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Anomalies in the B sector: RK

RK =
�(B̄ ! K̄µ+µ�)

�(B̄ ! K̄e+e�)
= 0.745+0.090

�0.074 ± 0.036

LHCb, arXiv:1406.6482 hep-ex

• 

• Theoretically very 
clean 

• Cannot be 
explained by Form 
Factors or Charm 
Contributions!
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Figure 1: Dilepton invariant mass squared, q2, as a function of the K+`+`� invariant mass, m(K+`+`�),
for selected (a) B+! K+µ+µ� and (b) B+! K+e+e� candidates. The radiative tail of the J/ and
 (2S) mesons is most pronounced in the electron mode due to the larger bremsstrahlung and because the
energy resolution of the ECAL is lower compared to the momentum resolution of the tracking system.

are shown in Fig. 1. It is possible to see the pronounced peaks of the J/ and  (2S) decays along
with their radiative tail as a diagonal band. Partially reconstructed decays can be seen to lower
K+`+`� masses and the distribution of random combinatorial background at high K+`+`� masses.
Only candidates with 5175 < m(K+µ+µ�) < 5700MeV/c2 or 4880 < m(K+e+e�) < 5700MeV/c2

are considered. The dilepton mass squared is also restricted to 1 < q2 < 6GeV2/c4, 8.68 < q2 <
10.09GeV2/c4 and 6 < q2 < 10.09GeV2/c4 when selecting B+! K+`+`�, B+! J/ (! µ+µ�)K+

and B+! J/ (! e+e�)K+ candidates, respectively.
The event yields for the B+! K+`+`� and the B+! J/ (! `+`�)K+ modes are determined

using unbinned extended maximum likelihood fits to the K+`+`� mass distributions. The model
is composed of a signal shape, a combinatorial background shape and, for the electron modes, a
contribution from partially reconstructed b-hadron decays.

The signal mass model for the muon modes consists of the sum of two Crystal Ball functions [17]
with tails above and below the mass peak. This empirical function describes the core of the mass
distribution and additional e↵ects from the experimental resolution and the radiative tail. The
mean, width and radiative tail parameters for the signal model are obtained from a fit to the
B+ ! J/ (! µ+µ�)K+ sample and propagated to the fit for the B+ ! K+µ+µ� decays. The
validity of this approach is verified using simulation. The combinatorial background is described
by an exponential function. There are 667 046 ± 882 B+ ! J/ (! µ+µ�)K+ and 1226 ± 41
B+! K+µ+µ� signal decays, where the uncertainties are statistical.

The mass distribution of the electron modes depends strongly on the number of bremsstrahlung
photons that are associated with the electrons, and therefore a more involved parametrization is
required. The mass distribution also depends on the p

T

of the electrons and on the occupancy of
the event. This shape dependence is studied using a selection of B+! J/ (! e+e�)K+ events in
the data. The data are split into three independent samples according to which particle in the
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Anomalies in the B sector:  
Semileptonic decays

• b ! s transitions

Decay obs. q2 bin SM pred. measurement pull

B̄0 ! K̄⇤0µ+µ� FL [2, 4.3] 0.81± 0.02 0.26± 0.19 ATLAS +2.9

B̄0 ! K̄⇤0µ+µ� FL [4, 6] 0.74± 0.04 0.61± 0.06 LHCb +1.9

B̄0 ! K̄⇤0µ+µ� S
5

[4, 6] �0.33± 0.03 �0.15± 0.08 LHCb �2.2

B̄0 ! K̄⇤0µ+µ� P 0
5

[1.1, 6] �0.44± 0.08 �0.05± 0.11 LHCb �2.9

B̄0 ! K̄⇤0µ+µ� P 0
5

[4, 6] �0.77± 0.06 �0.30± 0.16 LHCb �2.8

B� ! K⇤�µ+µ� 107 dBR

dq2 [4, 6] 0.54± 0.08 0.26± 0.10 LHCb +2.1

B̄0 ! K̄0µ+µ� 108 dBR

dq2 [0.1, 2] 2.71± 0.50 1.26± 0.56 LHCb +1.9

B̄0 ! K̄0µ+µ� 108 dBR

dq2 [16, 23] 0.93± 0.12 0.37± 0.22 CDF +2.2

Bs ! �µ+µ� 107 dBR

dq2 [1, 6] 0.48± 0.06 0.23± 0.05 LHCb +3.1

Table 1: Observables where a single measurement deviates from the SM by 1.9� or more (cf. 15 for the B !
K⇤µ+µ� predictions at low q2).

one can construct a �2 function which quantifies, for a given value of the Wilson coe�cients,
the compatibility of the hypothesis with the experimental data. It reads

�2( ~CNP) =
h
~O
exp

� ~O
th

( ~CNP)
iT

[C
exp

+ C
th

]�1

h
~O
exp

� ~O
th

( ~CNP)
i
. (5)

where O
exp,th

and C
exp,th

are the experimental and theoretical central values and covariance
matrices, respectively. All dependence on NP is encoded in the NP contributions to the Wilson
coe�cients, CNP

i = Ci � CSM

i . The NP dependence of C
th

is neglected, but all correlations
between theoretical uncertainties are retained. Including the theoretical error correlations and
also the experimental ones, which have been provided for the new angular analysis by the LHCb
collaboration, the fit is independent of the basis of observables chosen (e.g. P 0

i vs. Si observables).
In other words, the “optimization” 18 of observables is automatically built in.

In total, the �2 used for the fit contains 88 measurements of 76 di↵erent observables by 6
experiments (see the original publication4 for references). The observables include B ! K⇤µ+µ�

angular observables and branching ratios as well as branching ratios of B ! Kµ+µ�, B !
Xsµ+µ�, Bs ! �µ+µ�, B ! K⇤�, B ! Xs�, and Bs ! µ+µ�.

2.2 Compatibility of the SM with the data

Setting the Wilson coe�cients to their SM values, we find �2

SM

⌘ �2(~0) = 116.9 for 88 mea-
surements, corresponding to a p value of 2.1%. Including also b ! se+e� observablesc the �2

deteriorates to 125.8 for 91 measurements, corresponding to p = 0.91%. The observables with
the biggest individual tensions are listed in table 1. It should be noted that the observables
in this table are not independent. For instance, of the set (S

5

, FL, P 0
5

), only the first two are
included in the fit as the last one can be expressed as a function of them18,d.

cWe have not yet included the recent measurement 19 of B ! K⇤e+e� angular observables at very low q2.
Although these observables are not sensitive to the violation of LFU, being dominated by the photon pole, they
can provide important constraints on the Wilson coe�cients C(0)

7 .
dIncluding the last two instead leads to equivalent results since we include correlations as mentioned above;

this has been checked explicitly.

Altmannshofer, Straub 1503.06199
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RK and future b ! s`` BSM opportunities
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Flavor changing neutral current |�B| = |�S| = 1 processes are sensitive to possible new physics at
the electroweak scale and beyond, providing detailed information about flavor, chirality and Lorentz
structure. Recently the LHCb collaboration announced a 2.6� deviation in the measurement of
RK = B(B̄ ! K̄µµ)/B(B̄ ! K̄ee) from the standard model’s prediction of lepton universality.
We identify dimension six operators which could explain this deviation and study constraints from
other measurements. Vector and axial-vector four-fermion operators with flavor structure s̄b ¯̀̀ can
provide a good description of the data. Tensor operators cannot describe the data. Pseudo-scalar
and scalar operators only fit the data with some fine-tuning; they can be further probed with the
B̄ ! K̄ee angular distribution. The data appears to point towards CNPµ

9 = �CNPµ
10 < 0, an

SU(2)L invariant direction in parameter space supported by RK , the B̄ ! K̄⇤µµ forward-backward
asymmetry and the B̄s ! µµ branching ratio, which is currently allowed to be smaller than the
standard model prediction. We present two leptoquark models which can explain the FCNC data
and give predictions for the LHC and rare decays.

I. INTRODUCTION

At the tree level the Standard Model (SM) has only
flavor-universal gauge interactions, all flavor-dependent
interactions originate from the Yukawa couplings. The
LHCb collaboration recently determined the ratio of
branching ratios of B̄ ! K̄`` decays into dimuons over
dielectrons [1],

RK =
B(B̄ ! K̄µµ)

B(B̄ ! K̄ee)
, (1)

and obtained

RLHCb
K = 0.745±0.090

0.074 ±0.036 (2)

in the dilepton invariant mass squared bin 1GeV2  q2 <
6GeV2 [2]. Adding statistical and systematic uncertain-
ties in quadrature, this corresponds to a 2.6� deviation
from the SM prediction RK = 1.0003 ± 0.0001 [3], in-
cluding ↵s and subleading 1/mb corrections. Previous
measurements [4, 5] had significantly larger uncertainties
and were consistent with unity. Taken at face value, (2)
points towards lepton-non-universal physics beyond the
Standard Model (BSM).
In this work we discuss model-independent interpreta-
tions of the LHCb result for RK , taking into account
all additional available information on b ! s`` transi-
tions. We also propose two viable models with lepto-
quarks which predict RK < 1 and point out which future
measurements may be used to distinguish between our
models and other possible new physics scenarios.
The plan of the paper is as follows: In Section II we
introduce the low energy Hamiltonian and relevant ob-
servables for b ! s`` transitions. In Section III we per-
form a model-independent analysis and identify higher

dimensional operators that can describe existing data.
In Section IV we discuss two models in which the flavor-
changing neutral current is mediated at tree-level with
the favored flavor, chirality and Dirac structure as deter-
mined by our model-independent analysis. We summa-
rize in Section V.

II. MODEL-INDEPENDENT ANALYSIS

To interpret the data we use the following e↵ective
|�B| = |�S| = 1 Hamiltonian

H
e↵

= �4GFp
2

VtbV
⇤
ts

↵e

4⇡

X

i

Ci(µ)Oi(µ) , (3)

where ↵e, Vij and GF denote the fine structure constant,
the CKM matrix elements and Fermi’s constant, respec-
tively. The complete set of dimension six s̄b`` operators
comprises V, A operators (referring to the lepton current)

O
9

= [s̄�µPLb] [¯̀�
µ`] , O

10

= [s̄�µPLb] [¯̀�
µ�

5

`] , (4)

S, P operators

OS = [s̄PRb] [ ¯̀̀ ] , OP = [s̄PRb] [¯̀�5`] , (5)

and tensors

OT = [s̄�µ⌫b] [¯̀�
µ⌫`] , OT5

= [s̄�µ⌫b] [¯̀�
µ⌫�

5

`] . (6)

Chirality-flipped operators O0 are obtained by inter-
changing the chiral projectors PL $ PR in the quark
currents.
Parity conservation of the strong interactions implies
that B̄s ! `` decays depend on the Wilson coe�cient
combinations C� ⌘ C � C 0, whereas B̄ ! K̄`` decays
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Anomalies in the B sector

B(B̄s ! `+`�)

B(B̄s ! `+`�)SM
=

��1� 0.24(CNP
10 � C 0

10)� y`(CP � C 0
P )

��2 +
��y`(CS � C 0

S)
��2 yµ = 7.7, ye = 1600

0.7 . Re[
�
Ce

9 + C 0e
9 � Ce

10 � C 0e
10

�
�

�
e ! µ

�
] . 1.5RK :

Scalar currents

Vector currents

15 . |Ce
S + C 0e

S |2 + |Ce
P + C 0e

P |2 � (e ! µ) . 34

Constraints from 

2

depend on C
+

⌘ C + C 0. There are no tensor or vector

C
(0)
9

contributions to B̄s ! `` decays.
The SM predicts C

9

= �C
10

= 4.2 at the mb-scale, uni-
versally for all leptons. All other semileptonic Wilson
coe�cients are negligible. We can use this fact to sim-
plify our notation: in the following CSM

9

and CSM

10

denote
the SM contributions to C

9

and C
10

whereas CNP

9

and
CNP

10

denote possible new physics contributions. For all
other Wilson coe�cients we omit the NP superscript be-
cause non-negligible contributions are necessarily from
new physics. To discuss lepton-non-universality, we add
a lepton flavor index to the operators and their Wilson
coe�cients.1

We continue by listing the most relevant measurements
which provide constraints on the Wilson coe�cients. All
errors are 1 � unless stated otherwise. The average time-
integrated branching fraction of B̄s ! `` decays, with
recent data [6, 7] and SM predictions [8] is

B(B̄s ! ee)exp < 2.8 · 10�7 , (7)

B(B̄s ! µµ)exp = (2.9± 0.7) · 10�9 , (8)

B(B̄s ! ee)SM = (8.54± 0.55) · 10�14 , (9)

B(B̄s ! µµ)SM = (3.65± 0.23) · 10�9 (10)

resulting in

B(B̄s ! ee)exp

B(B̄s ! ee)SM
< 3.3 · 106 , (11)

B(B̄s ! µµ)exp

B(B̄s ! µµ)SM
= 0.79± 0.20 . (12)

Ratios (11), (12) yield model-independent constraints on

B(B̄s!``)

B(B̄s!``)SM
= |1�0.24(C`NP

10

�C`0
10

)�y`C
`
P�|2+|y`C`

S�|2

yµ =7.7, ye = (mµ/me)yµ = 1.6 · 103 . (13)

We further employ the B̄ ! K̄ee branching ratio recently
measured by LHCb [2]. This is currently the most precise
determination and uses data with 1GeV2  q2 < 6GeV2

B(B̄ ! K̄ee)LHCb = (1.56+0.19+0.06
�0.15�0.04) · 10�7 ,

B(B̄ ! K̄ee)SM = (1.75+0.60
�0.29) · 10�7 , (14)

B(B̄ ! K̄ee)LHCb

B(B̄ ! K̄ee)SM
= 0.83± 0.21 . (15)

Here the SM prediction is taken from [9] and in the ratio
we added uncertainties in quadrature and symmetrized.
We also use the branching ratios of inclusive B̄ ! Xs``
decays for q2 > 0.04GeV2 [10]

B(B̄ ! Xsee)
exp = (4.7± 1.3) · 10�6 ,

B(B̄ ! Xsµµ)
exp = (4.3± 1.2) · 10�6 , (16)

B(B̄ ! Xs``)
SM = (4.15± 0.70) · 10�6 , ` = e, µ ,

1
We do not consider lepton flavor violation in this paper.

where the SM prediction is taken from [11].
The observables F `

H and A`
FB in the B̄ ! K̄`` angular

distribution

1

�`

d�`

dcos✓`
=

3

4
(1�F `

H)(1�cos2✓ )̀+
F `
H

2
+A`

FB

cos ✓` (17)

are sensitive to S, P and T operators and related to RK

[3]. Here, �` denotes the decay rate and ✓` the angle be-
tween the negatively charged lepton with respect to the
B̄ in the dilepton center of mass system. When no S, P
or tensors are present2 the angular distribution is SM-
like with F `

H , A`
FB

= 0. Current data on Fµ
H and Aµ

FB

are consistent with the SM [12, 13] and provide useful
BSM constraints [9] which we will use in Section III C.
The electron angular observables F e

H and Ae
FB

have not
been measured yet but they will eventually be important
for distinguishing between di↵erent possible BSM expla-
nations of RK .

III. INTERPRETATIONS WITH OPERATORS

We explore which of the four-fermion operators in Eq. (3)
can accommodate the data on RK (2) as well as all the
other b ! s``, ` = e, µ constraints. We study (axial)-
vectors, (pseudo-)scalars and tensors in Sections IIIA,
III B and III C, respectively and summarize in IIID.

A. (Axial)-vectors

Following [14], the RK data implies at 1 sigma

0.7 . Re[Xe �Xµ] . 1.5 , (18)

X` = CNP`
9

+ C 0`
9

� (CNP`
10

+ C 0`
10

) , ` = e, µ . (19)

Global fits to radiative, leptonic, and semileptonic
b ! s transitions which includes the wealth of recent
B̄ ! K̄⇤(! K̄⇡)`` data have been performed by sev-
eral groups [15–17] assuming contributions from V,A
and primed operators only. The fits assume lepton-
universality but the dominant data are from hadron col-

liders and hence the results apply to the muonic C
(0)µ
i

coe�cients to a very good approximation.
We discuss generic features of the fits. Axial vector op-
erators: All groups find that only small BSM contribu-
tions are allowed Re[CNPµ

10

, C 0µ
10

] ⇠ [�0.4 ... + 0.1]. This
is too small to explain RK without additional contribu-
tions from other operators or from electron modes, see
Eq. (18). Moreover, the contributions with the largest

allowed magnitude, C(0)µ
10

⇠ �0.4, have the wrong sign

2
More precisely, contributions to F `

H from (axial) vectors are pro-

portional m2
`/q

2
[3] and too small to be observable given pro-

jected uncertainties for ` = e, µ.

|Ce
S � C 0e

S |2 + |Ce
P � C 0e

P |2 . 1.3

0 . Re[Cµ
10 � C 0µ

10] . 1.9

µb

µs

Z 0

µb

µs

H,A
RK :



Figure 1: Regions in the plane (Cµµ
9

, C

µµ
10

) that are in agreement with the experimental values
of B(Bs ! µµ) and B(B+ ! K

+

µµ)
large q2 at 1� (dark green) and 2� (light green) accuracy.

The black point represents the SM prediction. The dashed lines correspond to the scenarios
C

µµ
9

= �C

µµ
10

and C

µµ
9

= C

µµ
10

.

• The �(1/3)-model generates both C

9

�C

10

and C

9

+C

10

. In other words, this model is
compatible with exclusive b ! sµµ data only if the combination with the plus sign is
suppressed. One can achieve that by taking (gR)ij ⇡ 0 in Eq. (13), or by fine-tuning
the terms in the same equation to get C

9

+C

10

⇡ 0. We will discuss more extensively
this model in the next subsection.

• The U
3

-model was already studied in Ref. [20] where it has been shown that it
can provide a simultaneous explanation of Rexp

K and R

exp

D(⇤) . In this scenario C

9

=
�C

10

, which is in agreement with the measured B(Bs ! µ

+

µ

�)exp and B(B !
Kµ

+

µ

�)exp
high�q2 , as shown in Fig. 1. To 2� accuracy we find

C

µµ
9

2 (�0.71,�0.04)HPQCD, (�0.76,�0.11)MILC. (20)

As before, we will use

C

µµ
9

2 (�0.76,�0.04) (21)

to cover the results obtained by using both sets of lattice QCD form factors.

• A similar discussion applies to the U

1

LQ in the limit of |xRR
ij | ⌧ |xLL

ij | in Eq. (15).
We should emphasize, however, that this model is not phenomenologically sound
because the couplings to ⌧ ’s are very poorly constrained by data. Since one cannot
compute the loop corrections with vector LQs without specifying the ultraviolet (UV)
completion or providing an explicit UV cut-o↵, no constraints from Bs� B̄s and ⌧ !
µ� can be used. While in the U

3

-model one can obtain a constraint by requiring the

9

B+ ! K+µ+µ�

Bs ! µ+µ�

More details: Tobias and Fulvias talks

Anomalies in the B sector
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1D scenarios

Coefficient Best fit 1� 3� PullSM
CNP
7 �0.02 [�0.04,�0.00] [�0.07, 0.04] 1.1

CNP
9 �1.11 [�1.32,�0.89] [�1.71,�0.40] 4.5

CNP
10 0.58 [0.34, 0.84] [�0.11, 1.41] 2.5

CNP
70 0.02 [�0.01, 0.04] [�0.05, 0.09] 0.7

CNP
90 0.49 [0.21, 0.77] [�0.33, 1.35] 1.8

CNP
100 �0.27 [�0.46,�0.08] [�0.84, 0.28] 1.4

CNP
9 = CNP

10 �0.21 [�0.40, 0.00] [�0.74, 0.55] 1.0

CNP
9 = �CNP

10 �0.69 [�0.88,�0.51] [�1.27,�0.18] 4.1

CNP
9 = �CNP

90 �1.09 [�1.28,�0.88] [�1.62,�0.42] 4.8

Large negative NP-contribution to C
9

needed!

DHMV, 1510.04239

Cancels in RK
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Two Main Candidates

C9 :

C9 = �C10 :

�

b

s

µ

µ

µb

µs

Z 0Vector Currents

Leptoquarks

(3, 3)�1/3 (3, 2)1/6

(3, 3)2/3 Fajfer, Kosnik 1511.06024

Hiller, Schmaltz 1408.1627

Crivellin, D’Ambrosio, Heeck 1501.00993

many more!

Gauld, Goetz, Haisch, 1310.1082

Altmannshofer, Gori, Pospelov, Yavin, 1403.1269

Becirevic et al. 1608.08501



Anomalies in the B sector: 

R(D(⇤)) =
B̄ ! D(⇤)⌧ ⌫̄

B̄ ! D(⇤)`⌫̄
• • Combined 

Significance: 

23

• Belle II is expected to improve exp. 
error by factor ~5 !
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R(D(⇤)) =
B̄ ! D(⇤)⌧ ⌫̄

B̄ ! D(⇤)`⌫̄

SM contribution is tree-level… 
b

`�

⌫̄

c

W� / Vcbg2

M2
W

=

(
0.388± 0.047 , D

0.321± 0.021 , D⇤
0.300± 0.010 , D

0.252± 0.005 , D⇤

SM PredictionMeasurement

…and we want a 10-20% shift

Needs a large new physics contribution:

CNP ⇡ CSM/10 ) 1

Vcb

⇣ v

M

⌘2
=

1

10
) M = 1� 2TeV

Anomalies in the B sector: R(D(⇤))



O0
VL

= (⌧̄ �µPLb)(c̄�
µPL⌫)

O0
VR

= (⌧̄ �µPRb)(c̄�
µPL⌫)

OSL = (c̄PLb)(⌧̄PL⌫)

OSR = (c̄PRb)(⌧̄PL⌫)

O00

SL
= (⌧̄PLc

c)(b̄cPL⌫)

O00

SR
= (⌧̄PRc

c)(b̄cPL⌫)

4
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FIG. 1. Goodness-of-fit for the coe�cients of individual operators from the measured R(D) and R(D⇤) ratios. Besides the
fits to the unprimed operators in Table II (left), we also show fits to primed operators not related by simple rescalings (right).
Faded regions for CSL indicate good fits to the observed rates excluded by the measurement of the q2 spectrum [2]. Note that
the �2 includes experimental and SM theory uncertainties, but not theory uncertainties on NP.
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FIG. 2. Goodness-of-fit for coe�cients of operators which can be generated from dimension-6 operators with fermion bilinears
having the same SM quantum numbers. The plots show 1-, 2-, and 3� allowed regions. Approximate regions of parameter
space excluded by the measurement of the q2 spectrum [2] are presented as faded regions, as in Fig. 1.

contributing operators simultaneously. Fig. 2 shows the
three such two-dimensional �2 fits. While any two rates
can be explained by fitting two operator coe�cients, the
existence of a solution consistent with all other con-
straints with a given flavor structure is nontrivial and
is the topic of the following section. A summary of all
coe�cients of best fit points with �

2
min < 5 and accept-

able q

2 spectra is provided in Table III.

Besides the branching ratios, additional model discrim-
ination comes from the q

2 spectra (especially in B̄ !
D⌧ ⌫̄), which are consistent with SM expectations [2, 3].
It is not possible to do a combined fit with publicly avail-
able data, because correlations among di↵erent q

2 bins
are unavailable. We follow Ref. [2] in eliminating cer-
tain models by comparing their predicted q

2 spectra with
the measurement. It was observed that two of the four
solutions in the CSR–CSL plane (Fig. 2, left plot) are
excluded [2], as indicated by the faded regions. In the
C

0
VR

–C 0
VL

plane (middle plot), we find the measured q

2

Coe�cient(s) Best fit value(s) (⇤ = 1 TeV)

CVL 0.18± 0.04, �2.88± 0.04

CT 0.52± 0.02, �0.07± 0.02

C00
SL

�0.46± 0.09

(CR, CL) (1.25,�1.02), (�2.84, 3.08)

(C0
VR

, C0
VL

) (�0.01, 0.18), (0.01,�2.88)

(C00
SR

, C00
SL

) (0.35,�0.03), (0.96, 2.41),

(�5.74, 0.03), (�6.34,�2.39)

TABLE III. Best-fit operator coe�cients with acceptable
q2 spectra and �2

min < 5. For the 1D fits in Fig. 1 we in-
clude the ��2 < 1 ranges (upper part), and show the central
values of the 2D fits in Fig. 2 (lower part).

spectra exclude regions that provide good fits to the total
rates for values of |C 0

VR
| >⇠ 0.5. In the C

00
SR

–C 00
SL

plane
(right plot) all fits consistent with the total rates are also

2

sector, and we confirm their consistency with current ex-
perimental constraints. Finally, Sec. IV contains our con-
clusions and a discussion of possible future signals at the
LHC and Belle II. Appendix A contains a discussion of
U(2)3 models.

A. Standard Model considerations

The tension between the central values of the R(D(⇤))
data and the SM is independent of the theoretical pre-
dictions for R(D(⇤)) quoted in Table I. The measured
R(D(⇤)) values imply a significant enhancement of the
inclusive B ! Xc⌧ ⌫̄ rate, which can be calculated pre-
cisely in the SM using an operator product expansion,
with theoretical uncertainties that are small and essen-
tially independent from those of the exclusive rates.

To see this, note that the isospin-constrained fit for the
branching ratios is quoted as [1]

B(B̄ ! D

⇤
⌧ ⌫̄) + B(B̄ ! D⌧ ⌫̄) = (2.78± 0.25)% , (2)

which applies for B± decays (recall the lifetime di↵erence
of B± and B

0). The averages in Table I imply for the
same quantity the fully consistent result,

B(B̄ ! D

⇤
⌧ ⌫̄) + B(B̄ ! D⌧ ⌫̄) = (2.71± 0.18)% . (3)

The SM prediction for R(Xc), the ratio for inclusive
decay rates, can be computed in an operator product ex-
pansion. Updating results in Refs. [22, 23], and including
the two-loop QCD correction [24], we find

R(Xc) = 0.223± 0.004 . (4)

The uncertainty mainly comes from m

1S
b , the HQET ma-

trix element �1, and assigning an uncertainty equal to
half of the order ↵

2
s term in the perturbation series in

the 1S scheme [25]. The most recent world average,
B(B� ! Xce⌫̄) = (10.92 ± 0.16)% [26, 27], then yields
the SM prediction,

B(B� ! Xc⌧ ⌫̄) = (2.42± 0.05)% . (5)

In B

� ! Xce⌫̄ decay, hadronic final states other than
D and D

⇤ contribute about 3% to the 10.92% branching
ratio quoted above, and the four lightest orbitally excited
D meson states (often called collectivelyD

⇤⇤) account for
about 1.7%. Using Ref. [28] for the theoretical descrip-
tion of these decays, taking into account the phase space
di↵erences and varying the relevant Isgur-Wise functions,
suggests R(D⇤⇤) >⇠ 0.15 for the sum of these four states.
This in turn implies for the sum of the central values of
the rates to the six lightest charm meson states

B(B̄ ! D

(⇤)
⌧ ⌫̄) + B(B̄ ! D

⇤⇤
⌧ ⌫̄) ⇠ 3% , (6)

in nearly 3� tension with the inclusive calculation in
Eq. (5). Note that Eqs. (2), (3), and (6) are also in mild

tension with the LEP average of the rate of an admixture
of b-flavored hadrons to decay to ⌧ leptons [29],

B(b ! X⌧

+
⌫) = (2.41± 0.23)% . (7)

Since both the experimental and theoretical uncertainties
of B(B ! Xc⌧ ⌫̄) are di↵erent from the exclusive rates,
its direct measurement from Belle and BaBar data would
be interesting and timely [30].

II. B̄ ! D(⇤)⌧ ⌫̄ OPERATOR ANALYSIS

In this section we study operators mediating b ! c⌧ ⌫̄

transitions. In contrast to prior operator fits [31–34],
we adopt an overcomplete set of operators corresponding
to all possible contractions of spinor indices and Lorentz
structures to help with the classification of viable models.
(We also take into account the constraints from q

2 spec-
tra, which were unavailable at the time of the first oper-
ator analyses.) Although Fierz identities allow di↵erent
spinor contractions to be written as linear combinations
of operators with one preferred spinor ordering, the set
of possible currents that can generate the operators is
manifest in the overcomplete basis.

We parametrize the NP contributions by

H =
4GFp

2
Vcb OVL +

1

⇤2

X

i

C

(0,00)
i O(0,00)

i . (8)

(Throughout this paper we do not display Hermitian
conjugates added to interaction terms as appropriate.)
Here the primes denote di↵erent ways of contracting the
spinors, as shown in Table II, which also presents their
Fierz transformed equivalents in terms of the “canoni-
cally” ordered fields (unprimed operators). In the SM,
only the OVL operator is present. (For illustration,
the type-II 2HDM generates the operator OSR with
CSR/⇤

2 = �2
p
2GFVcb mb m⌧ tan2 �/m2

H± .)
We do not consider the possibility of the neutrino be-

ing replaced by another neutral particle, such as a sterile
neutrino, which yields additional operators. The large
enhancement of an unsuppressed SM rate favors NP that
can interfere with the SM. A non-SM field in the fi-
nal state would preclude the possibility of interference,
leading to larger Wilson coe�cients and/or lower mass
scales for the NP, making the interpretation in terms of
concrete models more challenging.
We assume that the e↵ects of NP can be described

by higher dimension operators respecting the SM gauge
symmetries. This is only evaded if the NP mediating
these transitions is light or if it is strongly coupled at
the electroweak scale; in either case there are severe con-
straints. We classify operators by the representations
under SU(3)C ⇥ SU(2)L ⇥ U(1)Y of the mediators that
are integrated out to generate them, as shown in the last
column of Table II. Some mediators uniquely specify a

• Using Freytsis et al., 1506.08896

Anomalies in the B sector: R(D(⇤))

NewH+ NewW 0
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contributing operators simultaneously. Fig. 2 shows the
three such two-dimensional �2 fits. While any two rates
can be explained by fitting two operator coe�cients, the
existence of a solution consistent with all other con-
straints with a given flavor structure is nontrivial and
is the topic of the following section. A summary of all
coe�cients of best fit points with �

2
min < 5 and accept-

able q

2 spectra is provided in Table III.

Besides the branching ratios, additional model discrim-
ination comes from the q

2 spectra (especially in B̄ !
D⌧ ⌫̄), which are consistent with SM expectations [2, 3].
It is not possible to do a combined fit with publicly avail-
able data, because correlations among di↵erent q

2 bins
are unavailable. We follow Ref. [2] in eliminating cer-
tain models by comparing their predicted q

2 spectra with
the measurement. It was observed that two of the four
solutions in the CSR–CSL plane (Fig. 2, left plot) are
excluded [2], as indicated by the faded regions. In the
C

0
VR

–C 0
VL

plane (middle plot), we find the measured q

2

Coe�cient(s) Best fit value(s) (⇤ = 1 TeV)

CVL 0.18± 0.04, �2.88± 0.04

CT 0.52± 0.02, �0.07± 0.02

C00
SL

�0.46± 0.09

(CR, CL) (1.25,�1.02), (�2.84, 3.08)
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VL

) (�0.01, 0.18), (0.01,�2.88)

(C00
SR

, C00
SL

) (0.35,�0.03), (0.96, 2.41),

(�5.74, 0.03), (�6.34,�2.39)

TABLE III. Best-fit operator coe�cients with acceptable
q2 spectra and �2

min < 5. For the 1D fits in Fig. 1 we in-
clude the ��2 < 1 ranges (upper part), and show the central
values of the 2D fits in Fig. 2 (lower part).

spectra exclude regions that provide good fits to the total
rates for values of |C 0

VR
| >⇠ 0.5. In the C

00
SR

–C 00
SL

plane
(right plot) all fits consistent with the total rates are also

2

sector, and we confirm their consistency with current ex-
perimental constraints. Finally, Sec. IV contains our con-
clusions and a discussion of possible future signals at the
LHC and Belle II. Appendix A contains a discussion of
U(2)3 models.

A. Standard Model considerations

The tension between the central values of the R(D(⇤))
data and the SM is independent of the theoretical pre-
dictions for R(D(⇤)) quoted in Table I. The measured
R(D(⇤)) values imply a significant enhancement of the
inclusive B ! Xc⌧ ⌫̄ rate, which can be calculated pre-
cisely in the SM using an operator product expansion,
with theoretical uncertainties that are small and essen-
tially independent from those of the exclusive rates.

To see this, note that the isospin-constrained fit for the
branching ratios is quoted as [1]

B(B̄ ! D

⇤
⌧ ⌫̄) + B(B̄ ! D⌧ ⌫̄) = (2.78± 0.25)% , (2)

which applies for B± decays (recall the lifetime di↵erence
of B± and B

0). The averages in Table I imply for the
same quantity the fully consistent result,

B(B̄ ! D

⇤
⌧ ⌫̄) + B(B̄ ! D⌧ ⌫̄) = (2.71± 0.18)% . (3)

The SM prediction for R(Xc), the ratio for inclusive
decay rates, can be computed in an operator product ex-
pansion. Updating results in Refs. [22, 23], and including
the two-loop QCD correction [24], we find

R(Xc) = 0.223± 0.004 . (4)

The uncertainty mainly comes from m

1S
b , the HQET ma-

trix element �1, and assigning an uncertainty equal to
half of the order ↵

2
s term in the perturbation series in

the 1S scheme [25]. The most recent world average,
B(B� ! Xce⌫̄) = (10.92 ± 0.16)% [26, 27], then yields
the SM prediction,

B(B� ! Xc⌧ ⌫̄) = (2.42± 0.05)% . (5)

In B

� ! Xce⌫̄ decay, hadronic final states other than
D and D

⇤ contribute about 3% to the 10.92% branching
ratio quoted above, and the four lightest orbitally excited
D meson states (often called collectivelyD

⇤⇤) account for
about 1.7%. Using Ref. [28] for the theoretical descrip-
tion of these decays, taking into account the phase space
di↵erences and varying the relevant Isgur-Wise functions,
suggests R(D⇤⇤) >⇠ 0.15 for the sum of these four states.
This in turn implies for the sum of the central values of
the rates to the six lightest charm meson states

B(B̄ ! D

(⇤)
⌧ ⌫̄) + B(B̄ ! D

⇤⇤
⌧ ⌫̄) ⇠ 3% , (6)

in nearly 3� tension with the inclusive calculation in
Eq. (5). Note that Eqs. (2), (3), and (6) are also in mild

tension with the LEP average of the rate of an admixture
of b-flavored hadrons to decay to ⌧ leptons [29],

B(b ! X⌧

+
⌫) = (2.41± 0.23)% . (7)

Since both the experimental and theoretical uncertainties
of B(B ! Xc⌧ ⌫̄) are di↵erent from the exclusive rates,
its direct measurement from Belle and BaBar data would
be interesting and timely [30].

II. B̄ ! D(⇤)⌧ ⌫̄ OPERATOR ANALYSIS

In this section we study operators mediating b ! c⌧ ⌫̄

transitions. In contrast to prior operator fits [31–34],
we adopt an overcomplete set of operators corresponding
to all possible contractions of spinor indices and Lorentz
structures to help with the classification of viable models.
(We also take into account the constraints from q

2 spec-
tra, which were unavailable at the time of the first oper-
ator analyses.) Although Fierz identities allow di↵erent
spinor contractions to be written as linear combinations
of operators with one preferred spinor ordering, the set
of possible currents that can generate the operators is
manifest in the overcomplete basis.

We parametrize the NP contributions by

H =
4GFp

2
Vcb OVL +

1

⇤2

X

i

C

(0,00)
i O(0,00)

i . (8)

(Throughout this paper we do not display Hermitian
conjugates added to interaction terms as appropriate.)
Here the primes denote di↵erent ways of contracting the
spinors, as shown in Table II, which also presents their
Fierz transformed equivalents in terms of the “canoni-
cally” ordered fields (unprimed operators). In the SM,
only the OVL operator is present. (For illustration,
the type-II 2HDM generates the operator OSR with
CSR/⇤

2 = �2
p
2GFVcb mb m⌧ tan2 �/m2

H± .)
We do not consider the possibility of the neutrino be-

ing replaced by another neutral particle, such as a sterile
neutrino, which yields additional operators. The large
enhancement of an unsuppressed SM rate favors NP that
can interfere with the SM. A non-SM field in the fi-
nal state would preclude the possibility of interference,
leading to larger Wilson coe�cients and/or lower mass
scales for the NP, making the interpretation in terms of
concrete models more challenging.
We assume that the e↵ects of NP can be described

by higher dimension operators respecting the SM gauge
symmetries. This is only evaded if the NP mediating
these transitions is light or if it is strongly coupled at
the electroweak scale; in either case there are severe con-
straints. We classify operators by the representations
under SU(3)C ⇥ SU(2)L ⇥ U(1)Y of the mediators that
are integrated out to generate them, as shown in the last
column of Table II. Some mediators uniquely specify a
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contributing operators simultaneously. Fig. 2 shows the
three such two-dimensional �2 fits. While any two rates
can be explained by fitting two operator coe�cients, the
existence of a solution consistent with all other con-
straints with a given flavor structure is nontrivial and
is the topic of the following section. A summary of all
coe�cients of best fit points with �

2
min < 5 and accept-

able q

2 spectra is provided in Table III.

Besides the branching ratios, additional model discrim-
ination comes from the q

2 spectra (especially in B̄ !
D⌧ ⌫̄), which are consistent with SM expectations [2, 3].
It is not possible to do a combined fit with publicly avail-
able data, because correlations among di↵erent q

2 bins
are unavailable. We follow Ref. [2] in eliminating cer-
tain models by comparing their predicted q

2 spectra with
the measurement. It was observed that two of the four
solutions in the CSR–CSL plane (Fig. 2, left plot) are
excluded [2], as indicated by the faded regions. In the
C

0
VR

–C 0
VL

plane (middle plot), we find the measured q

2

Coe�cient(s) Best fit value(s) (⇤ = 1 TeV)

CVL 0.18± 0.04, �2.88± 0.04

CT 0.52± 0.02, �0.07± 0.02

C00
SL

�0.46± 0.09

(CR, CL) (1.25,�1.02), (�2.84, 3.08)

(C0
VR

, C0
VL

) (�0.01, 0.18), (0.01,�2.88)

(C00
SR

, C00
SL

) (0.35,�0.03), (0.96, 2.41),

(�5.74, 0.03), (�6.34,�2.39)

TABLE III. Best-fit operator coe�cients with acceptable
q2 spectra and �2

min < 5. For the 1D fits in Fig. 1 we in-
clude the ��2 < 1 ranges (upper part), and show the central
values of the 2D fits in Fig. 2 (lower part).

spectra exclude regions that provide good fits to the total
rates for values of |C 0
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(right plot) all fits consistent with the total rates are also
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sector, and we confirm their consistency with current ex-
perimental constraints. Finally, Sec. IV contains our con-
clusions and a discussion of possible future signals at the
LHC and Belle II. Appendix A contains a discussion of
U(2)3 models.

A. Standard Model considerations

The tension between the central values of the R(D(⇤))
data and the SM is independent of the theoretical pre-
dictions for R(D(⇤)) quoted in Table I. The measured
R(D(⇤)) values imply a significant enhancement of the
inclusive B ! Xc⌧ ⌫̄ rate, which can be calculated pre-
cisely in the SM using an operator product expansion,
with theoretical uncertainties that are small and essen-
tially independent from those of the exclusive rates.

To see this, note that the isospin-constrained fit for the
branching ratios is quoted as [1]

B(B̄ ! D

⇤
⌧ ⌫̄) + B(B̄ ! D⌧ ⌫̄) = (2.78± 0.25)% , (2)

which applies for B± decays (recall the lifetime di↵erence
of B± and B

0). The averages in Table I imply for the
same quantity the fully consistent result,

B(B̄ ! D

⇤
⌧ ⌫̄) + B(B̄ ! D⌧ ⌫̄) = (2.71± 0.18)% . (3)

The SM prediction for R(Xc), the ratio for inclusive
decay rates, can be computed in an operator product ex-
pansion. Updating results in Refs. [22, 23], and including
the two-loop QCD correction [24], we find

R(Xc) = 0.223± 0.004 . (4)

The uncertainty mainly comes from m

1S
b , the HQET ma-

trix element �1, and assigning an uncertainty equal to
half of the order ↵

2
s term in the perturbation series in

the 1S scheme [25]. The most recent world average,
B(B� ! Xce⌫̄) = (10.92 ± 0.16)% [26, 27], then yields
the SM prediction,

B(B� ! Xc⌧ ⌫̄) = (2.42± 0.05)% . (5)

In B

� ! Xce⌫̄ decay, hadronic final states other than
D and D

⇤ contribute about 3% to the 10.92% branching
ratio quoted above, and the four lightest orbitally excited
D meson states (often called collectivelyD

⇤⇤) account for
about 1.7%. Using Ref. [28] for the theoretical descrip-
tion of these decays, taking into account the phase space
di↵erences and varying the relevant Isgur-Wise functions,
suggests R(D⇤⇤) >⇠ 0.15 for the sum of these four states.
This in turn implies for the sum of the central values of
the rates to the six lightest charm meson states

B(B̄ ! D

(⇤)
⌧ ⌫̄) + B(B̄ ! D

⇤⇤
⌧ ⌫̄) ⇠ 3% , (6)

in nearly 3� tension with the inclusive calculation in
Eq. (5). Note that Eqs. (2), (3), and (6) are also in mild

tension with the LEP average of the rate of an admixture
of b-flavored hadrons to decay to ⌧ leptons [29],

B(b ! X⌧

+
⌫) = (2.41± 0.23)% . (7)

Since both the experimental and theoretical uncertainties
of B(B ! Xc⌧ ⌫̄) are di↵erent from the exclusive rates,
its direct measurement from Belle and BaBar data would
be interesting and timely [30].

II. B̄ ! D(⇤)⌧ ⌫̄ OPERATOR ANALYSIS

In this section we study operators mediating b ! c⌧ ⌫̄

transitions. In contrast to prior operator fits [31–34],
we adopt an overcomplete set of operators corresponding
to all possible contractions of spinor indices and Lorentz
structures to help with the classification of viable models.
(We also take into account the constraints from q

2 spec-
tra, which were unavailable at the time of the first oper-
ator analyses.) Although Fierz identities allow di↵erent
spinor contractions to be written as linear combinations
of operators with one preferred spinor ordering, the set
of possible currents that can generate the operators is
manifest in the overcomplete basis.

We parametrize the NP contributions by

H =
4GFp

2
Vcb OVL +

1

⇤2

X

i

C

(0,00)
i O(0,00)

i . (8)

(Throughout this paper we do not display Hermitian
conjugates added to interaction terms as appropriate.)
Here the primes denote di↵erent ways of contracting the
spinors, as shown in Table II, which also presents their
Fierz transformed equivalents in terms of the “canoni-
cally” ordered fields (unprimed operators). In the SM,
only the OVL operator is present. (For illustration,
the type-II 2HDM generates the operator OSR with
CSR/⇤

2 = �2
p
2GFVcb mb m⌧ tan2 �/m2

H± .)
We do not consider the possibility of the neutrino be-

ing replaced by another neutral particle, such as a sterile
neutrino, which yields additional operators. The large
enhancement of an unsuppressed SM rate favors NP that
can interfere with the SM. A non-SM field in the fi-
nal state would preclude the possibility of interference,
leading to larger Wilson coe�cients and/or lower mass
scales for the NP, making the interpretation in terms of
concrete models more challenging.
We assume that the e↵ects of NP can be described

by higher dimension operators respecting the SM gauge
symmetries. This is only evaded if the NP mediating
these transitions is light or if it is strongly coupled at
the electroweak scale; in either case there are severe con-
straints. We classify operators by the representations
under SU(3)C ⇥ SU(2)L ⇥ U(1)Y of the mediators that
are integrated out to generate them, as shown in the last
column of Table II. Some mediators uniquely specify a
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contributing operators simultaneously. Fig. 2 shows the
three such two-dimensional �2 fits. While any two rates
can be explained by fitting two operator coe�cients, the
existence of a solution consistent with all other con-
straints with a given flavor structure is nontrivial and
is the topic of the following section. A summary of all
coe�cients of best fit points with �

2
min < 5 and accept-

able q

2 spectra is provided in Table III.

Besides the branching ratios, additional model discrim-
ination comes from the q

2 spectra (especially in B̄ !
D⌧ ⌫̄), which are consistent with SM expectations [2, 3].
It is not possible to do a combined fit with publicly avail-
able data, because correlations among di↵erent q

2 bins
are unavailable. We follow Ref. [2] in eliminating cer-
tain models by comparing their predicted q

2 spectra with
the measurement. It was observed that two of the four
solutions in the CSR–CSL plane (Fig. 2, left plot) are
excluded [2], as indicated by the faded regions. In the
C

0
VR

–C 0
VL

plane (middle plot), we find the measured q

2

Coe�cient(s) Best fit value(s) (⇤ = 1 TeV)

CVL 0.18± 0.04, �2.88± 0.04

CT 0.52± 0.02, �0.07± 0.02

C00
SL

�0.46± 0.09

(CR, CL) (1.25,�1.02), (�2.84, 3.08)

(C0
VR

, C0
VL

) (�0.01, 0.18), (0.01,�2.88)

(C00
SR

, C00
SL

) (0.35,�0.03), (0.96, 2.41),

(�5.74, 0.03), (�6.34,�2.39)

TABLE III. Best-fit operator coe�cients with acceptable
q2 spectra and �2

min < 5. For the 1D fits in Fig. 1 we in-
clude the ��2 < 1 ranges (upper part), and show the central
values of the 2D fits in Fig. 2 (lower part).
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(right plot) all fits consistent with the total rates are also
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sector, and we confirm their consistency with current ex-
perimental constraints. Finally, Sec. IV contains our con-
clusions and a discussion of possible future signals at the
LHC and Belle II. Appendix A contains a discussion of
U(2)3 models.

A. Standard Model considerations

The tension between the central values of the R(D(⇤))
data and the SM is independent of the theoretical pre-
dictions for R(D(⇤)) quoted in Table I. The measured
R(D(⇤)) values imply a significant enhancement of the
inclusive B ! Xc⌧ ⌫̄ rate, which can be calculated pre-
cisely in the SM using an operator product expansion,
with theoretical uncertainties that are small and essen-
tially independent from those of the exclusive rates.

To see this, note that the isospin-constrained fit for the
branching ratios is quoted as [1]

B(B̄ ! D

⇤
⌧ ⌫̄) + B(B̄ ! D⌧ ⌫̄) = (2.78± 0.25)% , (2)

which applies for B± decays (recall the lifetime di↵erence
of B± and B

0). The averages in Table I imply for the
same quantity the fully consistent result,

B(B̄ ! D

⇤
⌧ ⌫̄) + B(B̄ ! D⌧ ⌫̄) = (2.71± 0.18)% . (3)

The SM prediction for R(Xc), the ratio for inclusive
decay rates, can be computed in an operator product ex-
pansion. Updating results in Refs. [22, 23], and including
the two-loop QCD correction [24], we find

R(Xc) = 0.223± 0.004 . (4)

The uncertainty mainly comes from m

1S
b , the HQET ma-

trix element �1, and assigning an uncertainty equal to
half of the order ↵

2
s term in the perturbation series in

the 1S scheme [25]. The most recent world average,
B(B� ! Xce⌫̄) = (10.92 ± 0.16)% [26, 27], then yields
the SM prediction,

B(B� ! Xc⌧ ⌫̄) = (2.42± 0.05)% . (5)

In B

� ! Xce⌫̄ decay, hadronic final states other than
D and D

⇤ contribute about 3% to the 10.92% branching
ratio quoted above, and the four lightest orbitally excited
D meson states (often called collectivelyD

⇤⇤) account for
about 1.7%. Using Ref. [28] for the theoretical descrip-
tion of these decays, taking into account the phase space
di↵erences and varying the relevant Isgur-Wise functions,
suggests R(D⇤⇤) >⇠ 0.15 for the sum of these four states.
This in turn implies for the sum of the central values of
the rates to the six lightest charm meson states

B(B̄ ! D

(⇤)
⌧ ⌫̄) + B(B̄ ! D

⇤⇤
⌧ ⌫̄) ⇠ 3% , (6)

in nearly 3� tension with the inclusive calculation in
Eq. (5). Note that Eqs. (2), (3), and (6) are also in mild

tension with the LEP average of the rate of an admixture
of b-flavored hadrons to decay to ⌧ leptons [29],

B(b ! X⌧

+
⌫) = (2.41± 0.23)% . (7)

Since both the experimental and theoretical uncertainties
of B(B ! Xc⌧ ⌫̄) are di↵erent from the exclusive rates,
its direct measurement from Belle and BaBar data would
be interesting and timely [30].

II. B̄ ! D(⇤)⌧ ⌫̄ OPERATOR ANALYSIS

In this section we study operators mediating b ! c⌧ ⌫̄

transitions. In contrast to prior operator fits [31–34],
we adopt an overcomplete set of operators corresponding
to all possible contractions of spinor indices and Lorentz
structures to help with the classification of viable models.
(We also take into account the constraints from q

2 spec-
tra, which were unavailable at the time of the first oper-
ator analyses.) Although Fierz identities allow di↵erent
spinor contractions to be written as linear combinations
of operators with one preferred spinor ordering, the set
of possible currents that can generate the operators is
manifest in the overcomplete basis.

We parametrize the NP contributions by

H =
4GFp

2
Vcb OVL +

1

⇤2

X

i

C

(0,00)
i O(0,00)

i . (8)

(Throughout this paper we do not display Hermitian
conjugates added to interaction terms as appropriate.)
Here the primes denote di↵erent ways of contracting the
spinors, as shown in Table II, which also presents their
Fierz transformed equivalents in terms of the “canoni-
cally” ordered fields (unprimed operators). In the SM,
only the OVL operator is present. (For illustration,
the type-II 2HDM generates the operator OSR with
CSR/⇤

2 = �2
p
2GFVcb mb m⌧ tan2 �/m2

H± .)
We do not consider the possibility of the neutrino be-

ing replaced by another neutral particle, such as a sterile
neutrino, which yields additional operators. The large
enhancement of an unsuppressed SM rate favors NP that
can interfere with the SM. A non-SM field in the fi-
nal state would preclude the possibility of interference,
leading to larger Wilson coe�cients and/or lower mass
scales for the NP, making the interpretation in terms of
concrete models more challenging.
We assume that the e↵ects of NP can be described

by higher dimension operators respecting the SM gauge
symmetries. This is only evaded if the NP mediating
these transitions is light or if it is strongly coupled at
the electroweak scale; in either case there are severe con-
straints. We classify operators by the representations
under SU(3)C ⇥ SU(2)L ⇥ U(1)Y of the mediators that
are integrated out to generate them, as shown in the last
column of Table II. Some mediators uniquely specify a
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The situation

• Both anomalies in neutral and charged b -> 2nd 
generation transition can be described by 
leptoquark currents

• However, one needs leptoquarks with different 
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fits to the unprimed operators in Table II (left), we also show fits to primed operators not related by simple rescalings (right).
Faded regions for CSL indicate good fits to the observed rates excluded by the measurement of the q2 spectrum [2]. Note that
the �2 includes experimental and SM theory uncertainties, but not theory uncertainties on NP.
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contributing operators simultaneously. Fig. 2 shows the
three such two-dimensional �2 fits. While any two rates
can be explained by fitting two operator coe�cients, the
existence of a solution consistent with all other con-
straints with a given flavor structure is nontrivial and
is the topic of the following section. A summary of all
coe�cients of best fit points with �

2
min < 5 and accept-

able q

2 spectra is provided in Table III.

Besides the branching ratios, additional model discrim-
ination comes from the q

2 spectra (especially in B̄ !
D⌧ ⌫̄), which are consistent with SM expectations [2, 3].
It is not possible to do a combined fit with publicly avail-
able data, because correlations among di↵erent q

2 bins
are unavailable. We follow Ref. [2] in eliminating cer-
tain models by comparing their predicted q

2 spectra with
the measurement. It was observed that two of the four
solutions in the CSR–CSL plane (Fig. 2, left plot) are
excluded [2], as indicated by the faded regions. In the
C

0
VR

–C 0
VL

plane (middle plot), we find the measured q

2

Coe�cient(s) Best fit value(s) (⇤ = 1 TeV)

CVL 0.18± 0.04, �2.88± 0.04

CT 0.52± 0.02, �0.07± 0.02

C00
SL

�0.46± 0.09

(CR, CL) (1.25,�1.02), (�2.84, 3.08)

(C0
VR

, C0
VL

) (�0.01, 0.18), (0.01,�2.88)

(C00
SR

, C00
SL

) (0.35,�0.03), (0.96, 2.41),

(�5.74, 0.03), (�6.34,�2.39)

TABLE III. Best-fit operator coe�cients with acceptable
q2 spectra and �2

min < 5. For the 1D fits in Fig. 1 we in-
clude the ��2 < 1 ranges (upper part), and show the central
values of the 2D fits in Fig. 2 (lower part).

spectra exclude regions that provide good fits to the total
rates for values of |C 0

VR
| >⇠ 0.5. In the C

00
SR

–C 00
SL

plane
(right plot) all fits consistent with the total rates are also

 One Leptoquark: 

⌧

�

c

b ⌫

2

sector, and we confirm their consistency with current ex-
perimental constraints. Finally, Sec. IV contains our con-
clusions and a discussion of possible future signals at the
LHC and Belle II. Appendix A contains a discussion of
U(2)3 models.

A. Standard Model considerations

The tension between the central values of the R(D(⇤))
data and the SM is independent of the theoretical pre-
dictions for R(D(⇤)) quoted in Table I. The measured
R(D(⇤)) values imply a significant enhancement of the
inclusive B ! Xc⌧ ⌫̄ rate, which can be calculated pre-
cisely in the SM using an operator product expansion,
with theoretical uncertainties that are small and essen-
tially independent from those of the exclusive rates.

To see this, note that the isospin-constrained fit for the
branching ratios is quoted as [1]

B(B̄ ! D

⇤
⌧ ⌫̄) + B(B̄ ! D⌧ ⌫̄) = (2.78± 0.25)% , (2)

which applies for B± decays (recall the lifetime di↵erence
of B± and B

0). The averages in Table I imply for the
same quantity the fully consistent result,

B(B̄ ! D

⇤
⌧ ⌫̄) + B(B̄ ! D⌧ ⌫̄) = (2.71± 0.18)% . (3)

The SM prediction for R(Xc), the ratio for inclusive
decay rates, can be computed in an operator product ex-
pansion. Updating results in Refs. [22, 23], and including
the two-loop QCD correction [24], we find

R(Xc) = 0.223± 0.004 . (4)

The uncertainty mainly comes from m

1S
b , the HQET ma-

trix element �1, and assigning an uncertainty equal to
half of the order ↵

2
s term in the perturbation series in

the 1S scheme [25]. The most recent world average,
B(B� ! Xce⌫̄) = (10.92 ± 0.16)% [26, 27], then yields
the SM prediction,

B(B� ! Xc⌧ ⌫̄) = (2.42± 0.05)% . (5)

In B

� ! Xce⌫̄ decay, hadronic final states other than
D and D

⇤ contribute about 3% to the 10.92% branching
ratio quoted above, and the four lightest orbitally excited
D meson states (often called collectivelyD

⇤⇤) account for
about 1.7%. Using Ref. [28] for the theoretical descrip-
tion of these decays, taking into account the phase space
di↵erences and varying the relevant Isgur-Wise functions,
suggests R(D⇤⇤) >⇠ 0.15 for the sum of these four states.
This in turn implies for the sum of the central values of
the rates to the six lightest charm meson states

B(B̄ ! D

(⇤)
⌧ ⌫̄) + B(B̄ ! D

⇤⇤
⌧ ⌫̄) ⇠ 3% , (6)

in nearly 3� tension with the inclusive calculation in
Eq. (5). Note that Eqs. (2), (3), and (6) are also in mild

tension with the LEP average of the rate of an admixture
of b-flavored hadrons to decay to ⌧ leptons [29],

B(b ! X⌧

+
⌫) = (2.41± 0.23)% . (7)

Since both the experimental and theoretical uncertainties
of B(B ! Xc⌧ ⌫̄) are di↵erent from the exclusive rates,
its direct measurement from Belle and BaBar data would
be interesting and timely [30].

II. B̄ ! D(⇤)⌧ ⌫̄ OPERATOR ANALYSIS

In this section we study operators mediating b ! c⌧ ⌫̄

transitions. In contrast to prior operator fits [31–34],
we adopt an overcomplete set of operators corresponding
to all possible contractions of spinor indices and Lorentz
structures to help with the classification of viable models.
(We also take into account the constraints from q

2 spec-
tra, which were unavailable at the time of the first oper-
ator analyses.) Although Fierz identities allow di↵erent
spinor contractions to be written as linear combinations
of operators with one preferred spinor ordering, the set
of possible currents that can generate the operators is
manifest in the overcomplete basis.

We parametrize the NP contributions by

H =
4GFp

2
Vcb OVL +

1

⇤2

X

i

C

(0,00)
i O(0,00)

i . (8)

(Throughout this paper we do not display Hermitian
conjugates added to interaction terms as appropriate.)
Here the primes denote di↵erent ways of contracting the
spinors, as shown in Table II, which also presents their
Fierz transformed equivalents in terms of the “canoni-
cally” ordered fields (unprimed operators). In the SM,
only the OVL operator is present. (For illustration,
the type-II 2HDM generates the operator OSR with
CSR/⇤

2 = �2
p
2GFVcb mb m⌧ tan2 �/m2

H± .)
We do not consider the possibility of the neutrino be-

ing replaced by another neutral particle, such as a sterile
neutrino, which yields additional operators. The large
enhancement of an unsuppressed SM rate favors NP that
can interfere with the SM. A non-SM field in the fi-
nal state would preclude the possibility of interference,
leading to larger Wilson coe�cients and/or lower mass
scales for the NP, making the interpretation in terms of
concrete models more challenging.
We assume that the e↵ects of NP can be described

by higher dimension operators respecting the SM gauge
symmetries. This is only evaded if the NP mediating
these transitions is light or if it is strongly coupled at
the electroweak scale; in either case there are severe con-
straints. We classify operators by the representations
under SU(3)C ⇥ SU(2)L ⇥ U(1)Y of the mediators that
are integrated out to generate them, as shown in the last
column of Table II. Some mediators uniquely specify a

• Using
Freytsis et al., 1506.08896
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contributing operators simultaneously. Fig. 2 shows the
three such two-dimensional �2 fits. While any two rates
can be explained by fitting two operator coe�cients, the
existence of a solution consistent with all other con-
straints with a given flavor structure is nontrivial and
is the topic of the following section. A summary of all
coe�cients of best fit points with �

2
min < 5 and accept-

able q

2 spectra is provided in Table III.

Besides the branching ratios, additional model discrim-
ination comes from the q

2 spectra (especially in B̄ !
D⌧ ⌫̄), which are consistent with SM expectations [2, 3].
It is not possible to do a combined fit with publicly avail-
able data, because correlations among di↵erent q

2 bins
are unavailable. We follow Ref. [2] in eliminating cer-
tain models by comparing their predicted q

2 spectra with
the measurement. It was observed that two of the four
solutions in the CSR–CSL plane (Fig. 2, left plot) are
excluded [2], as indicated by the faded regions. In the
C

0
VR

–C 0
VL

plane (middle plot), we find the measured q

2

Coe�cient(s) Best fit value(s) (⇤ = 1 TeV)

CVL 0.18± 0.04, �2.88± 0.04

CT 0.52± 0.02, �0.07± 0.02

C00
SL

�0.46± 0.09

(CR, CL) (1.25,�1.02), (�2.84, 3.08)

(C0
VR

, C0
VL

) (�0.01, 0.18), (0.01,�2.88)

(C00
SR

, C00
SL

) (0.35,�0.03), (0.96, 2.41),

(�5.74, 0.03), (�6.34,�2.39)

TABLE III. Best-fit operator coe�cients with acceptable
q2 spectra and �2

min < 5. For the 1D fits in Fig. 1 we in-
clude the ��2 < 1 ranges (upper part), and show the central
values of the 2D fits in Fig. 2 (lower part).

spectra exclude regions that provide good fits to the total
rates for values of |C 0

VR
| >⇠ 0.5. In the C
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SR

–C 00
SL

plane
(right plot) all fits consistent with the total rates are also
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FIG. 3. Normalized d�(B̄ ! D⌧ ⌫̄)/dq2 distributions. The
histogram shows the BaBar data [2]. The red, blue, and green
curves correspond to models with Wilson coe�cients in the
(a) top, (b) middle, and (c) bottom lines in Table IV.

Label Coe�cients (⇤ = 1 TeV) Comment

(a) C0
VR

= 1.10 C0
VL

= 0.24 disfavored

(b) C0
VR

= �0.01 C0
VL

= 0.18 allowed

(c) C00
SR

= 0.96 C00
SL

= 2.41 allowed

TABLE IV. Operator coe�cients for the q2 spectra in Fig. 3.

consistent with the q

2 spectra. Figure 3 illustrates this
by showing the measured d�(B ! D⌧ ⌫̄)/dq2 spectrum
together with one disfavored and two viable models, cor-
responding to the entries in Table IV.

III. MODELS

Having identified dimension-6 operators that can gen-
erate the observed B̄ ! D

(⇤)
⌧ ⌫̄ rate, we now consider

possible UV completions. The TeV-scale required for the
four-fermion operators points to a tree-level NP contri-
bution. Concerning the flavor structure, one possibility
is that NP is aligned with the SM Yukawa matrices and
in the fermion mass basis only gives rise to the b̄c ⌫̄⌧ four-
fermion interaction. In such a scenario the measurement
of R(D(⇤)) would have little interplay with other flavor
data; however, it is hard to imagine a UV completion
with such precise alignment with the SM flavor struc-
ture. On the other hand, if operators are generated with
general fermion content, Pijkl d̄iuj ⌫̄k`l, where i, j, k, l are
generation indices, then some Pijkl coe�cients must sat-
isfy strong experimental constraints. Most of the com-
pletions we consider below have also been studied, but
without considerations to their possible flavor structure;
see, e.g., Refs. [31–33, 40–44]

Independent of the UV completion, flavor-anarchic
couplings are excluded by other rare decays and CKM
unitarity constraints [45]. We therefore consider NP that

is charged under a flavor symmetry, focusing on the pos-
sibility of Minimal Flavor Violation (MFV) [46–48]. In
the quark sector, the MFV framework assumes that the
breaking of the U(3)Q ⇥ U(3)u ⇥ U(3)d flavor symmetry
has a single source in both the SM and beyond. It is
parametrized by the Yukawas, acting as spurions of the
symmetry breaking, transforming in the (3, 3̄,1) repre-
sentation for Yu and the (3,1, 3̄) for Yd. Focusing pri-
marily on MFV in the quark sector, for viable models
we attempt to extend the MFV scenario to the lepton
sector as well. We find a unique model that is consis-
tent with MFV both in the quark and the lepton sector,
and comment on alternative approaches involving hori-
zontal symmetries. We begin by showing in Sec. III A
that uncolored mediators are disfavored by other con-
straints. Then, in Sec. III B, we identify viable MFV
models with leptoquark mediators.

A. Uncolored mediators

1. Higgs-like scalars

We first explain why no new color-neutral scalar,
such as those in the nonstandard 2HDMs proposed in
Refs. [49–51], is compatible with an MFV structure.
The simplest case, a flavor singlet scalar, would be con-
strained to have couplings proportional to the SM Higgs.
As shown in Fig. 2, comparable values of CSL and CSR

are needed to explain the current B̄ ! D

(⇤)
⌧ ⌫̄ data. CSL

is proportional to yc, which implies that B̄ ! D

(⇤)
⌧ ⌫̄

cannot be fit, keeping the charged Higgs heavier than
collider limits, consistently with perturbativity of yt.
An alternative is to charge the scalar under the quark

flavor symmetries. In this case, the scalar needs to be
in the representation of some combination of Yukawa
spurions, since it must couple to leptons as well. To
generate both scalar couplings simultaneously, an un-
suppressed O(1) coupling to one chiral combination of
first-generation quarks is unavoidable. Integrating out
the scalar generates dangerous four-quark and two-quark
two-lepton operators. Four-quark operators of this type
are strongly constrained, and such a scalar would also
appear in ⌧

+
⌧

� resonance searches [52, 53].

2. W 0-like vector triplets

A rescaling of the SM operator, OVL , provides a good
fit to the data. A simple possibility is then the presence
of a W

0, a new vector that couples similarly to the SM
W boson. To avoid explicitly breaking the SM gauge
symmetry, a full SU(2)L triplet is needed. The simplest
choice, a flavor singlet W

0, is tightly constrained by the
LHC [54–56], with electroweak-strength coupling of a W

0

to first generation quarks excluded up tomW 0 ⇠ 1.8 TeV.
This is in conflict with the 0.2 ⇠ g

2 |Vcb| (1 TeV/mW 0)2

coupling needed to explain the B̄ ! D

(⇤)
⌧ ⌫̄ data.

R(D(⇤)) One Leptoquark: 
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at 1-loop gives rise to

4

hB
s

|H full
e↵ |B̄

s

i/hB
s

|HSM
e↵ |B̄

s

i [42]. We obtain

C(�)
Bs

e2i�
(�)
Bs = 1 +

1

g4S0(xt

)

m2
W

M2
�

"�
�L�L†�

bs

V
tb

V ⇤
ts

#2

, (18)

where g =
p

4⇡↵/s
W

is the SU(2) gauge coupling, and

S0(xt

) = 4xt�11x2
t+x

3
t

4(1�xt)2
� 3x3

t ln xt

2(1�xt)3
⇡ 2.30 is the loop

function for the SM box diagram. The values obtained
from the global fit are C

Bs = 1.052 ± 0.084 and �
Bs =

(0.72±2.06)�, which when interpreted as a measurement
of leptoquark parameters gives rise to

�
�L�L†�

bs

V
tb

V ⇤
ts

⇡ (1.87 + 0.45i) M̂
�

. (19)

Note that for M
�

. 1 TeV the central value of the real
part of this ratio is close to the upper bound obtained
in (12). At 90% CL the real part can be as large as
3.6 M̂

�

, while the phase becomes undetermined. As long
as M

�

< 1.6 TeV, the upper bound on the real part is
thus somewhat weaker than the one obtained from (12).
It is interesting that to reproduce the benchmark value
Cµ

LL

⇡ �1 we need a value of (�L�L†)
bs

close to the upper
bound in (16) and close to the central value in (19). Our
model thus predicts that the B̄ ! K̄(⇤)⌫⌫̄ decay rates
are enhanced compared with the SM, and that future
measurements should find a new-physics contribution to
B

s

�B̄
s

mixing close to the current best fit value.
Further constraints on the leptoquark couplings in (17)

arise from LEP measurements of the Z-boson partial
widths into leptons. In particular, we find for the one-
loop corrections to the Zµµ̄ couplings [Cite [43–45]?]
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where the upper (lower) sign refers to A = L (R). For
simplicity we have set m2

Z

/(4m2
t

) ! 0 in the top contri-
bution, which numerically is a good approximation. We
will require that the Z ! µ+µ� partial width agrees with
its SM value within 2� of its experimental error. [Is this

the right thing to do? And what about scalar/tensor

couplings?] Assuming that the left-handed couplings are
larger than the right-handed ones, and that a single cou-
pling combination dominates, we obtain

q���L

cµ

��2 +
���L

uµ

��2 <
3.24 M̂

�

b1/2
cu

,
���L

tµ

�� <
1.22 M̂

�

b1/2
t

, (21)

where b
cu

= 1+0.39 ln M̂
�

and b
t

= 1+0.76 ln M̂
�

. The
first relation is compatible with the bound (17) as long
as M

�

> 0.67 TeV.
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FIG. 3. Loop diagrams contributing to (g� 2)µ and ⌧ ! µ�.

The couplings of the muon to up-type quarks, which
enter in (15), also contribute to the muon anomalous
magnetic moment a

µ

= (g � 2)
µ

/2 and the rare decay
⌧ ! µ�. In our model, new-physics contributions to
these quantities arise from the one-loop vertex correc-
tions shown in Figure 3. Working in the limit where
M2

�

� m2
t

, we obtain

a(�)
µ

=
X

q=t,c

m
µ

m
q

4⇡2M2
�

✓
ln

M2
�

m2
q

� 7

4

◆
Re

�
�R

qµ

�L⇤
qµ

�
, (22)

The present experimental value of a
µ

di↵ers from the
SM prediction by about (287 ± 80) · 10�11 [46]. When
interpreted in terms of our model, this translates into

a
c

Re
�
�R

cµ

�L⇤
cµ

�
+ 20.7a

t

Re
�
�R

tµ

�L⇤
tµ

� ⇡ 0.073 M̂2
�

, (23)

where a
t

= 1 + 1.06 ln M̂
�

and a
c

= 1 + 0.17 ln M̂
�

,
and we neglect some numerically small terms propor-
tional to m2

µ

. A left-handed coupling
���L

cµ

�� ⇠ 2.4 so as

to saturate relation (17) implies that
���R

cµ

�� ⇠ 0.03 (for
M

�

= 1 TeV). An order-of-magnitude stronger bound is
implied on the imaginary parts of the coupling by the
present upper bound on the muon EDM [25]. The lepto-
quark contribution to a

µ

is tightly correlated with one-
loop radiative corrections to the masses of the charged
leptons. Relation (23) ensures that these corrections
are well inside the perturbative regime. Writing the
e↵ective Lagrangian for ⌧ ! µ� decay in the form
Le↵ = C

LR

µ̄
L

�
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Fµ⌫ ⌧
R

+ C
RL

µ̄
R

�
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L

, we find
(in the limit where M2

�
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t

)
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, (24)

and C(�)
RL

is obtained from this expression by exchang-
ing L and R. These results are in agreement with the
findings of [51, 53]. The corresponding branching ratio is

obtained as Br(⌧ ! µ�) = ⌧⌧m
3
⌧

4⇡

�|C
LR

|2 + |C
RL

|2�. Ex-
perimentally, this branching ratio is bounded by 4.4·10�8

at 90% CL [52]. This implies the strong constraint

���a
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c⌧
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cµ

+20.7a
t

�R

t⌧

�L⇤
tµ

���
2
+(L $ R)

�1/2
< 0.016 M̂2

�
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(25)
If we want to explain the R

D

(⇤) anomaly using the lepto-
quark couplings shown in (8), and R

K

using
���L

cµ

�� ⇠ 2.4,

we must then require that
���R

c⌧

�� ⇠ 0.007 (for M
�

=

3

or the same-chirality couplings dominate, we derive from
the current experimental upper limit Br(D0 ! µ+µ�) <
7.6 · 10�9 (at 95% CL) [32] the bounds

q���L

cµ

��2���R

uµ

��2 +
���R

cµ

��2���L

uµ

��2 < 1.2 · 10�3 M̂2
�

,
���L

cµ

�L⇤
uµ

+ �R

cµ

�R⇤
uµ

�� < 0.052 M̂2
�

.
(14)

Compared with [33] we obtain significantly stronger
bounds on the mixed-chirality couplings, because we in-
clude RG evolution e↵ects of the charm-quark mass. On
the other hand, a slightly stronger bound (by about a
factor 3) than ours on the same-chirality couplings can
be derived from the decay D+ ! ⇡+µ+µ� [33, 34]. Note
that relations (8), (12) and (14) can naturally be satisfied
assuming hierarchical mixing matrices with O(1) entries
for the left-handed couplings and an overall suppression
of right-handed couplings. Such a suppression is techni-
cally natural, since the right-handed coupligns arise from
a di↵erent operator in the Lagrangian (4).

Loop-Induced Processes. Earlier this year, LHCb has
reported a striking departure from lepton universality in
the ratio R

K

in (2) [17]. Leptoquarks can provide a nat-
ural source of flavor universality violation, because their
couplings to fermions are not governed by gauge sym-
metries, see e.g. [35, 36]. A model-independent analysis
of this observable was presented in [37–39], while global
fits combining the data on R

K

with other observables in
b ! s`+`� transitions (in particular with angular observ-
ables in B̄ ! K̄⇤µ+µ�) were performed in [21–24]. The
authors of [37–39] also studied two leptoquark models, in
which contributions to R

K

arise at tree level. In this case
the leptoquark mass is expected to be outside the reach
for discovery at the LHC, unless the relevant couplings
are very small. In our model e↵ects on R

K

arise first
at one-loop order, from diagrams such as those shown
in Figure 2. Working in the limit where M2

�

� m2
t,W

,
we obtain for the contributions to the relevant Wilson
coe�cients in the basis of [37]
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(15)

where f(x
t

) = 1+ 3
xt�1

�
ln xt
xt�1 �1

� ⇡ 0.47. Analogous ex-

pressions hold for b ! se+e� transitions. The first term
in each expression arises from the four mixed W– � box
graphs. Importantly, it inherits the CKM and GIM sup-
pression factors of the SM box diagrams. The remaining
terms result from the box diagram containing two lepto-
quarks. Relation (6) is essential to ensure that the sum of
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FIG. 2. Loop diagrams contributing to b ! sµµ transitions.

all diagrams is gauge invariant. A good fit to the data can
be obtained for �1.5 < Cµ

LL

< �0.7 and Cµ

LR

⇡ 0 at µ ⇠
M

�

, assuming that new physics only a↵ects the muon
mode – the “one-operator benchmark point” considered
in [37]. In this letter we concentrate on this benchmark
point for simplicity. Interestingly, the global fit to all
b ! s`+`� data is also much improved for Cµ

LL

⇡ �1
and Cµ

LR

⇡ 0 [21–24], and even the slight deviation in the
ratio Br(B

s

! µ+µ�)/Br(B
s

! µ+µ�)SM = 0.79 ± 0.20
seen in the combination of LHCb [40] and CMS [41] mea-
surements can be explained. These observations yield
further evidence for the suppression of right-handed lep-
toquark couplings compared with left-handed ones. We
will see below that such a pattern is also required by
purely leptonic rare processes.

The contributions from mixed W– � box graphs in (15)
are controlled by the couplings of the leptoquark to top-
quarks and muons. These terms are predicted to be posi-
tive in our model and hence alone they cannot explain the
R

K

anomaly. Indeed, as we will show, the correspond-
ing couplings are tightly constrained by other leptonic
observables. The contributions from the box graph with
two internal leptoquarks are thus essential to reproduce
the benchmark value Cµ

LL

⇡ �1. This requires

X

i

���L

uiµ

��2 Re

�
�L�L†�

bs

V
tb

V ⇤
ts

� 1.74
���L

tµ

��2 ⇡ 12.5 M̂2
�

, (16)

while the analogous combination of right-handed cou-
plings should be smaller, so as to obtain Cµ

LR

⇡ 0. Com-
bining (16) with the upper bound in (12) yields

s
���L

uµ

��2 +
���L

cµ

��2 +

✓
1 � 0.77

M̂2
�

◆���L

tµ

��2 > 2.36 , (17)

where the top contribution is suppressed for the lep-
toquark masses we consider. In order to reporoduce
Cµ

LL

= �0.7 or �1.5 instead of the benchmark value �1
the right-hand side of this bound must be replaced by 2.0
or 2.9, respectively. The above condition can naturally be
satisfied with a large generation-diagonal coupling �L

cµ

.

The quantity (�L�L†)
bs

, normalized to V ⇤
ts

V
tb

, can
also be constrained by the existing measurements of the
B

s

�B̄
s

mixing amplitude. In our model the new-physics
contribution arises from box diagrams containing two
leptoquarks. It generates the same operator as in the
SM. It is thus useful to follow the suggestion of the
UTfit Collaboration and define the ratio C

Bs e2i�Bs ⌘

RK , Bs � ¯Bs mixing , Bs ! µ�µ+• 

• g � 2, ⌧ ! µ�, �gZµµ
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Flavor changing neutral current |�B| = |�S| = 1 processes are sensitive to possible new physics at
the electroweak scale and beyond, providing detailed information about flavor, chirality and Lorentz
structure. Recently the LHCb collaboration announced a 2.6� deviation in the measurement of
RK = B(B̄ ! K̄µµ)/B(B̄ ! K̄ee) from the standard model’s prediction of lepton universality.
We identify dimension six operators which could explain this deviation and study constraints from
other measurements. Vector and axial-vector four-fermion operators with flavor structure s̄b ¯̀̀ can
provide a good description of the data. Tensor operators cannot describe the data. Pseudo-scalar
and scalar operators only fit the data with some fine-tuning; they can be further probed with the
B̄ ! K̄ee angular distribution. The data appears to point towards CNPµ

9 = �CNPµ
10 < 0, an

SU(2)L invariant direction in parameter space supported by RK , the B̄ ! K̄⇤µµ forward-backward
asymmetry and the B̄s ! µµ branching ratio, which is currently allowed to be smaller than the
standard model prediction. We present two leptoquark models which can explain the FCNC data
and give predictions for the LHC and rare decays.

I. INTRODUCTION

At the tree level the Standard Model (SM) has only
flavor-universal gauge interactions, all flavor-dependent
interactions originate from the Yukawa couplings. The
LHCb collaboration recently determined the ratio of
branching ratios of B̄ ! K̄`` decays into dimuons over
dielectrons [1],

RK =
B(B̄ ! K̄µµ)

B(B̄ ! K̄ee)
, (1)

and obtained

RLHCb
K = 0.745±0.090

0.074 ±0.036 (2)

in the dilepton invariant mass squared bin 1GeV2  q2 <
6GeV2 [2]. Adding statistical and systematic uncertain-
ties in quadrature, this corresponds to a 2.6� deviation
from the SM prediction RK = 1.0003 ± 0.0001 [3], in-
cluding ↵s and subleading 1/mb corrections. Previous
measurements [4, 5] had significantly larger uncertainties
and were consistent with unity. Taken at face value, (2)
points towards lepton-non-universal physics beyond the
Standard Model (BSM).
In this work we discuss model-independent interpreta-
tions of the LHCb result for RK , taking into account
all additional available information on b ! s`` transi-
tions. We also propose two viable models with lepto-
quarks which predict RK < 1 and point out which future
measurements may be used to distinguish between our
models and other possible new physics scenarios.
The plan of the paper is as follows: In Section II we
introduce the low energy Hamiltonian and relevant ob-
servables for b ! s`` transitions. In Section III we per-
form a model-independent analysis and identify higher

dimensional operators that can describe existing data.
In Section IV we discuss two models in which the flavor-
changing neutral current is mediated at tree-level with
the favored flavor, chirality and Dirac structure as deter-
mined by our model-independent analysis. We summa-
rize in Section V.

II. MODEL-INDEPENDENT ANALYSIS

To interpret the data we use the following e↵ective
|�B| = |�S| = 1 Hamiltonian

H
e↵

= �4GFp
2

VtbV
⇤
ts

↵e

4⇡

X

i

Ci(µ)Oi(µ) , (3)

where ↵e, Vij and GF denote the fine structure constant,
the CKM matrix elements and Fermi’s constant, respec-
tively. The complete set of dimension six s̄b`` operators
comprises V, A operators (referring to the lepton current)

O
9

= [s̄�µPLb] [¯̀�
µ`] , O

10

= [s̄�µPLb] [¯̀�
µ�

5

`] , (4)

S, P operators

OS = [s̄PRb] [ ¯̀̀ ] , OP = [s̄PRb] [¯̀�5`] , (5)

and tensors

OT = [s̄�µ⌫b] [¯̀�
µ⌫`] , OT5

= [s̄�µ⌫b] [¯̀�
µ⌫�

5

`] . (6)

Chirality-flipped operators O0 are obtained by inter-
changing the chiral projectors PL $ PR in the quark
currents.
Parity conservation of the strong interactions implies
that B̄s ! `` decays depend on the Wilson coe�cient
combinations C� ⌘ C � C 0, whereas B̄ ! K̄`` decays
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to help in Eq. (18). Vector operators: Global fits which
also include B̄s ! �µµ data [18] indicate sizable contri-

butions from vector operators O(0)µ
9

. In fact, CNPµ
9

⇠ �1
is found to have the right sign and magnitude to explain
RK . However, most fits find that C 0µ

9

is of similar size
and opposite in sign so that the contributions to RK in
Eq. (18) cancel. Again, other operators or electrons are
needed. To summarize, at this point the outcome of the
global fits (performed without taking into account RK)
is inconclusive, whether or not BSM physics is preferred
by the data depends on how hadronic uncertainties are
treated and on the data set chosen. While the SM gives a
good fit [17] all groups indicate an intriguing support for

sizable C
(0)NP

9

, triggered by LHCb’s paper [19]. Future
updates including the analysis of the 3fb�1 data set will
shed light on this.
For our UV-interpretation of the data in the next Section

IV it is useful to change from the O(0)`
9,10 basis to one with

left- and right projected leptons

O`
LL ⌘ (O`

9

�O`
10

)/2 , O`
LR ⌘ (O`

9

+O`
10

)/2 , (20)

O`
RL ⌘ (O0`

9

�O0`
10

)/2 , O`
RR ⌘ (O0`

9

+O0`
10

)/2 , (21)

therefore

C`
LL = C`

9

� C`
10

, C`
LR = C`

9

+ C`
10

, (22)

C`
RL = C 0`

9

� C 0`
10

, C`
RR = C 0`

9

+ C 0`
10

. (23)

If we assume new physics in muons alone we can rewrite
Eqs. (13) and (18) to obtain constraints on the BSM
contributions

0.0 . Re[Cµ
LR + Cµ

RL � Cµ
LL � Cµ

RR] . 1.9 ,

0.7 . �Re[Cµ
LL + Cµ

RL] . 1.5 . (24)

One sees that the only single operator which improves
both constraints is Oµ

LL and a good fit of the above is
obtained with

Cµ
LL ' �1 , Cµ

ij = 0 otherwise (25)

which we adopt as our benchmark point. In terms of the
standard basis, this choice implies CNPµ

9

= �CNPµ
10

'
�0.5 and CNPµ

9

+ CNPµ
10

= 0. It would be interest-
ing to perform global fits as in [15–17] with this con-
straint to probe how this scenario stacks up against all
|�B| = |�S| = 1 data. In particular, all transversity
amplitudes corresponding to ¯̀�µ(1 + �

5

)` currents (AR)
in B̄ ! K̄⇤(! K̄⇡)`` decays in this scenario remain SM-
valued.
A few comments are in order: If B̄s ! µµ data had shown
an enhancement (of similar size for concreteness) over
the SM, the preferred one-operator benchmark would
have been Cµ

RL ' �1 with all other coe�cients vanish-
ing. In that case the new physics would have to gener-
ate right-handed quark FCNCs instead of SM-like left-
handed ones. This fact that B̄s ! µµ is a diagnostic for
the chirality of the quarks in BSM FCNCs makes more

precise measurements of B̄s ! µµ especially interesting.
Second, the constraint CNPµ

9

+ CNPµ
10

= 0 which is mo-
tivated by SU(2)L-invariance of the UV physics ensures
that the combination Re[C

9

C⇤
10

]/(|C
9

|2+ |C
10

|2) remains
invariant, i.e. SM-valued. This is helpful because this
combination enters in the dominant contributions to the
forward-backward asymmetry as well as in the angular
observable P 0

5

in B̄ ! K̄⇤µµ decays at high-q2, where
data are in agreement with the SM [20]. In fact, all high
q2 observables driven by ⇢

2

/⇢
1

follow this pattern of Wil-
son coe�cients [9] and would remain invariant if Cµ

LL 6= 0
were the sole BSM e↵ect. Third, Cµ

LL < 0 shifts the lo-
cation of the zero which is present in A

FB

(B̄ ! K̄⇤µµ)
at low q2 to higher values, also in agreement with current
data.

B. (Pseudo)scalars

Following [3] the RK-data implies for (pseudo-) scalar
contributions at 1 sigma 3

15 . 2Re[Cµ
P+

]�|Cµ
S+

|2�|Cµ
P+

|2+|Ce
S+

|2+|Ce
P+

|2.34 .
(26)

This constraint cannot be satisfied with muon operators
because the coe�cients of the quadratic terms enter with
minus signs and the linear term is either too small or
dominated by the quadratic terms. In addition, muon
scalars are subject to the B̄s ! µµ constraint (12), (13)

|Cµ
P�| . 0.3 , |Cµ

S�| . 0.1 B(B̄s ! µµ) . (27)

The corresponding electron contributions are bounded by
(15). We obtain at 1�(2�)

|Ce
S+

|2 + |Ce
P+

|2 . 4 (24) B(B̄ ! K̄ee) . (28)

The constraints from inclusive decays (16) are weaker,
and do not involve interference terms

|Ce
S |2 + |Ce

P |2 + |C 0e
S |2 + |C 0e

P |2 . 53 (91) B(B̄ ! Xsee) .
(29)

We checked that the available data on inclusive decays in
the bin 1GeV2 < q2 < 6GeV2 is even less constraining.
We learn that at 1 � an explanation of RK by (pseudo-)
scalar operators is excluded. At 2 � this is an option if
the electron contributions are sizable. However, in this
case one needs to accept cancellations between Ce

S,P and

C 0e
S,P due to the B̄s ! ee constraint (11), (13)

|Ce
S�|2 + |Ce

P�|2 . 1.3 B(B̄s ! ee) . (30)

In any case, a measurement of the flat term F e
H in the

B̄ ! K̄ee angular distribution (17) would probe this
scenario. This fact, that RK and F e

H are correlated had
already been pointed out in [3].

3
In the evaluation of the S, P and T, T5 constraints we keep

corrections proportional to a single power of the muon mass.
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to help in Eq. (18). Vector operators: Global fits which
also include B̄s ! �µµ data [18] indicate sizable contri-

butions from vector operators O(0)µ
9

. In fact, CNPµ
9

⇠ �1
is found to have the right sign and magnitude to explain
RK . However, most fits find that C 0µ

9

is of similar size
and opposite in sign so that the contributions to RK in
Eq. (18) cancel. Again, other operators or electrons are
needed. To summarize, at this point the outcome of the
global fits (performed without taking into account RK)
is inconclusive, whether or not BSM physics is preferred
by the data depends on how hadronic uncertainties are
treated and on the data set chosen. While the SM gives a
good fit [17] all groups indicate an intriguing support for

sizable C
(0)NP

9

, triggered by LHCb’s paper [19]. Future
updates including the analysis of the 3fb�1 data set will
shed light on this.
For our UV-interpretation of the data in the next Section

IV it is useful to change from the O(0)`
9,10 basis to one with

left- and right projected leptons

O`
LL ⌘ (O`

9

�O`
10

)/2 , O`
LR ⌘ (O`

9

+O`
10

)/2 , (20)

O`
RL ⌘ (O0`

9

�O0`
10

)/2 , O`
RR ⌘ (O0`

9

+O0`
10

)/2 , (21)

therefore

C`
LL = C`

9

� C`
10

, C`
LR = C`

9

+ C`
10

, (22)

C`
RL = C 0`

9

� C 0`
10

, C`
RR = C 0`

9

+ C 0`
10

. (23)

If we assume new physics in muons alone we can rewrite
Eqs. (13) and (18) to obtain constraints on the BSM
contributions

0.0 . Re[Cµ
LR + Cµ

RL � Cµ
LL � Cµ

RR] . 1.9 ,

0.7 . �Re[Cµ
LL + Cµ

RL] . 1.5 . (24)

One sees that the only single operator which improves
both constraints is Oµ

LL and a good fit of the above is
obtained with

Cµ
LL ' �1 , Cµ

ij = 0 otherwise (25)

which we adopt as our benchmark point. In terms of the
standard basis, this choice implies CNPµ

9

= �CNPµ
10

'
�0.5 and CNPµ

9

+ CNPµ
10

= 0. It would be interest-
ing to perform global fits as in [15–17] with this con-
straint to probe how this scenario stacks up against all
|�B| = |�S| = 1 data. In particular, all transversity
amplitudes corresponding to ¯̀�µ(1 + �

5

)` currents (AR)
in B̄ ! K̄⇤(! K̄⇡)`` decays in this scenario remain SM-
valued.
A few comments are in order: If B̄s ! µµ data had shown
an enhancement (of similar size for concreteness) over
the SM, the preferred one-operator benchmark would
have been Cµ

RL ' �1 with all other coe�cients vanish-
ing. In that case the new physics would have to gener-
ate right-handed quark FCNCs instead of SM-like left-
handed ones. This fact that B̄s ! µµ is a diagnostic for
the chirality of the quarks in BSM FCNCs makes more

precise measurements of B̄s ! µµ especially interesting.
Second, the constraint CNPµ

9

+ CNPµ
10

= 0 which is mo-
tivated by SU(2)L-invariance of the UV physics ensures
that the combination Re[C

9

C⇤
10

]/(|C
9

|2+ |C
10

|2) remains
invariant, i.e. SM-valued. This is helpful because this
combination enters in the dominant contributions to the
forward-backward asymmetry as well as in the angular
observable P 0

5

in B̄ ! K̄⇤µµ decays at high-q2, where
data are in agreement with the SM [20]. In fact, all high
q2 observables driven by ⇢

2

/⇢
1

follow this pattern of Wil-
son coe�cients [9] and would remain invariant if Cµ

LL 6= 0
were the sole BSM e↵ect. Third, Cµ

LL < 0 shifts the lo-
cation of the zero which is present in A

FB

(B̄ ! K̄⇤µµ)
at low q2 to higher values, also in agreement with current
data.

B. (Pseudo)scalars

Following [3] the RK-data implies for (pseudo-) scalar
contributions at 1 sigma 3

15 . 2Re[Cµ
P+

]�|Cµ
S+

|2�|Cµ
P+

|2+|Ce
S+

|2+|Ce
P+

|2.34 .
(26)

This constraint cannot be satisfied with muon operators
because the coe�cients of the quadratic terms enter with
minus signs and the linear term is either too small or
dominated by the quadratic terms. In addition, muon
scalars are subject to the B̄s ! µµ constraint (12), (13)

|Cµ
P�| . 0.3 , |Cµ

S�| . 0.1 B(B̄s ! µµ) . (27)

The corresponding electron contributions are bounded by
(15). We obtain at 1�(2�)

|Ce
S+

|2 + |Ce
P+

|2 . 4 (24) B(B̄ ! K̄ee) . (28)

The constraints from inclusive decays (16) are weaker,
and do not involve interference terms

|Ce
S |2 + |Ce

P |2 + |C 0e
S |2 + |C 0e

P |2 . 53 (91) B(B̄ ! Xsee) .
(29)

We checked that the available data on inclusive decays in
the bin 1GeV2 < q2 < 6GeV2 is even less constraining.
We learn that at 1 � an explanation of RK by (pseudo-)
scalar operators is excluded. At 2 � this is an option if
the electron contributions are sizable. However, in this
case one needs to accept cancellations between Ce

S,P and

C 0e
S,P due to the B̄s ! ee constraint (11), (13)

|Ce
S�|2 + |Ce

P�|2 . 1.3 B(B̄s ! ee) . (30)

In any case, a measurement of the flat term F e
H in the

B̄ ! K̄ee angular distribution (17) would probe this
scenario. This fact, that RK and F e

H are correlated had
already been pointed out in [3].

3
In the evaluation of the S, P and T, T5 constraints we keep

corrections proportional to a single power of the muon mass.

and

a good fit is found for 

Benchmark: 

3

to help in Eq. (18). Vector operators: Global fits which
also include B̄s ! �µµ data [18] indicate sizable contri-

butions from vector operators O(0)µ
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. In fact, CNPµ
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⇠ �1
is found to have the right sign and magnitude to explain
RK . However, most fits find that C 0µ

9

is of similar size
and opposite in sign so that the contributions to RK in
Eq. (18) cancel. Again, other operators or electrons are
needed. To summarize, at this point the outcome of the
global fits (performed without taking into account RK)
is inconclusive, whether or not BSM physics is preferred
by the data depends on how hadronic uncertainties are
treated and on the data set chosen. While the SM gives a
good fit [17] all groups indicate an intriguing support for

sizable C
(0)NP
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, triggered by LHCb’s paper [19]. Future
updates including the analysis of the 3fb�1 data set will
shed light on this.
For our UV-interpretation of the data in the next Section

IV it is useful to change from the O(0)`
9,10 basis to one with

left- and right projected leptons

O`
LL ⌘ (O`

9

�O`
10

)/2 , O`
LR ⌘ (O`

9

+O`
10

)/2 , (20)

O`
RL ⌘ (O0`

9

�O0`
10

)/2 , O`
RR ⌘ (O0`

9

+O0`
10

)/2 , (21)

therefore

C`
LL = C`

9

� C`
10

, C`
LR = C`

9

+ C`
10

, (22)

C`
RL = C 0`

9

� C 0`
10

, C`
RR = C 0`

9

+ C 0`
10

. (23)

If we assume new physics in muons alone we can rewrite
Eqs. (13) and (18) to obtain constraints on the BSM
contributions

0.0 . Re[Cµ
LR + Cµ

RL � Cµ
LL � Cµ

RR] . 1.9 ,

0.7 . �Re[Cµ
LL + Cµ

RL] . 1.5 . (24)

One sees that the only single operator which improves
both constraints is Oµ

LL and a good fit of the above is
obtained with

Cµ
LL ' �1 , Cµ

ij = 0 otherwise (25)

which we adopt as our benchmark point. In terms of the
standard basis, this choice implies CNPµ

9

= �CNPµ
10

'
�0.5 and CNPµ

9

+ CNPµ
10

= 0. It would be interest-
ing to perform global fits as in [15–17] with this con-
straint to probe how this scenario stacks up against all
|�B| = |�S| = 1 data. In particular, all transversity
amplitudes corresponding to ¯̀�µ(1 + �

5

)` currents (AR)
in B̄ ! K̄⇤(! K̄⇡)`` decays in this scenario remain SM-
valued.
A few comments are in order: If B̄s ! µµ data had shown
an enhancement (of similar size for concreteness) over
the SM, the preferred one-operator benchmark would
have been Cµ

RL ' �1 with all other coe�cients vanish-
ing. In that case the new physics would have to gener-
ate right-handed quark FCNCs instead of SM-like left-
handed ones. This fact that B̄s ! µµ is a diagnostic for
the chirality of the quarks in BSM FCNCs makes more

precise measurements of B̄s ! µµ especially interesting.
Second, the constraint CNPµ

9

+ CNPµ
10

= 0 which is mo-
tivated by SU(2)L-invariance of the UV physics ensures
that the combination Re[C

9

C⇤
10

]/(|C
9

|2+ |C
10

|2) remains
invariant, i.e. SM-valued. This is helpful because this
combination enters in the dominant contributions to the
forward-backward asymmetry as well as in the angular
observable P 0

5

in B̄ ! K̄⇤µµ decays at high-q2, where
data are in agreement with the SM [20]. In fact, all high
q2 observables driven by ⇢

2

/⇢
1

follow this pattern of Wil-
son coe�cients [9] and would remain invariant if Cµ

LL 6= 0
were the sole BSM e↵ect. Third, Cµ

LL < 0 shifts the lo-
cation of the zero which is present in A

FB

(B̄ ! K̄⇤µµ)
at low q2 to higher values, also in agreement with current
data.

B. (Pseudo)scalars

Following [3] the RK-data implies for (pseudo-) scalar
contributions at 1 sigma 3

15 . 2Re[Cµ
P+

]�|Cµ
S+

|2�|Cµ
P+

|2+|Ce
S+

|2+|Ce
P+

|2.34 .
(26)

This constraint cannot be satisfied with muon operators
because the coe�cients of the quadratic terms enter with
minus signs and the linear term is either too small or
dominated by the quadratic terms. In addition, muon
scalars are subject to the B̄s ! µµ constraint (12), (13)

|Cµ
P�| . 0.3 , |Cµ

S�| . 0.1 B(B̄s ! µµ) . (27)

The corresponding electron contributions are bounded by
(15). We obtain at 1�(2�)

|Ce
S+

|2 + |Ce
P+

|2 . 4 (24) B(B̄ ! K̄ee) . (28)

The constraints from inclusive decays (16) are weaker,
and do not involve interference terms

|Ce
S |2 + |Ce

P |2 + |C 0e
S |2 + |C 0e

P |2 . 53 (91) B(B̄ ! Xsee) .
(29)

We checked that the available data on inclusive decays in
the bin 1GeV2 < q2 < 6GeV2 is even less constraining.
We learn that at 1 � an explanation of RK by (pseudo-)
scalar operators is excluded. At 2 � this is an option if
the electron contributions are sizable. However, in this
case one needs to accept cancellations between Ce

S,P and

C 0e
S,P due to the B̄s ! ee constraint (11), (13)

|Ce
S�|2 + |Ce

P�|2 . 1.3 B(B̄s ! ee) . (30)

In any case, a measurement of the flat term F e
H in the

B̄ ! K̄ee angular distribution (17) would probe this
scenario. This fact, that RK and F e

H are correlated had
already been pointed out in [3].

3
In the evaluation of the S, P and T, T5 constraints we keep

corrections proportional to a single power of the muon mass.
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to help in Eq. (18). Vector operators: Global fits which
also include B̄s ! �µµ data [18] indicate sizable contri-

butions from vector operators O(0)µ
9

. In fact, CNPµ
9

⇠ �1
is found to have the right sign and magnitude to explain
RK . However, most fits find that C 0µ

9

is of similar size
and opposite in sign so that the contributions to RK in
Eq. (18) cancel. Again, other operators or electrons are
needed. To summarize, at this point the outcome of the
global fits (performed without taking into account RK)
is inconclusive, whether or not BSM physics is preferred
by the data depends on how hadronic uncertainties are
treated and on the data set chosen. While the SM gives a
good fit [17] all groups indicate an intriguing support for

sizable C
(0)NP

9

, triggered by LHCb’s paper [19]. Future
updates including the analysis of the 3fb�1 data set will
shed light on this.
For our UV-interpretation of the data in the next Section

IV it is useful to change from the O(0)`
9,10 basis to one with

left- and right projected leptons

O`
LL ⌘ (O`
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�O`
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)/2 , O`
LR ⌘ (O`
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+O`
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)/2 , (20)
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9

�O0`
10

)/2 , O`
RR ⌘ (O0`

9

+O0`
10

)/2 , (21)

therefore

C`
LL = C`

9

� C`
10

, C`
LR = C`

9

+ C`
10

, (22)

C`
RL = C 0`

9

� C 0`
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, C`
RR = C 0`

9

+ C 0`
10

. (23)

If we assume new physics in muons alone we can rewrite
Eqs. (13) and (18) to obtain constraints on the BSM
contributions

0.0 . Re[Cµ
LR + Cµ

RL � Cµ
LL � Cµ

RR] . 1.9 ,

0.7 . �Re[Cµ
LL + Cµ

RL] . 1.5 . (24)

One sees that the only single operator which improves
both constraints is Oµ

LL and a good fit of the above is
obtained with

Cµ
LL ' �1 , Cµ

ij = 0 otherwise (25)

which we adopt as our benchmark point. In terms of the
standard basis, this choice implies CNPµ

9

= �CNPµ
10

'
�0.5 and CNPµ

9

+ CNPµ
10

= 0. It would be interest-
ing to perform global fits as in [15–17] with this con-
straint to probe how this scenario stacks up against all
|�B| = |�S| = 1 data. In particular, all transversity
amplitudes corresponding to ¯̀�µ(1 + �

5

)` currents (AR)
in B̄ ! K̄⇤(! K̄⇡)`` decays in this scenario remain SM-
valued.
A few comments are in order: If B̄s ! µµ data had shown
an enhancement (of similar size for concreteness) over
the SM, the preferred one-operator benchmark would
have been Cµ

RL ' �1 with all other coe�cients vanish-
ing. In that case the new physics would have to gener-
ate right-handed quark FCNCs instead of SM-like left-
handed ones. This fact that B̄s ! µµ is a diagnostic for
the chirality of the quarks in BSM FCNCs makes more

precise measurements of B̄s ! µµ especially interesting.
Second, the constraint CNPµ

9

+ CNPµ
10

= 0 which is mo-
tivated by SU(2)L-invariance of the UV physics ensures
that the combination Re[C

9

C⇤
10

]/(|C
9

|2+ |C
10

|2) remains
invariant, i.e. SM-valued. This is helpful because this
combination enters in the dominant contributions to the
forward-backward asymmetry as well as in the angular
observable P 0

5

in B̄ ! K̄⇤µµ decays at high-q2, where
data are in agreement with the SM [20]. In fact, all high
q2 observables driven by ⇢

2

/⇢
1

follow this pattern of Wil-
son coe�cients [9] and would remain invariant if Cµ

LL 6= 0
were the sole BSM e↵ect. Third, Cµ

LL < 0 shifts the lo-
cation of the zero which is present in A

FB

(B̄ ! K̄⇤µµ)
at low q2 to higher values, also in agreement with current
data.

B. (Pseudo)scalars

Following [3] the RK-data implies for (pseudo-) scalar
contributions at 1 sigma 3

15 . 2Re[Cµ
P+

]�|Cµ
S+

|2�|Cµ
P+

|2+|Ce
S+

|2+|Ce
P+

|2.34 .
(26)

This constraint cannot be satisfied with muon operators
because the coe�cients of the quadratic terms enter with
minus signs and the linear term is either too small or
dominated by the quadratic terms. In addition, muon
scalars are subject to the B̄s ! µµ constraint (12), (13)

|Cµ
P�| . 0.3 , |Cµ

S�| . 0.1 B(B̄s ! µµ) . (27)

The corresponding electron contributions are bounded by
(15). We obtain at 1�(2�)

|Ce
S+

|2 + |Ce
P+

|2 . 4 (24) B(B̄ ! K̄ee) . (28)

The constraints from inclusive decays (16) are weaker,
and do not involve interference terms

|Ce
S |2 + |Ce

P |2 + |C 0e
S |2 + |C 0e

P |2 . 53 (91) B(B̄ ! Xsee) .
(29)

We checked that the available data on inclusive decays in
the bin 1GeV2 < q2 < 6GeV2 is even less constraining.
We learn that at 1 � an explanation of RK by (pseudo-)
scalar operators is excluded. At 2 � this is an option if
the electron contributions are sizable. However, in this
case one needs to accept cancellations between Ce

S,P and

C 0e
S,P due to the B̄s ! ee constraint (11), (13)

|Ce
S�|2 + |Ce

P�|2 . 1.3 B(B̄s ! ee) . (30)

In any case, a measurement of the flat term F e
H in the

B̄ ! K̄ee angular distribution (17) would probe this
scenario. This fact, that RK and F e

H are correlated had
already been pointed out in [3].

3
In the evaluation of the S, P and T, T5 constraints we keep

corrections proportional to a single power of the muon mass.

3

or the same-chirality couplings dominate, we derive from
the current experimental upper limit Br(D0 ! µ+µ�) <
7.6 · 10�9 (at 95% CL) [32] the bounds

q���L
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��2���R
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��2 +
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��2���L
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,
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(14)

Compared with [33] we obtain significantly stronger
bounds on the mixed-chirality couplings, because we in-
clude RG evolution e↵ects of the charm-quark mass. On
the other hand, a slightly stronger bound (by about a
factor 3) than ours on the same-chirality couplings can
be derived from the decay D+ ! ⇡+µ+µ� [33, 34]. Note
that relations (8), (12) and (14) can naturally be satisfied
assuming hierarchical mixing matrices with O(1) entries
for the left-handed couplings and an overall suppression
of right-handed couplings. Such a suppression is techni-
cally natural, since the right-handed coupligns arise from
a di↵erent operator in the Lagrangian (4).

Loop-Induced Processes. Earlier this year, LHCb has
reported a striking departure from lepton universality in
the ratio R

K

in (2) [17]. Leptoquarks can provide a nat-
ural source of flavor universality violation, because their
couplings to fermions are not governed by gauge sym-
metries, see e.g. [35, 36]. A model-independent analysis
of this observable was presented in [37–39], while global
fits combining the data on R

K

with other observables in
b ! s`+`� transitions (in particular with angular observ-
ables in B̄ ! K̄⇤µ+µ�) were performed in [21–24]. The
authors of [37–39] also studied two leptoquark models, in
which contributions to R

K

arise at tree level. In this case
the leptoquark mass is expected to be outside the reach
for discovery at the LHC, unless the relevant couplings
are very small. In our model e↵ects on R

K

arise first
at one-loop order, from diagrams such as those shown
in Figure 2. Working in the limit where M2
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,
we obtain for the contributions to the relevant Wilson
coe�cients in the basis of [37]
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where f(x
t

) = 1+ 3
xt�1

�
ln xt
xt�1 �1

� ⇡ 0.47. Analogous ex-

pressions hold for b ! se+e� transitions. The first term
in each expression arises from the four mixed W– � box
graphs. Importantly, it inherits the CKM and GIM sup-
pression factors of the SM box diagrams. The remaining
terms result from the box diagram containing two lepto-
quarks. Relation (6) is essential to ensure that the sum of
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all diagrams is gauge invariant. A good fit to the data can
be obtained for �1.5 < Cµ

LL

< �0.7 and Cµ

LR

⇡ 0 at µ ⇠
M

�

, assuming that new physics only a↵ects the muon
mode – the “one-operator benchmark point” considered
in [37]. In this letter we concentrate on this benchmark
point for simplicity. Interestingly, the global fit to all
b ! s`+`� data is also much improved for Cµ

LL

⇡ �1
and Cµ

LR

⇡ 0 [21–24], and even the slight deviation in the
ratio Br(B

s

! µ+µ�)/Br(B
s

! µ+µ�)SM = 0.79 ± 0.20
seen in the combination of LHCb [40] and CMS [41] mea-
surements can be explained. These observations yield
further evidence for the suppression of right-handed lep-
toquark couplings compared with left-handed ones. We
will see below that such a pattern is also required by
purely leptonic rare processes.

The contributions from mixed W– � box graphs in (15)
are controlled by the couplings of the leptoquark to top-
quarks and muons. These terms are predicted to be posi-
tive in our model and hence alone they cannot explain the
R

K

anomaly. Indeed, as we will show, the correspond-
ing couplings are tightly constrained by other leptonic
observables. The contributions from the box graph with
two internal leptoquarks are thus essential to reproduce
the benchmark value Cµ

LL

⇡ �1. This requires

X

i

���L

uiµ

��2 Re

�
�L�L†�

bs

V
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V ⇤
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� 1.74
���L

tµ

��2 ⇡ 12.5 M̂2
�

, (16)

while the analogous combination of right-handed cou-
plings should be smaller, so as to obtain Cµ

LR

⇡ 0. Com-
bining (16) with the upper bound in (12) yields

s
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uµ

��2 +
���L

cµ

��2 +

✓
1 � 0.77

M̂2
�

◆���L

tµ

��2 > 2.36 , (17)

where the top contribution is suppressed for the lep-
toquark masses we consider. In order to reporoduce
Cµ

LL

= �0.7 or �1.5 instead of the benchmark value �1
the right-hand side of this bound must be replaced by 2.0
or 2.9, respectively. The above condition can naturally be
satisfied with a large generation-diagonal coupling �L

cµ

.

The quantity (�L�L†)
bs

, normalized to V ⇤
ts

V
tb

, can
also be constrained by the existing measurements of the
B

s

�B̄
s

mixing amplitude. In our model the new-physics
contribution arises from box diagrams containing two
leptoquarks. It generates the same operator as in the
SM. It is thus useful to follow the suggestion of the
UTfit Collaboration and define the ratio C

Bs e2i�Bs ⌘

Constrained to be 
< 2.3  by R⌫⌫

)
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i [42]. We obtain
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where g =
p

4⇡↵/s
W

is the SU(2) gauge coupling, and

S0(xt

) = 4xt�11x2
t+x

3
t

4(1�xt)2
� 3x3

t ln xt

2(1�xt)3
⇡ 2.30 is the loop

function for the SM box diagram. The values obtained
from the global fit are C

Bs = 1.052 ± 0.084 and �
Bs =

(0.72±2.06)�, which when interpreted as a measurement
of leptoquark parameters gives rise to

�
�L�L†�

bs

V
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V ⇤
ts

⇡ (1.87 + 0.45i) M̂
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. (19)

Note that for M
�

. 1 TeV the central value of the real
part of this ratio is close to the upper bound obtained
in (12). At 90% CL the real part can be as large as
3.6 M̂

�

, while the phase becomes undetermined. As long
as M

�

< 1.6 TeV, the upper bound on the real part is
thus somewhat weaker than the one obtained from (12).
It is interesting that to reproduce the benchmark value
Cµ

LL

⇡ �1 we need a value of (�L�L†)
bs

close to the upper
bound in (16) and close to the central value in (19). Our
model thus predicts that the B̄ ! K̄(⇤)⌫⌫̄ decay rates
are enhanced compared with the SM, and that future
measurements should find a new-physics contribution to
B

s

�B̄
s

mixing close to the current best fit value.
Further constraints on the leptoquark couplings in (17)

arise from LEP measurements of the Z-boson partial
widths into leptons. In particular, we find for the one-
loop corrections to the Zµµ̄ couplings [Cite [43–45]?]
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where the upper (lower) sign refers to A = L (R). For
simplicity we have set m2

Z

/(4m2
t

) ! 0 in the top contri-
bution, which numerically is a good approximation. We
will require that the Z ! µ+µ� partial width agrees with
its SM value within 2� of its experimental error. [Is this

the right thing to do? And what about scalar/tensor

couplings?] Assuming that the left-handed couplings are
larger than the right-handed ones, and that a single cou-
pling combination dominates, we obtain
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where b
cu

= 1+0.39 ln M̂
�

and b
t

= 1+0.76 ln M̂
�

. The
first relation is compatible with the bound (17) as long
as M

�

> 0.67 TeV.
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FIG. 3. Loop diagrams contributing to (g� 2)µ and ⌧ ! µ�.

The couplings of the muon to up-type quarks, which
enter in (15), also contribute to the muon anomalous
magnetic moment a

µ

= (g � 2)
µ

/2 and the rare decay
⌧ ! µ�. In our model, new-physics contributions to
these quantities arise from the one-loop vertex correc-
tions shown in Figure 3. Working in the limit where
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� m2
t

, we obtain
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The present experimental value of a
µ

di↵ers from the
SM prediction by about (287 ± 80) · 10�11 [46]. When
interpreted in terms of our model, this translates into
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= 1 + 1.06 ln M̂
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= 1 + 0.17 ln M̂
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,
and we neglect some numerically small terms propor-
tional to m2
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. A left-handed coupling
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to saturate relation (17) implies that
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= 1 TeV). An order-of-magnitude stronger bound is
implied on the imaginary parts of the coupling by the
present upper bound on the muon EDM [25]. The lepto-
quark contribution to a

µ

is tightly correlated with one-
loop radiative corrections to the masses of the charged
leptons. Relation (23) ensures that these corrections
are well inside the perturbative regime. Writing the
e↵ective Lagrangian for ⌧ ! µ� decay in the form
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and C(�)
RL

is obtained from this expression by exchang-
ing L and R. These results are in agreement with the
findings of [51, 53]. The corresponding branching ratio is

obtained as Br(⌧ ! µ�) = ⌧⌧m
3
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4⇡

�|C
LR

|2 + |C
RL

|2�. Ex-
perimentally, this branching ratio is bounded by 4.4·10�8

at 90% CL [52]. This implies the strong constraint
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If we want to explain the R

D

(⇤) anomaly using the lepto-
quark couplings shown in (8), and R

K

using
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where g =
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Note that for M
�

. 1 TeV the central value of the real
part of this ratio is close to the upper bound obtained
in (12). At 90% CL the real part can be as large as
3.6 M̂

�

, while the phase becomes undetermined. As long
as M

�

< 1.6 TeV, the upper bound on the real part is
thus somewhat weaker than the one obtained from (12).
It is interesting that to reproduce the benchmark value
Cµ

LL

⇡ �1 we need a value of (�L�L†)
bs

close to the upper
bound in (16) and close to the central value in (19). Our
model thus predicts that the B̄ ! K̄(⇤)⌫⌫̄ decay rates
are enhanced compared with the SM, and that future
measurements should find a new-physics contribution to
B

s

�B̄
s

mixing close to the current best fit value.
Further constraints on the leptoquark couplings enter-

ing (17) arise from LEP measurements of the Z-boson
partial widths into leptons. In particular, we find for the
one-loop corrections to the Zµµ̄ couplings
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where the upper (lower) sign refers to A = L (R). For
simplicity we have set m2

Z

/(4m2
t

) ! 0 in the top contri-
bution, which numerically is a good approximation. We
require that the Z ! µ+µ� partial width agrees with its
SM value within 2� of its experimental error. Assum-
ing that the left-handed couplings are larger than the
right-handed ones, and that a single coupling combina-
tion dominates, we obtain
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. The
first relation is compatible with the bound (17) as long
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FIG. 3. Loop diagrams contributing to (g�2)µ and ⌧ ! µ�.

The couplings of the muon to up-type quarks, which
enter in (15), also contribute to the muon anomalous
magnetic moment a

µ

= (g � 2)
µ

/2 and the rare decay
⌧ ! µ�. In our model, new-physics contributions to
these quantities arise from the one-loop vertex correc-
tions shown in Figure 3. Working in the limit where
M2
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t

, we obtain in agreement with [42–44]
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where m
q

⌘ m
q

(m
q

) are running quark masses. The
present experimental value of a

µ

di↵ers from the SM pre-
diction by (287± 80) · 10�11 [45]. The last term above is
negative and thus of wrong sign, however it is suppressed
by the small muon mass. Assuming the worst case, where
the first bound in (21) is saturated, this term contributes
approximately �37 · 10�11. To reproduce the observed
value in our model, we must then require that (we use
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of right-handed couplings compared with left-handed
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Note that for M
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. 1 TeV the central value of the real
part of this ratio is close to the upper bound obtained
in (12). At 90% CL the real part can be as large as
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, while the phase becomes undetermined. As long
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< 1.6 TeV, the upper bound on the real part is
thus somewhat weaker than the one obtained from (12).
It is interesting that to reproduce the benchmark value
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close to the upper
bound in (16) and close to the central value in (19). Our
model thus predicts that the B̄ ! K̄(⇤)⌫⌫̄ decay rates
are enhanced compared with the SM, and that future
measurements should find a new-physics contribution to
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mixing close to the current best fit value.
Further constraints on the leptoquark couplings enter-

ing (17) arise from LEP measurements of the Z-boson
partial widths into leptons. In particular, we find for the
one-loop corrections to the Zµµ̄ couplings
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where the upper (lower) sign refers to A = L (R). For
simplicity we have set m2
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) ! 0 in the top contri-
bution, which numerically is a good approximation. We
require that the Z ! µ+µ� partial width agrees with its
SM value within 2� of its experimental error. Assum-
ing that the left-handed couplings are larger than the
right-handed ones, and that a single coupling combina-
tion dominates, we obtain
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The couplings of the muon to up-type quarks, which
enter in (15), also contribute to the muon anomalous
magnetic moment a

µ
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/2 and the rare decay
⌧ ! µ�. In our model, new-physics contributions to
these quantities arise from the one-loop vertex correc-
tions shown in Figure 3. Working in the limit where
M2

�

� m2
t

, we obtain in agreement with [42–44]

a(�)
µ

=
X

q=t,c

m
µ

m
q

4⇡2M2
�

✓
ln

M2
�

m2
q

� 7

4

◆
Re

�
�R

qµ

�L⇤
qµ

�

� m2
µ

32⇡2M2
�

h�
�L†�L

�
µµ

+
�
�R†�R

�
µµ

i
,

(22)

where m
q

⌘ m
q

(m
q

) are running quark masses. The
present experimental value of a

µ

di↵ers from the SM pre-
diction by (287± 80) · 10�11 [45]. The last term above is
negative and thus of wrong sign, however it is suppressed
by the small muon mass. Assuming the worst case, where
the first bound in (21) is saturated, this term contributes
approximately �37 · 10�11. To reproduce the observed
value in our model, we must then require that (we use
m

c

⇡ 1.275 GeV)

a
c
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�
�R
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�L⇤
cµ

�
+ 20.7a

t

Re
�
�R

tµ

�L⇤
tµ

� ⇡ 0.08 M̂2
�

, (23)

where a
t

= 1 + 1.06 ln M̂
�

and a
c

= 1 + 0.17 ln M̂
�

. As-
suming hierarchical coupling matrices and a suppression
of right-handed couplings compared with left-handed
ones, as mentioned earlier, both terms on the left-handed
side can naturally be made of the right magnitude to
explain the anomaly. We stress that a

µ

is the only ob-
servable studied in this letter which requires a non-zero
right-handed coupling of the leptoquark. For example,
if (17) is satisfied with |�L

cµ

| ⇠ 2.4, the a
µ

anomaly can
be explained with |�R

cµ

| ⇠ 0.03. The leptoquark contri-
bution to a

µ

is tightly correlated with one-loop radiative
corrections to the masses of the charged leptons. Rela-
tion (23) ensures that these corrections stay well inside
the perturbative regime. The Wilson coe�cients of the
dipole operators mediating the radiative decay ⌧ ! µ�
are given by expressions very closely resembling those
in (22) [43, 46]. From the current experimental bound
Br(⌧ ! µ�) < 4.4 · 10�8 at 90% CL [47], we obtain
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• One-loop Contribution to 
g-2
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For |�L
cµ| ⇠ 2.4, we need |�R

cµ| ⇠ 0.03.

(g � 2)µ

�aµ = (287± 80)⇥ 10�11

…wrong sign, but small
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BR(⌧ ! µ�) < 4.4 · 10�8 at 90% CL
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With these values, BR(h ! µ⌧) ⇡ 10

�9
.

The central value of the CMS measurement is 0.84%.
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 One Leptoquark: Full Disclosure
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Potentially problematic: the ratio 

Not measured, but unlikely to be large from PDG 
combination of B data to extract Vcb

experiment, Rexp

D = 0.41(5) [11,12]. In fact, the couplings of �(1/3) to the muon, which are
necessary to get RK < 1, are large enough and push RD to values smaller than the SM
one. 9 Furthermore, even though we were able to find points that give acceptable values
for RK , we find that the selected points are in conflict with

R

µ/e
D =

B(B ! Dµ⌫)

B(B ! De⌫)
, (28)

as depicted in the right panel of Fig. 2. Although R

µ/e
D has not been experimentally es-

tablished, values of Rµ/e
D ⇡ 1.05 seem already implausible, since the B(B ! De⌫) and

B(B ! Dµ⌫) data have been successfully combined in B-factory experiments to extract
G(1)|Vcb|. In Ref. [22] it was even argued that such a deviation from lepton flavor univer-
sality cannot be larger than 2%. In Fig. 2, however, we see that the points selected to
satisfy the observed R

exp

K result in R

µ/e
D > 1.8, a large departure from one. We, therefore,

conclude that one cannot accommodate the experimental value R

exp

K without producing
a huge enhancement of B(B ! Dµ⌫), which implies RD . R

SM

D and unacceptably large

R

µ/e
D . 10 We were insisting on the agreement with the experimental value Rexp

K . If, instead,
one wants to accommodate the experimental value Rexp

D with this model [42], the resulting
values of the couplings to muon are either zero or far too small to explain R

exp

K .

Figure 2: RD ⌘ R

⌧/`
D (left panel) and R

µ/e
D (right panel) are plotted against RK . The allowed

points are compared with the experimental values (gray and green bands) at 1�. The dashed

magenta line on the right panel corresponds to the SM prediction for R
µ/e
D ' 0.995. The theory

error bars for RD are not shown on the left panel. They are estimated to be of the order of a few
percent.

There are several sources of disagreement between the present paper and Ref. [21],
which we comment on in detail. First of all, their best fit values for RD(⇤) were obtained

9In obtaining RD we used the B ! D form factors recently computed in lattice QCD [46], which also
give R

SM

D = 0.286(12).
10In obtaining R

µ/e
D > 1.8 we used m

pole

t . Had we used m

MS

t (mt) we would have obtained R

µ/e
D > 1.5,

still much larger than R

µ/e
D . 1.05.

12

Rµ/e
D =

B̄ ! Dµ⌫̄

B̄ ! De⌫̄



 One Leptoquark to Rule   Them All: 
Conclusions 

• An extension of the SM with a single leptoquark 
                            can explain                   and 
     assuming order one generation- diagonal and  
    suppressed off-diagonal couplings 

� ⇠ (3,1)�1/3 RK , R(D(⇤)) (g � 2)µ

• UV motivation: R-parity violating SUSY with a split 
spectrum and TeV scale right-handed sbottoms 

R⌫⌫ , Bs � B̄s• Correlated effects  in                    mixing unavoidable  

• Z boson coupling modifications can be probed at TLEP   
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 One Leptoquark: D0 ! µ+µ�
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FIG. 1. Tree-level diagrams contributing to weak decays.

and U
q

(V
q

) denote the rotations of the left-handed
(right-handed) fermion fields. These definitions imply

V T

CKM �L

ue

= �L

d⌫

VPMNS , (6)

which involves the CKM and PMNS mixing matrices. In
the absence of neutrino masses, the PMNS matrix can
be rotated away in the SM by means of a field redefini-
tion. In our model the leptoquark couplings di↵erentiate
between neutrino flavors, and hence the PMNS matrix
becomes an observable quantity. Both ATLAS and CMS
have searched for pair-produced leptoquarks in various
final states. The search channels ��⇤ ! µ+µ�jj and
��⇤ ! bb̄⌫⌫̄ are the most relevant ones for our analy-
sis. The most recent ATLAS/CMS analyses exclude a
leptoquark lighter than 850 GeV/760 GeV at 95% CL,
assuming Br(� ! µj) = 0.5 [26, 27]. ATLAS also derives
a lower bound of 625 GeV assuming Br(� ! b⌫) = 1 [26].
These bounds can be weakened by reducing the branch-
ing fractions to the relevant final states.

Tree-Level Processes. The leptoquark � mediates
semileptonic B meson decays at tree level, as shown in
the first graph of Figure 1. This gives rise to the e↵ective
Lagrangian

L(�)
e↵ =
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2M2
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
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ui`j
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�µ⌫⌫k
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4

◆�
,

where i, j, k are flavor indices. The first term generates
additive contributions to the CKM matrix elements V

ub

and V
cb

, which may be di↵erent for the di↵erent lepton
flavors. The second term includes novel tensor structures
not present in the SM. It may help to explain why de-
terminations of V

ub

and V
cb

from inclusive and exclusive
B-meson decays give rise to di↵erent results [25]. Of par-
ticular interest are the decays B̄ ! D(⇤)⌧ ⌫̄, whose rates
are found to be about 30% larger than in the SM. A
model-independent analysis of this anomaly in the con-
text of e↵ective operators, including the e↵ects of RG
evolution from µ = M

�

to µ = m
b

, has been performed
in [13, 16]. In the last paper it was found that an excel-
lent fit to the experimental data is obtained for a scalar
leptoquark with parameters

�L⇤
c⌧

�L

b⌫⌧
⇡(0.35 ± 0.4)M̂2

�

, �R⇤
c⌧

�L

b⌫⌧
⇡�(0.03 ± 0.5)M̂2

�

(8)
with strongly anti-correlated errors, where for simplic-
ity it was assumed that the only relevant neutrino is ⌫

⌧

.

Throughout this letter M̂
�

⌘ M
�

/TeV. For a leptoquark
mass near the TeV scale, these conditions can naturally
be satisfied with O(1) left-handed and somewhat smaller
right-handed couplings. There exist three other solutions
for the coupling parameters which we will ignore, since
they would require significantly larger values.

Our model also gives rise to tree-level flavor-changing
neutral currents (FCNCs), some examples of which are
shown in Figure 1. Particularly important for our anal-
ysis are the rare decays B̄ ! K̄⌫⌫̄ and D0 ! µ+µ�.
The e↵ective Lagrangian for B̄ ! K̄(⇤)⌫⌫̄ as well as the
corresponding inclusive decay reads

L(�)
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s̄
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�
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L

. (9)

Apart from possibly di↵erent neutrino flavors, this in-
volves the same operator as in the SM. It follows that
the ratio R

⌫⌫̄

= �/�SM for either the exclusive or the
inclusive decays is given by
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where
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P

i
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etc., and
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)
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⇡ 1.91
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. (11)

Here X0(xt

) = xt(2+xt)
8(xt�1) + 3xt(xt�2)

8(1�xt)2
ln x

t

⇡ 1.48 with x
t

=

m2
t

/m2
W

denotes the SM loop function, and s2
W

= 0.2313
is the sine squared of the weak mixing angle. Currently,
the strongest constraint arises from upper bounds on the
exclusive modes B� ! K�⌫⌫̄ and B� ! K⇤�⌫⌫̄ ob-
tained by BaBar [29] and Belle [30], which yield R

⌫⌫̄

<
4.3 and R

⌫⌫̄

< 4.4 at 90% CL [31]. Using the Schwarz
inequality, we then obtain from (10)
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< Re

�
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ts

< 2.25 M̂2
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. (12)

The FCNC process D0 ! µ+µ� can arise at tree level
in our model. Neglecting the SM contribution, which is
two orders of magnitude smaller than the current exper-
imental upper bound, we find for the decay rate
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where f
D

= 209(3) MeV is the D-meson decay con-
stant and �

µ

= (1 � 4m2
µ

/m2
D

)1/2. We use the running
charm-quark mass m

c

⌘ m
c

(M
�

) ⇡ 0.54 GeV to prop-
erly account for RG evolution e↵ects up to the high scale
M

�

⇠ 1 TeV. Assuming that either the opposite-chirality
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u

Leads to the bounds:
The experimental limit Br(D0 ! µ+µ�) < 7.6 · 10�9 at 95% CL
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Collider Bounds
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Figure 5: The expected (dashed) and observed (solid) 95% CL upper limits on third-generataion scalar
leptoquark pair-production cross-section times the square of the branching ratio to bντ as a function of
leptoquark mass, for the bντb̄ν̄τ channel. The ±1(2)σ uncertainty bands on the expected limit represent all
sources of systematic and statistical uncertainty. The expected NLO production cross-section (β = 0.0) for
scalar leptoquark pair-production and its corresponding theoretical uncertainty due to the choice of PDF
set and renormalisation/factorisation scale are also included.
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Figure 4: The cross-section limits on scalar LQ pair-production times the square of the branching ratio as
a function of mass (left) and the excluded LQ mass as a function of the branching ratio (right) to eq for the
eejj channel (top) and to µq for the µµjj channel (bottom). The ±1(2)σ uncertainty bands on the expected
limit represent all sources of systematic and statistical uncertainty. The expected NLO production cross-
section (β = 1.0) for scalar leptoquark pair-production and its corresponding theoretical uncertainty due
to the choice of PDF set and renormalisation/factorisation scale are also included. The exclusion limits on
LQ1 [12] and LQ2 [13] set by ATLAS in the eejj +eνjj and µµjj +µνjj search channels using 1.03 fb−1 of
data collected at

√
s = 7 TeV are also shown.
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Figure 4: The cross-section limits on scalar LQ pair-production times the square of the branching ratio as
a function of mass (left) and the excluded LQ mass as a function of the branching ratio (right) to eq for the
eejj channel (top) and to µq for the µµjj channel (bottom). The ±1(2)σ uncertainty bands on the expected
limit represent all sources of systematic and statistical uncertainty. The expected NLO production cross-
section (β = 1.0) for scalar leptoquark pair-production and its corresponding theoretical uncertainty due
to the choice of PDF set and renormalisation/factorisation scale are also included. The exclusion limits on
LQ1 [12] and LQ2 [13] set by ATLAS in the eejj +eνjj and µµjj +µνjj search channels using 1.03 fb−1 of
data collected at

√
s = 7 TeV are also shown.
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Neutrino Couplings
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