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1 Introduction

Motivations for flavour physics are manifold. Standard model parameters, like the elements
of the Cabibbo-Kobayashi-Maskawa (CKM) matrix [1, 2] or quark masses are determined
very accurately in this field. Moreover the quark-sector is the only sector, where CP
violating effects have been detected so far — since 1964 in the Kaon sector [3] and since
2001 also in the B-sector [4, 5]. Very recently CP violation has been measured for the
first time in the charm sector [6], which might actually be an indication for physics beyond
the standard model (BSM) [7, 8]. Considering that CP violation is a necessary ingredient
for creating a baryon asymmetry in the universe [9], flavour physics might shed some
light on this unsolved problem. In addition flavour physics is perfectly suited for indirect
new physics (NP) searches, because there are many processes strongly suppressed in the
standard model (SM) but not necessarily in hypothetical NP models. And, last but not
least, a comparison between experiment and theory predictions can provide a deeper insight
into the dynamics of QCD.

In recent years experimental flavour physics entered a new precision era, which was
initiated by the B-factories at KEK and SLAC (see e.g. [10]) and the Tevatron at Fer-
milab [11, 12]. Currently this field is dominated by the results of the LHCb collabo-
ration [13, 14], but also complemented by competing results from the general purpose
detectors ATLAS and CMS, see e.g. [15, 16].

The corresponding dramatic increase in experimental precision, demands complemen-
tary improvements in theory. Besides calculating higher orders in perturbative QCD or
more precise lattice evaluations, this also means revisiting some common approximations
by investigating questions like: how large are penguin contributions? How well does QCD-
factorization [17-20] work? How large can duality violation in the Heavy Quark Expansion
(HQE) (see e.g. [21-28] for pioneering papers and [29] for a recent review) be? How size-
able NP effects in tree-level decays can be? Some of these questions have been studied in
detail for quite some time. There is e.g. a huge literature on penguin contributions, see
e.g. [30, 31] for reviews. Others gained interest recently, for instance duality violations [32].



In principle all these questions are interwoven, but as a starting point it is reasonable to
consider them separately. The assumption of no NP effects at tree-level in non-leptonic
b-decays was already challenged after the measurement of the dimuon asymmetry by the
DO-collaboration [33-36], see e.g. [37]. And after the measurements of B — D®)rv by
BaBar, Belle and LHCb [38-41] for the case of semi-leptonic b-decays.

Compared to numerous systematic studies of NP effects in the Wilson coefficients
of the electromagnetic dipole and the semi-leptonic penguin operators ()7, and Qg, Q1o
respectively, see e.g. [42-54], we are not aware of systematic studies for NP effects in the
Wilson coefficients for non-leptonic tree-level decays, except the ones in [55-60].1

The aim of the current paper is to considerably extend the studies in [55, 57] by
incorporating two main improvements:

1. A full x?-fit is performed instead of a simple parameter scan. To implement this
step we use the package MyFitter [63] and allow the different nuisance parameters
to run independently. This will allow us to account properly for the corresponding
statistical correlations.

2. Instead of simplified theoretical equations we include full expressions for the observ-
ables under investigation.

The recent work in [58, 60] concentrates exclusively on the transition b — c¢s, while we
consider in this paper all different hadronic decays, that occur in the SM on tree-level.
Moreover in this work we consider only BSM effects to the tree-level operators )1 and Qo,
while [58, 60] investigates also effects of four-quark operators that do not exist in the SM.
Whenever there is some direct overlap between the work in [58, 60] we directly compare
the results. Any realistic BSM model that gives rise to new tree-level effects will also give
new effects at the loop-level, which are not considered in the current model independent
approach. In that respect this work can be considered as an important building block of
future model dependent studies.

The paper is organised as follows: in section 2 we describe briefly the theoretical tools
to be used: we start with the effective Hamiltonian in section 2.1, then in section 2.2
we introduce the Heavy Quark Expansion and in section 2.3 we review basic concepts in
QCD factorization relevant to this project. Next in section 3, we outline our strategy for
performing the y2-fit. We discuss all our different constraints on NP effects in non-leptonic
tree-level decays in section 4. The bounds on individual decay channels are organized as
follows: b — cud in section 4.1, b — wud in section 4.2, b — ccs in section 4.3, b — ccd
in section 4.4. Additionally, in section 4.5 we present observables constraining more decay
channels. Our main results are presented in section 5: fits for the allowed size of BSM effects
in the tree-level Wilson coefficients based on individual decay channels will be discussed
in sections 5.1-5.3. In particular we focus on the channels which can enhance the decay
rate difference of neutral Bg—mesons AT'; and we calculate these enhancements. Flavour-
universal bounds on the tree level Wilson coefficients will be presented in section 5.5, with

In [61] NP entering inside Qs and Qs is explored, establishing a link between the B — Kn puzzle
and the £'/e ratio. This is further addressed in [62] within the context of simplified Z’ models with U(2)?
flavour symmetry.



an emphasis on the consequences of tree-level NP effects on the precision in the direct
extraction of the CKM angle . In section 6 we study observables that seem to be most
promising in shrinking the space for new effects in C'y and C5. Finally we conclude in
section 7 and give additional information in the appendices.

Since there has been tremendous progress (see e.g. [64, 65]) in the theoretical precision
of the mixing observables, we will present in this work numerical updates of all mixing ob-
servables: AT, in section 4.3.2, AM, in section 4.4.1 and the semi-leptonic CP asymmetries
aZl and mixing phases ¢, in section 4.5.

2 Basic formalism

In this section we provide an overview of the basic theoretical tools required for the de-
scription of our different flavour observables, this includes: the effective Hamiltonian, the
Heavy Quark Expansion for inclusive decays and mixing observables. A quick review of
QCD factorization for exclusive, non-leptonic decays is also provided. In addition we fix
the notation to be used during this work.

2.1 Effective Hamiltonian

We start by introducing the effective Hamiltonian describing a b-quark decay into a pp'q
final state via electroweak interactions, with p,p’ = u,c and ¢ = s, d:

aB=1 _ Gp o0’ N Adpp
H \/i Z )\pp Z Czq w (:U’)Q;] pp

p,p'=u,c 1=1,2

+ AW

p=u,c

Z CH)Q! + CL.QL + C QL

} + h.c.. (2.1)

The Fermi constant is denoted by G r, additionally we have introduced the following CKM
combinations

N = Vi
AD = ViV - (2.2)

Moreover C; denote the Wilson coefficients of the following dimension six operators:

ot " (pﬁb ) (éo‘ﬁ:a)v—A’ Qg’pp/ - (51)) V-A (éﬁ,) VA’

%= (@), (), @4 = (iohs),,_, 2 (ko).

@ = ()22 ()., Q% = (iub)y a2 (boke)

Q= @yl ger(H), o A= (@b T galbh),
%= (@), Sqali), o Qo= (ibs), S ger(iah),
QY = ymuioy (1+75) Fb Qly = Z5mudon (14+75) 6. (2.3)



Here « and f3 are colour indices, ey, is the electric charge of the quark % (in the penguin
operators the quark flavours are summed over k = u,d, s, ¢,b), e is the U(1)en coupling and
gs the SU(3)¢ one, my is the mass of the b-quark and F'*” and G* are the electro-magnetic
and chromo-magnetic field strength tensors respectively. In this work we consider NP effects
that will affect the tree-level operators Q% *” " and QLPP " by modifying their corresponding
Wilson coefficients. In our notation Q% " is colour non diagonal and QLrP " is the colour
singlet, the QCD penguin operators correspond to Qg_G and the electro-weak penguin
interactions are described by Qg—lO' Different bases compared to the one in eq. (2.3) are
used in the literature. Our notation agrees with the one used in [66] and [67], here Cg,q
is negative because we are considering —ig7y,T* as the Feynman rule for the quark-gluon
vertex. In [19] a different basis is used, where Ql and Qg are interchanged and Qh and
Qgg have a different sign (this is equivalent to the sign convention iD* = it + g, ALT®
for the gauge-covariant derivative).? A nice introduction on effective Hamiltonians can be
found in [69], and a concise review up to NLO-QCD in [66].

The Wilson coefficients C; with ¢ = 1,2,...,10,7v,8¢ in eq. (2.1) are obtained by
matching the calculations of the effective theory and the full SM at the scale p = My
and then evolving down to the scale p ~ my using the renormalisation group equations
according to

Cl(p) = Ulp, My, o)C(Myy), (2.4)
where the NLO evolution matrix is given by [19]
a
Ulp, Mw, @) = Ulp, pw) + — B(p, pow). (2.5)

The matrix U(u, pw) accounts for pure QCD evolution, on the other hand R.(u, puw)
introduces QED effects as well. We write at NLO [19]

S SM
b1 @) g as(Miv)
47 47

« 47
o (as(m Ry + R1>

where a () denotes the strong coupling at the scale p calculated up to NLO-QCD precision

U(p, My, «) = UyJ

: (2.6)

and « is the electro-magnetic coupling. The matrix Uy is the LO of the pure QCD evolution
component U(u, puyw ). At LO the evolution matrix U(u, My, o) reduces to

as(p)

The NLO-QCD corrections are then introduced through J. The explicit expressions

U (1, pw, o) = Up + Ry. (2.7)

for Uy and J are given in egs. (3.94)-(3.98) of [66]. The anomalous dimension matrices

'ygo) and vgl) required for these evaluations can be found in eq. (6.25) and tables XIV and

2A minimal basis of dimension six operators for AB # 0 processes has been introduced in [68]. This
extends our set of operators in eq. (2.3). For the purposes of studying NP in tree-level non-leptonic operators
the basis in eq. (2.3) is enough. However, future extension which include NP in other operators as well,
should be done paying attention to the results presented in [68].



XV of [66]. To introduce QED corrections we calculate Rg and Ry using egs. (7.24)-(7.28)
of [66], the anomalous dimension matrices used are ’yéo) and 7&1) and are given in tables
XVI and XVII of [66].

The initial conditions for the Wilson coefficients have the following expansion at NLO

C(Mw) = CO (Mw) + Tés(l)(MW)
. S(My) = _
+ 2 ey + MW amagy) B0 @8

as pointed out in [19] the electroweak contributions G and G in eq. (2.8) can be xy
and /or 1/ sin? @y enhanced. Consequently it is fair to treat the product between o and C’éo)
as a LO contribution and the product between « and C,gl) as a NLO effect. The remainder,

~(0)

denoted by R( ) , is numerically smaller in comparison with Ce™’ and it is therefore treated
as a NLO effect, it contains the NLO scheme dependency. This approach differs from the
one followed by [66], where the contribution of (M (Mw) + R(O)(MW) is introduced as a
NLO effect and then C’é ) is omitted. The explicit expressions for CS( ), Cgl), Céo), C’él)
and B of C/(Myy) are given in section VILB of [66] and section 3.1 of [19], the results
presented for ¢ in [19] are based on the calculations of [70].

It should be further stressed that when applying eq. (2.4) we consistently dropped
products between NLO contributions from U(u, My, «) and NLO effects from C_"(MW)
but we have taken into account products between NLO contributions from U(u, My, «)

and LO contributions from ¢ (M) and vice versa.

2.2 Heavy Quark Expansion

The effective Hamiltonian can be used to calculate inclusive decays of a heavy hadron B,
into an inclusive final state X via

I'(B, — X)

Z/PS (2m)*6 (pp, — px)|(X |Her| By) [ (2.9)

mBq

With the help of the optical theorem the total decay rate in eq. (2.9) can be rewritten as

1 .
I'(B; = X) = W<Bq’T’Bq> ; (2.10)
q
with the transition operator
F—Tmi / dizT [ﬁeg(a;)ﬁeffm) , (2.11)

consisting of a non-local double insertion of the effective Hamiltonian. Expanding this
bi-local object in local operators gives the Heavy Quark Expansion (see e.g. [21-28] for
pioneering papers and [29] for a recent review). The total decay rate I' of a b-hadron



can then be expressed as products of perturbatively calculable coefficients I'; times non-
perturbative matrix elements (Op) of AB = 0-operators of dimension D =i+ 3:

(Op=s >+F <OD36> 4.

mb my
0) O Op—
(Op- 6>+F< D= 7>+F5< Dg8>+... , (2.12)

b mb my

[ =T(Op=3) + Ty

+ 1672 |3

with (Op) = (Bq\OD]Bq>/(2MBq). The leading term I'y describes the decay of a free b-
quark and is free of non-perturbative uncertainties, since (Op—3) = 1+O((Op=s)/m3?). At
order 1/ mg small corrections due to the kinetic and chromomagnetic operator are arising,
at order 1/ m% we get e.g. the Darwin term in I's, but also phase space enhanced terms T's,
stemming from weak exchange, weak annihilation and Pauli interference. The numerical
values of the matrix elements are expected to be of the order the hadronic scale Aqcp,
thus the HQE is an expansion in the small parameter Aqcp/mp. Each of the terms I'; with
1=0,2,3,... can be expanded as

D =10 4 2o 4 (%)

(2)
oh ) Tt (2.13)

(2
In our investigation of the lifetimes we will use Féo) and I‘(()l) from [71], which is based
on [72-77], F:(SO) from [58] based on [78, 79] and Fgl) from [80, 81]. The matrix elements of
the dimension six operators were recently determined in [82].

The HQE can also be used to describe the off-diagonal element I'15 of the meson mixing
matrix

Il = [5G + 2205y + . | <QD 6 , + [t + 22t - @) | (214
12 123 1 A 123 m 124 T T 124 + m +..., (2.14)
with (Qp) = <Bq|QD\Bq>/(2MBq), where Qp are AB = 2-operators of dimension D. The
matrix element I'}, can be used together with M7, to predict physical observables like mass
differences, decay rate differences or semi-leptonic CP-asymmetries, see e.g. [31]

AM, = 20}, (2.15)
Fq
AT, = 2|T'Y,| cos g1, = —Re (Mq > AM,, (2.16)
12
e, r
al, = sin ¢1, = Im <12> , (2.17)
b Mf’z My,

4,(0)

with the phase ¢{, = arg(—M{,/T'Y,). For our numerical analysis we use results for I']; 3

F?Q(g) and F12( 4) from [67, 80, 83-87], results for M{, from [88, 89] and for the hadronic
matrix elements of dimension six the averages presented in [65] based on [82, 90, 91]
and [92-95]. Recently also the first non-perturbative evaluation of dimension seven matrix
elements became available [96], which we will use for T'{,.



2.3 QCD factorization

In our analysis we included different observables based on non-leptonic B meson decays
such as: B — Dm, B — 7w, B — wp and B — pp. To calculate the corresponding
amplitudes we used the expressions available in the literature obtained within the QCD
Factorization (QCDF) framework [17-20]. In this section we briefly summarise the QCDF
results relevant for the evaluation of some of our flavour constraints. Consider the process
B — M Ms, in which a B meson decays into the final states M; and Ms, where either M;
and M, are two “light” mesons or M; is “heavy” and My is “light”.?

If both M; and My are light, then the matrix element (M;M,|Q;|B) of the dimension
six effective operators in eq. (2.3) can be written as

1
(MMRIQIB) = S FF(0) [ duTh @y w) + (3 < M)

1
- /0 dédudvTIT (€, u, v)P(E)Par, (V)P (1). (2.18)

2

In the right hand side of eq. (2.18) F 5oz (m3 1) represents the relevant form factor to ac-

count for the transition B — M, (anjd correspondingly for B — My) and ®p/(u) is the non-
perturbative Light-Cone Distribution Amplitude (LCDA) for the meson M, see figure 1.

Notice that eq. (2.18) is written in such a way that it can be applied to situations where
the spectator quark can end in any of the two final state light mesons. If the spectator
can go into only one of the final mesons, this one will be labelled as M; and just the first
and the third terms on the right hand side of eq. (2.18) should be included. The functions
THIT are called hard-scattering kernels and can be calculated perturbatively. The kernel
T! contains, at higher order in ay, nonfactorizable contributions from hard gluon exchange
or penguin topologies. On the other hand, nonfactorizable hard interactions involving the
spectator quark are part of 71,

When in the final state the mesons M; is “heavy” and My is “light”, then the corre-

sponding QCDF formula for the matrix element (M) Ms|Q;|B) becomes

1
(MMRIQIB) = S F () [ Tl 0), (2.19)

where the meaning of the different terms in eq. (2.19) are analogous to those given for
eq. (2.18).

To determine the decay amplitude A(B — M) M), the matrix element (M My|Heg|B)
should be calculated, with Heg being the effective Hamiltonian introduced in eq. (2.1). In
QCDF the final expression for A(B — M;M>) is written as a linear combination of sub-
amplitudes af AMIM2 ond By ’M1M2, which for the purposes of our discussion will be termed
“Topological Amplitudes” (TA). The TA of(MjMs), for p = u,c, have the following

3A meson with mass m is considered “heavy” if m scales with m; in the heavy quark limit such that
m/mp remains fixed. On the other hand a meson is regarded as “light” if its mass remains finite in the
heavy quark limit, for a light meson m ~ O(Aqcp) [18].
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Figure 1. Factorization of matrix elements for B meson decays into “light”-“light” mesons (both
diagrams included) and “heavy”-“light” (only left diagram) in QCDF.

generic structure at NLO in a, [20]

Cit1 ()

ap M = Ci(un) + =
(&

(2

N;(Ms)

g C
i:b) WF i1 (1) Vi(Mz) + P (Ma)
as(pn) 47%Cr

4T N2

+

Ciil([th)Hi(MlMg) s (220)

where C; are the Wilson coefficients calculated at the scale p ~ mp, and the subindex in
the coefficient C;4; is assigned following the rule

Covr — Ciqq s if 7 is odd
= Ci_1 :if i is even.

The Wilson coefficients inside the squared bracket in eq. (2.20) will be modified to allow for
NP contributions as discussed below, see section 3, and N, denotes the number of colours
under consideration and will be taken as N. = 3. The global factor N;(M3) multiplying
the square bracket corresponds to the normalisation of the light cone distribution for the
meson My, and is evaluated according to the following rule

0:if i =6,8 and M, is a vector meson,

in any other case.

The symbol V;(Mz) in eq. (2.20) stands for the one loop vertex corrections illustrated in
figure 2. Additionally, the contributions from Penguin diagrams such as those shown in
figure 3 are included in PP(Ms), with p = u,c. Finally the hard spectator interactions
shown in figure 4 are accounted for by the term H;(M;Ms). If M; and My are both
pseudoscalar mesons or if one of them is a pseudoscalar and the other is a vector meson, then
the hard spectator function H;(M;Ms) can be written in terms of the leading twist LCDAs
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Figure 2. NLO Vertex contributions to the process B — M M,.

Mo

Q w () 9

Figure 3. NLO penguin contributions to the process B — M Ms.

M

Q@i 0@ _1¢

Figure 4. Hard spectator-scattering contributions to the decay B — M7 Ms.

of My and M, @7, and ®jy, respectively, and the twist-3 LCDA of M, ®,,,, as [20]:

s B [ 50 [ [
14v12

M1 (I)Mz( )(I)Tm (y)

Ps, (2) Py (y) <I>Ml( )

+r — ] (fori=1,...,4,9,10),
H;i(M My) = —iﬁf / e q>B / / [CDM? 20 )
+ i 2ar, (@) P, (4) ;g (y)] , (for i =5,7),
Hi(MlMQ) = 0, (fOI‘ 1= 6,8) . (2.21)

The analogous expressions for H;(Mj;Ms;) when M; and Ms are two longitudinally po-
larised light vector mesons can be found in [97, 98]. We provide the functions H;(M;Ma)
for the processes relevant to this project in appendix B. The global coefficients Az, s, and
B, M, presented in egs. (2.21) depend on form factors and decay constants and are given
in eq. (B.1) also in appendix B.

We want to highlight two sources of uncertainty arising in eq. (2.21). The first one
stems from the contribution of the twist-3 LCDA @®,,, (y). Since this function does not



vanish at y = 1, the integral fol dy®,,, (y)/y is divergent. To isolate the divergence we
follow the prescription given in [20] and write

[ ) = 0 [ 2 [ Y, 0) - 1)

Y
L gy
:<1>m1(1)XH+/ =P, (Y)- (2.22)
o [+
The divergent piece of eq. (2.22) is contained in Xpy.  The remaining integral

fol dy/[y]+Pm, (y) is finite (for instance for a pseudo scalar meson ®,,,(y) = 1 and triv-
ially fol dy/[9]+Pm, (y) = 0). Physically Xy represents a soft gluon interaction with the
spectator quark. It is expected that Xy ~ In(my/Aqcp) because the divergence appearing
is regulated by a physical scale of the order Aqcp. A complex coefficient cannot be ex-
cluded since multiple soft scattering can introduce a strong interaction phase. Here we use
the standard parameterisation for Xy introduced by Beneke-Buchalla-Neubert-Sachrajda
(BBNS) [18]

Xy = (1 v pHewH)ln%, (2.23)
h

where Ah ~ O(AQCD) and PH ~ O(l)
The second source of theoretical uncertainty in eqs. (2.21) that deserves special atten-
tion is the inverse moment of the LCDA ®p corresponding to the B meson. Following [17]

b @€ _ mp
/Odg = (2.24)

where Ap is expected to be of O(Aqcp). We provide more details about the values for Xg

we write

and Ap used in this work at the end of this subsection.

Next we address the contributions from weak annihilation topologies, see figure 5,
which are power suppressed in the Aqcp/mp expansion with respect to the factorizable
amplitudes. Although they do not appear in eq. (2.18), they are included in terms of
subamplitudes denoted as Bg’Ml M2 " The numerical subscript k describes the Dirac structure
under consideration: k =1 for (V —-A)®@(V—-A),k=2for (V-A)®@(V+A)and k=3
for (—=2)(S — P) ® (S + P). The annihilation coefficients are expressed in terms of a set
of basic “building blocks” denoted by Azgf . Where the subindex k also denotes the Dirac
structure being considered as previously explained, and the superindices ¢ and f denote
the emission of a gluon by an initial or a final state quark as shown in figure 5. The
coeflicients AZ’f relevant for this work can be found in appendix B. The final expressions
for annihilation are the result of the convolution of twist-2 and twist-3 LCDA with the
corresponding hard scattering kernels; as in the case of hard spectator scattering, there are
also endpoint singularities that are treated in a model dependent fashion. To parameterize
these divergences, we follow once more the approach of BBNS. Thus, in analogy with hard
spectator scattering we introduce [18§]

X4 = (1 n pAei‘m)ln%. (2.25)
h
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Figure 5. Annihilation topologies contributing to the decay process B — M Ms.

To finalize this subsection we discuss the numerical inputs used in our evaluations of Ag,
Xp and X 4. As indicated in eq. (2.24), the inverse moment of the LCDA of the B meson
introduces the parameter A\p. The description of non-leptonic B decays based on QCDF
requires Ap ~ 200 MeV [20, 99]. In contrast, QCD sum rules calculations give a higher
value. For instance, in [100] the result A\ = (460+£110) MeV was found. In [101] the usage
of the channel B — ~/fv, was proposed in order to extract Ap experimentally. This study
was updated in [102-104] where further effects, including subleading power corrections in
1/E, and 1/my, were accounted for. Based on this idea, the Belle collaboration found [105]
AB > 238 MeV, (2.26)
Belle

at the 90% C.L. and it is expected that the Belle II experiment improves this result [103].
Interestingly the experimental bound in eq. (2.26) is compatible with the QCD sum rules
value quoted above and other theoretical approaches, including the one in [106] where the
value A\p = (476.19 + 113.38) MeV was obtained. For the purposes of our analysis, we

consider the following result calculated in [107] with QCD sum rules:

Ap = (400 =+ 150) MeV. (2.27)

As discussed above, the calculation of hard spectator interactions and the evaluation of
annihilation topologies, leads to extra sources of uncertainty associated with endpoint
singularities that are power suppressed. As indicated in egs. (2.23) and (2.25) they can be
parameterized through the functions X g (pp, ¢r) and X 4(pa, ¢4) respectively. Using these
models, we account for the hard spectator scattering power suppressed singularities through
the parameters py and ¢pg. Correspondingly, we introduce ps and ¢4 to address the
analogous effects from annihilation topologies. Based on phenomenological considerations
we will take into account the intervals [56, 108]

0<pHA<2, 0<¢na<2m, (2.28)

which correspond to a 200% uncertainty on |Xg| and |X4|.

To evaluate the central values of our observables we take pg 4 = 0, or equivalently
Xg = X4 = In mp/Ay. Finally, we calculate the percentual error from X4 and Xp, by
estimating the difference between the maximum and the minimum values reached by the
hadronic observables when considering the intervals in eq. (2.28), and then we normalize
by two times the corresponding central values.

3 Strategy

Consider the effective Hamiltonian in eq. (2.1) written in terms of the basis in eq. (2.3).
We introduce “new physics” in the Wilson coefficients {C1,C>} of the operators Q1 and
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QQ following the prescription

C1 (M) == CPM(Mw) + ACy (M),

Co(Myw) := C3M (M) + ACs(My), (3.1)
where in the SM
AC)(Mwy) =0,
ACy (M) = 0. (3.2)

In this paper we present possible bounds on AC; and ACs at the matching scale u = My,
and consider changes to each Wilson coefficient independently, e.g. to establish constraints
on AC) (M) we fix ACy(My) = 0 and vice versa. This is a conservative approach, if we
allow both parameters to change simultaneously this can result into partial cancellations
leading to potentially bigger NP allowed regions for {AC) (M), AC2(Mywy)}. Since the
theoretical formulae for our observables are calculated at the scale . = my, we evolve down
the modified Wilson coefficients C7(Myy) and Co(Myy) up to this scale using the renor-
malisation group formalism described in section 2.1. We consider NP to be leading order
only, therefore we treat the SM contribution {CTM(My), C$M(My/)} and the NP compo-
nents {AC (M), ACo(Myy)} differently under the renormalisation group equations. For
instance the evolution of {CPM(My), CSM (M)} is done using the full NLO expressions
in eq. (2.5), on the other hand {AC;(Mw ), AC2(My)} are evolved down using only the
LO version shown in eq. (2.7). Notice that, even though at the scale p = My the only
modified Wilson coefficients are C;(Myy) and Ca(Myy), the non diagonal nature of the
evolution matrices propagates these effects to all the other Wilson coefficients undergoing
mixing at u = my. Hence, when writing expressions for the different physical observables,
it makes sense to consider NP effects in C;j(m;) even for i # 1,2.

3.1 Statistical analysis

The values of AC(My ) and AC(Myy) compatible with experimental data are evaluated
using the program MyFitter [63]. The full statistical procedure is based on a likelihood
ratio test. The basic ingredient is the x? function

~ ~ o\ 2
XQ((D) _ Z (Oi,exp - Oi,theo(w)> , (33)

p Oj.exp

where Oi,exp and Omheo are the experimental and theoretical values of the i-th observable
respectively and o; exp, is the corresponding experimental uncertainty. The vector ¢ contains
all the inputs necessary for the evaluation of O; theo and will be written as

5= (ACl(MW), ACy(Myy), X). (3.4)

In eq. (3.4) we are making a distinction between {AC (M), ACo(Mw )} and the rest of
the theoretical inputs, which have been included in the subvector X Examples of the entries
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inside X are masses, decay constants, form-factors, etc.. Notice that our main target is the
determination of AC} (Myy) and ACy(Myy), however, the components entering X are crucial
in defining the uncertainty of our observables and hence in establishing the potential values
of AC1(My) and ACy(Myy). In this respect, we will say that the elements inside X are
our nuisance parameters, and that the determination of the possible NP values compatible
with data are obtained by profiling the likelihood with respect to {AC (M), AC2(Mw)}.
During our analysis the elements of {AC: (M), ACo(My)} are assumed to be complex
and, as indicated in the argument, the initial evaluation is done at the scale y = Myy. The
statistical theory behind the y2-fit software used, e.g. MyFitter [63], can be found in the
documentation of the computer program. Here we only summarize the key steps involved
in our analysis:

1. We first define the Confidence Level C'L for the y?-fit. Following the criteria estab-
lished in [55, 57] for our study we take

CL = 90%, (3.5)
which is equivalent to 1.64 standard deviations approximately.

2. Then, we establish a sampling region on the plane defined by the real and the imag-
inary components of {AC) (M), ACy(Myw)}. The sampling region is observable
dependent. In our case we opt for rectangular grids around the origin of the complex
plane defined by ACi (M) and ACo(Myy). Notice that the origin of our complex
plane corresponds to the SM value. The number of points in our test grid depends
on three factors: the numerical stability of our algorithms, on the time required
to compute a particular combination of observables and the size of the NP regions
determined by them.

3. Each one of the points inside the sampling grid described in the previous step cor-
responds to a null-hypothesis for the components of ACt (M) and ACy(My ). We
test our null-hypothesis values using a likelihood ratio test considering the confidence
level established in the first step. For a combination of multiple observables several
nuisance parameters are involved and the full statistical procedure becomes time and
resource consuming. Hence, the parallelization of our calculations using a computer
cluster became necessary. We did our first numerical evaluations partially at the
Institute for Particle Physics and Phenomenology (IPPP, Durham University). The
results presented in this work were obtained in full using the computing facilities
available at the Dutch National Institute for Subatomic Physics (Nikhef).

4 Individual constraints

In this section we present the different observables considered during the analysis. From
sections 4.1 to 4.3 we focus exclusively on observables that constrain individual b decay
channels, in our case: b — cud, b — wud, b — c¢s and b — ced. In section 4.5 we will
study observables that affect multiple b decay channels. In what follows and unless stated
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otherwise, the SM predictions as well as the experimental determinations are given at 1 o,
i.e. 68% C.L.. However the allowed NP regions for C; and Cs are presented at 1.64 o, i.e.
90% C.L..

Following the notation introduced in egs. (2.1) and (2.3) we will denote the NP effects
in the Wilson coefficient of the operator Q?’pp/ as ACf’pp/ fori = 1,2 and ¢ = d, s. Then for
example, {ACf’ “( Mw), AC’S’ “(My )} will quantify the potential deviations from the SM
values in the coefficients of { A(Ii’ o Qg “} which describe the tree level process b — cid.

In this work NP is supposed to be leading order in a and « only. Since all the vertex
corrections V;M , penguins Pip M and hard scattering spectator interactions HiMlMQ inside
eq. (2.20) are already suppressed by factors of O(ay) and O(«), we will consistently drop
the extra contributions ACT“*(My) and ACY""(My) affecting any of these terms for

all observables that are described by QCDF.

4.1 Observables constraining b — cud transitions

We start with the dominant quark level decay b — cid and describe our analysis of the
potential NP regions for ACY““(Myy) and ACS““(Myy). The decay B® — D*F7~ will ex-

d, cu

clude large positive values of AC}" ™" (M) and it will significantly constrain ACS " Mwy).

4.1.1 BY— D*trn~

Our bounds will be established using the ratio between the decay width for the non-leptonic
decay Bg — D*T~ and the differential rate for the semi-leptonic process Bg — D*~
evaluated at ¢> = m2 for | = e, u

I'(BY — D**7n7)

Rpin = ——
P AN (BY — D) A2 o2

~ 672 f2 Vg™ + gD 2, (4.1)

This observable was proposed by Bjorken to test the factorization hypothesis [109], it is free
from the uncertainties associated with the required form factor to describe the transition
B — D* and offers the possibility of comparing directly the coefficient aQD ™ calculated

using QCDF against experimental observations. At NLO the TA of"™ [18] is given by

. Cd, cu o b C ~ 2
QMO _ ey € 3(%) n s4(7/: );Ciﬂcu(ub) - GIn%
¢ b
1
+ / duF (u, xC)Qﬂ(u)] ~ 1.057 £ 0.040, (4.2)
0

where the term B inside the square bracket cancels the renormalisation scheme depen-
dence of the Wilson coefficients C’f U and C’g *“which in naive dimensional regularisation
requires B = 11. The kernel F(u,—z.) includes QCD vertex corrections arising in the
decay b — cud and has to be evaluated at x. = m.(my)/my before being convoluted with
the light-cone distribution @, associated with the 7~ meson in the final state. For the
explicit evaluation of eq. (4.1) we use the updated determination of the TA a2D "™ at NNLO
calculated in [110]

ap VLoD — 1 7170018 (4.3)
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Parameter | Relative error
Xa 13.05%
7 2.53%
r 1.23%
AZCP 0.09%
AB=D" 0.08%
B 0.02%
Total 13.35%

Table 1. Error budget for the observable Rp« .

The annihilation topologies contributions are taken into account through

sn  CrBpr i cu i

BT = R A O ) Al () = 0.014 40,045, (4.4)

where B fuf

D*x BfD*
= - , 4.5
Aper  mGAFP0) 9
and
i ? D* 2

Al (pn) = 6mas(pn) |3 Xa —4+ 5 X ()73 (p2n) (XA - 2XA) ; (4.6)

with the parameters X4 are given in eq. (2.25) and the factors r} and 7“)’?* quoted in

eq. (B.1). Using the numerical inputs given in A we find
BM — (1.12 + 0.15) GeV?2, (4.7)

corresponding to xz. = 0.225, the partial contributions to the total error are shown in
table 1.

The SM result is dominated by the contribution of Cs, thus we will get from Rp«,
strong constraints on Cs and relatively weak ones on Cj. To compute the experimental
result we use [110]

dU(Bg — D*""i)/dg?| | = (2.04£0.10)-107°GeV *ps ", (4.8)
g =mz
together with [111]
Br(B® — D*t77) = (2.8440.15) - 1073, (4.9)
to obtain
RPP — (0.92 + 0.07)GeV?>. (4.10)

Our x2-fit provides the 90 % confidence level regions allowed by ACf “U(Myy) and
AC’g “U(My) displayed in figure 6, which show that ACf ““(My) is quite unconstrained.
On the other hand, there are stronger restrictions on the values that ACS “U(Myw) can as-
sume. This is not surprising considering that C’g “* gives the leading contribution to a2D T

this can be seen in the NLO version of the formula for this term in eq. (4.2).
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Figure 6. Potential regions for the NP contributions in ACT(My) and ACE(My) allowed
by the observable Rp«, at 90% C.L.. The black point corresponds to the SM value. Since Rp+, is
dominated by Cs, we get strong constraints on Cy and relatively weak ones on Cj.

4.2 Observables constraining b — uud transitions

We proceed to describe the constraints to the NP contributions AC{Z”;‘“(MW) entering

in the CKM suppressed quark level transition b — wud. Our bounds are obtained tak-

ing into account both the branching ratios, but also the CP asymmetries of the decays

B — 7w, pm, pp and using again QCDF for the theoretical description. The combination

of CP-conserving and CP-violating observables significantly shrinks the allowed region for
d,uu

4.2.1 Rqr

Our first observable is the theoretical clean ratio [109]

R (BT — ntx0) 5o ) )
3 =3 o3|, 4.11
T dD(BY — wte1) /dg?| 2= 7 x| VudllaT™ + a5 (4.11)

where = = p~, e and af”, of™ are the TA associated with the decays B — mm which
were introduced in a generic way in eq. (2.20). The dependence of R, is now symmetric
in Cy and (s, so both Wilson coefficients will be constrained in an almost identical way.
Notice that the denominator in eq. (4.11) refers to the differential distribution dI'(BY —
7t0~ 1) /dg? evaluated at ¢> = 0, where ¢? is the four momentum transferred to the
system composed by the ¢~ and 7. In eq. (4.11), our sensitivity to NP enters through the
decay BT — 7tnY which is to a good degree of precision a pure tree level channel. We
neglect hypothetical BSM effects in B — 770~ for £ = e, p, see e.g. [112] for a recent
investigation of such a possibility. The observable R is theoretically clean since it does not
depend on the CKM matrix element |V,;|, which cancels in the ratio. Moreover, at leading
order in a it is independent of the form factors F8~™(0) = FP~™(0) which account for
the hadronic transition B — w. However, these parameters enter in the coefficients aih
once the spectator interaction contributions H,, are taken into account. More precisely,
they appear in the ratio Brr/Arr inside Hr, see egs. (B.1) and (B.14). Currently, the
coefficients af7% in eq. (4.11) are available up to NNLO in QCDF [99, 113-115]. In order
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to optimize the computation time of our y?-fit, we have accounted for the NNLO effects
using the following formula

NLO,
047175 Q9 (o) 412
NNLO,7w= =~ (0) NLO,77 ° ( ’ )
1.2 Qg9

Where in eq. (4.12):

° ozll\ngo (o) corresponds to the fully programmed NLO expression for the amplitude

ai%. For this term, the renormalization scale is kept fixed to the value ug = my
whereas the rest of the input parameters are allowed to float.

. go% NLO.T 4re the NLO version of the amplitudes a7 evaluated at the central value

of all the input parameters and kept constant during the y2-fit.

. 0411\{12%0’” are the NNLO version of the amplitude af%. We are interested in the

NNLO results because of the reduction in the renormalisation scale dependency with

respect to the NLO determination. Therefore during the x?-fit we have treated the

. NNL . .
coefficients o O as nuisance parameters given by [107]

YO 0.195498% — (0101985
o NNLO, 40.008 40.020 (4.13)
o = 1013450 + (0.027503% )i,

where the error indicated arises only from the renormalization scale uncertainty. Al-
ternatively, we also tested the numerical values provided in [99] which give consistent
results once the uncertainties arising by varying p and j,,* are taken into account.

We predict the SM value of R, to be
RSM — (0 70 £ 0. 14) (4.14)

with the partial contributions to the total error shown in table 2. To calculate the exper-
imental result, we consider the following updated value for the branching fraction for the
process BT — 770 [116]

Br(BT — 777%) = (5.54+0.4) - 1075, (4.15)
together with the product [117]
[V FE7™(0)] = (9.25 £0.31) - 1074, (4.16)

which was extracted via a fit to data including experimental results from BaBar, Belle and
CLEO [118-122] under the assumption of the SM, neglecting the mass of the light leptons
and keeping the mass of the B* meson fixed. Using the inputs indicated in eqgs. (4.15)
and (4.16) we obtain the following result for the experimental value of R

REx — (0.83 + 0.08). (4.17)

4T. Huber, private communication.
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Parameter | Relative Error
Xy 16.86%
AB 8.85%

[ 4.42%

al 2.57%
FB7m(0) 1.77%
fr 1.35%

Mg 0.68%
AZCP 0.25%
B 0.14%
my, 0.04%
Vs 0.01%
Total 19.86%

Table 2. Error budget for the observable R,,. Here Xy accounts for the endpoint singularities
from hard scattering spectator interactions. F' f ~7(0) is the relevant form factor for the transitions
B — w. The parameter Ap is the inverse moment of the LCDA of the B meson and aj is the second
Gegenbauer moment for the m meson.

"o "o 10
3 \% 0.5
s S oo
N RSN :
q -0.5 4 -0.5
£ -10 | g 10
~20 -15 =10 05 00 05 L35 50 -15 ~10 =05 00 05
, ,'U/lL
Re AC™ (My,) Re ACY™ (My,)

Figure 7. Potential regions for the NP contributions AC""(My ) and ACT"*(My,) allowed by
the observable R, at 90% C.L.. The black point corresponds to the SM value. The dependence
of R is symmetric in C; and Cs, therefore both Wilson coefficients are constrained in an almost
identical way.

This determination is in agreement with the result given in [99], however, the uncertainty is

reduced by nearly 50% due to the update on the product |V, F2~7(0)| shown in eq. (4.16).

The allowed regions for ACT""(My/) and ACS"(My) are shown in figure 7 — we

note here rather stringent constraints on positive and real values of ACf (M) and
d, uu
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4.2.2 S

Since our NP contributions are allowed to be complex, we are exploring the possibility of
having new CP violating phases. We can constrain these effects through the time-dependent
asymmetries

dU[BY) — f](t)/dt — dU[BY — f](t)/dt
dU[BY — f](t)/dt + dU'[BY — f](t)/dt
~ Sysin AMyt — Cycos AMgt, (4.18)

AFP(t) =

where we have neglected the effects of the observable AI'y entering in the denominator —
this is only justified for the case of Bg-mesons. The symbol f in eq. (4.18) denotes a final
state to which both, the Bg and the Bg meson can decay, for ¢ = d, s. The mixing induced
(S¢) and direct CP asymmetries (Cy) are defined as

_ 2Im(X}) =GP

= = J 4.19
AR R VIR A EAE (4.19)
with the parameter )\‘JIC given by
Al
q f
A== — 4.20
F " pls, A? ( )

In eq. (4.20) the amplitude for the process Bg — f has been denoted as A? and the one
for B) — f as /_130. Finally,
qp _ My
D1Bq |M1q2|’

where M{, is the contribution from virtual internal particles to the Bg - Bfl) mixing dia-

(4.21)

grams. For instance in the case of B; mesons we get
2
4 — [ ViV ] . (4.22)
p ViaVl
Notice that the observable S, in eq. (4.19), is particularly sensitive to the imaginary

components of AC(My) and ACy(Mywy).
For the decays BY — 777~ and B — 777~ we get

d _
g _ 2 Im<)‘7r7r> )\d _ I: V;tdv;}k, :|2 ./47r+7r* (4 23)
o 1+ |)‘glr7r|2 ’ i “/tdvtm A7r+7r* . .

Here A+ ,- and A+, denote the transition amplitudes for the processes Bg — mtr~ and

By

BY — ntm™ respectively. They have been calculated in [20] using the QCDF formalism
briefly described in section 2.3. The explicit expression for A 4+ - is

| ARSI AT DRV AR

p=u,c
B = V2B + 2 12 ] ) (4.24

To determine the remaining amplitude A, +,-, the CP conjugate of the expression in
eq. (4.24) has to be obtained. The parameters )\gf,); in eq. (4.24) correspond to products of
CKM matrix elements as defined in eq. (2.2). Notice that our sensitivity towards NP in tree
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Parameter | Relative Error
Xa 41.76%
ol 6.24%
ms 4.43%
Vv / Ves| 4.31%
Xy 3.08%
1 2.79%%
AZCP 2.25%
AB 1.55%
FB=m 0.89%
my 0.76%
Vs 0.13%
fB 0.07%
Me 0.06%
fr 0.06%
aj 0.03%
Total 42.98%

Table 3. Error budget for the observable S;,.. Most of the inputs coincide with those for R,
described in table 2. Additionally the effects of annihilation topologies are accounted by X 4.

level enters mainly through o™, which according to eq. (2.20) has a leading dependency on
ACE"™(Myy). Therefore, the observable Sy yields to strong constraints on ACS “*( My ),
while giving weak ones in ACT"“(My/). Besides the TA a3, which is introduced in
our analysis at NNLO following the prescription shown in eq. (4.12), there are now also

p, T

contributions from QCD and electroweak penguins given by ds?™™ and d4hy;; respectively.

Finally 87" accounts for QCD penguin annihilation and ﬁf:g;v for electroweak penguin
annihilation. All the TA can be calculated using eq. (2.20) together with the information
presented in appendix B. At leading order in ay, the normalization factor A;, introduced in
eq. (B.1), which depends on the form factor F2~7(0) and the decay constant fr, cancels in
the ratio given in eq. (4.23). However it appears again once interactions with the spectator
are taken into account. This leads to small effects in the error budget of O(1 %) and
0(0.1 %) from FB~7(0) and f, respectively, see table 3. Our theoretical prediction for

the SM value of the asymmetry Sy is
SEM — _0.59 +0.25. (4.25)
For the corresponding experimental value we have [111]
SEXP — (.63 £ 0.04, (4.26)

showing consistency with the SM estimation in eq. (4.25). The relevant constraints on
ACE"™(Myy) derived from Sy, are presented in figure 8 — constraints on AC™""(Myy)
are very weak and will thus not be shown.
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Figure 8. Potential regions for the NP contributions in AC’g " (Mw) allowed by the observable
Sr» at 90% C.L., the shift in the Wilson coefficient ACf (M) is only weakly constrained and
therefore not shown. The black point corresponds to the SM value.

4.2.3 S,r

We also included the mixing induced CP asymmetry associated with the decays
By, By — pr. Our evaluation is based in the following definition

1/ -
Sep =5 (Swp + Spr ) (4.27)
with the partial contributions given by
o2m(g,) o 2m(Ak)
Spp=——— 2§ = T 4.28
O b R S E P (42%)
with 5 5
A = [ ViaVi ] Avio ya [ ViV ] Arn, (4.29)
s |‘/tdv;;£| Ap"’ﬂ‘ ’ e |‘/td‘/;1§| A7r+p—

The individual amplitudes A+ ,- and A+, for the processes B) — 7tp~ and B} — pT7~
are respectively

QA_T"JFP_ - A7rp ()\gd)agp + Z )\1(;1) [di’ﬂ-p + &i:gpvv

p=u,c

1 1
FA A - 100, - S0k )

+ Apr <A$ﬁ> A [ﬂfi"’” +ﬂi’:%’;v]>,
p=u,c

Ay = (Ao 3 N[ g

p=u,c

gs 1 k) 1 k]
817 - Y6085 - 5 |
+ Az <A&d) ™ 4 Z )\;d) [ﬁgmp 4 ﬁi’:g"’y] ) ) (4.30)
p=u,c

— 921 —



Parameter | Relative Error
~y 142.75%
XA 96.41%
Xy 58.85%
Vv / Ve | 46.96%
ms 37.31%
U 20.58%
abh 18.34%
AZCP 13.16%
AB 8.27%
AF 7.06%
aj 6.26%
myp 5.22%
FB=m 2.19%
|Vis| 1.38%
fo 0.93%

Table 4. Error budget for the observable Sy, (Part I). Here Agg ~? is the form factor for the
transition B — p, af is the Gegenbauer moment for the leading twist LCDA for the p meson.

with )\1% given by eq. (2.2). In analogy with Sy, there are also tree level amplitudes given
by {a5”, o™}, together with QCD and electroweak penguin contributions introduced
through {a}”, "} and {a}”, &}"} respectively. Moreover, the coefficients {8"™", """}
correspond to current-current annihilation, {83}”, 34"} to QCD penguin annihilation
and {875y By mw} to electroweak penguin annihilation. The TA can be obtained using
eq. (2.20) and the information provided in appendix B. Our SM determination of the mixing

induced CP asymmetry reads
St = —0.04 + 0.08, (4.31)
which is compatible with the current experimental average [111]

SExP = 0.06 + 0.07. (4.32)
The relative errors from each one of the inputs for S, are presented in tables 4 and 5,

it can be seen that this observable is highly sensitive to the CKM input v leading to a
relative uncertainty of ©(100%). This is related to the fact that in the ratio A, given in

eq. (4.29) we have:
Re <A”+“> ~ Im (“%r) : (4.33)

A7r+p* Aw*p*
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Parameter | Relative Error
fr 0.51%
B 0.26%
I 0.23%
Vel 0.06%
Me 0.02%
Total 194.57%

Table 5. Error budget for the observable S, (Part II).

S

1.5 o

1375 -15 -10 -05 00 05

Re ACS"" (My, )

Figure 9. Potential regions for the NP contributions in ACS"*(My,) allowed by the observable
Syr at 90% C.L., the shift in the Wilson coefficient ACld (M) is only weakly constrained and
therefore not shown. The black point corresponds to the SM value.

Via b] [vm b}
Re ~ —Im , 4.34
(Lvtdvtm ViaVi) (439

which lead to a very strong cancellation on the resulting imaginary component. The allowed

and

NP regions for AC;Z’““(MW) are displayed in figure 9. Here we can see how, in spite
of having an uncertainty of ©O(100%), the observable Sy, rules out large sections in the
complex plane of ACg “(My) and consequently deserves to be included in the analysis
of C§™*" In contrast we find weak bounds for AC?**(My,) that are not strong enough to
be taken into account. This is explained by the strong dependence of the amplitudes in
egs. (4.30) on C$*™(Myy), which enters through o3” and af" as shown in eq. (2.20).

4.2.4 Ry,

To obtain extra constraints on NP contributions to the tree level Wilson coeflicients for
the transition b — uud we include the ratio

_ Br (B~ — ppri) _ |Ap*p°|2

Bl - , 4.35
= B (Bl pkrn) A, [ (4.35)
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where A, jo and A+ ,_ are the amplitudes for the processes B~ — p p% and Bg — pJLFpZ
respectively. In terms of TAs they can be written as [97, 98]

3
d d } ) )
)\(u)(afp—ka'gp)—ki g )\é)(agpp%—agpp—kafopp)],

p=u,c

A&d) (a§p+5§p)+ Z )\I(,d) <a§’pp+a71’bpp

p=u,c

A = App

prp

(4.36)

1 1
+ BUPP 4 2pDPP 5 g:g’;}v + 262}%,)

Here we expect a stronger dependence on C compared to Cy. As indicated in eq. (4.36), in
addition to the tree level contributions 0/1)’)2, we can also identify QCD o’ and electroweak
penguins o ;5. Moreover QCD penguin annihilation topologies enter through 577 On
the other hand electroweak penguin annihilation is given by Bé”fﬁEW. The expressions for
the topological amplitudes obey the structure indicated in eq. (2.20) and can be calculated
explicitly using the information provided in appendix B. Currently of”, are available up
to NNLO, we introduce these effects following the same procedure used for the determina-

tion of af%. Thus, we apply eq. (4.12) under the replacements aNNLO A a?NLO’p LPL

NL " NL NL NL
a; O,mm > O,pLpL and a) O,mm ; OiOJJLPL
NNLO components we use [107]
NNLO,prpr, _ +0 025 +0 021
al = 0.17770025 _ (0.097+0.021

oYNOeeL 1 01748010 1 (0.025% 8}3) (4.37)

, with ¢ = 1,2. For the corresponding

The uncertainty shown in eq. (4.37) has its origin in higher order perturbative corrections,
we have taken this as the corresponding renormalization scale uncertainty when treating

NNLO . o .
ay o PEPYas nuisance parameters. Our SM determination for R, is

RS = (67 5+ 25. 7) 1072, (4.38)

The experimental result for R,, is obtained by calculating the ratio of Br(B~ — p; p?)
and BT(BS — pj{ p; ) weighted by the corresponding longitudinal polarization fractions f, 0
and f;~. Using the numerical values available in the PDG [116] we obtain

RE? = (83.14+8.98)1072 (4.39)

The partial contributions to the error budget are presented in table 6 and the constraints de-
rived for ACd " (Myy) in figure 10. We do not show the associated regions for AC’d (M)
because, for R,,, the results are weaker than those derived from other observables in
our study.

4.3 Observables constraining b — ccs transitions

In this section we study bounds for ACT5°(Myy) stemming from Br(B — X7y), the mixing
observable ATy, the CKM angle sm(QBs) and the lifetime ratio 7, /75,. These observables
give very constrained regions for ACT5 (M ).
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Parameter | Relative Error
X4 26.40%
Xy 23.33%
AB 12.32%

i 6.78%
AP~ 2.54%
ab 2.24%
£, 0.46%
AZCP 0.45%
~ 0.38%
mp 0.27%
fB 0.15%
I 0.15%
Me 0.12%
fr 0.07%
[Vaub/ Veb| 0.02%
Total 38.09%

Table 6. Error budget for the observable R,,,.

55 —20 —-15 -10 —05 00 05

Re AC™" (My,)

Figure 10. Potential regions for the NP contributions in AC’f (M) allowed by the observable
R,, at 90% C.L.. The bounds on ACS"“ (M) are very weak and hence not shown. The black
point corresponds to the SM value.

4.3.1 B — X.v

The process B — X, is of mayor interest for BSM studies for several reasons. To begin
with, within the SM it is generated mainly at the loop level (its branching fraction ac-
tually receives contributions below 0.4% from the tree-level CKM-suppressed transitions
b — uusy when the energy of the photon is within the phenomenologically relevant range
E, > 1.6 GeV [123]). In the HQET, it corresponds to a flavour changing neutral current
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sensitive to new particles. Additionally, the experimental and theoretical precision achieved
on its determination have an accuracy of the same order. Moreover, this transition is useful
to constrain CKM elements involving the top quark.

The experimental world average for Br(B — X,v) up to date combines measurements
from CLEO, Belle and BaBar leading to [111]
BrE®(B - X,) = (3.32 + 0.15) 1074, (4.40)

On the theoretical side there has been a huge effort on the determination of this observable;
the most precise results available are obtained at NNLO. Here we consider [124]

BrSM(B — X,7) = (3.36 + 0.22) 1074, (4.41)
where the energy of the photon satisfies the cut
E, > Ey=1.6 GeV. (4.42)

The calculation of the branching ratio for the process B — X4y can be written as [125]

_ _ ViV 126
BT(B — XSPY)E.Y>E0 = BT(B — Xceﬁ)exp Ls tb‘ Gem

Ve wC

[P(Ep) + N(Ep)] . (4.43)

In eq. (4.43), P(Ep) and N(Ep) denote the perturbative and the non-perturbative con-
tributions to the decay probability respectively. They depend on the lower cut for the
energy of the photon in the Bremsstrahlung correction Ejy shown in eq. (4.42). Using the

parameterisation given in ref. [126] we write Ey = m}°/ 2(1 - ) and choose ¢’ such that

the lower bound in eq. (4.42) is saturated. The perturbative contribution P(Ey) is given
by [125]

8
P(Eo) = Y C5™ (1) C5™ () Kij (Eo, p1v) (4.44)
ij=1

with K;; = 87057 + O(cs). The effective Wilson coefficients C’fﬁ are expressed in terms
of linear combinations of the coefficients for the operators Qf (i=1,...,6), Q7. and Qgg
introduced in section 2.1. For the denominator of eq. (4.43) we have [125]

2I(B — X.ev
¢ = [YuPLB = Xeer) (4.45)
Vo | T(B — Xyev)
In order to account for the NNLO result in eq. (4.41) we write
) B BrNLO(B _y X
Br(B — X,y) = B MWLO(B X q) . = SM( i X)) (o) (4.46)
Br, ’ (B — Xs7)
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Parameter Relative error
N(Ey) 5.00%
1 3.00%
Br(B — X.ev,) 2.68%
me(me) 1.10%
mgS 0.61%
AZOP 0.26%
~y 0.10%
[Van/ Veo| 0.04%
Vs | 0.01%
Total 6.55%

Table 7. Error budget for the observable Br(B — X,v). Here N(Ej) determines the uncertainty
arising from non-perturbative contributions.

Where

° BTNLO(B — X,v) is the branching ratio for the process B — X7 calculated at
NLO including NP effects from ACT5°(My). All inputs are allowed to float except
the renormalisation scale, which is fixed at pug = my. Our calculations are deter-
mined using the anomalous dimension matrices provided in [126]. NP contributions
are introduced according to eq. (3.1). They propagate to the rest of the Wilson co-
efficients C; after applying the renormalisation group equations, described in section
2 of ref. [126].

° Br?M’ NLO(B — X7) is the SM branching ratio for the process B — Xy calcu-
lated at NLO and evaluated at the central values of all the input parameters and
then kept constant during the y2-fit.

o BroM, NNLO(B — Xy7) is the SM branching ratio for the process B — X, cal-
culated at NNLO and allowed to float within the uncertainty associated with the
renormalisation scale. In the case of the theoretical result given in eq. (4.41) this
corresponds to 3% of the central value [124].°

The partial contributions to the final error are described in table 7. The allowed regions for
ACT(My) and AC5““(My) are shown in figure 11, where it can be seen how this observ-
able imposes strong constraints on ACY“(My/). The bounds in figure 11 are consistent
with those reported in [60] once a 68% C.L. is taken into account.

°In the NNLO determination in [124] two scales up and p. are introduced. The 3% variation indicated
in the error budget is derived from considering the variation 1.25 GeV < up . < 5 GeV which accounts for
about 2.4%. However a more conservative value is taken due to the lack of certainty on extra contributions
to the perturbation series involved, see more details in [124].
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Figure 11. Potential regions for the NP contributions in ACY““(Myw ) and AC5““(My/) allowed
by the observable Br(B — X,v) at 90% C.L.. The black point corresponds to the SM value.

4.3.2 AT;: bounds and SM update

q

& arising from neutral

The decay rate differences AI'y and the semileptonic asymmetries a
B, meson mixing are sensitive to the tree-level transitions b — wutiq, b — ucq, b — cigq
and b — ccq for ¢ = s,d. We will, however, show below that for the decay rate difference
of Bs-mesons our BSM study is completely dominated by the b — cés transition, yielding
therefore strong constraints to ACT“(My) and ACy (M ).

The definitions of the observables AT’ and af, in terms of I'{, /M7, were introduced in
egs. (2.16) and (2.17). Since, as explained in section 2.2, the elements I'], are determined

from the double insertion of 7:lLA3|:1

Hamiltonians, there are leading order contributions
originating from the insertion of two current-current operators Q?’ab for ab = uu, uc, cc and
j=1,2, see eq. (2.3). Additionally, there are also double insertions from a single current-
current ’2b and a penguin operator Q3 156 In this section, we will only include NP
effects to I'Y,, while we neglect tree level NP contributions to M, (these contribution are
discussed in section 4.4.1 and they yield considerably weaker bounds for the observables
ATy and af)). To show the dominance of the b — ccs contribution for Bg-mixing, we
decompose F12 into partial contributions F12 , where the indices ab = uu, uc, cc indicate
which“up” type quarks are included inside the corresponding effective fermionic loops.

Thus, the expression for I'Y, /M, becomes

2 2
o () A+ () T

ML, M,
(AEQ))QF%QCC 4 2)\EQ))\( q) |:1—\q,cc FQ7UC] ()\1(;1)) |:FQ»CC _ 211‘17UC + 1‘\47““]
- (D217,
(@) (@)
ST R A S g (i . (4.47)
A@ A(q)

We have used here the unitarity of the CKM matrix: )\gq) + /\E") + )\Eq) = 0 and we have
split off the CKM dependence from M{, by introducing the quantity MfQ. The GIM
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suppressed [127] terms a and b vanish in the limit m. — m,, and the numerical values show
a clear hierarchy
l~—-48, a’=11, b7~ 0.23. (4.48)

For the ratio of CKM elements we obtain

A 17102 -42-107" 0 for g=d (4.49)
A@ T -88-107° +1.8-1072 i for g =s '
2
AP [ -18-107 — 15102 for g=4d (450)
A ) —25-1071-32-107 i for g = '

Within the SM we find a very strong hierarchy of the three contributions in eq. (4.47). The
by far largest term is given by ¢? and it is real. The second term proportional to a? is GIM
and CKM suppressed — slightly for the case of B; mesons and more pronounced for Bj.
Since A9 / )\Eq) is complex, this contribution gives rise to an imaginary part of 'Y, /M.
Finally b7 is even further GIM suppressed and again slightly /strongly CKM suppressed for
B;/Bs mesons — this contribution has also both a real and an imaginary part. According
to egs. (2.16) the decay rate difference ATy, given by the real part of I'Y, /M{,, is dominated
by the coefficient ¢? — stemming from b — c¢¢q transitions — and the coefficients a? and
b? yield corrections of the order of 2 per mille. The semi-leptonic asymmetries are given by
the imaginary part of 'Y, /M, (cf. eq. (2.17)), which in turn is dominated by the coefficient
a?, with b? giving sub-per mille corrections and no contributions from c?.

Allowing new, complex contributions to €y and Cs for individual quark level contri-
butions we get the following effects:

1. The numerically leading coefficient ¢? can now also obtain an imaginary part.

2. The GIM cancellations in the coefficients a? and ¢ can be broken, if b — céq, b — cugq,
b — wueq and b — wuuq are differently affected by NP. If there is a universal BSM
contribution then the GIM cancellation will stay.

3. The CKM suppression will not be affected by our BSM modifications.

For the real part of I'], /M7,, we expect at most a correction of 2 per cent due to a® and b*,
even if the corresponding GIM suppression is completely lifted — thus AT’y is even in our
BSM approach, completely dominated by ¢® and gives therefore only bounds on b — c¢s. In
the case of By mesons, the corrections due to a? and b% could be as large as 40 per cent —
here all possible decay channels have to be taken into account — except we are considering
universal BSM contributions to all decay channels. Since Al'y is not yet measured, we will
revert our strategy and use the obtained bounds on the Wilson coefficients C; and Cs to
obtain potential enhancements or reductions of AI'y due to BSM effects in non-leptonic
tree-level decays. Considering the imaginary part of I'{,/M?,, we can get dramatically
enhanced values for the semi-leptonic CP asymmetries, if Cy or Cy are complex, which will
result in an imaginary part of the GIM-unsuppressed coefficient ¢?. On the other hand new
contributions to e.g. only b — cuq or b — ucq would have no effect on ¢, but they could lift
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the GIM suppression of the coefficient a? and thus lead to also large effects. Therefore the

semileptonic CP asymmetries are not completely dominated by the b — c¢q transitions.
Next we explain in detail how to implement BSM contributions to € and Cs in the

theoretical description of I'%,. Each one of the functions T’ in eq. (4.47) are given by [87]

2 ,.,2
ab _ GEM ab L ~qab o aby 1Al Fa.ab
15 = gt | (67 + 50aGY” ) (BB + G Bl By | + FUEY
(4.51)

The coefficients a1 and s in eq. (4.51) include NLO corrections and are written in the MS
scheme as

. . 13
a = 1+‘2(:)CF <121nn/jb+6), ay = 1+0ﬁ0F <121nn‘;+2> . (452)

Furthermore, the expressions for G4 and G%’ab in eq. (4.51) are decomposed as
Gq,ab _ Fq7ab + Pq,ab, Gtgab _ _Fg,ab _ P,bt;!,a,b7 (453)

with F9% and F, g’ab encoding the perturbative contributions resulting from the double
insertion of current-current operators. Finally, P%% and PSq’ab contain the perturbative
effects from the combined insertion of a current-current and a penguin operators. In terms
of the tree-level Wilson coefficients Cf’ab and Cz’ab, the equations for F%% and F g’ab have

the following generic structure
ab q,ab q,ab 2 q,ab ~q,ab q,ab q,ab q,ab 2
Fieb — i [CE ()| + Pl Cr ™ () O (n) + B |03 ()| (4.54)
where the individual factors Ffl"flbz22 are available in the literature up to NLO

a
Fz‘?ab = Fi?(O) - Zgrsz‘?(l)' (4.55)
To account for NP effects, the Wilson coefficients inside eq. (4.54) should be determined
using eq. (3.1) and applying the renormalization group equations introduced in section 2.
Notice that eq. (4.54) is sensitive to the different transitions b — ccq, b — uéq, b —
ciig and b — utig. To be consistent with the inclusion of NP effects ACT*(My,) and
ACT®(My) at LO only, we omit all the terms involving products between () and
the NP factors AC;{’;I’(MW) inside eq. (4.54). The penguin functions P9 and Pg’ab also
contain LO contributions from Cf’;b. For the purposes of illustration we will show the
explicit expressions for the functions P** and Pg“ corresponding to the B — BY system.
At NLO we have [67]

prec - JIZ 1z [(1 — 5K () + %(1 —42) Ky () + 32Ké“(u)]

+ 250 e Tegee(u]

4 P
Py = VT =421+ 22| [K1(n) = Ky ()| - ajl(:) 8F(2) |C5“(u)] T (456)
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Where the following definition for the ratio of the masses of the bottom and charm quarks,
evaluated in the MS scheme [87], has been used

2
2 = |me(m) /()| (4.57)
The functions K 1653 inside eq. (4.56) are given by

K1) = 2305 (1) C5 (1) + O () C3 () + 5 ()3 (1)
Ky() = 205" ()G (1)
K () = 2305 (1) C5 () + CF (1) o)+ C5 (1) C3 (1) + C5“ () Ci 1), (4.59)

and the expression for the NLO correction function F¢(z) is

1 2
F(z) = —=V1— 42(1 + 22) ot + 2 44z —Inz
p 9 my 3

1—-V1—4z  3C5,(n)
V1—4z(1+2z)1 g
+ z( + z) nl+ %1_%424-05@(”)

The Wilson coefficients inside egs. (4.58) should be calculated by introducing NP deviations

(4.59)

at the scale p = My, and then running down their corresponding values to the scale p ~ mg,
through the renormalization group equations, for details see the discussion in section 2. In
appendix A, we provide details on the numerical inputs used. Since there was tremendous
progress [64, 65] in the theoretical precision of the mixing observables we will present in this
work numerical updates of all mixing observables: AI'; below, AM, in section 4.4.1 and the
semi-leptonic CP asymmetries a?; and ¢, in section 4.5. For our numerical analysis we use
results for 1"‘{’2(7%), F‘fé%) and F({’Q(’?B, from [67, 80, 83-87] and for the hadronic matrix elements
the averages presented in [65] based on [82, 90, 91] and [92-95], as well as the dimension
seven matrix elements from [96]. The new SM determinations for AI'y and AT’y are

ATSM = (9.1 + 1.3)-10*2 ps, (4.60)
ATSM = <2.6 + 0.4)-10—3 psL. (4.61)

The error budgets of the mixing observables AI'y and AT’y are presented in tables 8 and 9 re-
spectively. Compared to the SM estimates for AT'g stemming from 2006 [87], 2011 [128] and
2015 [31] we find a huge improvement in the SM precision. Moreover, the value of ATy in
eq. (4.60) is in good agreement with the corresponding result of AT’y = (9.2j:1.4> 1072 ps~!
obtained in [96].

In addition, the current SM predictions are based for the first time on a non-
perturbative determination [96] of the leading uncertainty due to dimension seven op-
erators. All previous predictions had to rely on vacuum insertion approximation for the
corresponding matrix elements. To further reduce the theory uncertainties, improvements
in the lattice determination would be very welcome or a corresponding sum rule calcula-
tion. The next important uncertainty stems from the renormalisation scale dependence,
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ATSM this work | ABL 2015 | LN 2011 | LN 2006
Central Value | 0.091ps~! | 0.088ps~! | 0.087ps~! | 0.096 ps~*
B 10.9% 14.8% 17.2% 15.7%
I 6.6% 8.4% 7.8% 13.7%
Vi 3.4% 4.9% 3.4% 4.9%
258 3.2% 2.1% 3.4% 3.0%
B/ B3 3.1% 13.9% 13.5% 34.0%
Bj 2.2% 2.1% 4.8% 3.1%
z 0.9% 1.1% 1.5% 1.9%
mp 0.9% 0.8% 0.1% 1.0%
B3, 0.5% 0.2% 0.2% -
By — 0.6% 0.5% —
ms 0.3% 0.1% 1.0% 1.0%
By 0.2% 0.7% 1.9% —
AZCP 0.1% 0.1% 0.4% 0.1%
v 0.1% 0.1% 0.3% 1.0%
B3, 0.1% 0.5% 0.8% —
Vo Vis| 0.1% 0.1% 0.2% 0.5%
g (1) 0.0% 0.0% 0.0% 0.0%
Total 14.1% 22.8% 24.5% 40.5%

Table 8. List of the individual contributions to the theoretical error of the decay rate difference AI',
within the Standard Model and comparison with the values obtained in 2015 [31], in 2011 [128] and
in 2006 [87]. We have used equations of motion in the current analysis to get rid of the operator Rs.

to reduce this a NNLO calculation is necessary. First steps in that direction have been
done in [129]. In the ratio AI';/AM, uncertainties due to the matrix elements of dimen-
sion six are cancelling — so for a long time this ratio was considerably better known than
the individual value of AI's. Due to the huge progress in determining precise values for
these non-perturbative parameter, this advantage is now considerably less pronounced, see
table 10. For the corresponding experimental values we use the HFLAV averages [111]

ATE® _ (8.8 + 0.6)-10‘2 ps~!,

ATEP = (—1.3 + 6.6)-10—3 ps~L, (4.62)
where Afpr was obtained using [111]
Exp
(AFd/Fd) — —0.002+0.010, TP = (1.520 + 0.004) ps. (4.63)
d

The resulting regions for ACY“(Myy) and ACY“(Myw ) allowed by ATy are presented in
figure 12.
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ASM This work ABL 2015
Central Value | 2.61-10"3ps~! | 2.61-1073 ps~!
B%z 11.1% 14.4%
[,/ B{ 3.6% 13.7%

m 6.7% 7.9%
Vit 3.4% 4.9%
BY 2.4% 4.0%
B}, 3.3% 2.5%
Z 0.9% 1.1%
my, 0.9% 0.8%
B}, — 0.5%
B, 0.5% 0.2%
~ 2.2% 2.5%
AP 0.1% 0.1%
Vb V| 0.0% 0.1%
my(my) 0.0% 0.0%
Total 14.7% 22.7%

Table 9. List of the individual contributions to the theoretical error of the mixing quantity ATy
and comparison with the values obtained in 2015 [31]. We have used equations of motion in the
current analysis to get rid of the operator Rs.

1.5
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Figure 12. Potential regions for the NP contributions in ACy““(Myw/) and AC5““(My/) allowed
by the observable AT'; at 90% C.L.. The black point corresponds to the SM value.
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ATSM/AMSM | this work | ABL 2015 | LN 2011 | LN 2006
Central Value | 48.2-107% | 48.1-107% | 50.4-10~* | 49.7-10~*
Bj, 10.9% 14.8% 17.2% 15.7%
I 6.6% 8.4% 7.8% 9.1%
By, 3.2% 2.1% 3.4% 3.0%
B3 2.2% 2.1% 4.8% 3.1%
z 0.9% 1.1% 1.5% 1.9%
mp 0.9% 0.8% 1.4% 1.0%
Bj, 0.5% 0.2% 0.2% —
By, — 0.6% 0.5% —
my () 0.3% 0.7% 1.1% 1.8%
M 0.3% 0.1% 1.0% 0.1%
AZCP 0.2% 0.2% 0.8% 0.1%
By, 0.2% 0.7% 1.9% -
Bj, 0.1% 0.5% 0.8% —
o <0.1% 0.0% 0.0% 0.1%
Vv V| <0.1% 0.0% 0.0% 0.1%
Veo <0.1% 0.0% 0.0% 0.0%
Total 13.4% 17.3% 20.1% 18.9%

Table 10. List of the individual contributions to the theoretical error of the ratio AT's/AM; within
the Standard Model and comparison with the values obtained in 2015 [31], in 2011 [128] and in
2006 [87]. We have used equations of motion in the current analysis to get rid of the operator Rj.

4.3.3 Sj/ye
The mixing induced CP asymmetry for the decay By — J/1¢, given as

Sippe = ————4 = sin(26,), (4.64)

can be used to constrain ACY“(Myy). In eq. (4.64), A%/ 18 determined according to
eq. (4.20) considering the amplitudes A J/we and Aj.g for the decays BY — J/y¢ and
BY — J/v¢ respectively. The required theoretical expressions have been calculated explic-
itly within the QCDF formalism in [130]. The equation for the decay amplitude obeys the

structure
Ag/w - a{/lﬁdxh + a?{/w,h + a{{/wah + ai/lﬁfb,h + %J/W,h’ (4.65)
where the proportionality constant has been omitted since it cancels in the ratio A% I

/¢é

The amplitudes a;] appearing in eq. (4.65) obey the structure given in eq. (2.20). The
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Parameter | Relative error
Vb / Ves| 2.44%
0% 1.39%
|Vius | 0.07%
Total 2.81%

Table 11. Error budget for the observable sin(20).

required expressions for the vertices and hard-scattering functions can be found in the
appendix. The index h = 0,+ indicated in eq. (4.65) makes reference to helicity of the
particles in the final state. During our analysis we average over the different helicity
contributions. Therefore we take

5% s+ S w57
S1rup = L2 éwrﬁ /b0 (4.66)

where each one of the asymmetries S? gy ATC determined individually considering the
corresponding amplitude .A}} T for h =0, +.
Neglecting penguin contributions our theoretical evaluation leads to

sin(285M) = 0.037 4 0.001, (4.67)

which numerically coincides with 245M within the precision under consideration. The error
budget is shown in table 11. On the experimental side we use the average [111]

265%P = 0.021 £ 0.031. (4.68)

The effect of Sy on the allowed values for ACT“(My) is not as strong as the results
derived from other observables. However we included it in our analysis for completeness.
For this reason we do not show the individual constraints from S/, and present only its
effect in the global y2-fit described in section 5.4.

4.3.4 T1B,/TB,

The lifetime ratio 7, /75, gives us sensitivity to ACT“ (M) and ACy“(My) via the
weak exchange diagram contributing to the Bg-lifetime as CKM leading part. We assumed
here that no new effects are arising in the Bg-lifetime, where the CKM leading part is given
by a b — cud transition. Allowing new effects in both b — cés and b — cud the individually
large effects will hugely cancel. We also neglect the currently unknown contribution of the
Darwin term.%

Using the results presented in [58] we write

T T SM . NP
B, _ <B> N < Bs> , (4.60)
TBy TB, TBy

®Recently the Wilson coefficient of the Darwin operator was found to be large [131, 132] for B mesons.

Due to the currently unknown size of the matrix element of this operator in between B, states, the numerical
effect of these new contributions on the lifetime ratio 75, /75, — being proportional to (Bs|ph|Bs) —
(Bal|p%|Ba) — cannot yet be estimated.
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for the SM value we take [82]

SM
<TBS> = 1.0006 + 0.0020. (4.70)

TBy

The experimental result for the ratio is [111]

Exp
(TBS> = 0.994 £ 0.004. (4.71)

TBy

To estimate the NP contribution (75, /75,)NF we consider the following function [58]

F

TBs/TB,

41C"1° By

}, (4.72)

where x. = m./m; and C’ denotes the following combination of tree-level Wilson coeffi-

/1 — 422
(C1,C) = G%«“|Vcchs|2mgMBsf%sTBsmxc{(l — 2?)
T

M?% (1 + 222
+ 24| Cy % W 4|C" 2By + 24|Cs)?es
S

cients

The non-perturbative matrix elements of the arising four-quark AB = (0 operators are
parameterised in terms of the decay constant fp, and the bag parameter B, B, €; and
€2, which we take from the recent evaluation in [82]. The numerical values used are listed
in appendix A. The NP contribution to the lifetime ratio can be written as

TBs NP_ s,cc s,cc
(F2) = Frou o, (CF 70, €5 (1)

= Fry g, (CY%(1), C3*“()| (4.74)
SM

where in the second term in eq. (4.74) we have dropped the NP contributions AC}““(u)
and ACY“(u). Our bounds for ACY“(My) are shown in figure 13, the corresponding
results for ACY“(Myw ) turn out to be weak and therefore we do not display them. We
would like to highlight the consistency between our regions and those presented in [60]
which were calculated at the 68% C.L..

4.4 Observables constraining b — ccd transitions

We devote this section to the derivation of bounds on ACH“(My,) and ACST(My) from
sin(2834) and B — Xgv. In our final analysis we also included contributions from a? which
will be described in more detail in section 4.5.

4.4.1 sin(284) and SM update of AM,

In our BSM framework mixing induced CP asymmetries can be modified by changes in
the tree-level decay or by changes to the neutral B-meson mixing. The first effect was
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Figure 13. Potential regions for the NP contributions in ACY““(Myw ) and AC5““(My/) allowed
by the life-time ratio 75, /75, at 90% C.L.. Here we assumed only BSM contributions to the decay
channel b — cés, but none to b — cud. The black point corresponds to the SM value.

studied in section 4.3.3 for the case of Bs; — J/U¢ and found to give very weak bounds.
Thus we will not consider them here. The second effect is also expected to give relatively
weak bounds, but since the lack of strong bounds on new contributions to b — ceéd we will
consider it here — in the b — cc¢s we neglected it, because of much stronger constraints
from other observables.

We can constrain ACT““(Myy) with the observable

SiIl(Qﬁd) = _SJ/wKS (475)

which can be evaluated by applying the generic definition of the CP asymmetry shown in
eq. (4.19) and using -
q| Aspks

4 , A.76
PlBa Ak (470)

d _
AJjpKs =

Where in eq. (4.76), Aj/ykg and A J/wKs correspond to the amplitudes for the processes
BY — J/yKg and BY — J/1Kg respectively.

We study here modifications of ¢/p|p,, while we neglect the change of the amplitudes
Ajprs and A J/pKs — since an exploratory study found much weaker bounds. The
definition of ¢/p|p, in terms of the B, matrix element M{, is given in eq. (4.21).

In the SM we have
~ |AB|=2,SM

BglHa | Bg)
AASM _ (Bg d ‘
5 L (4.77)
d
with @
Ay P = L NP OIS (g, My, 1) Q1+ e (4.78)
The dimension six effective |AB| = 2 operator Q{ in eq. (4.78) is given by
/\d An N
= (db) () . 4.
@ ( v—a\ Jv-a (4.79)

and the Wilson coefficient C1*B1=2(m,, My, 1) corresponds to

CIAPI=2(my, My, ) = 1My So(at), (4.80)
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AMSM This work | ABL 2015 | LN 2011 | LN 2006
Central Value | 18.77ps~! | 18.3ps™' | 17.3ps™! | 19.3ps~!
fB./B} 3.1% 13.9% 13.5% 34.1%

Vi 3.4% 4.9% 3.4% 4.9%
my(my) 0.3% 0.7% 1.1% 1.8%
AZCP 0.2% 0.1% 0.4% 2.0%
v 0.1% 0.1% 0.3% 1.0%
Vs Ves| <0.1% 0.1% 0.2% 0.5%
i < 0.1% < 0.1% 0.1% -
Total 4.6% 14.8% 14.0% 34.6%

Table 12. List of the individual contributions to the theoretical error of the mass difference A M,
within the Standard Model and comparison with the values obtained in 2015 [31], in 2011 [128] and

in 2006 [87].

where the factor 77 accounts for the renormalization group evolution from the scale m; down
to the renormalization scale p ~ my, [89] and Sp(x¢) is the Inami-Lim function [88]

Ty 11 x? B 327 In :rt)

Using the new averages presented in [65] for the hadronic matrix elements (based on the
non-perturbative calculations in [82, 90, 91] and [92-95]) we get the new updated SM results

AMSM = (18.77 £ 0.86) ps (4.82)
AMSM = (0.543 +0.029) ps !, (4.83)

where we observe a huge reduction of the theoretical uncertainty, see tables 12 and 13.
Our numbers agree with the ones quoted in [65] — a tiny difference stems from a different
treatment of the top quark mass, the CKM input and the symmetrisation of the error we
have performed here. HFLAV [111] gives for the experimental values

AME® = (17.757 £0.021) ps !, (4.84)
AMT® = (0.5064 & 0.0019) ps . (4.85)

We introduce BSM effects to eq. (4.77) by adding to the SM expression in eq. (4.78) the
double insertion of the effective Hamiltonian

~ABl=1 G ' Ad.pp’
w5 e ). o

p,p'=u,c
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AMSM This work | ABL 2015
Central Value | 0.543ps™! | 0.528 ps~*
fB,\/BE 3.6% 13.7%
Vep 3.4% 4.9%
mp 0.1% 0.1%

~ 0.2% 0.2%
AZCP 0.2% 0.1%
Vi / Ve 0.1% 0.1%
my (1) 0.3% 0.1%
Total 5.3% 14.8%

Table 13. List of the individual contributions to the theoretical error of the mixing quantity A My
and comparison with the values obtained in 2015 [31].

Following [133] we evaluate the full combination at the scale u. = me., where the extra
contribution to the SM |AB| = 2 Hamiltonian in eq. (4.78) is given by

AB G> . .
H(thra[ ? £ {Ci (MC)PI + Cé(,uc)PQ

~ Tox2
(2XDNDCy (@) + (A )+C o) ﬁa}, (4.87)
with
(1) = _g n L\//év} {(AE‘;))Q (Céi,cc>2_(}\£d))2051,cucgl,uc — ADND e e

05 (ot i ) + A7 ()
] {()\(d))z (Cdcc) 2(\(@)?2 Cdcucduc NG ))\(d)Cd C“C’g’“c

C;““‘) IBIWC )(Cd ““)2+(A§d))2(05’““)2},

_l_
—
>
i
~—
[\
~

2 2
CS(,U/C) g In []\/;% :| {3( ( )) (Cdcc) ( ( )) Cdcqu,uc _ (d)A( )Cvclcucd,uc}7
w
(4.88)
and
Cole) = Inay — 0L et Ina (4.89)
A T G T e '
The set of HQET operators required in eq. (4.87) are
Py = (AP d)y_a(hOd)y_a, P = m2P,
B md (W[ | (O |d),  B=miB a0
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Parameter | Relative error
|V Ves| 4.22%
|Vas| 0.20%
0% 0.04%
Lhe 0.02%
| Vel 0.01%
Total 4.22%

Table 14. Error budget for the observable sin(24,).

Thus, our full determination of M, is given by

YIAB|=2,SM | y|AB|=2| 5
(BY AP 7l 08=2 poy

2MBg ’

M = (4.91)

where the |[AB| = 2 operator Q¢ is matched at the scale . = m, into Py [133]. The
required matrix elements for the numerical evaluations are [82]

- 8

A= 5 Mg, \?
(BB = 5t (P ) 13,0, B, (1.92)

with the values for the Bag parameters as indicated in appendix A. Our theoretical result

— neglecting contributions from penguins — is
sin(285M) = 0.707 £ 0.030, (4.93)

the full error budget in the SM can be found in table 14. Notice that, the contribu-
tions from double insertions of the |AB| = 1 effective Hamiltonian are relevant only when
AC’;I ““(Mw) # 0, hence they do not appear in table 14. On the experimental side we use
the average from direct measurements [111]

sin(287%) = 0.699 + 0.017, (4.94)
our results for the allowed regions on ACS“(Myy) are shown in figure 14.

4.4.2 B — Xgvy

The branching ratio of the process B — Xgv allows us to impose further constraints on
the NP contribution AC’; ““(My). For the theoretical determination, we used the NNLO
branching ratio for the transition B — X4y given in [134]

BNNLO(B s X) = (1.73%012) . 1075 for E, > 1.6 GeV. (4.95)
On the experimental side we consider [135-137]

BE®(B — Xyy) = (1.41 + 0.57) 1075, (4.96)
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sin(2(,) with NP in M,
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Re ACY“ (My;)

Figure 14. Potential regions for the NP contributions in ACg ““(Myw ) allowed by the observable
sin(234) from modifications in M, through double insertions of the AB = 1 effective Hamiltonian
at 90% C.L.. Due to the weakness of the current bounds, penguin pollution has been neglected in
the analysis. The black point corresponds to the SM value.

457 -3 2 -1 0 1 2 3

Re ACS™ (My,)

Figure 15. Potential regions for the NP contributions in AC’; "““(My) allowed by the observable
Br(B — X47) at 90% C.L.. The black point corresponds to the SM value.

The NP regions on ACfc’d(MW) derived from B}"\INLO(B — Xgy) are shown in figure 15.
Our treatment for B — Xz is analogous to the one of B — X7, therefore our discussion
here is rather short and we refer the reader to the details provided in section 4.3.1.

4.5 Observables constraining multiple channels

Several observables like AT'y, 7(B;)/7(Bg) and the semi-leptonic CP asymmetries are af-
fected by different decay channels. We have shown that ATy is by far dominated by the
b — ccs transition, AT’y has not yet been measured. In 7(B;s)/7(Bg) a new effect in the
b — ccs transition roughly cancels a similar size effect in a b — cud transition, thus we
have assumed for this observable only BSM effects in the b — cés transition. Below we
will study constraints stemming from agl, which is affected by the decay channels b — céq,
b — cuq, b — ucqg and b — uug.
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as®M this work | ABL 2015 | LN 2011 | LN 2006
Central Value | 2.06-107° | 2.22-107° | 1.90- 10 | 2.06 - 10~°
U 6.7% 9.5% 8.9% 12.7%
z 4.0% 4.6% 7.9% 9.3%
Vir/ V| 2.6% 5.0% 11.6% 19.5%
B3, 2.3% 1.1% 1.2% 1.1%
By, — 2.6% 2.8% 2.5%
mp 1.3% 1.0% 2.0% 3.7%
v 1.1% 1.3% 3.1% 11.3%
B3, 0.8% 0.1% 0.1% —
AZCP 0.6% 0.5% 1.8% 0.7%
my (M) 0.3% 0.7% 1.1% 1.8%
Bj 0.3% 0.3% 0.6% 0.4%
By, 0.3% 0.2% 0.3% —
ms < 0.1% 0.1% 0.1% 0.1%
B3, < 0.1% 0.5% 0.2% —
B, < 0.1% < 0.1% 0.0% —
Vip < 0.1% 0.0% 0.0% 0.0%
Total 8.8% 12.2% 17.3% 27.9%

Table 15. List of the individual contributions to the theoretical error of the semileptonic CP
asymmetries a2, within the Standard Model and comparison with the values obtained in 2015 [31],
in 2011 [128] and in 2006 [87]. We have used equations of motion in the current analysis to get rid
of the operator Rs.

4.5.1 af, and agl: bounds and SM update

The theoretical description of the semi-leptonic CP asymmetries was already presented in
detail in section 4.3.2. Our SM predictions for the semileptonic asymmetries af; and agll are

oM = (2.06 + 0.18) 1075, (4.97)

sl
sl

aSM — (-4.73 + 0.42) 1074, (4.98)

The error budgets of the mixing observables af; and a?l within the SM are presented in
tables 15 and 16 respectively.
The current experimental bounds [111] are far above the SM predictions

S5 _ (60 + 280) 1077,

sl

sl

aB® = (—21 + 17)-10—4. (4.99)
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a;il’SM This work | ABL 2015
Central Value | —4.7-107%* | —4.7-10~*
B%Q 0.8% 0.1%

1 6.7% 9.4%
Vs 0.0% 0.0%
BY 0.4% 0.6%
B}, 0.3% 0.2%

Z 4.1% 4.9%
mp 1.3% 1.3%
BdRS —% 2.7%
B}, 2.3% 1.2%

~ 1.0% 1.1%

AZCP 0.8% 0.5%
Vo Vi 2.7% 5.2%
g (1) 0.3% 0.7%

Total 8.8% 12.3%

Table 16. List of the individual contributions to the theoretical error of the mixing quantity a‘:l’SM

in the B%-sector and comparison with the values obtained in 2015 [31]. We have used equations of
motion in the current analysis to get rid of the operator Rj.

Nevertheless, these observables yield already, with the current experimental precision,
strong bounds on C; and Cs due to the pronounced sensitivity of Im(T'Y,/M7,) on the
imaginary components of the AB = 1 Wilson coefficients. The regions for AC;(Myy)
and ACy(Myy) allowed by the observables af;, and agl are presented in figures 16 and 17
respectively where for simplicity we have assumed the universal behaviour

ACT™ (Mw) = ACT™ (Mw) = ACT™ (M), (4.100)

for j = 1,2. As discussed in section 4.3.2 different BSM effects in individual decay channels
could lift the severe GIM suppression and lead to large effects, while the scenario given in
eq. (4.100) is dominated by b — ccq transitions. However, in sections 5.1, 5.2 and 4.4 we
will also study the effects of agll on the different b-quark decay channels b — uud, b — cud,
and b — ccd independently.

5 Global x2-fit results

So far, we have limited our discussion to constraints derived from individual observables. In
this section, we present, as the main result of this work, the resulting regions for AC; (M)
and ACy(My) obtained after combining observables for the different exclusive b quark
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Figure 16. Potential regions for the NP contributions in AC§ (M) and ACS (M) allowed by the
semileptonic asymmetry a?, at 90% C.L.. The black point corresponds to the SM value. For the pur-
poses of illustration we have made the universality assumptions: ACY"" (M) = ACY ™ (Mw) =
ACT"(Mw) = ACY““(Mw) = AC; (M) and similarly for AC5(Myy).
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Figure 17. Potential regions for the NP contributions in AC{(Myy) and ACY (M) allowed by the
semileptonic asymmetry agll at 90% C.L.. The black point corresponds to the SM value. For the pur-
poses of illustration we have made the universality assumptions: ACT™" (M) = ACT (M) =
ACH(My) = ACH(My ) = ACH (M) and similarly for ACE(Myy ).

transitions. We will investigate three consequences of BSM effects in non-leptonic tree-
level decays.

1. The allowed size of BSM contributions to the Wilson coefficients C and Cs, governing
the leading tree-level decays.

2. The impact of these new effects on the possible size of the observable AI'y, which
has not been measured yet. Notice that, if one sigma deviations are considered,
the current experimental uncertainty associated with ATy, see eq. (4.62), allows
enhancement factors within the interval

—3.40 < ATP®/ATSM < 2.97. (5.1)

On the other hand, if the confidence interval is increased up to 1.65 sigmas, i.e. 90%
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C.L., then the potential effects in AI'; become

—5.97 < AT®/ATSM < 4.67. (5.2)

The measured value of the dimuon asymmetry by the DO-collaboration [33-36] seems
to be in conflict with the current experimental bounds on agl and aj;, see e.g. the
discussion in [138]. An enhanced value of AT'y could solve this experimental discrep-

ancy [139], at the expense of introducing new physics in AI'y and potentially also in

S

5 and agl. If all BSM effects in the dimuon asymmetry are due to Al'g, then an

a
enhancement factor of 6 with respect to its SM value is required. On the other hand,
if there are also BSM contributions in af;, and agll, then the BSM enhancement factor

in AI'y can be smaller.

3. The impact of these new effects on the determination of the CKM angle v. Within the
SM, this quantity can be extracted with negligible uncertainties from B — DK tree-
level decays [140-145]. This quantity is currently extensively tested by experiments,
see e.g. [146, 147] and future measurements will dramatically improve its precision
to the one degree level [148]. This observable is particular interesting since direct
measurements, e.g. LHCb [146], seem to be larger than bounds from B-mixing [64].7

AHHOD = (74.0739)° (5.3)

,YB—mixing < 66.9° .

Therefore, in sections 5.1 to 5.3 we combine our bounds from the b — wuud, b — cud
and b — céd transitions, and evaluate the corresponding potential enhancement in AIL'y.
We do not present the allowed regions for the NP contributions related to the channel

b — wed, since the bounds are expected to be rather weak considering that our only
d

- In section 5.4 we report the maximal bounds on AC, (M)

bound will arise from a
and ACy(My ), assuming universal BSM contributions to all different quark level decays.
Hence, we combine all our possible bounds regardless of the quark level transition and
asses the implications on the measurement of the CKM angle . The target of this part of
analysis, is to update the investigations reported in [57] in the light of a far more detailed
study of BSM effects in non-leptonic tree-level decays. In particular we account here for
uncertainties neglected in the former study and we also make a very careful choice of

reliable observables.

5.1 x2-fit for the b — uud channel and bounds on ATy

We perform a combined y2-fit including Rxrx, Sxr, Sy, Rpp and afs,ll with the aim of con-
straining AC’?’““(MW) and AC;I’W(MW). The resulting regions are shown in figure 18.
ACg (M) is considerably stronger constrained than ACf U My ), but sizeable devia-
tions can still not be excluded. Due to the irregularity of the regions for ACf (M) and
AC’g (M), expressing the possible NP values for the tree level contributions in terms

"Similar observations were made in e.g. [149, 150].
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Figure 18. Global x2-fit including observables constraining the inclusive transition b — uiid. The
90% C.L. allowed regions correspond to the areas contained within the black contours. The colored
curves indicate the possible enhancements on AI'y with respect to the SM value. The black dot
corresponds to the SM result.

of simple inequalities is not possible. Instead, we limit ourselves to quote the minimum
and maximum bounds for the real and the imaginary components of our NP regions. For
ACH"™(Myy) we have

Re [AC?““(MW)} =22 Im [AC{L““(MW)] =1
Re [AC?W(MW)} — 0.32, Im [AC?““(MW)} — 1.40. (5.5)
On the other hand for ACS™(My,) we get
Re [Acg’““(MW)} =-25 Im [ACS’"“(MW)} =04
Re [AcgvaW)} — 0.8, Im [ACS’““(MW)} ~ 1.00. (5.6)
max max

We have also included the contour lines showing the potential enhancement of the observ-
able AT'y. Accounting for the uncertainties in theory and experiment we find the following
90% C.L. intervals for AT'; due to NP at tree level:

for ACH"“(My):  —0.39 < ATq/ATSM < 1.30,
for ACS“(My):  0.70 < ATy/ATSM < 1.48. (5.7)

Thus only moderate enhancements of Al'y seem to be possible, while a reduction to up to

—39% of its SM values is still possible. This scenario could thus not be a solution for the

dimuon asymmetry.
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Figure 19. Global y2-fit including observables constraining the inclusive transition b — cid. The
90% C.L. allowed regions correspond to the areas contained within the black contours. The colored
curves indicate the possible enhancements on AI'y with respect to the SM value. The black dot
corresponds to the SM result.

5.2 x2-fit for the b — cuid channel and bounds on ATy

To establish constraints on ACH(Myy) and ACS™(Myy) we combine Rp« together with
agl. Our results are presented in figure 19. At the 90% C.L. we find the possibility of huge
enhancements/reductions of Al
for AC’f’Cu(MW):
for ACE“"(Myy):

—5.97 < AT'y/ATSM < 4.67,

— 1.5 < ATy/ATSM < 2.50. (5.8)

Based on the bounds shown in eq. (5.8), we find that this scenario could solve the
dimuon asymmetry. Since the experimental bounds for AIl'y; are saturated in the case
of AC’f’Cu(MW) in eq. (5.8), it turns out that AI'; acts as a constraint in itself. Using this
additional information we establish the following bounds for AC“*(My)

Re [ACf’Cu(MW)] = —1.40, Im [AC?C“(MW)} = 217,
d,cu d,cu
Re [ACl (MW)] — 032, Im [Acl (MW)} ~ 1.15. (5.9)
max max
The corresponding bounds for ACS*(Myy) read
d,cu d,cu
Re [A02 (MW)} = —2.14, Im [ACQ (MW)} = —0.75,
Re {ACS’C“(MW)} = 0.04, Im {AC?’C“(MW)} — 0.53. (5.10)
max max

5.3 x2-fit for the b — céd channel and bounds on ATy

Next we perform a y2-fit including Br(B — Xg7), a% and sin(253;). These observables give
strong constraints for ACS(Myy) (see figure 20), which turn out to saturate the current
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Figure 20. Global x2-fit including observables constraining the inclusive transition b — céd. The
90% C.L. allowed regions correspond to the areas contained within the black contours. The colored
curves indicate the possible enhancements on AI'y with respect to the SM value. The black dot
corresponds to the SM result.

experimental bounds on AI'y. At the 90% C.L. we find
for ACH““(Myy) and ACE“(Myy):  —5.97 < AT¢/ATSM < 4.67. (5.11)

We find again that this scenario could solve the tension between theory and experiment
found in the measurement of the dimuon asymmetry. Considering the results shown in
figure 20 we see that AT is indeed a powerful constraint for ACS*““(Myy) and ACT(Myy,),
which together with Br(B — X4v), a?, and sin(28,) defines the following limits

Re [AC?CC(MW)} — —1.66, Im [ACf’“(MW)] — —2.80,
Re [AC?“(MW)} = 2.36, Im [AcvaC(MW)} = 274, (5.12)
» max max
Re [AcgwMW)} — —2.70, Im [ACS’CC(MW)] — —1.46,
Re [ACg’CC(MW)} — 0.58, Im [Acgv“(MW)} — 1.65. (5.13)
max max

As can be seen on the L.h.s. of figure 20 AC{I’CC(MW) is only weakly constrained by the
semi-leptonic CP asymmetries, here additional information stemming from ATy will be
important to shrink the allowed regions.

5.4 Universal fit on ACy(Mw) and AC>(Myy)

In this section we work under the assumptions
ACT™ (My) = ACT™ (My) = AC) (Myy) (5.14)
AC™ (M) = ACT* (My) = ACy(My) (5.15)
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Figure 21. Potential regions for the NP contributions AC; (M) and ACy(My) allowed by the
observables used in our analysis at 90% C.L. assuming universal NP contributions. The black dot
corresponds to the SM result.

for a = u, d and b = u, d. This procedure allows us to obtain the maximal constraints
for our NP contributions. Making a combined y?-fit is time and resource consuming,
consequently we select the set of observables that give the strongest possible bounds. For
ACi(Myw) this includes: Rpsr, Spr, AL, Br(B — X4v) and afl and for ACy (M) we
use: Rpsr, Rpx, AL, S’J/W, and 7p, /Tp,. We show in figure 21 our resulting regions from
which we extract

Re [Acl(MW)} =036 Im [ACI(MW)} =047
Re [ACl(MW)] - — 0.26, Im [ACI(MW)} - = 0.45, (5.16)
and
Re [ACQ(MW)] =01, Im [A@(MW)} =004,
Re [ACQ(MW)] - — 0.02, Im [ACQ(MW)} - =002  (5.17)

We can see from egs. (5.16) and (5.17) how severely constrained is ACs(Myy) allowing
deviations with respect to the SM point of a few percent at most. This behaviour is clearly
in contrast with the results obtained for AC}(Myy ), where effects of almost up to +0.5 are
still possible. For completeness we present the implications of universal NP in AC} (M)
on AT'; in figure 22. We find that at 90% C.L. only O(20%) deviations on AT'; with respect
to its SM value can be induced, which is in a similar ballpark as the SM uncertainties of
ATy and can clearly not explain the DO measurement of the dimuon asymmetry.
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Figure 22. Enhancements on AI'y when assuming universal NP effects in C;(My). The black dot
corresponds to the SM result.

5.5 NP in non-leptonic tree-level decays and its interplay with the CKM
angle ~

As is well known [140-145] the CKM phase v can be determined from the interference of
the transition amplitudes associated with the quark tree level decays b — cus and b — ucs
with negligible theory uncertainty within the SM [151].% At the exclusive level, this can
be done with the decay channels B~ — DK~ and B~ — DYK~. The ratio of the two
corresponding decay amplitudes can be written as

A(B~ — D°K™)

i(0p—7) —
rBe AB~ > DK’ (5.18)

where the rp stands for the ratio of the modulus of the relevant amplitudes. The resulting
phase has a strong component, denoted as dp, and a weak one, which is precisely CKM
~v. New effects in € and Cy can lead to huge shifts in . To study this possibility
we follow [152] and assume universal NP in €} and Cy. Thus ACT" = ACY™ and
ACY" = ACY™. Then, the left side of eq. (5.18) will be modified according to [57]

TBei((SB_’Y) . rBei((;B_,y) . Cy+ ACy + ra(Cy + ACY)

Cy+raCy
Cy +1raCy
. , 5.19
Co+ ACy +14(C1 + ACYH) (5-19)
where
N0 rm— | NHucs| R— 00— |NHcus| R—

 (DVK-|Q3|BT) (DOK~1Q3*|B) -

8Due to the absence of penguins and the fact that the relevant hadronic matrix elements cancel, the
extraction of CKM ~ is extremely clean. The irreducible theoretical uncertainty is due to higher-order
electroweak corrections and has been found to be negligible. For instance, when the modes B — DK
are used the correction effect is |67/ < O(1077) [151]. On the other hand, if CKM ~ is obtained using
B — D decays instead, then |§v/v| < O(10™%) [152].
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Figure 23. Possible deviations on the CKM phase v due to NP at tree level in Cy (M) assuming
ra = 0.4 (left) and r4 = 0.8 (right). In both cases we have considered 7’y = 1. The black dot
corresponds to the SM result.

The ratios of matrix elements in eq. (5.20) have not been determined from first principles,
to provide an estimation we use naive factorization arguments and colour counting to
obtain [57, 152]

ra=04, ra—1,=-06. (5.21)
Eq. (5.19) gives a particularly strong dependence of the shift in 7 on the imaginary part
of C4; approximately we get [57]

Im [AC,]
Cy

We are now ready to update the study presented in [57] on the effects of NP in C; and

y=(ra—ra) . (5.22)

(5 on the precision for the determination of the CKM angle ~, our results are presented
graphically in figure 23. On the left hand side of figure 23 we can see how for the values
of r4 and r/; shown in eq. (5.21), the current uncertainties in our knowledge of C seem
to indicate an uncertainty in the extraction of the CKM angle ~ of considerably more
than 10°. This is much higher than the current experimental uncertainty of around five
degrees [146, 147]. Interestingly direct measurements give typically larger values than
the ones obtained by CKM fits [153, 154] or extracted from B-mixing [64]. Even more
interestingly, future measurements will dramatically improve the precision of 7 to the
one degree level [148] and our BSM approach would offer a possibility of explaining large
deviations in the extraction of the CKM angle v. We would like, however, to add some
words of cautions: for a quantitative reliable relation between the deviations of C and the
shifts in the CKM angle ~, the non-perturbative parameter 4 and 74/ have to be known
more precisely. The values proposed in eq. (5.21) correspond to an educated ansatz. We
can explore the effects of modifying these values on CKM-v. For instance, consider an
alternative scenario where 74 is twice the value presented in eq. (5.21), while 7/, remains
fixed. This is equivalent to assigning an uncertainty of 100% to r4 and taking the upper
limit. The results for this new scenario are presented on the right hand side of figure 23,
where the shifts dyoxar have been halved with respect to those found on the left hand
side of the same figure, however the absolute numerical values of about +5°, still represent
huge effects on the CKM angle ~ itself.
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Figure 24. Future scenarios concerning the behaviour of 75, /7p,. In the left panel the central
experimental value of the lifetime ratio is assumed to remain unchanged in the future whereas the
uncertainties will be reduced. In the right panel, the theoretical and experimental values for the
lifetime ratio are supposed to become equal. The black dot corresponds to the SM result.

Here clearly more theoretical work leading to a more precise understanding of r4 and
r 4 is highly desirable.

6 Future prospects

In this section we will present projections for observables, that are particularly promising
to further shrink the allowed regions of NP contributions to non-leptonic tree-level decays.
We have already studied the impact of BSM effects in non-leptonic tree-level decays on the
observables AT’y and the CKM angle v in detail. More precise experimental data on AT’y
will immediately lead to stronger bounds on the AB =1 Wilson coefficients, it could also
exclude the possibility of solving the D0 dimuon asymmetry with an enlarged value of AL'y.
Alternatively, if the measured values of Al'y will not be SM-like, we could get an intriguing
hint for BSM physics. In order to make use of the extreme sensitivity of the CKM angle v on
an imaginary part of C] more theory work is required to make this relation quantitatively
reliable. If this is available, then already the current experimental uncertainty on v will
exclude a large part of the allowed region on AC]; — or it will indicate the existence
of NP effects. Below we will show projections for improved experimental values on the
lifetime ratio 7p,/7p, and the semi-leptonic CP asymmetries, as well as commenting on
consequences of our BSM approach to the recently observed flavour anomalies.

6.1 TBS/TBd

As already explained, the lifetime ratio 7p,/7p, can pose very strong constraints on the
Wilson coefficients C and Cj, if we e.g. assume that BSM effects are only acting in the
b — c¢s channel. In figure 24 we show future projections, assuming the errors will go
down to 2 per mille or even one per mille. On the Lh.s. of figure 24 we assume that the
current experiment value will stay — in this case a tension between the SM value and
the experimental measurement will emerge. On the r.h.s. of figure 24 we assume that the
future experimental value perfectly agrees with the SM prediction.
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Figure 25. Future scenarios for the precision in the observable af, and resulting constraints on
ACT and AC5. The current uncertainty is expected to be reduced down to 1 per mille and later
even to 0.3 per mille.

6.2 Semi-leptonic CP asymmetries

The experimental precision for the semi-leptonic CP asymmetries is still much larger than
the tiny SM values for these quantities. Nevertheless already at this stage agl provide
important bounds on possible BSM effects in the Wilson coefficients. The experimental
precision in the semi-leptonic CP-asymmetries will rise considerable in the near future, see
e.g. table 1 of [155] from where we take:

§(as)=1-1073 LHCb 2025 (6.1)
§(a%)=3-1071 Upgrade II (6.2)
We show the dramatic impact of these future projections on the BSM bounds on the Wilson
coefficients in figure 25.
6.3 Rare decays

As discussed in [58, 60] NP effects in the b — cés transitions can induce shifts in the Wilson
coefficient of the operator

~ a - ~ T
Qov = E(SL'YubL)(K’YME)a (6.3)
leading to
ACSt] = [8.48 ACy +1.96 AC&} ‘ . (6.4)
n=my p=Mw

This result offers an interesting link with the anomalous deviations in observables associated
with the decay B — K®) pup~, where model independent explanations with physics only
in Cy require AC§T = —O(1). In order to account for NP phases we use the results

presented in [156] WﬁGTZbACQ is allowed to take complex values leading to the constraints
shown in figure 26. Here both C} and C5 get a shift towards negative values. BSM
in effects in non-leptonic tree-level can in principle explain the deviations seen in lepton-
flavour universal observables, like the branching ratios or P;; they can, however, not explain
the anomalous values of lepton flavour universality violating observables like Ry . Future
measurements will show, whether the bounds, obtained in figure 26 should be included in
our full fit.
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Figure 26. Regions for NP, at 90% C.L., in the Re AC}““-Im AC}“® (left) and Re ACy““-
Im AC5°° (right) planes allowed by the B physics anomalies related with the decay B — K ™) utpu~.
The black dot corresponds to the SM result.

7 Conclusions and outlook

In this work we have questioned the well accepted assumption of having no NP in tree level
decays, in particular we explored for possible deviations with respect to the SM values in the
dimension six current-current operators Ql (colour suppressed) and Qg (colour allowed)
associated with the quark level transitions b — ¢¢’'s and b — ¢@'d (¢,¢ = u,c). We
evaluated the size of the NP effects by modifying the corresponding Wilson coefficients
according to C; — C7 + ACy, Cy — Cy + ACy, for AC12 € C; we found that sizeable
deviations in AC1 2 are not ruled out by the recent experimental data.

Our analysis was based on a y2-fit where we included different B-physics observables
involving the decay processes: Bg — D*r, Bg — 7, Bg — 7p, BS — pp, B = X,
By — J/v¢ and B — Xzv. We also considered neutral B mixing observables: the semi-
leptonic asymmetries af; and agll as well as the decay width difference AT's of BY oscillations
and the lifetime ratio of B and B; mesons. Finally we also studied the CKM angles 3, (s
and .

For the amplitudes of the hadronic transitions Bg — D*m, Bg — 7, Bg — mwp and
Bg — pp and By — J/1¢ we used the formulas calculated within the QCD factorization
framework. We have identified a high sensitivity on AC} 2 with respect to the power
corrections arising in the annihilation topologies and in some cases in those for the hard-
spectator scattering as well. It is also important to mention that the uncertainty in the
parameter A\p used to describe the inverse moment of the light cone distribution for the
neutral B mesons is of special importance in defining the size of AC] and ACs. For the
mixing observables and the lifetime ratios we have benefited from the enormous progress
achieved in the precision of the hadronic input parameters, thus we have also updated the
corresponding SM predictions:

AM, = (18.77 £ 0.86) s, AMg = (0.543 £ 0.029) ps ™",
Al =(91£1.3)-10%ps™",  Aly=(26+04) 103 ps~,
as; = (2.06 +0.18) - 107°, ag = (—4.73£0.42) - 107", (7.1)
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We have made a channel by channel study by combining different constraints for the decay
chains b — utd, b — cud, b — cés and b — céd; we also performed a universal y?-fit where
we have included observables mediated by b — ¢q¢’s decays as well. The universal y2-fit
provides the strongest bounds on the NP deviations, we found that

|[Re(ACH)| <
IIm(ACH)| <

IRe(ACy)| < 0(0.1), (7.2)
Im(ACs)| < 0(0.04), (7.3)

VAR VAN
S O
S s
&

whereas for the independent channel analyses the corresponding deviations can much larger.

We have analysed the implications of having NP in tree level b quark transitions on the
decay width difference of neutral Bg mixing Al'y — note, that the most recent experimental
average is still consistent with zero. We found that enhancements in AI'y with respect to
its SM value of up to a factor of five are consistent with the current experimental data.
Such a huge enhancement could solve the tension between experiment and theory in the DO
measurement for the dimuon asymmetry. Thus we strongly encourage further experimental
efforts to measure Al'y, see also [157].

Next we evaluated the impact of our allowed NP regions for ACy; and AC5 on the
determination of the CKM phase 7, where the absence of penguins leads in principle to
an exceptional theoretical cleanness. We found that « is highly sensitive to the imaginary
components of ACt and AC5 and our BSM effects could lead to deviations in this quantity
by up to 10°. It has to be stressed, however, that for quantitative statements about the size
of the shift v the ratios of the matrix elements (DK ~|Q%*|B~)/(D°K~|Q%*|B~) and
(D°K~|Q5*|B~)/{D°K~|Q5**|B~) have to be determined in future with more reliable
methods. So far only naive estimates are available for these ratios.

Finally we studied future projections for observables that will shrink the allowed region
for NP effects — or identify a BSM region — in non-leptonic tree-level decays. Here
7(Bs)/7(Bg) and the semi-leptonic CP asymmetries seem to be very promising.
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Parameter Value Unit Ref. ‘Parameter Value Unit Ref.

Lepton masses, gauge boson masses and couplings

my 0.1056583745(24) GeV [116] | G 1.1663787(6) - 1075 GeV~—2  [116]

ms 1.77686(12) GeV [116] | as (M) 0.1181 + 0.0011 [116]

My 91.1876(21) GeV [116] |« 7.2973525664(17) - 1073 [116]

My 80.379(12) GeV [116] | A2°P 0.210 +0.014 GeV  [116]
h 6.582119514(40) - 10™% GeV's  [116]

CKM

|Vas| 0.2247460:60005 v (65.177535)°

V| 0.04243 1000036 sin(26) . 0.699 £ 0.017 [111]

Vio/Vis|  0.08833 & 0.00218 sin(28)indir. 0.732 4 0.029

Quark masses

ma 0.00467700001%  GeV [116] | mp® 4.65 4 0.03 GeV  [116]

ms(2 GeV) 0.09370-00% GeV [116]

Me(me) 1.2740.02  GeV [116]

(M) 0.96£0.02  GeV mpele 173.1+£0.9 GeV  [116, 158]

my (1) 4.21475:5%2 GeV' [159] | g (g 163.340.9 GeV

mpe 4.61£0.05  GeV me(my) 172.6 £1.0 GeV

Table 17. Values of the input parameters used for our numerical evaluations.

A Numerical inputs

In this section we collect the numerical values of the input parameter used in this work.
Using the PDG value for the strong coupling

as(Mz) = 0.1181 £ 0.0011 (A.1)

we derive with Mz = 91.1876 £ 0.0021 GeV at NLO-QCD

ASLp = 228 + 14 MeV (A.2)
while PDG gives
ASep = 210+ 14 MeV (A.3)

using 4-loop running, 3-loop matching. We decided to use the latter value, the effects on
as(mp) are very small.

For quark masses we use the PDG values in the MSbar definition, except for the
b-quark, where we use a more conservative determination. The PDG value reads for
comparison

my(mp) = 4.18f8:8§ GeV (A.4)

The PDG value for m.(m,) correspond to me(ms) = 0.947514, which will be used? for the
analysis of the mixing quantities AI'; and agl.

% Actually z := m2(ms)/m2(ms) = 0.0505571 is used.
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Parameter Value Unit Ref. ‘ Parameter Value Unit Ref.
B- and light meson properties (cont.)
mp+ 5279.33(13) MeV [116] af 0.0 [160, 161]
mg, 5279.64(13) MeV [116] a3 0.1740.10 [161]
ma, 5366.88(17) MeV [116] af 0.0 [162]
Mgt 139.57061(24)  MeV [116] a 0.0 [162]
Mo 134.9770(5) MeV [116] ab 0.1+0.3 [20]
M+ 775.11 4 0.34 MeV [116] ah, 0.11 +0.05 (162, 163]
me, 782.65 + 0.12 MeV [116] a‘fH 0 [164]
Mpes 2010.26 +0.05  MeV [116] | a3, 0+0.1 [164]
Mo 497.6114+0.013  MeV [116] B3/B; 1.006 + 0.066
fBu 190.0 £ 1.3 MeV [165] B3, /B; 0.377 + 0.154
f5,B (0.0305 + 0.0011)  GeV? B}, /Bj 1.193 4 0.052
f3.Bi (0.0452 +0.0014)  GeV? B;, /Bi 0.318 4 0.118
fr 130.2+0.8 MeV [165] Bj,./Bi 0.389 4+ 0.130
fo 216 + 3 MeV  [107, 166] | By /Bf 1.130 £ 0.047
[ (1 GeV) 165+ 9 MeV  [162, 166
fu 195+ 3 MeV [167] BY/B¢ 0.928 4+ 0.072
fo- 223.5 +8.4 MeV [168] B}, /B 0.383 £ 0.156
FB=m(0) 0.261 = 0.023 (117, 169] | BY, /B 1.190 4 0.060
AJ7P(0) 0.36 + 0.04 [170] B} /Bt 0.323 +0.120
AE=P" 0.66 + 0.02 (171, 172] | B}, /By 0.395 4 0.132
Ag70(m2 ) 0.68 £ 0.07 (70 | By /Bf 1.190 + 0.060
AT (m2 ) 0.37 4 0.04 [170]
A0 (m2 ) 0.40 4 0.14 (170] | 7(BY) 1.509 £0.004  ps [111]
vy 0(m3,) 0.70 £ 0.06 [170] | (BY) 1.520 +£0.004  ps [111]
Ay, 500 MeV [20] I 8.49+0.08 MeV  [116]
g 400 + 150 MeV [107] r, 14954+ 1.3 MeV  [116]

Table 18. Values of the input parameters used for our numerical evaluations (cont.).

For the top quark pole mass we use the result obtained from cross-section measurements
given in [116]

mPee = 173.1 £ 0.9 GeV (A.5)
which is an average including measurements from D0, ATLAS and CMS.
Entering eq. (A.5) in the version 3 of the software RunDec [173] we obtain
iy () = 163.3 £ 0.9 GeV, (A.6)
and
my(My) = 172.6 + 1.0 GeV. (A.7)

We use the averages of the B mixing bag parameters obtained in [65] based on the
HQET sum rule calculations in [82, 90, 91, 174] and the corresponding lattice studies
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in [175-179]:

B (i) = 0.849 +0.023, B (1) = 0.835 £ 0.028,
Bj(u) = 0.835 +0.032, BY(u) = 0.791 £ 0.034,
Bi(u) = 0.854 +0.051, B(u) = 0.775 £ 0.054,
Bi() = 1.031 +0.035, BY(u) = 1.063 & 0.041,
B () = 0.959 +0.031, B(up) = 0.994 + 0.037,

at the scale pp = mp(my). For the first time we do not have to rely on vacuum inser-
tion approximation for the dimension seven operators, instead we can now use the values

obtained in [96, 179]

B} =0.32+0.13,
0
B}, =1.03140.035,
1
B1 =0.959 4+ 0.031,
Ry
B}, =0.27+0.10,
2
B%S =0.33+0.11. (A.8)
Note that our notation for the dimension seven Bag parameter B;I22 and B;]%?) corresponds to

the primed bag parameter of [96]. For the remaining two operators we are using equations
of motion [83]

q _ q
BPZ2 = —Bp,
7 2

For the determination of the uncertainties of the ratios of Bag parameter, we first sym-
metrized the errors of the individual bag parameter. Based on the updated value for the
bag parameter Bj given above and the lattice average (Ny =2+ 1+ 1) for /B, presented
in [165] — based on [92-95]

fB. = (230.3 +1.3) MeV,
f5, = (190.0 £ 1.3)MeV, (A.10)

we obtain after symmetrizing the uncertainties

f5.B; = (0.0452 £ 0.0014) GeV?,
f3,B{ = (0.0305 £ 0.0011) GeV?. (A.11)

Additionally, for the determination of the contributions of the double insertion of the
AB = 1 effective Hamiltonians to M{, we require the following Bag parameters at the
scale pe. = 1.5 GeV (see [82])

B{(1.5 GeV) = 0.91070033,  BS(15 GeV) = 0.92370032. (A.12)
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To calculate the CKM-elements in eq. (A.20) we require the renormalization group invariant
bag parameter Bf which in the MS-NDR scheme relates with Bj, via (see e.g. [66])

BS = ag () =10/ (250) [1 I azﬁf) (51702;35071” B (A13)
= (1) [1 + O‘Z(:) gi?ﬂ BS = 1.52734 BS, (A.14)

where we have used
Cp = Ngj\;c 1, (A.15)
Bo = HN%%” p1 = %Nf - %Ncnf — 2Cpny, (A.16)
’Yo=6NCN:1, = Nzc]\;cl (—21+]5\Z:—§)N0+§nf). (A.17)

Finally we take the lifetime bag parameter from the recent HQET sum rule evaluation

in [82] — here no corresponding up to date lattice evaluation exists
Bi(pp = my) = 1.028%5755, Ba( = my) = 0.988*557),
e1(p=mp) = —0.1070 0% ea(pu =myp) = —0.03370 021 (A.18)

Using CKMfitter-Live [153] online, we perform a fit to the CKM elements |Vis|, |Vl |Veb|
and the CKM angle v excluding in all the cases the direct determination of the CKM angle
~ itself. Our inputs coincide mostly with the CKMfitter-Summer 2018 analysis, however
in order to be consistent with our main study we modify the following entries my(m;),
Me(me), B and the ratios

N

BS
L — 0.987 & 0.008[91], I, _ 1.212 4+ 0.011. (A.19)
B{ fB.
Our results are
[Vis| = 0.22474670000028, V| = 0.00374145:000067
[Vip| = 0.04243 7000056 v = (65.1779:29)°, (A.20)
from which we obtain
v
‘W“b" = 0.08833 + 0.00218. (A.21)
cb

The full set of CKM matrix elements is then calculated under the assumption of the
unitarity of the 3 x 3 CKM matrix.
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B QCD-factorization formulas

B.1 Generic parameters

) = fi o) (22 ) % ) = — 2T
v v s(po)/ X my(p1)2mg (1)’
’]")’i(’u,): 2mp fp( )’ 7'5*( ) 2mD* fD*(lLL)7
my(p) o my(p) [
2m2 .GF T
rf(ﬂ) = K ’ Apr = ZﬁmQBF(FH (0) fr
(1) (mq (1) + (1))
G Bosr .GF B
Arp = _ZﬁmBFo 77(0) fps Apr = _ZﬁszAo 77(0) fr,
.GF 2 2B—
A :lfmA pO 5 B7'r7r_’L TS T
pp \/5 B0 ( )fp \ffof
Gr
Bﬂp:Bpﬂ':_Zﬁfoﬂ'fpa Bp_Z\[fopfpv
di},ﬂ'ﬂ'/ﬂ‘p _ Z,mr/ﬂ'p + r;(r/pO[}é,ﬂ'ﬂ/ﬂ'p7 di,pn _ ai,pﬂ . ,r;(roég,,mr7
B = ohg T el T &g = off™ — 170l
Following [19, 20] we take
2
mﬂ'
(D L —"

(2m% —m3)

. o _ K
which leads to the condition r7(u) = ryf (1)

B.1.1 Vertices for the B — ©w, pmw, wp, pp decays

1 11 21
Vi 410 = 121n% —~18 + [—2 — 3ir+ (2 - 3m> al — mag],

V67,r8 = —0,

my 1 ) 11 ‘ 21
‘/1’32?379 =V = 121n7 — 18+ [—2 — i + <2 - 3Z7T> al — %ag ,

Ve — Ve for B — 7t p~,
Ve — %TﬁVf for B — pp,

1
V=9 —6ir + (69 —i7r>a’2)7l,

1 21
= —121n% +6— [—2 — 3im — ( - 3m>a’1’ - ag} :

19
1/6978 =9 — 6 + (6 — iw)ag’r

Ve for B — 7t p,
V10 - Cr,.PY/P
VP —&rVy for B— pp.
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B.1.2 Vertices for the B — J/v¢¢ decay

, —18 — u.a h ) —

O I
S A
fi= /01 df@(/¢(£){1_§(§f_§) +(3 - 2€) ;i

* <_1 _355 i 2(11 9 - 52(?— g)]?) * 2 InfZ(]

- <3(1 —2) 425+ 1 _25(2152_ §)> X hi(i ;é)__gr}

o] et o B

- 457~W} (B.6)

gr = /01 dg@i’/q“(g){(l;)‘gg In¢ + (12(2156))21“(1 —2)

* ((1 ES R e A ;fl_z;g?) el

_i”(l_g(if_g)p}jL/(Jldf‘I’i/w(@{(l_g)“(ﬁl_@mg

Ta- Z;(l — %) Wﬂ} B
for , 2

P = W‘LZB‘I’ r=2. (m”;/m) . (B.8)

B.1.3 Penguin functions

To simplify the following equations we have denoted M = m, p when the corresponding
expressions apply to both 7 and p mesons. In addition we have used

Sp = <ZLL§)27 (B.9)

for p = u, ¢, although in practice we consider s,, = 0. Notice that in the following equations
the symbol “hat” does not denote an operator and is used to distinguish the different kind
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of functions under consideration.

p, M M _
P123—P123—0
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_P8p7 = 97TNC{ <N001 + CQ) |: 1117 + - 3 Gﬂ-(Sp):| —3076},
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for B — pp,

Crag 4. my 2 8 my 4
P _ _
Py I, {CQ[ In P + - 3 —Gy(s )] Jng[ In . + - 3 —G,(0) Gp(l)}
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For the calculation of P;'y’ above the symbol ¢, denotes
te = 4772(]% + fi)

Extra functions required for the evaluation of the penguin contributions

5 9 M M
GM(SC):g—*ln(SC)+7+7+ (8"‘90[1 "‘90[2 >SC

3 5
+2 (8 +63aM + 2140} )sc — 24 <9a1 + 800 )si
+ 2880a 8 — gm(Qarctanh\/m — iw) [1 + 25,
+6 (4 + 27 4 780 ) 52 — 36 (90/1‘/[ + 700! ) 53 4 43200 sﬂ
+ 1252 (2arctanhm — i7r>2 [1 +3af +6a)" — %(1 + 9af

+ 36&%”) sc+18 <oz{w + 10a§/l>s§ - 24004%453] ,

5 472 155 7001
Gu(l) = —6\/§7r+7r—< 36f7r+127r> M+(5

— 50437 + 1367 >a2 ,

(B.11)

GP(s¢) = 196 <1 — 3sc> g [ln(sc) - (1 — 4sc> i <2arctanm — m)} ., (B.12)
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B.1.4 Hard scattering functions for the B — &, pw, wp, pp decays

HIF 4 10(0) = i: (o]l of| 43071 — af + a5] X ).
Hgg(p) =0,
H;Z,lo(ﬂ) = i:i 1;%3 (9 {1 +al + aﬂ [1 +af + ag} —i—3r§(u) {1 —af
+ aé’} XH),
Hgg(p) = 0,
om BM mp

2400 = 4 o (9 [1 +al + aﬂ [1 +af + ag} +3r (1) [1 —af

+a3][301+af | +af )Xu — (6+9af , +11a5 1))
HE (i )= 0,

mpy

Hfg4910(ﬂ) A [)\B H <1+a§’+a§>2+9r§(u)<1—a1+a2)

<(xa-)]

HP(p) = ipp [W;?} [9(1 +af + a,g) (1 —al + ag) +9r8 (1)

x (1+af +af) (X1 —2))]. (B.14)

B.1.5 Hard scattering function for the B — J/v¥¢

For the amplitudes of the decay B — J/¢¢, the spectator interaction functions depend on
the polarization of the final states, for A = 0, = we have

I ¢pB _PpJ/Y L $%(q
Hi%axo:fog/wh/o " 1(5)/ % g(éS)/O PRC)

)

ho 3 ]
HJ/Wﬁ,i:QfoJ/:PftﬁmJ/\I!m(b/ dgq’B(ﬁ)/ dg‘l)J/\Ij(ﬁ)‘
139 mLhE(1—3)  Jo 3
Lo [edhm) | o7 (m)
dn — + — ,
0 n 41
s J h
HOM = —H] " (B.15)

The helicity functions in the denominators of egs. (B.15) are

R I 4mp?
h = 277{;: (mQB —miy — mé) (mB - m¢> AT y) — B Ay (m)

7 2m
+ B—o¢, 2 BPc B—d 2
h==mjyf1/4 [(mB + m¢) Ay (my ) £ mv - (mj/w)] , (B.16)
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with

(=3 ) ey (o~ 2[m+ 2]

= . B.1
P oy (B.17)

The form factors AE;¢(m3/w) and VB_>¢(m2J/w) used for the evaluation of the func-

tions h? and h* were calculated based on [169], the corresponding numerical values can be
found in appendix A.

The twist-3 distribution amplitudes of the ¢ meson in eqgs. (B.15) have been denoted
by @‘i’a(m) and @ﬁ’v (x), they are given explicitly by

¢¢)7a — 1_
$(a) = 6(1 ) ; >

4 %w;‘{’d)) } <5 20 - 1]2—1> +65+{3:ﬁ(1 )

+(1-2)In(l - 2) +mlnm}+65{(1 — ) In(l — ) — wlnz}],

o10) = 31 far— o Bl - e {3k 56 ofar -}
{ Hasofor ) sanfor ]}

+ Z(ﬂ{? +Inz +1In[l — x]}+;5{2[2x - 1}+ln(1 —x)— lnx}. (B.18)

1y 5 3
1+al [21‘ - 1} —|—{a2 + §<3<1 — e

3w¥ - w§4

For the rest of the LCD amplitudes of the vector mesons J/v¢ and ¢ in egs. (B.6), (B.7)
and (B.15) we use the leading term in the Gegenbauer expansion

¢V () = 6¢(1 —€). (B.19)

For different hadronic parameters required for the numerical evaluation of eq. (B.18)
we use [164]

(3=0023, wi=0, w¥y=37  §,=041, 5 =0. (B.20)

The divergences encountered when integrating the twist-3 distribution amplitudes in
egs. (B.15) are parameterized following the model in eq. (2.23).
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B.2 Annihilation coefficients

grMitte _ B pp iy

Anpv
C
M7 M- F i,M71 M.
pIi M2 N2C LA 1Mo
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M1 M: F i, M7y M.
pI M2 Nch 1Mo
C . .
M = S (O AT g (45NN g AL ) 4 N Co AL
2l
Crr . A
bZ»M1M2 _ FZ C4A%1,M1M2 + CGA;’Mle}
C
Crr . A
bg%}/Mz _ Nif; CgAzl,Mle +C7<A§’M1M2 +A§’M1M2>+N008A§’M1M2]
21
Crr . .
B = S5 [CroAb* Y2 4 oAy (B.21)
2L

B.3 Annihilation kernels

. , 2
AT~ AT & 2mas () [9 <XA — 4+ 7;) + r”r”XA}

AZ TP Alzpﬂ ~ 6ma, [3 <XA — 4+ ﬂ;) + rﬁr; <Xi — XA>]

AZ TP _ A%pﬂ ~ —Ail’””

Ag’” ~ 0

AL = AL Gra, [ 30 <X}g —2X4— 7;2 + 4) 1y <ij —2Xa+ WQH
AfﬂTP AfJTP A{,pﬂ _ Agm -0

AP~ 27T (2){31 _ XA>

AL ~ —6ma [3@r (QXA - 1) <XA — 2) +rf (2Xi - XA)]

AT — — AL~ o 306 (2Xa — 1) (2 - Xa) 7 (23 - Xa)|

AV = A5 ~ 18ma, KXA —4+ 7?) + ()% (Xa - 2?]

ALPP =0

AL~ 36t (2)(31 ~5X 4+ 2) (B.22)
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