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1 Introduction

The experimental measurements of the like-sign dimuon asymmetry by the D@ collabora-
tion in 2010 and 2011 [1-3] triggered much interest in the flavour-physics community. If
the value of the measured asymmetry Acp is interpreted solely as a CP-violating effect in
mixing of neutral By, mesons (afl’s),

Acp x AY = Cyal) + Csaly, (1.1)

S

then using Cy ~ 0.59 and Cs ~ 0.41 the experimental number from 2011 [3] deviates
by 3.90 from the latest Standard Model (SM) prediction [4]. One finds, however, that
new-physics contributions in AB = 2 transitions alone cannot explain the large central
value of the like-sign dimuon asymmetry, since such a large enhancement would violate
model-independent bounds (see e.g. [5, 6]).

In [7] the interpretation of the like-sign dimuon asymmetry within the SM was revis-
ited. It was found that (1.1) should be modified to take into account previously neglected



contributions proportional to the decay rate differences Al'y and AI';. These arise from
interference of B-meson decays with and without mixing. The modified result reads

ATy AT,
—+Cp, —.
Fd * Fs Fs

Acp o A% + Cr, (1.2)
Numerical values for the coefficients Cr, and Cr, can be extracted from [7] and [8] . The
sign of Cr, is such that a positive value of AI'; gives a negative contribution to Acp and
Cr, turns out to be negligible. It follows that the measured like-sign dimuon asymmetry
. . . . . . ds .
is not simply proportional to the semi-leptonic asymmetries a;°, as assumed in [1-3].
Very recently the DO collaboration presented a new measurement [8] of the coefficients
Cq, Cs and Cr, (Cr, was neglected) and more importantly of the inclusive single-muon

charge asymmetry acp and the asymmetry Agp. The result is
acp = (—0.032 £ 0.042 + 0.061)%, Acp = (—0.235 4+ 0.064 £+ 0.055)% . (1.3)

If one uses (1.2) as a starting point and assumes the SM value for AI';/T'y, then the new
measurement can be used to extract the following result for CP violation in mixing

Ab, = (—0.496 + 0.153 + 0.072) % , (1.4)

which differs by 2.8 from the SM prediction [4]. The result in (1.4) is considerably smaller
than the value A% = (—0.787 £ 0.172 £ 0.093)% presented in 2011 [3]. The reason for the
noticeable shift of the central value in A? is that in [3] (as well as in all other previous
experimental and theoretical analyses) the contribution proportional to ATy in (1.2) was
neglected.

Stronger statements can be obtained from the data in [8], if different regions for the
muon impact parameter (denoted by the index i) are investigated separately instead of
averaging over them, as done to get the values in (1.3). It is then possible to extract

individual values for agl, a3, and AT'y from the measurements of the aiCP and AiCP. One
finds [8]

AT
ab = (—0.624+0.43)%, a’ = (—0.82+0.99)%, F—d = (050 £1.38)%.  (1.5)

d
The result differs from the combined SM expectation for the three observables by 3.00. If
one instead assumes that the semi-leptonic asymmetries agl and a; are given by their SM

values, then the decay rate difference AI'j measured by [8] using (1.2) is

Alq = (2.63+0.66)% , (1.6)
Lyq
which differs by 3.3¢ from the SM prediction.

All in all, the new D@ measurements still differ from SM expectations at the level
of 30 and part of this tension could be related to an anomalous enhancement of the decay
rate difference AI'y. This raises the question to what extent AI'y can be enhanced by
beyond the SM effects, without violating other experimental constraints. In fact, this

is an interesting question in its own right. While potential new-physics contributions to



the related quantity ATy have been studied in detail (see e.g. [9-18]) and turned out to
be strongly constrained by different flavour observables — at most enhancements of 35%
are allowed experimentally — possible new-physics effects in AI'y have received much less
attention. An exception is the article [19] which emphasises that a precision measurement
of AI'y would provide an interesting window to new physics.

The main goal of this paper is to close the aforementioned gap by performing model-
independent studies of two types of new-physics contributions to AI'y that could in principle
be large. As a first possibility we consider new-physics contributions due to current-current
operators (dp)(p'b) with p,p’ = u, ¢, allowing for flavour-dependent and complex Wilson
coefficients. We study carefully the experimental constraints on each of the coefficients that
arise from hadronic two-body decays such as B — 7w, pw, pp, D*x, the inclusive B — Xy
decay and the dimension-eight contributions to sin (23) [20] as extracted from B — J/¢¥Kg.
Our analysis shows that large deviations in Al'y and agl are currently not ruled out, if they
are associated to the current-current operator involving two charm quarks. We emphasise
that our general model-independent framework covers the case of violations of the unitarity
of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. As a second possibility we analyse the
constraints on new-physics contributions from operators of the form (db)(77). We show
that since the existing constraints imposed by tree-level and loop-level mediated B-meson
decays such as B — 777~ and BT — 7T put ™ are quite loose, sizable modifications of ATy
and agl are possible also in this case, in particular if they arise from vector operators. From
a purely phenomenological point of view it thus seems much easier to postulate absorptive
new physics in the Bg-meson system rather than in the Bs-meson system.

Our paper is organised as follows. In section 2 we briefly set our notation and collect
the experimental values and SM predictions for the mixing quantities. In section 3 we
illustrate the principal differences between AT’y and AT's. We turn to the aforementioned
model-independent new-physics studies in sections 4 and 5, while section 6 contains our
conclusions. In appendix A we give the SM result for Al'y, including a detailed breakdown
of theoretical uncertainties. The input values employed in our numerical calculations are
summarised in appendix B.

2 Mixing formalism

Mixing phenomena in the Bj-meson system, with ¢ = d, s, are related to the off-diagonal
elements of the complex mass matrix M{, and decay rate matrix I'!,. We choose the three

physical mixing observables as the mass difference AM,, the width difference AI'; and the

q

flavour specific (or semi-leptonic) CP asymmetries a,.

The general expressions of these
observables are

T4
AM, =2|ML)| , AT, = 2|I'],| cos ¢, al, = |2

= i 2.1
L= 3 e @)

with the mixing phase ¢, = arg(—M},/T'{,). The above equations are valid up to correc-
tions of O(1/8|1'y/M{,|? sin? ¢,), which is smaller than 10~7 in the SM for the B,-meson
systems [4].



To study new-physics effects it is convenient to parameterise the general expressions
for the mixing matrices in such a way that the SM contributions are factored out. We
employ the notation introduced in [21, 22] and write

M, = MféSM Ag, Ag = [Aq] ¢%s ) (2.2)
Iy = F%SM Aq ) Aq = |Aq’ eI '
The observables are then modified with respect to their SM predictions according to
AM, = |A,, AT, = |A,] M’ ay _ |Aq’ ?inqjq 7 (2.3)
AMM AM cos p3M a% SM A, sin gPM
where the mixing phase is given by
I A e (2.4)

We now compare the SM results with the experimental measurements, contrasting the
situations in the Bg-meson and Bs-meson systems. For this purpose we have collected the
SM results of the mixing observables and the corresponding experimental measurements
in table 1. Concerning AM,, the central values agree very nicely, but the experimental
errors are much smaller than the theoretical ones, which are dominated by hadronic uncer-
tainties. The experimental numbers are the current world averages obtained by the HFAG
collaboration [23] and incorporate various measurements performed at experiments from
ALEPH to LHCb that are all consistent with each other.

In the case of the width difference, the SM prediction of Al'y agrees quite well with
experimental world average [23] that combines measurements from LHCb [30], ATLAS [31],
CDF [32] and D@ [33]. The very good agreement between theory and experiment shows
that the Heavy Quark Expansion (HQE) used to calculate AT’y works to an accuracy of
O(25%) or better. The SM prediction for AT'y itself was not explicitly given in [4] but can
be extracted from the numerical code used in that work. For this reason, we give a short
description of the components that go into it and also a detailed analysis of different sources
of uncertainties in appendix A. While the theory treatment of AI'; is in complete analogy to
AT, experimental measurements are much more challenging due to its small size, which
follows from the hierarchy of the CKM matrix elements involved. The bounds on Al
given in table 1 stem from the latest HFAG average and two more recent investigations
from DO [8] and LHCD [24]. The measurements of AI'y are still subject to large errors and
significant deviations from the SM calculation are not yet ruled out. We return to this in
a moment.

The experimental situation for the semi-leptonic CP asymmetries is more complicated,
because the current HFAG values o, = (7£27)-107% and a?, = (—1714£55)-10~* [23] are
based on the traditional interpretation (1.1) of the dimuon asymmetry through CP violation
in mixing alone, whereas the correct interpretation seems to be the one given in (1.2). We
therefore quote in table 1 separately the direct measurements in semi-leptonic decays from
BaBar [25], DO [26, 27] and LHCb [28]. These results for semi-leptonic CP asymmetries are
now complemented by values based on the interpretation (1.2) of the dimuon asymmetry



’ Quantity ‘ qg=d q==s:s ‘

AM, SM | 0.543+0.091 [4] 17.342.6 [4]
[ps~']  exp.| 0.507 =+ 0.004 23]  HFAG| 17.69+0.08 [23] HFAG
AT, /T, SM | 0.4240.08 [4] —
(%]  exp.| 15+18 23]  HFAG —
(%) 0.5+ 1.38 8] DO —
(%] —4.4+27 [24]  LHCb —
AT, SM |0.0029 4 0.0007 see (A.2) 0.087 £0.021  [4]
[ps™!]  exp.|0.0059 £ 0.0079 [8, 23] 0.081+0.011  [23] HFAG
aly  SM | —41+06 [4] 0.19 +0.03 (4]
[107Y] exp.| 6+1775% [25]  BaBar| —6+50+36 [28] LHCb
68 + 45+ 14 26] DO | —112+74+17 [27] DO
¢y SM | —0.085 4 0.025 (4] 0.0042 4 0.0013  [4]
exp. — [~1.04,40.96] * [28] LHCbH
— [-1.34,—0.58] ¥ [27] DQ
B, =28, SM | 0.44619:916 [29] —0.03676 000131 [29]
exp. | 0.374+0.014 [23]  HFAG 0.04701% [23] HFAG
— 0.01 +0.07 +0.01 [30] LHCb

Table 1. Collection of SM predictions and measurements (exp.) of B,-meson mixing observables
for ¢ = d,s. *)As obtained from the combination of measurements of AM,, ATy and a%; in the
table. See text for more details.

given in (1.5). Obviously, the experimental measurements of the semi-leptonic asymmetries
do little to restrict possible new-physics contributions.

Alternatively, one might also compare the SM predictions for the mixing phases with
experimental constraints via the relation ¢, = tan™! (azl AM,/ AI‘Q). Because of the large
uncertainty in Al'y, the experimental numbers do not provide any stringent constraint on
¢4 at present.! For the phase ¢s the 68% confidence level (CL) ranges are given in table 1.

In addition to the three mixing observables AM, AT’y and al;, the phase of MY, affects
time-dependent CP asymmetries of neutral Bg-meson decays. Neglecting CP violation in
mixing and corrections of O(|T'Y,/M{,|?), the interference between mixing and decay,

o~
~

Br (By(t) = f) = Br(By(t) = f)
Br (By(t) = f) + Br(By(t) = f)

= Sysin (AM,t) — Cycos (AM,t) , (2.5)

gives rise to the direct and the mixing-induced CP asymmetries C'y and Sy, respectively.

MIf one takes the 68% CL range of the D@ value for the semi-leptonic asymmetry, then small negative
values of ¢4 are excluded.



Within these approximations, especially Sy is sensitive to the new physics phase ¢qA of MY,

21 [t (ore(ViV) +63) |

1+ |py|?

Sy = , (2.6)
where ps = A/ Af and As (Ay) is the hadronic amplitude of the B, (B,)-meson decay.
In cases where the hadronic amplitude is dominated by a single weak phase, such as in the
SM, Sy can be cleanly related to the corresponding CKM parameters. This is for instance
the case for decays which are dominated by the tree b — cés transition or the gluonic
penguin b — ¢gs (¢ = u,d, s) transitions.

The two well-known examples of b — cés mediated tree decays are By — J/¢YKg
and Bs — J/1¢, both of which measure the relative phase between the hadronic decay
amplitude and M7,. In this case one has

Sy = —sin (+28] ) = —sin (£28, + 55 + o5& NT 4 g (2.7)

with + for ¢ = d and — for ¢ = s. The dominant SM amplitude contributes 5, = 8 =
arg (=V; V., /ViV,,) and B = arg (—=V;;V,,/V;V.,), respectively. New-physics effects can
change either the phase <Z>qA of MY, (see (2.2)), whose contribution is denoted by 5qu the
phase of Ay or both. The new-physics contributions to the hadronic decay amplitude can be

further subdivided into the ones from penguin contributions &, NP

and the new-physics
phase (52‘”58 appearing in the b — ccs tree-level amplitude. The SM penguin contributions
are expected to be quite small (see e.g. [34]). This general parametrisation implies that
the 52 are actually dependent on both weak and strong phases specific to the final state f.
In the current work we are only interested in new physics that does not introduce visible
effects in the penguin sector and furthermore consider only interactions that affect the
b — ced tree-level decay, but not b — cés. In consequence, we set dy & NP and 53_”55 to
zero in (2.7).

The lesson to learn from the above comparisons is that with the exception of AMy, the
mixing observables in the Bg-meson system are rather loosely constrained experimentally.
There is thus in principle plenty of room for beyond the SM contributions to AI'y and
a), which depend besides M, also strongly on the non-standard effects in I'{,. Within
the SM, F‘liQ is determined by AB = 1 operators of dimension six, predominantly those
arising from tree-level W-boson exchange b — f; fod with f; = u, c. Beyond the SM, other
contributions are conceivable, however the masses of f; should allow for the formation of
intermediate on-shell states in order to affect I'Yy. Below we will study constraints on such
absorptive contributions within a model-independent, effective field theory framework for
the two cases f; = u,c and f1 = fo = 7.

A further important point to keep in mind is that T'{, is related to a product of two
AB =1 operators, while Mld2 is determined from AB = 2 operators that are obtained by
integrating out high-virtuality particles. In the effective field theory approach the two types
of operators are independent of one another. Motivated by this observation we will study
the case where new physics manifests itself to first approximation only in terms of AB =1
interactions of the form b — f; fod, which change T'¢, (i.e. Ay # 1), while the leading



dimension-six AB = 2 operators are assumed to remain SM-like. In this way we can get
an idea of how large the maximum effects in F‘liQ can be. Of course, in explicit new-physics
models the Wilson coefficients of both types of operators will generically be modified, which
can lead to correlated effects in M{, and T',, thereby reducing the possible shifts in T'J,.
Studying such correlations requires to specify a concrete model, which goes beyond the
scope of this work. However, even in our approach, the dimension-six AB = 1 operators
give rise to dimension-eight AB = 2 operators due to operator mixing, and consequently,
induce also new-physics contributions to M, (i.e. A, # 1). We will study these effects in
section 4 and show that they are phenomenologically harmless for the effective interactions
considered in our analysis.

3 Comparison of AI'y and AT,

The first important observation is that AL’y is triggered by the CKM-suppressed decay
b — ccd, whose inclusive branching ratios reads (1.31 + 0.07)% (based on the numerical
evaluation in [35]), while AI's receives the dominant contribution from the CKM-favoured
decay b — ccs, which has an inclusive branching ratio of (23.7 = 1.3)% [35]. This means
that a relative modification of I'(b — céd) by 100% shifts the total b-quark decay rate I'yt?
by around 1% only, while a 100% variation in I'(b — c¢s) results in an effect of roughly
25% in the same observable. Large enhancement of the b — céd decay rate can therefore
be hidden in the hadronic uncertainties of I'to¢, while this is not possible in the case of the
b — ccs decay rate.

Second, the CKM structure of 'Yy and T'§, are notably different within the SM. Sepa-
rating I'], into the individual contributions with only internal charm quarks (I'{5?) or up
quarks (I'{5’?) and one internal charm quark and one up quark (I'{5?), one can write the

SM contribution to I'{, as follows
M = — (AP T3 + 2 AN Dy + (M) Dy 3.1
12 == AT+ 2 XL TR + (A", (3.1)

with \j = VjrV,, and [4]

5% =1885ps™t,  Iw?=2072ps™, T =2252ps !, (3.2)

The results for the Fﬁ"gl’s coefficients relevant in the B,-meson system are obtained from the
latter numbers by a simple rescaling with the factor (fp,Mp,)?/(fp,Mp,)* = 1.48. Notice
that the three values in (3.2) are quite similar, which implies that phase-space effects are
not very pronounced.

*We do not distinguish here between the total B-meson decay rates T's,, I's, and I'g+ and the total
b-quark decay rate I'tot, because the measured differences are smaller than the current theoretical uncer-
tainites.



Combining the formulae (3.1) and (3.2), we obtain the following numerical expressions

T9M = —[(1.60 + 0.004) + (—0.50 + 1.373) + (—0.25 — 0.217)] - 103 ps~!
—[0.8541.16i] - 107 ps ™, (33

DM = —[(42.81 + 0.000) + (0.72 — 1.974) 4 (—0.02 — 0.023)] - 1073 ps~? '
—[43.51 — 1.98:] - 10 ps~'.

From the first line of the result for Flli’QSM, we see that in the Bg-meson system there is a
partial cancellation between the individual contributions, because the two relevant CKM
factors are of similar size in this case, i.e. [\¢| ~ |A\4| = O()\3) with A ~ 0.22 denoting the
Cabibbo angle. In the case of I'{,, on the other hand, the result is fully dominated by the
contribution due to I'(5%, since |A$] = O(N\?) while [A$| = O(A?). The observed partial
cancellation leads again to the feature that a modification in b — ccd will have a much
larger effect in I'Y,, compared to the effect of a similar modification in b — cés in I'{,. For
instance, a 100% shift in T'5” leads to an almost 300% modification of I'%,, while a 100%
change of I'[5* results in a 100% shift of ', only.

Another way of looking at the mixing systems is to investigate the ratio I'Y,/M{,.
Using the unitarity of the CKM matrix, i.e. AL + A + A\f = 0, we find the SM expression

i, A M2 -4
(Mq) = !(—51 +10) + 7 (10£2) + (/\q) (0.1610.03)] 1074, (3.4)
12/ sM t t

where the numerical coefficients are identical for the Bz-meson and Bs-meson system within
errors. The relevant CKM factors are A% /\¢ = —0.033 — 0.439i and A3 /\; = —0.008 +
0.0214. It follows that the real part of (I'{,/M{y)sm and thus (ATy/AM,)sm is dominated
by the first term in the square bracket of (3.4), which encodes the contribution to F‘f’QSM
involving charm quarks only. The situation is quite different for the imaginary parts of
(I'1,/Mi,)sm that arise from the second and third term and determine the size of aq’SM.
The fact that in the SM the semi-leptonic CP asymmetry in the By-meson sector is about 20
times larger than the one in the Bs-meson system and has opposite sign is hence a simple
consequence of Im (A%/ /\d) —20Im (A5 /Af).

The structure of T'Y; M and (I, /M{IQ)SM also allows one to draw some general conclu-
sions on how new physics can modify Al'y, and agl’s. Consider for instance the violation
of CKM unitarity A + M + A} = Al a property known from beyond the SM scenar-
ios (see e.g. [36-38]) in which heavy fermions mix with the SM quarks and/or new charged
gauge bosons mix with the W boson.® In such models the relation (3.4) would receive a

Ad 2
(1— §§M> —1] 1074, (3.5)
t

Given our imperfect knowledge of some of the elements of the CKM matrix, deviations of

shift that can be approximated by

Iy
A <> ~ (=51 =+ 10)
M,

the form Ay ~ Adiy = O(A?) are not excluded phenomenologically. From (3.5) we

3See also [39] for a recent discussion of a similar point.



then see that such a pattern of CKM unitarity violation can lead to a relative enhancement
of [T%,/M{,| by up to 300%, while in the case of [I'{y/Mj3,| the relative shifts can be 50%
at most. Depending on the phase of Al /A¢ the new contribution in (3.5) could hence
affect AT’y and agl in a significant way, while leaving AMy, AM,, Al'; and af; unchanged
within hadronic uncertainties. In fact, in the next two sections we will see that it is possible
to find certain effective interactions that support the general arguments presented above.

4 New physics in AT'y: current-current operators

In the following we derive model-independent bounds on the Wilson coefficients of so-called
current-current operators. We write the part of the effective weak Hamiltonian involving
these operators as

AGp
V2

t
qcurrent _
eff

S ViV > CP(m)Q +he., (4.1)

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

with G the Fermi constant. The current-current operators are then defined as
QY = (A" PLp”) (b7, PLb®) Q5 = (dv"Prp) (p'v.Prb) , (4.2)

where P;, = (1 — v5)/2 projects onto left-handed fields and «, 8 denote colour indices.

In the SM, the coefficients C*? " are real and depend neither on the quark content pp’
nor on whether the transition is b — s or b — d. On the other hand, a generic new-physics
model will give rise to different contributions to each non-leptonic decay channel and one
must consider carefully the constraints on the (complex) coefficients C*” / individually.
While some ingredients needed for such a study have been mentioned previously in the
literature, see for instance [11], it has yet to be carried out in any detail. The goal of this
section is to fill this gap by deriving bounds on the C/**, C/** and C{¢ coefficients, which
multiply the operators governing b — utid, b — ctid and b — céd transitions, respectively.
We structure this section by discussing the coefficients C‘fg in turn, examining not only
the constraints but also their implications for deviations in AT’y from the SM expectation.
To do so, we first write

CYy =Py + ACY,. (4.3)

4The coefficient CS* governs b — uéd transitions, which are severely CKM suppressed in the SM. Since
currently the most stringent bounds on such a coefficient come from AT itself, we exclude it from the
analysis.



Then, generalising the expressions from section 3, we obtain

d
P12
4,SM

5

—1=(0.61 — 0.844) [(AC§C)2 + 0.064ACSCACE + 2.1ACS*

— 0.26 ACS + 0.77 (ACfC)Q]
— (0.21 — 0.0521) [(AC;“‘)Q +0.35 ACTEACY + 2.0 ACH
—0.16ACH +1.3 (AC}“‘)Q]

+ (0.53 + 0.791) [ACZC“A@” + 1L.OSACT*ACH
+ 0.11 (AC}°ACS" + ACT*ACY)
+ 1.0(ACS" + ACY®) — 0.10 (ACT" + AC’}“”)] S (44)

Here and in the remainder of the section we use a notation where the Wilson coeflicients
AC{’ZI are to be evaluated at the scale my = T,(7p) ~ 4.2 GeV unless otherwise specified.
Given this expression, it is straightforward to calculate the ratio AT';/ AI‘%M using (2.3).

While it is the coefficients ACfg (myp) which appear in low-energy observables such
as (4.4), it is important to keep in mind that these are obtained from the matching coef-
ficients at the new-physics scale Axp through renormalisation-group (RG) evolution. In
what follows, we will always present bounds on the coefficients at the scale My for con-
venience. The leading-logarithmic (LL) evolution connecting the coefficients at the two
scales can be written as

ACP (my) = 2, ACPP (M) + z_ ACP (Myy)

/ / / (4'5)
Acg” (mp) = Z,AC{”’ (Mw) + Z+AC§p (Mw),
where . (M)
. -12 Qs w
_ 23 23 = 5V

and «; should be evaluated in the five-flavour theory. Throughout our work, in deriving
the constraints on the individual coefficients from a given observable, we work under the
assumption of “single operator dominance” and consider only changes in the coefficients
one at a time. E.g. to set constraints on ACT" (M) we fix ACY*(Mw ) = 0.

The dominant effect of the modifications of the current-current sector considered here
is to change F‘f2 from its SM value. However, double insertions of AB = 1 operators
also give dimension-eight contributions to M{,. It turns out that these are completely
negligible numerically with the exception of the contributions from the )5 operator. We
thus postpone a more detailed discussion of these contributions to section 4.3.

4.1 Bounds on up-up-quark operators

We begin our analysis by deriving constraints on C1's from B — 7, pm, pp decays. QCD
factorisation provides a tool for calculating various observables in these decays to leading

~10 -



power in Aqcp/my [40]. The reliability of the factorisation predictions is a subject of
debate, and in the following we consider only observables which can be argued to be under
theoretical control within this approach.

The process B~ — 7~ 7 is to an excellent approximation a pure tree decay and thus
provides strong constraints on the magnitudes and phases of the Wilson coefficients C7'5.
A particularly clean probe of tree amplitudes is provided by the ratio [41]

(B~ — 7 7"

Rypo = ———
T T AN(BY — wt i m) g

~ 312 f2|Vial” |1 (77) + aa(m) & (4.7)

which by construction is free of the uncertainty related to |V,;| and the B — 7 form factor
FB=7(0). Here I'(B~ — 7~ 7°) denotes the B~ — 7~ n* rate, dI'(B° — 7r+€_174)/dq2‘q2:0
is the semi-leptonic decay spectrum differential in the dilepton invariant mass ¢2, evaluated
at ¢ = 0. The numerical values of the pion decay constant f, and of |V,4| are collected
in table 3.

Ignoring small electroweak penguin amplitudes the ratio R,.-, 0 measures the magni-
tude of the sum of the coefficients o 2(7) of the tree amplitudes [40]. These coefficients are
currently known to next-to-next-to-leading order (NNLO) in perturbation theory [42, 43].
Working to NNLO in the SM, but to leading order (LO) in the new-physics contributions

ACYY in (4.3), we obtain the expressions”

Acuu
aq(rm) =0.195 — 0.1017 + ACT™ + 32 :

AU (4.8)
ao(rm) = 1.013 4 0.0277 + ACY + 31 .

The given SM values correspond to the central values for o o(7mm) presented in [42]. In-
serting (4.8) into (4.7), one obtains the approximation

R0 = (0.705042) |14 2.20ReACY" — 0.13ImACY" +1.21 [ACY[* ] Gev?,  (4.9)

where ACT? " = ACY + ACPP and we have restored the theoretical error of the SM
prediction for R, - 0 as given in [42]. The corresponding experimental value is

R0 = (0.81 £0.14) GeV?, (4.10)

which has been derived in [42] based on the information given in [23, 44]. Combining
the theoretical expectation (4.9) with the experimental determination allows to directly
constrain the magnitude and phase of ACY¥"(m;). In order to turn this constraint into
individual bounds on ACY4(My ), we use (4.5) along with the assumption of single operator
dominance explained after (4.6). In figure 1 we show the parameter ranges (blue circular
bands) that are allowed at 90% CL using this procedure. We see that O(1) effects in
ACTS (M) are allowed if they leave the magnitude |ay (77) + c(7m)| SM-like.

®Note that a; » are interchanged with respect to the common definition in the literature [40], to comply
with our choice of operator basis.
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A very effective way to constrain the phases of the Wilson coefficients in addition to
their magnitude is to study mixing-induced CP asymmetries Sy (2.6) in B — 7w, 7p, pp
transitions. On the other hand, the direct CP asymmetries, C't, are suppressed by powers
of ag and/or Aqcp/my in QCD factorisation and are difficult to predict quantitatively. The
mixing-induced CP asymmetries are directly proportional to sin (25 + 2v) in the SM, in
the limit where the Wilson coefficients of the QCD penguin operators are ignored. When
the Wilson coeflicients ACY4 are allowed to be complex, this SM relation is altered to
include the phase of the coefficients, even at LO in «,. The situation is more complicated
when penguin corrections are included. However, the penguin-to-tree ratio is of O(30%) in
B — 7w and of O(10%) in B — pm [40], so that the constraints given by these observables
can still be considered relatively clean.

We can evaluate the indirect asymmetries in the B — 7, pm sectors at NLO in QCD
factorisation using the formulae given in [40].° We find

3.48Imr + - +1.87TRer +,-

Sin ~ — (4728 %, 41
* ( ) 1+0.87|r+.—|? i )
with
1+ (0.94 - 0.270) ACY, 12
T T 11 (0.88 4 0.254) (ACy)*” (4.12)
and
1
Spﬂ— = 5 (Sp+7r, + Sp,ﬂ+)
—27.3Imr,- 2.4Rer, -
~ (6.9 34) < 0.62 R AR & 4.13
1+ 1.4|r, | (4.13)
—31.71 ~— + 1L7R —
+0.38 B et %,
1+0.7 }Tpﬂr— ‘
with
1+ (0.99 — 0.107) ACY, 1+ (0.96 +0.070) AC}, 11

We have defined ACf% = ACEP l +ACY? /3 and the central values correspond to the default
parameter choice employed in [40], apart from [ for which we use 21.8° [29]. The result
depends very strongly on the angle ~, for which we use v = (70.0 £ 10)°, in line with the
current world average [23] obtained from Bt — DK™ and related processes. The quoted
error is derived from the procedure used in [40] and is dominated by the dependence on
~. We have also included in the error the range of values obtained in scenarios S2 to S4 of

that work. The current experimental results are [23]

Spine = —(65%6)%, (4.15)

5We have also studied the indirect asymmetry S oo

from Sy» and do little to cut down the allowed parameter space, so we exclude them from figure 1 for

—. The constraints are qualitatively similar to those

simplicity.
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and [45]
Spr = (5+9)%. (4.16)

The 90% CL constraints imposed by S,+,- are displayed in brown in the panels of
figure 1 and those by S,r in red. For the case of ACY" one sees that combining the
restrictions from R - o with those from the two indirect CP asymmetries singles out three
allowed regions, one of which is the SM-like solution. The restriction on AC}** is much
weaker than that on ACY", which can be understood evaluating (4.5) numerically to find

ACT (my) = 1OACE (M) + 0.12AC(Miy) . (4.17)

The quantity ACT™(My ) is multiplied by a small coefficient, so that constraints from
quantities such as these indirect CP asymmetries, which only depend on this combination
of coeflicients, are roughly 10 times stronger for AC3" than for AC}", when the method
of varying only one coefficient at a time is used. While the quantity S,+,- still cuts out a

very small portion of the allowed parameter space for AC}*,

it turns out that S, offers
no further constraint on AC}"" (M) and has therefore been omitted from the figure.
Part of the remaining parameter space can be eliminated by the quantity
R (p_po/p+p_), which is the ratio of branching ratios of B~ — p~p% and B® — p*p~. The
extension of the QCD factorisation formalism necessary to describe these decays to NLO
has been derived in [46, 47]. The results for these decays depend on the parameters o 2(pp),
analogous to (4.8) and as in the 7w sector these are known to NNLO from [42, 43]. The
decays also receive contributions from QCD and electroweak penguin coefficients, which

have only been calculated up to the NLO level. Combining all known corrections, one finds

1+ 2.1ReACY™ 4 0.06ImACY* + 1.1 |ACH|?

R(p=p°/pTp~) = (0.65701¢ (4.18)
( )= 085500 | +2.0ReAC}, +0.23ImAC, + 1.0 |[ACH: |
The corresponding experimental value is [23]
R(p=p°/pTp™) =0.89L£0.14. (4.19)

The 90% CL constraints from R (p_ o°/ p+p_) are shown in the green regions in figure 1. In
the case of AC{™ the constraint is only moderately useful, cutting out a small part of the
otherwise allowed region. The constraint on AC§", on the other hand, serves to completely
eliminate one of the regions where the phase differs vastly from the SM value.”

This concludes our discussion of constraints on the Wilson coefficients AC}5. In fig-
ure 1 the combined constraints on the Wilson coefficients are overlaid on contours showing
the ratio AT'y/AT'SM. The allowed region for AC¥* contains areas where AT'; is enhanced
by up to 30% and also those where it is decreased significantly compared to its SM value.
The allowed region for AC§* around the SM value does not allow for any significant changes
in the ratio AT'y/ AFSM, while that where the phase is significantly different contains areas
where the ratio is increased by approximately 50% compared to the SM value.

It is worth mentioning that the central value in (4.18) depends rather strongly on the value of the
hadronic input parameter Ag: we use the value of [42] quoted in table 3. Using lower values of Ap brings
the SM number closer to the experimental result [46].
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Figure 1. Upper panels: allowed parameter space in the ReAC}4-ImAC}Y planes. The blue,
brown, red, and green regions are related to the constraints derlved from Rrﬂo, Srtn—y Spr
and R (p‘ oY/ p+p_), respectively. The regions enclosed by the dashed black lines represent the
combined constraint from the different observables. Lower panels: contours of AT'y/AI'SM along
with the combined constraints.

4.2 Bounds on up-charm-quark operators

The Wilson coefficients C}4 multiply the operators governing b — cud transitions. Such
operators mediate exclusive decays such as B — D and are also important for the total
B-meson decay rate, which receives its largest contribution from b — cud decays. In this
section we consider constraints from these two processes.

We first examine B — Dw decays. A particularly clean test of the current-current
sector can be obtained by relating the B® — D*Tn~ decay rate to the differential semi-
leptonic B° — D**1~ 1 rate normalised at ¢> = m2_. One has [48]

I'(BY — D**717)
dD(B® — D) [dg?| »_, 2

Rpws, = ~ 672 f2|Vyal? |an(D*m) 7, (4.20)
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with
ag(D*m) = 1.054 4+ 0.013¢ + ACl/g (4.21)

The SM value is obtained at NLO from [48], while the new-physics contribution is LO
accurate only. After restoring the theoretical error in the SM calculation it follows that

Rpetr— = (107 +£0.04) |1+ 1.90Re ACTS; 4 0.02ImAC}S; + 0.90| ACT S| } GeV?. (4.22)
On the experimental side one has [49]
Rpetr = (0.96 4 0.08) GeV?. (4.23)

In figure 2 we display in red the 90% CL constraints on AC}$(Myy) obtained from Rp«t -
Obviously, the allowed region is the one which leaves the quantlty |aa(D*7)| SM-like and is
thus a circle in the complex plane. Moreover, since the result is sensitive only to the combi-
nation ACY /3(mb) the constraints on AC}*“(My) are quite weak, which follows from (4.17).

In addition to the ratio of branching ratios above, we can also consider indirect CP
asymmetries in colour-suppressed b — cud transitions. These have been measured, for
instance in [50], which gave results for B — D®OR0 decays, where h0 is a 7°, 1 or w me-
son and the D™)% meson decays into a CP eigenstate. In that case the amplitudes which
determine the indirect asymmetry through (2.6) are dominated by b — cud transitions,
because the contribution from the b — uéd is CKM suppressed. In the SM, where the
Wilson coefficients C7' are real, the indirect asymmetry is directly proportional to sin (25)
when the b — wuéd transitions are neglected. Beyond the SM the Wilson coefficients gov-
erning the decay are in general complex and one must calculate the dependence of the
decay amplitudes on C}'§ in order to obtain the indirect asymmetry. To the best of our
knowledge there are no QCD factorisation predictions for such decay amplitudes. Resort-
ing to an approximation in “naive factorisation”, however, we can estimate the indirect CP
asymmetry to be

Im (B_QiﬁpD(*)OhO) B C?c + 0%0/3
L+ lopmopl2  PPYR = (Cweyr + (Cyo)7 /3

Spopo = (4.24)
In this approximation the indirect asymmetry is independent of the decay channel and can
be compared with the experimental average from [50]

Spopo = — (56 £24) % . (4.25)

We wish to combine these two results into bounds on the Wilson coefficients, but in order
to do so we must assign an error to the theoretical estimate (4.24). There is no obvious
way to do this, so for lack of a better procedure we assign a theory error equal to the
experimental one above. The 90% CL bounds on AC{$(Myy) obtained using these results
are shown in the blue regions of figure 2. We will dlscuss the utility of these constraints
below.

In addition to exclusive decay modes, one can also examine constraints from the total
B-meson decay rate. In fact, the largest contribution to the total decay rate comes from
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Figure 2. Upper panels: allowed parameter space in the ReACTS-ImACTS planes. The red
regions are related to constraints from Rp«+,-, the green ones from the total B meson decay width
and the blue ones from indirect CP asymmetries in exclusive b — cud decays. The regions enclosed
by the dashed black lines represent the combined constraint from the different observables. Lower
panels: contours of AT,/ AF%M along with the combined constraints.

the b — cud contribution, which probes AC{‘E. Contributions from the b — céd, b — uud
and b — ued modes are suppressed by at least a factor of 40 compared to this dominant
contribution and thus the total decay rate is largely insensitive to changes in the Wilson
coefficients associated with these contributions, i.e. ACTS, ACYY and ACTY respectively.
Working to NLO in a4 and to A(QQCD /m? in the HQE, one finds (based on the numerical
evaluation in [35])

SM

—_ F CU
M = (3.6 £ 0.8) - 10713 GeV, i“gl\gd ~ 44% . (4.26)
O

We use these numbers to arrive at an approximate result for the total decay rate as a
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function of the Wilson coeflicients C}"%:

Lot (1 Thoeua B|CYP + 3[C5°2 + 2Re [(CY)"CET Tilewa (4 o7
sSM — ( ’ (4.27)

fot L 3|01 43|G5 + 2Re [(C1)*C5 ) gy Tk

The approximation is obtained by singling out the combination of Wilson coefficients which
multiplies the b — cud decay rate at LO in the HQE and is thus valid to that accuracy.
The experimental result is [23]

Tiot = (4.20 +0.02) - 1073 GeV . (4.28)

The 90% CL bounds on AC}S(My) resulting from the above equations for the total B-
meson decay width are shown in green in figure 2. It is evident that the total decay rate
adds no further constraint on the coefficient ACS® compared to that from the exclusive

decays discussed above. On the other hand, it is quite useful in constraining AC}*

, since
it singles out the area of parameter space where the phase is SM-like.

The lower panels of figure 2 show the combined 90% CL constraints on ACYS(Mw )
derived above, overlaid on contours of the ratio ATy/ATSM. In the allowed region for
ACT¢, AT’y can be increased (decreased) by around 30% (20%) compared to its SM value.
In the allowed region for AC%¢, on the other hand, AT'; can be increased by up to 60%, but
can also be decreased and even reach negative values. These statements are independent
of whether constraints from the indirect CP asymmetries, which are on weaker theoretical

ground than the other two constraints, are included in the analysis.

4.3 Bounds on charm-charm-quark operators

The Wilson coefficients C7% multiply the operators governing b — ced transitions. These
coeflicients are especially important for Al'y, since they determine the contribution to F‘liQ
involving two charm quarks, which as seen from (3.3) dominates the real part of this
quantity. However, the b — céd quark decay provides only a negligible contribution to the
total B-meson decay width and branching ratios for decays into hadronic final states are
under poor control theoretically. This situation leads us to investigate indirect constraints
from B — Xgv decays and the restrictions imposed by the dimension-eight contributions
to sin (23). We also discuss indirect CP asymmetries in exclusive b — céd transitions and
the semi-leptonic asymmetry agl.

We begin by considering B — Xg47v. The branching ratio for this decay is sensitive to
the Wilson coefficients C{% (M) even at leading logarithmic (LL) order in perturbation
theory, due to operator mixing. To clarify this point, we follow [51] and write

2

‘ [P(Eo) + N(Ey)] , (4.29)

Br(B — Xd’Y)E.Y>E0 = NBo Xy Vi
C

where Np_,x,y = 2.57 - 1073 is a normalisation factor, P(Ejy) is proportional to the per-
turbative expression for the partonic decay b — Xg7v, N(Ey) denotes power-suppressed
nonperturbative contributions and FEy repesents a cut on the photon energy FE,. At LL
2, where C7 is the

accuracy the perturbative contribution is given by P(Ep) = }C;O) (my)
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Wilson coefficient of the electromagnetic dipole operator (see (5.4) below). In terms of
matching coefficients at the scale Myy, one finds

O (my) ~ —0.31 — 0.17TACE (M) . (4.30)
The following approximation for the branching ratio is thus valid

SM
Br (B — Xd'Y)E7>E0 ~ Br (B — Xd’Y)E7>E0

N M|
Bk |6 (1.1 Re ACS* (M) + 0.3 |ACS (Mw)[?)
cb

+ 10

(4.31)

We can obtain bounds on the Wilson coefficient ACS®(My/) using the above equations,
together with the recent SM prediction for the CP-averaged branching ratio [52]

Br (B — Xa7)p o1 gaey = (1.547038) - 107°, (4.32)
and the latest experimental result [52, 53]
Br(B = Xa7)p, 1 6qey = (141 £0.57) - 1077, (4.33)

The 90% CL bound on ACS¢(Myy) resulting from this analysis is shown by the blue circle
in figure 3. Obviously, the LL expression (4.31) does not translate into severe constraints.
It could be slightly improved by noting that even though the correction to the B — Xgvy
decay rate from the matrix element of Q5° first appears at NLO in g, it is nonetheless
sizable due to the fact that the SM coefficient C$™ (my) =~ 1.1 is about 4 times larger than
C3M(my) ~ —0.31 in magnitude. Moreover, the virtual corrections from this operator are
more important than those related to real emission. We have examined how the constraints
shown in the figure change when adding on these NLO virtual corrections to (4.31). It
turns out that the allowed region is moderately reduced, but not to the degree that it
would change the qualitative analysis, so we do not discuss modifications of (4.31) due to
higher-order QCD corrections any further.

The results from B — X4y branching ratio are of little use for constraining potential
new-physics contributions to AI'g, as is verified by comparing the allowed region in the
blue circle with the contours of AT';/ AF%M in the right-hand panel of figure 3. We have
checked that even weaker constraints arise from Acp(B — Xgi1s7), BT — 7mFutu™ and
the B-meson lifetime. In principle, we could also consider indirect asymmetries in exclusive
b — ced decays, analogous to those for the b — cud transitions discussed above. However, in
the present case the difficulties in estimating theory uncertainties related to hadronic matrix
elements are compounded by the presence of penguin amplitudes carrying a different weak
phase to the current-current contributions. We have checked that even being relatively
aggressive with theory errors yields a constraint broadly similar to the blue triangular
regions in figure 2, which in any case does not help in ruling out areas of parameter space
where AT’y is dramatically different from the SM value. For these reasons, we do not use
these indirect asymmetries in our analysis.
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Figure 3. Left panel: allowed parameter space in the Re ACS*~ImACS¢ planes. The blue circular
region is related to constraints from B — X7, and the green region from those from semi-leptonic

asymmetry a‘sil, and the red region from the dimension-eight contributions to sin (23). The region

enclosed by the dashed black lines represent the combined constraint from the different observables.
Right panel: contours of AT';/ ATSM,

The situation described above leads us to seek additional experimental constraints
on the ACY¢ coefficients from observables in the Bg-meson mixing system itself. One
such constraint arises from the precise determination of sin (23) (see (2.7)) from the time-
dependent CP asymmetry in B — J/1¢Kg decays. Within the SM the latter observable is
to excellent precision simply given by the imaginary part of the dimension-six contribution
to M, that arises from box diagrams with top-quark and TW-boson exchange. Additional
dimension-eight contributions stem from double insertions of AB = 1 operators such as the
current-currents operators. Including both types of corrections, but restricting ourselves
for the moment to insertions of Q{%, we obtain

2
My %MBdf%dBv{(A?)%% K
(4.34)
~ M?2
+ () mi {(056)21(? + (205°c5e 4+ 3(5)?) Kgc} In (m—VQV) } .
b
Here and in the remainder of the section all Wilson coefficients are to be evaluated at
the scale p = Myy. After employing C5¢ ~ 1 + ACS® and C{¢ ~ ACY{® we confirm the
results of [20] for the SM contribution. The coefficient that multiplies the dimension-six
contribution is given at next-to-leading logarithmic (NLL) accuracy by K¢ ~ 0.47, while
we left the leading logarithm of the dimension-eight contribution unresummed, which is
sufficient for our purposes. The corresponding dimension-eight coefficients take the form

1 2m?2 5Bg - 1 2m?2  Bg
Kee = = 2 ~ .82 Ko =-_2"¢c_ ~_-1.1-1073 4.35
® 3 m}  12By ’ 3 mZ 12By - (435
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where we have used the central values as given in table 3 of the so-called bag parameters
to obtain the final numerical values. Varying By, Bg and Es within their uncertain-
ties we find that |K$¢/K§°| < 0.05, which implies that the contribution to M{, involving
C{¢ is generically suppressed by more than an order of magnitude. The dimension-eight
contribution involving only up quarks is obtained from (4.34) and (4.35) by replacing
()\‘Cl)z — ()\ﬁ)Q, Cf5 — C}" and m? — 0, while in the case of the charm-up-quark con-
tribution one has to employ (A4)* — 2X\d, (Cg)® — CguCwe, 20505 + 3(C5)? —
C§uCye + CY¥eCf™ + 3C§Ce and m? — m?2/2. Notice that since m2/m? ~ 0.1 and
KEP "> f(gp " the coefficients CcrP " are for each flavour combination much stronger con-
strained by the measurement of the time-dependent CP asymmetry in B — J/¢YKg
than CYP "

The correction d)ﬁ to the Bg-mixing phase 25 is related to the off-diagonal element
M, of the mass matrix via

Md

sin (23 + ¢7) = Im < L ) : (4.36)
| M,

We can obtain a simple analytic expression for the new-physics phase by approximating

M~ [Me) A~ —|2E] and [AE/AY| ~ 1, expanding in powers of mZ/m?, ignoring contri-

butions proportional to K¢ and neglecting the tiny SM contribution to qﬁﬁ of O(10~%) [20].

We then find from (4.34)

2 Kcc M2
go ~ b8 [sin (28) Re (CS°) — cos (2) Im(cgc)} In (V;) . (4.37)
my KG my,
By using in addition A = —A¢ — \¢ similar results can be shown to hold in the case of the

charm-up-quark and up-up-quark contribution.

Current experimental and SM results for the CKM angle 5 can be found in the last row
of table 1. We would like to use these to constrain new-physics contributions to sin (23),
but run into the problem that the experimental and SM results are in poor agreement.
One way to deal with this would be to bridge the gap through the new-physics part of the
dimension-eight contributions above. However, it is not clear that this discrepancy merits
a new-physics explanation. To derive 90% CL constraints from this observable, we instead
use the following procedure. First, we ignore the difference in central values of the SM and
experimental numbers, and add the experimental and theory errors together in quadrature
to derive a total error. We then saturate the total error at 90% CL with the new-physics
contribution from (4.36). This procedure leads to the constraint on ACS® shown by the
red region in the left panel in figure 3, which we have obtained using the exact numerical
evaluation of (4.34) and (4.36) rather than the approximation (4.37). As mentioned above,
the constraint on ACT® is very weak, as are those on the coefficients ACYS and ACT, so
we omit these from the discussion. We see that the constraint derived from the dimension-
eight contribution to sin (23) does very little to eliminate the allowed parameter space. In
fact, this is an important result in its own right — if these corrections had turned out to
be restrictive, there would be little justification for ignoring dimension-eight operators in
other parts of our analysis.
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We can derive a more useful restriction by studying the semi-leptonic asymmetry agl.
The new-physics contributions to this quantity can be calculated in a straightforward way
using the parameterisation (2.3), including the new-physics contributions related to M{,
in (4.34) as well as those from (4.4). The recent experimental results from direct mea-
surements of semi-leptonic decays have been given in table 1. The numbers are consistent
with zero within the large experimental errors, so for simplicity we use as an experimental
value (0 £ 1) % in deriving bounds on the Wilson coefficients. The allowed region resulting
from this procedure is shown in blue in figure 3. While some of the allowed space from
B — Xgv is cut out upon including this constraint, O(10) contributions AT’y due to the
Wilson coefficient ACS® are not ruled out from present experimental data, as is shown in
the right-hand panel of the figure.

5 New physics in AT4: (db) (77) operators

In this section we study possible effects on Al'y related to effective operators of the form
(Jb) (77). The analogous operators for the Bs-meson system (i.e. those obtained by replac-
ing d — s) were introduced in [16] and used in studying AI';. The corresponding effective
Hamiltonian reads

T 4GF
Ha 77 = =5 A D Ciii)Qiy (5.1)
b

and involves the following complete set of operators
Qs,.AB = (dPab)(T PpT),

Qv.ap = (dy"Pab) (7, P T), (5.2)
Qra = (JJ‘“’PA b)(TowPpT),

where P, p = (1F75)/2 and A, B = L, R. In addition to these operators, our analysis will
use the dimension-six effective Hamiltonian describing b — d¢* ¢~ transitions (¢ = e, p, 7).
We write this as

- 4G
HEATE _75 MDD Cilp)Qi (5.3)

The most important operators in what follows are

Q7 = @mb (JO’“VPRZD) F;W7
2

Qo = gigz (77 PL0) (T30) (5.4)
2

Quo = —

(47)2 (dy"PLb) (Eyus )
and their chirality-flipped counterparts @ obtained through the interchange Py, <+ Pg.

The operators (5.2) are interesting because they can give large contributions to Al'y,
but are only weakly constrained by experimental data. We will see that in the case of

- 21 —



the Bg-meson system the various direct and indirect bounds on the Wilson coefficients
of the operators (5.2) are generally weaker than in the Bg-meson system and that large
enhancements of AT’y due to such operators are not yet ruled out. We derive direct bounds,
where the operators contribute to tree-level matrix elements, from the decays By — 7777,
B — X477~ and BT — 7777~ Indirect bounds, where the operators contribute either
through operator mixing and loop-level matrix elements, are based on B — Xgy and
BT — nmtutpu~ decays. We discuss the two cases in turn.

5.1 Direct bounds

We first investigate direct constraints from the decay By — 777. At present, the only
experimental information on this decay is the 90% CL bound from [54]:

Br(Bg—7t77) <4.1-1077. (5.5)

The theory prediction, including both SM and the effects of the operators (5.2) can be
extracted from [55]. The result depends on the SM coefficient Cjp in addition to the
Wilson coefficients Cs ap and Cy ap, but not on the tensor coefficients Cr 4. More-
over, due to a loop suppression factor of a/m, the SM contribution alone is quite small,
Br(Bg — 7777 )gy = 2.3 - 1078 [56]. We therefore neglect it in obtaining bounds on the
coefficients of the new operators. Furthermore, as before we assume the dominance of a
single operator at a time, neglecting interference terms of the new operators both with
the SM contribution and with themselves. Following this procedure, we can set bounds
on the absolute values of the coefficients Cs ap and Cy ap, independent of the chirality
structure. Giving up this assumption, would lead to considerably larger bounds on AT.
In that respect our estimates are very conservative.

The branching ratio depends on a number of input parameters. Some of these are
common to the other decays discussed in this section: for these we use the values of
Gr, Mp,, 7B, By IN|, mr, a(Myz), mbpOle and mg summarised in table 3. We then obtain
at my = mp(My) ~ 4.2GeV the results |Cs ap(mp)| < 1.1 and |Cyap(myp)| < 2.2, which
are also collected in table 2. These are the strongest bounds on the scalar and vector
coefficients that will emerge from our analysis.

We next consider inclusive and exclusive b — d777~ decays. In this case, there are
no direct experimental bounds on the branching ratios. However, we can use information
from the By g-meson lifetimes to estimate the potential size of new-physics contributions
to these decays. We first note that the SM prediction for the lifetime ratio is very close to
unity [4]
<TBS - 1) = (—0.2+0.2)%. (5.6)

SM

TB,

Current experimental measurements [23] are compatible with this prediction:

(TBS - 1) = (~0.2£0.9)%. (5.7)

TBy
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Comparing the results, one can get a rough bound on the size of possible new-physics
contributions Fyf to the total By -meson decay rates I'y 5, namely

NP NP
NP _ D

= (00£09)%. (5.8)

Setting FSNP = 0 gives an upper bound on (also invisible) new-physics contributions to
Bg-meson decays. At 90% CL one obtains

Br(By — X) < 1.5%. (5.9)

We now turn this estimate into bounds on Wilson coefficients using the theoretical
expressions for the B — Xy 777~ and BT — 77777~ branching ratios. In contrast to
B; — 777~ decays, in these cases all operators contribute, so we also gain information
on the tensor coefficients. However, once again the results are independent of the chirality
structure and allow us to constrain only absolute values of the coefficients. For the inclusive
decay B — X 7777, we use the expressions for the branching ratios given in section 3 and
the appendix of [16] after appropriate modifications. Most of the inputs to the branching
ratio are common to Bz-meson and Bg-meson decays. Apart from trivial differences related
to meson masses and lifetimes (for the exclusive decay we use 7p+ and the CKM factor
ViV l/IV.,| given in table 3). The exclusive decay BT — w7777~ depends on these
parameters and also three B — w form factors (f} 70), as a function of the dilepton
invariant mass, denoted as ¢2. For these we use the results of [57].® Moreover, we integrate
over the full kinematic range ¢* € [4m2, (Mpy — M,+)?].

We must also decide on a value for the experimental branching ratios. At present, we
can only use (5.9) to estimate the size of the B — X377~ and B* — 7777~ branching
ratios, which most likely overestimates their allowed ranges. Here a direct experimental
bound would be very helpful. For reference, we collect the obtained bounds on the Wilson
coefficients using the 90% CL estimates in table 2. In section 5.3, we will show the size of
possible enhancement of Al'y as a function of measured branching ratios. Compared to the
bounds on the B — X777~ and BT — 77777~ branching ratios estimated through (5.9),
we find tiny SM predictions

Br(B — Xqr77) (1240.3)-107%,

M (5.10)

Br (Bt = atrtr ), = (1.5+0.5)-1077.

In both cases our results refer to the fully-integrated and non-resonant branching ratios.
The inclusive decay includes just the LO corrections, but accounts for contributions pro-
portional to the tau mass that are of kinematic origin [59]. As for the exclusive mode, we
stayed within naive factorisation and the error reflects the uncertainty due to the use of
different B — 7 form-factor determinations [57, 58].

8We have also derived bounds using the form factors from [58], which yields similar but slightly more
stringent bounds.
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5.2 Indirect bounds

Indirect bounds arise from cases where the operators (5.2) do not give tree-level contri-
butions to the decays, but contribute either through operator mixing, through loop-level
matrix elements or through both. The theoretical expressions needed to set various indirect
bounds can be adapted from [16]. It turns out that the most stringent indirect bounds on
the Wilson coefficients can be derived from B — Xgv and BT — 77y~ decays. We have
also examined constraints from By — 77 decays, but these are rather weak compared to the
other decays and in some cases they depend very strongly on hadronic input parameters,
so we do not discuss them further.

We first derive bounds from B — X;v decays. The structure of branching ratios for
these decays has been discussed in section 4.3. We find that the quantity P(Ep) in (4.29)
can be written as

2 2
P(Eo) = 3™ (my) + ACST (my)| + |ACE™ ()| (5.11)
where
ACET ) (my) = /27 (0.62 — 1.09m5" + 41na,) Crpry(ms) - (5.12)

We have defined /z; = mT/m}?Ole and the quantity 76 = as(Axp)/as(my), where ay is
to be evaluated with six active flavours. The first two terms in (5.12) arise from operator
mixing and the third is the matrix element of )7 4. In order to derive 90% CL constraints
on the Wilson coefficients Cr 4(my), we insert (5.11) into (4.29) and compare with the
experimental result (4.33), as usual considering the dominance of one operator at a time.
This procedure yields for Axp ~ 1TeV the bounds |Cr r(my)| < 0.2 and |Cr,1,(mp)| < 0.1,
which translate to |[ACST (my)| < 0.7 and |ACEY (my,)| < 0.3.

The rare decay BT — mtutu~ has been observed by LHCb [60] in the 2011 data
sample of 1 fb~1 with (25.3787) events. This provides the first measurement of the non-
resonant branching ratio

Br (Bt — ntptp”) = (2.3+£0.6)-107%. (5.13)

integrated over the whole dilepton invariant mass range ¢* € [4mi, (Mp+ — M +)?).

In principle, the calculation of exclusive B — M{t¢~ (M = P, V) decays is advanced,
see [61] for the most recent prediction of BT — 7+ u*u™ in the SM, where B — mfv, data
has been used to extract information on the form factors. The inclusion of corrections be-
yond naive factorisation in QCD factorisation at low ¢? has been discussed in [62], whereas
at high ¢* a local operator product expansion can be applied to account for resonant con-
tributions [63, 64]. However, in the absence of experimental measurements for either region
separately and in view of the large experimental uncertainty, we evaluate the branching
ratio in the naive factorisation approximation following [65]. Employing the B — 7 form
factors of [57], we obtain

Br (BJr — 7r+,u+;f)

oy = (21£04)-1075. (5.14)
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Figure 4. The 90% CL regions of Cr a(my) (left) and (Cy,ar(mp) + Cyv,ar(ms)) (right) from
Br (Bt = ntutu™) (red) and Br(B — X4v) for T,A = T, R (blue) and T, A = T, L (brown).
The prospects assuming a measurement of Br (BT — 7+ u* ™) with 7 fb~! at LHCb are shown as
dashed (green) contours.

The given uncertainty encodes the error related to differences in the existing B — =
form-factor determinations [57, 58]. Our prediction (5.14) is close both to the measured
value (5.13) and the SM value obtained in [61].

Like in the case of the inclusive decay B — X7, the effective operators (5.2) contribute
to BT — 7T utp~ via mixing into the operators mediating b — dy and b — d¢t¢~ (0 =
e,i). The case of b — s transitions has been previously discussed in [16] and can be
adopted with appropriate replacements to b — d transitions. One then finds contributions
from the tensor coefficients Cr 4, and also on the linear combination (Cy ar, + Cy,.ar) of
the vector coefficients. The scalar Wilson coefficients C's 4p are not subject to constraints
from BT — ntputu~.

In figure 4, we show the 90% CL regions in the planes of complex-valued Crp a(my)
and (Cv,ar(my) + Cv,ar(my)) allowed by Br (BT — 7 utp~). In the plots a theory
uncertainty of 20% of the SM prediction is assumed and the form-factor predictions [57]
are used. We see that in the case of the tensor Wilson coefficients, B* — 7 ™~ provides
at present the constraint |Cr a(mp)| S 1.2, which as indicated is clearly weaker than the
sensitivity of the inclusive decay B — Xg47v. Assuming single operator dominance, the
current constraint on the vector Wilson coefficients |Cy, ap(mp)| < 4.0 is not as strong as
the one from By — 777~ . For comparison we also show contours assuming that LHCb has
collected 7 fb~1 of data by 2017. For this purpose the current statistical errors have been
rescaled by a factor 1/1/7. This exercise shows the potential of this decay mode to reduce
further the allowed ranges of b — dr7 7~ Wilson coefficients. Depending on the central
value of the measurement, it will provide complementary constraints to B — Xyv for the
tensor Wilson coefficients.
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Constraint | [Cs.ap(my)| | [Cvas(my)| | |Cr.a(my)]
direct
Br(B; — 77717) 1.1 2.2 —
Br(B — Xyrt77) 10.6 5.3 1.5
Br (BT — nfrtr) 5.9 6.2 2.9
indirect
Br (B — Xu) - - 0.2 for A=R
0.1for A=1L
Br(Bt = ntutu™) — 4.0 1.2

Table 2. Summary of direct and indirect bounds on the Wilson coefficients (5.1) at the bottom-
quark mass scale my, = T, (M) ~ 4.2 GeV. The constraint from By — 777~ decay follows from the
experimental 90% CL bound Br (Bg — 7777) < 4.1 - 1073, whereas those from B — X 777~ and
Bt — ntrt 71~ refer to the 90% CL estimate from (5.9). Note that the bounds are independent of
the chiral structure A, B = L, R unless explicitly indicated.

5.3 Maximal effects in width difference

We now explore the consequences of the bounds on the Wilson coefficients (5.1) obtained
in the previous section on the size of possible enhancements in Al'y. To do so we consider
the parameter ]Ad\ introduced in (2.3). For the Bs-meson case expressions for this quantity
as a function of the relevant Wilson coefficients were presented in [16], and we can make
use of these results after a trivial substitution of CKM factors. Assuming single operator
dominance, we then find

|Adls,ap < 1+ (0.4150:03) 1Csam(ms) |,
Aglvap <1+ (0.427003) |Cv,ap(me)]?, (5.15)
|Adlra <14 (381553 [Cra(ms)f?,

where the quoted uncertainties are related to the theory error of AT’ EM. The numerical
input values of the bag parameters By, Bg and Bg are given in table 3. Using the strongest
bounds from table 2, ie. |Csap(mpy)| S 1.1, |Cyvap(my)| S 2.2, |Crr(mp)] < 0.1 and
|Cr.r(mp)| < 0.2, results in

|Agls.ap < 1.6, |Adlvap < 3.7, |Aglrz < 1.05, Adlrr <12 (5.16)

These numbers imply that the scalar operators can lead to an enhancement of about 60%
over the SM prediction, whereas in the case of vector operators even deviations in excess
of 270% are allowed. The possible deviations due to tensor operators can, on the other
hand, amount to at most 20%. Such small effects are undetectable given that the hadronic
uncertainty in AI'y is of similar size.

It is also interesting to study the impact future improved extractions of
Br(B; — 7777), Br(B — X47777) and Br (BT — 777777) will have on the maximal
enhancements in Al'y. Such a comparison is provided in figure 5 for the scalar operators
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Figure 5. 90% CL bounds on possible enhancements of AT'y induced by the different (db)(77)
operators. The left panel shows the effect of scalar operators, while the right panel illustrates the
case of vector operators. In both panels the yellow region indicates the maximal enhancements
that are consistent with (5.5). The effect of an experimental improvement in the By — 777,
B — X4yt~ and BT — 7777~ branching ratios is indicated by the solid red, the dashed blue
and the dotted green curves, respectively.

(left panel) and the vector operators (right panel). The plots show that for both the scalar
and the vector operators and fixed branching ratio the By — 777~ decay always provides
the most stringent constraint on |AT'y/ AFEM |. This implies that in order to restrict possible
new-physics effects in ATy, future measurements of the B — X477~ or Bt — w777~
branching ratio have to surpass the present bound (5.5) on Br (By — 777). Numerically,
we find that limits of Br (Bt — nt7777) <5.3-107* and Br (B — Xgr777) <2.6-1073
would be required in the case of the scalar and vector operators to reach the current
sensitivity of the By — 717~ branching ratio.

6 Conclusion

In this article we have investigated the room for new-physics effects in the decay rate
difference AT’y of neutral By mesons following an effective field theory approach. Such a
study is well-motivated because the current direct experimental bound on AT’y still allows
for an enhancement of several 100% over the SM prediction and a new measurement at D@
can be interpreted as a solution of the longstanding problem with the dimuon asymmetry,
involving an anomalous enhancement of the decay rate difference.

We have presented a detailed comparison between AT'y and Al within the SM, em-
oV, and V5V . both
scale as A3, in the latter case there is a hierarchy between the individual contributions, since
ViV = O(N?) and V5.V, = O(M?). In consequence, a modification in b — céd can have
a much larger effect in AI'y, compared to the effect of a similar modification in b — ccs

phasising that while in the former case the relevant CKM factors

on Al's. Such modifications could for instance arise in new-physics scenarios that predict
violations of the CKM unitarity. If these non-standard corrections affect the Bg-meson
and Bs-meson sectors in a flavour-universal way, then AI'y can be enhanced relative to the
SM by up to 300%, while in the case of ATl's the corresponding shifts can be 50% at most.
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Our general arguments show that for Al'y a large enhancement is a priori not excluded,
while in the case of AT’y beyond the SM effects cannot dramatically exceed the size of the
hadronic uncertainties that plague the decay rate differences.

Our general findings have been corroborated by model-independent studies of non-
standard effects associated to dimension-six operators of flavour content (dp)(p’b) with
p,p’ = u,c as well as (db)(77). Allowing for flavour-dependent and complex Wilson coeffi-
cients, we performed detailed analyses of the experimental constraints on each individual
coeflicient of the current-current operators that arise from hadronic B-meson decays like
B — 7w, pm, pp, D*7, the inclusive B — Xy transition and the dimension-eight contribu-
tions to the mixing-induced CP asymmetry in B — J/1 Kg. In accordance with our general
observations, we found that large relative deviations in AI'y and afl of a few 100% can at
present not be ruled out phenomenologically, if they are associated to the current-current
operator (dc)(¢b). We stressed that the derived bounds also apply to new-physics models
that feature violations of the unitarity of the CKM matrix, a scenario more restrictive than
our own, which allows for non-universal, complex Wilson coefficients.

As a second possibility, we examined new-physics contributions from effective interac-
tions of the form (db)(77). Depending on their Lorentz structure such operators contribute
at tree level to the decays By — 7777, B — X477~ and BT — nt7trT. While for
By — 777 there exists a direct experimental bound, the branching ratios of B — X377~
and BT — 77777~ can only be bounded indirectly by using the lifetime difference of By
and By mesons. Loop-induced contributions to decays like B — Xgv, BT — mtu™p~ and
By — v also arise from (db)(77) operators, but turn out to be relevant only for tensor
interactions. Since the existing experimental constraints are all fairly weak, we found that
enhancements of both AI'y and afl by more than 100% are possible also in the case of
non-standard b — dr 77~ effects, in particular, if these new contributions stem from vector
operators. Given that some of the studied By -meson decays are expected to be better
measured or bounded in the near future by LHCb and eventually also Belle II, we also
presented plots that illustrate the sensitivity of the individual decay channels to the dif-
ferent Wilson coefficients. These results should prove useful in monitoring the impact that
further improved determinations of By — 777, B — X777~ and BT — 777" have
in extracting information on ATy .

We believe that the decay rate difference AT'y provides a unique way to probe “ex-
otic” new physics that leads to composite dimension-six operators like (dc)(eb) or (db)(77).
While explicit new-physics realisations that give rise to such interactions are difficult to
construct, based on existing observations the possibility that non-standard effects of this
type enhance Al'y and in this way explain the observed anomalously large dimuon asym-
metry Acp cannot be excluded. Direct measurements of Al'y, more precise data on the
individual semi-leptonic CP asymmetries a‘jl’s and the lifetime difference 75, /7p,, improve-
ments in the experimental determinations of rare and radiative b — d decays, but also a
better knowledge of the values of the CKM matrix elements V.4 and Vs would shed light
on this issue. Such measurements (see also [19]) should hence be pursued with vigour.
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A SM result for AT’y

Within the framework of the HQE, the off-diagonal element I'¢, of the decay rate matrix
can be expressed as a double expansion in the inverse of the heavy bottom-quark mass and
in the strong coupling constant

[e’<Ble’s) A i ) . G
F?Q:ZZ(E?) (52) v (A1)

i=3 j=0

The terms I' g’(j) encode the contributions from dimension-six operators, whose matrix
elements are parameterised in terms of the decay constant fp, and the bag parameters. The
leading perturbative part Fg,(o) is already known since the 80’s, while the NLO corrections
Fg’(l) were calculated in [66-68]. In the sub-leading HQE corrections FZ’U ) , dimension-seven
operators appear. Some of them can be rewritten in terms of dimension-six operators, but
others have to be estimated in the vacuum insertion approximation (VIA). A first step
in the non-perturbative determination of the dimension-seven operators has been made
in [69, 70]. The perturbative contributions FZ’(O) were calculated in [71]. Even the sub-
sub-leading corrections Fg’(o) were estimated in [72]. Because of our ignorance concerning
the size of the matrix elements of some of the appearing dimension-eight operators we will
not use the latter estimates, which in any case result in small corrections only.

Including the corrections mentioned above, we find the following SM prediction for the
width difference in the Bg-meson system

(AT 4)gy = 0.0029 ps ™ (1 +0.16,, & 0.14f, +0.07, £0.07, £0.055_ +0.045,

+0.03y,, £ 0.03p, £ 0.0, £ 0.01,,_,, £ 0-01Vub/vcb>

= (0.0029 £ 0.0007) ps~*.
(A.2)

In order to obtain this result we have used the same numerical input as in [4]. We see
that combining the individual sources of uncertainty in quadrature, Al'y is known with a
precision of around 25% within the SM.

The dominant uncertainty in (A.2) arises from matrix elements of dimension-seven
operators denoted by Re and Ry (see [21] for the precise definitions). These contributions
gives rise to an uncertainty of 16% and 4%, respectively. One should keep in mind that the
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Parameter Value Unit Ref. ‘ Parameter Value Unit Ref. ‘

Masses and couplings

my 0.105 GeV  [73] | GF 1.16638 - 107° GeV~2 [73]
my 1.777 GeV  [73] | as(My) 0.1184 [73]
My 91.1876 GeV  [73] | a(My) 1/127.944 [73]
My 80.385 GeV  [73] | a(my) 1/132

CKM

A 0.22457+0-0018¢ [29] | v 70+ 10 ° [29]
p 0.1289™ 06505 [29] | n 0.348 £ 0.012 29]
ViV 0.00874 [Vl 0.0416

[ Vil 0.9745 [29]

Quark masses

mgq 4.8 MeV me(me) 1.275+£0.025  GeV  [73]
mfde 4.8 GeV () 4.2 GeV

mpole 1731409  GeV  [73] | my(my) 163.5 GeV
B-meson and light meson properties

Mp, 5279.26 MeV [73] | 7B, 1.641 ps [73]
Mgp, 5279.58 MeV  [73] | 7B, 1.519 ps [73]
M, 5366.77 MeV  [73] | 78, 1.463 ps [73]
[Bua 190.5 £ 4.2 MeV [74] | fB. 227.7+4.5 MeV  [74]
fr 130.4 MeV [73] | Ap 400 MeV  [42]
By 0.84 £0.07 GeV [74] | Bg 1.36 £0.14 GeV  [80]
Bg 1444016  GeV [81]

Table 3. Collection of our input parameters for the numerical evaluation.

corresponding bag parameters have been estimated in [4] quite conservatively by allowing
a 50% deviation from the VIA value of 1. Allowing only for modifications of 25%, would
reduce the errors corresponding to dimension-seven operators by a factor of 2. While the
bag parameters of some of the dimension-seven operators have been estimated in [69, 70]
using QCD sum rules, a lattice calculation of Br, and Bpg, is unfortunately not available
at present. Any progress in this direction would be of utmost importance to reduce the
total uncertainty in (AT'g)gy-

The second largest uncertainty in (A.2) arises from the matrix elements of dimension-
six operators. An error of 14% comes from the decay constant fp, and an uncertainty of
5% (3%) stems from the bag parameter Bg (By'). Several lattice groups are working on the
determination of these hadronic parameters, so that these errors are expected to shrink.

Number three in the error budget of (AI'g)gy; are the CKM uncertainties. The error
due to v (V) amounts to 7% (3%) at present, but is expected to improve in the future.
The renormalisation scale (u) dependence gives rise to an uncertainty of about 7%. To
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reduce this error a NNLO order calculation would be necessary. The remaining parametric
uncertainties in (A.2) are negligible at the current stage.

B Numerical input

In table 3 we collect the numerical values of various parameters used as input throughout
the work. The decay constants fp, are the most recent averages of the FLAG compila-
tion [74] that incorporate the Ny = 2 + 1 results of [75-77]. More recent determinations
with Ny =2+ 1+ 1 [78] and Ny = 2 [79] are consistent with these averages.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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