; — D;pu"vX andB; — D ptvX, whereD; — KtK~ 7~ and
D~ —-KTK 7.

3.6.7.4 Correcting for trigger biases in lifetime fitting @t Cb

Lifetime measurements at LHCb will help for the detectoibrakion and provide tests of theoretical

predictions based on the heavy-quark expansion. In ordexgiwit the full range of decays available at

LHCDb, it is important to have a method for fitting lifetimeshadronic channels, which are biased by the
impact parameter cuts in the trigger. We have investigatethate-Carlo independent method to take
into account the trigger effects. The method is based onleding event-by-event acceptance functions
from the decay geometry and does not require any externat.irurrent results with the method are

given in [678]. The method is described, for the case of twdylbdecays, in [679].

The decayB; — D~ 7" has an expected yield of 1.34M events pdb~!. The S/B ratio is
expected to be around 5 [652]. Fitting thy lifetime with 60k toy Monte Carlo signal events achieves
a statistical precision of 0.007 ps, while fitting to 60k siand 15k background events achieves a
precision of 0.009 ps (the current world average is 1.530.009 ps [119]). A similar result is seen in
data generated with the full LHCb detector simulation [67Bherefore, although the systematic errors
associated with this method are unknown at the moment, wexqaact a very good measurement of the
B, lifetime using the decayy; — D7 ™T.

3.6.8 CMS
3.6.8.1 Sensitivity ta\I'

Also at CMS the decay; — J/v ¢ — putu~ KK~ is being studied [680]. Several important back-
ground processes have been identified. The prafmptproduction is the main source of background
at trigger level, since it represents a dominant contrdouto the Level-1 dimuon trigger rate. For the
offline selection, the main background is the inclusiveadgc— .J/i) X. The decayBy — J /v K*0 —
uwTu~ KTr~ is of particular concern, since the pion can be mistaken ta kaon, and hence the de-
cay be misidentified a®; — J/v ¢ . Furthermore, the final state of thi3; decay also displays a
time-dependent angular distribution similar to that of tedecay under study, with different physical
parameters. Th&, decay chain is selected at Level-1 by the dimuon trigger. [&tier demands two
muons with a transverse momentum ab8v@eV /¢, and the additional requirement that these muons
have opposite charge can be used.

In the HLT [681],b candidates are identified by doing a partial reconstruafdhe decay products
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in the tracker in restricted tracking regions and imposmgiiant mass and vertex requirements [682].

The HLT selection of the decals — J/¢ ¢ has been separated in two steps. In the first, called
Level 2, J/i» candidates with a displaced vertex are identified. Trackstlzen reconstructed in the
tracking regions defined by the Level 1 muon candidates, kivdek pairs of opposite charge for which
the invariant mass is within50 MeV /c? of the world-average//s») mass are retained. To remove the
prompt J/y» background, the two muon candidates are then fitted to a contecay vertex and the
significance of the transverse decay length is required t@bloge3. With this selection, the accepted
rate is reduced to approximately 15 Hz, with 80% of #te originating in the decay df hadrons.

Next, at Level 3, a further reduction is achieved by doingleréconstruction of the3, decay. To
reconstruct the kaons, the tracking region is chosen arthendirection of eacli/;) candidate. Assign-
ing the kaon mass to the reconstructed tracks, all opppsitelrged track pairs for which the invariant
mass is withir20 MeV /c? of the world-average mass of tiemeson are retained, for a resolution in the
invariant mass of the meson of4.5 MeV /c2. With the two muon candidates, the four-track invariant
mass is required to be with200 MeV /c? of the world-average mass of tii meson. The resolution
in the invariant mass of th8; meson is found to b85 MeV /2. Here as well, a vertex fit of the four
tracks is performed, imposing a similar requirement as ebdhe total rate for this selection is well
below 0.1 Hz, and a yield of approximatels6000 signal events can be expected witl3it fb~* of
data.

In the offline selection, candidates are reconstructed baang two muons of opposite charge
with two further tracks of opposite charge. As CMS does natspss a particle identification system
suitable for this measurement, all measured tracks have tmwhsidered as possible kaon candidates,
which adds a substantial combinatorial background. A kimt#rfit is made, where the four tracks are
constrained to come from a common vertex and the invariasssroathe two muons is constrained to
be equal to the mass of th&y . With this fit, a resolution on the invariant mass of tBg meson of
14 MeV /c? is found. The invariant mass of the two kaons is required tovitein 8 MeV /c? of the
world-average mass of themeson.

With this selection, a yield of approximately 327 000 sigaants can be expected wittiif fb—!
of data, with a background of 39000 events. These do notdechirequirement on the four-track
invariant mass of the candidates, since the sidebands beulded later in the analysis. However, only
a small fraction of these events are directly under Bhepeak, and even a simple cut will reduce the
number of background events by a significant factor.

The measurement of the width differendd’; can now be done on this sample of untagded
candidates. As mentioned earlier, tha) ¢ final state is an admixture of CP-even and CP-odd states, and
an angular analysis is required [683]. As the CP-even anaddiPeomponents have different angular
dependences and different time evolutions, the differemtupeters can be measured by performing
an unbinned maximum likelihood fit on the observed time evmtuof the angular distribution. In
the absence of background and without distortion, the .pdgdcribing the data would be the original
differential decay rate. The distortion of this distritmtiby the detector acceptance, trigger efficiency
and the different selection criteria must be taken into antdy an efficiency function modelling the
effect of the decay length requirements and the distortiaghevangular distribution.

A sample corresponding to an integrated luminosityl 8ffb—! was considered, which allows
us to have a realistic ratio of misidentifiggl; — J/¢) K* and signal events. With the low number of
background events that remain after all selection requéres) an accurate modelling of the background
is not possible, neither of its angular distribution nor t3f ime-dependent efficiency. Therefore the
background events are simply added to the data set and #pected distribution is not included in
the p.d.f. used in the fit. The p.d.f. then simply describesRh distribution. With such a fit, in which
the invariant mass of the candidates is not taken into adcaurestriction on the invariant mass of the
candidates should obviously be made. Choosing a window36fMeV /c? around the world-average
B, mass reduces the number Bf background events by another 59%, while reducing the numiber
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signal candidates by only 2.9%. The result of the fit is givelable[ 34, where both the statistical and
expected systematic uncertainties are quoted. A first memsnt of the width difference of the weak
eigenstates could thus be made with an uncertainty of 20%a @rger sample, corresponding to an
integrated luminosity of0 fb~!, it is foreseen that the statistical uncertainty would lekioed to 0.011.

Table 34: Results of the maximum likelihood fit for an integrated luosity of 1.3 fb~* (signal and background).

Parameter Input value Result Stat. error Sys. error | Total error | Rel. error
|Ag(0)]? 0.57 0.5823 0.0061 0.0152 0.0163 2.8%
]A”(O)]2 0.217 0.2130 0.0077 0.0063 0.0099 4.6%
| A (0)]? 0.213 0.2047 0.0065 0.0099 0.0118 5.8%

T 0.712ps~' | 0.7060ps~" | 0.0080ps~' | 0.0227ps~! | 0.0240ps~* 3.4%
AT 0.142ps—! | 0.1437 ps—! | 0.0255 ps~! | 0.0113ps~' | 0.0279ps~* 19%
AT, /T 0.2 0.2036 0.0374 0.0173 0.0412 20%

3.6.8.2 Missing particles in the reconstruction

The best way to study th&, — B, oscillations is to have a fully reconstructed final statehsf B,
decay. The disadvantage of such decay channels is the dirsiigistics. Much more signal events
can be collected in semileptonic decaysias— D ¢*v. Due to the missing neutrino in this decay
the B, momentum, and hence the proper-time resolution forBhgeis less precise than in the fully
reconstructed case, even if a correcti@rdctor) is applied. However, recently a new methodéco)
has been proposed [684], which allows us to calculate th&#zineunomentum with the help of vertex
information.

In order to verify thes-reco method a MC simulation has been developed to sBdy B, mixing
in the semileptonic decay mode. Kinematical cuts, traclpaters and vertex positions (primary and
secondary) have been simulated according to typical hacbthder detector conditions [658, 661, 685,
686]. The proper time resolution obtainedris= 132 fs with thek-factor method and = 91 fs with the
v-reco method.
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3.7 Hadronicb — s and b — d transitions

Flavour-changing neutral current processes can occurairtlye loop level in the Standard Model and
therefore are potentially sensitive to new virtual pagcl In particular, hadronic FCNB decays are
sensitive to new physics contributions to penguin opesathmong these decays, the penguin-dominated
b — sqq transitions are the most promising [704—706]. However,cugte evaluation of the Standard
Model amplitudes is required in order to disentangle newsfsycontributions. Unfortunately hadronic
uncertainties hinder a pristine calculation of the decayplaodes. In this chapter, various theoretical
approaches to the calculation of the hadronic uncertaimtie discussed. In addition, the present experi-
mental status is presented together with prospedifactories and LHCb.

3.7.1 Theoretical estimates &k S with factorization

In the following we quantifyAS; = —nySy — sin(203), whereS; is the sin-term of the time-dependent
CP asymmetry, based on QCD factorization [214,215] cdficuia of theB — f decay amplitudes. We
may write the decay amplitude as

A(B = f) = Vo Vi a + Vi Vs af o< 1+ e~ dy, (157)

wheredy = exm aff/af = exnds andexn = [Vip Vit / (Vi Vis)| ~ 0.025. The expectation thahS; is
small derives from the CKM suppressiery; and the expectation that the ratio of hadronic amplitudes,
dy, is not much larger than 1. Then

ASf = 2exn Re(dy) cos(26) siny + O(d?). (158)

QCD factorization calculations aAS, for various final states have been performed at leading order
[707] and next-to-leading order [239, 708, 709]. Otherdagation-inspired calculations can be found
in [240, 710]. The results are generally in good agreemetit @ach other. The following is primarily

an update of [708]. Ref. [709] also discusses an estimatengftlistance rescattering effects. Since the
significance of the model underlying this estimate is uncldeese (small) effects will not be included
here.

The hadronic amplitudesﬁi are sums of “topological” amplitudes, referring to col@liewed
tree ('), colour-suppressed tre€'), QCD penguin PP?), singlet penguin &?), electroweak penguin
(Piw» Pew ¢) and annihilation contributions. The numerical analysioty takes into account all
flavour amplitudes following [239], but it suffices to focus a few dominant terms to understand the
gualitative features of the result. Then, for the varioualfstates, the relevant hadronic amplitude ratio
is given by

i P (C] P L el &)

S s A
: ;=P —lo i =P

i P+ [C] ;P[0

nKg df ~ W wKg df ~ W

The convention here is that quantities in square brackets pasitive real part. (Recall frorh (158) that
ASy mainly requires the real part dff.) In factorization RéP"/P¢| is near unity, roughly indepen-
dent of the particular final state, hente5, receives a nearly universal, small gpaisitivecontribution

of about2ekys cos(23) siny =~ 0.03. On the contrary the magnitudes and signs of the penguiniampl
tudes’ real parts can be very different. Hence the influeridbencolour-suppressed tree amplitude
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Mode AS; (Theory) AS; [Range] Mode AS; (Theory) AS; [Range]
™Ks 0.0715:05 [+0.03,0.13] | p°Ks | —0.0870% [—0.29,0.01]
n'Ks 0.017001 [+0.00,0.03] | 6K 0.02001 [+0.01, 0.05]
nKg 0.100:31 [~0.76,0.27] | wKs 0.13%5:08 [+0.02,0.21]

Table 35: Comparison of theoretical and experimental results¥or;.

determines the difference inS; between the different modes. Fot®, 7, w) K s the effect ofC is con-
structive, but for(p, n’)Kg it is destructive. However, the magnitude of [Rg] is much larger for/ Kg
than forpKs, hence Réd ) remains small and positive fof K's, but becomes negative fpis.

The result of the calculation @k Sy is shown in Tablé 35. The columns labele\.S; (Theory)”
use the input parameters (CKM parameters, strong coupdjngrk masses, form factors, decay con-
stants, moments of light-cone distribution amplitudeshsarized in Table 1 of [239]. The uncertainty
estimate is computed by adding in quadrature the indivijaedmeter uncertainties. The result displays
the anticipated pattern. The variation of the central véitam the nearly universal contribution of ap-
proximatelyexy is due to RéC'/ P¢], and the error comes primarily from this quantity. It is #fere
dominated by the uncertainty in the hard-spectator s@agteontribution toC, and the penguin annihi-
lation contribution taP. In general one expects the prediction of the asymmgtmy factorization to be
more accurate than the prediction of the direct CP asymndgtrgincesS is determined by Ref;/a;)
which is large and calculated at next-to-leading order. fEsaltant error o\ S is roughly of the size of
AS; itself. Quadratic addition of theoretical errors may netayfs lead to a conservative error estimate.
Therefore we also perform a random scan of the allowed themngmeter space, taking the minimal and
maximal value of an observable attained in this scan to défirgredicted range. In doing so we discard
all theoretical parameter sets which give CP-averagedchiag fractions not compatible within 3 sigma
with the experimental data, that is we requiré < 106 Br (7 K?) < 11.8, 2.5 < 105Br (p°K?) < 8.2,

5.3 < 105Br(¢K°) < 11.9, 2.9 < 10°Br (wK?) < 7.5, 0.2 < 10°Br(nKkK°) < 2.4. Note that we

do not require the theoretical parameters to reproduce’ &€ branching fraction for reasons explained

in [708]. The resulting ranges fak Sy from a scan of 200000 theoretical parameter sets are shown in
the columns labeledAS; [Range]” in Tableé_3b. It is seen that the ranges are not mubéreint from
those obtained by adding parameter uncertainties in quadra except for the K g final state. FonKg

large negative values dfS originate from small regions of the parameter space, wheoabcellations

the leading penguin amplitude. becomes very small. This leads to large amplification§’6P<, and
henceAS;. Except for the case ofK s, these parameter space regions are excluded by the lowts lim
on the branching fractions.

Factorization-based calculations of two-body final statite scalar mesons and three-body final
states are on a less solid footing than the final states diedusbove. The following estimates have been
obtained for the three-kaon modes [711]

ASk+r-Ks = 0067008 ASkixsrs = 0.067000. (160)

The quoted error should be regarded with due caution.

In conclusion, QCD calculations of the time-dependent Gnasetry in hadronid — s tran-
sitions yield only small corrections to the expectation;S; ~ sin(23). With the exception of the
'K final state the correctiol S, is positive. The effect and theoretical uncertainty is ipatarly
small for the two final stategKs andr’ K s [239]. The final-state dependence®F is ascribed to the
colour-suppressed tree amplitude. It appears difficultolestrain AS; theory-independently by other
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Table 36: Measured CP asymmetriesi? — 3P decays [493].

Mode sin(23°T) Cy
KsKgKg [598,720] 0.51 £0.21 —0.23+0.15
m070K 5 [810] —0.844+0.71£0.08 0.27 £0.52 £0.13
K*K~Kgp [717,719]  0.58 4+ 0.1370:32 0.15 +0.09

observables. In particular, the direct CP asymmetrieseociiarged decays correspondingfte: M Kg
probe hadronic quantities other than those relevamk $9, if these observables take values in the ex-
pected range. Her#&/ stands for a charged light meson. Large deviations fromagfiens such as
large direct CP asymmetries would clearly indicate a ddfecur understanding of hadronic physics,
but even then the quantitative implications f&f would be unclear. A hadronic interpretation of large
AS; would probably involve an unknown long-distance effect iiacriminates strongly between the
up- and charm-penguin amplitude resulting in an enhanceofeéhe up-penguin amplitude. No model
is known that could plausibly produce such an effect.

3.7.2 Theoretical estimates @k S from three-body decays

While a possibility of constraining the CKM weak phase frdmee-bodyAS = 1 B decays has been
raised a long time ago [712], a discussion of three-body §taiks as probes of CKM phase has gained
more momentum only recently with the experimental advantle present experimental situation that
includes measurements of time-dependent CP asymmetriB inn KgKsKg, B — 7m%7°Kg and
BY — KTK~Kgy is summarized in Table"86. The quoted CP asymmetries are [gpese dps)
integrated quantities with
3 body _ ‘ of 2Im [ dps (6_2’5AfA’})

Sf = (1—2fy)sin2p% = Tdps A2+ [dps AP (161)
Here f, is the CP-even component fraction, whilg and Ay denote thed(B® — f) and A(B® — f)
amplitudes respectively. WhilB? — KgKqKg and B — 797K are decays into completely CP
even final states [713], the dec# — K™K~ Kg has both components, but is still mostly CP-even
with f, ~ 0.9. This is obtained either from isospin analysis frén — KqKgKg decay assuming
penguin dominance [714—718], or directly from angular gsial[719], in agreement with each other.

A AS = 1 B decay amplitude can be in general decomposed in terms @& "(re V), Vi)
and "penguin” ¢ V3 V.,) contributions as shown in EQ._157 for the case of two-bétlgecays. An
expression analogous to Eqg. 158 holdsAdf, here given by

AS; =sin 26°% — sin 283 = 2 cos 283 sin vRe(&y), (162)
wheresin 23° is defined in ed_161 and the ratio

_ Vi Vs [ dps T} Py
= ViV [dps P3Py

§f (163)

suitably averaged over the final phase space, replacesttbelyadefined in the previous section for
two-body decays. In addition, the direct CP asymmetriegaen by

Cy = —2sinvyIm(&y). (164)

The differenceAS; was analysed using SU(3) flavor symmetries [714, 721, 72@]veas cal-
culated in a model-dependent way in Ref [711]. The approadiased on flavor SU(3) and exploits
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the fact that the relatedS = 0 final states,f’, are more sensitive to the "tree” amplitudes which are
CKM enhanced when compared to theS = 1 amplitudes, (becausé,; < V,4). However, "penguin”
amplitudes are CKM suppressed (becalge— V.4). This then leads to a bound @p of the form

Br(f)
Brip)” (165)

where) = 0.22, ay are the coefficients arising frosiU/(3) Clebsch-Gordan coefficients, and the sum
is overAS = 0 final statesf’. The bounds are better if less modes enter the sum, whichecaohieved
through a dynamical assumption of small annihilation-gkeplitudes. This then gives

ff < AZaf/
Iz

Exrr-ro < 1.02[721], Exsxsxs < 0.31[722], (166)

with bounds for a number of other modes listed in [721]. Traeseonly very conservative upper bounds
not at all indicative of the expected sigge ~ AQTf/Pf. One also expectSy+ - o < {kgKgKg, SINCE

in the latter case all the tree operator contributions aresDgpressed as the final state does not contain
valenceu-quarks. This expectation was confirmed by a model-depencioulation that combined
QCD factorization with heavy-meson chiral perturbatioadty [711]. This approach is valid only in a
region of phase space where one of the light mesons is slowhamather two are very energetic, while
for the remaining phase space a model for the form factorsusd. Ref. [711] then obtains

ASksrsks = 0.02, ASgix-gs S

~

0(0.1). (167)

An argument exists that the latter could be smaller [723 dme should also keep in mind the comment
at the end of the previous section.

A different use of three-body final states is provided by iheetdependent Dalitz plot analysis
with a fit to quasi-two body resonant modes. Interferencéwdmn resonances then fix relative strong
phases giving additional experimental information. Irsthiay BaBar was able to resolve tlie—
7/2 — 3 discrete ambiguity using 8° — KK~ Kg  Dalitz plot analysis [724]. The interference
of CP-even and CP-odd contributions leads t@ma23°% term (with 3 — 3 in the limit of no tree
pollution). Another example is measuring phasesAdf = 1 amplitudes of B — (K*7);—1/2,3/2,
Bs — (K*K)r—1 andBs; — (K*K);—; from resonance interferencesih— Kznm andB; — K K.
This then gives information on CKM parameters complemgntarother methods [725-727]. Using
SU(3) hadronic uncertainties due to electroweak penguaraiprsOg and Oy were shown to be very
small inB — Kzrm andBy, — Knm and somewhat larger iB, — KK [727]. The first processes
imply a precise linear relation betwegnand 7, with a measurable slope and an intercepfat 0
involving a theoretical error of 0.03. The decalys — Knm permit a measurement afinvolving a
theoretical error below a degree. Furthermore, while titapendence is required when studyiRf
decays at th& (4.5), it may not be needed when studyify decays at hadronic colliders.

3.7.3 Flavour symmetries and estimatestof— s transitions

Decomposing the8 — M M amplitudes in terms of flavor SU(3) or isospin reduced magtements
leads to relations between different amplitudes since fieetare weak hamiltonian usually transform
only under a subset of all possible representations [728}e droup theoretical approach based on
reduced matrix elements [243, 729, 730] is equivalent toagrdimmatic approach of topological am-
plitudes [731-735]. In the latter it is easier to introdugaa@mical assumptions such as neglecting
annihilation-like amplitudes. These were shown tolbew, suppressed for decays into nonisosin-
glets [736], while not all of them aré/m,;, suppressed, ify, 7’ occur in the final state (see Appendix
C of [240)).

The SU(3) approach has been used in global fits to the expatdthemeasured3 — PP and
B — PV decays [737-746] in which both the values of hadronic patarsas well as the value of weak
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phasey are determined. However, in order to obtain a stable fit a murabdynamical assumptions are
needed. Inthe most recent fitkh— P P [741] t-quark dominance in penguin amplitudes and negligible
annihilation-like topologies (also for isosinglets) wergsumed. Botlt and~ were determined, with
central values slightly above the CKMfitter and UTfit deterations. Allowing for a new weak phase in
Pgw for AS = 1 modes leads to statistically significant reductionydf while choosing this phase to
be zero does give the size [dfgw| in excellent agreement with the Neubert-Rosner relatidT£750].

A large strong phase differeneeg(C/T) ~ —60° was found, while expected to Hgm, suppressed
from QCD factorization and SCET [220, 239, 751]. As stresaddef. [752] the direct CP asymmetries
Acp(BY — K*r~) andAcp (BT — K*7°) would be of the same sign farg(C/T") small, which is
excluded atl.7¢ at present.

Assumption of negligible annihilation topologies used id(8) fits can be tested by comparing
B —» K°KY% Bt — K*KO9 where annihilation is CKM enhanced, wiff™ — K97 * [753, 754].
SU(3) breaking has been addressed in [741, 755] showing h effezt on the values of extracted pa-
rameters. Further tests of SU(3) breaking or searches ofiNlBanpossible using3; decays [756—758],
with the first CDF measurement d¥r(Bs — KK ™) leading the way [759]. Errors due to the
dynamical assumptions can be reduced, if fits are made to aslybset of modes, e.g. tor, 7K
[741,745,755,760-762]. Furthermore, dynamical assumsgtcan be avoided entirely, if only a set of
modes related through U-spin is used [763,764]. This leadtable fits, while giving with a theoretical
error of a few degrees [763]. Further studies of SU(3) bragpkiffects are called for, though.

Because of the different CKM hierarchy of tree and penguiplaodes inAS = 1 andAS =0
decays, tree pollution idS = 1 decays can be bounded using SU(3) relate®l = 0 modes [714].
Correlated bounds oSy andC for ' Kg and7’K final states have been presented in [765—768].
Such a model independent boundAS , is not available at present, since many marg = 0 modes
enter, some of which have not been measured yet [769].

Very precise relations betweehS = 1 B — 7K CP asymmetries or decay rates can be ob-
tained using isospin decompositions. The sum rule betweeaydwidthsl'(K°7+) + I'(K*7~) =
2T (K +70) 42T (K %70) [770,771] (equivalent t®,, = R.[772]) is violated by CKM doubly suppressed
terms calculable in /m;, expansion [220, 239, 240, 751], while harder to calculaispm-breaking cor-
rections cancel to first order [773]. The sum réK 7~ )+ A (K7 ) —2A(K T7%) —2A(K%7%) = 0
for the rate differenced (f) = I'(B — f) —I'(B — f) is valid in the isospin limit, and is thus violated
by EWP. However, these corrections vanish in the SU3),— oo limit making the sum rule very
precise [774].

3.7.4 Applications oU-spin symmetry taB4 and B decays

The current data iB physics suggests that; decays agree well with SM predictions, whilg decays
remain poorly known and might be affected by New Physics. hivithe Standard Model, the CKM
mechanism correlates the electroweak part of these ti@msitout quantitative predictions are difficult
due to hadronic effects. The latter can be estimated relyinine approximaté& U (3)-flavour symmetry
of QCD : information on hadronic effects, extracted fromedatone channel, can be exploited in other
channels related by flavour symmetry, leading to more ateymadictions within the Standard Model.

In addition to isospin symmetry, an interesting theorétioal is provided byU-spin symmetry,
which relatesd- and s-quarks. Indeed, this symmetry holds for long- and shatadices and does not
suffer from electroweak corrections, making it a valuabiriument to analyse processes with significant
penguins and thus a potential sensitivity to New Physicswéder, due to the significant difference
ms — mg, U-sSpin breaking corrections of order 30% may occur, dependmthe processes.

As afirst application of/-spin, relations were obtained betweBp — 77~ andBs — KK .
This led to correlations among the observables in the twayfesuch as branching ratios and CP asym-
metries [756, 775] and to a prediction fBR(B, — KTK~) = (35753) - 107% [761]. These results
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helped to investigate the potential of such decays to dechew Physics [757, 776]. Unfortunately,
the accuracy of the method is limited not only by the peratstiiscrepancy between Babar and Belle on
B, — nTr~ CP asymmetries, but also by poorly kno#Rspin corrections. In these analyses, the ratio
of tree contributionsk, = |73, /T, | was taken from QCD sum rules &§6 + 0.17 [248] (updated to
1.52701% [269]). In addition, the ratio of penguin-to-tree ratips- |(Pg, /T )/(Pd. /T2, )| was as-

sumed equal td [761] or1+0.2 [757,776] in agreement with rough estimates within QCDdesation
(QCDF) [777].

Indeed QCDF may complement flavour symmetries by a more atcstudy of short-distance
effects. However, QCDF cannot predict some signifidat z-suppressed long-distance effects, which
have to be estimated through models. Recently, it was peaptzs combine QCDF antl-spin in the
decays mediated by penguin operatBis— K°K? andB, — K°K° [778].

First, tree {"%°) and penguinP) contributions taB; — K°K° can be determined by combining
the currently available data witf'® — P|, which can be accurately computed in QCDF because
long-distance effects, seen as infrared divergencesgtanthis difference.U-spin suggests accurate
relations between these hadronic parameteB in- K°K° and those inB, — KYK°. Actually, we
expect similar long-distance effects since &K final state is invariant under thes exchange. Short
distances are also related since the two processes aretatediapenguin operators through diagrams
with the same topologied/-spin breaking arises only in a few places : factorisableemions encoded
in f = [M3 FP-—K(0)]/[ME, FP+%(0)], and non-factorisable corrections from weak annihilation
and spectator scattering. Because of these expected gigkibns, QCDF can be relied upon to assess
U-spin breaking between the two decays. Indeed, up to therfaable factorf, penguin (as well as tree)
contributions to both decays are numerically very closengiims inB; — K°K% andB, — KK~
should have very close values as well, whereas no sucharlakists for the (CKM-suppressed) tree
contribution to the latter, to be estimated in QCDF.

These relations among hadronic parameters, inspired/4spin considerations and quantified
within QCD factorisation, can be exploited to determinettke and penguin contributions 8y — KK
decays and the corresponding observables. In particulargetsBR(B, — K°K?) = (18 + 7+ 4 +
2)-107%andBR(B;, — KTK~) = (20£8+4+2)-1075, in very good agreement with the latest CDF
measurement. The same method provides significantly ineprdeterminations of th&-spin breaking
ratios¢ = 0.83 + 0.36 andR. = 2.2 + 0.7. These results have been exploited to determine the impact
of supersymmetric models on these decays [779].

New results onB — K form factors and on thé&3; — K°K° branching ratio and direct CP-
asymmetry should lead to a significant improvement of thdiptiens in theB, sector. The potential of
other pairs of nonleptoni®&,; and B; decays remains to be investigated.

3.7.5 Applications of the RGI parametrization # — s transitions

Few general parametrizations of theB = 1 hadronic amplitudes exist in the literature. Here we use the
parametrization proposed in Ref. [780] which decomposeaydamplitudes in terms of Renormalization-
Group-Invariant (RGI) parameters. For our purpose, wenestd to recall a few basic facts about the
classification of RGI’s. First of all, we have six hon-pengparameters, containing only non-penguin
contractions of the current-current operat@Js»: emission parameterB’ », annihilation parameters
A1 2 and Zweig-suppressed emission-annihilation parameidrs,. Then, we have four parameters
containing only penguin contractions of the current-auir@perators?; » in the GIM-suppressed com-
binationQ5 , — QY ,: PF™ and Zweig suppressef;!}!. Finally, we have four parameters containing
penguin contractions of current-current operai@fs, (the so-called charming penguins [781]) and all
possible contractions of penguin operatQrs_i»: P; 2 and the Zweig-suppresséd 4. In the following
Zweig-suppressed parameters are neglected. We referatierr® the original reference for details. We
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can then write schematically tlhe— s decay amplitude as:
A(B— F) = =ViVus Y (Ti+ PF™) = ViVie > P, (168)

whereT; = {E;, A;, EA;} are not present in pure-penguin decays.

The idea developed in Refs. [782] is to write down the RGI peaters as the sum of their ex-
pression in the infinite mass limit, for example using QC[Iidazation, plus an arbitrary contribution
corresponding to subleading terms in the power expansitvesd additional contributions are then de-
termined by a fit to the experimental datablr> s penguins, the dominant power-suppressed correction
is given by charming penguins, and the corresponding pdearaan be determined with high precision
from data and is found to be compatible witt\@m, correction to factorization [782]. However, non-
dominant corrections, for example GIM penguin parameteris - s decays, can be extracted from
data only in a few cases (for examplefih— K decays). Yet predictions fah Sy depend crucially
on these corrections, so that one needs external input &tragmthem. One interesting avenue is to
extract the support of GIM penguins frofU (3)-related channels(— d penguins) in which they are
not Cabibbo-suppressed, and to use this support, incluipgssible largeSU (3) breaking of100%,
in the fit of b — s penguin decays. Alternatively, one can omit the calcumatiofactorization and fit
directly the RGI parameters from the experimental datdeaus of fitting the power-suppressed correc-
tions [593, 783].

Compared to factorization approaches, general pararpatiens have less predictive power but
are more general. In particular, they tend to overestintadethieoretical uncertainty and are thus best
suited to search for NP in a conservative way. In additioes¢hmethods have the advantage that for sev-
eral channels the predicteslS decreases with the experimental uncertainti’'s and CP asymmetries
of b — s andSU(3)-relatedb — d penguins.
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Fig. 37: C P asymmetries foB — K decays, obtained varying subdominant contributions indinge [0, UV],
with the upper value UV scanned between zero and one (in ahit). For comparison, the experimenta%
(95%) probability range is given by the dark (light) band.

In the analysis reported here [88,784], we vary the absehltees of the subdominant amplitudes
in the rangd0, U L] (while the phases are unconstrained) and study the depemdéthe predictions on
the upper limitU L. For example we show in Fig. B7 the effect of changing the uppt of the range
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in which subdominant terms are varied on the prediction ofesobservables i — K decays. It can
be seen that reasonable subdominant terms mak&anyuzzle disappear. Furthermore, the prediction
of Srok has small theoretical error and is quite stable againstftaetef subdominant terms.

In Table[37 we collect predictions fakS; obtained using the method sketched above fér =

0.5 (in units of the leading amplitude), as suggested bysttig3)-related mode® — K K. Notice that
the theoretical uncertainty is smaller fBr— 7 K because the number of observables infhe> Kr
system is sufficient to constrain efficiently the hadronicapaeters. This means that the theoretical error
can be kept under control by improving the experimental dathese channels. On the other hand, the
information onB — ¢ K is not sufficient to bound the subleading terms and this tesula relatively
large theoretical uncertainty that cannot be decreasduutitadditional input on hadronic parameters.
Furthermore, usingU (3) to constrainA S, is difficult because the number of amplitudes involved is
very large [243,721,722,769].

Table 37: Predictions forAS; using the RGI parametrization.

ASpog,  (24+£59)x107? ASyk,  (—0.7+5.4) x 1072
ASprs  (04£9.2) x1072 ASjpg, (—6.2+8.4)x 1072
AS,ks  (5.6410.7) x 1072

The ideal situation would be represented by a pure penguwayd®r which the information on
PS™ s available with minimal theoretical input. Such situatis realized by the pure penguin decays
B, — K°®KO%+) An upper bound for the?“™ entering this amplitude can be obtained from the
SU(3)-related channel®; — K°*) K% Then, even adding a generol®% SU(3) breaking and
an arbitrary strong phase, it is possible to have full cdriver the theoretical error iAS [783].

3.7.6 b — s transitions in the MSSM

In this section we discuss phenomenological effects of #he sources of flavor and CP violation in
b — s processes that arise in the squark sector [104, 108, 1098085 of the Minimal Supersymmetric
Standard Model (MSSM). In general, in the MSSM squark maaseseither flavor-universal, nor are
they aligned to quark masses, so that they are not flavor miggothe super-CKM basis, in which quark
masses are diagonal and all neutral current vertices am fliagonal. The ratios of off-diagonal squark
mass terms to the average squark mass define four new sotifiee®oviolation in theb — s sector: the
mass insertion(55§l3)AB, with A, B = L, R referring to the helicity of the corresponding quarks. Ehes
d’s are in general complex, so that they also violate CP. Ondldak of them as additional CKM-type
mixings arising from the SUSY sector. Assuming that the dwnt SUSY contribution comes from
the strong interaction sectare. from gluino exchange, all FCNC processes can be computestnmst
of the SM parameters plus the fodis plus the relevant SUSY parameters: the gluino magsthe
average squark mass;, tan 3 and theu parameter. The impact of additional SUSY contributionshsuc
as chargino exchange has been discussed in detail in R&}. W& consider only the case of small or
moderatean 3, since for largean 3 the constraints fronl, — ™ p~ andAm, preclude the possibility
of having large effects ih — s hadronic penguin decays [28, 29, 32,34,114, 115, 794].

Barring accidental cancellations, one can consider orgdestnparameter, fix the SUSY masses
and study the phenomenology. The constraintg’sitome at present from8 — X v, B — XTI~
and from theB, — B, mixing amplitude. We refer the reader to refs. [88,107, 806] for all the details
and results of this analysis.

Fixing as an examplen; = m; = || = 350 GeV andtan 5 = 3, one obtains the following
constraints od’s:

’(533)1_,1,‘ <2 X 10_1, ‘(5%3)}{}{’ <Tx 10_1, ‘(533)RL,LR’ <5x 1073, (169)
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Notice that all constraints scale approximately linearlthwhe squark and gluino masses.
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Fig. 38: Probability density functions fo$ ., Sxox., Sy i, andS, i, induced by(64;) ap with A, B = {L, R}.

Having the present experimental bounds on dise we can turn to the evaluation of the time-
dependent CP asymmetries. The uncertainty in the calonlati SUSY effects is larger than the SM
one. Following ref. [107], we use QCDF enlarging the rangeptover-suppressed contributions to an-
nihilation chosen in Ref. [239] as suggested in Ref. [806¢. Wdrn the reader about the large theoretical

uncertainties that affect this evaluation.

In Fig.[38 we present the results 8, Syox,, Sy, andS,k,. They do not show a sizable
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dependence on the sign @for ontan S for the chosen range of SUSY parameters. We see that:

— deviations from the SM expectations are possible in alhobks, and the present experimental

central values can be reproduced;

— deviations are more easily generatedliyandR L insertions, due to the enhancement mechanism

discussed above;
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— as noticed in refs. [807, 808], the correlation betwfer» and Spy, depends on the chirality of
the NP contributions. For example, we show in [Fig. 39 theetation betweerS k., andSk, o
for the four possible choices for mass insertions. We seetttieeb i, and Sy o0 are correlated
for LL and L R mass insertions, and anticorrelated fof and RR mass insertions.

An interesting issue is the scaling of SUSY effects$inwith squark and gluino masses. Similarly
to the constraints from other processes, the dominant SWd8tribution toS scales linearly with SUSY
masses as long as; ~ m; ~ p. This means that there is no decoupling of SUSY contribstior ; as
long as the constraints from other processes can be satigfted < 1. The bounds o, and RR mass
insertions quickly reach the physical boundary at 1. On the other hand, R and RL are well below
that bound. Chirality flippingl. R and R, mass insertions cannot become too large in order to avoid
charge and color breaking minima and unbounded from belogctions in the scalar potential [809].
Nevertheless, it is easy to check that the flavor bounds use¢kare stronger for SUSY masses above
the TeV scale. We conclude thafz and RL mass insertions can give observable effectStéor SUSY
masses within the reach of LHC and even above.

Fig. 39: Correlation betweef4x, andS,ox_ for LL, LR, RL and RR mass insertions.

3.7.7 Experimental status and future prospects for timepgadentC P violation in hadronicb —
s(d) transitions

C P asymmetries iB° and B, decays that are governed by the- s transition are very sensitive to new

C P-violating phases beyond the Standard Model (SM). Thera #a® golden modes that are practically

free from hadronic uncertainties; examples inclugfe — ¢K2, K2, K2K2KY and B — ¢¢, see

Figure[40. Precise measurements for these decays haverneeg ¢he most important topics of quark

flavor physics in the last few years, and will also remain @ilicimportant in the future.

Fig. 40: The penguin diagrams for the hadro®€ and BY decays such aB® — ¢K 9, B® — n'K{ (left) and
BY — ¢¢ (right).

At the B factories, the decay chailf(4S) — BYBY — fopfiag is Used to measure time-
dependent’' P asymmetries, where one of tHi¢ mesons decays at time p to a final statefop and
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the other decays at time,, to a final statef;,, that distinguishes betwedB” and B°. The rate of this
decay chain has a time dependence [616,617] given by

P(AL) = e 1A/ 4730{1 +q- [5 sin(AmgAt) + Acos(AmdAt)] } (170)

HereS and.A areC P-violation parameters;go is the BY lifetime, Am, is the mass difference between
the two B® mass eigenstated\t = tcp — tiag, and theb-flavor charge; = +1 (—1) when the tagging3
meson is aB° (BY). To a good approximation, the SM predids= —¢sin 2¢; and.A = 0 for both
tree transitions (e.ch — ccs) and penguin transitions (e.bj— s3s) unlessV,,;, or Vi, is involved in the
decay amplitude. Herg¢; = +1(—1) corresponds t6'P-even (-odd) final states.

BaBar and Belle have accumulated more thah BB pairs with both experiments combined,
and have measured time-depend€i® asymmetries in variou$® decays that are dominated by the
b — s transition. Details of the measurements are describeavietse [598, 717, 720, 724, 810-813];
we here explain the essence of the measurements brieflyclBranfractions for these charmless decay
modes are typically arounid)—° ignoring daughter branching fractions. Efficient contimusuppression
using sophisticated techniques such as Fisher discrinsinéikelihood ratios and neural network has
been performed to keep a reasonable signal-to-noise rahe.flavor of the accompanying meson
is identified from inclusive properties of remaining pdds; information from primary and secondary
leptons, charged kaong, baryons, slow and fast pions is combined by using a neuralarkt(BaBar)
or a lookup-table (Belle). A typical effective efficiencyrfflavor tagging is 30% in both cases. Good
understanding of the vertex resolution function is obtdibg using large-statistics control samples such
asB — D™z, D*/v etc. Lifetime and mixing measurements with a precisio6f )% are obtained
as byproducts.
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Fig. 41: Summary of experimental results on time-depend&itasymmetries from BaBar and Belle as of August
2007.

The present status of the measurements is summarized idEigAlthough the result for each
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individual mode does not significantly differ from the SM exgation (i.e S, o), most of theS values
are smaller than the SM expectation. When alldhe> s modes are combined, the result differs from
the SM expectation by 161'® Combining the results of all the — s modes is naive as the theoretical
uncerainties vary considerably amongst the modes. Muck dieta are needed to firmly establish a new
C P-violating phase beyond the SM for each golden mode.

Measurements of thel terms yield values consistent with zero, i.e. consisteith Wie SM at
the moment. Non-zerod requires a strong phase difference between the SM amplandethe NP
amplitude. Therefore it is possible to observe significaaviations from the SM foS while A is
consistent with zero. Also, sincé is not calculable precisely, in general it is hard to obtaiaritative
information from the measurements dfterms. An exception is th&° — K970 decay. Thanks to
a precise sum rule based on the isospin symmetry [774], the Yar Axo.0 can be predicted within
the SM from measurements of branching fractions @dtlasymmetries of the othé8 — K7 decays;
Aporo =—0.16 £ 0.04 is predicted while measurements yieddyo,.0 = —0.12 £ 0.11.

Due to further CKM-suppressior; P asymmetry measurements for modes dominated by the
b — d transition require even higher statistics than those redupr the studies of the — s transition.
The only measurement available at the momesis . o ;o = —1.2870:737015 [814], where the first
error is statistic and the second error is systematic.

In the near future the LHCb experiment will probe new CP \tintaphases beyond the Standard
Model inb — s transitions. With the copious production 82 mesons LHCb will be able to study
b — s transitions using the the dec#® — ¢¢, see Figur€40. In the Standard Model the CP violating
phaseS, for BY — ¢¢ is expected to be very close to zero as there is a cancellatite 3% mixing
and decay phases [815].

In the LHCb experiment the reconstruction efficiency Rff — ¢¢ is expected to be larger than
for B — qug which compensates for the four times smaller fractiob-qfiarks to hadronise into/a?
meson. In addition, flavour tagging is also favourable Birdecays where the same-side kaon tagging
contributes significantly to the effective flavour taggirifjceency. From a full simulation LHCb expects
a yield of 3100 reconstruceB? — ¢¢ events in & fb~! data sample with a background to signal ratio
B/S < 0.8at90% C.L [816]. TheS,, sensitivity has been studied using a toy Monte Carlo, takieg
resolutions and acceptances from the full simulation. Ainmdd likelihood fit is performed on 500 toy
data sets. This is used to extraty, and all other physical parameters which cannot be detedrimoen
elsewhere. In & fb~! data setS,,, can be measured with a precisionadfS,;) = 0.11 (statistical error
only). After about 5 years of data taking, LHCb is expecte@¢oumulate a data sample of 10!
which will give a statistical uncertainty @f(Sy,) = 0.05 [816].

Table 38: C'P reach at LHCb [1025] and at a SupBrfactory for theb — s decay modes that are theoretically
cleanest. The estimated accuracy fromhactories (2 ab!) is given for comparison. We assume an integrated
luminosity of 10 flo-! for LHCb and 50 ab' for a supetB factory, which are the goals of the experiments. Errors
for LHCD are statistical only. Projections for the suggfactory are from Ref. [818] and include both statistical
and systematic uncertainties afdin 2¢; = sin 2¢;°" — sin 2¢.

Mode Observable B Factories LHCb  SupeB Factory
2abt 10 fb! 50 ab!
BY — ¢KY Asin 2¢q 0.13 0.10 0.029
B — /KO Asin 2¢ 0.05 - 0.020
BY — KJK2KY  Asin2¢ 0.15 - 0.037
BY — ¢¢ Ss - 0.05 -

Due to the highly non-Gaussian errors of the result filth— fo K9 with fo — 7+ ~, and the fact that this result has a
significant effect on the? of the navebh — s penguin average, this outlying point is excluded.
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In a similar study LHCb investigated the decRf} — qug. A yield of 920 events is expected in
2 fb~! of integrated luminosity with a background to signal rati® < B/S < 1.1 at 90% C.L. The
sensitivity for the CP violating asymmetsin 25° is 0.23 (0.10) in a 2 (10¥b~! data sample [817].

Table[38 lists the expect&dP reach at LHCb and a Supét-factory for the theoretically cleanest
b — s decay modes. We expect that the precision will be better lmr@er of magnitude than now. Such
measurements will thus allow us to detect effects from misyseyond the SM even if the mass scale of
the new physics i©(1) TeV.

3.7.8 Two body hadronid decay results from theB-factories

This class ofB decays manifests a wide range of interesting phenomenam, directC P violation,
broken SU(3) symmetry constraints on the standard modertainties in measurements of the unitarity
triangle angles, to the amplitude hierarchy found in detayisal states containing two spin one particles
(vector or axial-vector mesong, and A, respectively).

The only directC P violation signal observed by thB-factories is in theBg — K*x7F channel.
In contrast to the small effect observed in kaon decay, thect’ P asymmetry inBY — K*r7 is
large: —0.093 + 0.015 [609, 819]. The quest for additional signals of dirétP violation in B meson
decays is ongoing in a plethora of different channels [493je next goals of theé3-factories are to
observe direcC' P violation in the decay oB3;" mesons and otheB)) channels.

The B-factories have recently observed CPVBS — 1 K° decays [598, 813]. Thede— s
penguin processes are probes of NP, and have the most preuisasured time-dependef asym-
metry parameters of all of the penguin modes. Any deviat\gh of the measured asymmetry param-
eter S, o from sin23 is an indication of NP (For example, see [498, 820]). In addito relying
on theoretical calculations of the SM pollution to theseayesc[240, 708, 711], it is possible to exper-
imentally constrain the SM pollution using SU(3) symmefrg%]. This requires precision knowledge
of the branching fractions of tth meson decays to the following pseudo-scalar pseudo-s(RRr
final statesr?7%, 70, 7%, nn, n'n, n'n’ final states [821, 822]. The related decdys, — 71'p and
B,q — 1/ K* [823,824] can also be used to understand the standard nmuteibutions toB) — 7' K°
decays and the hierarchy 9 to ’ K° decays.

The angular analysis a8 — V'V decays provides eleven observables (six amplitudes and five
relative phases) that can be used to test theoretical aéitmut [600]. The hierarchy ofy, A, , andA_
amplitudes obtained from a helicity (alo, A, andA , in the transversity basis) analysis of such decays
allows one to search for possible right handed currents ynN#? contribution to the total amplitude.
For low statistics studies a simplified angular analysissisggmed where one measures the fraction of
longitudinally polarised events defined is= |4|?/ Y | A;|*. Tree dominated decays suchi&$ —
pTp~ havefr ~ 1.0 [825,826]. Current data for penguin dominated processés (892) [827, 828],
K*(892)p [829,830]) that are observed to have non trivial valueg;oédan be accommodated in the SM.
In addition to this, one can search for T-o@# violating asymmetries in triple products constructed
from the angular distributions [831]. It has also been satgkthat non-standard model effects could be
manifest in a number of other observables [832]. The medsates of electroweak penguin dominated
B decays to final states involvinggameson are also probes of NP [833]. The studysof- AV decays
also provides this rich set of observables to study, howengent results only yield an upper limit on
BY — af;ﬁ decays [834].BABAR have recently studied the angular distribution for the eettnsor
decayBY) — ¢K*(1430) [827].

3.7.9 B — hth’/~ decays at LHCb

The charmless decays Bfmesons to two-body modes have been extensively studied 8t-factories.
Even if the current knowledge in thB; and B,, sectors starts to be quite constrained, Bhesector
still remains an open field. At present, by using a displacenkex trigger, CDF has already collected
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Fig. 42: Left: =+ 7~ invariant mass distribution foB — h*™h'~ decays expected at LHCb, obtained without
using PID information. Right: same plot after PID cuts arpligal.

Channel Assumed BR| Annual yield | B/S (combinatorial)| B/S (two-body)
BY — nhn 4.8 36000 0.46 0.08
BY — Ktr~ 18.5 138000 0.14 0.02
BY - ntK- 4.8 10000 1.92 0.54
BY - KtTK~- 18.5 36000 < 0.06 0.08
Ay — pr~ 4.8 9000 1.66 0.11
Ay — pK~ 18.5 32000 < 0.08 0.02

Table 39: Annual yields and background-to-signal ratios for— h™h’'~ decays at LHCb [836].

an interesting sample @@ — h™h/~ decays [835], providing a first observation of the two-bodyde
B, — K+tK~. However it will most likely not be able to perform precisioreasurements of the time
dependent CP asymmetry of thg — KK~ decay.

The LHCb experiment, thanks to the large beauty productrmsscsection at the LHC and to
its excellent vertexing and triggering capabilities, Vvii# able to collect huge samples Bf — h™h'~
decays [836]. Furthermore, its particle identificationteys composed in particular by two RICH de-
tectors, will allow to disentangle the variolis— h™h’'~ modes with a purity exceeding 90% as well as
high efficiency. The PID capabilities of LHCb are clearlyibls in Fig.[42, which shows the distribution
of the 7T~ invariant mass from Monte Carlo samples Bf — hTh'~ modes, before and after the
employment of the PID information.

In order to calibrate the PID response, LHCb will make usedgdicated trigger line - not making
use of PID information in order not to introduce biases -nidid to collect very large samples bff
decay chains to charged kaons and pions. In order to rejettioatorial background, the event selection
is based on a series of cuts, optimized by means of a muéteastechnique, which include the transverse
momenta and the impact parameter significances of the ah#ege with respect to the primary vertex,
the x? of the common vertex fit, the transverse momentum, the impactmeter significance and the
distance of flight significance of the the candidate b-hadnat the invariant mass (the resolution for
the B — h*h/~ modes is expected to be about 18 MeYy/cThe event yields and background-to-signal
ratios estimated using a full GEANT4 based simulation apemed in Tablé 39.

In order to measure CP violation from the time dependent @matries, other key ingredients
are the tagging capability and the propertime resolutiba latter being particularly relevant to resolve
the fastB; oscillations. The effective tagging power fory decay at LHCb, according to full simula-
tions, is expected to be about 5%, while faBadecay it is significantly larger, due to the larger efficiency
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of the same side kaon tagging, and is about 9%. The calibrafithe tagging power fo3 — h*™h'~
modes will be performed by using the flavour specific moBgs— K7~ andB, — ="K ~. As far

as the propertime resolution is concerned, it is predictethb full simulation to be about 40 fs, and it
will be calibrated on data by using large samples 6f — .~ decays, collected through a dedicated
di-muon trigger line thought not to introduce biases in ffi¢> propertime.

The direct CP asymmetries of the flavour spedific+ h*h'~ modes can be measured without a
time dependent fit, and without the need of tagging the B meEBba statistical sensitivity on the charge
asymmetry, corresponding to a running timelof s at the nominal LHCb luminositg - 1032 cm=2s7!
("one nominal LHCb year” in the following) is 0.003 for thié; — K7~ decay and 0.02 for th8, —
7+ K~ decay. In order to extract the direct (C) and mixing-indu¢8CP violation terms from the time
dependent decay rates of til)y — =7~ and B, — K™K~ and estimate the statistical sensitivity,
we performed unbinned maximum likelihood fits on fast MontI@ data sets which parametrize the
decay rates according to the outcomes of the full simulatibhe expected sensitivity for C and S,
corresponding to one nominal LHCb year, both for fig — =7~ and B, — K™K~ channels, is
about 0.04.

According to the method proposed in [775], the employmerthefU-spin symmetry allows to
combine the measurements of C and S forfye— 7~ andB, — K+ K~ modes in order to extract
the v angle. Assuming a perfect U-spin symmetry, we predict aité@hson ~ for a nominal LHCb
year around°. If a 20% U-spin breaking is taken into account, the sensjtaleteriorates up to about
10°, still not spoiling the method of its predictive capabdgiony. Being these modes characterized by
the presence of loops inside the penguins, they could ré&lealPhysics effects, pointing to a value of
~ in contrast with the one determined from pure tree-levebgecsuch a® — DK modes.

In Table[39 LHCDb also reports expected yields fgrbaryon decays. An additional application of
the A, baryon that has been considered is testing CP and T symmesiigg the decay moddg — AV
whereV = J/v, p°, w. This is discussed in Ref. [837].
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3.8 Kaon decays
3.8.1 Introduction

The rare decay&* — nTvw and K, — w'vi play an important role in the search for the underlying
mechanism of flavour mixing and CP violation [838—841]. Aslsthey are excellent probes of physics
beyond the Standard Model (SM). Among the many rAreand B-decays, theK+ — =ntvi and
K1 — 7% modes are unique since their SM branching ratios can be dechpa an exceptionally
high degree of precision, not matched by any other flavoargimg neutral current (FCNC) process
involving quarks.

The main reason for the exceptional theoretical cleanneed( ™ — 7tvv andK; — 7lvi
decays is the fact that, within the SM, these processes atiatad by electroweak amplitudes@fG%),
described byZ%-penguins and box diagrams which exhibit a power-like GIMchamism. This property
implies a severe suppression of non-perturbative effedig;h is generally not the case for meson de-
cays receiving contributions 6¥(G ra) (gluon penguins) and/d? (G r e, ) (Photon penguins), which
therefore have only a logarithmic GIM mechanism. A relategartant virtue, following from this pe-
culiar electroweak structure, is the fact that— wv amplitudes can be described in terms of a single
effective operator, namely

v = (5pyMdr) (Tpyuve) - (171)

The hadronic matrix elements ¢f// relevant forK — mv amplitudes can be extracted directly from
the well-measured{™ — 7%t v decay, including the leading isospin breaking (IB) corigeet [842].
The estimation of the matrix elements is improved and exdn@43] beyond the leading order analysis.

In the case of<;, — 7%v, which is CP-violating and dominated by the dimension-spx quark
contribution, the SM Short-Distance (SD) dynamics is thecoeled in a perturbatively calculable real
function X that multiplies the CKM factot\; = V;%V,4. In the case ok — #"vw also a charm
quark contribution proportional td, = V2 V.4 has to be taken into account, but the recent NNLO QCD
calculation of the dimension-six charm quark correctid@d®] 845] and the progress in the evaluation of
dimension-eight charm and long-distance (LD) up quarkot$f§846] elevated the theoretical cleanness
of K+ — ntvw almost to the level of<;, — 7%v. More details will be given in Sectidn 3.8.2.

The important virtue of{ — wv decays is that their clean theoretical character remailits iva
essentially all extensions of the SM and tha;, due to the special properties of the neutrinos, remains
the only relevant operator. Consequently, in most SM eitessthe New Physics (NP) contributions
to KT — ntvv and K;, — 7°v> can be parametrized in a model-independent manner by juast tw
parameters, the magnitude and the phase of the functiorn [847

X = |X|e¥x (172)

that multiplies); in the relevant effective Hamiltonian. In the SMK | = Xg\ andfx = 0.

The parametersX | andfx can be extracted fro3(K; — 7'vo) andB(K+ — 7vw) with-
out hadronic uncertainties, while the functiogh can be calculated in any extension of the SM within
perturbation theory. Of particular interest is the ratio

B(Kp — %) | X
B(Kp — m™vi)sm | Xsm

2 . 2
[Sm(ﬁ - QX)] . (173)

sin 3

Bearing in mind tha3 ~ 21.4°, Eq. [I73) shows thak’; — 7vv is a very sensitive function of the
new phasdéx. The pattern of the twd{ — wvv branching ratios as a function 6k is illustrated in
Fig.[43a. We note that the ratio of the two modes shown in[E3p. depends very mildly opX| and
therefore provides an excellent tool to extract the nongsed CP-violating phasgy .

An interesting and complementary window|thS| = 1 SD transitions is provided by thE; —
700+~ system { = p,e). While the latter is theoretically not as clean as ffie— 7v system, it is
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Fig. 43:a) B(Kt — ntvi) vs. B(K;, — wvi) for various values oBx = 3 — 0x (including E949 data) [761].
The dotted horizontal lines indicate the lower part of thpegimental range [848—850] and the grey area the SM
prediction. We also show the Grossman-Nir (GN) bound [86)]The ratio of thek' — wv© branching ratios as

a function ofgx for | X| = 1.25, 1.5, 2.0. The horizontal line is again the GN bound.

sensitive to different types of SD operators. Tig — 7°¢ ¢~ decay amplitudes have three main ingre-
dients: i) a clean direct-CP-violating (CPV) componenedeined by SD dynamics; ii) an indirect-CPV
term due tak °—K9 mixing; iii) a LD CP-conserving (CPC) component due to twmfon intermediate
states. Although generated by very different dynamicssethtaree components are of comparable size
and can be computed (or indirectly determined) to good acywvithin the SM [852, 853]. In the pres-
ence of non-vanishing NP contributions, the combined nreasents of’ — 7vv andKj — 70¢+¢~
decays provide a unique tool to distinguish among diffeNdatmodels.

The following discussion concentrates on tie— 7vv and K;, — 7°¢*t¢~ decays in the SM
(Section3.8.2 and Secti¢n 3.B.3) and its most popular skiea (Sections 3.8.4 and 3.8.5). In Sec-
tion[3.8.6 we stress the complementarity/6f and B-physics as well as the interplay with the high-
physics at the LHC. Recent theoretical updates on kaon demayfound in [854—856]. Experimen-
tal programs at CERN and J-PARC are described in Sectioi ar&l Section 3.8.8, respectively. The
current experimental status is summarized in Table 40.

B(Kt — rtvw) B(Kp — n%w) B(Kp— mete”) B(Kp— mutu~)
(1477030) 1079 <6.7-1078 <2.8-10710 <3.8-10710
[848-850] [857] [858] [859]

Table 40: Current experimental results or limits for rakedecay branching fractions.

382 Kt — sntvvand K; — w%vw in the SM

After summation over the three lepton families the SM bramgnatios for theK' — nvv decays can be
written as

Tm\ > [ReX ReA. 2
B(KT — nvi)sm = wiy [(TtXSM> <TtXSM +——(Fe+ 5Pc,u)> ] o (174)
2
B(Kp — n'vi)su = ki <II§—;\tXSM> ; (175)

where\ = |V, while sy = (5.26+£0.06)-10~11 (1/0.225)% andky, = (2.2940.03)-1071° (1/0.225)8
[860] include the leading IB corrections in relatihg — mvv to K+ — 7%t v [842]. The dimension-
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six top quark contributionXsy; = 1.464 4 0.041 [844, 845] accounts for arour@$% and almosti00%

of the total rates. It is known to NLO [547,548], with a scateertainty of about%. In K+ — 7T vw,
dimension-six charm quark corrections and subleading i&a-eight charm and LD up quark effects,
characterized by, = 0.3840.04 [844,845] and P, = 0.04 & 0.02 [846], amount to a moderag3%
and a merd%. Light quark contributions are negligible in the case of #fie — 7°v decay [861].

Taking into account all the indirect constraints from thte$a global unitarity triangle (UT) fit, the
SM predictions for the twd{ — wvv rates read

B(K'* — ntvo)gy = (84 +1.0)- 107", B(Kp — n'vd)sy = (2.7£0.4) - 1071 . (176)

The quoted central value df ™ — 7Tvi corresponds ten, = 1.3 GeV and the given error breaks
down as follows: residual scale uncertainti€8%), m. (22%), CKM, «a,, andm (37%), and matrix-
elements fromk* — 7Vt v and light quark contributions28%). The main source of uncertainty in
K1 — 7w is parametric 14%), while the impact of scaled (%) and IB (15%) is subdominant. SM
predictions forK — wvi with total uncertainties at the level 6f% or below are thus possible through
a better knowledge ofn., of the IB in the KX — = form factors, and/or by a lattice study [862] of
higher-dimensional and LD contributions.

While the determination off,|, sin 23, and~y from the K’ — 7wvv system is without doubt still
of interest, with the slow progress in measuring the reletaanching ratios and much faster progress
in the extraction of the angle from the B, — DK system to be expected at the LHC, the role of
the K — wwvw system will shift towards the search for NP rather than therd@nation of the CKM
parameters.

In fact, determining the UT from tree-level dominat&d and B-decays and thus independently
of NP will allow to find the “true” values of the CKM parametermserting these, hopefully accurate,
values in Egs[(174) and (1]75) will allow to obtain very psecEM predictions for the rates of both rare
K-decays. A comparison with future data 6h — 7w may then give a clear signal of potential NP
contributions in a theoretically clean environment. Everidtions by20% from the SM expectations
could be considered as signals of NP, while such a conclusianot be drawn in most other decays, in
which the theoretical errors are at leag¥.

3.8.3 K — nw%t£~ inthe SM

As mentioned in the introduction, thé; — 7°¢* ¢~ amplitudes have three main components. The inter-
esting direct-CPV component, proportionallta )\, is generated by °-, y-penguins and box diagrams
and is SD dominated. Itis encoded by local dimension-sixore@-y, = (5d)y (£¢)y and axial-vector
Q74 = (5d)v (£¢) 4 operators, whose Wilson coefficients, 74 are known to NLO [863]. The former
produces thé™ ¢~ pair in al~~ state, the latter both ih™ ™ and0~ states. As in the&X — 7v¥ case,
the corresponding hadronic matrix elements are obtainecigaly fromK ;3 decays [842].

The other two components are of electromagnetic origin aerddaminated by LD dynamics.
These contributions cannot be computed from first prinsipéowever, they can be related to measurable
quantities within Chiral Perturbation Theory (CHPT). Thelirect CPV amplitude A(K, ~ ¢K; —
709* — 79%*¢~) is determined [864] — up to a sign ambiguity — by the measuresef B(Ks —
7%¢+¢7). In this case thé* ¢~ pair is produced in 4~ state and interferes with the SD contribution of
Q7v. As discussed in [852, 865], various theoretical argumpatst toward a constructive interference.
Finally, the CPC contributionK; — 7%y*y* — 7% ¢~) produces thét¢~ pair either in a helicity-
suppressed™ state or in a phase-space suppressed state. Within CHPT, only th@™ " state is
produced at LO through the finite two-loop procéss — 7°P+ P~ — 1%yy — 7%+~ (P = 1, K).
Higher-order corrections are estimated uskig — 7%y~ experimental data for both tig+ and2*
contributions [852, 853].
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Oflir Cfnt Cﬁuz Of/“/
(=e  (4.62+0.24) (v}, +wi,) (11.340.3) wyy  14.5 £ 0.5, ~ 0

(=p (1.09=+0.05) (w2, +2.32w2,) (2.63+0.06) wry 3.36+0.20 52416
Table 41: Numerical coefficients for the evaluation Bt K;, — #%¢*¢~) as given in Eq[{177).

Altogether, the branching ratios can be expressed as [832, 8

B(Kp — m% ") = (Cljy + Chylas| + Chy las|* + C5,) - 10712, (177)
where theC; are reported in Table #1y74 7 = Im (My7za7v) /Im A, and|ag| = 1.2 £+ 0.2 is fixed
from BP (Kg — n%¢*¢~) [866,867]. Using the SM values gf 4 7 [863], the predicted rates are

Bov =3.5410% (1.567062) 1071 BEFT = 1411028 (0.951022) 1071 (178)
for constructive (destructive) interference. Currenthg theory error (see Fig. 46a) is dominated by
the uncertainty onag|. Better measurements B{ Kg — 7/ ¢~) would thus be very welcome. Also,
better measurements af;, — 7%y~ would help in reducing the error on thé+ and2*+ contributions.
Alternatively, they can be partially cut away through enetgts or Dalitz plot analyses [852, 853, 868].
As shown in Fig[[4ba, the irreducible theoretical errorsloesé modes can be pushed below 1t
level, allowing very significant tests of flavour physics.

The integrated forward-backward (or lepton-energy) asgtnyn(see references in [868]), gener-
ated by the interference between CPC and CPV amplitudesptéae reliably estimated at present for
¢ = e because of the poor theoretical control on 2ie" contribution. In the case of/. ; the situation
is better since the™* part is negligible. One had’.; ~ 20% (—12%) for constructive (destructive)
interference. Interestingly, though the error is lard&,, can be used to fix the sign of.

Let us close with a short comment @y, — p+p~. Here the SD part is CPC and has recently
been evaluated at NNLO [869]. The much larger LD contribufimoceeds via two photons. While its
absorptive part is fixed fronk;, — ~~, its dispersive part is difficult to estimate, requiring nolwn
counterterms in CHPT [870]. Moreover, in this case the twotpn LD amplitude interferes with the
SD one (they both produce a lepton pair ifDa" state). This interference, which depends on the
sign of A(K, — ~7), is presumably constructive [871] and better measuren@niss — 7~y or
K™ — rmt~v could settle this sign. However, even with the help of thieimation it is difficult to
reduce the theoretical error belew50% of the SD contribution.

3.84 Kt — wtviand K — 7% beyond the SM

Minimal Flavour Violation In models with Minimal Flavour Violation (MFV) [10, 12] both
decays are, like in the SM, governed by a single real funckicdhat can take a different value than in the
SM due to new particle exchange in the relevZhtpenguin and box diagrams (see [Fig. 43a). Restricting
first our discussion to the so-called constrained MFV (CME&e [872]), in which strong correlations
betweenk - and B-decays exist, one finds that the branching ratiosifor — =+vv and K, — 70uvw
cannot be much larger than their SM values given in Eq.](176¢.95% probability bounds read [190]

B(K+ — 7T+V77)CMFV <11.9- 10~ , B(KL — 7TOI/I7)CMFV <4.6- 1071, (179)

Explicit calculations in a model with one Universal Extrani#ginsion (UED) [181] and in the Littlest
Higgs model withoutl-parity [142] give explicit examples of this scenario witletbranching ratios
within 20% of the SM expectations. The latest detailed analysi& 6f> v in the Minimal Supersym-
metric SM (MSSM) with MFV can be found in [860].
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Fig. 44: a) B(K;, — 7vi) vs. B(K* — ntvi) in the LHT model [158]. The shaded area represents the
experimental o-range forB(K+ — nTvr) . The GN bound is displayed by the dotted line, while the sliie
separates the two areas whek;, — 7 vi) is larger or smaller tha#( K+ — ntvw). b)B(K — nlete™)
(upper curve) and (K, — 7%uT ) (lower curve) as functions d@8(K;, — 7°vv) in the LHT model [158].

Probably the most interesting property of this class of nwidea theoretically clean determination
of the angles of the standard UT, which utilizes both branching ratios enddependent of the value
of X [873,874]. Consequently, this determination is univevgghin the class of MFV models and any
departure of the resulting value Gffrom the corresponding one measuredArdecays would signal
non-MFV interactions.

Littlest Higgs Model with T-parity  The structure ofX — wv decays in the Littlest Higgs
model withT-parity (LHT) differs notably from the one found in MFV modetiue to the presence of
mirror quarks and leptons that interact with the light fesns through the exchange of heavy charged
(Wf;) and neutral £%, A%) gauge bosons. The mixing matri%;, that governs these interactions can
differ from Voke, which implies the presence of non-MFV interactions. ladtef a single real function
X that is universal within thé{-, B;- and B,;-systems in MFV models, one now has three functions

Xi = |Xkle”,  Xa=|Xale",  X,=|Xe", (180)

that due to the presence of mirror fermions can have diffepliases and magnitudes.  Moreover,

it is important to note that mirror fermion contributionseaenhanced by a CKM facto‘lr/)\g’) with

i = K, d, s for the K-, B;- and Bs-systems respectively. A&K) ~ 41074, Whereaskgd) ~1-1072
and)\ﬁs) ~ 4 -1072, the deviation from the SM prediction in tHé-system is found to be by more than
an order of magnitude larger than in tBg-system, and even by two orders of magnitude larger than in
the Bs-system. This paossibility can have a major impact onkhe» wvv system, since the correlations
betweenk - and B-decays are partially lost and the presence of a large phasan change the pattern
of these decays from the one observed in MFV. A detailed aisa[t58] shows that both branching
ratios can depart significantly from their SM values, and baras high a$.0 - 1071, As shown in
Fig. [44a, there are two branches of allowed values with gtemrrelations between both branching
ratios within a given branch. In the lower branch oflyK* — 7+vi) can differ substantially from
the SM expectations reaching values well above the presattat experimental value. In the second
branchB(K — nvv) andB(K* — mvi) can be as high a@s0- 1071 and2.3- 10710, respectively.
Moreover,B(K;, — 7'vi) can be larger thaB(K+ — 7+ vi) which is excluded within MFV models.
Other features distinguishing this model from MFV are thmyoly discussed in [158].
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Supersymmetry Within the MSSM with R-parity conservation, sizable non-standard contribu-
tions to K — wvw decays can be generated if the soft-breaking terms have-dRdhstructure. The
leading amplitudes giving rise to large effects are indumgd) chargino/up-squark loops [131,847,875,
876] ii) charged Higgs/top quark loops [877]. In the firstedarge effects are generated if the left-right
mixing (A term) of the up-squarks has a non-MFV structure [10]. In #eoad case, deviations from the
SM are induced by non-MFV terms in the right-right down segwovided the ratio of the two Higgs
vacuum expectation valuesaf 5 = v, /vy) is large ¢an 8 ~ 30 — 50).

The effective Hamiltonian encoding SD contributions in tieneral MSSM has the following
structure:

HEED) o Z VisVia [Xo (5" dr) (mipyuvin) + Xr(5ry dR) (Tipyuvin)] (181)

l=e,p, 7
where the SM case is recovered fliirp = 0 and X; = Xgqum. In general, bothXz and X, are non-
vanishing, and the misalignment between quark and squatuilastructures implies that they are both
complex quantities. Since th& — 7 matrix elements ofs.vy*dr) and (sgy*dr) are equal, the
combinationX; + Xg allows us to describe all the SD contributions &b — 77 decays. More
precisely, we can simply use the SM expressions for the hiagcatios in Eqs[(174) t¢_(1¥5) with the
following replacement
Xon — Xsum + XPUSY 4 XUSY (182)

In the limit of almost degenerate superpartners, the lgadmargino/up-squarks contribution
is [876]:

X~ 1 [(5%1%)23(5&)31} _ L (MPasn(Mi)sg1, (183)

96 M 96N (M2)ro(M2)rr
As pointed out in [876], a remarkable feature of the abovaltésthat no extrad(Myy /Msysy ) Sup-
pression and no explicit CKM suppression is present (aspgpéas in the chargino/up-squark contribu-
tions to other processes). Furthermore, (ig,)-type mass insertions are not strongly constrained by
other B- and K-observables. This implies that large departures from teefpectations ik — mvv
decays are allowed, as confirmed by the complete analysei9#) 860]. As illustrated in Fid. 45a,
K — wvw are the best observables to determine/constrain from iexpetal data the size of the off-

diagonal (0} ) mass insertions or, equivalently, the up-type trilineamieA;3 [(Mg)iLgR ~ myA;s).
Their measurement is therefore extremely interestingialite LHC era.
In the largetan G limit, the charged Higgs/top quark exchange leads to [877]:
msmg t3 (5d )31(5d )32 mg 12 E%th
xHY & B RR RR B B 184
R [( o0z, ) + N 2, | [+ eity) fu(yin), (184)

wherey, g = m?/M%, fu(x) = 2/4(1 — x) + zlog x/4(z — 1)? ande; rrtg = O(1) for tg = tan 3 ~

50. The first term of EqL(184) arises from MFV effects and itssptial tan 3 enhancement is more than
compensated by the smallnessf ;. The second term on the r.h.s. of Hg. (1184), which would appea
only at the three-loop level in a standard loop expansionbeatargely enhanced by then? 3 factor
and does not contain any suppression due to light quark saSsmilarly to the double mass-insertion
mechanism of Eq[(183), also in this case the potentiallgitepeffect is the one generated when two
off-diagonal squark mixing terms replace the two CKM fastiy; andV,.

The coupling of théspy* dRr) (71,7, v1) effective FCNC operator, generated by charged-Higgs/top
quark loops is phenomenologically relevant only at latge 3 and with non-MFV right-right soft-
breaking terms: a specific but well-motivated scenario iwitliand-unified theories (see e.g. [878,879]).
These non-standard effects do not vanish in the limit of hWesmuarks and gauginos, and have a slow
decoupling with respect to the charged-Higgs boson masshéwn in [877] theB-physics constraints
still allow a large room of non-standard effectshh— w7 even for flavour-mixing terms of CKM size
(see Figl 4bb).
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Fig. 45: Supersymmetric contributions t§ — 7vv. a) Dependence of various FCNC observables (normalized
to their SM value) on the up-type trilinear termlss and Aqs, for A;; < AAp andtan 8 = 2—4 (other key
parameters in GeVz = 500 & 10, M> = 300 £ 10, My, = 600 £ 20, M, = 800 & 20, Ag = 1000) [860]. b)
Sensitivity to(6% 5)23(0% ;)31 of various rarek - and B-decays as a function dff;+, settingtan 3= 50, 1 <0

and assuming almost degenerate superpartners (the baandthe twoK — wv modes are obtained assuming
a 10% measurement of their branching ratios while fBeg; — p*p~ bounds refer to the present experimental
limits [877]).

3.8.5 Kj — w%*¢~ beyond the SM

Within the SMK;, — 7lete” andK; — 7°utu~ decays have a very similar dynamics, but for the
different lepton masses. This makes them an ideal probe afféBts when taken in combination [853,
868]. Moreover,K; — n°u* ™ is sensitive to Higgs-induced helicity-suppressed opesato which

K — nvo (and K1, — n%te™) are blind.

NP with SM operators In many scenarios, such as enhanced electroweak penguEWHRIE
[761], the MSSM at moderaten G [880], Little Higgs models (LHT) [158], UED [181], and lemjaark
models [881], NP only modifies the strength of the SM opestaithout introducing new structures.
In general, these models induce larger effectsifer — 7v than for K, — #°¢+¢~. Still, the latter
modes should not be disregarded as they offer the posgitiliisentangle effects in the vector and
axial-vector currents. Indee); 4 produces the final lepton pair also in a helicity-suppressedstate,
hence contributes differently t&;, — n%ete™ andK; — 7%t u~, while theQ7y contributions are
identical for both modes (up to phase-space correctiormsaasuming lepton flavour universality) [853].

As a consequence, the area spanned im3tl§;, — mete™) — B(K; — 7°utp~) plane for
arbitrarywr 4 7y is non-trivial, see Fig. 46b. Taking all errors into accouhis translates into the bounds
0.1+ 0.24 B¢ < B < 0.6 + 0.58 B¢ with BY = B(K — n%*¢~) - 10! [868].

Usually, in specific models, there are correlations betwibeneffects of NP orQ)7y and Q74
operators. In the MSSM at moderaten 3, the dominant effect is due to chargino contributionsZte
and~y-penguins [131, 847, 875, 876] sensitive to the double ugdgmass insertions. Sincg’- and
~v-penguins are correlated, so e, and(74 and only a subregion of the red area can be reached. This
is true whether or not there are new CP-phases. Interegtinghe LHT model [158], the contributions
to wyy, cancel each other to a large extent, leading to a quasi eorea@orrespondence, see Figl 44b.
This constitutes a powerful test of the model. In the case B¥Mhe overall effect is found to be always
smaller than for;, — 7%vo, with a maximum enhancement w.r.t. the SM of abbtaft [860]. Finally,
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Fig. 46: a) Theory error as a function of the error fory|. b) B(K; — 7°utu~) againstB(K; — n%ete™) for
various NP scenarios [868]. The red sector is allowed fok¥fison coefficients)z 4 andyzy, exclusively, to take
arbitrary values; the green broken line with squares cpmeds to a common rescaling of the two coefficients.
The LHT result of [158] lies between EEWP and V,A only. Lighaé (dark blue) corresponds to arbitragys 71
together withReys| < 90 (|Imyp| < 35), respectively, while the yellow region correspondgia -v, s, p arbitrary
but compatible with theB(K; — p*p~) measurement, whergs andys are the coefficients for scalar and
pseudoscalar operators.

the contribution of the dipole operattfo** d) F},, can be absorbed intory [131] and NP contributions
of this type cannot be singled out.

NP with New Operators NP could of course also induce new operators. A systemadilysia
of the impact of all possible dimension-six semileptoni@m@ors onk; — 7°¢T¢~ can be found
in [868]. Here we concentrate on the most interesting cagpsafudo-)scalar operatoffs = (5d)(£¢)
and@Qp = (5d)(¢vs¢), inducing a CPC (CPV) contribution. These operators ararced in the MSSM
at largetan (3 where they originate from neutral Higgs exchanges and aigtae to down-squark mass
insertions [553]. Being helicity-suppressed, they aftedy the muon mode and can lead to a clear signal
outside the red region in Fig. 4#6b. Of course, in the MSSMthgd)(¢¢) and (5vsd)(¢vs¢) operators,
contributing toK; — ¢*¢~, are also generated. Interestingly, the cur8k’; — p*p~ )P still
leaves open the large yellow region in Higl 46b, when combimi¢h general)y ;4 operators.

Finally, note that tree-level leptoquark exchange [881dragutrino exchange in SUSY withoht
parity [882—885] can also induce (pseudo-)scalar opesabut without helicity-suppression. However,
to evade the strong constraint fraf{K;, — ete™ )™ = (97%) - 1072, one would need to invoke a
large breaking of lepton-flavour universality to have ablisieffect inK;, — 7% .

3.8.6 Conclusions on the theoretical prospects

RareK -decays are excellent probes of New Physics. Firstly, thaeptional cleanness allows to access
very high energy scales. As stressed recently in [35, 138 380], NP could be seen in rafé-decays
without significant signals i3, s-decays and, in specific scenarios, even without new pestieithin
the LHC reach. Secondly, if LHC finds NP, its energy scale balffixed. Then, the combined measure-
ments of the four raré’-modes would help in discriminating among NP models. Faaimse, we have
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seen that specific correlations exist in MFV or LHT, which tenused as powerful tests (see [Fig. 44).
Further, in all cases, the information extracted from the foodes is essential to establish the NP flavour
structure in thes — d sector, as illustrated in the MSSM at both moderate (seédBi) and largeéan (3
(see Figs[_45b and 6b). Rare-decays are thus an integral part, along witkphysics and collider
observables, of the grand project of reconstructing the NEeahfrom data. Experimentally, together
with these very rare modes, improving bounds on forbidderayke (e.g/K — weu) can be interesting.
Also, rare K-decays would benefit from experimental progress in (less) nradiative K -decays like
Kg — ¢~ (see Fig[4ba). For all these reasons, it is very importaptitsue ambitiougs-physics
programs in the era of the LHC.

3.8.7 Program at CERN

The proposed experiment NA62 (formerly NA48/3) at CERN-$#86] aims to collect abowi0 K+ —
7T v events with an excellent signal over background ratio inyears of running, allowing for &0%
measurement of the branching ratio of thee — 7 +vv decay. The data taking should start in 2010.
NAG62 will replace the NA48 apparatus at CERN and will make afghe existing beam line. The layout
of the experiment is sketched in figlre 47.
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Fig. 47: Layout of the NA62 (NA48/3) experiment.

The experiment proposes to exploit a kaon decay in flightriiegle to achievel 0% of signal
acceptance. An inteng®0 GeV /c proton beam, extracted from the SPS, produces a secondagech
beam by impinging on a Be target. 80 m long beam line selects@ GeV /c momentum beam with a
1% RMS momentum band. This beam coveracm? area, has an average rate of algfiit MHz and
is composed by% of K™ and94% of =, e™ and protons. A differential Cerenkov counter (CEDAR)
placed along the beam line ensures a positive kaon idefitifiical he beam enters in&) m long decay
region evacuated at a level t§— mbar, enough to avoid sizeable background from the interaof the
particles with the residual gas. The kaon decay rate in tbaydeegion is about MHz : it provides about
10" KT decays in two years of data taking, assuming 100 days asnmitinie at60% of efficiency,
which is a very realistic estimate based on the decennial@\&perience at the SPS.

The experimental signature ofla" — 7 Tvi is one reconstructed positive track in the down-
stream detector. The squared missing mass allows a kineahsdiparation between the signal and about
90% of the total background (see figlire 48). The precise kinamalateconstruction of the event requires
a performing tracking system for the beam particles and hlagged decay products of the kaons.
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Fig. 48: Squared missing mass for Kaon decays. The squared missisg imaefined as the square of the
difference between the 4-momentum of the kaon and of theygeldsack in the hypothesis that it is a pion.

The beam tracker consists of three Si pixels stations (SB)B&ving a surface &6 x 48 mm?.
The charged particle rate on each station is aBo0iHz cm 2 on average. The stations are made up by
300 x 300 um? pixels,300 pm thick and containing the sensor and the chip bump-bondet] A lieast
200 ps time resolution per station is required to provideitable tag of the kaon track. A mistagging
of the kaon, in fact, may be a source of background becaupeilsghe resolution of the reconstructed
squared missing mass.

Six straw chambers, 0.5% radiation length thick, placedhéndame vacuum of the decay region
form the downstream spectrometer. Two magnets provideundaoht measurement of the particle mo-
mentum, useful to keep the non gaussian tails of the reeanisin under control. The central hole of
each station, which lets the undecayed beam pass througt bendisplaced in the bending plane of the
magnets according to the path of the GeV /¢ positive beam. This configuration allows the tracker to
be used as a veto for negative particles upidzeV /c, needed for the rejection of backgrounds like
KT — ntr~etv. Areduced size prototype will be built and tested in 2007.

A system ofy vetoes, g veto and a RICH complement the tracking system to guarani@&a
level of background rejection.

A 18 m long RICH located after the spectrometer and filled W#hat atmospheric pressure is
the core of the €/x/u. separation. ALl cm radius beam pipe crosses the RICH and two tilted mirrors
at the end reflect the Cerenkov light toward an array of ab0002hototubes placed in the focal plane.
Simulations showed that enough photoelectrons can bectadlgper track to achieve a better thamn
7/ separation betweerb and35 GeV /c. The RICH provides also the timing of the downstream track
with a 100 ps time resolution. The construction and test of a full langbtotype is planned for 2007.

A combination of calorimeters covering up to 50 mrad sereegdéntify the photons. Ring-
shaped calorimeters, most of them laying in the high vacufitheo decay region, cover the angular
region between 10 and 50 mrad. Tests on prototypes builgusad scintillator tiles and scintillating
fibers are scheduled for 2007 at a taggdecility at LNF. The existing NA48 liquid krypton calorimet
(LKr) [887] is intended to be used as a veto fodown to 1 mrad. Data taken by NA48/2 in 2004 and a
test run performed in 2006 using a taggetieam at CERN show that the LKr matches our requests in
terms of efficiency. A program of consolidation and updatthefreadout electronics of the LKr is under
way. Small calorimeters around the beam pipe and behind tloenwmeto cover the low angle region.

Six meters of alternated plates of iron and extruded skatdils form a hadronic sampling calorime-
ter (MAMUD), able to provide a0°  rejection. An aperture in the center lets the beam passdhrou
and a magnetic field inside deflects the beam out of the acuapta the lasty veto.

Simulations of the whole apparatus baseds@aNT3 andGEANT4 showed that 10% signal ac-
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ceptance are safely achievable. The use of the RICH comstihe accepted pion track within the
(15,35) GeV/c momentum range. The higher cut is an important loss of sigoeptance, but assures
that events likek ¥ — 770 deposit at least0 GeV of electromagnetic energy, making their rejection
easier. The simulations indicate that a 10% background ievearly achievable.

The overall experimental design requires a sophisticatedniology for which an intense R&D
program is started. Actually we propose an experiment ableach a sensitivity of0~'2 per event,
employing existing infrastructure and detectors at CERN.

3.8.8 Program at J-PARC

The Japan Proton Accelerator Research Complex (J-PAR®) [8& new facility being constructed in
the Tokai area of Japan as a joint project of High Energy Amre¢br Research Organization (KEK) and
Japan Atomic Energy Agency. Slow-extracted proton beaniciwis of 30GeV and whose intensity is
2 x 10' protons per 0.7-sec spill every 3.3 sec at the Phase-1,nspinated to the experimental area
called NP Hall (figuré 49). The proton beam hits the targetm@oduces a variety of secondary particles,
including low-energyK *’'s and K ’s.
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Fig. 49: A plan for the layout of NP Hall at J-PARC.

The first PAC meeting for Nuclear and Particle Physics Expenits at J-PARC was held in the
early summer of 2006 [889]. Concerning kaon physics, twesals: “Measurement of T-violating
Transverse Muon Polarization i+ — 7°u*v Decays” and “Proposal fak';, — 7%vo Experiment at
J-Parc” received scientific approval. The latter proposathe K;, — v decay is discussed in this
section; the former one is discussed in the “Charged LeptfT Csection of WG3.

The branching ratio fok;, — 7°v is predicted to bg2.7 + 0.4) x 10~!! in the Standard
Model, while the experimental upper limi,7 x 10~8 at the 90% confidence level, is currently set by
the E391a Collaboration at the KEK 12-GeV PS using the dalaated during the second period of
data taking [857]. E391a was the first dedicated experimankf, — 7> and aimed to be a pilot
experiment. The new proposal at J-PARC [890] is to measwdtaAnching ratio with an uncertainty
less than 10% and takes a step-by-step approach to achiegoéh.

The common T1 target on the A-line and the beamline with addrek extraction angle, as shown
in figure[49, will be used in the first stage of the experimertd)E Survey of a new neutral beamline in
the first year of J-PARC commissioning and operation is désdea understands the beam-related issues
at J-PARC. The E14 experiment will be performed by the dat® gkears of LHC” (~ 2012/2013); the
goal is to make the first observation of the decay. In the atisinulation, 3.5 Standard Model events
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with 1.8 x 102! protons on target in total are expected with the S/N ratio.4f The beamline elements
and the detector of E391a will be re-used by imposing necgssadifications. A schematic view of
the detector setup is shown in figlre 50. In particular, thdoped Csl crystals in the calorimeter for
measuring the two photons fron? in K;, — 7% will be replaced with the smaller-size and longer
crystals used in the Fermilab KTeV experiment (figuré 513cdssions on the loan of the crystals are
in progress. The technique of waveform digitization will ieed on the outputs of the counters in the
detector to distinguish pile-up signals from legitimatetphoton signals under the expected high-rate
conditions. A new extra photon detection system to reduedsth — 797° background will cover the
regions in or around the neutral beam.

CCo01 FB CC02 MB BCV CV CsI CCO3 C(CC04 CCO5 CC06 BHCV BHPV
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Fig. 51: Layout of the calorimeter for the J-PARKE, experiment with the KTeV Csl crystals.

After the E14 experiment establishes the experimentahigals to achieve the physics goal, the
beamline and the detector will be upgraded for the next stdgre than 100 Standard Model events
(equivalent to a single event sensitivity of less tBan10~13) with a S/N ratio of 4.8 will be accumulated
by the era of a “super B-factory’~{ 2020).
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3.9 Charm physics
3.9.1 Case for continuing charm studies in a nutshell

While nobody can doubt the seminal role that charm studiagedl for the evolution and acceptance
of the Standard Model (SM), conventional wisdom is less @s#ld about their future. Yet on closer

examination a strong case emerges in two respects, bothichate based on the weak phenomenology
predicted by the SM for charm:

— to gain new insights into and make progress in establisthiagretical control over QCD’s non-
perturbative dynamics, which will also calibrate our thetimal tools forB studies;

— to use charm transitions as a novel window into New Phy$iey.(

Lessons from the first item will have an obvious impact on #sks listed under the second one. They
might actually be of great value even beyond QCD, if the NewsRis anticipated for the TeV scale is
of the strongly interacting variety.

Detailed analyses of leptonic and semileptonic decays afrathadrons provide a challenging
testbed for validating lattice QCD, which is the only knowarhework with the promise for a truly
guantitative treatment of charm hadrons that can be imprsystematically

While significant ‘profit’ can be ‘guaranteed’ for the firgtii, the situation is less clear concerning
the second one, the search for New Physics. While it had togpeceed that no sign of New Physics
would show up at the present level of experimental sensitivio clear-cut benchmark has been set at
which level New Physics could emerge with even odds. In thase one is dealing with hypothesis-
generating rather than probing research. It will be esakttiharness the statistical power of the LHC
for high quality charm studies.

Yet the situation is much more promising than it seems atdiesice. New Physics scenarios in
general induce flavour changing neutral currents (FCNQ)dhaiori have little reason to be as much
suppressed as in the SM. More specifically they could be aantiglly stronger for up-type than for
down-type quarks; this can happen in particular in modelgkvhave to reduce strangeness changing
neutral currents below phenomenologically acceptablel$dyy some alignment mechanism.

In such scenarios charm plays a unique role among the upgtygeksu, ¢ andt; for only charm
allows the full range of probes for New Physics in general #adour-changing neutral currents in
particular: (i) Since top quarks do not hadronise [891]r¢hean be nd™® — T° oscillations. More
generally, hadronisation, while hard to bring under thgoaé control, enhances the observability of
CP violation. (i) As far asu quarks are concerned?, n andr’ decay electromagnetically, not weakly.
They are their own antiparticles and thus cannot oscillatd?> asymmetries are mostly ruled out by
CPT invariance.

Our basic contention can then be formulated as folld@hsarm transitions provide a unique portal
for a novel access to flavour dynamics with the experimertightson being a priori quite favourable
(apart from the absence of Cabibbo suppression). Yet eatinéimdicap can be overcome by statistics.

The truly committed reader can find more nourishment forhiecuriosity in several recent re-
views [892—-894].
These points alluded to above will be addressed in somewtra detail in the following sections.

3.9.2 Charm Mixing

Prior observations of mixing in all down-type quark mixingseems puts charm physics in a unique
position in the modern investigations of flavour physicstesdystem where the first evidence for the
phenomena has emerged only recently (just before the ptiblicof this document). Results of these
studies are addressed after a short phenomenologicadlirtion.
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The Standard Model contributions to charm mixing are sugg@é totan? 6. ~ 5% becauseD’
decays are Cabibbo favoured. The GIM cancellation coulthéursuppress mixing through off-shell
intermediate states tt0~2 — 10~°. Standard Model predictions for charm mixing rates sparsév
orders of magnitude [894,895]. Fortunately, CP violatiomixing is©(10~%) in the SM so CP violation
involving DYDY oscillations is a reliable probe of New Physics.

Charm physics studies are complementary to the correspgrmdiograms in bottom or strange
systems due to the fact thA’ D° mixing is influenced by the dynamical effectsdwn-type particles

Effective AC = 2 interactions generate contributions to the effective afpes that change R”
state into aD? state, leading to the mass eigenstates

2

1, (185)

D) =5ID) 4D, 7, = |2

where the complex parametersand ¢ are obtained from diagonalising ttig” — D° mass matrix with
Ip|? + |q|* = 1. If CP-violation in mixing is neglectedy becomes equal tg, so |D;) become CP
eigenstates)P|Dy) = +|Dy).

The time evolution of @° or D? is conventionally described by an effective Hamiltoniariakh
is non-Hermitian and allows the mesons to decay. We write

0 ; 0
2P0 ] _ (g ip) | IP%0)
ot | |DU(t)) 2 [D(t))
whereM andI are2 x 2 matrices. We invoké&' PT invariance so thalf;; = Moy = M andl'y; =
I'yo = T'. The eigenvalues of this Hamiltonian are

Mo=Mg—Tia=(M-20) %My - LTy
2 2 P 2
wherel » are the masses of the, » andI'; » are their decay widths, and

q_ M7y — 510,

p My — T4
The mass and width splittings between these eigenstategvareby

mip — mso _Pl—rg _x2—i—y2
e Y= —ons Ru=——. (186)
These parameters are experimentally observable and camdiedsusing a variety of methods to be
discussed below. SM and all reasonable models of NP predict< 1 [894, 895], which influences the

available strategies for those measurements.

X

3.9.3 Semileptonic decays

The most natural way to search for charm mixing is to employisptonic decays. It is also not the
most sensitive way, as it is only sensitive B);, a quadratic function of: andy. Use of theD°
semileptonic decays for the mixing search involves the mreasent of the time-dependent or time-
integrated rate for the wrong-sign (WS) decaysiaf wherec — ¢ — s¢~7, relative to the right-
sign (RS) decay rate; — s¢Tv. DecaysD’ — K®)~¢T7 have been experimentally searched for
[896—-900]. Although the time integrated rate is measuredkml experiments use the time dependence
of D° decays to increase the sensitivity. Currently the besitagtysis reached by the Belle experiment,
Ry = (0.20 4+ 0.47 £ 0.14) x 1073, using 253 fb'! of data ine* mode only. Projecting to a possible
2 ab~! one can hope for a sensitivity of abati.2 x 1073, including also systematic uncertainty.
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3.9.4 Nonleptonic decays to non-CP eigenstates

A decay mode providing one of the best sensitivities to theimgiparameters i®° — K+7—. Time-
dependent studies allow separation of the direct doublyitfba suppressed (DC$)° — K+r— am-
plitude from the mixing contributiod® — D° — K+7~ [901,902],

D’ — Ktn ] =e Ak +|? [RD + v/ RpRy(y cos ¢ — 2’ sin )Tt + R2, R%,(T't)?| , (187)

whereRp, is the ratio of DCS and Cabibbo-favoured (CF) decay ratexeSi andy are small, the best
constraint comes from the linear termgtithat are alsdinear in x andy. A direct extraction ofc andy
from Eq. [187) is not possible due to the unknown relativergjmphaseé . of DCS and CF amplitudes,
asy’ = wcosdiyr + ysindxr, y = ycosdir — wsindg,. This phase can be measured independently
(see CLEO-c result in Section 3.9.8). The correspondingfite can also be written [903] fdp° decay
with 2/ — —2’ andR,,, — R'.

Experimentally, this method ab® mixing search requires a good understanding of the detector
decay time resolution to model correctly the measuredibligion. Several experiments performed fits
to disentangle the individual contributions in Elg. (187049910]. The most recent study by BaBar
collaboration [911] finds an evidence for non-zero valuethef mixing parameters. The preliminary
95% C.L. contours of the measured values are shown ir_Figlrb@&rms of single parameter errors to
be used for projections the most accurate is the measurdspaBetlle, using 400 fb! of data. Several
fits to decay time distributions are performed; assumingtti@CP violation is negligible, the result is
2 = (0.18 £ 028) x 1072,y = (0.6 £ 50) x 10~ andRp = (3.64 £ 0.17) x 10~3, where the errors
are statistical only. Projections of the 95% C(k2, ') contour to the axes yield confidence intervals
of 22 < 0.72 x 10732 andy’ € [-9.9,6.8] x 103, With a 2 ab ! data sample a statistical accuracy of
0.1 x 1073 and2 x 10~2 can be expected far? andsy/’, respectively, similar to the current systematic
uncertainties; a large contribution to the latter is duéhtoliackground modelling, the understanding of
which might improve with a larger data sample as well.

CDF has demonstrated the potential of experiments at hambitiders to make mixing-related
measurements using hadronic decays through the recegtaftwdS D — K7~ events [912]. Using
the distinctiveD* — D7 signature and an integrated luminosityoo35 fb~! a sample of around 2000
WS decays have been accumulated with a background to seymdldf order 1. The ratio of WS to RS
decays is found to b&.05 & 0.21(stat) & 0.11(syst) x 10~3. This ratio is equivalent t&, in the limit
that 2’ andy’ are zero, and CP violation is negligible. Provided that ty&esnatic uncertainties can
continue to be kept under control, the full Tevatron datagseveralb—! will give a more precise result
for Rp than the B-factories, under the stated assumption. Moegdsting results are to be expected
should it prove possible to perform a time-dependent measemt.

LHCDb expects to collect very high statistics in all charged-body D decays through the inclu-
sion of a dedicated* — D°(hh/)r filter in the experiment's high level trigger [913]. In oneayeof
operation at nominal luminosit2¢b—') 0.2 million WS and 50 million RS< 7 events will be written
to tape, where the triggerdd* has originated from & decay. A similar number of decays are expected
where theD* is produced in the primary event vertex.

In a mixing analysis it is necessary to measure the propetnie of the decaying®. LHCb’s
good vertexing allows the decay point of th¢ to be well determined, and also the production point in
the case oD*’s produced in the primary vertex. For that sample whereldharises from aB decay it
is necessary to vertex tHe° direction with otherB decay products in order to find the production point,
a procedure which entails a loss in efficiency. Additionas@re needed to enhance the purity of the WS
signal, and combat the most significant background sourberenthe wrong ‘slow pion’ is associated
with a genuineD?. This contamination is dangerous for the reason that is lhhege of the slow pion
which tags the initial flavour of th&° meson. After this selection, 46,500 WS decays are expeated f
B events peR fb~! , with a background to signal ratio of around 2.5.
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These performance figures have been used as input to a ‘toyeMario’ study to determine
LHCDb’s sensitivity to the mixing parameters, including tbtite effects of background and the estimated
proper time resolution and acceptance. The study was peefbifor event yields corresponding to
10 fb~! of integrated luminosity, that is 5 years of operation at im@hoperation. It was found that
with such a sample LHCb will have a statistical sensitivity :d> andy’ of 0.6 x 10~* and 0.9 x
10~3 respectively. Further work is needed to identify and conthatpossible sources of systematic
uncertainty.

3.9.5 Multi-body hadronicD® decays

In multi-body hadronid>® decays possible differences in the resonant structureseetihe CF and DCS
decays must be taken into account, and, as discussed bel@xploited. The time integrated relative
ratesRys = I'(D° — K*+r~(nm))/T'(D° — K~nt(nn)), which assuming negligible CP violation
equal toRp +/Rpy' + (2?4 y'?)/2, have been measured forr = 7%, 7+ 7~ [915,920,924,925]. For
the latter mode Belle measurBsy s(Knnm) = (0.3204+0.018 £0.013)%. Assuming a particular value
of 2/ in combination with the previous equation gives an allowaddin the(Rp,y') plane; however,
one should note that the value ofis decay mode dependent. Studies with — K F7+7 7t events
will also be possible at LHCb, where plans are under constiter to extend théd* — D°(hTh' )7
high level trigger stream to include charged 4-bddy decays. The foreseen event yields would be
similar to those anticipated for tie® — KTr* case.

The BaBar collaboration studied the time-dependence dalibge multi-body decay modes [926].
Since the possible mixing contribution followed by CF deca&gds to be distinguished from the DCS
decays, the sensitivity of the measurement is increaseeliegtig regions of phase space where the
ratio of the two is the largest. The preliminary valueRy{;, which is not affected by this selection, is
found to beRy; = (0.023 + 001 £ 0.004)% (Ras < 0.054% at 95% C.L. using a Bayesian approach)
inthe DY — K*7~ 7% mode, and without selecting a region of phase-spage; (K nn%) = (0.214 +
0.008 + 0.008)% is obtained. By combining the obtainédog £(R () curve with the one from the
study of theD® — K*+7 — 77~ channelRy; = (0.020 = J010)% (Ra < 0.042% at 95% C.L. using
a Bayesian approach) is obtained (stat. uncertainty onljje combined data are compatible with the
no-mixing hypothesis at the 2.1% C.L.

3.9.6 Time-dependent Dalitz-plot analysis

Due to the strong variation of the interference effects dherD? — K+ 7~ (nr) phase-space a Dalitz
analysis of these modes can give further insight intaenixing. Such an analysis has been performed
for D° — Kgm~nT channel by CLEO collaboration [928], and recently resutisfBelle collaboration
became available [929]. Different intermediate statedrdmrting to Ks7— 7+ (CP even or odd, like
Ksfo or Ksp°, or flavour eigenstates, lik&*(892)7~), that can be determined by inspection of the
Dalitz plane, contribute differently to the decay time disition of D — Kg¢r—7t. A simultaneous

fit of the Dalitz and decay time distributions is used to deiee the mixing parametets = (0.80 +

0.29 +£0.17)% andy = (0.33 +0.24 + 0.15)%. Important systematic error arises due to the uncertainty
of the model used for the description of the Dalitz structyegound+0.15% and+0.10% on z and

y, respectively). Projecting the amount of data used in tladyais (540 flo!) to the amount possibly
available to the B-factories in the future (27ab the statistical precision on each parameter could be
improved to ~ 0.15%. Hence the systematic error, receiving contributions ftbexuncertainty of the
distribution modelling (similar as for the caselof — K+7~ decays) as well as from the Dalitz model,
will need to be studied carefully.
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3.9.7 Nonleptonic decays to CP eigenstates

DY mixing can be measured by comparing the lifetimes extrafcted the analysis oD decays into the
CP-even and CP-odd final states. In practice, the lifetimasmed inD decays into CP-even final state
fep,suchasktK—, ntn—, ¢Kg, etc., is compared to the one obtained from a measuremestaf/d
to a non-CP eigenstate, such/&is 7. This analysis is also sensitive tdimear function ofy via

 7(D— K ')
Ver = (D= KTK-)

where¢ is a CP-violating phase. In the limit of vanishing CP viabatiyop = y. This measurement
requires precise determination of lifetimes. It profitsnirgome cancellation of the systematic uncer-
tainties in the ratior (K« ")/7(fcp). To dateCP = +1 final statesKk " K~ and7* 7~ have been
used [930-936].

In the course of preparation of this document the Belle boltation obtained new result e p
using 540 for! of data [936]. It represents evidence for th€ D° mixing, with ycp = 1.31 £0.32 £
0.25% differing from zero by 3.2 standard deviations.

With the currently available statistical samples at theaBtdries, the statistical uncertainty of the
measurements using the*" tag is comparable to the systematic one. The latter ariséslynfeom
an imperfect modelling of the distribution of the background (although the overall backmd level
is small, and the systematic uncertainty due to this souiightrdecrease with increased data sample),
and from the possible non-cancellation of systematic sroorindividual lifetime measurements. With
the final B-factories’ data set one can hope for a total uag@yt onycp of around=+0.25%. To this,
systematic error contributes0.10% if the sources expected to scale with the luminosity arertaht®
account.

LHCb intends to make an important contribution to the meaments of a non-zero value of
yop through the high statistics available from the trigger, and the excellent particle identification
capabilities of its RICH system. A samplef x 106 DY — K+ K~ events is expected frof decays
alone after all selection cuts. The expected sensitivitydg from this source with 5 years of data is
0.5 x 1073,

2
—1=ycos¢ — xsing {Rm2 1} , (188)

3.9.8 Quantum-correlated final states

The construction of tau-charm factories introduces tieve-independentethods that are sensitive to
a linear function ofy. One can use the fact that heavy meson pairs produced in tdagslef heavy
guarkonium resonances have the useful property that thenwgons are in the CP-correlated states [937,
938]. For instance, by tagging one of the mesons as a CP &ensa lifetime difference may be
determined by measuring the leptonic branching ratio ofatier meson. The final states reachable
by neutral charmed mesons are determined by a set of selaciies according to the initial virtual
photon quantum numbers”® = 1~~ [938, 939]. Currently, the decay rates of several singhgeal
(only a single meson is fully reconstructed) and doublyg&a(both mesons reconstructed) final states
of the DYDY pairs are measured at CLEO-c [940], where the individualttivas depend on the mixing
parameterg; and R,;, D° branching fractions and phases between DCS and CF decayses Bf
decays considered include semileptonic decays and decdim/dur and CP eigenstates. The above
parameters are determined from a fit to the efficiency-ctedeyields using 281 ptd of data, with the
preliminary results most relevant to ti# mixing y = —0.058 +0.066, Ry, = (1.7 £1.5) x 10~2 and
cosdx» = 1.094+0.66. The systematic uncertainties, expected to be of smafler are being evaluated.
At CLEO-c the precision of results is expected to be redugethéreasing the data sample by a factor
of three, increasing the number of CP eigenstate modes,sang constraints from other measurements
of D° branching fractions. The same method will be exploited bBBIE with an expected data sample
of 20 fb~!. Statistical uncertainty could be reducedat@)) ~ 0.002, o(Ry) ~ 0.2 x 1073 and
o(cosdrr) ~ 0.02.
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Table 42: Approximate expected precisios)(on the measured quantities using methods described iexhéor

the integrated luminosity of 10 f at LHCb, 2 ab! at the B-factories at 10 GeV, and 20that BESIII running

at charm threshold. The LHCb numbers do not include the effexystematic errors, but neglect the contribution
of events from prompt charm production. Entries mariéih the LHCb column are where expected performance
numbers are not yet available.

Mode Observable LHCb (10fd) B-factories (2 ab') (3770) (20 fb™1)

DY — KW=ytp Ry / 0.2 x1073
DY — K*r~ x'? 0.6 x 1074 1.5 x 1074
Y 0.9 x 1073 2.5 x 1073
DY — KtK- yop 0.5 x 1073 3x1073
DY — Klrtn~ T / 2x 1073
Y / 2 x 1073

¥(3770) — DODO z? 3x107%

y 4 %1073

cos 0 0.05

3.9.9 Summary of ExperimentaD Mixing Results

The constraints in’ vs 3’ andx vsy are shown in Figd. 32. Approximate uncertainties of the messu
guantities, as expected from the data samples assumed, apeshown in Table 42. The errors shown
include scaled statistical errors from the most precisstiej measurements and estimates of possible
systematic uncertainties.
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Table 43: Approximate expected precision)(on the measured quantities using methods described irexte t
for the integrated luminosity of 100 fd at an upgraded LHCb, 75 ab at a Super B-factory at 10 GeV, and
200 fb~! at a Super B-factory running at charm threshold. The upgradCh numbers are merely the results
from Table€ 42 scaled to the new integrated luminosity.

Mode Observable LHCb (100fd) Super B (75 ab') (3770) (200 fo!)
DY — Ktn~ x'? 2.0 x 107° 3x107°
Yy 2.8 x 107* 7 x 1074
DY — KtK~ yop 1.5 x 107* 5x 1074
DY — Klrtn~ x / 5x107*
Yy / 5x107*
¥(3770) — DYDO z? <0.2x107*
Y (1-2)x1073
cos 0 < 0.05
2 °m 2 pm
S 2.5 FRCP2007 | | no CPV | - 2.5 FPep2007 | | CPV allowed |
2r 2F
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Fig. 53: All charm mixing measurements are combined by HFAG [386}twide constraints in the vsy plane.
Contours (1 through &) of the allowed region are shown. The significance of thellasioin effect exceedso.

As a simple illustration of the projected resultsyaminimization in terms of the mixing param-
etersz andy, andcos dx can be performed. For the unknown true values 5 x 1073,y = 1 x 1072
andd, = 0°, one finds the central 68% C.L. intervals:ofc [3,7] x 1073, y € [0.85,1.15] x 1072
andox, € [—12°,12°]. In some cases the p.d.f.'s for the estimated parametersigniicantly non-
Gaussian.

The charm decays subgroup of the Heavy Flavour Averagingu6{886] is preparing world
averages of all the charm measurements. For charm mixiegatbrages not only take into account
correlations between meaurements but combine the muditiional likelihood functions associated
with each measurement. A very preliminary average is avail886] givingz = (8.7f§:2) x 1073 and
y = (6.6755) x 1073. Allowing for CP violation the very preliminary averageais= (8.439) x 1073
andy = (6.9 £2.1) x 1073,

The constraints in the vs y plane are shown in Fig. 53. The significance of the oscilfaéffect
exceed$o.
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The interpretation of the new results in terms of New Physdaconclusive. It is not yet clear
whether the effect is caused by= 0 or y = 0 or both, although the latter is favoured, as shown in Table
[43. Both an upgraded LHCb and a high luminosity Super B-fgatdll be able to observe both lifetime
and mass differences in thig° system, if they lie in the range of Standard Model prediction

A serious limitation in the interpretation of charm osditb@s in terms of New Physics is the
theoretical uncertainty on the Standard Model predictianetheless, if oscillations occurs at the level
suggested by the recent results, this will open the windowetarches folC’ P asymmetries that do
provide unequivocal New Physics signals.

3.9.10 New Physics contributions tB mixing

As one can see from the previous discussion, mixing in thenclsgstem is very small. As it turns out,
theoretical predictions of andy in the Standard Model are very uncertain, from a percentdersrof
magnitude smaller [895, 941]. Thus, New Physics (NP) cbations are difficult to distinguish in the
absence of large CP violation in mixing.

In order to see how NP might affect the mixing amplitude, ib&ructive to consider off-diagonal
terms in the neutral D mass matrix,

i 1
M—-T) =— (DYHAC="2D" 189
(3=57) =g Dpac= 210" (189)
. 1 (DY |HEC=|n) (n|HEHC="1|DO)
2Mp Mp — E,, + ic

n

where H5¢="1 is the effective|] AC| = 1 Hamiltonian. Since all new physics particles are much
heavier than the Standard Model ones, the most natural fsadeP to affect mixing amplitudes is in
the|AC| = 2 contribution, which corresponds to a local interactiorhat¢harm quark mass scale.

New Physics mixing predictions

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31
1.00E+00 +—+—+—+—+—+++++—+++++++++++++++++++++

100E-01 f, , . .

1.00E-02 1 . { ° T
[ ] L]
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1.00E-05 .
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1.00E-07 + { {
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1.00E-09

[x]

Reference Index

Fig. 54: NP predictions foiz|. Horizontal line references are tabulated in Table 5 of RR95].

As can be seen from Fid. (b4), predictions fovary by orders of magnitude for different models. It is
interesting to note that some modedguire large signals in the charm system if mixing and FCNCs in
the strange and beauty systems are to be small (e.g. the Sig@mant model).
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The local|AC| = 2 interaction cannot, however, affefl’, because it does not have an absorp-
tive part. Thus, naively, NP cannot affect the lifetime elifincey. This is, however, not quite correct.

Consider aD° decay amplitude which includes a small NP contributidfD® — n] = ASLSM) + A%NP).
Here,A,SNP) is assumed to be smaller than the current experimental taimttges on those decay rates.

Then it is a good approximation to writeas

~ P g(SM) g(SM) P A(NP) (SM)
y o~ nPDA" AL +2§7;FDAN ABM) (190)

The SM contribution tg is known to vanish in the limit of exact flavostU (3). Moreover, the first order
correction is also absent, so the SM contribution ariseg aglasecondorder effect. Thus, those NP
contributions which do not vanish in the flavosi#’ (3) limit must determine the lifetime difference there,
even if their contributions are tiny in the individual decayplitudes [942]. A simple calculation reveals
that NP contribution tg; can be as large as several percent in R-parity-violating YSu®dels or as
small as~ 10719 in the models with interactions mediated by charged Higgsgbes [942]. Assuming
the projected precisions an y andcos(dx ) discussed below are achieved, a range of NP models can
be ruled out. On the other hand, the uncertainty of SM priediistfor the mixing parameters can in
some scenarios (positive measuremernt; x) make the identification of NP contribution difficult. It is
important to make a precise determination of individuabpaeters, using all the experimental methods
mentioned (and possibly new ones) in order to pin down plessiiacks in the SM.

3.9.11 D mixing impact on CKM angley/¢3
Beside the importance of the mixing in the charm sector pediscussed above, the results of mentioned
measurements can also have an impact on the determinatiom Ghitarity Triangle angle /¢s. Several
proposed methods for measuringes use the interference betwe@r — D°K~ andB~ — DK~
which occurs when both® andD° decay to the same final state [616, 621,622, 625, 634].

The quantity sensitive to the anglg/¢s is the asymmetryApx = [Br(B~ — fpK~) —
Br(Bt — fp,K%)]/[Br(B~ — fpK~)+ Br(Bt — fpK™)], where f;, denotes the common
final state of DY and D°. Apx can be expressed as

B 2rprpe “sin (0p + 0p) siny/¢3
a % + 1% + 2rprpe—€cos (6 + dp) cosy/¢3

Apk (191)

wheredg is the difference of the strong phases in decBys — DK~ andB~ — DK, §p is the
difference of the strong phases ¥ — fp andD" — fp, rp is the ratio of amplitudegA(B~ —
DYK™)|/|A(B~ — DYK~)| andrp is the ratio] A(D° — fp)|/|A(D° — fp)|. The dilution factor
e~ € arises ifz, y # 0.

In case of non-negligibl®° mixing the time integrated interference term betweHD" — fp)
and A(D° — fp) depends om andy, resulting in [620]

1 1 1
€= —(x2+y2)( +7%) - Z(xQ cos 20p + y?sin26p) . (192)

8 7%

Using fp which is a CP eigenstate [621, 622] (the case whgye—= ngﬂr— is dicussed in
sectior3.9.27]1) and neglecting CP violation) decays the above expressions simplify duejo=
1, 6p = 0, and thuse = 3?/4. For f = KtK—,nt7~ the asymmetrydpy is measured to be
0.06 & 0.14 £ 0.05 using an integrated luminosity of 250fb[943]. Projecting the result to 2 ab
the expected statistical accuracy4i8.05. An uncertainty ony of 2%, on the other hand, reflects in an
error ofo(Apr) ~ 5 x 107° using the above equations (conservatively assuming: 0.25, sinép =
sin g3 = 1). It is thus save to conclude that neglecting the effecbBfmixing in this method ofy/¢3
determination is appropriate.
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Besidefp being a CP eigenstate, the final state can be chosen to ans®ICS decays [625,634].
In this case the strong phasg enters the expressions. To illustrate the effect gfon extraction
of the angley/¢3 one can envisage usage of two distinct final states, for ebeathp above men-
tioned f = KK, 777~ and K7~ which can also be reached from eith®f or D°. For the
former the same asymmetiyp i can be measured, while for the latter the ralpx = Br(B~ —
DyypK™)/Br(B~ — Djq,K™) is also sensitive toy/¢s. Here, Dy, denotes DCS decayB’ —
K*r~ andDy,, stands forD® — K~7". Rpx depends on the unknown angles:

Rpg = 1% + 1%+ 2rgrpcos (6p + 0p) cos /s (193)

with rp = (6.2 = 0.1) x 1072 [119]. Assumingrp is known, measuringlpx and Rpy constrains
possible ranges fafp and~y/¢s. Knowledge ofép clearly helps in limiting the{/¢3, d5) allowed
region. We can use the projected restilix = 0.06+0.05 and the raticR px = (2.3+£1.5+0.1) x 1072
as obtained using 250 Tt of data [944]. Hence one can expdtbx = (2.3 & 0.6) x 10~2 with the
final B-factories data set. The approximate two dimensié8&b C.L. contour obtained by plotting the
correspondingy? of the two projected measurements as a function /af; anddp is shown in Fidg.55.
The left plot shows the allowed region for the current valtié» = (0 + 1.15) rad [940]. To show the
effect of an improved knowledge of tHe meson decays strong phase the valge= (0+0.45) rad (see
Table[42) is used in the right plot. The allowed region of thknown angles is significantly reduced
although it should be noted that the actual region strongpedds on the central valuesdgf as well as
rp (for the latter the value 0.12 was used in the plots).

- .- 2 = N
: S - N
77, \\\\\E}‘ _,s"

S

()

@5 lrad] - @5 lrad]

Fig. 55: 68% C.L. contour fory/¢s andd g using the projected results of measurements describectites#t. The
strong phase differenc&, betweenD? — K+7~ /K 7T decays is assumed to have the values marked in the
plots.

3.9.12 CP Violation with & without Oscillations
3.9.13 Theoretical overview
Most factors favour or even call for dedicated searcheg fBrviolation in charm transitions:

@ Since baryogenesis implies the existence of New Physi¢sRrviolating dynamics, it would
be unwise not to undertake dedicated searche€'fdrasymmetries in charm decays, where the ‘back-
ground’ from known physics is between absent and small: ittivthe SM the effective weak phase
is highly diluted, namely~ O(\?), and it can arise only isingly-Cabibbo-suppressegansitions,
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where one expects asymmetries to reach@ie.1%) level; significantly larger values would signal
New Physics. Any asymmetry inCabibbo-allowed or doubly-suppressetannels requires the inter-
vention of New Physics — except f@* — KgrT [893], where theC' P impurity in Kg induces an
asymmetry of3.3 - 10~3. One should keep in mind that in going from Cabibbo-allowed:abibbo
singly- and doubly- suppressed channels, the SM ratappressedy factors of about twenty and four
hundred, respectively:

PS]\/I(HC — [S = —1]) :FSM(HC — [S = O]) : PS]\/I(HC — [S = +1]) ~

1:1/20:1/400 (194)
One would expect that this suppression will enhance theilrtgi of New Physics.

@ Strong phase shifts required fdirect C' P violation to emerge in partial widths are in general
large as are the branching ratios into relevant modes; Mdnigg final state interactions complicate the
interpretation of an observed signal in terms of the miavpacparameters of the underlying dynamics,
they enhance its observability.

@ Since the SM provides many amplitudes for charm decéy3,asymmetries can be linear in
New Physics amplitudes thus increasing sensitivity to dlte.

@ Decays to final states ofiore thantwo pseudoscalar or one pseudoscalar and one vector meson
contain more dynamical information than given by their Wajitheir distributions as described by Dalitz
plots or T odd moments can exhil6itP? asymmetries that might be considerably larger than thastéo
width. This will be explained in a bit more detail later on.

& The distinctive channeD** — D= provides a powerful tag on the flavour identity of the
neutral D meson.

© The ‘fly in the ointment’ is thatD® — D° oscillations are on the slow side.

@ Nevertheless one should take on this challenge (Hwiolation involving D — DY oscillations
is a reliable probe of New Physics: the asymmetry is comtdoby sil\mpt - Im(q/p)p(D — f).
Within the SM both factors are small, namely O(10~2), making such an asymmetry unobservably
tiny — unless there is New Physics; for a recent New Physiadetrsee [429]. One should note that this
observable idinear in z rather than quadratic as fdr P insensitive quantities like°(t) — I~ X.
DY — DY oscillations, C P violation and New Physics might thus be discovered simebasly in a
transition. We will return to this point below.

& Honesty compels us to concede there is no attractive, leeatompelling scenario of New
Physics for charm transitions whose footprints should ecéden also il decays.

@ Itis all too often overlooked that CPT invariance can previdntrivial constraints o' P asym-
metries. For it imposes equality not only on the masses aatiwiddths of particles and antiparticles,
but also on the widths for ‘disjointsulsets of channels. ‘Disjoint’ subsets are the decays to fiatés
that camot rescatter into each other. Examples are semileptonic wslepimnic modes with the latter
subdivided further into those with strangeness= —1,0. + 1. Observing aC P asymmetry in one
channel one can then infer in which other channels the ‘coisgteng’ asymmetries have to arise [893].

3.9.14 DirectC P violation in partial rates

C P violation in AC' = 1 dynamics can be searched for by comparing partial widthg”fBrconju-
gate channels. For an observable effect two conditions tealie satisfied simultaneously: a transition
must receive contributions from two coherent amplitudds \(a) different weak and (b) different strong
phases as well. While condition (a) is just the requiremérdt B violation in the underlying dynamics,
condition (b) is needed to make the relative weak phase wisler Since the decays of charm hadrons
proceed in the nearby presence of many hadronic resonamdesing virulent final state interactions
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(FSI), requirement (b) is in general easily met; thus it ptes no drawback for thebservabilityof a
C P asymmetry — albeit it does for itaterpretation

As already mentioned CKM dynamics does not support@myviolation in Cabibbo allowed and
doubly suppressed channels due to the absence of a secdndmglitude; the only exception are modes
containing aKg (or K1) like D™ — Kgnt vs. D~ — Kgm~ which have to exhibit an asymmetry
of 0.0032 reflecting theC P impurity in the Kg (or K1) wave function. In once-Cabibbo-suppressed
transitions one expects P asymmetries, albeit highly diluted ones of ordér~ 1073,

While we have good information on the size of the weak phasajawnot know how to predict the
size of the relevant matrix elements and strong phases iimhleeway. Even if a direcC’ P asymmetry
larger than about0—3 were observed in a Cabibbo-suppressed mode — say even asakirg 2 —,
at present we could not claim such a signal to establish tieeviention of New Physics. A judicious
exercise in ‘theoretical engineering’ could, howeverysaur conundrum.

3.9.15 Theoretical Engineering

C P asymmetries in integrated partial widths depend on hadrordtrix elements and (strong) phase
shifts, neither of which can be predicted accurately. Hawéhe craft of theoretical engineering can be
practised with profit here. One makes an ansatz for the geioena of the matrix elements and phase
shifts that are included in the description Of — PP, PV, V'V etc. channels, wher and V" denote
pseudoscalar and vector mesons, and fits them to the medwarexhing ratios on the Cabibbo allowed,
once and twice forbidden level. If one has sufficiently aateirand comprehensive data, one can use
these fitted values of the hadronic parameters to pre&dietasymmetries. Such analyses have been
undertaken in the past [945], but the data base was not ad brabprecise as one would likELEO-c

and BESIII measurements will certainly lift such studiea twew level of reliability.

3.9.16 CP violation in final state distributions

Once the final state i — f is more complex than a pair of pseudoscalar mesons or a E=ldo
plus a vector meson it contains more dynamical informati@m tgiven by the modulus of its amplitude,
since its kinematics are no longer trividl.P asymmetries in final state distributions can be substéntial
larger than in integrated partial widths.

The simplest such case is given by decays into three psealdoseesons, for which Dalitz plots
analyses represent a very sensitive tool with the phasemiafiion they yield. They require large statis-
tics; yet once those have been obtained, the return is véastamtial. For the constraints one has on a
Dalitz plot population provide us with powerful weapons tmtrol systematic uncertainties.

Such phenomenological advantages of having more complakstiates apply also for four-body
etc. final states. Measuring T odd moments with

Or == —Or (195)

is an efficient way to make use of data with limited statist&simple example for a final state with four
mesonsz, b, c andd is given byOr = (P, - (Pa X Db))-

While FSI are not necessary for the emergence of such effeatdike the situation for partial
width asymmetries —, they can fake a signal of T violatiorhwitbeing amantilinear operator; yet that
can be disentangled by comparing T odd moment&fBrconjugate modes [946]:

Or(D — f)# —Or(D — f) = CP violation (196)

A dramatic example fot”' P violation manifesting itself in a final state distributionuoh more
dramatically than in a partial width has been foundAn decays. Consider the rare modg, —
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mTn~eTe™ and define byp the angle between the"7— ande™e™ planes. The differential width has
the general form
dar
do
Upon integrating ovey theI's term drops out from the total width, which thus is given imterofI’; »
with I's representing a forward-backward asymmetry.

(Kp —»ntn~efe™) = I'1cos?p + Dasin®g + T'scosgsing (297)

w/2 d T d
<A>:f0 ﬁ‘fwm%_ 2I'3

foﬂ—% _7T(F1—|—F2)

(198)

Under P and T one has etsing — — cosp sing. Accordingly (A) andI's constitute a T odd correlation,
while I'; » are T even.I's is driven by theC P impurity e in the kaon wave function{A) has been
measured to be large in full agreement with theoreticaliptiets [947]:

(A) =0.138 £0.022 . (199)
One should note this observable is driven|gy| ~ 0.0023.
D decays can be treated in an analogous way. Consider thel®agiippressed chanriél
(=) _ _
D— KKn'r (200)
and definep to be the angle between tiéK and=* 7~ planes. Then one has

dar

%(D — KKntr™) = TI'jcos’¢ + Iysin®¢ 4 D'scos¢ sing (201)
ar - _ _ _ _
%(D — KKntn™) = Tjcos?¢ + Tysin®¢ 4 Tscosgsing (202)

As before the partial width fob[D] — K Kn 7~ is given byl'y o[['1 o]; T'y # Ty or 'y # Ty represents
directC P violation in the partial widthI'3& T3 constitute T odd correlations. By themselves they do not
necessarily indicaté€' P violation, since they can be induced by strong final staerautions. However

I's #T'3 = CP violation! (203)

It is quite possible or even likely that a differencelip vs. T's is significantly larger than ii'; vs. '
orI'y vs. T',. Furthermore one can expect that differences in detecffisiemcies can be handled by
ComparingF3 with FLQ andf‘g with 1:‘172.

3.9.17 CP asymmetries involving oscillations

For final states that are common i and D° decays one can search f6tP violation manifesting
itself with the help of D? — DY oscillations in qualitative — though certainly not quaatiite — analogy
to B; — Kg. Such common states can B&P eigenstates — liké? — K+tK~/ntn~ /Kgn") -,
but do not have to be: two very promising candidateslate— Kqr+7~, where one can bring the full
Dalitz plot machinery to bear, an® — K7~ vs. D? — K—zt, since its SM amplitude is doubly-
Cabibbo-suppressed. Undertakimge-dependeriDalitz plot studies requires a higher initial overhead,
yet in the long run this should pay handsome dividends exaatce Dalitz analyses can invoke many
internal correlations that in turn serve to control systeenancertainties.

1%This mode can exhibit direct P violation even within the SM.
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Searching for such effects with the required sensitivige(®elow) will be quite challenging.
Nevertheless one should take on this challenge.@®rviolation involving D° — DO oscillations is a
reliable probe of New Physics: the asymmetry is controllggibAmpt - Im(q/p)p(D — f). Within
the SM both factors are small, namely ©(10~3), making such an asymmetry unobservably tiny —
unless there is New Physics; for a recent New Physics mode[429]. One should note that this
observable idinear in = rather than quadratic as fér P-insensitive quantities liked(t) — I~ X.

DY — DY oscillations, C'P violation and New Physics might thus be discovered simettasly in a
transition.

3.9.18 Experimental searches f&' P violation
Let the amplitude foD° to decay to a final statg be written as

Ay = <f|Hint|D0>

where H;,; is the interaction Hamiltonian responsible & — f. If CP is conserved, that is if
[Hint, CP] = 0, then we can clearly write

Ay = (fI(CP)(CP)Hm| D) (204)
= (fl(CP)"H;n(CP)| D)
= —<]F|Hint|DO> = —AJI

where f is the conjugate final state t. Consequently, a measurement that showB® — f) #
I'(D° — f)is a demonstration that CP is violated in this decay.

Most CP violation results are from the FNAL fixed target expents E791 and FOCUS, and the
CLEO experiment and search for direct CP violation. The Giation asymmetry is defined as
(D — f)-T(D— f)

A = -7, 205
CTrDS HHT(D ) (205)

A few results from CLEO, BaBar and Belle experiments conside violation in mixing. Typically,
precisions of a few percent are obtained [119]. No evideac€P violation is observed consistent with
Standard Model expectations.

Certainly very large samples will be available from hadrotiders. From an existing CDF mea-
surement [950] it is possible to anticipate yields of oves-Q. million D° — K+ K~ events being
available with the likely final Tevatron integrated lumiitgsof 5-10 fb—!. This sample will have an
intrinsic statistical precision of 0.2%. With the higher production cross-section and its dedeic@é
trigger LHCb will accumulate samples of up to 10 million taggevents in each year of nominal opera-
tion [913]. The RICH system will ensure a low background, #reke decays will be complemented by
those selected in thB® — 7+7~ mode. In order to exploit these enormous statistics it vélhecessary
to pay great attention to systematics biases. Initial stayenmetries and detector asymmetries will be
the main concerns.

3.9.18.1 Three-body decays

Direct CP violation searches in analyses of charm decayséetbody final states are more complicated
than two-body decays. Three methods have been used to $eafeh asymmetries. (1) Integrate over
phase space and construttp as in two-body decays; (2) Examine CP asymmetry in the gquasi-
body resonances; (3) Perform a full Dalitz-plot analysisfoand D separately. The Dalitz-plot analysis
procedure [914] allows increased sensitivity to CP violatby probing decay amplitudes rather than
the decay rate. E791 [915], FOCUS [916] and BABAR [917] hanalywedD™ — K™K 7™ using
method (1). E791 and BABAR have also analyZed — K~ K*n™ using method (2). FOCUS has

1R7



a Dalitz-plot analysis in progress [918]. Th&" — K+ K7« Dalitz plot is well described by eight
guasi-two-body decay channels. A signature of CP violaitiocharm Dalitz-plot analyses is different
amplitudes and phases fbrand D samples. No evidence for CP violation is observed.

The decayD*t — Dzt enables the discrimination betweéf and D°. The CLEO collab-
oration has searched for CP violation integrated acros®#iiéz plot in D° — KTx*7% [919, 920],
K9ntr~ [921] andr "7~ x° [922] decays. No evidence of CP violation has been observed.

CLEO has considered CP violation more generally in a simettas fit to theD® — K277~
and D° — K2rTn~ Dalitz plots. The possibility of interference between Céhserving and CP-
violating amplitudes provides a more sensitive probe of @Ration. The constraints on the square of
the CP-violating amplitude obtained in the resonant sulamotD® — Kélwﬂr‘ range fromB.5x 10~4
t0 28.4 x 10~* at 95% confidence level [921].

3.9.18.2 Four-body decays

FOCUS has searched for T-violation using the four-body yieeadesD? — K+ K—ntx~ [946]. As
described in Sectidn 3.9.116, a T-odd correlation can beddrmith the momenta('r = (F+.(F+ X
Pr-)). Under time-reversalCr — —Cr, howeverCr # 0 does not establish T-violation. Since
time reversal is implemented by an anti-unitary operatar,# 0, can be induced by FSI [923]. This
ambiguity can be resolved by measuriig = (5x+.(Pr+ X pr—)) in D’ = K+tK—ntr—;Cr # Or
establishes T violation. FOCUS reports a preliminary asytnymd, = 0.075 + 0.064 from a sample of
~ 400 decays. More restrictive constraints are anticipated f@irEO-c where in 281 pb' a sample of
2300D* — K2K*rT 7~ have been accumulated.

3.9.19 Experiments exploiting quantum correlations

Most high-statistics measurementsof decay employ “flavour tagging” through the sign of the slow
pion in D* — my.wD. That is, if combined with a slowr™ to make aD*", the neutralD meson is a
DP. Conversely, a slowt— implies aD".

An entirely different way to tag flavour, an@P, is to exploit quantum correlations iR°D°
production ine™e~ annihilation [937-939].

The production processte~ — (3770) — D°D° produces an eigenstate @fP+, in the first
step, since the)(3770) has/”’C equal tol~—. Now consider the case where both thé and theD?
decay into CP eigenstates. Then the degays70) — fifi or fif! areforbidden, wherg, denotes
a C P+ eigenstate ang_ denotes &' P— eigenstate. This is becauseP(fL fi) = (—1)* = —1for
the / = 1 ¢(3770). Hence, if a final state such a& {K ~)(x*7~) is observed, one immediately
has evidence of CP violation. Moreover, all°P+ and(C P— eigenstates can be summed over for this
measurement. The expected sensitivity to direct CP vanlas ~ 1%. This measurement can also be
performed at higher energies where the final sfateD*0 is produced. When eithdd* decays into a
7% and aD?, the situation is the same as above. When the dec&jYis— vD° the CP parity is changed
by a multiplicative factor of -1 and all decay‘érfi violate CP [923]. Additionally, CP asymmetries in
CP even initial states depend linearly omllowing sensitivity to CP violation in mixing of 3%.

Fore™e™ machines running at the(3770), the D mesons are produced with very little momentum
in the laboratory. Hence, their flight distance is virtuathpossible to determine, and we instead measure
time-integrated decay rates. From Ref. [939]

L(j,k) = Qu |A(, k)|* + Rar | B(j, k)| (206)

where ) )
A(j, ]{7) = A]Ak - A]Ak
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is the “unmixed” contribution to the decay rate, and

. p q 5
B,k =244, - 24,4
(] ) q 7k » j4k

is the contribution fromD°— D° mixing. The integrations also yield the factors

1 1 1 2 —y?
g — %1—
@ 2{1—y2+1+m2} 2
17 1 1 x? + 32
Ru = 3 2~ 2|~
2|1—9y2 14z 2

Mixing does not occur if the eigenstates of the decay Hamidto have the same mass and width, i.e.
xz =y = 0. In any case, we expedly; < Qy ~ 1. Nevertheless, mixing would result in the second
term of Eq[ 206 and it is here that one obtains sensitivitg'#® violation throughg # p. This will be
exploited at CLEO-c, and eventually to a greater extent & BE

3.9.20 Benchmarks for future searches

Since the primary goal is to establish the intervention ofvNRhysics, one ‘merely’ needs a sensitivity
level above the reach of the SM; ‘merely’ does not mean it a@silye be achieved. As far adirect

C P violation is concerned — in partial widths as well as in fitate distributions — this means asymme-
tries down to thel0~3 or even10~—* level in Cabibbo-allowed channels and 1% level or bettewice
Cabibbo-suppressed modes; in Cabibbo-once-suppressaysdene wants to reach thé—3 range al-
though CKM dynamics can produce effects of that order becfusre advances might sharpen the SM
predictions — and one will get them along with the other cleds\nFortime dependerdisymmetries in
D° — Kgrtn~, KTK~, ntn~ etc. and inD® — K+~ one should strive for thé€(10~*) and
O(1073) levels, respectively.

Statisticswise these are not utopian goals consideringéhe large event samples foreseen at
LHCb.

When probing asymmetries below thel % level one has to struggle against systematic uncertain-
ties, in particular since detectors are made from mattegr& are three powerful weapons in this struggle:
(i) Resolving the time evolution of asymmetries that aretaled by xzp andyp, which requires ex-
cellent microvertex detectors; (ii) Dalitz plot consistgrchecks; (i) quantum statistics constraints on
distributions, T odd moments etc. [937,939]

3.9.21 Rare Decays

Searches for rare-decay processes have played an impat&in the development of the SM. Flavour
changing neutral current (FCNC) processes have been gtagiensively forK and B mesons in both
KK andB°— B° mixing and in rare FCNC decays. The corresponding procéssks charm sector
has recieved less attention and the experimental uppeslarg currently above SM predictions. Short-
distance FCNC processes in charm decays are much more igbfyessed by the GIM mechanism
than the corresponding down-type quark decays because tHrte top quark mass.

Observation ofD* FCNC decaysD™, D — #i*l~ and K"/~ could therefore provide an
indication of New Physics or of unexpectedly large ratesldmg-distance SM processes likgt —
7V, V — 71—, with a real or virtual vector mesoWi. Detailed description on rare charm decays
can be found in references [892, 894]. The charm meson n&lidécays are also very important to
understand final state interaction which may enhance thaydetes. In Ref. [892,894], the decay rates
of D — Vv (V can bep, w, pandK* ) had been estimated to B8~ — 10~%, which can be reached at
BES-IIl and theB-factories.
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3.9.22 Inclusivec — w transitions

Thes — d andb — s transitions offer a possibility to investigate effects afPhysics in the down-
type quark sector. The — w transition, however, gives a chance to study effects of Naysks in
the up-type quark sector. In the Standard Model the corioibuicoming from the penguin diagrams
in ¢ — wy transition is strongly GIM suppressed giving a branchingpraf order 10~'8 [951]. The
QCD-corrected effective Lagrangian givesR(c — uy) ~ 3 x 1078 [952,953]. A variety of models
beyond the standard model were investigated and it was fthaidhe gluino exchange diagrams [954]
within general minimal supersymmetric SM (MSSM) might léadhe enhancement

BR(c — uy)mssm
BR(c — uy)sm

~ 10%. (207)

Within SM thec — ul™1~ amplitude is given by the and Z penguin diagrams and’ box diagram
at one-loop electroweak order in the standard model. It midated by the light quark contributions
in the loop. The leading order rate for the inclusive- ul*l~ calculated within SM [955] was found
to be suppressed by QCD corrections in [892]. The inclusibth® renormalization group equations
for the Wilson coefficients gave an additional significarpmession [956] leading to the ratEéc —
uete™)/Tpo = 2.4 x 10719 andT'(c — uptp™)/Tpo = 0.5 x 10710, These transitions are largely
driven by virtual photon at low dilepton mass;.

The leading contribution to — w{*{~ in general MSSM with the conserved R parity comes from
one-loop diagrams with gluino and squarks in the loop [892, 955]. It proceeds via virtual photon
and significantly enhances tke— u/™1~ spectrum at small dilepton mass;. The authors of [892]
have investigated supersymmetric (SUSY) extension of ieMgh R parity breaking and they found
that it can modify the rate. Using the most recent CLEO [9%8&Lits for theD™ — 7TeTe™ one can
set the bound for the product of the relevant parametersiegtiie R parity violating\,,, \,,, =~ 0.001
(assuming that the mass of squark; =~ 100 GeV). This bound give the ratésRp(c — uete™) ~
1.6 x 1078 and BRg(c — uptp~) ~ 1.8 x 1078,

Recently, the effects of Littlest Higgs models were invgatied in rareD decays [145] and it was
found that there is a new tree level coupling in which givesa «Z transition. However, that effect is
insignificant due to the parameters constrained by the presectroweak data (see Ref. [25] in [145]).
A number of models of New Physics contain an extra up-typ&hgaark [959] causing the appearance
of the flavour changing neutral currents at tree level forupegquark sector. The Lagrangian which
describes this FCNC interaction is given by

Lyc = Zyu(Jhs — sin® O Jhey ), (208)

whereJy;,, is the same electromagnetic current as in the SM, wHjlg is given by

Tiys = SUPAHQUE — 5 Dy DY (209)
with L = 1(1 — v5) and mass eigenstatég" = (ur,cr,tr,T)", D' = (dr, sz, br)”. The neutral
current for the down-type quarks is the same as in the SMewh#& up sector has additional currents
(see ref. [145]). The unitarity conditions of the CKM matright constrain this coupling. However,
the present bound oAm in DY — DY transition limits the parameter describing theZ vertex to be
Que ~ 0.004, giving the more strict limit on that parameter. The invatidilepton mass distribution of
thec — ul™1~ distribution is only moderately enhanced.

3.9.23 Exclusive rareD decays

The study of exclusiveD meson rare decay modes is very difficult due to the dominahteedong-
distance effects [145, 892—894, 951-963] . The— V'~ decay rates were calculated in Refs. [894,
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951, 960, 962]. The long-distance contribution is inducgdhe effective nonleptoni¢Ac| = 1 weak
Lagrangian. In calculations of Ref. [962] the long-distuedfects were determined using a heavy meson
chiral Lagrangian. The factorization approximation hasrbesed for the calculation of weak transition
elements. The results of Ref. [951] obtained within a diférframework are in very good agreement
with the results of Ref. [962]. In Table U4 the branchingastof D — V'~ decays [962] are given.
The uncertainty is due to relative unknown phases of varaarributions. Although the branching

Table 44: Predicted branching ratios f@ — V'~ decays.

D —Vy BR

D% — K*0y | [6—36] x 107
Df — pty | [20 —80] x 107°
D% — pOy [0.1 —1] x 107
D% — wry [0.1 —0.9] x 1075
DO — ¢y [0.4 —1.9] x 1075
Dt — pty [ [04-6.3] x 107°
Df — K*ty | [1.2 -5.1] x 107
Dt — K*Ty | [0.3 —4.4] x 1076
D% — K*0y | 0.3 —2.0] x 1076

ratios are dominated by the long-distance contributidms stize of the short-distance contribution can be
extracted from the difference of the decay widiH®? — p°v) andI'(D® — w~) [961]. Namely, the
long-distance mechanisat — dd~ screens theu — uay transition inD® — p°y andD? — w+, the

pY andw mesons being mixtures afiz anddd. Fortunately, the LD contributions are mostly cancelled
in the ratio

0 0~) 0 0 =
BR(D” — p”y) — BR(D" — wv) ~ Re A(D° — uury)

= BR(DY — wn) A(DY = ddvy)’

(210)

which is proportional to the SD amplitudé(D° — uiy) driven byc — wy. This ratio isRsy =

(6 £ 15)% in Ref. [961], and can be enhanced up@¢l) in the MSSM. In addition to the — wuy
searches in the charm meson decays, in Ref. [955] it was stegh search for this transition in the
decayB. — B;~, where the long distance contribution is much smaller.

The inclusivec — ul™l~ process can be tested in the rare dedays> u*tu~—, D — P(V)ITi~
[892, 894, 955, 956]. The branching ratio for the rare dePay- p*p~ is very small in the SM. The
detailed treatment of this decay rate [892] gives(D — utp~) ~ 3 x 10713 [892]. This decay
rate can be enhanced within a study which considers SUSY Rvitlarity breaking effects [892, 893].
Using the bound\,,, X, . =~ 0.001 one obtains the limiBBr(D — utpu~)z ~ 4 x 1077, a value which
would be accessible at LHCb [913]. TH& — P(V)i*I~ decays offer another possibility to study the
¢ — wulT1~ transition in charm sector. The+ — 77+~ andD® — plete~ decay modes are simplest
to be accessed by experiment [145]. The effects of SUSY wipafRy violation were studied in [892].
The recent experimental results of [957] restrict the Rtpatiblating parameters found in [892] more
than one order of magnitude.

The most appropriate decay modes for the experimentalree=saof the New Physics coming from
the FCNC tree level current ale™ — 7+t~ andD? — pleTe. The total rate forD — Xi+i~
is dominated by the long-distance resonant contributidndilepton massn;; = m,, m., m, and
even the largest contributions from New Physics are not @epeto affect the total rate significantly
[892, 955]. New Physics could only modify the SM differehtipectrum at lowm;; below p or the
spectrum at highn; above¢. In the case ofD — =TI~ differential decay distribution there is a
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new physics: tree—levet —>u Z coupling
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Fig. 56: (left) The dilepton mass distributiohBr/dm?2, for the decayD ™

— wtete™ as a function of the

dilepton mass square:?, = (p+ + p_)?. (right) The figure shows the dilepton mass distribution fft —

poeJre’

broad region at highn,; (see Fig[[3.9.23), which presents an unique possibilityudysthec — ul™1~
transition [145,955]. In Table 45 we present branchingsatdr theD+ — 7Tete™ andD? — p01+1~

Table 45: Branching ratios for the decays probing thes ul*I~ transition

Br short distance total rate~ experiment
contribution only long distance contr
SM SM + NP
Dt - atete” | 6x10712 | 8 x 1077 1.9 x 1076 <74x1076
DY —atptu= | 6x10712 | 8x 107 1.9 x 1076 <88 x 1076
DY — plete™ | negligible | 5 x 10710 1.6 x 1077 <1.0x107*
DY — pOutp~ | negligible | 5 x 10710 1.5 x 1077 <22x107°

, giving the SM short-distance, long-distance contritngioas well as the effects of NP arising from the
existence of one extra up-type quark. The total rates indatahand New Physics models are completely
dominated by the resonant long-distance contribufibr> XV, — XI+1~ [145,892]. The SM short-
distance contribution foD? — p°I*1~ (see Fig[3.9.23) is not shown since it is completely nelglkyi

in comparison to the long-distance contribution. The faoklackward asymmetry fab® — p01i~
vanishes in SM, while it is reachirgy05 in a NP model with extra up-type quark as given in Eig. 3.9.23.
Such an asymmetry is still small and it will be difficult to @pged in present or planned experiments
given that the rate itself is already small.

3.9.24 Experimental Results

There are a large number of FCNC charm decays includingtieglifully leptonic decays, lepton flavour
violating (LFV) and lepton number violating (LNV), that hebeen measured experimentally.

Belle has reported the observation of the deBdy— ¢y This is the first observation of a flavor-
changing radiative decay of a charmed meson. The Cabiblioe@our-suppressed decaid — ¢,
¢n are also observed for the first time. The branching fractamed3(D? — ¢v) = [2.6073700-15] x

10~5 - somewhat higher than predicted in Tablé B4D° — ¢n°) = [8.01 & 0.26 & 0.47] x 10~4, and
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Fig. 57: The figure shows the forward-backward asymmetryi#6r— plete~.

B(D® — ¢n) = [1.48 4 0.47 4 0.09] x 1074

Recently, CLEO-c reported the branching fraction of thenesit decayBR(D* — nt¢ —
atete™) = (2.8 £1.9+0.2) x 1076 [957]. The lepton-number-violating (LNV) or lepton-flaveu
violating (LFV) decaysD™ — n—ITIT, K~ITIT andn™pu"e™ are forbidden in the SM. Past searches
have set upper limits for the dielectron and dimuon decayes¢ti19].

The BABAR collaboration has recently reported on FCNC deaafythe formD* /DF /A —
7t /KT /pT ¢t~ where the two leptong;” and/'~, can each be either an electron or a muon. Upper
limits are set at the 90% confidence level betwéenl0~6 and40 x 10~% on the SM and LFV processes
[958].

In Table[46, the current limits and expected sensitivitieBBES-I1l are summarized fob™ and
DY, respectively.

3.9.25 Precision CKM Physics

Precision measurements of the CKM matrix continue to be eaiginterest, despite impressive strides
in determining its parameters [7-9,120,209-211]. We fik& gn overview of ways in which studies of
charm can help this effort. More details on some aspectsiaea g subsequent subsections.

In section[3.9.26 we discuss direct measurements of the Cl¥Mants governing — d and
¢ — s transitions. We then turn in sectién 3.9.27 to ways in whichrm can be of help in determining
the remaining elements. An elementary constraint on newipsys discussed in sectibn 3.9.28, while
sectior 3.9.29 summarizes.

3.9.26 Direct determinations
3.9.26.1 V.4, Vus, and unitarity

The parameteVl,,; = A is measured (with some recent contributions playing a ki) to be0.2257 +
0.0021 [119]. To sufficient accuracy, one then expeltg = /1 — |V,s|?2 = 0.9742 £ 0.0005, since
|V =~ 0.004 and hence its square can be neglected in the unitarityoeldti,g|? + |Vis|? + | Vis|? = 1.
The experimental value fdr,,;, based primarily upon comparing beta-decays of certaitentecmuon
decays, i9/,4 = 0.97377 + 0.00027, so unitarity is adequately satisfied for the first row.
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Table 46: Current and projected 90%-CL upper limits on raf&" and DY decay modes at BES-IIl with 20fh
data aty)(3770) peak.

Reference Best Upper BES-II Reference Best Upper BES-II
Mode Experiment limits0=%) (x107%) | Mode Experiment  limits{0=%) (x1079)
Dt DY
ntete”  CLEO-c[957] 7.4 0.03 N7y CLEO [964] 28 0.05
7tutp~ FOCUS[965] 8.8 0.03 wrp DO [966] 2.4 0.03
atute™ BABAR[958] 5.9/10.8 0.03 utre E791[967] 8.1 0.03
7~ etet  CLEO-c[957] 3.6 0.03 ete” E791[967] 6.2 0.03
7 putpt  FOCUS[965] 4.8 0.03 autp~ E653[968] 180 0.05
7 ptet  E791[967] 50 0.03 nutet  CLEO[969] 86 0.05
K*ete~ CLEO-c[957] 6.2 0.03 nlete  CLEO[969] 45 0.05
K*tputu~ FOCUS[965] 9.2 0.03 Ksu™p~ E653[968] 260 0.1
K+pu*et BABAR[958] 5.9/5.7 0.03 Ksute~ CLEO[969] 100 0.1
K~ete™ CLEO-c[957] 4.5 0.03 Kgete~ CLEO[969] 110 0.1
K- putput FOCUS[965] 13 0.03 nutu~ CLEO[969] 530 0.1
K-u*tet E687[970] 130 0.03 nute” CLEO[969] 100 0.1
nete~ CLEO[969] 110 0.1

3.9.26.2 V.,

For the first column, one expect8,4|? + [V.q|? + [Via|? = 1. With the value ofV,; quoted above
and|V4| ~ 0.008, one then expectd/4] = 0.227 + 0.001. This is to be compared with the value
0.230+0.011 obtained from neutrino interactions [119] and13 +0.008 +0.021 from charm semilep-
tonic decays [971]. The first error is experimental and tfewisé is associated with uncertainty in the
form factor. Measurements of the branching fractionsfor— n/v decay are improving somewhat
(Sec[3.9.29]2) so the precision|df,| from this source will improve. However, from the current anc
tainties inB(D — w(v) itis clear that one will not be able to match the precisiorheftinitarity test for

the first row of the CKM matrix anytime soorivenCKM unitarity, which says to sufficient accuracy
that we should expect the value Bf.;| mentioned above, one can use it to constrain form factors in
semileptonic charm decays and compare them with lattice Qal@ulations.

3.9.26.3 V,

A similar philosophy applies to the CKM elemeWt,. Unitarity applied to the second column of the
CKM matrix implies|Ves| = /1 — [Vis|> — |Vis|?. Taking the experimental value &f,; mentioned
above and the unitarity-based estimeie~ —V,;, we estimatéV.;| = 0.9733+0.0006. This precision
will not be matched by experiment soon. The best measurangente from semileptonic charm decays
and yield|V.s| = 0.957 £ 0.017 £ 0.093, with the second error coming from uncertainty in the form
factor. Again, assuming unitarity one will be able to subjattice gauge theory predictions to important
tests.

3.9.27 Indirect tests
3.9.27.1 V,

The primary difficulty in measuring the matrix elemény, is that it must be extracted fromsemilep-

tonic decays which proceed to charm all but 2% of the timelubiee methods must rely on kinematic
separation techniques, the oldest of which is the studyptbles with energies beyond the endpoint for
b — cfv. Exclusive decays such @ — wfrv and B — pfv do not share this problem, but one must
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understand the corresponding form factors. Tests of fowtofa incharmdecays predicted by lattice
gauge theories can help validate predictionsBadecays.

The phase ol (v or ¢3 in the standard parametrisations) can be measured in sevaya
with the help of information from charm decays. These help,dxample, in using decays such as
B — DcpK decays to learry. For D modes such a&gntn™, ntn 70 KTK—7% andKgK*nT,
Dalitz plots yield information on CP-eigenstate and flaveigrenstate modes and their relative phases
[972].

The interference of — cus (real) andb — ucs (~ e~*7) subprocesses iB~ — DK~ and
BT — ﬁOK‘, respectively, is sensitive to the weak phaseThis interference may be probed by

studying common decay products B andD’ into neutralD CP eigenstates or into doubly-Cabibbo-
suppressed modes [616, 621,622,625, 634].

As one example, the decay@® — K*(K*tK~)p andB* — K*(K*~K™)p provide infor-
mation onvy if the relative (strong) phase betwed — K*t* K~ andD? — K*~ K is known [973].
One can learn this relative phase from the study8f— KK~ x° since both final states occur and
interfere with one another whe&*+ and K*~ bands cross on the Dalitz plot [974]. This method
was used recently by the CLEO Collaboration [975] to showt thia interference was predominantly
destructive in the overlap region.

As another example, one can determineising B* — DK® followed by D — Kgntn—,
KsK+tK~, Kgrtn~7n°[626,976]. Recent high-statistics studies have been pado by BaBar [630]
and Belle [628]. The precision of these measurements wahtally be limited by the understanding
of theD — Kélwﬂr‘ Dalitz plot. K-matrix descriptions of thew S-wave may yield improved models
of charm Dalitz plots and these models will be tested usieg i tagged sample of charm decays at
CLEO-c and later at BES-IIl. The model uncertainty, whicleusrently+£10°, may be reduced to a few
degrees.

Model independent methods [636, 977] US& taggedK2r 7~ and DD — (K2ntn~)% to
control the Dalitz plot model uncertainty. Analyses undeyvat CLEO-c are expected to control this
systematic uncertainty op/¢s to a few degrees.

3.9.27.2 Vy

The semileptonic decays @ mesons toD or D* mesons are one source of information about the
element, but one must understand form factors satisfactorily.it@tjauge theories make predictions
for such form factors; the validation of lattice form facfaedictions in charm decays again is a key
ingredient in establishing credibility of thB — D) form factor predictions. Moreover, under some
circumstances it is helpful to have precise informationuld® branching ratios to specific final states,
which detailed charm studies can provide.

3.9.27.3 Vi and|Viq/Vis]|

The mixing of B° andB' is governed primarily by the CKM produ¢V;; V4. If unitarity is assumed,
|Vis| is very close to 1, so the dominant CKM source of uncertaistytj,|. However, the matrix
element of the short-distance operator inducing ithe— db transition contains an unknown factor
f2Bg, wherefy is the B meson decay constawhile Bz = O(1) is known as the “bag constant” or
“vacuum saturation factor” and expresses the degree towthie vacuum intermediate state dominates
the transition. The corresponding mixing of strarigs and their antiparticles is governed by V|
andf%sBBs.

Lattice gauge theories predict not onfy and f, (as well as the constani3z and Bg,), but
also the decay constanfs and fp, for charmed mesons. Thus, the study of charmed meson decay
constants (Set. 3.9.29.1) and their ratios, and compawighrattice predictions, can shed indirect light
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on guantities of interest in determining the CKM matrix edtsV;; and V4.

To give one example of the role charm measurements can playexpected on rather general
grounds [978] thalfs,./fs and fp./fp are equal to within a few percent. Now, the rafig, /fz is a
key ingredient in the extraction o¥;/V;s| from measurements @&°-B° and B’-B,° mixing. The de-
termination of Ref. [664] utilized an estimatép, \/Bp./fsvBg) = 1.2170:03¢ from the lattice [298].
With a sufficiently good measurement i/ fp and the theoretical input (again, from the lattice) that
Bp,./Bp ~ 1, one could check the lattice prediction or simply substitam experimental measurement
for it.

3.9.28 New physics constraint

To see how great an impact even modest improvements indgeS#M unitarity in the charm sector
would have, we consider a model in which a fourth fantity ') of quarks is added to the usual three,
with neutrinos heavy enough to evade the constrEjnt 3 due to invisibleZ decays. Unitarity relations
involving the first two rows and columns of the expanded 4 CKM matrix allow us to calculate the
following 90% c.l. upper limits using the best-measurednitias mentioned above:

Vil = V1= [Vaal? = [Vas]? = [Vip|? < 0.05 (211)
Ver| = V1 —=1[Veal> = Vs> — [V 2 < 0.5, (212)
Vial = V1= [Vaal®> = [Veal? — [Via> < 0.07 , (213)
Visl = V1= |Vis]? = Ves> = [Vis2 <05 . (214)

(215)

The poor quality of the bounds oW | and|V}.,| is largely due to the 10% error ¢i.s| which translates

to errors of 0.18 onV,,|? and|V;4|? and 90% c.l. upper limits on them of about 1/4. Thus improved
measurements df,.; could have a great impact on closing a rather gaping windavadav physics or
even revealing it.

3.9.29 Summary of overview

The above examples show that charmed particle studies h&amgearole to play in precision CKM
physics, affecting nearly all the elements of the CKM mathixturn, precision CKM physics is impor-
tant as a clue to the very origin of quark masses, since the @&tfix arises from the same physics
which generates those masses.

3.9.29.1 Leptonic Decays

Purely leptonic decays of charm mesons are of prime impoetéor checks of theoretical QCD calcu-
lations and searches for New Physics. Extraction of preCiskl information from neutralB mixing
requires precision knowledge of the ratio of decay constéontB, and B° [213]. While QCD calcula-
tions provide this estimate, the uncertainties are largktlam methods need to checked by seeing if they
can reproduce charm measurements. Leptonic decays priocdexdStandard Model by annihilation of
the charm quark and spectator antiquark into a virtiial, that transforms to a lepton-antineutrino pair
as shown for theéD* meson in Fig[ 58.

In the SM the decay width is given by [979]:

2
D(DT — ) = G—QFﬁ miMp+ (1 — mg V.al? (216)
= S D+ VI D+ M12)+ cd )

where Mp+ is the D™ mass,m, is the mass of the final state leptdir.4| is a CKM matrix element

assumed to be equal t¥,s|, and G is the Fermi coupling constant. (The same formula applies to
D} — ¢*v decays with the replacement BX™ mass andV|.)
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Fig. 58: The decay diagram fab™ — ¢Tv.

New Physics can affect the expected widths; any undiscdvehharged bosons would interfere
with the SMIW*. These effects may be difficult to ascertain, since they disirhply change the value
of the f;’'s. The ratioij/fm is much better predicted in the SM than the values indivigualbo
deviations see here could point to beyond the SM chargednBogeor example, Akeroyd predicts that
the presence of a charged Higgs boson would suppress tioisigtificantly [980].

We can also measure the ratio of decay rates to differerdgrepaind the predictions then are fixed
only by well-known masses. For example, forv to ptv:

2
2
2 +
1 _ T
(Dt —7%y) Mt ( M123+>
(D" — o) (1 e \T
ut M%Jr

Any deviation from this formula would be a manifestation dfpics beyond the Standard Model.
This could occur if any other charged intermediate bosostedithat coupled to leptons differently
than mass-squared. Then the couplings would be differemhfmns and-’s. This would be a manifest
violation of lepton universality, which has identical cdings of the muon, the tau, and the electron to the
gauge bosonsy( Z° andiW+) [981]. (We note that in some models of supersymmetry thegettbHiggs
boson couples as mass-squared to the leptons and thetsfpredence would not cause a deviation from
Eq.217 [31].)

The CLEO-c collaboration has published a result fgr- [320, 982]. Several results have been
obtained forij, the most precise being a preliminary result from CLEO-c.nkasurefp+ CLEO-
c uses a “double-tag” method, possible because at'an centre-of-mass energy of 3770 GeV, the
location of they” resonanceD+ D~ final states are produced without any extra particles. Heed -
is fully reconstructed and then there are enough kinematistcaints (energy and momentum) to search
for DT — v by constructing the missing mass-squared (Mibpposite theD— and the muon, which
should peak at the essentially zero neutrino mass-squasgdicitly

R

(217)

MM? = (Bpeam — Byt ) = (—pp- —Put)’, (218)

wherep,,- is the three-momentum of the fully reconstructbd. The CLEO-c MM distribution is
shown in Fig[5B. The peak near zero contains 50 signal eeémthich 2.8 are estimated background.

The resulting rate is
B(D' — ptv) = (4.40 £ 0.6670:%9) x 1074 (219)

The decay constanft, is then obtained from Ed.(2116) using 1.040.007 ps as th&™ lifetime [119],
and|V_4| = 0.2238:0.0029, giving

fp+ = (222.6 £16.775%) MeV . (220
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Fig. 59: CLEO-c missing mass-squared distributions. (left) Using tags and one additional opposite sign
charged track depositing 300 MeV (consistent with a muon) in the calorimeter and noaeghergetic clusters.
The insert shows the signal region fbr" — p v enlarged; the defined signal region is shown between the two
arrows. (right) UsingD; tags but allowing any energy deposit in the calorimeter ¢giant with muon or pion).
The curve is the predicted shape for the sith — u"v + Df — 7tv, 77 — 7tv normalized to the data for
MM? < 0.2 GeV-.

CLEO-c also sets limits o8(D+t — efv,) < 2.4 x 107°, [320, 982] andB(D* — 77v)
branching ratio te< 2.1 x 1072 at 90% C.L. [983]. These limits are consistent with SM exatiohs.

Before turning to theoretical prediction gf,:, we discuss the current status Bff — u*v.
Results here have been obtained by several experiments Hd®ever, these results have been subject
to sizeable systematic errors, the largest of which ususlije uncertainty o8(D — ¢7t), that is
important because the measurements are usually normaljzeding the ratio of the observed number
of /Tv events tapr™ events.

CLEO-c eliminates this uncertainty by making absolute meaments directly. Data are obtained
near 4.170 GeV. Here the cross-section g DT is ~1 nb. Bothy*v and~*v decays are examined,
with two different decay modes of thet used,7*7 andetvo. The MM? distribution for the sum of
Df — ptv+ DF — 77y, 77 — 7tvis shown on the right side of Fig.59. Analysing these samples
separately, they find the rati® from Eq.[217 is consistent with the SM expectation of 9.72mBiming
both gives a measurement using Eq.]2169f = 282+16+7 MeV. CLEO-c also uses thB} — 71 v,

T — etvitofind fp, = 278 + 17 4+ 12 MeV. Combining the two results gives

fp, =280.1 +11.6 + 6.0 MeV. (221)
Using only theD} — 7%v, 7 — etvw and theD} — ptv, CLEO-c finds

I'(Df — 7tv)

R=
(DY — ptv)

=90.9+1.7+0.7, (222)

again consistent with the SM expectation. Furthermore CicE(s0 sets limits oB(D — etv,) <
3.1 x 1074

The branching fractions, modes and derived valueﬁjﬁf from all measurements are listed in
Table[4T. Most measurements Bff — ¢*v are normalized with respect (D} — ¢nt). These

measurements are difficult to average because of the umteria this scale, and we do not attempt

this here. We can extract a value for ratio using the CLEO-asugeements only, since the scale error is
absent

fo/fp+ =1.26+0.11£0.03 . (223)
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Table 47: Measurements oij Results have been updated for new values ofithdifetime. ALEPH uses both
measurements to derive a value for the decay constant.

Exp. Mode B By (%) fpr (MeV)
CLEO-c utv (6.574+0.90 +0.34) - 1073 281 +19+7
CLEO-c v, T — T (7.14+1.440.3) - 1072 296 +29 + 7
CLEO-c v, T —evv (6294 0.78 +0.52) - 1072 278 + 17+ 12
CLEO-c combined - 280.1 +11.6 £6.0
CLEO [984] pwhv (624+08+1.3+16)-1073 3.6£0.9 273 +£19+27+33
BEATRICE[985] u™v (83+23+0.6+2.1)- 1073 3.6£0.9 315+43+12+39
ALEPH [986] v (6.8+1.1+1.8)-1072 3.6+0.9 285 + 19 4 40
ALEPH [986] Tty (5.8 4+ 0.8+ 1.8) - 102

OPAL [987] v (7.0+2.1+£2.0)-1072 286 + 44 + 41
L3 [988] Tty (7.44£28+1.6+1.8)-1073 302 + 57 £ 32 + 37
BaBar [322] pwhu (6.7£0.8+0.3+0.7)-1073 47405 283+£17+7+14

I+
Theoretical calculations of;,+, fp+ and the ratlof— are listed in Table_48. While the CLEO-c

decay constant results are slightly higher than most tltleareexpectatlons the ratio is quite consistent
with Lattice-Gauge theory and most other models. Furtheenmmo deviations from SM expectations are

found in the ratio of decay rates for various lepton species.

Table 48: Theoretical predictions of p+ andeg/fm. QL indicates quenched lattice calculations.

Model ij- (MeV) o+ (MeV) .ij'/.fD'f‘
Lattice (;=2+1) [310] 249 +£3+16 201 +3+£17 1.24+0.0140.07
QL (Taiwan) [989] 266+ 104+ 18 235+8+14 1.13+0.03 +0.05
QL (UKQCD) [695] 236 + 8117 210 + 10737 1.13 4 0.027004
QL [990] 231 £+ 1219 211 £ 1417, 1.10 £ 0.02
QCD Sum Rules [991] 205 =+ 22 177421 1.16 £0.01 +0.03
QCD Sum Rules [992] 235 =+ 24 203 =+ 20 1.15 + 0.04
Quark Model [993] 268 234 1.15
Quark Model [994] 24827 230425 1.08:0.01
Potential Model [995, 996] 241 238 1.01
Isospin Splittings [997] 262 £+ 29

3.9.29.2 Semileptonic Decays

The study of semileptonic charm decays has several imgasdanrifications. Figure 80 shows the Feyn-
man diagram describing these decays. It shows that thexneddrinent describing these decays can be
expressed as the product of a leptonic current, unaffectestrbng interactions, and a hadronic cur-
rent, where the non-perturbative QCD effects are generatigelled with form factors. Theoretical
predictions for these form factors have been derived inrdmméwork of quark models, QCD sum rules,
and lattice QCD. Thus the study of inclusive and exclusiveilsptonic decay branching fractions and
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form factors provides the experimental constraints ne¢dedsess whether theoretical calculations are
reliable and feature well understood errors.

Fig. 60: Feynman diagram for the semileptonic decay of charmed nsegdre QCD non-perturbative effects are
described by;?> dependent form factors.

On the other hand, once computational techniques develtpgdedict relevant form factors
demonstrate that they can achieve reliable results with welerstood errors, these data allow pre-
cise determinations of the CKM matrix elemenfs andV,,. Moreover a combination of charm and
beauty semileptonic decay studies can be used to to deifjn

3.9.30 Branching Fractions

We are now progressing towards a complete precision datation of the absolute inclusive and exclu-
sive charm semileptonic branching fractions. Inclusiveitgptonic widths can provide some informa-
tion on weak annihilation diagrams [893]. Finally, bettaeokledge of the inclusive positron spectra can
be used to improved modelling of the “cascade” dedays ¢ — se™ v, and thus it affects the precision
of several measurementsiofiecays.

CLEO-c uses the two tagging modes with lowest backgroift-- K+t7~ andD~ — Ktn—7")
to measure the inclusiv®® and D+ semileptonic branching fractions [998]. The kinematic -con
straints available through the useDftagged samples from data taken at ¢8770) provide a unique
tool to select a pure sample of electrons/positrons conmioig D semileptonic decays. They obtain
B(D' — X/tv,) = (6.46 £ 0.17 4+ 0.13)% and B(D*t — X/{v.) = (16.13 + 0.20 £+ 0.33)%. The
inclusive branching fractions can be translated into isiglel semileptonic width§ 1+ andT o, using
the well knownD lifetimes [119]. These widths are expected to be equal, teadaspin violations, and
indeed the measured rafitf}, /T'3}, = 0.985 + 0.028 & 0.015: thus isospin violations are limited to be
below ~ 3%.

BES-II [337,999] and CLEO-c [1000, 1001] have recently jmii#d data on exclusive semilep-
tonic branching fractions. BES-II results are based on 33 pthe CLEO-c published data are based on
the first 57 pb'!, preliminary results included in this report are based ch@8!.

The variableU = FE,;ss — |chmiss|,» WhereE,,;ss andp,,,;ss represent the missing energy and
momentum of theD meson decaying semileptonically, is used to select sigraits. This variable is
a non Lorentz invariant version @ff /2. Table[49 summarizes the recent data, as well as the averages
reported in the PDG 2006 [119].

A comparison between the inclusive branching fractionsief®*+ and D° mesons with the sum
of the measured exclusive branching fractions determirtfestiver there are unobserved semileptonic
decay modes.The corresponding sums of exclusive brandraetons are:¥;8(D° — X lv,) =
6.1 +£0.2+ 0.2 andX;B(Dt — X;lv,) = 15.1 4+ 0.50 &+ 0.50: the measured exclusive modes are
consistent with saturating the inclusive widths, althotiggre is some room left for higher multiplicity
modes. In particular, CLEO-c also provides the first evidefoc D° — K—nTn~eTr, [1002]. They
study theM M?2, inferred from the missing energy and momentum in the evadtthey obtain the
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preliminary branching fractions:

B(D° - K ntnetv, = (29717 £0.5) x 107* (224)
B(D° — K;(1270)ev.) x B(K1(1270) — K 77~ ) = (2.2¥13 £ 0.2) x 107* (225)

This branching fraction is about at the level predicted lgyitsand Scora [289], and is consistent with the
expectation that charm semileptonic decays are dominatédebpseudoscalar and vector lowest mass
resonances.

Finally, D semileptonic decays are a tool to explore light quark spscbopy. For example, a
few years ago the FOCUS collaboration reported some evidiEman s-wave interference effect in the
decay amplitude ab™ — K*°; v, [1003]. This observation can shed some light on our undedstg
of the elusive scalar meson This observation has been recently confirmed by CLEO-cérctiannel
Dt — K*%¢ty, [1004]. This study will acquire soon a broader scope when GidBwill pursue similar
analyses in thé, system.

Table 49: CLEO-c branching fractions and new world averages.

D™ Mode Recent Dat# (%) PDG 2006 | D° Mode  Recent Dat# (%) PDG 2006
KO%*v, 8.86 £0.17 £ 0.20 87+05 | K etu, 3.58+0.05+0.05 3.470.13
w0t 0.397 +0.027 £ 0.028 0.44+0.06 | 7"etv,  0.309:0.012£0.006 0.262-0.026
net v, 0.129 £ 0.019 £ 0.07 K*etv,  2.16+0.15+0.08 2.16:0.16
K*ety, 556 +£0274+0.23 5.61+031 | petr, 0.156:0.016£0.009 0.194-0.41
pletu, 0.232 +0.020 +0.012  0.22 4 0.04
wet v, 0.149 £ 0.027 £ 0.005  0.1615:0¢

3.9.31 Form factors forD — K (w)fv and D — K*(p)£fv

Recently, non-quenched latti€gC D calculations forD — K/ and D — =/fv have been reported
[329]. The chiral extrapolation is performed at fixed= v pp, whereFE is the energy of the light meson
in the centre-of-mas® frame, 7 is the unit 4-velocity of theD meson, ang'p is the 4-momentum of
the light hadronP (K or 7). The results are presented in terms of a parametrisatigimally proposed
by Becirevic and KaidalovB K) [277]:

F _F
(1—-¢*)(1 —ag?) C1-¢/p

where ¢? is the 4-momentum of the electroenpair, i = qz/sz;, andF = f.(0), « and 3 are
fit parameters. This formalism models the effects of highassiresonances other than the dominant
spectroscopic pole[(§+ for the K /v final state and)*™ for 7/ [1005]).

Table[50 shows the fit results obtained from FOCUS [338], CLE{1006], Belle [1007], and
BaBar [1008] compared to the lattice QCD predictions [329faddition, all these experiments perform
a single pole fit, traditionally used because of the coneaali ansatz of several quark models [1009],
and theB K parametrisation discussed before. In Table 51 we incluelininary results of fits obtained
with the simple pole model by CLEO-c. All of these experingeobtain very good fits also with simple
pole form factors; however the simple pole fit does not yiéld éxpected spectroscopic mass. This
may hint that other higher order resonances are contriputinthe form factors [1005]. It has been
argued [1010] that even thB K parametrisation is too simple and that a three parametar factor
is more appropriate. This issue can be resolved by larger slanples, with better sensitivity to the
curvature of the form factor near the high recoil region.

fi(?) = ; fold?) (226)

191



Table 50: Measured shape parametecompared to lattice QCD predictions.

a(D® — Ktv) a(D° — wiv)
Lattice QCD [329] 0.5+0.04+0.07 0.4 + 0.04 + 0.07
FOCUS [338] 0.28 £ 0.08 & 0.07
CLEOIII[1006]  0.36 +0.1075:52  0.377020 + 0.15
Belle [1007] 0.40 £0.1240.09 0.03 +0.27 +0.13
BaBar [1008] 0.43 £ 0.03 £ 0.04

Table 51: Measured shape parametecompared to lattice QCD predictions.

Mpoie(D° — K{v) (GeV)  Mpoie(D® — lv) (GeV)

FOCUS[338]  1.93 +0.05+ 0.03 1.917032 +0.07
CLEOIII [1006] 1.89 & 0.057094 1.8610 00 0.0
Belle [1007] 1.88 + 0.06 + 0.03 2.01 +0.13 4+ 0.04
BaBar [1008]  1.854 + 0.016 & 0.020

CLEO-c[1002] 1.96 + 0.03 + 0.01 1.95 + 0.04 + 0.02

In experimental studies dP — K*(p)¢v usually single pole parametrisation of form factors was
used. Following Becirevic- Kaidalov approach in Ref [101112] new parametrisation of relevant form
factors was given by

Ail(g®) = % o Aa(q?) = (1—%?(((;;)—19'%)
0 0
() = Toray V) = smanea

This parametrisation takes into account all known scaliraperties of the decay to light vector
semileptonic transition. The study of nonparametric drieation of helicity amplitudes in the semilep-
tonic D — K*(p)¢v decays will shed more light on the corresponding decays ihyBips.

3.9.32 Lattice QCD Checks

By combining the information of the measured leptonic amdikptonic widths, a ratidz,; = %,

independent ofV_4|, can be evaluated: this is a pure check of the theory. We assswmspin sym-
metry, and thus (D — metv,) = I'(D° — 77etr,) = 2I(DY — 7%*w,). For the theoret-
ical inputs, we use the recent unquenched lattice QCD cdlouk in three flavours [310], as they
reflect the state of the art of the theory and have been eealuata consistent manner. The theory
ratio is RI" = % = 0.212 £ 0.028. The quoted error is evaluated through a care-
ful study of the theory statistical and systematic uncaeties, assuming Gaussian errors. The corre-
sponding experimentak?,” is calculated using the CLEO+ and isospin averagdd(D — et v,):

RGP = % = 0.23740.019. The theory and data are in good agreement, though the errors

need to be reduced both in theory and experiment to valitiet¢heory at the needed level of precision
(~1-3%).

3.9.32.1 Hadronic Decays
While the dynamical issues are considerably more compleonieptonic than in semileptonic decays

— both a blessing and a curse —, the available theoreticl &me more limited. For inclusive rates like
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lifetimes one can turn to expansions in powersl pfn. to obtain at least a semi-quantitative descrip-
tion. For exclusive modes we have ‘Old Faithful’, namely duanodels, but also QCD sum rules and
chiral dynamics with the latter two (in contrast to the firsed firmly rooted in QCD. Lattice QCD,
usually perceived as panacea, faces much more dauntinigrudped in dealing with nonleptonic charm
transitions than for semileptonic modes due to the cendtal played by strong final state interactions.
Yet comprehensive measurements can teach us valuabledassd can enlighten us about light flavour
spectroscopy and also serve as cross checkB studies. Below we list some core examples for such
lessons.

3.9.32.2 Lifetime ratios

Heavy quark theory (HQT) allows to describe inclusive dsaafy)charm hadrons through an expansion in
powers ofl /m. implemented by the OPE. With the charm quark massxceeding ordinary hadronic
scales merely by a moderate amount the expansion pararsetetr inuch smaller than unity. In the de-
scription of fully integrated widths like lifetimes the ldiag nonperturbative contributions arise in order
1/m? rather thanl /m., which might be their saving grace. Indeed the resultingrigcal description

of the lifetime ratios for the seven weakly decayifig= 1 charm hadrons has been remarkably success-
ful [893]. Note that these seven charm lifetimes vary by adiaof 15, while the four singly-beautiful
hadrons differ by less than 30%. Tliz meson is shorter lived by a factor of three than the other four
beauty hadrons — not surprisingly, since it represents rifiglh charm decay.

The same framework allows one to predict also the lifetinfeabh@C = 2 double-heavy baryons
Zeer Qe and even th€' = 3 Q... [893]:
7(25F) ~ 0.35 ps, 7(2L) ~ 0.07 ps, 7(QL) ~ 0.1 ps, 7(QLT) ~ 0.14 ps (227)
The SELEX collaboration has found tantalizing evidencesfigr™ ™ baryons all decaying with ultrashort

lifetimes below0.03 ps. This feature cannot be accommodated in HQdonfirmed, one would have to
view the apparent successes of the HQT description of’'tkel lifetimes as mere coincidences.

3.9.32.3 Absolute branching ratios

Precision absolute branching fraction measurements #reuttidue to normalisation and systematic
effects. Only onggolden modeés needed to anchor the rest for each state. A desire to ushaljed
final states necessitates use of some three-body modes piogrer modeling of the Dalitz structure
is needed to ensure an accurate efficiency simulation. Tiesséts serve not only to normalize charm
physics, but also mucl physics due to dominance 6f— ¢ decays. For example, charm branching
fractions affectB — D*/v, used to extract,,.

Near-threshold) D pairs fromw(3770) decays and;* DT produced at 4170 MeV from CLEO-
¢ now provide the best precision. Systematics are contr@liel normalization provided with tagging:
studying oneD vs. a fully-reconstructedag D. Precision on the golden modé¥® — K 7T and
DT — K~ "« results are limited by uncertainties of about 1% per tra€i Bl from tracking-finding
and particle-identification efficiencies. Further studi®14] are reducing these to less than 0.5% per
track. Current statistical precision f@} — K™K~ 7" decays [1014] is 5%; final CLEO-c accuracy
should be about 3%, limited by statistics. Producing a usedw result for the populaD} — ¢+
mode is complicated by several factors: a non-resonantibation under thep, Breit-Wigner tails of
the ¢, treatment of nearby resonances like #{©80), and lack of detail in existing publications. The
merit of such studies goes beyond determining the brandlaitig for D} — @7t and learning about
hadronic resonances (see below). Their greatest impatit wigne in precision analyses Bfj — ¢Kg
and itsC' P asymmetries.

1Q°2



3.9.32.4 Dalitz plot studies & light flavour spectroscopy

Dalitz plot studies represent powerful analysis tools Hrat deservedly experiencing a renaissance in
heavy flavour decays. Constructing a satisfactory desmnifuif the Dalitz plot populations allows one
to extract the maximal amount of information from the data iself-consistent way. One has to keep
in mind, though, that a priori different parametrisatiora de chosen; one has to make a judicious
choice based on theoretical considerations. Along wittebéheoretical descriptions of the decay rate,
improved treatments of background and efficiency may alsueleeled.

One important application concerns the spectroscopy bf figvour hadrons, i.e. those made up
from u, d ands quarks. Modes likeD,) — 3w, 3K, K7, K K offer more than a treasure trove of
additional data: since the final state evolves from a wellngefiinitial one, we know some quantum
numbers of the overall system. Finding evidence for, say; eesonance like the in Cabibbo favoured
D and Cabibbo suppresséd, modes with parameters consistent with what is inferred fimmenergy
mw scattering would constitute a powerful validation for thbeing a bona fide resonance.

Such lessons possess considerable intrinsic value. Tiee latgreatly amplified, since these
insights will turn out to be of great help in understandiBglecays into the analogous final states, when
searching folC P asymmetries there.

3.9.32.5 QCD Sum Rules

More than twenty years ago a pioneering analysif)oand D decays into two-body final states of
the PP and PV type was performed by Blok and Shifman through a novel apptio of QCD sum

rules. Those are — unlike quark models — genuinely basede®@®D. Their drawback, as for most
applications of QCD sum rules, is that one has to allow forgducible theoretical uncertainty of about
20%; furthermore they are very labour intensive. The astbbRef. [1015] assume8iU (3) ;; symmetry

to make their analysis manageable — clearly a source offisigni theoretical uncertainty. It would be
marvellous, if some courageous minds would take up theeangdl of updating and extending this study.

3.9.32.6 On theoretical engineering

Even without reliable predictions for exclusive nonleptowidths, it makes a lot of sense to measure as
many as precisely as possible on the Cabibbo allowed, orttenace suppressed levels. It can provide
vital input into searches for dire€t P violation in charm decays.

C P asymmetries in integrated partial widths depend on hadrordtrix elements and (strong)
phase shifts, neither of which can be predicted accurakédyvever the craft of theoretical engineering
can be practised with profit here. One makes an ansatz foretheral form of the matrix elements and
phase shifts that are included in the descriptiomDof— PP, PV, V'V etc. channels, wher®2 andV
denote pseudoscalar and vector mesons, and fits them to #srad branching ratios on the Cabibbo
allowed, once and twice forbidden level. If one has suffityeaccurate and comprehensive data, one
can use these fitted values of the hadronic parameters tpfe®® asymmetries. Such analyses have
been undertaken in the past [945] and more recently by [10081], but the data base was not as broad
and precise as one would like. CLEO-c and BESIII measuresnailit certainly lift such studies to a
new level of reliability.

Similar information can be obtained in a more subtle and rhindiependent way using quantum
entanglement in [937]
ete™ — (3770) — D°D° (228)

and observing the subsequent decay of the nelitraksons into final states likg D) = K ~n*, K*n~,
K*tK~,nt7~. Since theD? DY pair forms a coherent system, one can extract the strongghalably.
This procedure is described in detail in Subsedtion B.9.2.
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3.9.32.7 Time dependent Dalitz studies

Tracking three-body channels liKe® — K K, K2nm through time-dependent Dalitz plot studies is a
very powerful way to look for New Physics throughP asymmetries involving)? — D oscillations,
as described in more detail in Sectidns 3.9.2[and 3.9.12.

3.9.33 Summary on Ongoing and Future Charm Studies

Even accepting for the moment that the SM can provide a camgiescription of all charm transitions

detailed and comprehensive measurements of the lattecavilinue to teach us important and quite
possible even novel lessons on QCD. Those lessons are aflematse intellectual value and would also
prepare us, if the anticipated New Physics driving the ebaaak phase transition were of the strongly
interacting variety.

Yet most definitely those lessons will sharpen both our eérpmrtal and theoretical tools for
studying B decays and thus will be essential in saturating the disgqeatiential for New Physics there.
Analyses of (semi)leptonic charm decays will yield powenalidation challenges to LQCD that if
passed successfully will be of great benefit to extractidri¥,g| in particular. Careful studies of three-
body final states in charm decays will yield useful constgin analyses of the correspondifgmodes
and theirC' P asymmetries. The relevant measurements can be made atti@Ehdam, theB and Super-
flavour factories. Yet there is one areathis context, where hadronic experiments and in particular
LHCb can make important contributions, namely in the sedochand observation of doubly-heavy
charm baryons of thgeg| type and their lifetimes.

The study of charm dynamics was crucial in establishing tgp&radigm. Even so it is conceiv-
able that another revolution might originate there in jgatir by observing non-SM typ€ P violation
with and without oscillations. For on one hand the SM predmactically zero results (except for direct
C P violation in Cabibbo suppressed channels), and on the btred flavour changing neutral currents
might well be considerably less suppressed for up- thandenetype quarks. Charm is the only up-type
quark that allows the full range of searches P violation. Modes likeD? — K+K~, K7~ have
the potential to exhibit (time dependeiit)? asymmetries that — if observed — would establish the pres-
ence of New Physics. Likewise for asymmetries in final stég&itdutions like Dalitz plots or for T odd
moments. Again especially LHCb appears well positionedritoghthe statistical muscle of the LHC to
bear on analyzing these transitions.
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4 Prospects for future facilities

There are several new facilities for flavour physics disedss the community among which the Su-
per Flavour Factories (SFF) and the upgrade of the LHCb axrpeat are the most important ones for
B physics. These are analysed in this chapter (for future leammhcharm physics facilities see also
Section$ 318 and 3.9).

The physics case of a Super Flavour Factory is worked out atic®g4.1. All opportunities of
such a facility inB, charm and- lepton physics are discussed. Then the two existing prégpémasuch
a machine, namely SupBrand SuperKEKB, are presented in Secfion 4.2 and Sectibmesg@ectively.
Finally, the physics, detector and accelerator issues oésibple future upgrade of the LHCb experiment
are discussed in Sectiobn 4.4.

4.1 Onthe physics case of a Super Flavour Factory

We summarize the physics case of a high-luminosity~ flavour factory collecting an integrated lumi-
nosity of 50 — 75 ab~. Many New Physics sensitive measurements involihgnd D mesons ancd
leptons, unique to a Super Flavour Factory, can be performitdexcellent sensitivity to new particles
with masses up te- 100 (or even~ 1000) TeV. Flavour- and_P-violating couplings of new particles
that may be discovered at the LHC can be measured in mostrazgnaven in unfavourable cases as-
suming minimal flavour violation. Together with the LHC, afeu Flavour Factory, following either
the SuperKEKB or the SupBrproposal, could be soon starting the project of reconsirgdhe New
Physics Lagrangian.

4.1.1 Introduction

Many open fundamental questions of particle physics amaelto flavour: How many families are
there? What is their origin? How are neutrino and quark nsase mixing angles generated? Do
there exist new sources of flavour afif? violation beyond those we already know? What is the relation
between the flavour structure in the lepton and quark séttBrgure flavour experiments will attempt
to address these questions providing the exciting poigibdl learn something about physics at energy
scales much higher than those reachable by current expgame

The Standard Model (SM) of elementary particles has begnsigcessful in explaining a wide
variety of existing experimental data. It accounts for ageanf phenomena from low-energy physics
(less than a GeV), such as kaon decays, to high-energy (adedréd GeV) processes involving real
weak gauge boson$|{ and2) and top quarks. There is, therefore, little doubt that thkisSthe theory
to describe physics below the energy scale of several hdrigle®/, namely all that has been explored so
far.

In spite of the tremendous success of the SM, it is fair to baythe flavour sector of the SM is
much less understood than its gauge sector, reflecting okrofaanswers to the questions mentioned
above. Masses and mixing of the quarks and leptons, whiok &aignificant but unexplained hierarchy
pattern, enter as free parameters to be determined expdaige In fact, while symmetries shape the
gauge sector, no principle governs the flavour structurdn®fSM Lagrangian. Yukawa interactions
provide a phenomenological description of the flavour pgees which, while successful so far, leaves
most fundamental questions unanswered. Hence the needteygnd the SM.

Indeed the search for evidence of physics beyond the SM isnthia goal of particle physics
in the next decades. The LHC at CERN will start soon lookingtifie Higgs boson, the last missing
building block of the SM. At the same time it will intensivebearch for New Physics (NP), for which
there are solid theoretical motivations related to the guarstabilization of the Fermi scale to expect an
appearance at energies arounteV.

However, pushing the high-energy frontier, i.e. incregghme available centre-of-mass energy in
order to produce and observe new patrticles, is not the onytavimok for NP. New particles could reveal

1QA



themselves through their virtual effects in processedwwvg only standard particles as has been the case
several times in the history of particle physics. For thdsd kf searches the production thresholds are
not anissue. Since quantum effects become typically snaalthe mass of the virtual particles increases,
the name of the game is rather high precision. As a matterobf idgh-precision measurements probe
NP energy scales inaccessible at present and next-gemecatliders at the energy frontier.

Flavour physics is the best candidate as a tool for NP seathheugh quantum effects for several
reasons. Flavour Changing Neutral Currents (FCNC), nleugaon-antimeson mixing arfdP violation
occur at the loop level in the SM and therefore are potegtglbject toO(1) NP virtual corrections.

In addition, quark flavour violation in the SM is governed Img tweak interaction and suppressed by
the small quark mixing angles. Both these features are nm#ssarily shared by NP which, in such
cases, could produce very large effects. Indeed, the iclus the SM of generic NP flavour-violating
terms with naturalD(1) couplings is known to violate present experimental comgsaunless the NP
scale is pushed up tW-100 TeV depending on the flavour sector. This difference betwieemNP scale
emerging from flavour physics and the one suggested by Higgsigs could be a problem for model
builders (the so-called flavour problem), but it clearlyigades that flavour physics has the potential to
push the explored NP scale in th@0 TeV region. On the other hand, if the NP scale is indeed close t
1 TeV, the flavour structure of NP must be highly non-trivialdhe experimental determination of the
flavour-violating couplings is particularly interesting.

Let us elaborate on this latter option. Any new-physics moelgtablished at the TeV scale to
solve the gauge hierarchy problem, includes new flavouretitjes and new flavour- an@P-violating
parameters. Therefore, such a model must provide a solatemto the flavour and’P problems,
namely how new flavour changing neutral currents éfitdviolating phenomena are suppressed. This
may be related to other interesting questions. For instancsupersymmetry the flavour problem is
directly linked to the crucial issue of supersymmetry biegk Similar problems also occur in models
of extra-dimensions (flavour properties of Kaluza-Kleiates), Technicolour models (flavour couplings
of Techni-fermions), little-Higgs models (flavour cougs of new gauge bosons and fermions) and
multi-Higgs models ¢P-violating Higgs couplings). Once NP is found at the TeV s¢airecision
measurements of flavour- addP-violating observables would shed light on the detailedditre of the
underlying model.

On quite general grounds, quantum effects in flavour presessplore a parameter space includ-
ing the NP scale and the NP flavour- aff-violating couplings. In specific models these are related t
fundamental parameters such as masses and couplings ofanieleg. In particular, NP effects tend to
disappear at large NP scales as well as for small couplingsrefore a crucial question is: could NP
be flavour-blind, thus making searches for it with flavour giby unfeasible? Fortunately, the concept of
Minimal Flavour Violation (MFV) provides a negative answeven if NP does not contain new sources
of flavour andCP violation, the flavour-violating couplings present in thil &re enough to produce
a new phenomenology that makes flavour processes sensitilie presence of new particles. In other
words, MFV puts a lower bound on the flavour effects generayedP appearing at a given mass scale, a
sort of “worst case” scenario for the flavour-violating cbings extremely useful to exclude NP flavour-
blindness and assess the “minimum” performance of flavoysips in searching for NP, always keeping
in mind that larger effects are quite possible and easilgyeced in many scenarios beyond MFV.

In the light of the above considerations, a Super Flavoutdra¢SFF), following the recent pro-
posals for SuperKEKB (see Sectionl4.3 and ref. [820]) ance&ifsee Sectioh 412 and ref. [211]), has
one mission: to search for new physics in the flavour sectaloging a huge leap in integrated luminos-
ity and the wide range of observables that it can measure eMenthis goal can be pursued in different
ways depending on whether evidence of NP has been found tinth@ SFF starts taking data.

In either scenario, a SFF can search for evidence of NP gotisp of the values of the new
particle masses and of the unknown flavour-violating cagdi A large number of measurements could
provide evidence for NP at a SFF. A first set is given by measents of observables which are predicted
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by the SM with small uncertainty, including those which aamighingly small (the so-called null tests).
Among them are the flavour-violating decays, direcCP asymmetries inBB — X, 47, in 7 decays
and in some non-leptonib decaysCP violation in neutral charm meson mixing, the dilepton inaat
mass at which the forward-backward asymmetryBof— X,¢™¢~ vanishes, and lepton universality
violating B andr decays. Any deviation, as small as a SFF could measure, t8M value of any
observable in this set could be ascribed to NP with essbntial uncertainty. A second set of NP-
sensitive observables, including very interesting decaigh a9 — s penguin-dominated non-leptonic
B decays,B — tv, B — D®ru, B — K*y, B — pv, and many others, require more accurate
determinations of SM contributions and improved controthef hadronic uncertainties with respect to
what we can do today in order to match the experimental poecachievable at a SFF and to allow for
an unambiguous identification of a NP signal. The error orSfkcan be reduced using the improved
determination of the Cabibbo-Kobayashi-Maskawa (CKM)nmradrovided by a SFF itself. This can be
achieved using generalized CKM fits which allow fot%@ determination of the CKM parameters using
tree-level andA F' = 2 processes even in the presence of generic NP contributisméar as hadronic
uncertainties are concerned, the extrapolation of oureptdsnowledge and techniques shows that it is
possible to reach the required accuracy by the time a SFRwitlunning using improved lattice QCD
results obtained with next-generation computers [211]arabunding the theoretical uncertainties with
data-driven methods exploiting the huge SFF data sample.

As we already noted, the NP search at a SFF could reveal tiahiffect of particles with masses
of hundreds of TeV and in some cases, notahlly = 2 processes, even thousands of TeV depending
on the values of the flavour-violating couplings. Therefthis search is worth doing irrespective of
whether NP has already been found or not. If new particleslismvered at the energy frontier, a SFF
could enlarge the spectrum providing evidence of heaviesiot accessible otherwise; if not, quantum
effects measurable at a SFF could be the only option to looklFbfor a long time.

If the LHC finds NP at the TeV scale — in particular if the findinigclude one (or more) new
flavoured particle(s) —then a SFF could measure its flavoat€#-violating couplings. Indeed all terms
of the NP Lagrangian non-diagonal in the flavour space asdypaccessible at the LHC. A SFF would be
needed to accomplish the task of reconstructing them. mseble to do that even in the unfavourable
cases provided by most MFV models. Indeed, for the purpodafefring the NP Lagrangian from
experiments, the LHC and SFF physics programmes are coraptany.

Finally, it must be emphasised that while a Super Flavoutdfaavill perform detailed studies
of beauty, charm and tau lepton physics, the results willigaly complementary to those on several
important observables related & meson oscillations, kaon and muon decays that will be medsur
elsewhere. Most benchmark charm measurements, in particueresting NP-related measurements
such asCP violation in charm mixing, will still be statistics-limitk after the CLE®, BESIII and B
Factory projects are completed, and can only be pursuectioutimate precision at a SFF. Operation
at the (5S) resonance provides the possibility of exploiting the cleaa~ environment to measurg?
decays with neutral particles in the final state, which wollnplement the channels that can be measured
at LHCb. A SFF has sensitivity far physics that is far superior to any other existing or prodose
periment, and the physics reach can be extended even fosttibe possibility to operate with polarized
beams. It is particularly noteworthy that the combined infation ong andr flavour violating decays
that will be provided by MEG [1022] together with a SFF candshight on the mechanism responsible
for lepton flavour violation.

4.1.2 Experimental Sensitivities

A Super Flavour Factory (SFF) with integrated luminositys6£75 ab~—! can perform a wide range of
important measurements and dramatically improve upondhelts from the current generation Bf
Factories. Many of these measurements cannot be made in@niwadnvironment, and are unique to a
SFF. The experimental sensitivities of a SFF can be scheafigttlassified in two categories:
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— Searching for New Physics:
Many of the measurements that can be made at a SFF are higiditise to NP effects, and
those with precise SM predictions are potential discovéignoels. As an example: the mixing-
inducedCP asymmetry parameter fa° — ¢K° decays can be measured to a precisiof. @,
as can equivalent parameters for numerous hadronic de@mnels dominated by the — s
penguin transition. These constitute very stringent tetany NP scenario which introduces
new CP violation sources, beyond the Standard Model. The presehcew sources of’P
violation in D°-DY mixing, where the SM background is negligible, can be testedimilar
precision. New physics that appears in & sector (involving up-type quarks) may be different
or complementary to that in tth or BY sectors. DirecCP asymmetries can be measured to
the fraction of a percent level in — sy decays, using both inclusive and exclusive channels,
andb — s¢t¢~ can be equally thoroughly explored. Equally precise sesrdbr directCP
violation in charm orr decays provide additional NP sensitivity, since the SM gasknd is
largely absent. At the same time, a SFF can access chanaeBréhsensitive to NP even when
there are no new sources ©F violation, such as the photon polarizationtin— s+, and the
branching fractions o™ — ¢*1,, the latter being sensitive probes of NP in MFV scenarios
with largetan 8. Furthermore, rare FCNC decays of théepton are particularly interesting since
lepton flavour violation sources involving the third geriena are naturally the largest. Any of
these measurements constitutes clear motivation for a SFF.

— Future metrology of the CKM matrix:
There are several measurements that are unaffected by NBnn likely scenarios, and which
allow the extraction of the CKM parameters even in the presasf such NP effects. Among
these, the angle can be measured with a precision1le®°, where the precision is limited only
by statistics, not by systematics or by theoretical errdy. contrast, the determination of the
elementgV,,;| and|V,,| will be limited by theory, but the large data sample of a SFHF aliow
many of the theoretical errors to be much improved. Withcmdited improvements in lattice
QCD calculations, the precision oW,;| and|V,;| can be driven down to the percent level. These
measurements could allow tests of the consistency of thedStd Model at a few per mille level
and provide the NP phenomenological analyses with a datation of the CKM matrix at the
percent level.

In Tablg52 we give indicative estimates of the precisionames of the most important observables
that can be achieved by a SFF with integrated luminosit§0ef’5 ab—!. Here we have not attempted
to comment on the whole range of measurements that can mped by such a machine, but instead
focus on channels with the greatest phenomenological impat more details, including a wide range
of additional measurements, we guide the reader to theteefairl, 498,820, 1023, 1024], where also all
original references are given.

The most important measurements within the CKM metrologyhar angles of the Unitarity Tri-
angle, the angl@ (also known ag,), measured using mixing-induc&dP violation in B® — .J /¢ K°,
the anglen (¢»), measured using rates and asymmetrieB in» 7 17, pr andpp, and the angle (¢3),
measured using rates and asymmetrie®in- D* K(*) decays, using final states accessible to both
DY and DY. Moreover, a SFF will improve our knowledge of the lengthshaf sides of the Unitarity
Triangle. In particular, the CKM matrix elemejit,;| will be precisely measured through both inclusive
and exclusive semileptonic— u decays.

Among the measurements sensitive for New Phytkieree are the mixing-inducedP violation pa-
rameters in charmless hadroricdecays dominated by tthe— s penguin transitionS (¢ K°), S(n K°)
and S(K3K2KY). Within the Standard Model these give the same valuerd®3) that is determined

"Notice that this method for extractingis insensitive to NP in QCD penguins. However it could beaffd by isospin-
breaking NP contributions.
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Table 52: Expected sensitivity that can be achieved on some of the ipeirtant observables, by a SFF with
integrated luminosity 050—75 ab™'. The range of values given allow for possible variation ia tital integrated
luminosity, in the accelerator and detector design, andnitihg systematic effects. For further details, refer
to [211,1024].

Observable Super Flavour Factory sensitivity
sin(28) (J/¢ K°) 0.005-0.012
v (B — D® K ®) 1-2°

a (B — @, pp, pr) 1-2°
|Vi| (exclusive) 3-5%
|Vius| (inclusive) 2—6%

7 1.7-3.4%
7 0.7-1.7%
S(pK?) 0.02-0.03
S(n'K°) 0.01-0.02
S(KIKIKY) 0.02-0.04
¢p 1-3°
B(B — Tv) 3—4%
B(B — uv) 5—6%
B(B — Drv) 2-2.5%
B(B — py)/B(B — K*v) 3—4%
Acp(b— s7) 0.004-0.005
Acp(b— (s +d)v) 0.01
S(K9m%) 0.02-0.03
S(p°v) 0.08-0.12
AFB(B — X 0107) s 4-6%
B(B — Kvv) 16—20%
B(t — uy) 2-8 x 107
B(t — ppup) 0.2-1 x 107
B(T — un) 0.4—4 x 1079

in BY — J/vy K° decays, up to a level of theoretical uncertainty that isvestied to be~ 2—-5% within
factorization. (The theoretical error in these and othedespsuch a® — Kg7’, can be also bounded
with data-driven methods [88]. Presently these give latgmertainties but will become more precise
as more data is available.) Many extensions of the StandadeMesult in deviations from this predic-
tion. Another distinctive probe of new sources(d@? violation is¢p, the CP violating phase in neutral
D meson mixing, which is negligible in the SM and can be prégiseeasured using, for example,
D — ng+7r_ decays. Furthermore, branching fractions for leptonic semdileptonicB decays are
sensitive to charged Higgs exchange. In particular thesgemare sensitive to new physics, even in
the unfavourable minimal flavour violation scenario, wittagge ratio of the Higgs vacuum expectation
values,tan 5. Measurements of rare radiative and electroweak pengoitepses are well-known to be
particularly sensitive to new physics: The ratio of branghiractionsB3(B — pv)/B(B — K*v) de-
pends on the ratio of CKM matrix parametévs,/V;s|, with additional input from lattice QCD. Within
the Standard Model this result must be consistent with caimés from the Unitarity Triangle fits. The
inclusive CP asymmetriesAcp (b — sv) or Acp(b — (s+ d)~) are predicted in the Standard Model to
be small or exactly zero respectively with well understduoebretical uncertainties. The mixing-induced
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CP asymmetry in radiativé — s transitions, measured for example throwgw%), is sensitive to
the emitted photon polarization. Within the SM the photostisngly polarized, and the mixing-induced
asymmetry small, but new right-handed currents can brdalptediction even without the introduction
of any newCP violating phase. SimilarlyS(p%y) probes radiativé — d transitions. The dilepton
invariant mass squaredat which the forward-backward asymmetry in the distributed B — X /¢~
decays is zero (denoted® (B — X,¢+¢7) s0), for which the theoretical uncertainty of the Standard
Model prediction is small, is sensitive to NP in electrowgegaguin operators; finally, the branching
fraction for the rare electroweak penguin deday— Kvv is an important probe for NP even if this
appears only well above the electroweak scale. A SFF alswalfor the measurement of branching
ratios of lepton flavour violating decays, such as — uvy, 7 — pup andr — un. Within the Stan-
dard Model, these are negligibly small, but many models of pleysics create observable lepton flavour
violation signatures.

For some of the entries of Takile]52 some additional commeatmarder:

— With such large data samples as will be accumulated by atB&Encertainty on several measure-
ments will be dominated by systematic errors. Estimatiegullimate precision therefore requires
some knowledge of how these systematic uncertainties camgseved. One such important chan-
nel is the mixing-induced’P asymmetry inB° — J/¢ K", which measuresin(2/3) in the SM.
The systematic uncertainties in the curréhFactory analyses are arouid2%, coming mainly
from uncertainties in the vertex detector alignment andrbspot position. Another example is
direct CP asymmetry, both in exclusive and inclusive modes. Measenesrwith precision better
than1% require knowledge of detector asymmetries at the same I®eduction of these errors
will be highly challenging, but there is some hope that inweraent by a factor of about two may
be possible.

— The precision that can be achieved|bly,| depends on improvements in the theoretical treatment.
The most notable effect is for the exclusive channels, wresdaction of the error on form factors
calculated in lattice QCD is extremely important.

— The sensitivities for some measurements depend on hadpanameters that are not yet well
known. For example, fapp to be measured at least one of h&-D mixing parameters p and
yp must be nonzero. The first evidence for charm mixing has tcbaen reported [911, 936],
but large ranges for the obtained parameters are still aiowDur estimate of the sensitivity is
obtained by extrapolating results from the— Kqm 7~ time-dependent analysis [929], which
currently appears to be the single most sensitive chanittebugh better constraints can certainly
be obtained by combining information from multiple decaysdes.

— The specific details of the accelerator and detector camfiigimn are important considerations for
some measurements. For studies of mixing-induc&dasymmetry that obtain thB decay ver-
tex position from a reconstructeld meson (such a8® — KYK3K? and B — K27%y) the
geometry of the vertex detector plays an important role tebgtrecision is achieved for a larger
vertex detector. Similarly, several channels with misgngrgy (such a® — 7v,, B — D7uv,
and B — Kwvv) make full use of the constraints availableW{4S) — BB decays by fully re-
constructing oneé3 meson to know the kinematics of the other. Such measureraentiependent
on the background condition and the hermeticity of the detedndeed, it is obvious that the
sensitivity for all measurements depends strongly on thectter performance, and improvements
in, e.g, vertexing and patrticle identification capability will bé great benefit to separate signal
from background.

— The sensitivity to very rare processes, such as the legweauit violating decay — uy depends
strongly on how effectively the background may be reducetianother possible improvements
to the analysis techniques used.
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The sensitivities of these measurements to New Physictseffay be shown by a few examples:
In Figure[61 we show a simulation of the time-dependent asgtrymin B° — ¢K°, compared to that
for B — J/¢ K°. The events are generated using the current central valties measurements. With
the precision of a SFF and the present central values, tferatite between the two data sets is larger
than the theoretical expectation, showing evidence of Nfritmitions.
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Fig. 61: Simulation of new physics effects B® — ¢K°, as could be observed by a SFF. The open circles show
simulatedB® — J/v K° events, the filled circles show simulat&d — ¢K° events. Both have curves showing
fit results superimposed. From [1024].

In Figure[62 we show how lepton flavour violation in the degay- uy may be discovered at
a SFF. The simulation corresponds to a branching fractiof(ef — ) = 1078, which is within
the range predicted by many new physics models. The sigiidasly observable, and well within the
reach of a SFF. The simulation includes the effects of ircdrle background from initial state radiation
photons, though improvements in the detector and in theysisamay lead to better control of this
limitation. Other lepton flavour violating decay modes, IswsT — pup do not suffer from this
background, and have correspondingly cleaner experitggtatures.

The differences between the SFF physics programme and tidbe currentB factories are
striking. At a SFF measurements of known rare processesagich- sy or CP violation in hadronic
b — s penguin transitions such @’ — ¢>Kg will be advanced to unprecedented precision. Channels
which are just being observed in the existing data, sucB%s- p%y, Bt — rtv, andB — D™y
will become precision measurements at a SFF. Furthermetailed studies of decay distributions and
asymmetries that cannot be performed with the presenstitati will enable the sensitivity to NP to
be significantly improved. Another salient example liesliA-D° oscillations: the current evidence
for charm mixing, which cannot be interpreted in terms of Nekysics, opens the door for precise
measurements of th@P violating phase in charm mixing, which is known to be zeroha Standard
Model with negligible uncertainty.
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Fig. 62: Monte Carlo simulation of the appearancerof~ pu~ at a SFF. A clear peak in they invariant mass
distribution is visible above the background. The brangtffiiaction used in the simulation B(7 — pvy) = 1078,

an order of magnitude below the current upper limit. Withab™' of data the significance of such a decay is
expected to exce€ib.

In addition, these measurements will be accompanied byatiamiscoveries of new modes and
processes. These will include decays suctBas» Kvv, which is the signature of the theoretically
clean quark level proceds — sv. The high statistics and clean environment of a SFF allow for
the accompanying3 meson to be fully reconstructed in a hadronic decay modegiwtiien in turn
allows a one-charged prong rare decay to be isolated. Anettemple isBT — w*¢"¢~, the most
accessiblé — d¢+¢~ process. These decays are the next level beyonds¢™ ¢~ decays, which were
first observed in thé3 Factory era. Such significant advances will result in a gfqoimenomenological
impact of the Super Flavour Factory physics programme.

Comparison with LHCb:Since a SFF will take data in the LHC era, it is reasonable kchasy
the physics reach compares with tBephysics potential of the LHC experiments, most notably LHCb
By 2014, the LHCb experiment is expected to have accumulkiet —! of data frompp collisions at
a luminosity of~ 2 x 1032 cm~2s~!. In the following we assume the most recent estimates of LHCb
sensitivity with that data set [1025]. Note that LHCb is plang an upgrade where they would run
at 10 times the initial design luminosity and record a datama of aboutl00 fb~!, see Sectioh 414
and [1026].

The most striking outcome of any comparison between SFF &t@hlis that the strengths of the
two experiments are largely complementary. For exampke)aige boost of thé hadrons produced
at LHCb allows studies of the oscillations and mixing-inédcCP violation ofB, mesons while many
of the measurements that constitute the primary physics/atioin for a SFF cannot be performed in
the hadronic environment, including rare decay modes wissimg energy such aB™ — (v, and
Bt — KTviw. Measurements of the CKM matrix elememts,| and|V,,| and inclusive analyses of
processes such as— sy also benefit greatly from the SFF environment. At LHCb thenstruction
efficiencies are reduced for channels containing sevenataleparticles and for studies where tie
decay vertex must be determined from’g meson. Consequently, a SFF has unique potential to measure
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Fig. 63: Regions corresponding 5% probability for the CKM parameters and7; selected by different con-
straints, assuming present central values with presemtsefleft) or with errors expected at a SFF tuning central
values to have compatible constraints (right).

the photon polarization via mixing-inducedP violation in B — K3x%. Similarly, a SFF is well
placed to study possible NP effects in hadroie> s penguin decays as it can measure precisely the
CP asymmetries in many3) decay modes including K,  K°, KZK3K? or K3x°. While LHCb

will have limited capability for these channels, it can &slei complementary measurements using decay
modes such aB? — ¢ andB? — ¢¢ for radiative and hadronik — s transitions respectively.

Where there is overlap, the strength of the SFF programntse ability to use multiple approaches
to reach the objective becomes apparent. For example, LH{CIbavable to measure: to about5°
precision usingB — pm, but would not be able to access the full information in4teandpp channels,
which is necessary to drive the uncertainty down toltH® level of a SFF. Similarly, LHCb can certainly
measurein(23) through mixing-inducedP violation in B® — .J/4 K? decay to high accuracy (about
0.01), but will have less sensitivity to make the compleragnteasurementg.g, in .J/ 7w and Dh°)
that help to ensure that the theoretical uncertainty is uodetrol. LHCb plans to measure the angle
with a precision of2-3°. A SFF is likely to be able to improve this precision to abdut LHCb can
make a precise measurement of the zero of the forward-badkagymmetry in3° — K*9,%,~, but
a SFF can also measure the inclusive chahnel s¢*¢~, which is theoretically a significantly cleaner
observable [457].

The broad program of a SFF thus provides a very comprehessiva® measurements, extending
what will already have been achieved by LHCb at that time.s Vil be of great importance for the
study of flavour physics in the LHC era and beyond.

4.1.3 Phenomenological Impact

The power of a SFF to observe NP and to determine the CKM paeasnprecisely is manifold. In
the following, we present a few highlights of the phenomegial impact (for more detailed analyses
see [211,498, 820, 1023, 1024]).

Precise Determination of CKM Parameters in the SWbst of the measurements described in the
previous section can be used to select a region ipthglane as shown in Figure63. The corresponding
numerical results are given in Talble] 53. The results indithat a precision of a fraction of a percent
can be reached, significantly improving the current sitimtand providing a generic test of the presence
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of NP at that level of precision. Note that in the right plotFe§ure[63 - where the expected precision
offered by a SFF is used - the validity of the SM is assumedhes@ompatibility of all constraints is put
in by hand. In contrast, in Figute 164 we assume that all resake the central values of their current
world averages with the expected precision of a SFF. In thée cthe hints of discrepancies present in
today’'s data have evolved into fully fledged NP discoveries.

= 0.6F
0.55
0.4:
0.35

0.2F

Fig. 64: Region corresponding to 95% probability for the CKM paraengtand7 selected by the different con-
straints, assuming todays central values with the precisi@ SFF. Note for example that the band corresponding
to they measurement does not pass through the intersection ofaghstraints.

Table 53: Uncertainties of the CKM parameters obtained from the Steshtflodel fit using the experimental and
theoretical information available today (left) and at thee of a SFF (right). The precision corresponds to the
plots in Figure§ 63 arld 64.

Parameter SM Fittoday SM Fit ata SFF

5 0.163 £ 0.028 £0.0028
7 0.344 £ 0.016  +0.0024
a ) 92.7 + 4.2 +0.45
3 ) 22.2 4+ 0.9 +0.17
v (°) 64.6 + 4.2 +0.38

Of course, many of the measurements used for the SM detdramiraf 7—7; can be affected by
the presence of NP. Thus, unambiguous NP searches requéteranthation ofp and7 in the presence
of arbitrary NP contributions, which can be done usikg' = 2 processes.

New Physics in Models with Minimal Flavour Violatiomhe basic assumption of Minimal Flavour
Violation (MFV) [10,12,1027] is that NP does not introduoaansources of flavour an@P violation.
Hence the only flavour-violating couplings are the SM Yukawaplings. One can assume that the top
Yukawa coupling is dominant in the simplest case with onegligoublet and - with some exceptions
- also in the case with two Higgs doublets with smalh 3; this means that all NP effects amount to a
real contribution added to the SM loop function generatediliyal top exchange. In particular, in the
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Fig. 65: Exclusion regions at 95% probability in the ;- —tan 5 plane for the 2HDM-II (left) and the MSSM
(right) obtained assuming the Standard Model valuB@8 — (v) measured witl2 ab™! (dark (red) area) and
75 ab~ ! (dark (red) + light (green) area). In the MSSM case, we haed gs~ 102 [1028].

AB = 2 amplitude, MFV NP may be parameterized as
So(ﬂjt) — So(:L‘t) + 550

where the functiorb (z;) represents the top contribution in the box diagramsdiyds the NP contribu-
tion. Therefore, in this class of MFV models, the NP conttithu to all AF' = 2 processes is universal,
and the effective Hamiltonian retains the SM structure.

Following Ref. [10], this value can be converted into a NHescaing

Ao\ 2
0Sp=da () (229)

whereAy = Y; sin? Oy My /o =~ 2.4 TeV is the SM scaleY; is the top Yukawa coupling) is the NP
scale and: is an unknown (but real) Wilson coefficient 6X(1).

The UT analysis can constrain the value of the NP parandéigtogether withp and7. In the
absence of a NP signalS; is distributed around zero. From this distribution, we caitam a lower
bound on the NP scal&.

For a one-Higgs-doublet model (LHDM) or a two-Higgs-dotin@del (2HDM) in the lowtan 3
regime, the combination of measurements at a SFF and thewexgpiattice results give

A > 14 TeV @ 95% CL (230)

These bounds are a factor of three larger than those awailatihy [210]. This means that even
in the “worst case” scenariag., in models with MFV at smaltan 3, the sensitivity of flavour-violating
processes to NP is strong enough to allow for the study of éivedir-violating couplings of new particles
with masses up t600 GeV. This conversion to a NP scale in the MFV case deservégefuexplanation.
Consider that the SM reference scale corresponds to vilti@xchange in the loops. As MFV has
the same flavour violating couplings as the SM, the MFV-NResisasimply translated to a new virtual
particle mass ad /A x Myy. It must be noted, however, that as soon as one consideestlarg, or
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relaxes the MFV assumption in this kind of analysis, the Nitests raised by at least a factor of three,
covering the whole range of masses accessible at the LH@ctitife RGE-enhanced contribution of the
scalar operators (absent or subleading in the stalZ MFV case) typically sets bounds an order of
magnitude stronger than those on the SM current-curremaggecorrespondingly increasing the lower
bound on the NP scale. This is the case, for instance, in thetdeMinimal Flavour Models (NMFV)
discussed in Ref. [18] as described in the analysis of REf. [9

The largetan 5 scenario offers additional opportunities to reveal NP Hyagreing flavour-violating
couplings inAB = 1 processes with virtual Higgs exchange. This can be the cadedays such as
B — fv or B — D7r whose branching ratios are strongly affected by a charggddfor large values
of tan 3. In Figure[65 we show the region excluded in thg;+—tan 3 plane by the measurement of
B(B — (v) with the precision expected at the end of the curi@itactories and at a SFF, assuming the
central value given by the SM. Itis apparent that a SFF pusteelewer bound o/ +, corresponding,
for example, tatan 5 ~ 50 from the hundreds of GeV region up to about 2 TeV, both in th®RHII
and in the MSSM. Another interesting possibility is to tesitbn flavour universality by measuring the
ratio R%/T = B(B — uv)/B(B — 7v), which could have & (10%) deviation from its SM value at
largetan (G [32,534], whereas the relative error on the individual brang fraction measurements at a
SFF is expected to b#&% or less. In Figuré 86 we show the region excluded inthg+—tan 3 plane by
the measurement &(B — D/v) at a SFF, assuming the central value given by the SM.

MSSM with Generic Squark Mass MatriceEhere is also an impressive impact of a SFF on the
parameters of the MSSM with generic squark mass matriceserized using the mass insertion
(MI) approximation [97]. In this framework, the NP flavouielating couplings are the complex Mils.
For simplicity, we consider only the dominant gluino cobition. The relevant parameters are therefore
the gluino massn;, the average squark mass; and the MIS(&%)AB, wherei,; = 1,2,3 are the
generation indices and, B = L, R are the labels referring to the helicity of the SUSY partneargs.

For example, the parameters relevanbte- s transitions are the two SUSY masses and the four Mls
(533)LL,L37RL,RR. In order to simplify the analysis, we consider the contiiu of one MI at a time.
This is justified to some extent by the hierarchy of the prebennds on the Mis. In addition, barring
accidental cancellations, the contributions from two oreniglls would produce larger NP effects and
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Fig. 67: Sensitivity region of SFF in thm§—|(6fj)AB| plane. The region is obtained by requiring that the
reconstructed Ml i$o away from zero. The cases 0¥%) .. (upper left),(6%;) L r (upper right),(5%;) 1. (lower
left) and (04;) . (lower right) are shown. For LR Mis the theoretical upper hb@allowed parameter region is
below these lines) discussed in the text is also shownsfes = 5,10, 35, 60 (dashed, dotted, dot-dashed, solid

line respectively).

therefore make the detection of NP easier, while simultasiganaking the phenomenological analysis
more involved [108,421]. The analysis presented here isthan results and techniques developed in
Refs. [104,105, 107]. The aim of this analysis is twofold. & one hand, we want to show the bounds
on the MSSM parameter space as they would appear at a SFhis@utpose, we first simulate the
signals produced by the MSSM for a given value of one MI. Wentbleeck how well we are able to
determine this value using the constraints coming from a &Fparticular, we examine the ranges of
masses and Mls for which clear NP evidence, given by a norsiviarg value of the extracted Ml, can

be obtained. In Figure_67 we show for some of the different, Nie observation region in the plane
m§—|5d| obtained by requiring that the absolute value of the recoatd MI is more thalo away from

zero. For simplicity we have taken; ~ mg. From these plots, one can see that a SFF could detect NP

10Q



smmm
ssm@EDOOOOEEE ==
L L o]=d-0=1- LN .

N .

QLI -] =]=[alalals
L)
L)
L)
LR L-]=]=]ajcl-]-] |

*0.0Wi““““‘;“““““““““
—0.01 0 0.01 0.02 0.03 0.04 0.05

Re<6d23>LR

Fig. 68: Density plot of the region in th&e(6%;) 1 r—Im(6%;) g for mz = mz = 1 TeV generated using SFF
measurements. Different colours correspond to differenstraints:B(B — X,v) (green),B(B — X £107)
(cyan),Acp(B — Xsv) (magenta), all together (blue). Central values of constsatorresponds to assuming
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effects caused by SUSY masses ud@el5 TeV corresponding t(@é‘f&%) . ~ 1. Even larger scales
could be reached by R Mls. However overly largd. R Mls are known to produce charge- and colour-
breaking minima in the MSSM potential [809], which can beided by imposing the bounds shown
in the LR plots of Figurd 6I7. These bounds decreasgé/as; and increase linearly withan 5. Taking
them into account, we can see that slilk MIs are sensitive to gluino masses u@td 0 TeV for tan
between 5 and 60. The plots of Figlird 67 show the values of thiadfl can be reconstructed if SUSY
masses are belowTeV. In the cases considered we fi@d;) ., = 2-5x 1072, (63)Lr = 2-15x 1073,
(6%3) L = 2-5 x 10~ and(6%;) L.k = 5-10 x 10~3. These value are typically one order of magnitude
smaller than the present upper bounds on the Mls [1029].

Figure[68 shows a simulation of how well the the mass ingest{MIs), related to the off-diagonal
entries of the squark mass matrices, could be reconstrattadSFF. Figuré 68 displays the allowed
region in the plan®e(3%;) 4 p—Im(6%) 45 with a value of(6¢) 45 allowed from the present upper bound,
mg = 1 TeV and using the SFF measurements as constraints. Thameleanstraints come from
B(b — sv), Acp(b — s7), B(b — stt4™), Acp(b — stt4~), Amp, and A, . It is apparent the
key role of Acp(b — s7) together with the branching ratios bf— sy andb — s¢*t¢~. The zero of
the forward-backward asymmetry in— s¢*/¢~, missing in the present analysis, is expected to give
an additional strong constraint, further improving theeatty excellent extraction céﬁgg) Lr Shown in
Figure[68.

Lepton Flavour Violation inr Decays:The search for Flavour Changing Neutral Current (FCNC)
transitions of charged leptons is one of the most promisiingctions to search for physics beyond
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Fig. 69: B(r — pv) in units of 10-7 vs. the high energy universal gaugino masd;(,) within a SO(10)
framework [1030]. The plot is obtained by scanning the LHCe&sible parameter spaoe, < 5 TeV for
tan 3 = 40. Green or light (red or dark) points correspond to the sdernelere LFV is governed by the PMNS
(CKM) mixing matrix. The thick horizontal line denotes theepent experimental sensitivity. The expected SFF
sensitivity is2 x 1079,

the SM. In the last few years neutrino physics has provideamimiguous indications about the non-
conservation of lepton flavour, we therefore expect thimpheenon to occur also in the charged lepton
sector. FCNC transitions of charged leptons could occut bastond any realistic experimental reso-
lution if the light neutrino mass matrixi{,)) were the only source of Lepton Flavour Violation (LFV).

However, in many realistic extensions of the SM this is net ¢hse. In particular, the overall size of
m,, is naturally explained by a strong suppression associattdtetbreaking of the total Lepton Number

(LN), which is not directly related to the size of LFV intet@mns.

Rare FCNC decays of thelepton are particularly interesting since the LFV sourecwslving the
third generation are naturally the largest. In particus@arches of — v at the10~2 level or below
are extremely interesting even taking into account thegmiestringent bounds gm — evy. We illustrate
this with one example where the comparison of possible b®ondor evidences for) — vy, u — ey
and other LFV rare decays provides a unique tool to identifyrtature of the NP model.

In Figure[69, we show the prediction f&#{r — ) within a SUSY SO(10) framework for the
accessible LHC SUSY parameter spadde/, < 1.5 TeV, mo < 5 TeV andtan 8 = 40 [1030]. Note
that the measurement #f(r — py) at a SFF can distinguish the scenario where LFV is governed by
neutrino mixing matrixUpyins from the scenario where LFV is governed by the quark mixingrixa
Ve

Little Higgs Models:These models address the tension between the naturalribssetéctroweak
scale and the precision electroweak measurements showiegidence for new physics up fo— 10
TeV. The Littlest Higgs model [137] is based o& (5)/SO(5) non-linear sigma model. It is strongly
constrained by the electroweak precision data due to énasd-tontributions of the new particles.

Implementing an additional discrete symmetry, so-callgzhfity [147], constrains the new par-
ticles to contribute at the loop-level only and allows for B Bcale around00 GeV. It also calls for
additional (mirror) fermions providing an interesting ttav phenomenology.

The high sensitivity forr decays serves as an important tool to test the littlest Higodel with
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Table 54: Upper bounds on some LFV decay branching ratios in the LHTehaith a new physics scalg =
500 GeV, after imposing constraints g — ey, u~ — e ete , 7~ — p~n andr~ — e~ 7°.

Decay Upper bound
T — ey 1-1078
T — Ty 21078
T —eete” 2.1078
T — T 3-1078

Table 55: Comparison of various ratios of branching ratios in the LHdd®l and in the MSSM without and with
significant Higgs contributions.

Ratio LHT MSSM (dipole) | MSSM (Higgs)
Blp_—e"eter) 0.4—25 ~6-1073 ~6-1073
B(p=—e7)
B(r~—e ete) _ ~1.10-2 ~1.10"2
e 04-23 1-10 1-10
Bl —pnpn) 04-2.3 ~2.1073 ~1-1071
B(r——u=v)

T-parity (LHT), in particular to distinguish it from the M3&[161]. Upper bounds on some lepton
flavour violating decay branching ratios are given in Taldle 5

By comparison with Table 52, these are seen to be well withénréach of a SFF. However, the
large LFV branching ratios are not a specific feature of tha lbdt a general property of many new
physics models including the MSSM. Nevertheless, as Tableldarly shows, specific correlations are
very suitable to distinguish between the LHT and the MSSM diifferent ratios are a consequence of
the fact that in the MSSM the dipole operator plays the ctuola in those observables while in the LHT
the Z° penguin and the box diagram contributions are dominant. gBliern is still valid when there is
a significant Higgs contribution in the MSSM, as can be re&drom Table[55.

Comparison of different SUSY Breaking ScenarloasSUSY models the squark and slepton mass
matrices are determined by various SUSY breaking parametad hence a SFF has the potential to
study SUSY breaking scenarios through quark and leptonutasignals. This will be particularly im-
portant when SUSY particles are found at the LHC, becauseutanff-diagonal terms in these mass
matrices could carry information on the origin of SUSY briegkand interactions at high energy scales
such as the GUT and the seesaw neutrino scales. Combinedh&itBUSY mass spectrum obtained
at energy frontier experiments, it may be possible to gldtie whole structure of SUSY breaking. In
order to illustrate the potential of a SFF to explore the SUfB&aking sector, three SUSY models are
considered and various flavour signals are compared. Thesg)ahe minimal supergravity model
(MSUGRA), (i) a SU(5) SUSY GUT model with right-handed neutringg;) the MSSM with U(2)
flavour symmetry [1031]. In mMSUGRA, the SUSY breaking termesassumed to be flavour-blind at the
GUT scale. The SU(5) SUSY GUT with right-handed neutrincs weell-motivated SUSY model which
can accommodate the gauge coupling unification and thewseasahanism for neutrino mass gener-
ation. There is interesting interplay between the quarklaptbn sectors in this model. Since quarks
and leptons are unified in the same GUT multiplets, quark €lavoixing can be a source of flavour
mixings in the slepton sector that induce LFV in the charggxdn processes. Furthermore, the neutrino
Yukawa coupling constants introduce new flavour mixings #na not related to the CKM matrix. Due
to the SU(5) GUT multiplet structure sizable flavour mixirenooccur in the right-handed sdown sector
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Fig. 70: Time-dependentasymmetry 8f — K27’y and the difference between the time-dependent asymmetries
of B — ¢K% andB — J/v K2 modes for three SUSY breaking scenarios: mSUGRA(left) 538USY GUT

with right-handed neutrinos in non-degenerate case (mjddhd MSSM with U(2) flavour symmetry (right). The
expected SFF sensitivities are also shown.

as well as the left-handed slepton sector, and contribsitiorvarious LFV and quark FCNC processes
become large. When we require that the neutrino Yukawa @mpbnstants only induce flavour mix-
ing in the 2-3 generation, then the constraint from the» ey process is somewhat relaxed (so-called
non-degenerate case). Finally, in the MSSM with U(2) flavwgmmetry, the first two generations of
quarks and squarks are assigned as doublets with respéet sarhe U(2) flavour group, whereas those
in the third generation are singlets. Therefore this moxiglleéns the suppression of the FCNC processes
between the first two generations, but it still providessigaontributions fob — s transition processes.

Flavour signals in thé — s sector are shown in Figufe]70 for these three SUSY breakieg sc
narios. Scatter plots of the time-dependent asymmet® ef ngoy and the difference between the
time-dependent asymmetries Bf — qug andB — J/y Kg modes are presented as a function of
the gluino mass. Various phenomenological constrainth ag8(b — sv), the rate ofB, mixing, and
neutron and atomic electic dipole moments are taken intowatcas well as SUSY and Higgs particle
search limits from LEP and TEVATRON experiments. For the SWUSBJT case, the branching ratios of
muon and tau LFV processes are also calculated and useditthiégnallowed parameter space. Sizable
deviations can be seen for SU(5) SUSY GUT and U(2) flavour sgtnntases even if the gluino mass is
1 TeV. The deviation is large enough to be identified at SFRH@rother hand, the deviations are much
smaller for the mSUGRA case.

The correlation betweei(t — py) andB(u — ev) is shown in Figuré 71 for the non-degenerate
SU(5) SUSY GUT case. In this case, both processes can rea@mtupper bounds. It is thus possible
that improvements in the — ey search at the MEG experiment and in the—~ u~y search at a SFF
lead to discoveries of muon and tau LFV processes, respctiMotice that the Majorana mass scale
that roughly corresponds to the heaviest Majorana neutriass is taken to b&/p = 4 x 10 GeV
in these figures. When the Majorana mass scale is lower, flasignals become smaller because the
size of the neutrino Yukawa coupling constant is propottidn /My and LFV branching ratios scale
with Mfz. This means that a SFF can cover some part of the parametse gpanr — py if the
Majorana scale is larger thai®'3 GeV. The pattern of LFV signals also depends on the choice of
SUSY breaking scenarios. If we take the degenerate caseedf Heavy Majorana masses in a SU(5)
SUSY GUT,B(u — e7y) can be close to the present experimental bound while bragattios of tau
LFV processes are generally less tHam®. The LFV branching ratios for both muon and tau LFV
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Fig. 71: Correlation betwee8(r — uvy) andB(u — ey) for SU(5) SUSY GUT with right-handed neutrinos in
non-degenerate case. Expected search limits at the SHRfor~ ) and forB(u — evy) from MEG are also
shown.

processes are negligible for the mSUGRA case. In MSSM with) flavour symmetry, LFV signals
depend on how the flavour symmetry is implemented in the fepextor so that there is a large model
dependence.

4.1.4 Summary

In conclusion, the physics case of a Super Flavour Factdhgatimg an integrated luminosity &0—75
ab~! is well established. Many NP sensitive measurements im@li and D mesons and leptons,
unique to a Super Flavour Factory, can be performed withliextesensitivity to new particles with
masses up te- 100 (or even~ 1000) TeV. The possibility to operate at tl&(5S) resonance makes
some measurements with; mesons also accessible, and options to run in the tau-chHaeshbold
region and possibly with one or two polarized beams furtheattens the physics reach. Flavour- and
CP-violating couplings of new particles accessible at the Lé#@ be measured in most scenarios, even
in the unfavourable cases assuming minimal flavour vialatitbgether with the LHC, a Super Flavour
Factory could be soon starting the project of reconstrgdtie NP Lagrangian. Admittedly, this daunting
task would be difficult and take many years, but it providegxariting objective for accelerator-based
particle physics in the next decade and beyond.
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4.2 SupelB proposal

The two asymmetricB Factories, PEP-II [1032] and KEKB [1033], and their compandetectors,
BABAR [1034] and Belle [1035], have produced a wealth of flavourgits/results, subjecting the quark
and lepton sectors of the Standard Model to a series of stirtgsts, all of which have been passed. With
the much larger data sample that can be produced at a Supactory, qualitatively new studies will
be possible, including searches for flavour-changing aéatrrrents, lepton-flavour violating processes,
and new sources af’P violation, at sensitivities that could reveal New Physieydnd the Standard
Model. These studies will provide a uniquely important seuof information about the details of the
New Physics uncovered at hadron colliders in the comingakefE036].

In light of this strong physics motivation, there has beememgdeal of activity over the past six
years aimed at designing affe~ B Factory that can produce samplesbpt and decays 50 to 100
times larger than will exist when the curreitFactory programs end.

Upgrades of PEP-11[1037] and KEKB [1038] to Sup@iFactories that accomplish this goal have
been considered at SLAC and at KEK. These machines are eldt@ms of the existing3 Factories,
with higher currents, more bunches, and smakléunctions (1.5 to 3 mm). They also use a great deal of
power (90 to 100 MW), and the high currents, approaching p@&e significant challenges for detectors.
To minimize the substantial wallplug power, the SuperPEdRes$ign doubled the current RF frequency,
to 958 MHz. In the case of SuperKEKB, a factor of two increaskiminosity is assumed for the use of
crab crossing, which is currently being tested at KEKB, seetiSn[4.3.

SLAC has no current plans for an on-site accelerator-baggdemergy physics program, so the
SuperPEP-II proposal is moribund. The SuperKEKB propasabnsidered as a future option of KEK.
The problematic power consumption and background ississi@sed with the SLAC and KEK-based
SuperB Factory designs have now, however, motivated a new apptogbperB Factory design, using
low emittance beams to produce a collider with a luminosfty@®, but with reduced power consump-
tion and lower backgrounds. This collider is called S@yddesign parameters of the exisiting colliders
PEP-Il and KEKB are compared with those of SuperPEP-II, 8UpKB, and SupdB in Table[56.

Table 56: Comparison ofB Factory and SupeB Factory designs.

PEP-II KEKB  SuperPEP-II  SuperKEKB Supr

Erpr (GeV) 3.1 3.5 3.5 3.5 4
Eupr (GeV) 9 8 8 8 7
Npart (x1019) 8 5.8 10 12 6
Inpr (A) 2.95 1.68 4.5 9.4 2.28
Igpr (A) 1.75 1.29 2.5 4.1 1.3
Wallplug power (MW) 22.5 45 ~100 ~90 17
Crossing angle (mrad) 0 +15 0 0 +17
Bunch lengtho, (mm) 11 6 1.7 3 7
o, (nm) 6900 2000 700 367 35
o (um) 160 110 58 42 5.7
B, (mm) 11 6 15 3 0.3
Vertical beam-beam tune shif  0.068 0.055 0.12 0.25 0.17
Luminosity (cnm2s™1) (x1034) 1.1 1.6 70 80 100

The SupdB Conceptual Design Report [1039] describes a nascent attenal effort to construct
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it could be built at a new site, such as the campus of the Usityeof Rome “Tor Vergata”, near the
INFN National Laboratory of Frascati. The report was pregdsy an international study group set up
by the President of INFN at the end of 2005, with the chargduwafygng the physics motivation and the
feasibility of constructing a Super Flavour Factory thatNdocome into operation in the first half of the
next decade with a peak luminosity in excesd®@¥* cm=2 s~ at theY (4S)resonance.

The key idea in the SupBrdesign is the use of low emittance beams produced in an aatmwle
lattice derived from the ILC Damping Ring Design, togethathva new collision region, again with
roots in the ILC final focus design, but with important new cepts developed in this design effort.
Remarkably, Supé produces this very large improvement in luminosity withcalating currents and
wallplug power similar to those of the curreitFactories. There is clear synergy with ILC R&D; design
efforts have already influenced one another, and many aspiitie ILC Damping Rings and Final Focus
would be operationally tested at SuBer

There is quite a lot of siting flexibility in the SupBrCDR design. Since the required damping
times are produced by wigglers in straight sections, thausadf the ring can be varied (within limits,
of course) to accommodate other sites and/or to optimize Gwmaller radius designs are also being
explored, in which the bending magnets bear a greater bundmoducing the needed damping.

Employing concepts developed for the ILC damping rings andl fiocus in the design of the
SupeB collider, one can produce a two-order-of-magnitude irgega luminosity with beam currents
that are comparable to those in the existing asymmeétrieactories. Background rates and radiation
levels associated with the circulating currents are coatgarto current values; luminosity-related back-
grounds such as those due to radiative Bhabhas, increastastidlly. With careful design of the interac-
tion region, including appropriate local shielding, anchigthtforward revisions of detector components,
upgraded detectors based BaBArR or Belle are a good match to the machine environment: in fisis d
cussion, we usBABAR as a specific example. Required detector upgrades incladaction of the radius
of the beam pipe, allowing a first measurement of track positioser to the vertex and improving the
vertex resolution (this allows the energy asymmetry of thifider to be reduced to 7 on 4 GeV); replace-
ment of the drift chamber, as the current chamber will haveeeded its design lifetime; replacement of
the endcap calorimeter, with faster crystals having a @nklbliére radius, since there is a large increase
in Bhabha electrons in this region.

SupeB has two additional features: the capability of running atteeof-mass energies in the
t/charm threshold region, and longitudinal polarizatiortht@ electron (high energy) beam. The lumi-
nosity in the 4 GeV region will be an order of magnitude beltattin the' (4S) region, but even so,
data-taking runs of only one month at each of the interestimgrgies ¢(3770), 4.03 GeV,r threshold,
etc) would produce an order of magnitude more integrated lusiipdhan will exist at the conclusion
of the BES-II program. The polarization scheme is discussasdme detail in the SupBrCDR [1039].
The electron beam can be polarized at a level of 85%, makipgsisible to search fdf violation in
production due to the presence of an electric dipole monoefdy CP violation in T decay, which is not
expected in the Standard Model.

The SupeB design has been undertaken subject to two important camstral) the lattice is
closely related to the ILC Damping Ring lattice, and 2) as yne&P-Il components as possible have
been incorporated into the design. A large number of PEB#igonents can, in fact, be reused: The
majority of the HER and LER magnets, the magnet power supplie RF system, the digital feedback
system, and many vacuum components. This will reduce theaodsengineering effort needed to bring
the project to fruition.

The crabbed waist design employs a large “Piwinski angle” 5 o 2=, wheref is the full geometric
crossing angle of the beams at the interaction point. By uaring) the Iarge Piwinski angle through the
use of a large crossing angle and a very small horizontal tszen and havingl, comparable to the
size of the beam overlap area, it is possible simultanedosproduce a very small beam spot, reduce
the vertical tune shift and suppress vertical synchrolmtatesonances. However, new beam resonances
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Table 57: Parameters of the Su2HER and LER rings compared with the ILC damping rings.

LER HER ILCDR
Energy (GeV) 4 7 5
Luminosity (cnm2s™1) 1 x 1036 -
C (m) 2249 6695
Crossing angle (mrad) 2 x 17 -
Longitudinal polarization (%) 0 80 80
Wiggler field Bw (T) 1.00 0.83 1.67
Lpend (M) (Arc/FF) 0.45/0.75/5.4 5.4/5.4 3/6/-
Number of Bends (Arc/FF) 120/120/16 120/16 126/-
Uy (MeV/turn) 1.9 3.3 8.7
Wiggler length: Lit(m) 100 50 200
Damping timers, 7, (Ms) 16/32 16/32 12.9/25.7
o, (mm) 6 6 9
€, (hm-rad) 1.6 1.6 0.8
€y (pm-rad) 4 4 2
op(%) 0.084 0.09 0.13
Momentum compaction 1.8 x 1074 3.1 x1074 42 %1074
Synchrotron tune 0.011 0.02 0.067
Ve (MV), Neavities 6,8 18, 24 24,18
Npart (x1019) 6.16 3.52 2.0
Ipeam(A) 2.3 1.3 0.4
Poeam (MW) 4.4 4.3 35
fri (MH2) 476 650
Nbunches 1733 2625

then arise, which can be suppressed by using sextupolesage ptith the IP in the: plane and with a
/2 phase difference in thg plane. This is the crabbed waist transformation. Thesealptlements
have an impact on the dynamic aperture of the lattice; ssutheried out after the Su@CDR indicate
that an adequate dynamic aperture can be achieved. Therlbageh length made possible by the
new scheme has the further advantage of reducing the prelméhigher order mode heating, coherent
synchrotron radiation and high power consumption. Beaessand particle densities are, however, in a
regime where Touschek scattering is an important detemhisfzbeam lifetime.

The SupeB concept is a breakthrough in collider design. The inventibthe “crabbed waist”
final focus can, in fact, have impact even on the current geioerof colliders. A test of the crabbed waist
concept is planned to take place at Frascati in late 2007rtyr 23808; a positive result of this test would
be an important milestone as the SuBetesign progresses. The low emittance lattice, fundamental
as well to the ILC damping ring design, allows high lumingsiiith modest power consumption and
demands on the detector.

Since the circulating currents in Supeare comparable to those in the curréhtFactories, an
upgrade of one of the existing Factory detectorsBABAR or Belle is an excellent match to the Super
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machine environment. As an example, we will describe thagba envisioned in an upgradeB4BAR,
beginning with those components closest to the beamline.

Developments in silicon sensors and materials technologlenit possible to improve the res-
olution of the silicon vertex tracker (SVT) and to reduce thi@meter of the beam pipe. This allows
reduction of the energy asymmetry of Supdo 7 on 4 GeV, saving on power costs, and slightly im-
proving solid angle coverage. The first layer of the SVT wiltially be composed of striplets, with
an upgrade to pixels in the highest luminosity regime. Thértracking chamber will still be a drift
chamber, although with smaller cell size. The radiatorhefDIRC particle identification system will
be retained, but the readout system will be replaced withrsiame that occupies a smaller volume. The
barrel Csl (Tl) electromagnetic calorimeter will also btameed, but the forward endcap will be replaced
with LYSO (Ce) crystals, which are faster and more radiahand. A small backward region calorime-
ter will be added, mainly to serve as a veto in missing enermg@tyaes. The superconducting coil and
instrumented flux return (IFR) will be retained, with the fieturn segmentation and thickness modified
to improve muon identification efficiency. The instrumeimatin the endcap regions of the IFR will
be replaced with scintillator strips for higher rate cafigbi The basic architecture of the trigger and
data acquisition system will be retained, but componentst foel upgraded to provide a much-increased
bandwidth.

SupeB [1040] is an extremely promising approach to producing e high luminosity asym-
metric B Factory that is required to observe and explore the coriwibs of physics beyond the Standard
Model to heavy quark and decays. Its physics capabilities are complementary tethban experiment
such as LH@ at a hadron machine [1041] . Th&Factories, building on more than thirty years of work
in heavy flavour studies, have developed an extraordinaifiisant and productive physics community.
They have produced more than four hundred refereed publisabn mixing-induced and directP
violation, improved the measurements of leptonic, sernolep and hadronic decays and discovered a
series of surprising charmonium states. Th€&actories have also been an excellent training ground for
hundreds of graduate students and postdoctoral fellowserBwvill no doubt be similarly productive.
The physics emphasis would, however, shift to constraininglucidating physics beyond the Standard
Model.

INFN has formed an International Review Committee to aiticexamine the SupBrConceptual
Design Report and give advice as to further steps, incluslitgnission of the CDR to the CERN Strategy
Group, requests for funding to the ltalian government, gmieation for European Union funds.

Should the proposal process move forward, it is expectetititieacollider and detector projects
will be realized as an international collaborative effdtembers of the Sup& community will apply
to their respective funding agencies for support, which wilmately be recognized in Memoranda of
Understanding. A cadre of accelerator experiments mussgensgbled to detail the design of SuBer
while an international detector/physics collaboratiofoisned. The prospect of the reuse of substantial
portions of PEP-1l andBABAR raises the prospect of a major in-kind contribution fromw&DOE and/or
other agencies that contributed BaBAR construction; support of the project with other approjgriat
kind contributions is also conceivable. It is anticipathdttthe bulk of the US DOE contribution would
be in kind, in the form of PEP-II components made availabléhhe termination of the SLAC heavy
flavour program. These include the HER and LER magnets, thendFligital feedback systems, power
supplies and vacuum components andBaBAR detector as the basis for an upgraded SBpimtector.

The BABAR model of international collaboration, based on experiegmieed at CERN and other
major laboratories in building and managing internatior@laborations over the past several decades
is expected to serve as a model for the SBpeffort [L040]. The funding agencies of the participating
countries will have a role, together with the host agency bost laboratory, in the management of
the enterprise, as well as a fiscal role through an Intemaltibinance Committee and various review
committees.
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4.3 Accelerator design of SuperKEKB

The design of SuperKEKB has been developed since 2002 [10#2]baseline design extends the same
scheme as the present KEKB, as described below. The reaswbloped nano-beam scheme will be
further studied as an option of SuperKEKB, while maintaimng baseline design for the time being. The
possibility of an intermediate solution between these talemes is not excludeapriori.

4.3.1 Baseline Design of SuperKEKB

SuperKEKB is a natural extension of present KEKB. The basghiarameters of SuperKEKB are listed
in Table[58.The luminosity goag x 103> cm~2s~!, is about 50 times higher than present KEKB. The
gains of the luminosity will be achieved by higher currerts( x6), smallers;(x2), and higher beam-
beam paramete, (x4.5).

Table 58: Parametes of SuperKEKB and present KEKB, for the low (LER) lhigh (HER) energy rings.

SuperKEKB KEKB

LER/HER | LER/HER
Flavor et /e e /et
Beam energy 3.5/8 3.5/8 GeVv
Beam current 9.4/4.1 1.7/1.4 A
By 1 3, 3/200 6 /600 mm
Beam-beang, ~0.25 0.055
Number of bunches / beam 5000 1400
Horizontal emittance, 6-12 18-24 nm
Bunch lengthr,, 3 6 mm
Peak luminosityC 8 0.17 10%%cm 2571
Wall-plug power ~ 100 45 MW

A higher stored current requires more rf sources and aatiigrcavities. The baseline design
adopts the same rf frequency, 509 MHz, as the present KEK8 ntimber of klystrons will be doubled
and the number of cavities will be increased by 50%. The twtdl-plug power will be doubled. An
option to adopt 1 GHz rf system to reduce the power is undesideration. The cavities will be modified
for high current operation. The normal conducting accéberaith resonantly-coupled energy storage
(ARES) cavity will have higher stored energy ratio of theratpe cavity to the accelerating cavity. The
superconducting cavity will have a new higher-order mod® absorber to dissipate 5 times more
HOM power, 50 kW per cavity. These designs of rf system and cavities haea basically done and
prototyping is going on [1043-1047].

To store the high current, it is necessary to replace alltiegidoeam pipes in both rings. In
the positron ring, beam pipes with antechamber and spagifdce treatment such as TiN coating are
required to suppress the electron cloud. The antechambereaessary to store such high currents to
absorb the power of the synchrotron radiation in both riddso all vacuum components such as bellows
and gate valves must be replaced with low-impedance anddugknt capable version. The smalj
requires shorter bunch length, which raises another reaseplace the beam pipes, otherwise the HOM
loss and associated heating of the components will be ¢rddie designs of beam pipes, bellows, gate
valves for SuperKEKB have been done and some prototypes testied at present KEKB. There still
remain a few R&D issues in beam collimators and coherenttsption radiation [1048—1053].

SuperKEKB will switch the charges of the beams from presdfiKR to store positrons and elec-
trons in the HER and the LER, respectively. The charge swililirelax the electron-cloud instability
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and reduce the amount of the positron production. For thegehswitch, the injector linac will be up-
graded with C-band system, whose prototype has already thékrand tested successfully. Also new
ideas such as single-crystal target for the positron piiimutiave been already utilized to increase the
intensity of the positronst al) [1054, 1055].

All existing magnets of KEKB will be reused in SuperKEKB, ext the interaction region (IR),
which must be renewed for smallgi. The final focusing superconducting quadrupole with compen
sation solenoid will be made stronger and their prototypedigeady been produced. Also the crossing
angle will be increased from 22 mrad to 30 mrad. A local chriecitg correction system, which is
currently installed in the LER, will be added in the HER. Almet issue with the smalles* is the
aperture for the injected beam, especially for positronse?v damping ring for positrons will be nec-
essary in the injector linac to reduce the injection emdgaand to increase the capture efficiency of the
positrons [1056].

The boost in the beam-beam paraméteassumes the success of “crab crossing”, which recovers
an effective head-on collision under crossing angle bingjleach bunch by a half crossing angle. The
crab cavities have been built and operated at KEKB sinceugepi2007, basically showing the design
performance in the voltage, Q-value, and phase stability, €he associated tilt of the beam and the
effective head-on collision have been confirmed in varideseovations including streak cameras. The
resulting beam-beam parameter reached 0.086, which ishilgan the geometrical gain by about 15%.
Further study is necessary to realize higher beam-bearmpéza (> 0.1) predicted by simulations for
the present KEKB [1057-1062].

A number of beam instrumentations and controls will be uggdeat SuperKEKB, including beam
position monitors, feedbacks, visible light and X-ray mors, etc. Also utilities such as water cooling
system will be reinforced [1063].

The current estimate of the total cost of the upgrade for 8{piEB is about 300 Me (1 €~
150 Y), excluding the salaries for KEK employee in the aaedte group (about 90 FTE/year). If the
upgrade of the rf system is deferred, the initial cost wilrbéuced to 200 M.

One of the options to reduce the cost of the construction &ureity is to change the energy
asymmetry from 8 GeV + 3.5 GeV to 7 GeV + 4 GeV. An early study besn done for the option
resulting in a reduction by about 30®4in the construction, and 12 MW in the electricity. Such a
possibility will be investigated further.

This machine should have a flexibility to run at the charmghatd. The damping time and the
emittance can be controlled by adding wigglers in the HERHat purpose. A polarized beam for the
collision needs intensive study for implementation of spitators.

4.3.2 Studies for Nano-beam Scheme at KEK

The crab waist scheme is one of the most innovative featurédseanano-beam SupBrdesign (Sec-
tion[4.2 and [1039]). Simulation by K. Ohmi has shown that ¢ha&b waist scheme can improve the
luminosity of present KEKB as powerfully as crab crossinghvarab cavities. Actually crab waist can
be even better than crab crossing, as it only needs conmahtextupole magnets whose construction
and operation will be much easier than the state-of-art caafiies. Efforts have been made at KEK to
make such a design of lattice to involve sextupole magngtsesent KEKB (H. Koiso, A. Morita). A
number of possibilities have been studied to locate thesegatupoles, close or apart from the interaction
point (IP), one pair or two pairs, which are necessary to ekthe unnecessany’ term at the IP.

This study of lattice has realized that the dynamic apertdiridne ring is drastically reduced by
tuning on the crab sextupole magnets. These sextupolesiaee pial or —I transformation, and the IP
is located within the pair. If the transformation betweea iair is completely linear, the nonlinearity of
the first sextupole is completely absorbed by the seconds Kihd of cancellation has been succesfully
working in existing machines including KEKB. In the caseloé trab waist, however, there is the IP in
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the middle of the pair, and the nonlinearities around theidRutes the cancellation of the nonlinear terms
of the sextupoles. At least two kinds of nonlinearity, thede field of the final focusing quadrupoles

and the kinematical terms in the drift space around the I®be&n known to be inevitable, and either
one of them is enough to degrade the dynamic aperture by 5@%heAfringe field and the kinematical

terms are quite fundamental for the elements around theigot possible to remove them. The hope
is to put several nonlinear magnets around the IP to caneeldhlinearity at the IP. A. Morita has tried

such possibility by introducing many octupole magnets, nmityet successful so far.

The degradation of dynamic aperture by crab waist sextgpuilebe also serious for future Super-
B. Y. Ohnishi has studied the dynamic aperture for a Supeati:é given by P. Raimondi. The stable
horizontal amplitude with the crab-sextupoles were drogpe70% on the on-momentum particles, and
even worse for off-momentum, synchrotron-oscillatingticles. Again it has been known that the fringe
field and the kinematical terms at the IP are the reason oftthgction of the dynamic aperture.

One of the questions on the nano-beam scheme is that no-stirmmgy simulation has been done.
Because of the relatively long bunch length, such a sinonatiill take the computer power more than
100 times than that for usual schemes. Some preliminarytefoe going on by K. Ohmi for intermedi-
ate bunch length or with simplified models.

Anyway the nano-beam scheme can be still attractive evemowtitthe crab waist, because it
has a potential to achieve)®¢ cm~2s~! with smaller beam current. Therefore the KEKB team has
decided to study the nano-beam scheme as an option of Suli&KkE make a flexible lattice and an
IP design which is compatible both with the nano-beam antd-higrent schemes. Such a design study
will identify fundamental and technical issues on the nheam scheme more specifically.
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4.4 LHCb upgrade
4.4.1 Introduction

Flavour Physics has played a major role in the formulatiorthef Standard Model (SM) of particle
physics. As example is the observation of CP violation whiolthe SM, can be explained with three
generations of quarks. However despite its success, thes3den as an effective low-energy theory
because it cannot explain dark matter and the force higrafthe search for evidence of new physics
(NP) beyond the Standard Model is the main goal of particlesjuls over the next decade.

The Large Hadron Collider (LHC) at CERN will start operating2008 and will start to look for
the Higgs boson and for NP particles which are expected inymeaodels at the 1 TeV scale. However
probing NP at the TeV scale is not restricted to direct sesrett the high-energy frontier.

Flavour physics also has excellent potential to probe NRhénSM, flavour-changing neutral
currents (FCNC) are suppressed as these only occur throapgldlagrams. Hence these decays are very
sensitive to NP contributions which, in principle, coulchtribute with magnitude)(1) to these virtual
guantum loops. The NP flavour sector could also exhibit CRatiamn and be very different from what
is observed in the SM. In fact, the existing experimentaltirfrom the flavour physics point to either a
suppression of the couplings also for NP or an even higher B$sracale.

LHCb is a dedicated heavy-flavour physics experiment desigo make precision measurements
of CP violation and of rare decays of B hadrons at the LHC [LO6HICb will start taking data in 2008
and plans to record an integrated luminosity~06.5 fb~! in the first physics run. During the following
five years LHCb expects to accumulate a data sample od fb~1. This will put LHCb in an excellent
position to probe new physics beyond the SM. The expectddmeaince is summarised in Sectlon 414.2.

During this first phase of LHC operations, particle physidk meach a branch point. Either new
physics beyond the Standard Model (SM) will have been disiem) at the general purpose detectors
(ATLAS and CMS) and LHCb or new physics will be at a higher mesale. In both scenarios we will
then almost certainly require a substantial increase isit@ties to flavour observables, either to study
the flavour structure of the newly discovered particles opriabe NP through loop processes at even
higher mass scales.

The LHCb detector is optimised to operate at a luminosity2 @b 5 x 1032 cm=2s~!, which
is a factor of 20 to 50 below the LHC design luminosity. The Lld€&elerator will reach its design
luminosity of 103 cm~2s~! after a few years of operation. The LHC machine optics allbW€b to
focus the beams in order to run at a luminosity of up to 50% efltHC luminosity. To profit from the
higher peak luminosities that are available at the LHC th&€btxperiment is proposing an upgrade to
extend its physics programme. The plan to operate the LH@&ztbe at ten times the design luminosity,
i.e. at2 x 103 cm~—2s71, is described in Sectidn 4.4.3. The LHCb upgrade would ttwsvathe LHCb
experiment to probe NP in the flavour sector at unprecedesgesitivities.

Initial studies of the physics reach of the proposed LHClragg are discussed in Sectlon 4.4.4.
To profit from these higher luminosities the LHCb experimeujuires an upgrade such that the detectors
and triggers are able to cope with these larger luminosilibss is described in Section 4.4.5. A summary
and conclusions are given in Sectlon 414.6.

4.4.2 LHCb Physics Programme - The First Five Years

The large cross section 660 ;b for bb-quark production inpp collisions at 14 TeV centre-of-mass en-
ergy will allow the LHCb experiment to collect much largettalaamples o8 mesons than previously
available. The expected performance for measurementdWi@b has been determined by a full simu-
lation [1025]. Many of these results have been describe@itaildn Sectiorh B of this report. We expect
exciting results from the LHCb experiments over the next figars. Here we summarise some of the
anticipated highlights.
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In the Standard Model flavour-changing neutral current (ECIN— s transitions are suppressed
as these only occur through loop diagrams. Of particularést is the decag? — p+p~ which is very
rare. The SM branching rati8(B? — p* ™) is calculated a¢3.864-0.15) x 10~? (Equ128) [27]. New
physics beyond the SM can enhance this branching ratioderadily. For example, in the constrained
minimal supersymmetric extension of the SM (CMSSM) [56@] branching ratio increases am° 3
wheretan § is the ratio of the Higgs vacuum expectation values. Theeatidimits from CDF and DO
are about a factor 20 above the SM prediction. Using theidgoeariant mass resolutiom(1,,,) ~
20 MeV and low trigger threshold on the transverse momentgn®> 1 GeV, LHCb will to be able to
probe the full CMSSM parameter space. With fi§~* of data LHCb expects to discové? — 1t~
with 50 significance at the SM level [587].

Another major goal is to probe the weak phageof BY mixing. This is another excellent NP
probe as the SM prediction far, is very small:¢, = —2\?n ~ —0.035 where\ andn are Wolfenstein
parameters of the CKM matrix [L065]. Currently there aretnorg) constraints on, available and large
CP violation inB? mixing is allowed [663, 665,698, 700, 701]. The LHCb expeannexpects to collect
131 kB? — J/v¢ decays with a 2fb~! data sample. The corresponding precisionsgiis estimated
to beo(¢s) ~ 0.023 [672]. A value ofp, of O(0.1) or larger could be clearly observed by LHCb. This
would be a clear signal for Non-Minimal Flavour Violation \NFV) beyond the SM [10].

LHCb will perform measurements of the CKM angjeusing two interfering diagrams in neu-
tral and charged3 — DK decays as well aB? — DT K™ decays. The interference arises due to
decays which are common #0° and D° mesons such aB®(D%) — Kr+=~ (Dalitz decay [626])
and D°(D°) — KFr* K+K~ (ADS and GLW [618, 624]), or througli, mixing. The expected
sensitivities for 2fb~! of LHCb data are estimated at~y) ~ 7° — 15°. When combining these mea-
surements LHCb expects to achieve a precision) ~ 2.5° in a 10 fb~! data sample [1025]. This will
improve substantially the measurements from the B-factories which currently haveraeemainty of
about30° [386].

4.4.3 LHCb Luminosity Upgrade

After the first five years of operation with the LHCb experimye¢he LHC will hopefully provide answers
to some of the open questions of particle physics and, vesgiple, produce a few new puzzles. To be
able to make progress in determining the flavour structuneeaf physics beyond the SM or probing
higher mass scales, it is very likely that the required sieni for several flavour physics observables
will need to be improved substantially. It is also expecteat the precision of many LHCb physics
results will remain limited by the statistical error of thellected data. The following questions arise:
What is the scientific case for collecting even larger dataptes? Is LHCb exploiting the full potential
for B physics at hadron colliders? Note that LHCDb is the only daeéid heavy flavour experiment
approved to run after 2010. In the remainder of this reporiwilldry to answer these questions.

The LHCb experiment has commenced studying the feasilfitypgrading the detector such
that it can operate at a luminosity ~ 2 x 103} cm~=2s~!, which is ten times larger than the design
luminosity [1067]. This upgrade would allow LHCb to collextlata sample of aboud0 fb~! during
five years of running. This increased luminosity is achiéxvdly decreasing the amplitude functiéh at
the LHCb interaction point. The LHCb upgrade does not regthie planned LHC luminosity upgrade
(Super-LHC) as the LHC design luminositylig3* cm~=2s~!, although it could operate at Super-LHC.
Thus an upgrade of LHCb could be implemented as early as 2014.

As the number of interactions per beam crossing will inceet@sn ~ 4 this will require im-
provements to the LHCb sub-detectors and trigger. A majarpmnent of the LHCb upgrade will be
the addition of a first level detached vertex trigger whicl wée information from the tracking detec-
tors [1068, 1069]. This trigger has the potential of inciegighe trigger efficiencies for decays into
hadronic final states by at least a factor of two. The impletat@mn of this detached vertex trigger will
require large modifications to the detector read-out edeats which will be discussed in Sectibn 414.5.
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4.4.4 Physics with the LHCb Upgrade

A 100 fb~! data sample would allow to improve the sensitivity of LHChutgprecedented levels such
that new physics beyond the SM can be probed at the 1% levek We present estimates for a few
selected channels. These are based on the following assasipivhich have yet to be demonstrated:
maintaining trigger and reconstruction efficiencies athhigminosity running and, making use of a
detached vertex trigger to double the trigger efficiencynfadronic modes. Systematic errors are only
treated in a very simple way. Hence the quoted sensitiviiea® very large uncertainties and should be
treated with caution. However, these estimates are exityemseful to motivate simulation studies for
validating these assumptions. In addition, as soon as LHiCktart taking data, the simulations for low
luminosity running can be verified with data.

New physics can be probed for by studying FCNC in hadrénie s transitions. One approach
is to compare the time-dependent CP asymmetry in a hadremigyin loop decay with a decay based
on a tree diagram when both decays have the same weak phé&selrémic FCNC transitions unknown
massive particles could make a sizable contribution tathe s penguin loop whereas tree decays are
generally insensitive to NP. The B-factories measure the§Pnmetrysin 25°% in the penguin decay
B® — ¢K?%. A value forsin23°® which is different fromsin 23 measured inB® — .J/ K2 would
signal physics beyond the SM. Within the current availabigision, allsin 23°f measurements are in
reasonable agreement with the SM, but most central valeebwaer than expected. For example, we
find for the decayB® — ¢ K3 that AS(¢pK2) = sin28°T — sin 23 = 0.29 £ 0.17 [1066].

This approach can also be applied§ mesons which will be exploited by LHCb. Within the
SM the weak mixing phase; is expected to be almost the same when comparing the timendept
CP asymmetry of the hadronic penguin deday — ¢¢ with the tree decay3? — .J/1¢. Due to a
cancellation of theB! mixing and decay phase, the SM prediction for the sine-téffug), in the time-
dependent asymmetry @&° — ¢¢ is very close to zero [815]. Thus any measuremen$@f¢) # 0
would be a clear signal for new physics and definitively rulé Minimal Flavour Violation [10]. From
a full simulation, LHCb expects to collect 3108 — ¢¢ events in 2fb~! of data with a background
to signal ratioB/S < 0.8 at 90% C.L [816]. TheS(¢¢) sensitivity has been studied using a toy
Monte Carlo, taking resolutions and acceptance from tHesfalulation. After about 5 years LHCb
expects to have accumulated a data sample of40' and will measureS(¢¢) with a precision of
o(S(¢p¢)) = 0.05 [816]. This precision is expected to be statistically leit systematic errors are likely
much lower.

The LHCb upgrade will substantially improve the measureamé(¢¢), since this is a hadronic
decay mode which will benefit most from the first level detathertex trigger. Scaling the sensitivity up
to a data sample of 106b~!, we estimate a precision of.S(¢¢)) ~ 0.01 to 0.02 rad. This sensitivity
presents a exciting NP probe at the percent level which wgliably be (one of) the most precise time-
dependent CP study in— s transitions.

In a similar study LHCb investigated tlie— s penguin deca;BS — ¢K§. Avyield of 920 events
is expected ir2 fb~! of integrated luminosity and the background to signal reti@3 < B/S < 1.1.
The sensitivity for the time-dependent CP violating asyrmnein 25°F is estimated to be 0.10 in a
10 fb~! data sample [817]. This is a hadronic decay which will alsafipfrom a first level detached
vertex trigger. With 100fb~! of integrated luminosity LHCb upgrade will allow to improtresin 23°T
sensitivity forB) — ¢K to ~ 0.025 to 0.035.

Using the tree deca? — J/v¢ LHCb will also probe NP in the CP violation d8? mixing.
With a 10 fb~! data sample the weak phaggwill be determined with a precision 6f01 [1025]. This
corresponds te- 3.50 significance for the SM expectation ¢f for which the theoretical uncertainty is
very precise ©(0.1%)). This precision is expected to be still statistically lied. A significantly larger
data-set would allow LHCb to search for NPihmeson mixing at an unprecedented level. An upgrade
of LHCb has the potential to measure the SM value ofwith ~ 100 significance ¢(¢s) ~ 0.003) in
BY — J /¢ decays. To control systematic errors at this level will b/ ahallenging.
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In the SM, the angle can be determined very precisely with tree decays whichrearétically
very clean. When combining ajl measurements i — DK andB? — DT K™ (including systemat-
ics) LHCb will constrain the value of to about 2.8. However, it will not be possible to push below the
desired1® precision. Therefore, a very precise determinatiory of tree decays is an important objec-
tive of the LHCb upgrade physics programme. The expectddsyia 100 fb~! of data are very large:
Examples are 62080 — DT K*, 500k B — D(K3nT7~)K and 5600kB — D(Km)K events,
respectively. All these modes will benefit greatly from an improved first-level triggtrategy that does
not rely solely on high transverse momentum hadrons. Sistptéstical extrapolations show that several
individual modes will give a potential statistical uncémts close to1°. Systematic uncertainties will
clearly be very important. However, these uncertaintiedagely uncorrelated amongst the modes and,
in many cases, can be measured in control samples. Therafgiabal determination to belo¥ of the
tree level unitarity triangle will be possible [1026]. Thidgll act as a standard candle to be compared to
all loop determinations of the unitarity triangle paramste

The very rare decap? — utp~ is key to many extensions beyond the SM. With a 100
data sample LHCb upgrade would be able to make a precisiosuraraent of the branching ratio
B(B? — ptp~) to about~ 5% at the SM level. This will allow LHCb upgrade to either measur
precisely the flavour properties of new SUSY particles disced at the LHC or to put very stringent
constraints on all SUSY models in the largex 5 regime [560].

LHCb upgrade should also aim to observe the even rarer dB§ay+ w ™ which has a SM
branching ratio 0{1.06 &+ 0.04) x 1071° (Equ.[131). The rati3(B} — pu*u~)/B(BY — ptu~)is
sensitive to new physics beyond the SM and will allow to dgtiish between different models. This
search will be extremely challenging as it requires an dsxaelinderstanding of the detector to reduce
the muon fake rate due to backgrounds from hadronic two boaljesito an acceptable level.

LHCb will exploit the semileptonic decag — K*°u*p~ which is sensitive to new physics
in the smalltan 3 range. Using a full simulation LHCb expects to collect 7280— K*Ou*u~ per
2 fb~! [499]. In addition to the forward-backward asymmetty;s, these large data samples will allow
LHCDb to measure the differential decay rates in the di-muassisquared;?, and the angular distribu-
tions, and probe NP through the transversity amplitﬂéizé and theK*Y longitudinal polarisation [468].

In the theoretically favoured region df < ¢ < 6 GeV?/c? the resolution inAé?) is estimated at
0.16 with 10 fb~! of integrated luminosity [501]. While this data sample ntigtovide a hint of NP, a
ten-fold increase in statistics will allow to probe new piogsat the few percent level and cover a large
region of the MSSM parameter space. With a 100! data sample LHCb upgrade expects to collect

360k B — K*0ut 1~ events. The corresponding precision I!tfﬁ) is estimated to be 0.05 to 0.06.

There are several other channels which have a large pdtemtirobing NP with a 100fb~! data
sample. An excellent example2) — ¢~ which is sensitive to the photon polarisation and rightetesth
currents [404]. Using a full simulation LHCb expects a yieldl1500 8% — ¢~ events in 2fb~! of
data with a background to signal ratio 0.91 at 90% C.L. [450]. The sensitivity of this decay to NP
arising in right-handed currents is under study. LHCb uggravould also be able to search for NP by
studying the decayB; — ¢u™p~ andB — w(p)utp~.

The very large charm sample would allow LHCb upgrade to $efmcNP in D° mixing and CP
violation in charm decays. The expected statistical sgitgiton the parameters’?, i/ andycp are
2x107°,2.8x 10~* and1.5 x 1074, respectively (Table43). An LHCb upgrade could also preipedn
flavour violation in the decay mode— .+ p~p™ with a an estimated sensitivity 6f4 x 1079 [1070].

The Standard Model (SM) as well as SUSY or Extra Dimension efsodan be augmented by
additional gauge sectors [1071-1073]. This is a very génersequence of string theories [1074—-1076].
These gauge sectors can only be excited by high energyicoflisAn example is the “hidden valley”
sector. The manifestations of many of these models couldebevrflavoured particles with a long
lifetime [1071]. These can decay to a painaindb quarks that produce jets in the detector. An example
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is the Higgs decay proced$ — 7070 followed by 7 — bb. LHCb is designed to deteétflavored
hadrons and thus in a good position to detect decays of lwad-hew particles. The LHCb vertex
detector (VELO) is~1 m long making it possible to measure these decays. LHCkadpgwill increase
the sensitivity to much lower production cross section fase processes.

In Table[59 we present a summary of the expected sensiivitieselected key measurements,
discussed above and that could be performed with an upgfatie bHCb experiment. These sensitiv-
ities will exceed the range for probing NP from LHCb and Btfaes considerably, and they will also
improve upon the precision of SM parameters.

Table 59: Expected sensitivity for LHCb upgrade with an integrateshitwosity of 100 fb~'. A factor two of
improvement for the LO hadron trigger and systematic erstinetes are shown as a range.

Observable LHCb upgrade sensitivity
S(Bs — ¢o) 0.01 — 0.02
S(Bq — ¢K2) 0.025 — 0.035
s (J/19) 0.003
sin(28) (J/¢ K3) 0.003 — 0.010
v (B — D™ K ®) <1°

v (B — D,K) 1—2°
B(Bs — putu) 5—10%
B(By — ptup™) 30
AD(B — KOutpm) 0.05 — 0.06
Arg(B — K0t pu™) 59 0.07 GeV?

We now compare the physics potential of LHCb upgrade catiget 100 fb~! data sample, with
that of a Super Flavour Factory (SFF), based ditao 75 ab~! data sample which is discussed in
Sectior[ 4.1 of this report.

The strengths of the two proposals are surprisingly comeidary. For example the more benign
environment of arete™ collider allows the SFF to make inclusive measurements of sy and the
CKM matrix elementl/,;, and of rare decays with missing energy suctBas— ¢*v. However, LHCb
upgrade is unique in its potential to exploit the physic&8imesons, especially iB? oscillations. A key
motivation for LHCb upgrade is the ability to probe new plegsin hadronid» — s penguin transitions
by measuring the time-dependent CP asymmetry in the dBgay ¢¢ with a precision of 0.01 to 0.02.
The SFF will make complementary measurements by studyidgirtie-dependent CP asymmetries of
b — s transitions in severaB) decays.

LHCb upgrade will be able to measure CP violation in the fietence of mixing and decay in both
BY and BY mesons. This will allow LHCb to probe NP simultaneously inNkCwith BY — J/$K?
andB? — J/v¢ (tree) andB) — ¢K? and BY — ¢¢ (hadronich — s penguin) to the unprecedented
level of ~ 1%.

The LHCb upgrade will probe NP contributions to right-hath@@irrents by measuring the time-
dependent CP asymmetry in the ded2y— ¢y. The SFF will make complementary measurements and
exploit their better reconstruction efficiencies for decath several neutral particles in the final state to
measure the photon polarisation8f — K9r%.

In channels where both approaches are possible, the siigsitare often comparable. LHCb
upgrade usually will have larger statistics, but systematrors in the hadronic environment will be
more difficult to control. Both, LHCb upgrade and SFF propmsmeasurain 23 to 0.01 and the CKM
angle~ with 1° precision.
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A SFF can measure the zero of the forward-backward asymrrethe inclusive channgl —
sf*¢~, but LHCb upgrade will collect a substantially larger saenpf 360k B — K*9u T~ decays

compared to 11k at a SFF. This will enable LHCb to measuresmmmetryAg) to ~ 5%. Only LHCb
upgrade will be able to measure tB8 — . x~ branching ratio tev 5%. This will precisely determine
the flavour structure of new particles discovered at the LidGeverely constrain the SUSY parameter
space.

4.45 LHCb Detector and Trigger Upgrade

We start out by presenting the limitations of the LHCb deteeind trigger which prevent LHCb from
operating the detectors at higher luminosity. At the designinosity of2 x 1032 cm~2s~! the visible
cross section is 63 mb which corresponds to about 10 MHz aftberossings with at least one visible
interaction. Note that increasing the luminosity fr@mo 10 x 1032 cm~2s~! will only increase the
number of interactions by a factor of two since the numberupich crossings with visible interactions
increases from 10 to 26 MHz.

The LHCDb experiment has a two level trigger system. The L-6uteigger (LO) is implemented in
hardware and the Higher Level Trigger (HLT) is running onrgéaCPU farm. The LO trigger operates at
40 MHz. The purpose of LO is to reduce this rate to 1.1 MHz wiécthe maximum at which all LHCb
detectors can be read-out by the front-end electronics LUhBgger selects objects (hadrane, and~y)
with high transverse energﬁéﬁ’e”, in the electromagnetic and hadronic calorimeters andabédnighest
transverse momenturp’f) muons in the muon system. At the nominal luminosit2of 1032 cm =2 s~!
the typical trigger thresholds a#? > 3.5 GeV, EZ7 > 2.5 GeV andp}. > 1 GeV. Events with
multiple interactions are vetoed.

Simulations show that the LO muon trigger efficiency for mestouctible events at the design lumi-
nosity of2 x 1032 cm—2 s~ ! is around 90% and that the output rate raises almost linaatthyiuminosity
up to5 x 1032 cm=2s~1. For larger luminosities the loss in efficiency is minor. A¢tdesign luminosity
the muon trigger uses about 15% of the LO bandwith. Howelrerl 0 hadron trigger has a lower perfor-
mance. The efficiencies of this trigger for hadronic decagsoaly about 40% at the design luminosity,
whereas the LO hadron trigger uses abeut0% of the LO bandwith. At higher peak luminosity the rate
of visible pp interaction increases which requires an increase in tleshiotd and the corresponding loss
in efficiency results in an almost constant yield for the badrigger [1068].

This illustrates that the existing trigger does not scali wiminosity, in particular the hadronic
trigger will not allow operating the LHCb experiment at tenés the design luminosity. The total trigger
efficiency including the HLT for hadroni& decays is expected to be 25 to 30% [1025]. The goal of the
LHCb upgrade should also be to improve the hadron triggezieficy by at least a factor two.

We have commenced initial studies which investigate howpgrade the LHCb detector and
triggers such that the experiment can operate at lumiesglti~ 2 x 1032 cm~2s~!. These show that the
only way to achieve this is to measure both the momentum amniitpact parameter of chargétidecay
products simultaneously. The present front-end architeds not compatible with this requirement. The
vertex and tracking detectors are read-out at a maximumofatel MHz, thus this information is not
available to the LO trigger.

Hence the LHCb upgrade has opted for a front-end electroviiosh will read-out all LHCb sub-
detectors at the full bunch crossing rate of 40 MHz of the LIB@ta will be transmitted over optical
fibres to a off detector interface board which is read out BY3AQ. This has clear advantages as it would
allow the implementation of a LO displaced vertex triggeai€PU farm. In fact all trigger decisions
would be software-based which allows flexibility.

A initial study for the 40 MHz trigger useB? — DT K* decays simulated at a luminosity of
6 x 1032 cm~2s~!. Events with large numbers of interactions are employedhalate larger effective
luminosities up t@® x 1033 cm =2 s~!. Assuming enough CPU power to process an event rate of 5 MHz
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we obtain a trigger efficiency of 66% for this channel. Theursgments are a transverse enefgy >

3 GeV from the LO hadron trigger which has an efficiency of 76% fgnsil combined with a matched
track that has a transverse momentpm > 2 GeV/e and an impact parametér > 50um. In this
combined trigger the minimum bias rate does not dependgiiran the luminosity and the triggered
event yield scales linearly with the luminosity. In additjahe total trigger efficiency is 60% larger when
compared with the existing baseline.

However this approach requires a replacement of the frodtedectronics for all sub-detectors,
with the exception of the muon chambers which are already oed at 40 MHz. Replacing the front-
end electronics will require new sensors for several sugesys. Besides the VELO silicon sensors, the
silicon sensors of the tracking stations will need to beaepll. The sensors close to the beam will suffer
from a ten-fold increase in radiation and hence more ramhdtard sensors will be required. The RICH
photon detectors have encapsulated front-end electranit®ieed to be replaced entirely.

The vertex detector (VELO) silicon sensors undergo raaliatiamage and it is expected that these
will need to be replaced when 6 to® ' of luminosity has been collected [1077]. However the channe
occupancy in the VELO is- 1% at design luminosity. When increasing the luminosity by etda of
ten to2 x 1033 cm~2s~! the occupancy only increases+03% and the corresponding efficiency loss is
small.

A preliminary study of the performance of the electromagnedlorimeter (ECAL) at high lumi-
nosity shows only a small degradation for the selectionieffity of the decay3! — ¢. It might be
necessary to upgrade the inner section of ECAL to improvgrasularity and energy resolution. The
increased radiation level of irradiation leads to a degiadaof the energy resolution and will require
that half the inner ECAL section will need to be replacedratgears of operation & x 10%3cm=2s71.

R&D efforts have started on technologies for radiationdhagrtex detectors that will be able to
operate in the LHC radiation environments at LHCb upgradeidosities. The detector sensors will
need to be able to operate at radiation doses of al@dt 1 MeV equivalent neutrons/cm?. Initial
studies of Czochralski and-on- sensors irradiated up to5 x 10'* 24 GeV protons/chare promising
and show that the charge collection efficiencies saturadecsptable bias voltages [1077]. Pixel sensors
are very radiation hard and R&D on this technology has starte

Two different vertex-detector geometries are envisagede S to shorten the strips, the other
is to use pixels. Removing the RF foil that separates the VEefsors from the primary beam-pipe
vacuum would reduce the radiation length before the firstsmesment by 3% and improve the proper
time resolution ofB meson decays.

4.4.6 Summary and Conclusions

The LHC will open a new window for discovering new physics jNeyond the Standard Model. The
LHCb experiment will probe NP with precision studies of flavebservables, whereas the general pur-
pose detectors ATLAS and CMS aim to directly observe newigdast Both approaches are required to
study the mass hierarchy and the couplings of the new phylsit€b will collect an integrated luminos-
ity of about 10 fb~! during its first five years. Very likely the LHC results willlv that a significantly
better sensitivity will be required for both, the direct andirect approaches. Here we present a pro-
posal to upgrade the LHCb detectors to be able to operaten dinbes the design luminosity, i.e. at
2 x 1033 cm~2s~!, and to collect a data sample of 185! with an improved detector. Initial sensitiv-
ities for physics with LHCb upgrade are presented. These shat LHCb upgrade has the potential to
probe new physics at unprecedented levels that is mainlyplsmentary to the proposed Super Flavour
Factory. The upgraded LHCb experiment will include a firseledetached vertex trigger for which a
new front-end architecture must be designed. A more radidtard vertex detector is required to cope
with the increased radiation doses.
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5 Assessments

In Sect.[1 we briefly introduced several NP scenarios andussxl their impact on FCNC and CP
violating processes. Then, in Sect. 3 we considered seleralhmark channels that are particularly
sensitive to NP, discussing the present status and futw@agsments. The aim of this Section is to
summarize the present status of NP flavour scenarios, ttifidenssible patterns of NP signals, and to
describe the first attempts that have been made during theshap to connect constraints on NP (and
possible NP signals) in flavour and high-energy physics. firketwo items are discussed in Séct.]5.1,
the last one is presented in Séct]5.3.

5.1 New-physics patterns and correlations

The past decade has witnessed enormous progress in thef flalebar physics: B-factories have studied
flavour and CP violation iB; — B, mixing and in an impressive number Bfdecays; the Tevatron has
produced the first results o, — B, mixing and has studied several BRs and CP asymmetrigs in
and B, decays; very recently, B-factories have established tsediridence ofD — D mixing. This
flourishing of experimental results has been accompaniesktgral remarkable improvements on the
theory side, both in perturbative and non-perturbative matations. Let us just mention the NNLO
calculation of BRb — sv), the proof of factorization in nonleptoniB decays in the infinite mass limit
and the first unquenched results Brphysics from lattice QCD.

Thanks to these experimental and theoretical achievemaataow have a rather precise idea of
the flavour structure of viable NP extensions of the SM. Theega picture emerging from the gener-
alized Unitarity Triangle analysis performed in ref. [7220] and from the very recent data éh— D
mixing [911, 929, 936, 1078] is that no new sources of CP timteof O(1) are observed iB,;, K and
D mixing amplitudes. However, the possibility of NP CP-violg effects inB,; mixing is still open.
ConcerningAF = 1 processes, the situation is quite different. In particularge NP contributions
tos — dg, b — dg andb — sg transitions are not at all excluded. Sizable NP effects i dZ,

b — dZ andb — sZ vertices are also possible, although the available expetiah data excludes
order-of-magnitude enhancements. Finally, FC Higgs awtttsns generated by NP can still give large
enhancements of scalar vertices, although the upper baamds, — p*p~ are getting tighter and
tighter.

To summarize, we can say that, although the idea of minimabdilaviolation is phenomenolog-
ically appealing [10, 12,82, 84,190, 872,1027], an equadigsible alternative is that NP is contributing
more toAF' = 1 transitions than te\ /' = 2 ones. Within the class ah /' = 1 transitions, (chromo)-
magnetic and scalar vertices are peculiar since they meguthirality flip to take place, which leads
to a down-type quark mass suppression within the SM. On ther ¢tand, NP models can weaken this
suppression if they contain additional heavy fermions @nddditional sources of chiral mixing. In this
case, they can lead to spectacular enhancements for thicierd$ of (chromo)-magnetic and scalar
operators. Furthermore, if the relevant new particles atered, they can naturally give a strong en-
hancement of chromomagnetic operators while magneticatgrar might be only marginally modified.
The electric dipole moment of the neutron puts strong caimgs on new sources of CP violation in
chirality-flipping flavour-conserving operators involgitight quarks, but this does not necessarily imply
the suppression of flavour-violating operators, espgcthbbse involvingb quarks. Therefore, assuming
that NP is sizable in severdl ' = 1 processes is perfectly legitimate given the present indion
available on flavour physics.

Thus, we can identify at least three classes of viable weiakfracting NP extensions of the
Sm:18

1. Models with exact MFV;

Bstrongly-interacting NP most probably lies beyond the heafcdirect searches at the LHC and so will not be discussed
here [9].

219



2. Models with smal{O(10%)) departures from MFV;
3. Models with enhanced scalar or chromomagnétic = 1 vertices, and a suitable suppression of
NP contributions taAF' = 2 processes.

In models belonging to the third class, we expect sizable fidets in B physics. From a theoret-
ical point of view, a crucial observation is the strong biegkof the SMSU (3)® flavour symmetry by
the top quark Yukawa coupling. This breaking necessaribypagates in the NP sector, so that in general
it is very difficult to suppress NP contributions to CP vigatin b decays, and these NP contributions
could be naturally larger ih — s transitions than irh — d ones. This is indeed the case in several
flavour models (see for example Ref. [1079]).

Another interesting argument is the connection betweenkgaad lepton flavour violation in
grand unified models [110,1080-1082]. The idea is very smible large flavour mixing present in the
neutrino sector, if mainly generated by Yukawa couplingeusd be shared by right-handed down-type
quarks that sit in the sam&U (5) multiplet with left-handed leptons. Once again, one expéttthis
case large NP contributions ko— s transitions.

5.2 Correlations between FCNC processes

On general grounds, it is difficult to establish correlasidoietween FCNC processes without specifying
not only the NP flavour structure, but also the details of the iNodel. However, there is a notable
exception, given by models of Constrained Minimal Flavoiolation (see SecLl1 for the definition of
this class of MFV models). While correlatin /' = 1 to AF = 2 processes is not possible without
specifying the details of the model, in the case of CMFV tlegesseveral interesting correlations between
FCNC processes. In CMFV, all NP effects can be reabsorbedredefinition of the top-mediated
contribution to FCNC amplitudes. Thus, all processes thatlve the same top-mediated amplitude are
exactly correlated. This has interesting phenomenolbgizasequences, allowing for stringent tests of
CMFV by looking at correlated observables [10,12, 190, 8083].

It is enough to go from CMFV to MFV to destroy many of these etations: for example, in
MFV models with two Higgs doublets at largen 3 it is in general not possible to connekt, B and
B, decays in a model-independent way. However, interestimgeladions remain present also at large
tan 3. For example, the enhancementif — 1~ corresponds in general to a depletionof [30]
(actually, both features might be phenomenologically ptadde [32]).

Of course, within a specific model it is in general possibledoelateAF = 1 andAF = 2 pro-
cesses and to fully exploit the constraining power of flayahysics. The most popular example is given
by the minimal supergravity models, where one can combinenly all the information from flavour
physics, but also the available lower bounds on SUSY pesgiend the constraints from electroweak
physics, dark matter and cosmology [1084—-1100, 1129-11&8resting correlations between FCNC
processes are also present in the CMSSM if one considers geoeral SUSY spectra than minimal
supergravity [86,1027].

Even allowing for new sources of flavour and CP violation topoesent, correlations remain
present between the several flavour observables gengrafédicted by the same NP flavour violating
parameter. An interesting example is given by SUSY modelk eimhanced chromomagnetic— s
vertices (see.g.ref. [107]).

Another general class of NP models in which interestingatations between FCNC processes can
be established is given by SUSY-GUTs. Grand unification iespthe equality of soft SUSY breaking
terms at the GUT scale. Thus, any new source of flavour and QRtien present in squark masses
must also be present in slepton masses, leading to a cameladtween squark and slepton FCNC
processes [69]. An extensive discussion of these comeakthas been carried out in ref. [70]. As an
example, we present in Fig.]72 (from ref. [70]) the constsaon (5{%) rr (defined in Sed._1.35) from
hadronic constraints only (upper left), leptonic consitgionly (upper right), all constraints (lower left)
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Fig. 72: Allowed region in the R@){;) . . -Im(d{;) ., Plane using hadronic constraints only (upper left), lefiton
constraints only (upper right), all constraints (lowet)efnd all constraints with improved leptonic bounds (lower
right).

and all constraints with improved leptonic bounds (loweght). In this interesting case, hadronic and
leptonic bounds have comparable strengths. Exploitingxtd correlation, it is possible to combine
them to obtain a much tighter constraint @if;) . ...
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5.3 Connection to high-energy physics

Recent low-energy data from flavour physics experimentsvetaelatively good agreement with the
SM prediction (taking into account the theory uncertas)tieThis imposes strong constraints on any
new physics scenario. In view of the new results and the namd® on physics beyond the SM the
demand for scenarios that could be used for studies at ATLUAGMS (or more generally for setting
up the infrastructure for future studies once ATLAS and CN8encollected their first data) was issued.
These scenarios should be in agreement with all exisBngnd K physics data and possibly show
interesting signatures at the LHC experiments.

In this respect the question which parameter choices afalesea benchmark scenario depends
on the purpose of the actual investigation. If one is integsfor instance, in setting exclusion limits
on the SUSY parameter space from the non-observation of Sitls at the experiments performed
up to now, it is useful to use a benchmark scenario which gigesto “conservative” exclusion bounds.
An example for a benchmark scenario of this kind issthig**-scenario [1101, 1102] used for the Higgs
search at LEP [1103] and the Tevatron [1104, 1105]. Anotlhepgse for using benchmark scenarios
is to study “typical” experimental signatures of e.g. SUS¥dals and to investigate the experimental
sensitivities and the achievable experimental precisionshese cases. For this application it seems
reasonable to choose “typical” parameters (a notion wiaaf course hard to define) of certain SUSY-
breaking scenarios (see e.g. the “Snowmass Points andsSI[dd®7]). In this context it can also be
useful to consider “pathological” regions of parametercgpar “worst-case” scenarios.

In the perspective of future improvements Brand K physics data, it is also worth to consider
the possibility of apositive signal of new physics selected by some low-energy obsexvabi this
perspective, it is useful to consider benchmark scenaritiswell-defined low-energy signatures, such
as the MFV scenario with largean 8 discussed in Ref. [32], or models with small flavour-bregkin
structures departing from the minimal structure of the trairsed MSSM. These cases are particularly
useful to explore the capability of future flavour-physiceasurements in constraining a limited set of
the SUSY parameter space, both separately and in conjonettb future ATLAS/CMS data.

A related issue concerning the definition of appropriateatdes is whether a benchmark scenario
chosen for investigating physics at ATLAS and CMS should draatible with additional information
from other experiments (beyonl and K physics). This refers in particular to constraints from-cos
mology or the measurement of the anomalous magnetic moréme suon,(g — 2), [1106]. On the
one hand, applying constraints of this kind gives rise to rfen@alistic” benchmark scenarios (see e.g.
Ref. [1107]). On the other hand, one relies in this way orhieirassumptions (and has to take account of
experimental and theoretical uncertainties related tedlaelditional constraints), and it could eventually
turn out that one has narrowed down the range of possikilite much by applying these constraints.
This applies in particular if slight modifications of the nebdinder investigation have a minor impact
on collider phenomenology but could significantly alter tiweinds from cosmology and low-energy ex-
periments. E.g. the presence of a small amount of R-pardiation in a SUSY model would strongly
affect the constraints from dark matter relic abundancdenlbaving the phenomenology at high en-
ergy colliders essentially unchanged. Thus we restricsalues to scenarios which are compatible with
flavour physics, with existing lower bounds on new parti¢keg. the bound on the lightest MSSM Higgs
boson [1103, 1108]) and with other electroweak precisida,dsee Ref. [1109] and references therein.

The general procedure of setting up new scenarios folloe/stips:

1. identify the models of interest;

2. identify within these models the regions of the paramgperxce that are compatible with the exist-
ing constraints from flavour physics, electroweak precigbysics and direct bounds;

3. identify specific sub-regions which could be selectedutyre improvements on flavour physics;

4. study the most interesting points in view of their higlesgy phenomenology that can be explored
at ATLAS and CMS;
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5. set up the infrastructure for the analysis of (possibltadhat will be collected at ATLAS and
CMS to test the new high-energy results against existingdoergy data.

Concerning the first step, the model(s) which exhibited rimastest during the workshop are the MSSM
with (N)MFV. Consequently, in the following we concentraie this class of SUSY models.

Within the second and third step it is desirable to conneiféréint codes (e.g. working in the
(N)MFV MSSM, see Section 1.5.1) to each other. Especiatigrasting is the combination of codes that
provide the evaluation of (low-energy) flavour observalalad others that deal with high-energy (high
pr) calculations for the same set of parameters. This conibmatould allow to test the (N)MFV
MSSM) parameter space with the results from flavour experismas well as from high-energy experi-
ments such as ATLAS or CMS.

A relatively simple approach for the combination of diffietecodes is their implementation as
sub-routines, called by a “master code” (see Secfions]913532). This master codes takes care of
the correct definition of the input parameters for the vagisubroutines. Concerning the last step, the
application and use of the master code would change onceimqgrgal data showing a deviation from
the SM predictions is available. This can come either frommdh-going flavour experiments, or latest
(hopefully) from ATLAS and CMS. If such a “signal” appearsthé LHC, it has to be determined to
which model and to which parameters within a model it canespond. Instead of checking parameter
points (to be investigated experimentally) for their agneat with experimental data, now a scan over
a chosen model could be performed. Using the master codeta/glibroutines each scan point can be
tested against the “signal”, and preferred parameter megian be obtained using)@ evaluation. It
is obvious that the number of evaluated observables has &s berge as possible, i.e. the number of
subroutines (implemented codes) should be as big as passibl

5.3.1 The first approach:
prediction of b-physics observables from SUSY measurements

The first approach was followed in collaboration with ATLAS.

An LHC experiment will hopefully be able to measure a sigaifichumber of SUSY parameters
based on the direct measurement of SUSY decays. The expdsinmotential in this field has been
studied in detail for various benchmark points. Based osdlgtudies, a possible approach is to focus
on specific models for which many SUSY parameters can be meshatithe LHC, and to try to answer
the following questions:

1. How precisely camn-physics variables be predicted using measured SUSY péeesfie
2. Vice versa: can we ugephysics measurements to constrain badly measured SUSYhpters?

3. Isthe precision of the measurements on the two sides atieturule out minimal flavour violation
and/or to constrain flavour violation in the squark sector?

We will show in the following the application of this apprdaespecially of question (1), to a point of
the MSSM space which was adopted as a benchmark point by fhers§unmetry Parameter Analysis
(SPA) group [1110]. This model is defined in terms of the paatams of the mMSUGRA modeh{y = 70
GeV,m1/2 = 250 GeV, 4y = —300 GeV,tan 3 = 10, p > 0). This is a modification of the point SPS1a,
essentially achieved by lowering, from 100 to 70 GeV, originally defined in Ref. [1107] to takéan
account more recent results on dark matter density.

The values of the sparticle masses at tree level, computadive program ISASUSY 7.71 [1111],
are given in Tabl@_80. Constraints on the sparticles massede obtained from measurements of the
kinematics of the SUSY cascade decays Ref. [1112—-1114§ frogram has been carried out recently
for the SPS1a model point [1115], assuming the performafd¢beoATLAS detector. The resulting
constraints allow the measurement of the masseg ok, X%, 7, 4., Gr, b1, ba Ir f1, 71, Whereg,
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Sparticle | mass [GeV]| Sparticle| mass [GeV]]

b%l 97.2 e 180.1
e 398.4 o 413.8
‘L 189.4 lr 124.1
71 107.7 e 194.2
o 347.3 iy 562.3
ar, 533.3 g 607.0
h 116.8 A 424.6

Table 60: Masses of the sparticles in the considered model as cakdittree level with ISAJET 7.71 [1111]
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Fig. 73: Left: my distribution for model point SPSla. Right: relationshiptween Negge/Nan and
BR(edge)/BR(bbX) for different model points as described in [1117]. Both fieggifrom [1117].

andgg are the average of the masses of the squarks of the first tvesag@ms. All these masses should
be measurable with an uncertainties of a few percent, fontgiated luminosity of 300 fbf. The
estimated uncertainties will be used as an input to thisystud

For the stop sector a detailed study is available [1117]agbaperformed in the framework of
the ATLAS collaboration. This analysis studies tthénvariant mass distribution in SUSY events. This
distribution, shown in the left panel of Fig. 173 shows therekteristic kinematic edge which can be
expressed as a function of the masses. Two main SUSY decmggheld atb final state signature:

G — tit — thys (231)
and .
g — bib — tbxi. (232)

Therefore the position of the end-point in ttbemass distribution](/[tf}f) will measure the average of the
edges for the two decays weighted by the relative BR, whieldgia constraint on a number of MSSM
parameters:

M = f(mg,, my,,mg, myz, 0r,0;)

From the height of the observed kinematic distribution care @lso measure the ratio of events inthe
mass distribution to all SUSY events withbgair in the final state)Noqg./Nayi. This observable is well
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correlated, as shown in the right panel of Figl 73, with thardity BR(edge)/BR(g — bbX) where
BR(edge) is the sum of the BR'’s for the decays (231) and {232) aboveallyidirect searches in the
SUSY Higgs sector yield additional constraints on the MS®R garameters.

The next step is the extraction of the soft SUSY-breakingupaters from the measured sparticle
masses and branching ratios. We use a Monte Carlo techredyiegr on the generation of simulated
experiments sampling the probability density functionshef measured observables. We proceed in the
following way:

1. An‘experiment’ is defined as a set of measurements, eashioh is generated by picking a value
from a Gaussian distribution with mean given by the centhle calculated from the input param-
eters of the considered model and width given by the estufrsttgistical+ systematic uncertainty
of each measurement.

2. For each experiment, we extract the constraints on theN®@8del as we will describe in the
following.

We obtain as a result of this calculation a set of MSSM modbash of which is the “best” estimate for
a given Monte Carlo experiment of the model generating tleoled measurement pattern. For each of
these models thiephysics observables can be calculated.

Three groups of soft SUSY-breaking parameters are reldearthe prediction ofb-physics ob-
servables:

— The parameters of the neutralino mixing mati%;, Ms, u, tan 8

— my, the mass of the pseudoscalar Higgs, defining (togethertwitl#) the Higgs sector at tree
level

— The masses and mixing angles of third generation squiarkdb

For the first two a detailed discussion is given in [1118] vahice will briefly summarize here.

In the SPA point only the mass of three neutralinos (1,2 arwé#d)oe measured. The three masses
give a strong constraint o/, Mo, i, but have little sensitivity tean 5. Therefore we use a fixed input
value fortan G, and we calculate the values df;, M5, 1 from numerical inversion of the neutralino
mixing matrix. We will then study ‘a posteriori’ the depemde ontan 3. The resultant uncertainty on
My, Ms, pis ~5-6 GeV, corresponding to the uncertainty on neutralinosesisBy varyingan G in the
range3 < tan 8 < 30, the calculated values vary by less tHaGeV.

Information ontan 3 andm 4 can in principle be extracted from the study of the Higgs@edihe
ATLAS potential for discovery is shown in Fig. 74, from [1]13he light Higgs bosork can be dis-
covered over the whole parameter space, but the measurefientmass only provides somewhat loose
constraints, depending on the knowledge of the parameténg stop sector. Much stronger constraints
would be provided by the measurement of the mass and produntbss-section of one or more of the
heavy Higgs bosons. For the model under consideration, twittt = 10 andm 4 ~425 GeV, heavy
Higgs bosons cannot be discovered at the LHC in their SM dewages. Moreover, the heavy Higgs
bosons can not be produced in chargino-neutralino caseamsysl because the decays are kinematically
closed. The only possibility would be the detectionofH — Y93 — 4¢¢. Unfortunately the rate is
very small,~ 40 events/experiment for 300 b before experimental cuts. A very detailed background
study would be needed to assess the detectability of thiglsig

We can now turn to the extraction of parameters of the stoptain sector. The sector is defined
by 5 soft SUSY-breaking parameters:(Qs), the mass of the left-handed third generation doublet;
m(tr) andm(br), the masses of the stop and sbottom right-handed singletand A4, the stop and
sbottom trilinear couplings. More convenient mixing vates would be); andd;, the left-right sbottom
and stop mixing angles. For the considered point 5 measuntsmaéll be available at the LHC:
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Fig. 74: Reach of the ATLAS experiment in the
my — tan 8 plane for an integrated luminosity of

300 fo~!. For each region in the plane, the de-
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Fig. 75: Allowed Ir bands on thé;-0; plane re-
spectively for the measurement of B& 3) (red

downwards hatching) and of BR (blue upwards
hatching).
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The assumed experimental errors on these variables areigiable 61.

| Variable | Value | Error |
mg — my, 128.7 GeV| 1.6 GeV
mg —m;, | 86.9 GeV | 2.5 GeV
BR(}) 0.70 0.05
BR(?) 0.21 0.08
M, | 411.3GeV| 5.4 GeV

Table 61: Assumed uncertainties for the LHC measurements in stapfhagector. The assumed statistics is
300 fo~!. The only systematic error considered is the jet energyeseabr on the mass/end point measurements.

It is therefore possible to solve the available constrdiotsn; , 0;, 07, as discussed in [1119].
In [1119] the parameters of the gaugino matrix were assumée imeasured with infinite precision at
the ILC, and the errors on the parameters in the stop secier estimated by mapping the region in the
7 — mz, plane compatible within the estimated errors with the naivalues of the five observables.

We incorporate the LHC uncertainties on the measurememt of\/,, 11, and we use the technique
of building Monte Carlo experiments described above.

The strategy is to scan the three-dimensional spgced;, 0;, and to find the point in space which

reproduces the measured values\@, BR(t), BR(b). For fixedm; , the measurement of the position
in the 0;-0; plane is given by combining the crossing of the line corresiitg to the measured value of
BR(B) with the line corresponding to the measured values o(EBSRWe show in Fig[7b respectively
the band constrained by 1o around the input values of BR) and BRZ) when all the other MSSM

parameters are kept fixed. Because of the rather loose amiston BRb), and the low statistics in the
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Fig. 76: Left: distribution of the calculateti mass for an ensemble of Monte Carlo experiments at the LHfDtRi
distribution of the calculated; versusg; for an ensemble of Monte Carlo experiments. The assumastigts
300 fbo .

b, peak, the region where the two bands cross, which roughhgsepts the allowed region in the plane,
extends from the region around the input valée= 0.933, 6; = 0.42) with a very low tail towards the
region of highd; and low6;.

The results of the scan are shown in Figl 76. In the left plosh@w the distribution of the measured
mg, values for the considered ensemble of MC experiments. Th& RMhe distribution isv 17 GeV,
corresponding to a- 5% uncertainty on the light stop mass. The measured valud®ify; tversust;
plane are shown in the plot on the right of Higl 76. As expefiteah the discussion above, a significant
number of experiments yield a high valuetgfand a low value of;.

The conclusions on the MSSM parameter measurement for thenfiélel point under the as-
sumption of no FCNC effects from sfermion mixing matrices #us:

Neutralino/chargino mixing matrices fixed with5% if the value oftan /3 is known.
Slepton sector well constrained, including stau mixinglan
Masses of first two generations squarks (L & R) and of gluimasured at-5-10% level

Enough constraints to fix the 5 parameters of the stopfsiosector. For fixedan 5 uncertainty
of ~5% on stop mass, long tails in the measuremet aindo;.

Weak constraints otan 3 andm 4

We can now, based on the expected precision for the measoreffdSSM parameters estimate
how precisely observables in thesector can be predicted. We focus on two variables:

- BR(BS - ,u:u)
— BR(B — X7v)

Two public programs micrOMEGASs 1.3.6 [1120] and ISARED [1]1&llow the evaluation of these two
variables from an input set of MSSM parameters. Both programork in the MFV framework, and are
based on the most recent NLO calculations. The results fraichOMEGASs 1.3.6 were used for the
present exercise.
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The study is done in different steps. We first perform scankarparameter space to evaluate the
sensitivity of the two observables to the key parametergerddfter, based on the method of Monte Carlo
experiments described above, we evaluate the expected ¥dBR(B; — pu) and BRB — Xv)
for each Monte Carlo experiment. The spread of the obtaimgdhiitions is taken as the experimental
uncertainty of the observables. Singe, andtan 8 are badly constrained by the LHC measurements,
this is done keepingn 4 andtan 3 fixed.

The dependence of BB, — i) onmy, tan 8 is shown in the left panel of Fig. ¥7. Since
BR(B; — upu) o< tan® 3/m?, this measurement has a strong constraining powesog if tan 3 2 15.
For lower values ofan 3 ~ the effect becomes too small and SUSY is indistinguishatae the SM.
The present limits from the Tevatron experiments only eiate a small region of the parameter space
with smallm 4 and largetan 3. The expected 90% bound from ATLAG:6 x 10~ for 30 fb~! [1121]
would allow us to exclude a region im4 — tan 8 similar to the one excluded by non-discovery of
H/A — 77. For highertan 3 the measurement of a deviation from the SM would provide a oioss-
check withtan 5 as measured frorf{ /A production.

The value of BRB — X,v) inthem 4 — tan 3 plane is shown in the right panel of Fig.|77. The
present world average for BR — X v) [493]:

(3.34£0.4) x 1074

would select a narrow band in the 4 — tan § plane, thus providing essentially no boundran and a
strong constraint on the allowedn (5 range, in the MFV hypothesis.

SPA point, MSSM with minimal flavour violation SPA point, MSSM with minimal flavour violation
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Fig. 77: Left: curves of equal value for BB, — uu) in them 4 — tan 8 plane. Right: curves of equal value for
BR(B — X,v). The MSSM parameters are as defined for the SPA point and kh@ations are performed using
MicrOMEGAs.

We show in FigL7B the values of BR, — uu) and BRB — X,v) inthem;, — 0; plane with
the other parameters fixed (see Figl 79 below for an analydiseceffect of their uncertainty). The
variation of BR B, — uu) over the considered space is moderate. The present expéaineeror on
the measurement of B® — Xv) already defines a very small slice in the, — 6; plane. For fixed);
the dependence on;, is not very strong. We therefore conclude that a precise uneaent of); is the
key ingredient for the prediction of B® — X,+) from the LHC SUSY data.

As a next step we verify that the experimental uncertaintyhentwo considered observables is
indeed dominated by the measurementrof, tan (3, mg, andd;. To this effect we calculate BB, —
up) and BRB — X,v) for all the Monte Carlo experiments, letting all of the MSSMrameters
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Fig. 79: Distribution of the predictions BB, — puu) (left) and BRB — X,v) (right) for an ensemble of
LHC experiments whem 4, tan 3, m; , 07, 0; are kept fixed at the nominal values and all the remaining MSSM
parameters are smeared according to the expected measutremeertainty

fluctuate according to the experimental error, except thie farameters mentioned above. The result
is shown in Fig[7B. In these conditions the uncertainty ialkn.3% on the prediction of B@B; —

i) and 1% for the prediction of BEB — Xyv). These parametric uncertainties do not include the
theoretical uncertainties in the calculation of the twoeskables.

Finally, we can evaluate how precisely we can predictiphysics observables, by varying all
of the MSSM parameters, according to the expected measuatgmmecision at the LHC for the SPA
point, exceptn 4 ndtan 3, which are kept fixed. The results are shown in Eid. 80. We vkse~5%
uncertainty on the prediction for BB, — uu), and a~15% uncertainty on the prediction for BR —
Xsv). For both observables one can roughly observe two popokgticorresponding to the regions in
6;-0; observed in Fid. 6. The experiments in the tail of mismeaéy andd; contribute respectively
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LHC experiments whem 4, tan 3, are kept fixed at the nominal values and all the remaining M$38rameters,
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to the region of high values of BB, — ), and to the bump for low values of BR — X,v).

We have thus shown that for the considered model good enoeglsurements of MSSM param-
eters are possible at the LHC to provide predictions fof BR~ Xv), BR(Bs — pu) as a function of
the two unconstrained variables:4 andtan .

Once the LHC data are available, one can imagine differameagios, e.g.

— A/H — 77 is observed anthn 3 andm 4 measured.
At this point a consistency check would be possible among:ithe} constraints provided by the
Higgs measurement and the one provided byiphysics observables calculated in the MFV
scheme. A significant disagreement, once all the expermhemid statistical uncertainties are
evaluated, would indicate the presence of flavour violaitioiie squark sector.

— tan  is not constrained by highy searches.
A signal for non-minimal flavour violation could still be proled by the inconsistency of the
tan 3 regions constrained by respectively(h), BR(B — Xv), and BRBs — pu). In case of
consistency the results could be taken as a measurememtafitly parameter.

Relevant questions at this point are: what are the predsiequired on the MSSM and on thehysics
measurements and on the theoretical calculations to beaablaim a signal for flavour-changing terms
in the squark mass matrices?

In case the measurements are consistent with MFV, whatialalitconstraints on the flavour violation
sector can be extracted by combining MSSM studiestaplaysics measurements?

Various analyses are available in the literature [107]3]Lbased on assessing present allowed
regions of non-diagonal elements in the super-CKM matracametrised in terms a54;) 45, Where
AB can beRR, LL, RL, LR. Bounds orv are normally given for some special choice of soft SUSY-
breaking parameters, em.(§) = mz = p = —A,, for different choices ofn(g). Additional variables
are also considered suchA3/3, BR(B — X (T(7), Acp(B — Xs7).

Based on the study presented here it would be interestingpeat these analyses but for the
parameters of a specific SUSY point, incorporating the edgaeexperimental errors on the SUSY pa-
rameters. As a result of these studies, one could get gwedamavhich are the MSSM measurements
crucial to discover flavour violation, thus pointing the wiay the investigation of SUSY models in
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high-pr physics.

5.3.2 The second approach:
SUSY measurements ib-physics favoured parameter spaces

A second, somewhat complementary, approach was followedlliaboration with CMS physicists.

5.3.2.1 b-physics favoured parameter space

The model under investigation is the MSSM, in the first stejh WFV, and possibly in a later stage also
with NMFV. The compatibility with flavour physics was takem® account following Ref. [32], where
the MSSM parameter space was analyzed under the assumptieawy scalar quarks and leptons, and
large tan 5. The range of SUSY parameters has been restricted to thesvistied in Tablé 82. Here
tan G is the ratio of the two vacuum expectation valud$, denotes the mass of the CP-odd Higgs
boson,u is the Higgs mixing parameteM are the diagonal soft SUSY-breaking parameters in the
scalar quark and scalar lepton sector, respectlvely Alltttinear couplings are set to be equalA4g
(the tri-linear Higgs-stop coupling), whilev;, M, and M; are the gluino mass and the soft SUSY-
breaking parameters in the chargino/neutralino sectdpakbmeters are assumed to be real. The upper
part of Tablé 6P are the more relevant parameters, whiletkerlpart has a smaller impact on the flavour
physics phenomenology.

The ranges in Ref. [32] are generally compatible with thetexg low-energy constrains. How-
ever, one expects to be able to select narrow sub-regionsdrg precise measurements of specific
B-physics observables, such as @R— 7v) or BR(Bs — ™). The “best” values denote specific
points for which a more detailed investigation of the higiemgy signatures at CMS has been performed.

‘ range ‘ “best” value(s) ‘
tan 3 30-50 40
M4 [GeV] | 300-1000 | 300, 500, 800, 100(
A; [GeV] | -2000 —-1000 -1000, -2000
1 [GeV] 500 — 1000 500, 1000
M; [GeV] > 1000 1000, 2000
M; 1/2 M;
M; M;
M, [GeV] 300, 500
M, 1/2 Mo

Table 62: Selected ranges and “best values” of the SUSY parametetisddCMS analysis” in the MFV MSSM
(following Ref. [32]): tan (3 is the ratio of the two vacuum expectation valuks,; denotes the mass of the CP-odd
Higgs bosony is the Higgs mixing parametel/. ; are the diagonal soft SUSY-breaking parameters in therscala
quark and scalar lepton sector, respectivelyis the tri-linear Higgs-stop coupling, where all trilineauplings

are set equalng, Mo andM; are the gluino mass and the soft SUSY-breaking parametéine igaugino sector.
All parameters are assumed to be real.

5.3.2.2 Experimental analysis

The strategy followed by CMS physicists is to apply an alyeaaderstood search analysis to the sample
of MSSM points that are consistent with flavour constrairggiascribed above. The starting point is
Ref. [1122], in which CMS studied the production and deca80EY patrticles via inclusive final states
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including muons, higlpr jets, and large missing transverse energy. In that workllyagimulated and
reconstructed low mass (LM1) Constrained MSSM (CMSSM) puias taken as the benchmark for
selection optimisation and study of systematic effecterghough the study was performed within the
context of CMSSM, the method is not specific to the CMSSM franté and should apply equally well
in other contexts including, i.e. also in the general MSSM.

The response of the CMS detector to incident particles waslated using a GEANT4-based
framework [1123], known as the Object-oriented SimulafmmCMS Analysis and Reconstruction (OS-
CAR) [1124]. The inclusion of pile-up and the reconstructaff analysis objects (muons, jets, etc) from
hits in the detector was performed by a software framewodwknas the Object-oriented Reconstruc-
tion for CMS Analysis (ORCA) [1124]. In addition, a standaéofast simulation, known as the CMS
FAst MOnte Carlo Simulation (FAMOS) framework [1124], wased to facilitate simulations involv-
ing CMSSM parameter scans. The fast simulation FAMOS has beewn to adequately represent the
full CMS simulation [1122]. In both the full and fast simutats, hits from minimum bias events are
superimposed on the main simulated event to reproduce ldw@piconditions expected for a luminosity
of 2 x 1033ecm 2571

Because the work presented in Ref. [1122] is an inclusivaysti signatures involving at least
one muon accompanied by multiple jets and lafje several SM processes contribute as sources of
background and had to be taken into account. Accordingéynthin backgrounds studied in Ref [1122]
correspond to QCD dijet (2.8 million events with< pr < 4TeV/¢), top (t) production (3.3 mil-
lion events), electroweak single-boson production (4.4ioni events with0 < pp < 4.4TeV /c) and
electroweak dibosons production (1.2 million events). #dtkgrounds used were fully simulated and
reconstructed.

The method employed in Ref. [1122] is to search for an exge#isei number of selected events,
compared with the number of events predicted from the SM. AdgBe Algorithm (GARCON [1125])
was used for the optimisation of cuts to select the LM1 CMS®itand results inE2 > 130 GeV,
B} > 440GeV, EY > 440 GeV, || < 1.9, || < 1.5, [n3| < 3, cos [A¢(j1,i2)] < 0.2, —0.95 <
cos [A¢(Hr,jl)] <0.3, cos [Ad(Hr,j2)] <0.85. Assuming 10 fbr! of collected data, this set of cuts
would expect to select a total of 2.5 background events fioenSM and 311 signal events from the
CMSSM LM1 benchmark signal point [1122].

In order to extend the work presented in [1122] to the contéxhe MSSM parameter space
suggested by flavour considerations as described aboweras@oints within the ranges of the MSSM
parameters listed in Tablel62 were sampled and simulated tis# CMS fast simulation FAMOS. (The
Pythia parameters used to generate each MSSM point may he iioRef. [1122].) In the CMS exercise,
the same set of selection cuts presented above, is dirgglied (i.e. not re-optimised) to each simulated
MSSM point. Finally, the number of selected events from esiotulated MSSM point is tallied and
compared with the expected number of standard model baskdrevents §z = 2.5).

It has been shown that the analysis method also works fofribig” part of the MSSM parameter
space. Clearly, an optimization could enhance the angbgsi®r. More detailed results will be presented
elsewhere.

5.3.3 The “master code”: multi-parameter fit to electroweakd low-energy observables

A first attempt to develop a “master code” as described alere dlso Sectidn 1.5.2) has been started in
the course of the workshop in collaboration with physicieten CMS [208].

Based on flavour physics computer code from [32] and the migiednergy observable oriented
computer code&FeynHiggs [199—-201], a first version of a “master code” has been deeglopThis
“master code” combines calculations from both low-enemyy @lectroweak observables in one common
code. Great care has been taken to ensure that both setswhtiahs are steered with a consistent set
of input parameters. The current version of the “master tizdestricted to applications in the MSSM
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parameter space assuming Minimal Flavour Violation (MFR8ble[ 63 shows the observables which are
currently considered in the “master code”.

However, in the future it is foreseen to significantly extehe “master code” by including other
calculations both for different New Physics models as welhdditional observables (e.g. cosmology
constraints), see [1100] for the latest updates and dewedots. With the help of the “master code” it
will eventually be possible to test model points from the demergy side (via flavour and electroweak
observables) and from the high-energy side (via the meammes of ATLAS/CMS). Thus a model point
can be tested withll existing data.

‘ Observable Source ‘ Constraint ‘ theo. error
RpR, .., = BRS)/BRY,, [32] 1.127 £ 0.12 0.1
Ran, = AMSYSY JAMSM [32] 0.840.2 0.1
BRy_ . [32] <80x1078 2% 1077
Rgr, . =BR)Y/BRM [32] 1.125 £ 0.52 0.1
Aa, = af"SY — oM FeynHiggs | (27.6 +£8.4) x 10710 | 2.0 x 1010
MZVSY FeynHiggs | 80.398 4 0.025 GeV | 0.020 GeV
sin? O5VSY FeynHiggs | 0.23153 & 0.00016 0.00016
MM (SUSY) FeynHiggs > 114.4 GeV 3.0 GeV

Table 63: List of available constraints in the “master code”. The shawlues and errors represent the current
best understanding of these constraints. Smaller errod&/f{’SY andsin? 63Y5Y are possible using a dedicated
code [1126,1127], which is, however, so far not includedhm‘imaster code” (see, however, [1100]).

Using the “master code” as a foundation, an additional cagerl containing ay? fit [1128]
has been added to determine the consistency of a given seE8Mvparameters with the constraints
defined in Tablé_83. Other studies of this kind using todayta dan been performed in Refs. [1129—
1133]. Studies using the anticipated data from the LHC aadlil® are carried out and documented in
Ref. [1134,1135].

Using the “master code” we will present a few showcases folobal y? fit using asimplified
version of the MSSM. The fit considers the following paramseté/, (the CP-odd Higgs boson mass),
tan 3 (the ratio of the two vacuum expectation value’!zz) (a common diagonal soft SUSY-breaking
parameter for squark and sleptons, respectivelyh common trilinear Higgs-sfermion coupling)(the
Higgs mixing parameter))/; and M, (the soft SUSY-breaking parameters in the chargino/nkudra
sector) andng = M3 (the gluino mass). All parameters are assumed to be reale 8other simplifying
restrictions are applied: For the parametexe require|u| > M,. This ad-hoc Ansatz is fully sufficient
for our illustrative studies but in the future it will be reygled with a more sophisticated treatment of the
parameters and of the experimentally excluded phase spgims (e.g. sparticle mass limits, etc.) In
addition the Ansatz assumég; = agix M; as well as fixed values faV/y, M>, and M3. The initially
assumed values <nf~l = 0.5, My = 200 GeV M3 = 300 GeV andM; = M, /2 are later varied within
reasonable ranges to evaluate the systematic impact ofsuengtion on the final results.

They? is defined as:

) Neonst. (Const.; — Pred.;(MSSM))?

- 233
X AConst.2 + APred.? (233)

whereConst.; represents the measured values (constraints)fard.; defines the MSSM parameter
dependent predictions of a given constraint. These pieditare obtained from the “master code”.
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They depend on SM parameters likg, m; anda,;. Some of these parameters still exhibit significant
uncertainties which need to be taken into account in the ditguiure. In a simplg? approach it is
straightforward to include these parametric uncertasraie fit parameters with penalty constraints. For
our study the uncertainty of the top quark mass was found toytar the dominating parametric uncer-
tainty. The required minimization of the? is carried out by the well known and very reliable fit package
Minuit [1128].

In the following section we present some illustrative shases that utilize this global? fit to
extract quantitative results. However, these studies ai@lynmeant to demonstrate the potential and
usefulness of “external” constraints for the interpretatof forthcoming discoveries and for the corre-
sponding model parameter extraction.

5.3.3.1 Scan in the lightest Higgs-boson mags

One of the most important predictions of the MSSM is the exisé of a light neutral Higgs boson
with M, < 135GeV [199, 200]. This upper limit together with the lower limit wined at LEP,
Milireet > 114.4 GeV [1103, 1108]*° represent a tight constraint on the remaining allowed param
ter space of the MSSM. In the MSSM (with the simplificationplained above)};, depends mainly on
the average squark maas;, the Higgs mixing parameter, the tri-linear Higgs-squark coupling, and
tan 5. However, these parameters are also important for thegtiea$ of low-energy and electroweak
observables in the MSSM. Therefore, a global fit using thestamts listed in Table_63 not only al-
lows a consistent extraction of the important MSSM pararsebet will also provide a prediction for
the most probable light Higgs boson mads in the MSSM. A convenient way to illustrate the sensi-
tivity of these parameters tf}, is a scan of the preferred parameter space as a functionsofdtiable.
For this procedure the globgf fit is performed repeatedly each time with a different valoethe 1/,
constraint. Therefore, the extracted set of MSSM paramédtereach individual fit correspond to the
preferred parameter space for a given valué®f While all M;, scan values below the lower limit of
M ,‘;“rc"t > 114.4 GeV are already excluded by experiment, it is neverthelessastiag to see the results
of the M}, scan over the entire parameter space (i.e. alsdfpwvalues S 115 GeV). For that reason
the lowerM;, limit from the direct search at LEP has not been included énthfit.

5.3.3.2 M, scan using today’s constraint values and errors

Fig.[81 shows the results of thd;, scan using the constraint values listed in Table 63. Siresethialues
represent today’s best knowledge of these observablastasilt provides a first estimate of how low-
energy and electroweak measurements constrain the MSSivhpter space. In the following we will
refer to this scan result asday’s M}, scan

It is important to note that th&7;, ~ [110, 125] GeV region seems to be preferred by tyescan.
On the one hand, all/;, values in this distinguished region of minimgl are almost equally likely. On
the other hand, values outside this window (kel110 GeV or > 125 GeV) are clearly disfavoured by
the low-energy and electroweak constraints. This is amdsting observation suggesting that today’s
low-energy and electroweak data prefer a light MSSM Higgsobovith a mass significantly higher than
the most probable value for the SM Higgs boson. For compayite current preferred value from the
general electroweak fit B/5™ ~ 80 GeV [1136-1138].

In order to qualitatively estimate the systematic impadhefassumed parameter valu@s,(=
200 GeV, M3 = 300 GeV anda~l = (.5) on the scan results, a variation of the parameter valudsrwit
reasonable ranges has been carned out[Flg. 81 shows this istwo of these cross checks: the blue-
dashed line corresponds to the parameter sefting= 200 GeV, M35 = 300 GeV and agj = 0.33,
while the green-dashed line usé$, = 300GeV, M3 = 500GeV anda il = 0.5. The observed

91t is possible that the current lower limit could be evenliertimproved before the LHC will start data taking in 2008 by
the currently running Tevatron experiments CDF and DO.
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Fig. 81: This figure shows the result of the extracted MSSM fit pararseted the corresponding distribution
(lower right plot in each case) for the two scan scenarioday’s M}, scan(left five plots) and2009-EW-LowE
Mj, scan(right five plots). Each plot shows three scan results whegdtll-red curve corresponds to the default
assumptions of\f; = 200 GeV, M3 = 300 GeV and az;i = 0.5. The blue-dashed line (large dash) changes
agj=0.33 with respect to the default setting, while the green-dadihedsmall dash) modifiedZ, = 300 GeV,

M3 = 500 GeV with respect to the default setting.

variation is rather small indicating that the general cosicins are not strongly affected by the assumed
parameter setting of these quantities. In particular teépred minimaly? region of M}, remains almost
unchanged.

The overally? minimum oftoday’s M, scanis at M), ~ 123 GeV and the preferred values of the
important MSSM parameters aig, ~ 400 GeV, tan 3 ~ 10, A = —1000 GeV, andM; ~ 500 GeV.
These values are qualitatively compatible with the rang&@alidwed” MSSM parameter space reported
in sectiori 5.3.2. The fact thedday’s M}, scanprefers somewhat lower values famn 5 andM; is mainly
explained by the change in the experimental Belle resu‘ﬁmﬁ from0.74+0.3t01.1254+0.52 [323].
Using 0.7 + 0.3 instead of the other more recent (corrected) value yields? ~ 30, M; ~ 700 GeV,
and A ~ —1500 GeV but does not change the general conclusion of the resugst(m preferred/;,
range remains the same).

Fig.[82 shows a comparison of the predicted constraint gadungl their corresponding measure-
ments obtained fronoday’s M), scan The measurements and their errors are also listed in T&ble 6
In general, good agreement between prediction and measuatasobserved in the preferred minimal
x2 region of Mj, =~ [110,125] GeV. The fact that the(? scan prefers a prediction @a ;. very close
to unity is explained by (1) the already rather tight limit BR(B;, — utp~) < 8 x 1078 and (2)
the large value ORBRZHW. Both constraints prefer low values @in 5 and thus result in a predic-
tion of Raps, =~ 1. However, today’s experimental value is still within ongrea compatible with this
prediction.

Another interesting observation is the prediction of(BR — p ). Although the constraint
used for this quantity allows values up to BR — utp~) < 8 x 1078, the scan predicts (in the
interesting M, region) an almost constant value of BR — ptp~) ~ [3.0 — 4.0] x 107, This
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Fig. 82: This figure shows a comparison of the predicted constraineggyellow band) and their corresponding
measurements (constant green band) obtained tfodiany’s M), scan All plots show a comparison of prediction

. . . . Lonst.;—Pred.;(MSSM)
versus measurement (plots with bands) as well as theirgmoreling pull contributions S AConi T AP iz to
the overally?.

Observable Constraint theo. error
RpR, .. 1.127 £0.1 0.1
Raw, 0.8+0.2 0.1
BRy— . (3.5+£0.35) x 1078 | 2x 107
RBR, 0.8+0.2 0.1
Aay, (27.6 £ 8.4) x 10710 | 2.0 x 10710
MBISY 80.392 £ 0.020 GeV | 0.020 GeV
sin? 95 5Y 0.23153 £ 0.00016 0.00016
M, E"(SUSY) > 114.4 GeV 3.0GeV

Table 64: Assumed constraint values and errors for2889-EW-LowEcenario.

is an interesting observation because this value coincigdkswith the standard model prediction of
BR(B, — utp™ )™ ~ 3.5 x 107, This might suggest that the current low-energy and elaetat
data prefer a value of BB, — u*u™) close to its SM prediction. It will be interesting to see wheat
the soon forthcoming combined result Bgr,  from BABAR and Belle will confirm this trend. If
this is the case spectacular effects from new (MSSM) physacdributions seem rather unlikely for
Bs — ,U' B
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Fig. 83: Ax? distribution for scenarid HC-M;-M, Fig. 84: Ax? distribution for scenarid.HC-Mg-M4

(red curve),LHC-M; (blue dashed curve), argD09- testing the hypothesis that a discovered light higgs bo-

EW-LowE (green dashed curve). All curves are evalsen candidate with a mass error &M;, = 3 GeV (red

ated with an assumed error &fM;, = 3 GeV. curve), 2 GeV (blue dashed curve), and 1 GeV (green
dashed curve) is compatible with the MSSM.

5.3.3.3 Interpretation of potential LHC discoveries

The LHC will start collecting physics data in 2008. For theason, the first results are not expected
before early 2009. In the meantime, however, it is likelyt st of the considered low-energy and
electroweak constraints will further improve. Therefare2009 it will be possible to even more strongly
restrict the allowed MSSM parameter space. Table 64 liggs#sumed constraint values that might be
achieved by this time period. The assumed values and ememndy chosen for illustrative purposes.
The sole intention of this study is to demonstrate the pikof low-energy and electroweak data to
constrain the parameter space of new physics and to evignpuavide guidance for the interpretation
of potential new physics discoveries at the LHC. Eid. 81 (filats on the right) shows the results of the
x? scan using the constraints listed in Tablé 64. In the foltmyiwe refer to these results 2809-EW-
LowE M}, scan Similar to the results from thiaday’s M}, scan the general results and conclusions of
this study are largely unaffected by the variation of theuassd values foi\/,, M3 andaqvi. As shown

in Fig.[81 they? preferredM;, region becomes even more pronounced. Hence, the allowedVMSS
parameters space is further reduced. In particular thisnmdition will become very useful in the case of
LHC discoveries and their corresponding interpretatianonder to illustrate this property we define a
few hypothetical scenarios:

— 2009-EW-LowE
This scenario includes only the observables listed in T@Hle The overally? minima for this
scenario is achieved fa¥/4 ~ 350 GeV, tan 3 ~ 22, u =~ 5GeV, A = —450 GeV, andM; ~
350 GeV. The corresponding prediction of the light MSSM Higgsdio mass ig/;, ~ 115 GeV.

— LHC-Mj;:
This scenario includeB009-EW-LowEand additionally assumes that the relevant squark #ass

20For example this could be achieved by a determination of the sass. In particular this mass is important for the
determination of the lightest Higgs boson maggs in the MSSM.
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Fig. 85: This figure shows th&\ x? = 1 contours of the Fig. 86: The red contour corresponds to scenatC-

four scenarios:2009-EW-LowHpblue contour),LHC- Mg4-M4-M), that includes the low-energy and elec-

Mj (red contour) LHC-Mj;-M 4 (black contour), and troweak constraints, while the blue contour makes the

LHC-M4-M 4-M), (green contour). same assumptions about the assumed LHC discoveries,
but does not include any external constraints.

Mj is known at the level of 10%. To be consistent wa009-EW-LowEwe therefore define:
Mz = 350 £ 35GeV.

— LHC-M3-M 4:
This scenario includesHC-M; and additionally assumes that the mass\ff = is known to
10%. To be consistent witkO09-EW-LowEwe therefore definedl 4 = 355 & 35 GeV.

— LHC-Mg-M 4-My,:
This scenario includesHC-M;-M 4 and additionally assumes that the mass\ff is measured
with a 3 GeV error. To be consistent wiB®09-EW-LowEwe therefore defined;, = 115 + 3
GeV.

Fig.[87 shows the results of thd};, scan for the scenarip009-EW-LowEand the scenaribHC-
MzMy. As expected, the? allowed region ofM;, is reduced to a small window by including the
additional information of\/4 = 355 &+ 35 GeV andM; = 350 & 35 GeV. This information can, for
example, be utilized to test the consistency of a discoviigbtiHiggs boson candidate with:

a) other discoveries of MSSM particle candidates (in oue cagiark and heavy Higgs candidates),
b) low-energy and electroweak constraints.

Assuming that a light Higgs boson candidate has been olibamne that its mass is measured with an
error of AM;, = £3 GeV, Fig.[84 shows thély? distributions for the scenari®009-EW-LowEgreen
small-dashed line),HC-Mj; (blue large-ashed line) andHC-M;-M 4 (red full line).

As defined above, all scenarios correspond to one MSSM péearset that has &2 minimum
for M), ~ 115GeV. The Ay?, and therefore also the exclusion limits, are defined witipeet to this
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Fig. 87: This figure shows the result of the extract&dy. 88: x? distribution as a function afZ;, for the three
MSSM fit parameter and the correspondigg dis- scenarios2009-EW-LowB\;, scan(full-red curve) to-
tribution for the two scan scenario009-EW-LowEday’s M}, scan(green-small-dashed curve), ahHC-
M, scan (full-red curve) andLHC-M4-M 4-M);, scan Mg-M a-M), scan(blue-large-dashed curve).
(green-dashed curve).

MSSM parameter set. For the most constraining scenarionadlses above: 130 GeV are excluded
at 95% CL. Therefore, in this hypothetical cakg must be belowi30 GeV in order to be compatible
with the other observed LHC discoveries as well as with thedémergy and electroweak constraints. A
discovery of a lightest Higgs boson with a mass ab®@&@GeV would rule out the MSSM at 95% CL.
It is clear that the exclusion limit depends on the assumeat éor A/;,. For scenarid HC-Mz-M 4,
Fig.[83 compares the results fardM, = 43, AM;, = £2, andAM,;, = £1. With an assumed error of
2 GeV, the 95% CL exclusion limit would be arouid,, ~ 128 GeV, while for a 1 GeV error it would
be as stringent a&f;, ~ 126 GeV.

Therefore, together with the discoveries of a stop candidatd a heavy Higgs candidate, the
consistency of a measured light Higgs candidate within tI&M hypothesis can be tested. It should
be noted that without the use of low-energy and electrowealstcaints, this consistency test would be
much weaker. For example the three LHC discoveries alonaatikignificantly constrain the important
MSSM parametersan 3 and A. This feature is clearly demonstrated in Higl 86. Withowt iticlusion
of the low-energy and electroweak constraints, the pamsein 5 and A are much less determined.
Thus, the overall sensitivity of the consistency test isigigantly worse.

Another way to illustrate the potential of external consiigfor the interpretation of new physics
discoveries and the eventual extraction of the model paemé shown in Fid. 85 which displays the
Ax? = 1 contours of the four different scenarios for various par@meombinations. AlthougB009-
EW-LowE(blue contour) only utilizes indirect constraints (i.e. dioect measurement of new physics
quantities) the MSSM parameter space is already ratheiatest AddingM; = 350 £ 35 GeV (red
contour) in particular helps to further constraim g and to some extent alsd 4, while measuring also
the heavy (black contour) and also the light Higgs boson rigreen contour) will restrict the allowed
range forA rather significantly. Also here the use of the external lowrgy and electroweak constraints
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is essential to determine the important MSSM parameters and A.

5.3.3.4 Outlook

In order to fully exploit this interesting potential, it wibe important to extend the “master code” by
adding additional calculations such as extra low-energenlables, as well as, potentially, constraints
from cosmology data (see [1100]). This will eventually dign important tool for the comprehensive
interpretation of future new physics discoveries.
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5.4 Discrimination between new physics scenarios

At present, the SM gives a fully consistent description b&éaperimental data in the flavour sector, apart
from a few, not yet statistically significant deviations. i§means that flavour physics can at present
only rule out models that produce too large deviations fram $M; in practice, this means giving an
upper bound on new sources of flavour and CP violation for alfixe scale, or giving a lower bound
on the NP scale for fixed values of the NP flavour parametersdigaissed in Se€. 5.1, this gives us
hints on the flavour structure of NP models with new participdo the TeV range. However, to fully
exploit the constraining power of flavour physics, addisibexternal) information on the spectrum of
new particles must be provided. First examples of the coatiain of flavour and highy information
have been presented in Sec]5.3, and there is increasindyaictithis direction.
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