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Measurements performed at the Tevatron of both the like-sign dimuon
charge asymmetry in Bg s-meson samples and the mixing-induced CP asym-
metry in By — J/¢¢ depart from their Standard Model (SM) predictions.
This could be an indication for new CP phases in AB = 2 transitions, pref-
erentially in B,—B, mixing. The experimental situation, however, remained
inconclusive, as it favored values of the element I, of the decay matrix in
the Bs-meson system that are notably different from the SM expectation,
suggesting the presence of new physics in the AB = 1 sector as well. The
very recent LHCb measurements of By — J/1¢¢ and Bs — J/¢ fo, which
do not find any evidence for a new-physics phase in the element M7, of the
mass matrix, point into this direction as well. In this article, we explore the
potential size of non-standard effects in I}, stemming from dimension-six
operators with flavor content (50)(77). We show that since the existing
constraints imposed by tree- and loop-level mediated Bg4 ,-meson decays
are quite loose, the presence of absorptive new physics of this type would
lead to an improved global fit to the current data. The allowed effects
are, however, far too small to provide a full explanation of the observed
anomalies. Our model-independent conclusions are finally contrasted with
explicit analyses of the new-physics effects in Bs—B, mixing that can arise
from leptoquarks or Z’ bosons.
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1. Introduction

The phenomenon of neutral Bg-meson mixing is encoded in the off-
diagonal elements M7, and I}, of the mass and decay rate matrix. These
two complex parameters can be fully determined by measuring the mass
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difference AMy; = M7 — M}, the CP-violating phase qﬁf’]/w) = —20,, the
decay width difference AI'y = I'} — I';;, and the CP asymmetry af, in flavor-
specific decays.
The combined Tevatron and LHC determination of the mass difference
reads [1, 2]
AM, = (17.73 +0.05) ps~", (1)

and agrees well with the corresponding Standard Model (SM) prediction [3]

(AM,)sy = (17.3 +£2.6) ps~!. (2)

Here the quoted errors correspond to 68% confidence level (C.L.) ranges.

The phase difference ¢% I between the Bs mixing and the b — scc¢ decay
amplitude and the width difference AI'y can be simultaneously determined
from an analysis of the flavor-tagged time-dependent decay Bs — J/¢o.
The 2010 HFAG average! combines the results of CDF [4, 5] and D@ [6],
which are based on 1.35fb™! and 2.8fb™! of pp data at /s = 1.96 TeV,
respectively. At 68% C.L., they find [7]

O = (). AL =) p @

as well as a symmetric solution located at 180° — Sde) and —AT, 2. The

corresponding numbers in the SM are [3, 9]*

. (ViVip)” o
= ar = (=2.1+0.1)°,
(%00 Vava? |~ )
(ATs)sm = (0.087 +0.021) ps~. (4)

They deviate from (3) by 2.30 and 0.90, respectively.

Meanwhile, CDF, D@, and LHCD provided new measurements of ¢% T
and Al with data from 2011 which have been combined in the new HFAG
2012 release |11]. Both, the CDF [12] and D@ [13] collaborations, have up-
graded their By — J/1¢ analysis to integrated luminosities of 9.6 fb~! and
8.0fb™!, whereas LHCb analyzed By — J/1¢ [14] and By — J/¢pmtr™ [15]
using 1fb~! of data. The combined results show no evidence for a new-

physics phase in Bs—B; mixing and a value for Als that is above the SM

! Notice that only results published or accepted in a refereed journal by March 15,
2011 have been included in the average.

2 The solution 180°~¢%,,4 and —ATs has by now been excluded by LHCb at 4.70 [8].

3 A recent concise review of the theoretical uncertainties plaguing (AIs)sm has been
given in [10].
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expectation (4), but compatible within the uncertainties®. The correspond-
ing central values and 68% C.L. error ranges are

$ge = (—25735)7, Al =(0.105+0.015) ps'. (5)

The CP asymmetry in flavor-specific decays ag, can be extracted from a
measurement of the like-sign dimuon charge asymmetry AgL, which involves
a sample that is almost evenly composed of By and Bg; mesons. Performing
a weighted average of the results by CDF [18] and DO [19, 20|, which are
based on 1.6fb~1 and 6.1fb~! of integrated luminosity (obtained before
2011), leads to

Al = (—85+28)x 1073 (6)

at 68% C.L. Utilizing the SM predictions for the individual flavor-specific
CP asymmetries [3]

(ags)SM = —(41£06)x107%,  (al)gy = (1.9£0.3) x 1075, (7)

one obtains

(AgL) = (0:506£0.043) (a?) o F(0:494:£0.043) @)= (—2.0£0.4) x 107"
(8)
which differs from (6) by 3.00. Using the measured value of the CP asym-
metry in flavor-specific By decays [7]°,
af = (—4.74+4.6) x 1073, (9)
and (6) in (8), one can also directly derive a value of af,. One arrives at

af, = (=1.24+0.7) x 1072, (10)

which compared to (7) represents a discrepancy of 1.70. Recently, the DO
Collaboration has updated its analysis of the like-sign dimuon charge asym-
metry. Employing 9.0 fb™! of data, they now find [21]

Al = (—7.87 4 1.724a1. & 0.935y5.) x 1073, (11)

4 Very recently, the ATLAS Collaboration has also presented measurements of ¢% o

and Al [16] based on 4.9fb~ ! of data. We add that the error of AT, =
(0.053 4 0.023) ps~! reported by ATLAS is small, and that the quoted central value
is below the SM prediction. These new results have not yet been included in the
HFAG averages (5) that we will use in our work.

® The latest DO measurement of af, yielding af, = (6.8 £4.7) x 1072 [17] is not con-
sidered here, because it is not incorporated in the official HFAG average presently.
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This new number should be confronted with the SM value

b _
(ASL)SM — (0.594 £ 0.022) (afS>SM (0.406 + 0.022) (a.) sy
= (—2.4404) x 1074, (12)

which corresponds to a tension with a statistical significance of 3.90. This
result has been combined by HFAG [11] with the latest B-factory results on
a?s yielding

af = (-33+33)x1073,  af =(-1.05+£0.64) x 1072. (13)

Notice that the value for af, quoted above differs from (ag,)sm as given in (7)
by 1.60 only. The average (13) does not take into account the latest LHCb
measurement af, = (—0.24 & 0.63) x 1072 [22] which is in agreement with
the SM within uncertainties. Incorporating the latter number into a naive
weighted average, results in ag, = (—0.64 £0.45) x 102, which corresponds
to a tension of 1.4¢. It should be noted that the combination of AgL and a?s
in order to determine ag, accounts for Contributions beyond the SM which
affect af When using instead the SM value of af , the latest result of ASL
given in (11) implies af, = (—1.88 & 0.49) x 1072, which deviates from the
SM by 3.8, i.e., a deviation of similar size as directly seen in AgL

In view of the observed departures from the SM predictions, it is nat-
ural to ask what kind of new physics is able to simultaneously explain the
observed values of AMj, J/W)’ ATy, and af,. Here, we would like to ad-
dress the found anomalies in a model-independent way by parametrizing the
off-diagonal elements of the mass and decay rate matrix as follows

MFy = (M)sm + (Miy)ne = (Miy)sm Rag €
Yy = (If)sm + (Iio)ne = (Iia)sm R e’ (14)

In the presence of generic new physics, the Bg-meson observables of interest
are then given to leading power in [I7,|/|M7,| by

AM; = (AMg)smRa PIrpg = (QSSJ/W) SM e

cos (Pgy + dm — ér)

AFS = (AFs)SMRF ~ (AFS)SM RF COS <¢M — (ﬁp) s

COS Py
0t = () Rp sin ((bSM + onr — or) ~ (al) Rp sin (¢ — ¢F)
fs fs/SM Ry sin ¢y fs/5M Ry Oém

(15)
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Notice that in the case of Als and ag, the final results have been obtained
by an expansion in ¢&; = arg (—(M7y)sm/(I)sm). Although this is an
excellent approximation, given that ¢g,; = (0.22+0.06)° [9], we will employ
the exact analytic expressions in our numerical analysis.

The four real parameters Ry;r and ¢y entering (14) can be con-
strained by confronting the observed values of AMjs, ¢% T AT, and ag,
with their SM predictions. In the following, we will analyse two different
data sets®. The first set (D1) consists out of (1), (3), and (10), while in
the second case (D2), we rely on (1), (5), and (13). We begin our analysis
by asking how well the SM hypothesis describes the two sets of data. In
the case of D1, our global fit returns x? = 9.1 corresponding to 1.90 (2.60)
for 4 (2) degrees of freedom (dofs), while for D2 we obtain x? = 3.2, which
translates into 0.60 (1.30) if 4 (2) dofs are considered. One observes two
features. First, the quality of the fit improves notably when going from D1
to D2, which is due to the fact that the value of ¢% S in the new data set is
fully consistent with the SM expectation and, second, even the new data is
not in perfect agreement with the SM hypothesis as a result of the observed
large negative value of af, and, to a lesser extend, the latest measurement
of AT, which resides above the SM prediction. Let us also mention that
using AgL rather than af, in the x? analysis (i.e., fixing a‘fis to its SM value
and employing (6) instead of (10) in the case of D1, and (11) instead of
(13) in the case of D2) would result in notable worse fits. One would find
x? =14.6 (x? = 15.1) for D1 (D2), corresponding to C.L. values at or above
the 30 level. The x? of the fit is in this case driven by AgL, which shows
the largest deviations from the SM. Notice that employing the poor mea-
surement of af to extract af, from Al , as done in (10) (and to less extend
for (13) by HFAG [11]), while allowing to improve the fit to the Bs-meson
data, comes, of course, with the price of a 1.00 tension in agls. This feature
should be clearly kept in mind when interpreting the C.L. levels quoted here
and below.

It is also instructive to determine the best-fit solution of the full four-
parameter fit to the data (1), (3), and (10) or (1), (5), and (13). In the case
of D1, we find that (Ras, ¢ar, R, ¢r) = (1.02, —44°,3.1,13°) leads to a van-
ishing x2, while for D2 the x? function equals zero at (Ras, ¢ar, Rr, ¢r) =
(1.02,—-0.4°,2.5,61°). After marginalization the corresponding symmetrized
68% C.L. parameter ranges are

Ry = 1.05+0.16,  ¢p = (—46 £ 19)°,
Rp = 33+15, ér = (7+30)°, (16)

6 For simplicity, we ignore the mirror solutions at 180° — ¢-Si/w¢ and —ATls in our
discussion hereafter.



132 C. BOBETH, U. HAISCH

and

Ry = 1.054+0.16, ¢y = (—0.4+5.2)°,
Rr = 26+1.2, or = (54 £ 20)°. (17)

We also note that the combination of (af )sy with (11) in order to determine
afs yields (RM, ¢M, RF, ¢F) = (1.02, —0.40, 4.1, 730) and

Ry = 1.05+0.16, ¢y = (—0.4+5.2)°,
Rp = 42+12, or = (72+9)°. (18)

Focusing on Rp and ¢g, we see that a good fit to the data sets requires
very large corrections to I}, either without (D1) or with (D2) a large weak
phase. Even larger effects are required if one tries to explain (11) using
(a)sm as an input (a scenario that we will call D3 from hereon). Based
on older data sets this observation has been made before in [23-26] and
triggered a considerable amount of theoretical investigations [27-34]. The
first publication that, to the best of our knowledge, argued convincingly for
the possibility to have sizable new-physics effects in I, is the work [35].
To further elucidate the latter point, we analyse two orthogonal hypothe-
sis of new physics in B, B; oscillations, namely a scenario with (M?5)np # 0
and (I'fy)np = 0 and a scenario with (M75)np = 0 and (I75)np # 0. We re-
fer to this two different scenarios as S1 and S2, respectively. The left (right)
panel in Fig. 1 shows the results of our global fit for scenario S1 (S2) in the
Ry cos dpr—Ras sin gy (Rp cos op—Rp sin ¢ ) plane based on the data set
D1. By inspection of the left plot, we infer that in the scenario S1 the pre-
ferred 95% C.L. parameter region, is essentially determined by the interplay
of AM, and ¢:§7/¢¢' The best-fit point is located at (Ras, ¢ar) = (1.01, —40°).

It has x2/dofs = 3.1/2 corresponding to 1.3, which is in almost equal parts
due to ATy and af,. This moderate tension is also clearly visible in the fig-
ure. Turning our attention to the right panel, we observe that in the case of
the hypothesis S2 only a small region of parameter space has a C.L. that is
better than 95%. The best-fit solution resides at (R, ¢r) = (3.0,56°) and
has x2/dofs = 5.4/2 corresponding to 1.8c. These numbers imply that the
data set D1 prefers the hypothesis S1 over S2.

By repeating the above statistical analysis for the new data set D2, we
obtain the results displayed in the upper left and right panels in Fig. 2. From
the upper left panel, we glean that in the scenario S1 the regions of all indi-
vidual constraints apart from af, now overlap. Minimizing the x? function
gives (Rys, dar) = (1.02,—1.0°) and x?/dofs = 3.2/2 corresponding to 1.30,

7 This result agrees well with the global analysis performed in [9], but disagrees with
the work [33], which claims that the scenario S1 is disfavored by more than 3o.
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Fig. 1. Left (right): Constraints on the parameter Ry and ¢y (R and ¢r) from
the global fit to the data set D1 in scenario S1 (S2). For the individual constraints
the colored areas represent 68% C.L. regions (dofs = 1), while for the combined fit
to the Bs-meson mixing data the light (hatched) area shows the 95% probability
region (dofs = 2). In both panels the SM prediction (best-fit solution) is indicated
by a dot (cross).

which represents only a marginal improvement with respect to the SM hy-
pothesis. In consequence, the case for a non-zero non-standard contribution
to M7, is rather weak. Comparing the right panel of Fig. 1 with the upper
right panel of Fig. 2, we see that the 95% C.L. region is not only significantly
larger in the scenario S2 than before, but that now also a description of the
data with a probability of better than 68% is possible. The best-fit point
is located at (Rp,¢r) = (2.4,61°). In fact, the latter parameters lead to
an almost perfect fit with x2/dofs = 0.03/2 corresponding to 0.020. The
new data set D2 hence statistically favors the new-physics scenario S2 over
the hypothesis S1. We stress again that the best-fit points and C.L. values
given in this and the last paragraph do depend on whether ag, or AgL is
part of the y? function. In particular, even larger values for Ry of around
4 would be needed to give a good fit in scenario S2, if (6) instead of (10) or
(11) instead of (13) would been used. This feature is illustrated in the lower
panel in Fig. 2, which shows the results of a fit to the data set D3.

The above findings suggest that one hypothetical explanation of the ex-
perimentally observed large negative values of af, (or equivalent AgL) con-
sists in postulating new physics in I}, that changes the SM value by a factor
of 3 or more. The goal of our work is to study in detail whether or not and
to which extend such an speculative option is viable. While in principle any
composite operator (5b) f, with f leading to an arbitrary flavor neutral final
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Fig.2. Upper (lower left, right): Constraints on the parameter Ry and ¢ (Rp
and ¢r) from the global fit to the data set D2 in scenario S1 (D2 in scenario S2,
D3 in scenario S2). For the individual constraints, the colored areas represent
68% C.L. regions (dofs = 1), while for the combined fit to the By-meson mixing
data the red and cross-hatched (light red and hatched) area shows the 68% (95%)
probability region (dofs = 2). In all panels the SM prediction (best-fit solution) is
indicated by a dot (cross).

state of at least two fields and total mass below the Bs-meson mass, can
contribute to I'f,, the field content of f is in practice very restricted, since
Bs — f and By — X f decays to most final states involving light particles
are severely constrained. One notable exception is the subclass of Bs- and
Bg-meson decays to a pair of tau leptons [23, 26, 29, 30, 33, 35, 36], to which
we will devote our full attention in this article. Specifically, we perform a
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thorough model-independent analysis of the impact of the complete set of
(5b)(77) operators on I}, taking into account all existing direct and indirect
constraints. We find that the loose bounds on most of the Wilson coefficients
of the considered operators allow for enhancements of I}, of maximal 35%
compared to its SM value, but that the 300% effects in Ry needed to fully
accommodate the data (see (16) and (17)) can clearly not be obtained. The
presence of (5b)(77) operators alone can thus not reconcile the observed ten-
sions in the By -meson data. Our work clarifies and extends the existing
analyses [23, 29, 35]. While most of our discussion is based on an effective-
field theory and thus general, we also consider two explicit models of new
physics that alter I}, namely leptoquarks and scenarios with new neutral
gauge bosons.

This article is organized as follows. After introducing important defini-
tions and notations in Sec. 2, we study in Sec. 3 the direct bounds on the
Wilson coefficients of the (5b)(77) operators following from Bg — 7777,
B — Xyt ,and Bt — Kt7777. Section 4 is devoted to a comprehen-
sive discussion of the indirect constraints arising from b — sy, b — s{T4~
(¢ = e,pu), and b — syy. In Sec. 5, we calculate the effects of the full
set of (8b)(77) operators on I}, and analyze their numerical impact. Our
model-independent findings are contrasted with two explicit SM extensions
in Sec. 6. A summary of our main results and our conclusions are presented
in Sec. 7. A series of appendices contains useful details concerning technical
aspects of our calculations.

2. Preliminaries

In the SM, the effective AB = 1 Lagrangian is given by

4Gy _ .,
Eeff = EQCDxQED (u, da S, C, ba € K, T) + 721: ‘/ts‘/;fb Z CZ(:U’) Ql ’ (19)

and consists of products of Wilson coefficients C; and dimension-six opera-
tors Q;. The Wilson coefficients C; and the matrix elements of the operators
Q; both depend on the renormalization scale u, which we set to the bottom-
quark mass my throughout this article when evaluating the B-meson ob-
servables of interest. In (19), the Fermi constant Gy and the leading CKM
factor ViV have been extracted as a global prefactor. Finally, the sum
over i comprises the current—current operators (i = 1, 2), the QCD-penguin
operators (i = 3,4,5,6), the electromagnetic and chromomagnetic dipole
operators (i = 7,8), and the semileptonic operators (i = 9, 10).

For what concerns our work, the electromagnetic dipole and the vector-
like semileptonic operator are the most important ones. We define them in
the following way
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e 62

mb(u) (EUMVPR b) pr s QQ = (471')

5 (87 PLYD) (Cyu ),
(20)

where e is the electromagnetic coupling constant, my(u) denotes the MS
bottom-quark mass, F},, is the field strength tensor associated to the pho-
ton, P, r = (1 F75)/2 project onto left- and right-handed chiral fields, and
o' =i[y"*,+*] /2. Within the SM, one has numerically C7 gm(myp) ~ —0.3
and Cg gn(mp) = 4.1. The chiral-flipped partners Q% and Qj of the electro-
magnetic dipole and the vector-like semileptonic operator are obtained from
(20) by simply replacing the chiral projectors P, g through Pg ..
In what follows, we supplement the effective SM Lagrangian (19) by

Ll = 5 Y G, (21)

where A > my denotes the scale of new physics and the index i runs over the
complete set of dimension-six operators with flavor content (5b)(77), namely

(A,B=L, R) ~ _
Qs,aB = (5PAb)(TPsT),
QvaB = (879"Pab) (Tv.PBT) ,
QrA = (50" PAb) (TouwPAT) . (22)

As we will discuss in detail below, the Wilson coefficients of these operators
can be bounded by various direct and indirect constraints for any given value
of A.

For later convenience, we also introduce Wilson coefficients C; associ-
ated to the non-standard operators (22) that are normalized like the SM
contributions (19). In terms of the Wilson coefficients CZ-A, they are simply
given by
V2 1 G
CAGR ViV A2

We now have enough definitions and notations in place to start the discussion
of the relevant restrictions.

Ci(n) (23)

3. Direct bounds on (5b)(77) operators

The ten operators entering (21) govern the purely leptonic By — 777~
decay, the inclusive semi-leptonic B — X 777~ decay, and its exclusive
counterpart BY — KT777~, making these channels potentially powerful
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constraints. In practice, however, flavor-changing neutral current By, de-
cays into final states involving taus are experimentally still largely unex-
plored territory. Rather weak limits on the branching ratios of the former
two modes can be derived from the LEP searches for B decays with large
missing energy [37] and/or the B-factory measurements of the ratio of the
Bs- and the Bg-meson lifetimes [23].

In the latter case, one finds by comparing the SM prediction 75, /75,—1 €
[—0.4,0.0]% [3] with the corresponding experimental result 75, /75, — 1 =
(0.4£1.9)%, which is based on the recent LHCb measurement I's = (0.656 +
0.012) ps~! [14] and 7, = (1.5194:0.007) ps [38], good agreement compared
to previous measurements [7]. Yet, following the arguments of [23], values of

B(Bs—71rr7) < 3%, (24)

are still allowed at 90% C.L. even after the first LHCb measurement.
Constraints also derive from the semileptonic branching ratios [9, 39].
For example, one can consider possible contaminations of the decay samples
b — uliy due to one tau in B — X777~ decaying leptonically and the other
one hadronically. If the second 7 decays as 7+ — u(d, 3) 7, such a decay
chain results in the experimental signature B — X v v, + (7, KT) liy,
which contains at least one strangeness final-state meson. Since this signal
arises in the SM as a sequence of tree-level decays, one has very naively

B(B = Xsv v + (nt, K1) lizg)

B — X, T) = = . 2
B( ~ TT) B(T*)ED(VT)B(T+—)U(CZ,§)I7~,-) (25)
Using now [38]
B(r = tyry) =~ 36%,
B(rt > u(d,3) o) 1= B(r = ligr,) ~ 64%, (26)

and taking into account the uncertainties of the relevant semileptonic decay
modes of BY*-admixture [3]

B (B — K (py + anything) = (6.2£0.5) x 1072,
B (B — K~ {p; + anything) = (1.0£0.4) x 1072,
B (B — K°/K° (v, + anything) = (4.6 £0.5) x 10> (27)
suggests that branching ratios satisfying
B(B— X,vt17) < 25% (28)

would lead to no observable signal. Of course, a misidentification of B —
Xsvrp + (77, K*) 4y, as an exclusive B — w/{i, or an inclusive B —



138 C. BOBETH, U. HAISCH

X, £y decay is also possible, i.e., loosing the X in the analysis. In order to
quantify the precise impact of misidentifications would obviously require a
sophisticated analysis, including all the relevant details of the experimental
analysis, which goes beyond the scope of this work. Let us add that the above
line of reasoning can also be applied to inclusive semileptonic B decays,
if one knows the fraction foyi of B — X 777~ events that survive the
experimental cuts imposed in the B — X v, analysis. Employing (Bsr,)sm =
(11.7£1.4+£1.0) % [40, 41] and (Bsy,)exp = (10.76 £0.14) % [38] leads to
the limit

B (B — X5T+7'_) < L%.

9.3 fout — 1

The assumption feyt = 1, 4.e., that all B — X777 events represent a
residual background, is quite unrealistic, but it yields the same numerical
value as in (28). In practice, feut can be determined only with a dedicated
detector simulation, and hence we expect a significantly weaker constraint
on B = X777~ from B — X/lv;. We finally note that B — X777~
only starts to become competitive with the other direct constraints, if its
branching ratios can be constrained to values below 1% (this will become
clear only later). Whether (28) or the weaker limit of O(5%) extracted in
[37] is used, is hence irrelevant for (most of) the further discussion.

Bounds of strength similar to those given in (24) and (28) also follow
from charm counting [42, 43]. Combining the latest BaBar result for the
average of the B~ and B, charm multiplicity n, = 1.20 + 0.06 with B(B —
Xsez) = 0.24 £0.02 [44], yields B(B — X6 charm) = (4 £5)% at 68% C.L.
Subtracting from this number the SM prediction for B(B — Xyo charm) of
around 1.5% [39], suggests that (24) is a conservative upper limit, that is
consistent with charm counting®.

The unsatisfactory experimental situation concerning By s-meson decays
into final states with tau pairs, has been improved recently by the BaBar
Collaboration, which was able to set a first upper limit on the branching
ratio of BT — K777, At 90% C.L., this bound is [46]°

(29)

B(BT - Ktrtr7) < 33x107%. (30)

Although the limits (24) and (30) are many orders of magnitude above
the corresponding SM predictions, we will see below that they provide cur-
rently the strongest constraints on the Wilson coefficients of the scalar and

8 The B — Xy charm branching ratio has also been determined by DELPHI [45]. The
quoted 95% C.L. bound of B(B — Xno charm) < 3.7% relies, however, on a Monte
Carlo simulation to model the displaced vertex distribution for intermediate charm,
which introduces an uncertainty that is hard to quantify.

9 The measurement is restricted to dilepton invariant masses of 14.23 GeV? < ¢ <
(Mp+ — MK+)2. This experimental cut is implemented in our calculation.
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vector operators of (5b)(77) type. Let us first have a look at Bs — 777~
and B — X 7777 . In the case of the exclusive decay, the relevant branching
ratio reads [47]

4m? 2 2m ?
+ - o T
B(BS — 77T ) =Np, _yrtr- {(1— M{) |Fs| + | Fp + Mp, Fa } )
(31)
where
GEM}, 375, a2 :
Niiorire = =5 VaValy 1= gpt = 64x107%, - (32)
and
Mp,
Fsp = ————[Csrr F Os1L £ Csre — Cs 1Rl ,
mp + Mg
@
Fpn = o Crosm + Cvir + Cvrr — CviL — CVRR - (33)

Here all Wilson coefficients are understood to be normalized as in (19) and
(23) and evaluated at my. Notice also that the SM contribution proportional
to Ciosm(my) =~ —4.2 has been kept separately in F5. Compared to the
new-physics contribution this correction is suppressed by both a CKM and a
loop factor, resulting in B(Bs — 777 )sy & 81077, In order to obtain this
number, we have employed Gy = 1.16637 x 107° GeV 2, Mp, = 5.3663 GeV
[38], fB. = 238.8 MeV [48], 7, = 1.477ps [7], |ViiVip|? = 1.6 x 1073 [49],
m, = 1.777 GeV, and o = a(Myz) = 1/129 [50].

Assuming the dominance of a single operator and neglecting the SM
contribution to (33), we then find by combining (24) with (31) the following
upper bounds on the magnitudes of the Wilson coefficients

|Cs,aB(msp)| < 0.5, |Cv aB(mp)| < 1.0. (34)

Here my = m?de = 4.8 GeV and m,; = 0.1 GeV have been used.

By means of the solutions to the LO renormalization group equations
(RGEs) presented in Appendix A, the results (34) can be reinterpreted as
limits on the matching corrections to the Wilson coefficients at the scale A.
Performing the evolution from my (my) up to my (A) in a five-flavor (six-
flavor) theory, we obtain in the case of the scalar operators

Cs aB(A)] = 0> 05" |Cs an(my)| < 15’7 0.4, (35)

where 75 = as(my)/as(my) = 0.5 and ng = as(A)/as(my) = [1.223 +
0.1241n (A/TeV)]~t. The bound on Cy ap is, on the other hand, scale in-
dependent, because the vector operators Qv ap correspond to conserved
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currents. In Table I, we summarize for convenience the currently available
direct bounds on the high-scale Wilson coefficients assuming a new-physics
scale of A =1 TeV.

TABLE 1

Direct upper bounds on the high-scale Wilson coefficients at A =1 TeV.

|C;(1 TeV)| | Bs > 7Tt~ B—=Xotr~ Bt Kftrtro

S,AB 0.3 1.9 0.5
V,AB 1.0 1.5 0.8
T, A — 0.5 0.5

Unlike B, — 7777, the inclusive decay B — X777~ depends on all
Wilson coefficients. Its differential branching ratio might be split into the SM
contribution, the interference of the SM with the new-physics contributions,
and the pure new-physics corrections. Since we assume that the Wilson
coefficients of the operators (22) are generated at tree level, we are allowed
to neglect both the SM and the interference terms, which are suppressed
relative to the new-physics effects by at least a factor of order a/(4m) ~
6 x 1074, The relevant contributions to the branching ratio differential in
the dilepton invariant mass, s = ¢, read [51]

= Npxorir |Cil> M (s) . (36)

)

dB (B — Xstt77)
ds
Here i = S,AB, V,AB, T, A and

_ 3 ’V?;V;‘/b‘z B(B — chyf)exp
2mp  [Ve|? f(2)k(2)

NBosxortre ~ 1.1 x107%.  (37)

The analytic expressions for the kinematic functions MiXS(s) can be found
in Appendix B. In order to obtain the numerical result in (37), we have
employed |ViVip|?/|Vip|? = 0.96 [19], B(B = Xclvg)exp = 10.23% [7], and
z = (m§°1e/m§°le)2 = 0.084. For this input, the phase-space factor and
the NLO QCD corrections [52] of B — X vy evaluate to f(z) ~ 0.54 and
k(z) =~ 0.88. The Wilson coefficients are bounded by integrating the non-
resonant branching ratio over the entire kinematical range 4m?2 < s < (mp—
ms)? and comparing the obtained result to the experimental extraction'’.

10 Experimentally, the narrow 1’ resonance at s ~ 13.7 GeV? has to be removed by
making appropriate kinematic cuts in the invariant mass spectrum. In view of the
poorness of the upper limit on B(B — X 7777), it is at present immaterial if these
cuts are imposed in the theoretical calculation.
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Numerically, the integrations yield

/ds Mg (s) ~ 2636, /ds M (s) &~ 10542, /ds M7 (s) ~ 126505.

(38)

From the bound B(B — Xs7777) < 2.5%, which is five orders of mag-

nitude above the SM expectation B(B — X777 )sm &~ 5 x 1077 [53], we

then derive, by utilizing (36) to (38) and considering each type of Wilson
coefficient individually, the inequalities

|Cs aB(mp)| S 2.9, |Cv.aB(my)| S 1.5, |Cra(mp)] S 0.4. (39)

Comparing these results with (34), one observes that B — X777~ con-
strains the contributions arising from scalar and vector operators much less
severely than By — 7777.

It is again straightforward to find the corresponding bounds on the high-
scale Wilson coefficients. In the case of the scalar operators, one proceeds
in analogy to (35), the upper bound on Cy ap is unchanged, and in the last
case, we arrive at

Cra(A)] = 05 ng P |Cra(my)| S mg M 0.5, (40)

The bound (40) and the limits on Cs ap and Cy ap stemming from B —
X 777 are collected in Table 1.

Let us finally consider the bounds on the Wilson coefficients C; that
follow from the upper limit (30), which still leaves ample room for new
physics to enhance the branching ratio with respect to the SM prediction of
B(B* — K777 )gm ~ 2 x 1077 [54]. Keeping again only the pure new-
physics contributions, the individual corrections to the differential branching
ratio of BT — K+777~ take the form [55]

dB(BT — Ktrtr~ +
( ( ds )> - NB+—)K+T+T7 |Cz‘2 MlK (S) ) (41)
i
where 9 9
Gz Vi V;
Nt L gtrtr— = ElVis V| 7+ ~ 5.0x 1077, (42)

24m3 M3,

corresponding to g+ = 1.641 ps [7] and Mg+ = 5.279 GeV [38]. The func-

tions MZK+(S) are collected in Appendix B. Integrating them over
14.23 GeV? < s < (Mgt — Mg+)? gives

/dsMsK+(s) ~ 1081, /ds ME" (s) ~ 1082, /ds ME" (s) ~ 3610.
(43)



142 C. BOBETH, U. HAISCH

Inserting (42) and (43) into (41), and allowing for the presence of a single
Wilson coefficient at a time, the upper bound (30) implies

]C&AB(mb)\ < 0.8, ’CV,AB(mb)’ < 0.8, ‘CT,A(mb)’ < 0.4. (44)

The limits on the Wilson coefficients at the scale A = 1 TeV following
from BT — KT7%7~ are shown in Table I. The quoted numbers have been
obtained from (44) by simply applying the relations (35) and (40). We see
that the exclusive b — s777~ mode provides at present the most stringent
direct constraints on the vector and tensor operators with flavor content
(sb)(77), while it is less restrictive than By — 777~ for what concerns
the scalar contributions. Notice also that the resummation of large lead-
ing logarithms of the form a! In™(A?/m7) makes the bound on |Cs ap(A)|
(|Ct,aB(A)|) relative to the limit that applies to |Cs aB(ms)| (|Cr,aB(M0)])
stronger (weaker). The running effects are, however, moderate in both cases
if new physics enters at the TeV scale, as they change the results by a factor of
around 1.6 and 0.9 only. Numerically, we see that the direct constraints allow
for effects that reach almost O(1) in all |C;(1 TeV)|. Recalling that the dom-
inant SM contribution to I, arises from the color-singlet current—current
operator (5v*Pp,c)(¢v,PLb), which has a Wilson coefficient of roughly 1 at
the weak scale, we expect that the (sb)(77) operators can give a visible
correction to the off-diagonal element of the decay matrix in the Bs;-meson
system. We, however, curb our enthusiasm and postpone a detailed numer-
ical analysis of the new-physics effects in I}, to Sec. 5, to check first that
the indirect constraints associated to operator mixing do not thwart these
potentially large effects.

4. Indirect bounds on (5b)(771) operators

Further constraints on the Wilson coefficients (23) arise indirectly from
the experimentally available information on the b — sy and b — s¢+¢~
(¢ = e, u) transitions, because some of the effective operators introduced in
(22) mix into

2
e e -
Q?,A = ? mr (EOJWPA b)FMV ’ QQ,A = ? (EV#PA b) (E’YM 6) ’ (45)

at the one-loop level. Here A = L, R. The corresponding Feynman diagrams
are depicted in Fig. 3. It is important to realize that due to the flavor
structure of the (sb)(77) operators only insertions are possible in which
the tau lines are joined and the photon is emitted from the resulting closed
loop. Our results for the anomalous dimension matrix (ADM) describing the

operator mixing of Qs AB, @v,aB, and QT a into Q7.4 and Qg A are given in
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Appendix A. We find that the ADM is sparse, because most of the relevant
penguin diagrams either contain a vanishing Dirac trace or evaluate to zero
due to current conservation. In particular, the operators ()s A mix neither
into 7 A nor Q97A11, while Qv aB (Q1,4) mixes only into Qg o (Q7,a). The
possible one-loop mixing of the (sb)(77) operators is, therefore, much more
restricted than what has been claimed in the articles [26, 30, 32], which all
did not perform an explicit calculation of the one-loop ADM. We will see in
a moment, that as a result of the particular mixing pattern, the stringent
constraints from the radiative decay B — X7v rule out large contributions
to I}, only if they arise from the tensor operators QT . Similarly, the
rare decays B — X070~ and B — K®)¢*¢~ primarily limit contributions
stemming from the vector operators Qv aB.

L L
T T T T
v
v -

g-i—

Fig.3. Diagrams with a penguin insertion of a (5b)(77) operator (black squares)
that contribute to the renormalization and the matrix element of the electromag-
netic dipole (left) and vector-like semileptonic (right) operators. The tau loop in
both graphs is closed.

The new-physics corrections to the partonic b — sy and b — sft¢~
amplitudes involve the low-energy Wilson coefficients of the effective oper-
ators introduced in (45). Neglecting the matching corrections to both Q7 A
and Qg A, i.e., setting C7 A(A) = Cya(A) = 0, we find from the analytic
solutions to the RGEs as given in Appendix A, the following expressions

Cralmy) = g™ (0.6 —ng") Cra(4),
C'97A(mb) = (0.1 —0.2 ,'7(;1) (CV,AL(A) + CV,AR(A)) . (46)

11 Notice that scalar operators with flavor structure (5b)(gq) with ¢ = s,b mix into the
electromagnetic dipole and vector-like semileptonic operators at the one-loop level
[56, 57]. The mixing arises from graphs constructed by joining two strange or bottom
quarks belonging to the different disconnected parts of the composite operator and
attaching the photon to the resulting open strange- or bottom-quark loop.
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Determining the contributions of the operator sets (22) and (45) to the
radiative and semileptonic b — s processes also requires the knowledge of
the corresponding tree-level and one-loop matrix elements. Details on these
calculations are relegated to Appendix C. Following common practice, we
include the effects of the relevant matrix elements by defining so-called ef-
fective Wilson coefficients [58]. For the SM operators Q)7 and Qg appearing
in (20), we obtain at the scale u = my, the following new-physics corrections

ACST (s,mp) = oy (Crr(me) + M7 (3,2,) Crr(my))
ACST(s,mp) = Cor(mp) + Mo(3,2,) (CyiL(mp) + Cyvir(ms)) , (47)

with C7 A (mp) and Cg a (my) given in (46) and C A (mp) = 0.9 n§/21 Cr.a(A).
Furthermore, § = ¢? /mg and z, = m?2 /mg. The analytic expressions for
the functions My($, ;) and My($,z,) can be found in Appendix C. Anal-
ogous formulas hold in the case of the Wilson coefficients AC% (s, my)
and AC{™(s,my) of the chiral-flipped operators Q% and Qj after replac-
ing C; r(mp) through Cj1,(mp) (CLLA(mb) through C’iVRA(mb)) in the first
(second) line of (47). Notice that only ACST(m;) = ACST(0,my) and
ACKE(my) = ACLT(0,my) enter the prediction for B — Xy, while all
AC’?H(S, my) and their chirality-flipped partners affect the b — s¢™¢~ tran-
sitions.

In order to derive a bound on the Wilson coefficients Ct o at the high
scale, we compare the experimental measurement of the B — X branching
ratio with its SM prediction. For a photon-energy cut of £, > 1.6 GeV, the
experimental world average reads [11]

B(B — Xs¥)exp = (3.55 4+ 0.24 +0.09) x 1074, 48
p

while the SM expectation is given by [59, 60]'?

B(B = X.y)sm = (3.1540.23) x 1074, (49)

The good agreement between (48) and (49) puts stringent limits on the
corrections ACST(my) and ACHT(my). Further non-negligible constraints
on the magnitudes and phases of the corrections to the low-energy Wilson
coefficients of the electromagnetic dipole operators arise from the inclusive
[68] and exclusive [69] b — s¢T¢~ transitions as well as the time-dependent
CP-asymmetries and the isospin asymmetry in B — K*~ [70]. Including all

12 Several NNLO QCD corrections (see [61-66] and partly [67]) that were calculated
after the publication of [59, 60] are not included in the central value of the SM
prediction, but remain within the perturbative higher-order uncertainty of 3% that
has been estimated in the latter two articles.
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these constraints and allowing for the variation of a single effective Wilson
coefficient at a time, we obtain the following 90% C.L. upper bounds

’AC?H(mb)‘ < 0.23, ‘AC§eﬁ(mb)‘ < 0.20. (50)

Notice that since we are treating the Wilson coefficients as complex, the
upper limit on the magnitude of AC£® (my,) is weaker by almost a factor of 6
than the bound that holds in the case of a real coefficient. In contrast, the
bound on |ACST(my)| is not affected by whether the correction is treated
as complex or real, because ()% does not interfere with the SM contribution
to first order. We also remark that the B — K)¢+¢~ observables are more
efficient than B — K™~ in restricting the allowed values of the real and
especially the imaginary parts of ACET (my,).
Utilizing (46) and (47), the limits (50) translate into

ICrr(A) =18 21 (0.4 4 2.376) "L ACST (my)| < g Y (10.2+1.8751) ",

(51)
and an analog inequality, obtained by replacing \AC?H(mb)], 10.2, and 1.8
by |ACH® (my)], 11.8, and 2.1, holds in the case of Cr1,. For a new-physics
scale of A = 1 TeV the numerical values of the bounds on |Cr s (A)| are given
in Table II. Notice that as a result of the resummation of large logarithms
the bounds on the low-scale Wilson coefficients of the tensor operators are
a factor of around 1.2 stronger than those on the initial conditions.

TABLE II

Indirect upper bounds on the high-scale Wilson coefficients at A =1 TeV.

|Ci(1 TeV)| | b— sy, 80707, syy
S,AB —
VLA 1.1
V.RA 1.0
T.L 0.07
T.R 0.08

The magnitudes of the Wilson coefficients Cy o can be bounded by
comparing the available data on the inclusive [71-74| and exclusive [75-81]
b — s{T¢~ transitions with the corresponding theoretical predictions that
include the corrections AC§T(s,m;) and ACHE (s, m;). Our global analysis
of rare semileptonic B decays relies on the article [50] for what concerns
B — X0~ and on the works [69, 82-85] in the case of B — K®)¢t¢~,
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The used data!'? includes the branching ratios B(B — X ¢T¢~) and B(B —
K®t¢7), the forward-backward asymmetry Apg(B — K*(T(7), as well
as the longitudinal K* polarization fraction F[,(B — K*¢*{7). In all cases,
we consider the low-s region of dilepton invariant masses s = [1,6] GeVZ.
At high s, we consider for B — X,/*¢~ the region s > 14.4 GeV? and for
B — K®/¢t¢~ the two bins s = [14.18,16] GeV? and s > 16 GeV2. At
90% C.L., our global analysis returns the following upper bounds

AC’SH(s,mb)’ <20, ’AC’éeff(s,mb) <17, (52)

when the corrections to the effective Wilson coefficients are treated as addi-
tive, s-independent contributions and only a single correction is allowed to
float at a time.

The inequalities (52) can be converted into bounds on the magnitudes of
the high-scale values of Cy ap using (46) and (47). Since the expressions for
ACSE (s, mp) and ACH (s,my) depend explicitly on s through the function
My(8,m;), we extract the limits directly from our global fit. We find the
following exclusion

-1

(53)
An analog formula holds for |Cy ra(A)| after replacing |[ACST (s, m;)| and
the factor 2.0 in front of the bracket by |ACET (s, mp)| and 1.7. Assuming
a new-physics scale of A = 1 TeV, one finds the numerical values given in
Table II.

In contrast to B — X, all (5b)(77) operators contribute to the double-
radiative By s-meson decays at the one-loop level [86, 87]. In the following,
we will concentrate on the case of By — <7, which turns out to give the
strongest constraints on the Wilson coefficients of the operators under con-
sideration. At the quark level the double-radiative b — sv decays receive
contributions from one-particle irreducible (1PI) diagrams of the type shown
in Fig. 4 as well as similar one-particle reducible (1PR) graphs in which at
least one of the two photons is radiated from an external leg. Since the 1PR

ICyia(A)] = (20—0.2n5" ) ACST (s, mp)| < 2.0 (2.0 —0.2751)

13 Our fit is based on [71, 72], [77, 79-81], and [77, 79] for what concerns B — X {74,
B — K*("¢",and B — K{1{", respectively. The latest (but still preliminary) Belle
measurement of B(B — X£T¢7) [73], which finds a low-s branching ratio of around
2.40 below the SM prediction, is not used, because the quoted central values of the
branching fractions for electrons and muons in the final state differ by a factor of
more than 2. If only the LHCb measurements of B — K*{T¢~ [80] are used, the
numbers in (50), (52), and Table II read 0.29 and 0.20, 3.1 and 2.5, and 1.5, 1.2, 0.07,
and 0.13, respectively. While some of these bounds are not as strong as the limits
based on the combined B — K*)¢*¢~ data [77, 79-81], they clearly show the large
impact (and future potential) of LHCb measurements on the extraction of low-energy
Wilson coefficients.
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diagrams are proportional to the tree-level matrix elements of le), their
contributions are included if the corresponding amplitudes are expressed
through the effective Wilson coefficients Cy)eﬁ. A detailed discussion of the
calculation of the one-loop matrix elements can be found in Appendix D.

gl Y

Fig.4. 1PI diagram with a penguin insertion of a (3b)(77) operator (black squares)
that contribute to the b — sy amplitude. The tau loop in the graph is closed and
the diagram with interchanged photons is not shown.

Experimentally so far only upper limits on the branching ratio of By —
7 exist. At 90% C.L. the most stringent limit is [38]

B(Bs — ¥Y)exp < 8.7 x 1075 (54)

In order to constrain the Wilson coefficients of the (5b)(77) operators, also a
value for the branching ratio of By — 7y within the SM is needed. Updating
the analysis of [89, 90], we obtain

B(Bs — yy)sm = (0.775:3) x 107, (55)

where the dominant part of the quoted error is due to the hadronic parame-
ter Ap, which parametrizes the first negative moment of the B-meson wave
function. Estimates of Ag are very uncertain, but typically fall in the range
between 0.25 GeV and 0.75 GeV [91-94], and the central value in (55) cor-
responds to Ap = 0.5 GeV. Numerically subleading errors in the latter SM
prediction arise from the variation of the renormalization scale and the error
on the decay constant fp,.

Assuming the dominance of a single operator, we then find by combining
(54) and (55) the following 90% C.L. upper bounds on the magnitudes of
the Wilson coefficients (A, B=1,R)

‘AC‘?H(mb)‘ < 22, ‘ACéeﬁ(mb)‘ <19,

|Cs,aL(ms)| < 3.4, | Cs ar(msp) | < 2.3, |Cv,aB(msp)| < 5.9.
(56)
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Clearly, these limits are not competitive with the bounds obtained earlier
from the other tree- and loop-level mediated By -meson decays. The reason
for the weakness of these bounds is threefold. First, as shown in Appendix D,
the 1PI contributions of the (5b)(77) operators are power suppressed, sec-
ond, the experimental bound (54) leaves room for order of magnitude en-
hancements of B(Bs — 77) with respect to the SM expectation, and third
the theoretical errors plaguing (55) are large. Notice that the power sup-
pression of four-fermion operator contributions is a generic feature of the
Bs — 7y decay in the heavy-quark limit [89, 90|, which is absent in the case
of B — K~y [87]. The sensitivity of the latter decay mode to (5b)(77) oper-
ators is, therefore in principle, more pronounced than the one of By — ~~.
In practice, however, the possibility to extract short-distance information
from B — K~ is severely limited. First, the perturbative part of the
B — K~y spectrum is not accessible behind the large resonance peaks as-
sociated to B — Kn. — K~vy etc. and, second, not even an upper limit
on B(B — K~7) is currently available. Hence the bounds (56) represent
at present the most stringent limits on the low-energy Wilson coefficients of
interest that can be derived from double-radiative B s-meson decays.

With a large amount of luminosity collected at a super-flavor factory it
might also be possible to measure the CP asymmetry [95]

_ AB = )~ [AB = )P
[ABs = )|* + JABs = )P
besides the By — ~~ branching ratio. The SM prediction of rcp reads
(rep)sm = (0.5793) % (58)
The largest fraction in the quoted error is due to the scale dependence,
followed by the uncertainty coming from Ap. The smallness of (58) im-
plies that finding rcp at or above the 10% level would constitute an un-
ambiguous signal of the presence of additional sources of direct CP vi-
olation. In fact, the complex Wilson coefficients of the (sb)(77) opera-
tors give rise to such an effect and thus allow to change rcp dramati-
cally. Employing the 90% C.L. bounds on the low-energy Wilson coef-
ficients of |Csap(mp)| < 0.5, |Cyas(mp)| < 0.8, |AC$H(mb)| < 0.29,
and |ACHT(my)| < 0.19, we find that the CP asymmetry in Bs — 77
can vary in the ranges (rcp)sarn € [—95,95]%, (rcp)sar € [—40,40]%,
(rcp)v,aB € [—70,70]%, (rcp)r,L € [—20,20]%, and (rcp)T,R € [—70,70]%,
for the respective Wilson coefficient with an arbitrary phase. In order to
measure rcp, Belle I probably needs to collect at least 50ab™! of data, a
goal that is expected to be achieved in the year 2021. This implies that the

Bs — 7 decay will not be able to provide useful additional information on
the possible size of (5b)(77) contributions in the near future.

rCp (57)
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By comparing the results displayed in Table I with those shown in
Table II, one observes that the bounds on the high-scale Wilson coeffi-
cients C;(A) that stem from the direct constraints, i.e., the rare decays
By, — 17v17, B — X,7777, and BT — K777, are currently in 8 out of
10 cases stronger than those that follow from the indirect constraints, i.e.,
the b — sv, b — s¢T¢~, and b — sy transitions. The only exception are
the Wilson coefficients C a(A) of the tensor operators, which are tightly
bound as a result of the one-loop mixing of QT A into the electromagnetic
dipole operators Q7 and @, which give the dominant contribution to the
B — X,y rate. On the other hand, sizable effects in Cg ap(A) and Cy Ap(4),
that can almost compete with the leading current—current SM interactions
in strength, are allowed, because rare Bs and By decays involving a tau pair
in the final state are so poorly constrained. While the direct constraints are
unlikely to change notable with almost all BaBar and Belle data analyzed,
the indirect bounds on the vector operators are expected to improve with
LHCb precision measurements of B — K*)¢+¢~ under way.

5. Effects of (5b)(771) operators in I},

The off-diagonal element of the decay-width matrix is related via the
optical theorem to the absorptive part of the forward-scattering amplitude
which converts a B, into a By meson. Working to LO in the strong coupling
constant and Agcp/mep, the contributions from the complete set of operators
(22) to I}, is found by computing the matrix elements between quark states
depicted in Fig. 5. Details on the actual calculation are given in Appendix E.
Considering again only the self-interference of a single (5b)(77) operator at a
time, we obtain in terms of the hadronic matrix elements (Q;) = (Bs|Q;|Bs)

Fig.5. Diagram with a double insertion of a (5b)(77) operator (black squares) that
contributes to I'f, at LO. The tau loop in the diagram is closed and the cut (dashed
line) indicates that only the imaginary part of the graph furnishes a correction to
the off-diagonal element of the decay-width matrix.
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of the following AB = 2 operators
Q¢ = (5Pab)(sPab),
QF = (5a Pabg) (35 Paba)
Qv = (57"Pab) (57, Pab) (59)
the results
(Ify)gpa = Ny, 328 (QF) (CsLa)?
(Fa)voa = Nrg, Br [(1—2:)(Q¥%) + (1 +22.) (QF)] (Cvia)®,
(Mo)r = Nry, 1228 [(QF) +2(Q%) | (Cro)?. (60)

Here a, 8 are color indices and we have introduced B, = /1 — 4z, as well
as

_ Gimj

67TMBS
The corresponding expressions for (ITy)gga: (I72)v ra> a0d (ITo)p g are
obtained from (60) by exchanging the labels L and R everywhere. Follow-
ing common practice, we express the matrix elements in terms of hadronic
parameters B;. In our analysis, we employ

'N’Fls2 -

(VisVin)? - (61)

(@) =~ 13, M3, Bs, (Q¥) = 15 /3. M3, Bs, (Q¥) = 3 /3, M3, By,
(62)
with fg, = 231 MeV [9], Bs ~ 1.3, Bs ~ 1.4 [96], By ~ 0.84 [9], and the
meson states normalized as (Bs|Bs) = (Bs|Bs) = 2Mp,. Notice that the
latter value of fp, has been used to obtain the SM predictions (Als)sy and
(ag)sm presented in (4) and (7), respectively.

The direct and indirect constraints discussed in Secs. 3 and 4 restrict
the magnitude of the low-energy Wilson coefficients but not their relative
weak phase. We can thus determine only the maximal'* allowed value of the
parameter Rp introduced in (14) in a model-independent fashion. Allowing
the new-physics contribution of one operator at a time to be non-zero, the
corresponding inequality is given in terms of the off-diagonal elements of the
decay matrix (60) by

2|(I'%)i] i 2|(175)l
Uil < 1+ (AL gy <¢"/W’)SM T AL)su

14 Of course, there is also a model-independent lower limit on (Rr):. It corresponds to
full destructive interference and is obtained from (63) and (64) by replacing the plus
with minus signs.

(63)
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Numerically, we find for the individual contributions

(RF)S,AB < 1+ (0.4 + 0.1) |CS,AB(mb)|2 ,
(RF)V,AB < 1+ (0.4 + 0.1) |CV,AB(mb)|2 ,
(Rr)ta < 14(0.940.2) |C.a(myp)?, (64)

where the quoted uncertainties are due to the error on (Als)sm as given
in (4). Employing now the 90% C.L. bounds on the low-energy Wilson
coefficients derived in the previous two sections, i.e., |Cs ap(mp)| < 0.5,
|Cv aB(mp)| < 0.8, |Crr(mp)| < 0.06, and |Ctr(myp)| < 0.09, it follows
that

(Rr)sas < 1.15, (Rr)v.ap < 1.35,
(RF)T,L < 1.004, (RF)T,R < 1.008. (65)

These numbers imply that (sb)(77) operators of scalar (vector) type can lead
to enhancements of |I7,| over its SM value by 15% (35%) without violating
any existing constraint. In contrast, contributions from tensor operators can
alter |I',| by at most 0.8%, because larger corrections would be at variance
with B — Xgv.

In Fig. 6, we compare the parameter space in the Ry cos ¢y—Rp sin ¢
plane that can be populated in scenario S2 with |Cy ag(mp)| < 0.8 and
Cs aB(mp) = Ct.a(mp) = 0 (grey (purple) ellipses) to the constraints im-
posed by the measurement of Ay and af, (vertical (yellow) and horizontal
(gray) bands). The upper left and right panels correspond to the data set
D1 and D2, respectively, while the lower panel illustrates the situation in
the case of the D3 data set. We see that the contribution of a single vector
operator with flavor structure (sb)(77) can lead to an improvement of the
fit. For example, in the case of the new data set D2 an agreement with the
data at 68% C.L. (red/cross-hatched area) can be achieved. It is, however,
also evident that the best-fit solution (cross) of both data sets cannot be
accommodated. The allowed parameter space is further reduced for scalar
and tensor operators, so that we do not explicitly display these cases in the
figures. This demonstrates that absorptive new physics in I}, in form of
(8b)(7T) operators cannot provide a satisfactory explanation of the anomaly
in the dimuon charge asymmetry data observed by the D@ Collaboration.
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Fig.6. Upper left (upper right, lower): Constraints from ATy and af, on the
parameter Rp and ¢ in scenario S2 employing the data set D1 (D2, D3). The
vertical (yellow) and horizontal (gray) bands represent 68% C.L. regions (dofs = 1),
while the ellipses around the SM prediction (purple) illustrate the parameter space
that is accessible for |Cyv ap(mp)| < 0.8 and Csag(mp) = Cr.a(mp) = 0. For
comparison, the 68% (95%) probability region of the combined fit to the Bs-meson
mixing data (dofs = 2) is shown in red and cross-hatched (light red and hatched).
In all panels the SM prediction (best-fit solution) is indicated by a dot (cross).

6. New-physics models

So far, our discussion has been completely general since we parametrized
the new-physics effects in terms of effective couplings of higher-dimensional
operators. We now will consider explicit scenarios of new physics that can
give rise to (sb)(77) operators with large Wilson coefficients. Discussions
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similar to ours have been presented previously in [23, 29, 30, 35|, where it
was found that new-physics models containing leptoquarks or Z’ boson may
explain the observed tensions in the Bg-meson data. In the following, we
will show that this is not the case. Our work hence clarifies and extends
these existing studies.

We first consider scenarios with leptoquarks (LQ), i.e., color-triplet
or -antitriplet particles carrying both lepton (L) and baryon (B) number.
Such new degrees of freedom are encountered in various extensions of the
SM, such as grand unified theories, technicolor, and composite models (see
[97-100] for topical reviews). At low energies, the interactions between the
SM particles and the LQs can be captured by writing down the most general
Lagrangian compatible with renormalizability, L and B conservation, and
invariance under the SM gauge group. These general requirements allow for
scalar and vector LQs interacting directly with the SM fermions as well as
for LQ couplings to the Higgs boson.

In the following, we will elaborate in detail only on the case of SU(2)
singlet scalar LQs. From our discussion it should, however, become clear
how the given results have to be adapted to cover the other cases. The
relevant interaction terms involving a charged lepton, a down-type quark,
and a SU(2) singlet scalar LQ are given by

ﬁLQ D) ()\Rg()) B JjPR €; 5’0 + h.c. (66)
ij
Here )‘RSO is a complex 3 x 3 matrix in the lepton and quark flavor spaces,

d; and e; are SU(2) SM singlets, and the subscript of Sy indicates the SU(2)
transformation property of the LQ. After integrating out the LQ and per-
forming a Fierz rearrangement, the interactions (66) give rise to a AB =1
(sb)(77) operator of vector type. Explicitly, one finds

(s ),y Onse)

2
2M X

Leg DO 3 QVRR (67)

where M 3o denotes the mass of Sy. The coefficient multiplying the operator

Qv rr is bound by the requirement |Cy ap(p)| < 0.8, which holds for any
scale . Numerically, we find

(i), O

2
MS*O

< 21TeV™2, (68)

The same bound also applies to the possible SU(2) doublet scalar LQs (com-
monly denoted by Sp and S in the literature), which generate Qv g oper-
ators, after an appropriate replacement of couplings and masses.
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Importantly, the interactions (66) give rise to corrections to both I}, and
5. The contribution to the former quantity arise from a double insertion
of (67). Applying the general formulas (60) to the specific case of a scalar

LQ, we obtain
1 (()\1*%50) 32 ()\Rgo) 33) 2

2887 Mgo
67 [(1 = 27)By — §(1 4 22,)Bs] mj, f3, Mp, . (69)

(FISQ)LQ =

This formula disagrees with the analytic expression first given in [35], which
does not contain terms proportional to Bg at all. Numerically, the difference
amounts to a factor of around —0.4, with our result being smaller in mag-
nitude. The correction to M7, originates from the box diagram displayed
on the left-hand side of Fig. 7. In agreement with [35], we find for this

contribution'®
2
- 38iTr2 (()\Rgo)iﬁ};\l{&’) 33) ﬁBsI(aT)fIZB’S Mp, By , (70)
So

(M72)1rq

where 7, = ng/ 3 ~ 0.8 encodes the QCD corrections due to RG running

and the Inami-Lim function I(a) reads

I(a) = (11_+§)2 4 i“a)3 Ina. (71)

Fig.7. Left: One-loop contribution to M7, arising from a box diagram involving
tau leptons and SU(2) singlet scalar LQs. Right: Tree-level contribution to M7,
associated to the exchange of a Z’ boson.

15 We integrate out the top quark and the LQ simultaneously and consequently neglect
small RG effects in the six-flavor theory.
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Notice that the above function approaches 1 for a — 0, which is the relevant
limit, since a, = m2 /]\432O < 1 for LQ masses at or above the electroweak

scale.
Combining now (69) and (70), one obtains numerically

(M75)Lq Mg ?
= 1200 o84 [ D0 ) = 2084 24 72
Q (IT)Lq 250 GeV “So (72)

which is real and positive. In contrast, rsp = (My)sm/(L5)sm =~ —200
exp (i¢pdy;) = —200. Notice also that (72) scales as Mgo which reflects the

fact that (M7,)Lq arises from a dimension-six correction (single operator
insertion), whereas (I';)r.q stems from a dimension-eight contribution (op-
erator double insertion).

In fact, given that AM; (or equivalently Rjys) is bounded experimentally,
the sign and magnitude of r1,q completely determine the ranges of possible
Rp, AT, and af, values in the LQ scenario (66). In Appendix F, we show
that this is a feature of all new-physics scenarios with real (M7,)np /() Np-
Applying the general formula (F.4) to the case at hand, we find at 90% C.L.

0.03 0.2
< (RF)LQ <1+

23, 3,
Here the bound on Rj; given in (16) and (17) has been used and the final
numerical values have been obtained for M 5, = 210 GeV, which represents
the current 95% C.L. lower bound on third-generation scalar LQs decaying
to a br final state [101]. Comparing (73) to the relevant model-independent
upper bound, i.e., the inequality in (65) involving (R)v,.aB, we see that at
present both limits are (accidentally) almost the same. Since the bound on
M 3o will improve with the LHC collecting more and more luminosity as we
speak, the model-dependent upper limit will, however, soon become stronger
than the model-independent one.
Similarly, one finds from the general formulas (F.5) and (F.6), the fol-
lowing two double inequalities

0.96 =1—

—=1.31. (73)

0.2

Zgo

0.02

ZSU

—0.11ps™ ! =~ <1+ )(AFS)SM <(ATy)Lg< <1+ ) (AT,)snm=0.09ps™*,

0.1
—0.7x1072 = —331 <1+~> (a5)sm < (af,)Lq <331 <1+

1
(af)sm=0.7x1072.
ZSO

Zgo
(74)
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These numbers imply that light singlet scalar LQs can change the predic-
tions for ATy and af, with respect to the SM expectations (4) and (7) by a
factor of more than —1.3 and 4375, respectively. In contrast, a strong en-
hancement of Al is not possible'®. The maximal effects do, however, not
occur simultaneously, since the observables in question are strongly corre-
lated, as can be seen from Fig. 8. In both panels, the parameter space that
is accessible at 90% C.L., assuming a singlet scalar LQ mass of 210 GeV
(400 GeV), is indicated in light gray (yellow) (dark gray (green)). We see
that Al's becomes maximal (minimal) for D s = 0° (gi)f]/w = —180°) and
that the LQ predictions form a band with a cosine-like shape (left panel).
The predictions for ag, on the other hand, are minimal for ¢% o = 0°, —180°
and maximal for ¢% s = —90°, and the borders of the accessible parameter
space in the ¢% I d)—afs plane are sine curves (right panel). Notice that the
cosine- and sine-like behavior of the predictions is an immediate consequence
of (15). By comparing the accessible parameter space to the experimentally
preferred regions, we see from the light gray (yellow) colored regions that
at 68% C.L. none of the considered data sets, i.e., D1 (blue error bars), D2

0.5} i
0.2+ DI ”
0.0 ko ‘.‘ﬁ’,x'._.
D2 . i
_ o1} ] —0.sf
& P ™, S
e = i+ D2
< 00 1
—15f
¥ D3
—0.1F ] —20¢
. . . . ‘ -25 ‘ ‘ ‘ _ ‘
150 <100 =50 0 50 2150 =100 -50 0 50
By [°] Bige [°]

Fig.8.  Predictions for ATy (left) and ag, (right) as a function of ¢ Jpe i the
presence of a singlet scalar LQ with Mg = 210 GeV (light gray (yellow) areas)
and Mg = 400 GeV (dark gray (green) areas). Since the left (right) panel is
symmetric (antisymmetric) under ¢% Jve —¢% o only positive values of ¢% o
up to 50° are shown. In both panels, the blue (red) error bar corresponds to the
data set D1 (D2), while the SM point is indicated as a black point. The purple
error bar in the right panel indicates the D3 data set. See the text for details.

16 1 [33], significant violations of Al's < (AIs)sm were reported. We are unable to
reproduce this finding.
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(red error bars), and D3 (purple error bar), can be accommodated by a light
singlet scalar LQ. Increasing the LQ mass, reduces the allowed parameter
space, as can be seen from the green areas, further limiting the possible
improvement of the tension in the B-meson sector!’.

The above general considerations are readily applied to the case of vector-
like LQs. Considering for example LQ interactions of the form Liq D
(ARVp )ij Jj'yuPRei Vi' 4+ h.e. will lead to an effective Lagrangian Leg O
_()‘;{VO)32()‘RVO)33/M\2/O QV,RR with My, denoting the mass of the vector-
like LQ. It follows that the model-independent bound on such a LQ is
twice as strong as the limit derived in (68). Furthermore, the ratio be-
tween (M7,)Lq and (I75)Lq is found to be equal to the result given in (72).
This tells us that (for My, = Mg ) the possible effects in Ay and ag, due

to Vp are identical to those originating from Sy. Vector-like LQs thus fail to
reproduce the data sets D1 and D2 at 68% C.L. as well. Notice finally, that
the situation is utterly hopeless, if one considers LQ couplings to the Higgs
boson, since after a Fierz rearrangement the corresponding effective scalar
interactions with flavor structure (57)(7b) contain tensor operators, which
are most tightly constrained by the model-independent bounds (65).

We now switch gear and consider SM extensions where the gauge group
contains an additional U(1)’ factor and the resulting Z’ boson possess family
non-universal, flavor-changing couplings [103]. Such new degrees of freedom
arise in many well-motivated new-physics models, such as grand unified the-
ories and/or string constructions (see [38, 104] for comprehensive reviews).
In the physical basis, the flavor-changing neutral currents generically ap-
pear at tree level in both the left- and right-handed sectors. The interaction
Lagrangian relevant for the further discussion can be written as

Ly D

cos Oy { (/-fIL;b SYMPLb+ kR 5P PR b+ h.c.)

Rk PP + P P 2, (75)

where ¢ is the SU(2) coupling of the SM and cos 0y denotes the cosine of the
weak mixing angle. The Z’-boson coupling constant does not appear explic-
itly in (75), because it has been absorbed into the RZI-J-’R factors. Notice that
the flavor off-diagonal couplings are in general complex, while the diagonal

17 While this work was being completed, the preprint [102] appeared, which performs a
dedicated global fit of scalar LQ couplings, utilizing an assortment of tree- and loop-
level observables in the charged lepton and quark sector. This article finds that the
tension in the Bs-meson system cannot be cured by LQs, if one wants to explain the
anomaly of the anomalous magnetic moment of the muon, (g—2),, and simultaneously
fulfill the bounds on lepton-flavor violating processes. Notice, however, that if the
former requirement is dropped, no bound on [(Ag g )32 ()\Rgo)gg‘/Mgo can be derived
from the rare decays considered in the latter paper.
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ones have to be real due to the hermiticity of the Lagrangian. Integrating
out the Z’ boson leads to the following AB = 1 four-fermion interactions

8GF ZAB

‘Ceff ) \[ M2 Ksp Forr QV,AB'

(76)

Here My denotes the mass of the extra U(1)" gauge boson. From the num-
bers collected in Table I, it follows that

Jreg % | <1.9TeV~2. (77)

After integrating out the Z’' boson, the interactions (75) give rise to
one-loop corrections to I}, as well as tree-level corrections to M7,. In the
following, we restrict ourselves to the case of purely left-handed interactions.
The inclusion of right-handed currents is, however, straightforward. For I,
we find in accordance with [29]

: 163 (M3
(UTy)z = T or <M§,> ( stTr) Br
x [(1 —27)By — 2(1 + 2z,)Bs| mj f5. Mp, . (78)

The element M7, receives contributions from the graph shown on the right-
hand side of Fig. 7. A simple tree-level calculation leads to [105]

4Gp M2
3v2 MZ,

The ratio of (79) and (78) is given in semi-numerical form by

(Mp)z =

(%)” B, f3, M, By . (79)

My 1

2
_ 5

ry = 6.0 x 10° <
It is real and positive. Notice that the numerical coefficient in (80) is en-
hanced relative to (72) by a loop factor and thus very large. From the
discussion in Appendix F it hence follows that the effects of a Z’ boson in
Rr, AT, and ag, are severely constrained. Explicitly, we find
1.0 x 1074 7.7x 1074

< (Rp)z <14+ ———,
Yz’ Yz’

) (AFS)SM < (AFS)Z/ < (1 + 70X10_5> (AFS)SM7

< 7.7 x 1074
— 1+ ——
Yz

Yz
3.3x 1074

—331 <1 +
Yz

5 5 3.3x107* 5
) (af)sm < (ag)z < 331 (1 + W) (ags)sm -
(81)
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The Z’-boson mass My is constrained by direct searches for resonant
production of tau lepton pairs. At present, the best bound is provided by
the CDF measurement [106], which rules out a Z’ with SM-like couplings
to q7 and 777~ and a mass below 399 GeV at 95% C.L. Although this
bound is model-dependent'®, we will use it as a guideline and consider a
relatively light Z’-boson of Mz = 400 GeV as well as a heavier one with

My = 1000 GeV. The Z’-boson predictions in the qSSJ/W;AFS (¢j/w¢f

afs) plane are shown in the left (right) panel of Fig. 9. The parameter
space of 90% probability is depicted in yellow (green) for My = 400 GeV
(Mz = 1000 GeV), which both overlap completely. While the shapes of the
colored areas resemble the ones of Fig. 8, one observes that compared to the
case of LQs the allowed parameter space is even more reduced for a U(1)’
gauge boson. In particular, a Z’ boson with mass at or above the electroweak
scale and purely left-handed perturbative couplings clearly fails to describe
the Bsg-meson data within 68% C.L. Because the parameter ry as defined
in (80) is of the order of G lmg2M%, /M2 and therefore generically large,
the latter statement is also true if the Z’ boson couples only right-handed
or both left- and right-handed.
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Fig.9.  Predictions for Al (left) and af, (right) as a function of ¢35, in the
presence of a Z" with Mz = 400 GeV (yellow) and Mz = 1000 GeV (green), which
both overlap completely. Since the left (right) panel is symmetric (antisymmetric)
under ¢j/w¢ e —gbj/wd) only positive values of ¢SJ/¢¢ up to 50° are shown. In both
panels, the blue (red) error bar corresponds to the data set D1 (D2), while the SM
point is indicated as a black point. The purple error bar in the right panel indicates
the D3 data set. See the text for details.

18 The mass My and the couplings x:F are constrained by the LEP measurement of the
Z-boson couplings to taus [107]. Applying the results of the one-loop Z — ff form
factors given in [108], we find that even for couplings close to the non-perturbative
limit the resulting bound is, however, with Mz, = 25 GeV rather weak. We will not
entertain the possibility of a very light Z’-boson in the following.
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7. Summary

Motivated by the observation that the anomalously large dimuon charge
asymmetry measured by the D@ Collaboration, can be fully explained only
if new physics contributes to the absorptive part of the By~ B mixing am-
plitude, we have presented a model-independent study of the contributions
to I, arising from the complete set of dimension-six operators with flavor
content (5b)(77). Taking into account the direct bounds from Bs — 7777,
B = X 777, and BT — K777~ as well as the indirect constraints from
b— sy, b— sttl~ ({ =e,pu), and b — syy, we have demonstrated that
only the Wilson coefficients of the tensor operators are severely constrained
by data, while those of the scalar and vector operators can be sizable and
almost reach the size of the Wilson coefficient of the leading current—current
operator in the Standard Model. The model-independent 90% C.L. limits on
the magnitudes of the Wilson coefficients are summarized in Table III. Given
these loose bounds, it follows that the presence of a single (5b)(77) operator
can lead to an enhancement of I'}, of at most 35% compared to its Standard
Model value. Since a resolution of the tension in the Bs;-meson sector would
require the effects to be of the order of 300% (or larger), the allowed shifts
are by far too small to provide a satisfactory explanation of the issue. We
emphasize that after minor modifications, our general results can be applied
to other dimension-six operators involving quarks and leptons. For example,
as a result of the 90% C.L. limit B(BT — K+rHuT) < 7.7 x 1075 [109],
the direct bounds on the Wilson coefficients of the set of (5b)(7Tu) operators
turn out to be roughly a factor of 7 stronger than those in the (sb)(77)
case. Possible effects of (sb)(Tp) operators are therefore generically too
small to lead to a notable improvement of the tension present in the current

TABLE III

Model-independent limits on the Wilson coefficients of all possible four-fermion
operators with flavor structure (5b)(77). The second column shows the bound
on the suppression scale A assuming an effective coupling strength of C# = 1,
while the third column gives the value for C{! for a new-physics scale of A = 1 TeV.
Notice that only the bounds on the tensor operators depend on the specific chirality
A, B=L,R.

Bound on Bound on
Operator A(CA=1) | CA (A=1TeV) Observable
(§PAb)(TPa) 2.0 TeV 4.2 x 107! Bs — 171~
(§Y*PAD)(TyuPaT) 1.0 TeV 1.1 Bt - Ktrtr™
(50" P b)(T o P ) 3.2 TeV 9.2 x 1072 B — Xy
(50" Pr b)(T o PrT) 2.8 TeV 1.1x 1071 B — Xy
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By s-meson data. Similarly, a contribution from (db)(77) operators to I,
large enough to explain the AgL data is excluded by the 90% C.L. bound
B(B — 7777) < 4.1 x 1073 [110]. Naively, also (bd)(éc) operators are heav-
ily constrained (meaning that their Wilson coefficients should be smaller
than those of the QCD /electroweak penguins in the Standard Model) by
the plethora of exclusive B decays. A dedicated analysis of the latter class
of contributions is, however, not available in the literature.

Our model-independent study of non-standard effects in I};, is comple-
mented by an analysis of By~ B, mixing in two explicit Standard Model
extensions. We consider in detail the corrections to M7, and I, due to a
SU(2) singlet scalar leptoquark and a left-handed Z’ boson with a mass at
or above the electroweak scale. In both cases, we find that depletions of
order one in Al and changes by more than two orders of magnitude in ag,
can occur, while a notable enhancement of the former quantity with respect
to its Standard Model value is not possible. The large effects do, however,
not occur simultaneously, since the non-standard contributions to M7, and
I}, are strongly correlated in the considered new-physics scenarios. While
ATy becomes maximal (minimal) for D% e = 0° ( Twe = —180°) and the
predictions form a band with a cosine-like shape in the ¢% I ¢7AF s plane,
ag, is minimal for ¢f]/w¢ = 0°,—180° and maximal for gbjﬂw = —90°, and
the accessible parameter space in the ¢% /o ¢fafs plane is bounded by sine

curves. In turn, neither a SU(2) singlet scalar leptoquark nor a left-handed
Z' boson renders a significant better description of the current data than
the Standard Model. The same conclusion also applies to vector-like lep-
toquarks and Z’ bosons with right-handed or both left- and right-handed
couplings. In fact, we have shown that the pattern of deviations found in
the case of leptoquarks and Z’ bosons is a feature of all new-physics model
with real (M75)np/(I55)~np and that in this class of models the measurement
of AM, generically puts stringent constraints on both Al and af. As it
turns out, these bounds are weakest if the ratio rnp = (Miy)np/(Lf5)Np 18
positive and as small as possible. Since on dimensional grounds rnp scales
as the square of the new-physics scale, this general observation implies that
Standard Model extensions that aim at a good description of the Tevatron
data should have new degrees of freedom below the electroweak scale and/or
be equipped with a mechanism that renders the contribution to M7y, small.
Furthermore, models in which (M7,)np is generated beyond Born level seem
more promising, since in such a case ryp is suppressed by a loop factor with
respect to the case where (M7,)Np arises already at tree level.

The above discussion implies that a full explanation of the observed
discrepancies is not even possible for the most general case (Mfy)np # 0
and (I'%y)np # 0. Numerically, we find that the addition of a single (5b)(77)
vector operator giving (Rr)v,ap = 1.35 on top of dispersive new physics
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with (M7,)np # 0, can only improve the quality of the fit to the latest
set of measurements (i.e., (1), (5), and (13)) to x?> = 1.2 compared to
x? = 3.2 within the Standard Model. This might indicate that the high
central value of AgL observed by the D@ Collaboration is (partly) due to
a statistical fluctuation. Future improvements in the measurement of the

CP phase ¢% o and, in particular, a first determination of the difference

ag, — a?s between the B and By semileptonic asymmetries by LHCb, are
soon expected to shed light on this issue. Will these measurements continue
to make a case for new physics in I},? Time will tell!
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Appendix A

Operator mizing

In the following, we present the analytic expressions that are needed to
evolve the Wilson coefficients from the high-energy scale A down to the low-

energy scale my. In the basis (Qs AL, Qv AL, @T,A,Q7,A,Qo.a) with A=L, R
the LO ADM, which describes the mixing of these operators, reads

8 0 0 0 0

4

0 0 0 0 =

3

Qg 8
=% 8 : Al
Vs = 00 5 8 0 (A1)
8
0 0 0 §—2ﬁs 0
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where f; = 11 — 2/3Ny and Ny denotes the number active quark flavors.
Notice that the self-mixing of Qs a1, is, up to an overall sign, equal to the one
of the quark mass. This has to be the case, because a composite operator
built out of a scalar current and a quark mass is conserved and thus has
zero anomalous dimension. Furthermore, the self-mixings of QT A and Q7 a
are the same, up to the factor —235 (which is due to the normalization of
Q7,A), since the tau mass does not run in QCD. Of course, the result (A.1),
which after a suitable replacement of color and charge factors agrees with
[56, 57], also holds for the operators (Qs ar, @v,ARr, QT,A, Q7,a, Q9 A) given
that gluon interactions conserve chirality.

Solving the RGEs, we find that the Wilson coefficients at the scale
11 < o are given in terms of their initial conditions evaluated at pg by

Csar() = 1% Cs aL(po)
CvaL(p) = Cvan(po),

Cralm) = n*CP) Cpa(uo),

4
Coa(p) = n¥GBI=1Co s (o) + B. (1=~ 1) BB Cp A (o)
Coa(p) = n " Coalpo) + (L=n"") (Cv,aL(po) + Cv,ar(ko)) »

3 Bs
(A.2)

where 17 = as(0)/as(p1). These results hold if one does not cross a quark
threshold in between pp and pi. Generalizing them to include threshold
effects is, however, straightforward, since the evolution factorizes and finite
matching corrections are not present at LO.

Appendix B

Kinematic functions

In this appendix, we collect the analytic results for the functions MZ-XS (s)
and M (s), which appear in the formulas (36) and (41) for the differential
branching ratios of the B — X 777~ and B — K777~ decays.

In the case of the inclusive b — sT77~ transition, the relevant kinematic
functions are given by the following expressions [51]
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92 2
Mg#(s) = 2s <1— mT) (m%#—m?—s)gxs(s)7
S

o) = 2o ) - R,

2
M%(s(s) = % (1 + 2ZLT> [2 (mg — m§)2 —s (mg + m? + 5)] g9x.(s),
(B.1)
where
9x.(8) = B A(s, mp, ms) , (B.2)
and

6:\/1—475%, ANa,b,e) = (a— (b+¢)?) (a—(b—c)?) . (B.3)

In the case of the exclusive decay, the relevant expressions take instead
the form [55]

. M2, — M2 \? 2
ME(s) = g (PR ) (122 ) e ().

mp — Mg s
1 2
ME ) = o [ (M3~ 32?59+ A M D)

x (s — m2) fz<s>] g+ (5).

2
M) = s (1 25 ) e M M) (6) g (),
(B.4)
with
gr+(s) =B \/)‘(37 Mp+, Mg+), (B5)

and My+ = 493.677 MeV [38]. The s-dependence of the BT — KT form
factors f;(s) entering (B.4) is modeled using the results obtained in [111].
Explicitly, we employ (5 = s/GeV?)

fi(s) = (—5.6314 + 6.9718 v/33.3258 — 5 + 0.6206 5) dy (5) daf

|

),

fr(s) = (=7.7322+8.2175/33.3258 — 5 4 0.7643 5) dy (5) da(5) ,
fols) = (—30.040 4 11.200 v/33.3258 — 5 + 1.62695) do(5),  (B.6)

with di(5) = (1 — 5/M2. )", do(5) = (43173 + /333258 —5) ", and
MB;“(If) = 5.412 GeV
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Appendix C

Matriz elements for b — sf0~

This appendix contains the analytic results for the b — s¢T¢~ matrix
elements of the complete set of (5b)(77) operators

Qi = (5Tgb) (FI7,7) , (C.1)

with ng ®IL = {Py® Pg,y"Py ® YuPg, 0" Py ® 0, Pp}. The diagram
with the closed tau loop shown on the right-hand side in Fig. 3 yields the
following amplitude for the operator insertion

= iNQ; (8I%b) (€70 {ZL; [A+Inz, — L M7(8,2,)] Tt [ad L]
+ [5(A+1Inz,) — 2My(3,2,)] Tr [yalL,] } C; . (C.2)

Here Cj is the relevant Wilson coefficient and

4Gr « 1 @2

— — ViV, A=—-—~yg+In(4n), x,=—, (C.3)
V2 4wt £ P om?

and yg ~ 0.577216 denotes the Euler-Mascheroni constant. The functions
M7(8,2;) and Mg(8, x,) entering (C.2) are given by

N =

M7(§,33‘7—) = —8—1—41nx7+4g(y),
M7(0,2;) = 4lnz,, (C4)
and
My(8,2:) = =3 (5+3y)+ 35 Inz, + 5 (2+9)9(y),
My(5,0) = 2(Ins—im) — 12, (C.5)

where y = 4m2/s and

(1Y) e <,

1—-v1—y9
9(y) = VI[1 -y ) (C.6)
2tan_1< ), y>1.
y—1

The terms Tr [yo¢ %, ] and Tr [y I%,] in (C.2) give rise to the contri-
butions proportional to the electromagnetic dipole operators ()7 o and the
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vector-like semileptonic operators Qg A, respectively. The relevant non-zero
Dirac traces are

Tr [Yad Pa] = 2qa Tr [’Ya'YuPA] = 29apu,

Tr [Vadow PA]l = 49 (4u9ar — Qv Gap) - (C.7)

Finally, the tree-level b — sfT/~ matrix elements involving the operators
(45) read

(Q7,A)tree = ZNQ% (87"4PAb) (E'Yu E) )
(Qo.A)tree = 1N (59" Pab) (Lvul) . (C.8)

By combining (C.2), (C.7), and (C.8) it is a matter of simple algebra to
derive both the expressions given in (47) as well as the relevant entries of
the LO ADM in (A.1).

Appendix D

Matriz elements for b — sy~

In the following, we present the analytic results for the one-loop matrix
elements involving an insertion of a (sb)(77) operator, which enter the LO
prediction for Bs — ~7. The relevant decay amplitude has the following
general structure

N fB,
A = 2

(yy|Ay F F*™ —iA_ F,, F|0)

o] 2 0o

fBS {A+ (2]{31 =P kg &1 — M]_%S IS5 62) —21A_ E(kl, k2751,€2)} s
(D.1)

where N has been defined in (C.3), F,, and Fj, = €un,/2 F are the
photon field strength tensor and its dual, k; 2 and €12 denote the momenta
and the polarization vectors of the two photons, and we have introduced
e(a,b,c,d) = euy,\pa“b”c)‘d"’. The subscripts & on the coefficients Ay, de-
note the CP properties of the corresponding two-photon final state with A
(A_) being proportional to the parallel (perpendicular) spin polarization

—

€1 €2 (51 X 52).
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We find that the non-vanishing matrix elements (Q;) = (yv|Q;|Bs) aris-
ing from operator insertions into the Feynman diagram of Fig. 4, are given

by (yr = m‘2r/M]25'S)

(@sia) = o f5, e @2 {2 4 (1~ dyr) hlyr)]

mr

X (2k1 €9 kg cE1 — M]%S €1 82) + [2 + h(yT)] ié(kl,kg,é‘l,é‘g)} y

(Quin) = - J5. Q2 {£h(y)ie(ka, ka,er,e2)} (D-2)

with
1—-4y—1

h(y)=-211 In? ( Y—2Z = . D.3
=2 |1 (=) 0
Here o« = 1/137.036 and the upper (lower) signs hold in the case A=L
(A=R). The expressions (D.2) can be shown to resemble the results of
[87, 90]. The formulas that apply in the case of Qsra and Qv ra are ob-
tained from (D.2) by reversing the overall sign. Notice that although the
1PI diagrams with an insertion of a tensor operator with flavor content
(5b)(7T) evaluate to zero, the operators QT a contribute to the amplitude

(D.1), because the tensor operators lead to corrections AC&)BH to the effec-

tive Wilson coefficients of Q;/). We finally mention that (Qs aB) scales like
the mass of the charged lepton in the loop. This implies that (Qs ap) — 0
for y — 0, since h(y) — —2 in this limit. The matrix elements of scalar
operators involving electrons or muons are therefore to first approximation
equal to zero. In the case of tau leptons, the chiral suppression is compen-
sated by the large logarithms Iny and the numerical factors appearing in
h(y) = -2+ (—211(12 y+2r? —dirlny)y + O(y?).

Combining (D.1) and (D.2), it follows that the new-physics corrections
to the coeflicients A4 take the form

M 3 M
Ady = B (ACHT - ACKT) - 2= [24 (1 - 4y,) h(y,)] F
B T
_ Msp, eff reff\ § Mp, - § -
A== 5 <AC7 A ) 4 m, 2+l I+ 3 ) iy
(D.4)
where
F* =Ci11 +Citr — Cire F Cirr - (D.5)

Notice that only the contributions associated with Q(7/) contribute to the
By — vy amplitudes at leading power in Aqcp/my, while the effects arising
from the (5b)(77) insertions are relative to the leading terms suppressed by
one power of Ag/Mp, = O(Agcp/mp).
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After summing over the photon polarizations, the branching ratio of
Bs; — vy becomes

2773 £2
N 42\4'3S fBg TBS

(14 )0 + AALP 4+ (A )sm + A4 ),

(D.6)
where (A4 )gy denotes SM contributions to Ay. Explicit formulas for the SM
coefficients, including leading as well as subleading corrections in Aqcp /M,

can be found in [89, 90].

Appendix E

Forward-scattering amplitudes

In this appendix, we give some details on the calculation of the contribu-
tions from the complete set of operators (22) to I',. Since the decay width
is related to the absorptive part of the forward scattering amplitude, the
off-diagonal element of the decay-width matrix may be written as

1
2Mp

s

FISQ = <B8’T’Bs> 5 (El)

with the transition operator T given by

T =8GE (VisV)? ) Im { / d'z T [C;Qi(x) Oij(O)}} . (B2
i,j
Here T' denotes time ordering, the Wilson coefficients C; are normalized as
n (19) and (23).

At leading power in Aqcp/my the contribution to I, is found by com-
puting the matrix elements of 7 between quark states. The corresponding
Feynman diagram involving an insertion of a pair (i, j) of operators (C.1) is
depicted in Fig. 5. Treating the external quarks as on-shell and neglecting
the strange- quark mass, we obtain from the discontinuity of the graph

(er)ij:—ng;QCinBT{xTTr [FLFL] ;/:Tr [I” [mbﬂ

Lt [Tt - SR [ ) (TS (B3)

b

with N, 3, and S given in and before (61), respectively. Notice that the pref-
actor 3; is related to the imaginary part of the Passarino—Veltman two-point
integral Bo(m7, m2,m?). Explicitly, one has 73, = Im [Bo(mZ, m2,m2)].

The result (E.3) can be shown to agree with the general findings of [112-114].
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The general result (E.3) simplifies if one considers the self-interference of
operators only. Due to the cyclicity of the trace, one has Tr [F};T [F;T, jéb” =
0 for all i =S, AB, V,AB, T, A. In the case of i =S, AB, T, A the only non-
vanishing Dirac traces read

Tr [PL,RPL,R] — 2, Tr [U#VPL,R UAPPL,R} =9 <g“)‘g’jp* gupgz/)\ ¥ Z-E#z/)\p) 7

where the Levi-Civita Tensor e#** is related to s via (=4
5 = —i /ALy,
For i =V, AB one needs instead
Tr [y PLrY" V' PLr Vel = —49"",
Ty PLr bV Pur ity = 2 (20,05 —mig"”) - (E.5)

In order to derive the expressions given in (60), one still has to take into
account that

ieul/)\p (EU/LVPL,R b) (EGApPL,R b) = 332 (EUMVPL,R b) (gUuVPL,R b) 3 (EG)
and apply the Fierz identity

(§ U”VPLyR b)(§ O';WPL,R b) = (§ PL,R b)(§ PL,R b) + 2 (§a PL,R bﬁ) (55 PL,R ba) .
(E7)

Appendix F
Bounds on AI's and ag, from AM,

In this appendix, we show that in the class of SM extensions with real
(M?y)np/(I5)np, @ bound on AMj necessarily results in a limit on both
AT and af,. We start our derivation by noting that under the assumption
that arg ((Mj,)np/(I5)Np) is either equal to 0° or 180°, the parameters
Ry, introduced in (14) can be expressed in terms of the three ratios

(M7y)np (M75)sm (M75)np

"™ = 77~ > SM = 77/~ NP = 755~ F.1
(M73)sm (ITy)sm (ITy)Np (F-1)

and ¢gy;, as follows

Ry = |1 +TM| ,
Svi

Rp=|1—sgn(rxp) - 7o e PSn

sM
~ ‘1 — Sgn (’I”Np) :TNP: M (FQ)

Because ¢g is only a fraction of 1°, the approximation made to obtain the
final expression for R is sufficient for all practical purposes.
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In order to simplify the further discussion, we consider the two possible
signs of ryp separately. We begin with sgn (rnp) = +1. From (F.2) it is
readily seen that in this case, the value of Ry becomes maximal (minimal)
if rps is real, negative (positive), and as large as possible in magnitude.
A two-sided bound on AM; or equivalently Ry,

RY™ < Ry < R, (F.3)

with R]r\“jn < 1land RY™ > 1", thus constrains the possible values of R to
lie in the interval

!TSM!> [rsm|
max (0,1 — (R} —1 <Rp <1+ (Ry™+1 . F.4
< (i ) 7N g (23 ) 7N (F4)

According to (15), a bound on Ry also restricts the allowed range for Al%.
Since one has ¢y = 180° and ¢y = 0° if Rp becomes maximal, the upper
limit in (F.4) leads to a lower bound on Als. On the other hand, the upper
limit on ATl arises if ¢y = ¢ = 0° and ry; = Rr]{/}in — 1 < RY™ — 1. One,
therefore, has

r . r
— 1+ ( “A}aXH);TSN“;" (AL)sm < (AL )Np < 1—(an\}m—1)|’riﬂ (AT,)sm -
(F.5)

Given that both Ry; and R are bounded it is not surprising that also ag,
satisfies a double inequality. Because the expression (15) for ag, is inversely
proportional to Rjs, the CP asymmetry becomes extremal for Ry; = RIAI}}H.
It is then easy to convince oneself, that for this value of Rj; the combina-
tion of R sin (¢ar — ¢r) is maximized /minimized if 7y is purely imaginary,
corresponding to ¢y = £90°. After some algebraic simplifications, one ar-
rives at

1 as 1 ag
- [1+ ‘TSM‘:| ( fs)SM < (al)np < —_ [ |7’SM|:| ( fsS)SM
Rwi |rNp| Ry Irnel] &y

; (F.6)
SM

Using the same line of reasoning as above, it is also not too difficult to de-
rive the constraints for sgn (ryp) = —1 that follow from (F.3) with R}™ < 1
and R > 1. One has to differentiate between the case |rgm|/|rnp| < 1

19 This is the relevant case in view of the good agreement between (AM;)sm and mea-
sured value of the mass difference. It is straightforward to extend the given formulas
to the other possible cases.
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and |rgm|/|rxp| > 1. In the former case, we obtain

[rsm| |rsm|
e <07 L= (B4 1) NP < Rr <1+ (R -1) lrnp |

1 ) (AT < (AT

< [1 ) ﬂijifﬂ (ATsu, (F.7)

while in the latter case the relations

i !TSM|> |rsml
max | 0,1+ (RYy™ —1 <Rp< -1+ (Ry*+1 ,
< (i )\TNPl " (123 )\TNPl

: r
|:1 + (Rn]\}m — 1) ’TSNRF/)IH (AFS)SM < (AFS)NP

< [—1+ (Rmax 4 1) ‘:i“;” (AT)sn (F.8)

apply. The constraint on the CP asymmetry is independent of whether
|rsm|/|rnp| is smaller or bigger than 1. It takes the simple form

1
— Rﬁin

(ag)sm
Pén

(ag,)sm s 1

|TSM|
< (af )NP < - —
Y i Ry

lrNp|

_ Irsu|
[rnp|

(F.9)

The formulas (F.4) to (F.9) have a couple of features that are worth men-
tioning. First, the possible variations increase with decreasing |rem|/|7rNp|-
Second, the limits on Al and ag, are less stringent if sgn (ryp) = +1.
The only exception is the upper bound on A, which becomes weakest for
sgn (rxp) = —1 and |rgm|/|rnp| > 1. In new-physics scenarios with real
(M?5)np/(I5)Np, non-standard effects in ATy and ag, are hence the least
constrained by the measurement of AMj, if the ratio rgy/rnp is positive
and as small as possible.
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