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We critically review the assumption that no new physics is acting in tree-level B-meson decays
and study the consequences for the ultimate precision in the direct determination of the CKM angle
~. In our exploratory study we find that sizeable universal new physics contributions, AC 2, to
the tree-level Wilson coefficients C' 2 of the effective Hamiltonian describing weak decays of the b
quark are currently not excluded by experimental data. In particular we find that Im AC; and
Im AC5 can easily be of order +£10% without violating any constraints from data. Such a size of
new physics effects in Cy and C5 corresponds to an intrinsic uncertainty in the CKM angle v of
the order of |§v| & 4°, which is slightly below the current experimental precision. The accuracy in
the determination of v can be improved by putting stronger constraints on the tree-level Wilson
coefficients, in particular C;. To this end we suggest a more refined theoretical study as well as
a more precise measurements of the observables that currently provide the strongest bounds on
hypothetical new weak phases in C; and C>. We note that the semi-leptonic CP asymmetries seem

to have the best prospect for improving the bound on the weak phase in Cj.

I. INTRODUCTION

The standard model of particle physics (SM) seems to
be more successful than previously expected. With the
detection of the Higgs particle in 2012 its particle content
is finally complete. Up to now we have neither directly
detected new particles nor did we find significant new
physics effects in indirect searches. Nevertheless, many
of the motivations for new physics searches, like the origin
of the baryon asymmetry in the universe or the nature of
dark matter, remain unanswered within the SM. In addi-
tion, there are several hints for experimental deviations
from SM predictions, e.g. in the quark flavour sector.
(See for example [1, 2].) In order to draw any definite
conclusions from these arising hints for new physics, a
higher precision is mandatory both in experiment and
theory.

An important example for such a necessary improve-
ment in precision is the determination of the Cabibbo-
Kobayashi-Maskawa (CKM) angle v from B — DK de-
cays. The current experimental uncertainty from LHCb
is 10°, while the expected experimental accuracy at
Belle IT and LHCb (after the next LHC run) is only 1°
[3, 4]. In the SM this angle can be determined essentially
without any hadronic uncertainties [5]. The remaining
relative theoretical uncertainty is of the order of 10~
[6].

An crucial assumption in this analysis is the absence of
weak phases other than the CKM angle vin B — DK de-
cays. This assumption is correct within the SM but could
be spoiled by the existence of new physics. In view of the
expected experimental accuracy on v one should wonder
to what extent this assumption is backed up by exper-
imental data. While many different corrections to this

assumption have been studied in the literature (see the
discussion in Section III), the absence of new-physics con-
tributions to the tree-level Wilson coefficients of the SM
current-current operators has, to our knowledge, hith-
erto not been questioned in this context. In this article
we investigate the experimental bounds on new physics
contributions to these Wilson coefficient by extending the
set of observables considered in [7, 8]. Assuming that the
new-physics effects are flavor universal we find that, from
a purely phenomenological viewpoint, we cannot exclude
shifts in v of the order of +4°. Such shifts are clearly not
negligible in view of the expected sensitivity. Hence, the
statement that the extraction of v from tree-level decays
corresponds to a pure SM value should be taken with
care.

This article is organised as follows. First we collect all
bounds on the Wilson coefficients of the current-current
operators, and investigate the implication for the extrac-
tion of 7. Finally we summarise our findings and we also
point out some strategies on how to improve the bounds
on new physics effects in tree-level decays.

II. NEW PHYSICS IN TREE-LEVEL DECAYS

We consider the following effective Hamiltonian for
non-leptonic b-quark decays of the form b — wujusdy,
where u; 2 are up-type quarks and d; is a down-type
quark:
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where Q"2% and Q3“2™ are the tree-level operators
which are already present in the SM,

Qe = (a§bP)y _a(diug)v_a
QErh = (@b )y a(dful)y—a - (2)

We decompose the Wilson coefficients as
0172 = 01871\2/1 + ACL2 ) (3)

where CTY' denote the SM values of the Wilson coeffi-
cients C1 and Cy and AC, o are the shifts due to new
physics.

Let us motivate this particular ansatz for the new
physics. The conventional line of reasoning is that loop-
induced operators are more sensitive to new physics
than tree-level operators. As a result most “model-
independent” studies focus on the loop-induced opera-
tors and neglect new physics contributions to the tree-
level operators. However, there is no physical principle
which forbids new physics to affect the the tree-level op-
erators. We therefore take the opposite approach and
modify the tree-level Wilson coeflicients whilst leaving
the loop-induced coefficients unaltered. A truely model-
independent analysis would have to allow for new physics
in all operators. This would result in more than 100 com-
plex free parameters and is clearly beyond the scope of
this paper. However, note that in a frequentist analysis
the allowed range of any given parameter (determined
from the profile likelihood) can only increase when more
free parameters are included in the analysis. Thus our
approach is perfectly suitable for determining a model-
independent lower bound on the amount of new physics
allowed in C7 and Cs.

Of course one might ask if there is any field-theoretical
model which leads to sizeable modifications in Cy and
C5 and is not yet ruled out due to its contributions to
the loop-induced Wilson coefficients. Although we do
not attempt to construct such a model here, the exis-
tence of such models seems very plausible. Simply imag-
ine some kind of new physics which modifies the bulW
and bcW couplings but leaves the btW vertex unaltered.
This could, for example, happen vector-quark models
which lead to a non-unitary CKM matrix. In the SM
the loop-induced Wilson coefficients for AB = 1 and
AB = 2 transitions are dominated by loops involving
the top quark. These Wilson coefficients would therefore
receive only negligible new physics contributions. To con-
strain such models knowledge of the empirical constraints
on the Wilson coefficients C; and C5 is mandatory.

The effect of new physics contributions to the Wilson
coefficients C7 and C5 on the decay rate difference of the
neutral By meson system, Al'y have already been inves-
tigated in [7] (without the assumption of flavour univer-
sality). Here we extend this analysis by including more
b-decay channels and thus more observables. In [8] new
physics contributions to the tree-level part of the b — uuis
decay were considered as solution to the “AAgp puzzle”
in B — K decays. We will not consider the observables
from [8], because they are very sensitive to penguin con-
tributions, and we concentrate on tree-dominated decays

in this paper. Moreover, our final conclusion would not
change with the inclusion of the B — K7 observables.

The following observables are taken over directly
from [7]:

e The b — cud-transition is constrained by B — D7
and B — D™Oh0 decays. For the corresponding
theory expressions QCD factorisation [10] is used.

e The rare decay b — dy gives the strongest bound
on the b — ced-transition, where we use the theo-
retical formulae from [11] and [12]. This decay gets
also restrictions [7] from the direct measurement of
the CKM angle 8 in the decay B — J/¢¥Kg and
the semi-leptonic asymmetry agl described in more
detail below.

e QCD factorisation [13] is used again to constrain
the b — wud-channel with B — 7w, pm, pp-decays.
As in [7] for the B — 7 transition two observ-
ables are considered: the indirect CP asymmetry
S+ and the ratio of hadronic and differential semi-
leptonic decay rate R,—ro.

For these observables we use the same formalism and the
same experimental data as described in [7] and we refer
the interested reader to this paper for details. Next we
extend some of the formulae used already in [7].

e The total lifetime of b-hadrons can be compared
with the experimental measurements. We use the
following expression that shows the explicit depen-
dence on the Wilson coefficients, see e.g. [14]:

Tiot . 3|Cl|2 + 3|02|2 + QRG[CTC’Q]
M 3|CPM|2 + 3|C5M|2 + 2Re[CSMCSM]

(4)

For T'8M we take the result from [15] that includes
ag-corrections and terms that are sub-leading in
the heavy-quark expansion; the experimental value
is taken from [16]: TSM = (3.6 £ 0.8) - 10713 GeV
and Tyop = (4.20 £0.02) - 10713 GeV.

e For the channel b — ccs we take constraints from
the branching ratio B(B — X,) into account. The
bounds for this observable were calculated using the
NLO expressions given in [17] as well as the NNLO
SM value quoted in [18], the experimental result
considered was obtained from [16].

Additional bounds on C; and Cs5 can be obtained from
the decay rate difference of the neutral Bs-mesons, ATy,
and the semi-leptonic CP asymmetries, a3;. These ob-
servables have not been considered in [7]; they can be
extracted for both neutral B-meson systems from the

theory expression for I'{y/M{,:
]_'\q
—Re < 12 ) . (5)
M,

9 AT

q =1 12 a _
R <M32> LA,

Using the results from [19-21] we find for the explicit

dependence on the NP contributions ACy and AC5:




o/ My

=1-(0.23 — 0.047i) - ACy + (0.76 4 0.257) - ACT + (1.91 — 0.0029i) - AC,

+ (0.084 4 0.147) - ACy - ACy + (0.93 +0.0072i) - AC3 (6)

FfQ/MfQ
s,SM s,SM
F12 /M12

=1— (0.24 4 0.022i) - ACy + (0.68 — 0.012i) - AC? + (1.90 + 0.00013) - AC,

+ (0.034 — 0.00687) - ACy - ACs + (0.93 — 0.00035¢) - ACZ . (7)

We now express the semi-leptonic asymmetry and the
decay rate difference in terms of these ratios as

SM
ql—1m< /M, T ) -
sl — SM SM SM |
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The SM prediction for 'Y, /M, is given in [22] and reads

a

Fd,SM
% = —0.0050 — 0.00045: ,
M12
FS,SM

25 = —0.0050 4 0.000021i . (10)
My

The experimental value for AT is taken from [23], for
the semi-leptonic asymmetries we take the naive average
of the values in [24-29], and for the mass difference we
use the HFAG average [16]. We find

ad = (+2.242.2) 1073,
AT, = 0.0805 + 0.0091 + 0.0032ps™* ,
af = (—4.8£4.8)-107?,
AM, = 17.761 £+ 0.022ps ™" . (11)

We do not use Al'y since there are currently only loose
experimental bounds available. To obtain the constraints
on new-physics contributions to C; and Cy we perform a
parameter scan for all the observables described above,
combining all errors in quadrature. In Fig. 1 and Fig. 2
we show the regions allowed by each observable at 90%
CL; for clarity we restrict ourselves to the observables
that lead to the strongest bounds. Moreover, we did not
consider possible cancellations among the new contribu-
tions to Cy and Cb, i.e. when investigating the bounds
on ACi(Myw), we set AC2(Mw) = 0 and vice versa.

We read from the plot the following ranges as rough
estimates for possible new-physics contributions to the
current-current operators:

Im AC) € [—0.56; +0.13]
Im AC, € [-0.17;40.10] , (12)
Re AC, € [-0.17;+0.12] ,
Re AC; € [-0.06;40.02] . (13)

More quantitative statements will be obtained in [9].
Note that the bounds obtained in [8] from B — K®)x/p
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FIG. 1. Constraints on AC4, the new-physics contribution
to the tree-level Wilson coefficient Cy, at the scale uw =
My . The red region is associated with constraints from the
B — D decay channel, the green and blue rings with the
transitions B — pp and the observable R - o calculated from
the decay B — 7, respectively. The brown sections are
related to the decays B° — D™, and the blue circle to the
total lifetime of b-hadrons. Finally, the region allowed by the
semi-leptonic asymmetry a?, is contained within the orange
boundaries.

observables would slightly shrink the regions given in
Eq. (12) and Eq. (13), but this does not change our main
conclusion: that new physics effects in Im C1, Re C1, and
Im C5 can easily be of order 10%.

III. PRECISION IN ~

We will now study the implications of our findings for
the expected precision of the extraction of the CKM
angle v from tree-level decays. It is defined by ~ =
arg(—V, V. /V.,V5) and can be determined from B —
DK*® decays that receive contributions only from tree-
level operators [5]. The fact that all relevant hadronic
matrix elements can be obtained from data and the ab-
sence of penguin contributions leads to the exceptional
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FIG. 2. Constraints on AC, the new-physics contribution to
the tree-level Wilson coefficient Cs, at the scale uw = Mw.
The red and purple rings enclose the bounds from the decays
B — Dmand B — X7, respectively. The orange star-shaped
region is related to the semi-leptonic asymmetry a‘sil. The
constraint from B — 7 comes from the observable S, and
is visualised by the green sections.

theoretical cleanness of this determination. The sensi-
tivity to the angle « arises via the interference between
the b — cus and the b — wucs decay amplitudes. De-
noting the B~ — DK -amplitude by A€t and the
B~ — DK -amplitude by Ase?®2=7)  where we have
made the dependence on the CKM angle « explicit, we
get

AB™ = fpK™) = A [14+rpe 0] | (14)
ABY = fpK*) = Are™ [1 4 rpe'@ 0] (15)

with rg = As/A; and the difference of the strong phases
0 = 02 — 01. The interference of the two decay modes
is achieved via common final states fp of the decaying
DY and D mesons. Different methods to extract v have
been devised, conventionally distinguished according to
the different D decay modes. In the GLW method [30, 31]
one uses D decays into CP eigenstates. In the ADS
method [32, 33] a combination of Cabibbo-favoured and
doubly Cabibbo-suppressed D-decays is chosen such that
interference effects are maximised. Finally, in the GGSZ
method [34] three-body D decays are studied with a
Dalitz-plot analysis. Subsequently, further methods were
studied, see e.g. the review in [35]. The angle -y has been
measured by BaBar [36] and Belle [37, 38]. Currently the
best experimental precision is achieved by the LHCD col-
laboration which quotes v = (7313))° [39] for their “ro-
bust” combination which includes only B — DK modes.

However, the B — D modes where the smaller interfer-
ence term is compensated by larger branching ratios also
start to play a role in the extraction of « [39].
Theoretical corrections to the extraction of v were in-
vestigated extensively in the literature. The effects of
D — D mixing and of CP violation in D and also K de-
cays (for final states with neutral kaons) have been stud-
ied in [40-46]. These effects lead to shifts in 7 of at most
a few degrees and can be taken into account exactly by
a suitable modification of the expressions for the ampli-
tudes. The shifts can be larger in the B — Dm modes.
The irreducible theoretical uncertainty is due to higher-
order electroweak corrections and has been found to be
negligible for the extraction of v using the B — DK
modes [6]. It is expected to be tiny also in the B — D
case [47]. Given the expected sensitivity of order 1° at
LHCb [3] and Belle II [4] we now address the following
question: How large of a shift in v due to new-physics
contributions in tree-level decays is still allowed by data?
In order to compute the shift in v induced by AC; and
AC5 we start from the effective Hamiltonians for b — cus
and b — ucs decays. We will consider the two amplitudes

A(B™ = D°K™) = (DK~ |H*|B™)
A(B~ = D°K™) = (D°K~|HI$|B™) .  (16)
The CKM angle v can be extracted from the ratio of
these two amplitudes via
A(B~ — D°K™)

i(6p—") _
B¢ A(B- — DVK-) -

(17)

Inserting the expressions for the effective Hamiltonian (1)
we get

rpet®s=7) =

VsV (D°K~1Q5°°|B™) [02 + TA’Cl]
VeoViis (DYK~|Q5%°|B~) [ C2 +1raChy

(18)
where we defined the additional amplitude ratios

(D°K-|QF*|B")
(DO~ Q5[

. <DOK—|Q§US|B—> .
(D°K~1Q5*|B~)
(19)

rAr =

Note that here the Wilson coefficients should be evalu-
ated at the scale up ~ myp; we assume this convention
throughout the current section. The estimates given in
Eq. (12) and (13) correspond to the following ranges at
scale uyp, obtained using RG running at LO:

Im AC) € [~0.62;40.14] ,

Im AC; € [-0.19;40.11] (20)
Re AC; € [-0.19;40.13] ,
Re AC; € [-0.066; +0.022] , (21)

New physics effects in C7 and Cs then modify the ratio
rpe’®2=7) as



rget@s=" s poeilds=7) .

Cy+ ACy +14.(Cy + ACYH)

Cy+1rsCy

Cy +1raCh

Thus any new complex contribution to C; and/or Cy will
introduce a shift in v. Using that |C;/Cs| = 0.22 at the
scale my, and that also |AC,/Cs| and |[ACs/Cs| are small
(see Sec. IT) we can further simplify the above relation
by expanding in these small ratios:

ACy
Co

rpetOr=) 5 rpetOs=N |1 4 (ra —74) , (23)

which depends now only on the modification of the Wil-
son coefficient AC;. This modification leads then to a
modified value of

ImACl
Cy

Yo y+toy=y+(ra—ra) (24)

Here the dominant dependence of the shift in v on ImAC,
can be nicely seen; for numerical evaluations we recom-
mend, however, to use the exact expression in Eq.(22).
In order to relate the bounds in Eq. (20) and (21) to
the shift in v we need to estimate the ratios of ma-
trix elements (19). Naive colour counting and neglect-
ing the annihilation topology in 74/ gives r4 &~ O(1) and
rar = O(N,), where N, = 3 is the number of colours. On
the other hand, naive factorisation yields

_ [oFE7R(0)

TR0 04, (25)

rA

whereas including the annihilation topology would reduce
r4s. There are certainly large uncertainties on these es-
timates, but it seems very unlikely that the two ratios
cancel accidentally. As a conservative estimate we will
take 74 — 4 & —0.6. Having InAC4(m;) of order 0.1
we get §v of order F4°, with large uncertainties due to
the hadronic matrix elements.

IV. CONCLUSION AND OUTLOOK

We have investigated constraints on new physics con-
tributions to the tree-level Wilson coefficients Cy and Cs,
arising from a set of observables in the B-meson sector.
We find that sizeable deviations from the SM are still
possible. Specifically, we find that the allowed ranges
of ReAC:, ImAC, and ImAC5 are of the order of 10%,
whereas the allowed range for ReAC, is slightly smaller.
A new-physics contribution to the imaginary parts of C
and Cs plays a particularly important role in view of the
precise determination of the CKM angle « from tree-level
decays. The possible presence of a new weak phase in Cy
and C introduces an uncertainty into the extraction of
v, the latter essentially being defined as the phase of the
CKM element V. The ranges given in Eq. (12) and (13)

Cy + ACy +’I"A(Cl + ACl)

(

induce an uncertainty of |6y| &~ 4° which is not negligi-
ble in view of the expected sensitivity of 1° at LHCb
and Belle II. To reduce this uncertainty the bounds on
AC; and AC5 should be improved. For instance, the
bound on AC; depends sensitively on the semi-leptonic
asymmetry a4. For instance, assuming a decrease of the
experimental error for agl by 20% would cut out most of
the allowed region for the imaginary part of AC] given in
Fig. 1. Moreover, further improvements (both in experi-
ment and theory) in the observables Rp,, R,,, Rr and
Sph, as well as an improvement in the theory expression
for the total life time — e.g. NNLO QCD corrections to
the inclusive non-leptonic decay rates — would also reduce
the allowed parameter ranges for new physics effects in
tree-level decays. We have also seen that the effect of
new weak phases in C7 and Cs on the determination of
~ depends sensitively on two ratios of hadronic matrix
elements which are hard to evaluate numerically, and it
would be worthwhile to go beyond our very naive esti-
mates. Finally, it is worth noting that, conversely, given
an independent measurement of v, the CP asymmetries
in B — DK decays might yield the strongest bounds on
new weak phases in the current-current sector. In this
letter we have attempted only a rough estimate of the
new physics contribution to the tree-level Wilson coeffi-
cients; our main conclusion is that sizable effect cannot
be excluded from the viewpoint of data. Our analysis
can be improved in many ways. First of all, the combi-
nation of the different observables was done at the level
of a simple parameter scan, i.e. by computing the 90%
CL region for each observable separately and intersecting
these regions. Statistical and systematic errors for each
observable were combined in quadrature. For a complete
(frequentist) statistical analysis all observables have to
be combined in a single likelihood function and system-
atic errors have to be treated within the Rfit scheme [48].
The combination into a single likelihood function neces-
sarily reduces the allowed region, but the treatment of
systematic errors in the Rfit scheme typically overcom-
pensates this effect. In any case, these modifications do
not change the result by orders of magnitude and will
therefore have no impact on the main message of this
paper that new-physics effects in C and C5 of the order
of 10% are not in contradiction to data. We postpone a
systematic fit to a future publication [9] where we will
also investigate flavour specific bounds. More generally,
an advanced study should also allow for new physics con-
tributions to operators other than exclusively ()1 and Q5.
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