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We study the implications of the recent measurements of Rg and Ry~ by the LHCb Collaboration. We do
that by adopting a model-independent approach based on the Standard Model effective field theory
(SMEFT), with the dominant new physics (NP) effects encoded in the coefficients of dimension-6
operators respecting the full Standard Model (SM) gauge symmetry. After providing simplified expressions
for Rg and Rg-, we determine the implications of the recent LHCb results for these observables on the
coefficients of the SMEFT operators at low and high energies. We also take into account all b — s data,
which combined lead to effective NP scenarios with SM pulls in excess of S¢. Thus, the operators discussed
in this paper would be the first dimension-6 terms in the SM Lagrangian to be detected experimentally.
Indirect constraints on these operators are also discussed. The results of this paper transcend the singularity
of the present situation and set a standard for future analyses in b — s transitions when the NP is assumed

to lie above the electroweak scale.
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I. INTRODUCTION

An absolute priority in particle physics is to detect and
measure the effects of dimension-6 terms in the Standard
Model (SM) Lagrangian. These must be there since the SM
is only valid up to a physical scale A > pgw, where pgw =
100 GeV is the electroweak scale. These effects are sup-
pressed by a factor uzy /A% so if A is very large, precision
tests are needed.

Lepton-flavor universality (LFU)—Ilepton gauge inter-
actions being identical for e, u, 7—is a strong test of certain
dimension-6 terms. One such test is given by the observ-
ables Ry, defined as [1]

f:{ dU'(B — K®put ™)

[Rxo 2.2 =

9

f:; dU'(B = K¥ete™)

with ¢* the dilepton squared invariant mass. For ¢* > 4ms,
lepton-mass effects are negligible, and LFU predicts
Rgw» =1, making these ratios exceptional probes of
dimension-6 terms breaking LFU.

The LHCb Collaboration has measured some of these
ratios, finding values significantly smaller than 1 [2,3]:

Ry = 0.74570:999 4 0.036,

Ry = 0.6607 119 +0.024,
Ry = 0.68510013 +0.047,

q* €[1,6] GeV?,
q* €[0.045,1.1] GeV?,
¢* €[1.1,6.0] GeV2. (2
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Comparing these results to their LFU predictions [4-6],

R$M = 1.00 +0.01,
R$M = 0.92 +0.02,
R$M = 1.00 +0.01,

q* € [1,6] GeV?,
7 € [0.045,1.1] GeV2,
7 € [1.1,6.0] GeV?, (3)

one concludes that the LHCb measurements represent
deviations from LFU at the levels of 2.66, 2.26, and
240, respectively. The Belle Collaboration has also found
slight differences between the e and p channels in their
B —» K*¢*¢~ angular analysis [7], most notably in the
pioneering measurement of the clean observables O, and
Qs [8]. While each individual measurement is not very
significant in itself, their combination constitutes an in-
triguing set of anomalies. Recent studies analyzing these
new measurements in terms of models and the weak
effective theory (WET) can be found in Refs. [9-14].

Dimension-6 operators breaking LFU will manifest also
inb — s£T¢™ (€ = p or e) observables such as branching
ratios and angular distributions. Notably, anomalies have
been observed in b — sy’ u~ transitions too [15-17], and
these are consistent with the anomaly in Ry [18-20].
Global analyses of b — su*u~ data lead to scenarios that
can accommodate Ry and Ry [4,21,22].

Many models have been proposed to address the b — s
anomalies. These models involve a Z' boson from an
extended gauge group [23-58], leptoquarks (or R-parity
violating supersymmetry) [57,59-81], a massive reson-
ance from a strong dynamics [82-86], or Kaluza-Klein
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excitations [87-90]. References [91-94] have explored
renormalizable models that explain Ry at the one-loop
level, while the minimal supersymmetric SM with R-parity
conservation was considered in Ref. [95].

We interpret these measurements in the context of the
Standard Model effective field theory (SMEFT) [96,97].
This is the most convenient framework when the new
degrees of freedom are much heavier than ugyw and allows
for a more transparent connection to possible ultraviolet
scenarios as it incorporates the full electroweak gauge
symmetry. We start by providing simplified analytical
expressions for the observables of interest and for the
SMEFT Wilson coefficients (WCs) at low and high
energies. With these expressions at hand, we study the
implications of the LHCb measurements on the coefficients
of the SMEFT operators both at ugw and at the scale A
where the (unknown) heavy degrees of freedom decouple.
For this purpose, we use DsixTools [98], implementing
the complete SMEFT one-loop renormalization group
equations (RGEs). This allows us to study the appearance
of other effective operators at low energies due to renorm-
alization, leading to indirect constraints on the scenarios
that explain the LHCb measurements.

II. EFFECTIVE FIELD THEORY

At energies relevant for the B decay, the most general
Hamiltonian for semileptonic b — s transitions contains
the terms

Her D — 4GF “ zstc o, (4)

where A/ = V;V,;, with V the Cabibbo-Kobayashi-
Maskawa matrix, A$® ~ —0.04 [99], and the sum runs over
all the relevant operators for semileptonic AB = AS =1
observables, including

0(90 = (37.PLr) D) (£7°C).
(’)5’3 = (57.PrLr) D) (£7°757). (5)

The dipole operator O; = (50,45Pgb)F* is only margin-
ally relevant for [Rg-]g g45.1.1- Assuming now that the SM
degrees of freedom are the only ones present below a
certain mass scale A > ugw, one can describe deviations
from the SM in a general way using the SMEFT. Dominant
new physics (NP) effects are parametrized by effective
operators of canonical dimension 6,

1
Lsmrrr D e chQk’ (6)
k

where the sum extends over all operators in the
Warsaw basis [97], C; being the WCs and Q; being the
operators. This effective theory is more suitable to describe
NP above the electroweak scale, since it incorporates the
restrictions imposed by gauge invariance and leads to
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TABLE 1. List of relevant operators (see Ref. [97] for defini-
tions) that contribute to the matching to Cg/.1 o- €ither at tree level or
through one-loop running. The index a = e, y denotes the lepton
flavor. Contrary to Eq. (5), here £ denotes a lepton SU(2); doublet.

SMEFT operator Definition Matching  Order
[00)] a3 (Carula)(@2r"q3) Oo.10 Tree
[05)] a3 (Car,®€a)(@r''qs)  Ooo Tree
[Qye)230a (@27,93) (€ar"ea) Oo.10 Tree
[0rdlaas (Zav,a)(dry"ds) Oy 19 Tree
[Qed]aa23 (e aVﬂ o) (doy*ds) 0.1 Tree
(05 (¢" zDﬂ(p)( Zarey)  Qow Onerloop
[Q ] (o' zD 0 (2" E,) Q910  One-loop
[ le}aa33 ( ayﬂ )( 3}’””3) 09.10 One_loop
[Qpelua (¢'iD,9)(Zar"e,) Qo190 One-loop
[Qeu]aa% (anyea)(ﬁ3yﬂu3) 09,10 One-loop

relations among operators that would otherwise be missing;
see, e.g., Refs. [18,100].

Matching the SMEFT onto the operators in Eq. (4) at tree
level, one obtains the following matching conditions at
upw ~ O(My,) [18,101] (with a = e, u):

2
T v ~
Cg; = A2 {[C( ]aa23 + [C< )]aa23 + [qu]23aa}’

alsb A?
2
T v ~
O = = o p2 (O aaas + €y = Coclaa
T 1}

[—

9a = /l‘b A2 {[sz’d]aam + [ edlaa23 )

71'1)2

Cl]Oa - iqb A2 {[ fd]au23 [Ced]a023}' (7)

Only operators that break LFU have been included. These
matching conditions are summarized in Table I, where the
operators of the SMEFT are defined. We also show in this
table the operators that contribute via one-loop running
but leave out a few others that contribute with finite terms to
the matching. Here, we implicitly assume that the WCs are
defined at the matching scale ugw. The tilde over the
SMEFT WCs denotes that they are given in the fermion
mass basis (see Ref. [101]). Throughout the paper, we
adopt the weak basis where V; =1 and V, , = 1.

III. EXPLAINING THE LHCB MEASUREMENTS

For the phenomenological discussion, we derive approxi-
mate formulas for Rg g+ in terms of the relevant WCs.
These formulas are obtained with the same approach as
Ref. [4], but neglecting terms that are not important for the
present discussion and linearizing in the NP coefficients.
We find

035026-2



GAUGE-INVARIANT IMPLICATIONS OF THE LHCB ...
[Rilj = 1.00(1) +0.230(CYF, +C5,_,)

_0233(2)(610;4 e +CIO;4 e) (8)
[RJj0.045,1.1) = 0.92(2) + 0.07(2)Cs,”, = 0.10(2)Cy, _,
—0.11(2 )leg; ., T0.11(2 )C/IOM e
+0.18(1)C, 9)
[RiJj1.1.6) = 1.00(1) 4+ 0.20(1)C5,”, = 0.19(1)Cy,_,
-0.27(1 )CIOM . +021(1)C 10—e> (10)

where Cy, , = Cy; — Cs, , etc., and all WCs are defined at

the scale y;, = 4.8 GeV. We have linearized the dependence
with respect to the WCs, consistently assuming that con-
tributions from dimension-8 SMEFT operators interfering
with the SM and the self-interference of dimension-6 terms
are both negligible. For [Rg] ¢ and [Rg:];; ¢, we have
good agreement with Ref. [19].

We now investigate the implications of the LHCb
measurements by considering the measured 95% confi-
dence level intervals. We start with single-operator sce-
narios where only one of the relevant operators is assumed
to be present at the electroweak scale. The effect of the
dipole operator O; on the low-g> bin of R is very small,
given the bound it receives from b — sy transitions
(—0.05 < CY? £ 0.08 at 36 [4]). The deviations from the
SM in these three observables must then be caused mainly
by the four-fermion semileptonic operators of the WET.
In what follows, we discuss single-operator scenarios that
can potentially explain the anomalies:

(@) qu —>C9ﬂ = C10;4 .. these scenarios accom-
modate the experimental measurements of Ry

for Cor, < —0.2, corresponding to ¢l o 2 0.3 with

=30 TeV; see Fig. 1.
All the other operators fail:

(@) Crqg = Cy,_, = —Cig,_,: givesTise to Rg- > 1 in the
central bin when Rx < 1. Rk in the low bin is also
above the experimental range when Ry < 1.

(i) Ceq = Cg,—, = Cjg,.: has a very small effect on
Ry . For reasonable values of the WC, it holds that
Ry = R3M. Furthermore, when Ryg. <1 in both

bins, Rg > 1.
(iii) C - Cyr , = C),—: has a very small effect on
. For reasonable values of the WC, it holds
that Ry = RM.

We now consider two-operator scenarios. In this case,
assuming that only two operators are nonzero at a time, it is
possible to accommodate R - with:

. 1.3
(1) C(fq )’qu C9;4 e’CIOﬂ —e
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FIG. 1. Rg and Rg+ as a function of the SMEFT WC Cg}q) with
A =30 TeV. The experimental ranges for Ry and Ry~ at
95% C.L. are also shown for comparison.

i ¢l c,, — P N C —C|

fq ’ u—e — 10p—e’> ¥ Opu—e — 10;¢ e
NP NP ! —
(ii1) qu ’ €d C9/4 e _CIO/A e’ Y9u—e T T 10;4—6
NP NP
(IV) qu’ct’q C9;4 e _Cl()u e

The bounds obtained for the WCs in the scenario

(qu,Cfd) are shown in Fig. 2. Here, we have used the
exact expressions for the observables, without linearizing

in the NP coefficients. The results are identical for the
scenario (C(;q), Cyq)- In order to accommodate the anoma-

lies, one needs a positive NP contribution to ng) + Cg.

The bound obtained on C,,; arises because the measure-
ments are compatible with [Rg+].cnwa/Rk =1, and this
double ratio is mainly sensitive to C,, [19].
The following scenarios with two operators fail to
accommodate the data with reasonable values of the WCs:
(1) CyerCpg = Cgﬂ .= CII\I& o ’9”_6 = _CIIOy—e: within
this scenario, it is not possible to accommodate both
Ry and Ry simultaneously
(i) Cr4.Ceq = Coy,. Clg,—.: again, it is not possible to
accommodate both Rg- and Ry simultaneously.
(i) Cge,Ceq = Con e = Cloy—o» Cope = C/l'()ﬂ—.e: this sce-
nario cannot generate the needed deviation on Rg.

In summary, the explanation of the Ry - anomalies
within the SMEFT at the level of dimension-6 operators

requires the presence of ng) and/or C(;q).
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A =30 TeV

2N [1,6]GeV* i
[—— Ry [0.045,1.1]G
11 Ry [1.1,6]GeV?

== Ry + Rge»
[ == Global Fi

[Céd]2223

21 o 1 > 3
[Ci2 2225

FIG. 2. Constraints on the SMEFT WCs C(fl; and C,; with
A =30 TeV, assuming no NP in the electron modes. The
individual constraints from Ry and Ry at the 3o level are
represented by filled bands. The combined fit to Rx and Rg- is
shown in blue (1,2 and 30 contours). The result of a global fit
with all b — s£ ¢~ data included in [9] is shown in a similar way
as red dashed contours.

A plausible scenario is that the NP enters mainly through
muons. Under this hypothesis, which will be taken in
the following, all the viable explanations of the Ry -
anomalies provide a good fit of the b — su™u~ data
[4,21,22]. This observation is nontrivial given that a large
fraction of the b — sutu~ decay observables probe differ-
ent combinations of the WCs. Note also that having only
the operator Cy,; of the WET, which alone provides a very
good fit of b — sutu~ data, requires at least two SMEFT
operators of the Warsaw basis, C(;q) (or C(;q)) and C,,. Other
benchmark scenarios of the WET that provide a good fit,
for instance C9 —Co,, cr 10 = Clo,» are more involved to
realize within the SMEFT due to the constraints imposed
by electroweak gauge symmetry.

TABLE IL

PHYSICAL REVIEW D 96, 035026 (2017)

In Table II, we use the result from the global fit to b —
sZ¢ in Ref. [9] to give the corresponding bounds on the
WCs for the scenarios that can accommodate the Ry -
anomalies. The involved WCs are O(1) for A ~ 30 TeV.

The result of the global fit in the scenario (C;lqj),(?m) is
shown in Fig. 2 as red dashed contours.

IV. RENORMALIZATION GROUP EFFECTS

The SMEFT WCs in the previous equations, given at
1 = Ugw, can be obtained in terms of their values at the NP
scale A by means of the SMEFT RGEs [102—-104]. Using a
first leading log approximation, we find

2 1sb
yid
L L(ICO)(A)] g

[Acgq)}aaﬂ == - [Cfu (A)]aa33>7

167
2/1sb
ACH a2 = Tg 7 L (W)
ik
[Acqebﬁm = _WL([CW (A)]aa - [Ceu (A>]ua33)’
[Acfd}aal% - [Aced}aa% = 0’ (11)
where AC; = C;(ugw) — Ci(A) and L = log(ﬁ). We have

made use of top dominance assumptions, only keeping
Yukawa terms including y, = v/2m,/v ~ 1, the top quark
Yukawa coupling, neglecting other Yukawa-driven terms.
These expressions agree very well with precise numerical
calculations when the dominant terms are the direct (tree-
level) ones, while they may deviate slightly when the one-
loop induced terms dominate due to the running of the top
Yukawa coupling. In the following, we only take them as
guiding tool and obtain all our numerical results using
DsixTools [98]. We observe that, in principle, it is
possible to achieve an explanation of the Ry k- anomalies
via operator mixing effects with a NP scale A ~ 1 TeV and
WCs of O(1). Specifically, by generating [Cy,(A)]y33 ~
—1, [C)(A)]yy ~ 1, or [C)(A)], ~—1. However, we
will see later that the possibility of [C((M )(/\)]22 is ruled
out by experimental data. For the interesting scenario,
[Cu(A)]n33. We note that for matching scales ugw = m,,
next-to-leading-order corrections vanish to a good approxi-
mation and the leading RGE contribution dominates; see
Ref. [105] for similar observations.

Constraints on the SMEFT WCs obtained from the global fit to b — s£7 in terms of the WET operators from Ref. [9].

Fit from b — s£¢ observables

Operator(s) x (30 TeV/A)? Best fit lo 20

C(flq'S) 0.95 [0.75,1.14] [0.56,1.36]

C f1q3)’c ) (1.03,0.80) ([0.89,1.18],[0.61,0.98]) ([0.74,1.32],[0.42,1.17])
€ ¢,0) (1.02, —0.33) ([0.80, 1.23], [~0.54, —0.12)) ([0.59, 1.44], [~0.75. 0.10])
€ c..) (1.02,0.20) ([0.81,1.22], [~0.00, 0.41]) ([0.60, 1.43], [~0.21, 0.62])
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TABLE III. SMEFT operators at y = A that can potentially
explain the anomalies. The first two WCs contribute to Rg and
Ry at tree level, while the last three contribute at the one-loop
level. We find that [Cfp‘zf)]zz cannot work due to constraints from
EWPD.

WC (u=A) Ry and Ry~ Constraints

[C(U] v No relevant constraints
q 12223

[C(3>] Vv No relevant constraints
£q12223

[C(U] X Excluded due to EWPD
9122

[C<3)] X Excluded due to EWPD
@122

[Crulaazs v No relevant constraints

We now analyze the implications of the WCs required
to explain the anomalies in other low-energy observables.
In particular, we focus on the bounds from other lepton-
flavor universality violating (LFUV) observables and from
electroweak precision data (EWPD). We separate the
discussion in two cases: when the operators that explain
the anomalies are generated at tree level and when they are
induced at one loop.

A. Tree-level generated operators

First, we focus on the observables that can give a direct
constraint on the operators given in Table II. As noted in
Refs. [106,107], the operators Q;lf) could modify the ratio

R, =T(B - K¥up)/T(B - K“ub)gy,. Moreover, the

WC €L also affects the LFUV ratio Ty o1, /T iy
However, we find that the contributions to these observ-
ables are always below the experimental sensitivity. This
result is consistent with the analysis done in Ref. [108]. We
do not find any other direct constraint on these scenarios.
Furthermore, we also consider the case where the relevant
operators explaining the anomalies are generated at the
NP scale and use DsixTools [98] to obtain the pattern
of RGE-induced operators. We find that the new WCs
generated in the running are sufficiently small to avoid
the experimental constraints from EWPD and LFUV
observables.

B. One-loop induced operators

We now consider operators at the NP scale that cannot
explain the anomalies directly. In this case, the relevant
contributions can still be generated through renormaliza-
tion-group effects. Due to the loop suppression, the size of
the WCs necessary to account for the anomalies should be
larger, and/or the NP scale should be lower, yielding more
interesting bounds at low energies. In fact, requiring WCs
to be O(1) or smaller implies A < O(1) TeV in this case.
We find that, among the three possible scenarios, the ones

based on Cl(ﬂlf) are excluded by EWPD since they induce

PHYSICAL REVIEW D 96, 035026 (2017)

excessively large modifications to the W mass and/or the Z
couplings. In particular, the required value of CS} is well
beyond the allowed value from the bound on the W mass,
while Cfﬂl; induces a large contribution to Z — p*u~ that is
excluded by the LEP-I measurements, and to C{/,D [the WC
of Q,p = (¢"D*¢)*(¢'D,e)], which is also constrained
by the W mass [109,110]. In contrast, we find that the
scenario where C,, is obtained at the NP scale remains a
viable candidate, with [Cz,(A)]33 ~—1 and A ~ 1 TeV.
RGE evolution down to the electroweak scale generates

in this case contributions to [Q((;LZ]22 together with the

four-lepton operators [Qsslyyue = (£27,82)(€ur*¢,) and
[0re)n2aa = (€21,62) (247" e,), Which are found to be well

below the experimental limits [109,110]. These findings are
summarized in Table III.

V. SUMMARY

An increasing significance for new physics in b — s
transitions has been accumulating since the first LHCb
measurements of the B — K*uu angular distribution in
2013 and their later lepton-flavor universality violating hint
in Rg. A crucially important confirmation of such hints has
appeared just recently with the LHCb measurement of R -
in two large-recoil bins, complementary to Ry in regard to
new physics.

In this paper, we have analyzed the implications of these
new measurements, in terms of the SMEFT. Our conclu-
sions on the required WCs at the scale ¢ = pgw can be
summarized as follows:

(i) The [C(flqs)bz23 coefficients play a crucial role in the
explanation of the anomalies. All solutions (with one
or two operators) require their presence to accom-
modate the LHCb measurements of Rx and Rg-.

(ii) The coefficients [Crylr003, [Cyelrznr> and [Coylanns
cannot explain the anomalies.

Turning to our conclusions regarding the WCs at the UV
scale, 4 = A, they can be summarized as:

(1) When the anomalies are explained with operators
that contribute to the Ry g ratios at tree level
([C;lf)]zz%), the resulting bounds are not significant.
In this case, the NP scale can be as high as
~30-50 TeV and still keep the WCs <O(1).

(i) In contrast, when the anomalies are explained with
operators that contribute via RGE operator-mixing
effects ( [C((;;)]n and [Cy,]533), the indirect bounds
turn out to be very relevant. In fact, the coefficients

[Cfpl;)]zz cannot explain the Ry g+ ratios since the
required values are excluded by EWPD. For the
[Crulanss coefficient, no relevant constraints were

found. In this case, the NP scale must be very low
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once we assume [Cpylyiz~O(1): A1 TeV,
making this scenario potentially testable by other
experimental means.

If confirmed, the violation of lepton-flavor universality
would have far-reaching consequences. In our analysis, we
have identified the crucial operators that a specific new
physics model would have to induce in order to be able to
explain the Ry g+ anomalies. These minimal requirements
can be regarded as a general guideline for model building.
In addition, when combining these measurements with all
b — s¢¢ data, a consistent pattern arises (see Fig. 2), with
the new physics scenarios considered in this paper favored
with respect to the SM hypothesis by around 5 standard
deviations and with a high goodness of fit [9]. As described
in the Introduction, these scenarios could be reproduced
in extensions of the SM possibly including leptoquarks,
heavy Z’ bosons, or other additional heavy states. We look
forward for measurements of lepton-flavor universality-
violating ratios at low hadronic recoil, as well as of other

PHYSICAL REVIEW D 96, 035026 (2017)

ratios such as Ry and Ry , clean observables such as Qs,
and improved measurements with increased statistics.

ACKNOWLEDGMENTS

The work of A.C. is supported by the Alexander von
Humboldt Foundation. The work of J. F. is supported in part
by the Spanish Government, by Generalitat Valenciana, and
by ERDF funds from the EU Commission (Grants
No. FPA2011-23778, No. FPA2014-53631-C2-1-P,
No. PROMETEOII/2013/007, and No. SEV-2014-0398).
J. F. also acknowledges VLC-CAMPUS for an “Atracci6 de
Talent” scholarship. A. V. acknowledges financial support
from the “Juan de la Cierva” program (27-13-463B-731)
funded by the Spanish MINECO as well as from the Spanish
Grants No. FPA2014-58183-P, Multidark No. CSD2009-
00064, No. SEV-2014-0398, and No. PROMETEOII/ 2014/
084 (Generalitat Valenciana). J. V. is funded by the Swiss
National Science Foundation and acknowledges support
from Explora Project No. FPA2014-61478-EXP.

[1] G. Hiller and F. Kruger, Phys. Rev. D 69, 074020 (2004).
[2] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 113,
151601 (2014).
[3] S. Bifani on behalf of the LHCb Collaboration,
(unpublished).
[4] S. Descotes-Genon, L. Hofer, J. Matias, and J. Virto,
J. High Energy Phys. 06 (2016) 092.
[51 A. Guevara, G. Lopez Castro, P. Roig, and S. L. Tostado,
Phys. Rev. D 92, 054035 (2015).
[6] M. Bordone, G. Isidori, and A. Pattori, Eur. Phys. J. C 76,
440 (2016).
[7] S. Wehle et al. (Belle Collaboration), Phys. Rev. Lett. 118,
111801 (2017).
[8] B. Capdevila, S. Descotes-Genon, J. Matias, and J. Virto,
J. High Energy Phys. 10 (2016) 075.
[9] B. Capdevila, A. Crivellin, S. Descotes-Genon, J. Matias,
and J. Virto, arXiv:1704.05340.
[10] W. Altmannshofer, P. Stangl, and D. M. Straub, arXiv:
1704.05435.
[11] G. D’Amico, M. Nardecchia, P. Panci, F. Sannino, A.
Strumia, R. Torre, and A. Urbano, arXiv:1704.05438.
[12] G. Hiller and I. Nisandzic, arXiv:1704.05444.
[13] L.S. Geng, B. Grinstein, S. Jager, J. Martin Camalich,
X.L. Ren, and R. X. Shi, arXiv:1704.05446.
[14] M. Ciuchini, A. M. Coutinho, M. Fedele, E. Franco, A.
Paul, L. Silvestrini, and M. Valli, arXiv:1704.05447.
[15] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 111,
191801 (2013).
[16] S. Descotes-Genon, J. Matias, and J. Virto, Phys. Rev. D
88, 074002 (2013).
[17] R. Aaij et al. (LHCb Collaboration), J. High Energy Phys.
02 (2016) 104.

[18] R. Alonso, B. Grinstein, and J. Martin Camalich, Phys.
Rev. Lett. 113, 241802 (2014).

[19] G. Hiller and M. Schmaltz, J. High Energy Phys. 02 (2015)
055.

[20] D. Ghosh, M. Nardecchia, and S.A. Renner, J. High
Energy Phys. 12 (2014) 131.

[21] T. Hurth, F. Mahmoudi, and S. Neshatpour, J. High Energy
Phys. 12 (2014) 053.

[22] W. Altmannshofer and D. M. Straub, Eur. Phys. J. C 75,
382 (2015).

[23] A.J. Buras, F. De Fazio, and J. Girrbach, J. High Energy
Phys. 02 (2014) 112.

[24] A.]J. Buras and J. Girrbach, J. High Energy Phys. 12
(2013) 009.

[25] W. Altmannshofer, S. Gori, M. Pospelov, and 1. Yavin,
Phys. Rev. D 89, 095033 (2014).

[26] A. Crivellin, G. D’ Ambrosio, and J. Heeck, Phys. Rev. D
91, 075006 (2015).

[27] A. Crivellin, G. D’Ambrosio, and J. Heeck, Phys. Rev.
Lett. 114, 151801 (2015).

[28] D. Aristizabal Sierra, F. Staub, and A. Vicente, Phys. Rev.
D 92, 015001 (2015).

[29] A. Celis, J. Fuentes-Martin, M. Jung, and H. Serodio,
Phys. Rev. D 92, 015007 (2015).

[30] G. Belanger, C. Delaunay, and S. Westhoff, Phys. Rev. D
92, 055021 (2015).

[31] A. Celis, W. Z. Feng, and D. Lust, J. High Energy Phys. 02
(2016) 007.

[32] A. Falkowski, M. Nardecchia, and R. Ziegler, J. High
Energy Phys. 11 (2015) 173.

[33] B. Allanach, F. S. Queiroz, A. Strumia, and S. Sun, Phys.
Rev. D 93, 055045 (2016).

035026-6


https://doi.org/10.1103/PhysRevD.69.074020
https://doi.org/10.1103/PhysRevLett.113.151601
https://doi.org/10.1103/PhysRevLett.113.151601
https://doi.org/10.1007/JHEP06(2016)092
https://doi.org/10.1103/PhysRevD.92.054035
https://doi.org/10.1140/epjc/s10052-016-4274-7
https://doi.org/10.1140/epjc/s10052-016-4274-7
https://doi.org/10.1103/PhysRevLett.118.111801
https://doi.org/10.1103/PhysRevLett.118.111801
https://doi.org/10.1007/JHEP10(2016)075
http://arXiv.org/abs/1704.05340
http://arXiv.org/abs/1704.05435
http://arXiv.org/abs/1704.05435
http://arXiv.org/abs/1704.05438
http://arXiv.org/abs/1704.05444
http://arXiv.org/abs/1704.05446
http://arXiv.org/abs/1704.05447
https://doi.org/10.1103/PhysRevLett.111.191801
https://doi.org/10.1103/PhysRevLett.111.191801
https://doi.org/10.1103/PhysRevD.88.074002
https://doi.org/10.1103/PhysRevD.88.074002
https://doi.org/10.1007/JHEP02(2016)104
https://doi.org/10.1007/JHEP02(2016)104
https://doi.org/10.1103/PhysRevLett.113.241802
https://doi.org/10.1103/PhysRevLett.113.241802
https://doi.org/10.1007/JHEP02(2015)055
https://doi.org/10.1007/JHEP02(2015)055
https://doi.org/10.1007/JHEP12(2014)131
https://doi.org/10.1007/JHEP12(2014)131
https://doi.org/10.1007/JHEP12(2014)053
https://doi.org/10.1007/JHEP12(2014)053
https://doi.org/10.1140/epjc/s10052-015-3602-7
https://doi.org/10.1140/epjc/s10052-015-3602-7
https://doi.org/10.1007/JHEP02(2014)112
https://doi.org/10.1007/JHEP02(2014)112
https://doi.org/10.1007/JHEP12(2013)009
https://doi.org/10.1007/JHEP12(2013)009
https://doi.org/10.1103/PhysRevD.89.095033
https://doi.org/10.1103/PhysRevD.91.075006
https://doi.org/10.1103/PhysRevD.91.075006
https://doi.org/10.1103/PhysRevLett.114.151801
https://doi.org/10.1103/PhysRevLett.114.151801
https://doi.org/10.1103/PhysRevD.92.015001
https://doi.org/10.1103/PhysRevD.92.015001
https://doi.org/10.1103/PhysRevD.92.015007
https://doi.org/10.1103/PhysRevD.92.055021
https://doi.org/10.1103/PhysRevD.92.055021
https://doi.org/10.1007/JHEP02(2016)007
https://doi.org/10.1007/JHEP02(2016)007
https://doi.org/10.1007/JHEP11(2015)173
https://doi.org/10.1007/JHEP11(2015)173
https://doi.org/10.1103/PhysRevD.93.055045
https://doi.org/10.1103/PhysRevD.93.055045

GAUGE-INVARIANT IMPLICATIONS OF THE LHCB ...

[34] R. Alonso, B. Grinstein, and J. Martin Camalich, J. High
Energy Phys. 10 (2015) 184.

[35] M. Bauer and M. Neubert, Phys. Rev. Lett. 116, 141802
(2016).

[36] S. Fajfer and N. Kosnik, Phys. Lett. B 755, 270 (2016).

[37] R. Barbieri, G. Isidori, A. Pattori, and F. Senia, Eur. Phys.
J. C 76, 67 (2016).

[38] C. Hati, Phys. Rev. D 93, 075002 (2016).

[39] E. F. Deppisch, S. Kulkarni, H. Pas, and E. Schumacher,
Phys. Rev. D 94, 013003 (2016).

[40] D. Das, C. Hati, G. Kumar, and N. Mahajan, Phys. Rev. D
94, 055034 (2016).

[41] C. W. Chiang, X. G. He, and G. Valencia, Phys. Rev. D 93,
074003 (2016).

[42] C.S. Kim, X. B. Yuan, and Y.J. Zheng, Phys. Rev. D 93,
095009 (2016).

[43] S. M. Boucenna, A. Celis, J. Fuentes-Martin, A. Vicente,
and J. Virto, Phys. Lett. B 760, 214 (2016).

[44] S. M. Boucenna, A. Celis, J. Fuentes-Martin, A. Vicente,
and J. Virto, J. High Energy Phys. 12 (2016) 059.

[45] A. Celis, W.Z. Feng, and M. Vollmann, Phys. Rev. D 95,
035018 (2017).

[46] W. Altmannshofer, S. Gori, S. Profumo, and F. S. Queiroz,
J. High Energy Phys. 12 (2016) 106.

[47] A. Crivellin, J. Fuentes-Martin, A. Greljo, and G. Isidori,
Phys. Lett. B 766, 77 (2017).

[48] C. Soumya and R. Mohanta, Eur. Phys. J. C 77, 32 (2017).

[49] D. Bnaerjee and S. Sahoo, arXiv:1701.02517.

[50] P. Ko, T. Nomura, and H. Okada, arXiv:1701.05788.

[51] D. Bhatia, S. Chakraborty, and A. Dighe, J. High Energy
Phys. 03 (2017) 117.

[52] J. M. Cline, J. M. Cornell, D. London, and R. Watanabe,
Phys. Rev. D 95, 095015 (2017).

[53] A. Datta, J. Liao, and D. Marfatia, Phys. Lett. B 768, 265
(2017).

[54] P. Ko, T. Nomura, and H. Okada, Phys. Rev. D 95, 111701
(2017).

[55] P. Ko, Y. Omura, Y. Shigekami, and C. Yu, Phys. Rev. D
95, 115040 (2017).

[56] C.H. Chen, T. Nomura, and H. Okada, arXiv:1703.03251.

[57] A.K. Alok, B. Bhattacharya, D. Kumar, J. Kumar, D.
London, and S. U. Sankar, arXiv:1703.09247.

[58] I. Ahmed and A. Rehman, arXiv:1703.09627.

[59] G. Hiller and M. Schmaltz, Phys. Rev. D 90, 054014
(2014).

[60] S. Biswas, D. Chowdhury, S. Han, and S.J. Lee, J. High
Energy Phys. 02 (2015) 142.

[61] B. Gripaios, M. Nardecchia, and S. A. Renner, J. High
Energy Phys. 05 (2015) 006.

[62] 1. de Medeiros Varzielas and G. Hiller, J. High Energy
Phys. 06 (2015) 072.

[63] D. Becirevic, S. Fajfer, and N. Kosnik, Phys. Rev. D 92,
014016 (2015).

[64] S. Sahoo and R. Mohanta, Phys. Rev. D 91, 094019

(2015).

[65] S. Sahoo and R. Mohanta, Phys. Rev. D 93, 034018
(2016).

[66] S. Sahoo and R. Mohanta, New J. Phys. 18, 013032
(2016).

PHYSICAL REVIEW D 96, 035026 (2017)

[67] H. Pas and E. Schumacher, Phys. Rev. D 92, 114025
(2015).

[68] W. Huang and Y. L. Tang, Phys. Rev. D 92, 094015 (2015).

[69] C. H. Chen, T. Nomura, and H. Okada, Phys. Rev. D 94,
115005 (2016).

[70] N. G. Deshpande and X. G. He, Eur. Phys. J. C 77, 134
(2017).

[71] D. Becirevic, N. Kosnik, O. Sumensari, and R. Zukanovich
Funchal, J. High Energy Phys. 11 (2016) 035.

[72] D. Becirevic, S. Fajfer, N. Kosnik, and O. Sumensari,
Phys. Rev. D 94, 115021 (2016).

[73] S. Sahoo, R. Mohanta, and A. K. Giri, Phys. Rev. D 95,
035027 (2017).

[74] G. Hiller, D. Loose, and K. Schonwald, J. High Energy
Phys. 12 (2016) 027.

[75] B. Bhattacharya, A. Datta, J. P. Guevin, D. London, and R.
Watanabe, J. High Energy Phys. 01 (2017) 015.

[76] M. Duraisamy, S. Sahoo, and R. Mohanta, Phys. Rev. D
95, 035022 (2017).

[77] K. Cheung, T. Nomura, and H. Okada, Phys. Rev. D 95,
015026 (2017).

[78] O. Popov and G. A. White, arXiv:1611.04566.

[79] R. Barbieri, C. W. Murphy, and F. Senia, Eur. Phys. J. C
77, 8 (2017).

[80] P. Cox, A. Kusenko, O. Sumensari, and T.T. Yanagida,
J. High Energy Phys. 03 (2017) 035.

[81] A. Crivellin, D. Muller, and T. Ota, arXiv:1703.09226.

[82] C. Niehoff, P. Stangl, and D. M. Straub, Phys. Lett. B 747,
182 (2015).

[83] C. Niehoff, P. Stangl, and D. M. Straub, J. High Energy
Phys. 01 (2016) 119.

[84] A. Carmona and F. Goertz, Phys. Rev. Lett. 116, 251801
(2016).

[85] A. Greljo, G. Isidori, and D. Marzocca, J. High Energy
Phys. 07 (2015) 142.

[86] D. Buttazzo, A. Greljo, G. Isidori, and D. Marzocca,
J. High Energy Phys. 08 (2016) 035.

[87] E. Megias, G. Panico, O. Pujolas, and M. Quiros, J. High
Energy Phys. 09 (2016) 118.

[88] I. Garcia Garcia, J. High Energy Phys. 03 (2017) 040.

[89] E. Megias, M. Quiros, and L. Salas, J. High Energy Phys.
05 (2017) O16.

[90] E. Megias, M. Quiros, and L. Salas, arXiv:1703.06019.

[91] B. Gripaios, M. Nardecchia, and S.A. Renner, J. High
Energy Phys. 06 (2016) 083.

[92] P. Arnan, L. Hofer, F. Mescia, and A. Crivellin, J. High
Energy Phys. 04 (2017) 043.

[93] Q.Y. Hu, X. Q. Lj, and Y. D. Yang, Eur. Phys. J. C 77, 190
(2017).

[94] P. Arnan, D. Becirevic, F. Mescia, and O. Sumensari,
arXiv:1703.03426.

[95] F. Mahmoudi, S. Neshatpour, and J. Virto, Eur. Phys. J. C
74, 2927 (2014).

[96] W. Buchmuller and D. Wyler, Nucl. Phys. B268, 621
(1986).

[97] B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek,
J. High Energy Phys. 10 (2010) 085.

[98] A. Celis, J. Fuentes-Martin, A. Vicente, and J. Virto,
Eur. Phys. J. C 77, 405 (2017).

035026-7


https://doi.org/10.1007/JHEP10(2015)184
https://doi.org/10.1007/JHEP10(2015)184
https://doi.org/10.1103/PhysRevLett.116.141802
https://doi.org/10.1103/PhysRevLett.116.141802
https://doi.org/10.1016/j.physletb.2016.02.018
https://doi.org/10.1140/epjc/s10052-016-3905-3
https://doi.org/10.1140/epjc/s10052-016-3905-3
https://doi.org/10.1103/PhysRevD.93.075002
https://doi.org/10.1103/PhysRevD.94.013003
https://doi.org/10.1103/PhysRevD.94.055034
https://doi.org/10.1103/PhysRevD.94.055034
https://doi.org/10.1103/PhysRevD.93.074003
https://doi.org/10.1103/PhysRevD.93.074003
https://doi.org/10.1103/PhysRevD.93.095009
https://doi.org/10.1103/PhysRevD.93.095009
https://doi.org/10.1016/j.physletb.2016.06.067
https://doi.org/10.1007/JHEP12(2016)059
https://doi.org/10.1103/PhysRevD.95.035018
https://doi.org/10.1103/PhysRevD.95.035018
https://doi.org/10.1007/JHEP12(2016)106
https://doi.org/10.1016/j.physletb.2016.12.057
https://doi.org/10.1140/epjc/s10052-017-4600-8
http://arXiv.org/abs/1701.02517
http://arXiv.org/abs/1701.05788
https://doi.org/10.1007/JHEP03(2017)117
https://doi.org/10.1007/JHEP03(2017)117
https://doi.org/10.1103/PhysRevD.95.095015
https://doi.org/10.1016/j.physletb.2017.02.058
https://doi.org/10.1016/j.physletb.2017.02.058
https://doi.org/10.1103/PhysRevD.95.111701
https://doi.org/10.1103/PhysRevD.95.111701
https://doi.org/10.1103/PhysRevD.95.115040
https://doi.org/10.1103/PhysRevD.95.115040
http://arXiv.org/abs/1703.03251
http://arXiv.org/abs/1703.09247
http://arXiv.org/abs/1703.09627
https://doi.org/10.1103/PhysRevD.90.054014
https://doi.org/10.1103/PhysRevD.90.054014
https://doi.org/10.1007/JHEP02(2015)142
https://doi.org/10.1007/JHEP02(2015)142
https://doi.org/10.1007/JHEP05(2015)006
https://doi.org/10.1007/JHEP05(2015)006
https://doi.org/10.1007/JHEP06(2015)072
https://doi.org/10.1007/JHEP06(2015)072
https://doi.org/10.1103/PhysRevD.92.014016
https://doi.org/10.1103/PhysRevD.92.014016
https://doi.org/10.1103/PhysRevD.91.094019
https://doi.org/10.1103/PhysRevD.91.094019
https://doi.org/10.1103/PhysRevD.93.034018
https://doi.org/10.1103/PhysRevD.93.034018
https://doi.org/10.1088/1367-2630/18/1/013032
https://doi.org/10.1088/1367-2630/18/1/013032
https://doi.org/10.1103/PhysRevD.92.114025
https://doi.org/10.1103/PhysRevD.92.114025
https://doi.org/10.1103/PhysRevD.92.094015
https://doi.org/10.1103/PhysRevD.94.115005
https://doi.org/10.1103/PhysRevD.94.115005
https://doi.org/10.1140/epjc/s10052-017-4707-y
https://doi.org/10.1140/epjc/s10052-017-4707-y
https://doi.org/10.1007/JHEP11(2016)035
https://doi.org/10.1103/PhysRevD.94.115021
https://doi.org/10.1103/PhysRevD.95.035027
https://doi.org/10.1103/PhysRevD.95.035027
https://doi.org/10.1007/JHEP12(2016)027
https://doi.org/10.1007/JHEP12(2016)027
https://doi.org/10.1007/JHEP01(2017)015
https://doi.org/10.1103/PhysRevD.95.035022
https://doi.org/10.1103/PhysRevD.95.035022
https://doi.org/10.1103/PhysRevD.95.015026
https://doi.org/10.1103/PhysRevD.95.015026
http://arXiv.org/abs/1611.04566
https://doi.org/10.1140/epjc/s10052-016-4578-7
https://doi.org/10.1140/epjc/s10052-016-4578-7
https://doi.org/10.1007/JHEP03(2017)035
http://arXiv.org/abs/1703.09226
https://doi.org/10.1016/j.physletb.2015.05.063
https://doi.org/10.1016/j.physletb.2015.05.063
https://doi.org/10.1007/JHEP01(2016)119
https://doi.org/10.1007/JHEP01(2016)119
https://doi.org/10.1103/PhysRevLett.116.251801
https://doi.org/10.1103/PhysRevLett.116.251801
https://doi.org/10.1007/JHEP07(2015)142
https://doi.org/10.1007/JHEP07(2015)142
https://doi.org/10.1007/JHEP08(2016)035
https://doi.org/10.1007/JHEP09(2016)118
https://doi.org/10.1007/JHEP09(2016)118
https://doi.org/10.1007/JHEP03(2017)040
https://doi.org/10.1007/JHEP05(2017)016
https://doi.org/10.1007/JHEP05(2017)016
http://arXiv.org/abs/1703.06019
https://doi.org/10.1007/JHEP06(2016)083
https://doi.org/10.1007/JHEP06(2016)083
https://doi.org/10.1007/JHEP04(2017)043
https://doi.org/10.1007/JHEP04(2017)043
https://doi.org/10.1140/epjc/s10052-017-4748-2
https://doi.org/10.1140/epjc/s10052-017-4748-2
http://arXiv.org/abs/1703.03426
https://doi.org/10.1140/epjc/s10052-014-2927-y
https://doi.org/10.1140/epjc/s10052-014-2927-y
https://doi.org/10.1016/0550-3213(86)90262-2
https://doi.org/10.1016/0550-3213(86)90262-2
https://doi.org/10.1007/JHEP10(2010)085
https://doi.org/10.1140/epjc/s10052-017-4967-6

CELIS, FUENTES-MARTIN, VICENTE, and VIRTO

[99] J. Charles, A. Hocker, H. Lacker, S. Laplace, F. R. Diberder,
J. Malclés, J. Ocariz, M. Pivk, and L. Roos (CKMfitter
Group Collaboration), Eur. Phys. J. C 41, 1 (2005).

[100] B.Bhattacharya, A. Datta, D. London, and S. Shivashankara,
Phys. Lett. B 742, 370 (2015).

[101] J. Aebischer, A. Crivellin, M. Fael, and C. Greub, J. High
Energy Phys. 05 (2016) 037.

[102] E.E. Jenkins, A. V. Manohar, and M. Trott, J. High Energy
Phys. 10 (2013) 087.

[103] E. E. Jenkins, A. V. Manohar, and M. Trott, J. High Energy
Phys. 01 (2014) 035.

[104] R. Alonso, E.E. Jenkins, A.V. Manohar, and M. Trott,
J. High Energy Phys. 04 (2014) 159.

PHYSICAL REVIEW D 96, 035026 (2017)

[105] C. Bobeth, A.J. Buras, A. Celis, and M. Jung, arXiv:
1703.04753.

[106] A.J.Buras, J. Girrbach-Noe, C. Niehoff, and D. M. Straub,
J. High Energy Phys. 02 (2015) 184.

[107] L. Calibbi, A. Crivellin, and T. Ota, Phys. Rev. Lett. 115,
181801 (2015).

[108] F. Feruglio, P. Paradisi, and A. Pattori, Phys. Rev. Lett.
118, 011801 (2017).

[109] A. Efrati, A. Falkowski, and Y. Soreq, J. High Energy
Phys. 07 (2015) 018.

[110] A. Falkowski and K. Mimouni, J. High Energy Phys. 02
(2016) 086.

035026-8


https://doi.org/10.1140/epjc/s2005-02169-1
https://doi.org/10.1016/j.physletb.2015.02.011
https://doi.org/10.1007/JHEP05(2016)037
https://doi.org/10.1007/JHEP05(2016)037
https://doi.org/10.1007/JHEP10(2013)087
https://doi.org/10.1007/JHEP10(2013)087
https://doi.org/10.1007/JHEP01(2014)035
https://doi.org/10.1007/JHEP01(2014)035
https://doi.org/10.1007/JHEP04(2014)159
http://arXiv.org/abs/1703.04753
http://arXiv.org/abs/1703.04753
https://doi.org/10.1007/JHEP02(2015)184
https://doi.org/10.1103/PhysRevLett.115.181801
https://doi.org/10.1103/PhysRevLett.115.181801
https://doi.org/10.1103/PhysRevLett.118.011801
https://doi.org/10.1103/PhysRevLett.118.011801
https://doi.org/10.1007/JHEP07(2015)018
https://doi.org/10.1007/JHEP07(2015)018
https://doi.org/10.1007/JHEP02(2016)086
https://doi.org/10.1007/JHEP02(2016)086

