
Satoshi Mishima (KEK)

Theoretical overview and Global fit

/46

Workshop “Anomalies in b to sll and its implications” 
Hongo, University of Tokyo, May 11, 2017

Satoshi Mishima (KEK)

1



,        and angular observables in 

Outline

1.  Introduction

RK R⇤
K B ! K⇤µµ

2.  Global fits

3.  Summary

model-independent fits of NP contributions

only RK R⇤
K,

+ angular observables

2 Satoshi Mishima (KEK)/46



Satoshi Mishima (KEK)3 /46

1. Introduction
                    :  FCNC transitions; due to their suppression 
within the SM, they have a high sensitivity to potential NP 
contributions. 

 In 2013, LHCb [1 fb-1] observed a 3.7 sigma discrepancy 
between the data and the SM in one bin for P5’.

 In 2015, LHCb [3 fb-1] confirmed it with a 3 sigma 
deviation in each of two bins. 

 LHCb also observed a systematic deficit with respect to 
the SM predictions for the BRs of several decays, such as 

 In 2016, Belle confirmed the P5’ anomaly.  

b ! s`+`�

Bs ! �µµ .

 Recent ATLAS and CMS data show a good overall 
agreement with the LHCb results. 



arXiv:0804.4412

The decays B → K∗ℓ+ℓ−, where K∗ → Kπ and
ℓ+ℓ− is either an e+e− or µ+µ− pair, arise from flavor-
changing neutral currents (FCNC), which are forbidden
at tree level in the Standard Model (SM). The lowest-
order SM processes contributing to these decays are the
photon or Z penguin and the W+W− box diagrams
shown in Fig. 1. The amplitudes can be expressed in
terms of effective Wilson coefficients for the electromag-
netic penguin, Ceff

7 , and the vector and axial-vector elec-
troweak contributions, Ceff

9 and Ceff

10 respectively, arising
from the interference of the Z penguin and W+W− box
diagrams [1]. The angular distributions in these decays
as a function of dilepton mass squared q2 = m2

ℓ+ℓ− are
sensitive to many possible new physics contributions [2].

We describe measurements of the distribution of the
angle θK between the K and the B directions in the K∗

rest frame. A fit to cos θK of the form [3]

3

2
FL cos2 θK +

3

4
(1 − FL)(1 − cos2 θK) (1)

determines FL, the K∗ longitudinal polarization fraction.
We also describe measurements of the distribution of the
angle θℓ between the ℓ+(ℓ−) and the B(B) direction in
the ℓ+ℓ− rest frame. A fit to cos θℓ of the form [3]

3

4
FL(1−cos2 θℓ)+

3

8
(1−FL)(1+cos2 θℓ)+AFB cos θℓ (2)

determines AFB, the lepton forward-backward asymme-
try. These measurements are done in a low q2 region
0.1 < q2 < 6.25 GeV2/c4, and in a high q2 region above
10.24 GeV2/c4. We remove the J/ψ and ψ(2S) resonances
by vetoing events in the regions q2 = 6.25-10.24 GeV2/c4

and q2 = 12.96-14.06 GeV2/c4 respectively.
The SM predicts a distinctive variation of AFB arising

from the interference between the different amplitudes.
The expected SM dependence of AFB and FL on q2 along
with variations due to opposite-sign Wilson coefficients
are shown in Fig. 3. At low q2, where Ceff

7 dominates,
AFB is expected to be small with a zero-crossing point
at q2 ∼ 4 GeV2/c4 [4, 5, 6]. There is an experimental con-
straint on the magnitude of Ceff

7 coming from the branch-
ing fraction for b → sγ [6, 7], which corresponds to the
limit q2 → 0. However, a reversal of the sign of Ceff

7 is

q q

b st,c,u
W −

γ , Z

l +

l −

q q

b st,c,u

W +W − ν

l − l +

FIG. 1: Lowest-order Feynman diagrams for b → sℓ+ℓ−.

allowed. At high q2, the product of Ceff

9 and Ceff

10 is ex-
pected to give a large positive asymmetry. Right-handed
weak currents have an opposite-sign Ceff

9 Ceff

10 which would
give a negative AFB at high q2. Contributions from non-
SM processes can change the magnitudes and relative
signs of Ceff

7 , Ceff

9 and Ceff

10, and may introduce complex
phases between them [3, 8]. An experimental determi-
nation of FL is required to obtain a model-independent
AFB result, and thus avoid drawing possibly incorrect
inferences about new physics from our observations.

We reconstruct signal events in six separate flavor-
specific final states containing an e+e− or µ+µ− pair,
and a K∗(892) candidate reconstructed as K+π−, K+π0

or K0
S
π+ (or their charge conjugates). To understand

combinatorial backgrounds we also reconstruct samples
containing the same hadronic final states and e±µ∓ pairs,
where no signal is expected because of lepton flavor con-
servation. To understand backgrounds from hadrons (h)
misidentified as muons, we similarly reconstruct samples
containing h±µ∓ pairs with no particle identification re-
quirement for the h±.

We use a dataset of 384 million BB pairs collected
at the Υ (4S) resonance with the BABAR detector [9] at
the PEP-II asymmetric-energy e+e− collider. Track-
ing is provided by a five-layer silicon vertex tracker
and a 40-layer drift chamber in a 1.5 T magnetic field.
We identify electrons with a CsI(Tl) electromagnetic
calorimeter, muons with an instrumented magnetic flux
return, and K+ using a detector of internally reflected
Cherenkov light as well as ionization energy loss infor-
mation. Charged tracks other than identified e, µ and
K candidates are treated as pions. Electrons (muons)
are required to have momenta p > 0.3(0.7)GeV/c in the
laboratory frame. We add photons to electrons when
they are consistent with bremsstrahlung, and do not use
electrons that arise from photon conversions to low-mass
e+e− pairs. Neutral K0

S
→ π+π− candidates are required

to have an invariant mass consistent with the nominal K0

mass [10], and a flight distance from the e+e− interac-
tion point which is more than three times its uncertainty.
Neutral pion candidates are formed from two photons
with Eγ > 50 MeV, and an invariant mass between 115
and 155 MeV/c2. We require K∗(892) candidates to have
an invariant mass 0.82 < M(Kπ) < 0.97 GeV/c2.

B → K∗ℓ+ℓ− decays are characterized by the kine-
matic variables mES =

√

s/4 − p∗2B and ∆E = E∗
B −√

s/2, where p∗B and E∗
B are the reconstructed B mo-

mentum and energy in the center-of-mass (CM) frame,
and

√
s is the total CM energy. We define a fit re-

gion mES > 5.2 GeV/c2, with −0.07 < ∆E < 0.04
(−0.04 < ∆E < 0.04) GeV for e+e− (µ+µ−) final
states in the low q2 region, and −0.08 < ∆E < 0.05
(−0.05 < ∆E < 0.05) GeV for high q2. We use the
wider (narrower)∆E windows to select the e±µ∓ (h±µ∓)
background samples.

The most significant background arises from random

4

B0 ! K⇤0µ+µ�

SM: 

EFT: Le↵ =
4GFp

2
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⇤
tb
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16⇡2
(b̄L�µsL)(¯̀�

µ`)

O7 =
e

16⇡2
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q^2 regions

Hadronic op’s in B → K (∗) ¯̀̀

O(1)2 = [s̄ �µPL(T a) c][c̄ �µPL(T a)b]
O3,4,5,6 = [s̄ �sbPL(T a)b]�

q
[q̄ �qq(T a)q]

O8g(8g′) = mb[s̄ �µ⌫PR(L)T a b]Ga
µ⌫

▶ at LO in QED⇒ solved with different
approaches depending on q2

dBr/dq2

1 6 15 19 q2 [GeV ]2(B → K∗�)−pole open charm threshold

A�,hadr = ↵e

4⇡
Lµ

q2 � d4x ei q⋅x �K (∗)� �T� jem
µ (x),�

i
CiOi(0)��B(p)�

“resonant contributions”

b s

q q

l +

l −

“spectator scattering”

b s

q q

l +

l −
q q

b s

l +

l −
q q

“weak annihilation”

b s

q q

l +

l −

C. Bobeth Moriond QCD 2016 – La Thuile March 23, 2016 5 / 17

C. Bobeth

dominated by O7

dominated by O9

J/  (2S)

O9 =
e2

16⇡2
(b̄L�µsL)(¯̀�

µ`)

O7 =
e

16⇡2
mbb̄R�µ⌫sLFµ⌫

O10 =
e2

16⇡2
(b̄L�µsL)(¯̀�

µ�5`)
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               form factorsB ! K⇤
4.7 B ! K⇤µ+µ�

4.7.1 B ! K⇤ form factors

The B̄ ! K̄⇤ (B̄0 ! K̄⇤0 or B� ! K⇤�) form factors are defined as

hK̄⇤(k, �)|s̄�µb|B̄(p)i = ✏µ⌫⇢�✏⇤⌫� p⇢k� 2

mB + mK⇤
V (q2) , (98)

hK̄⇤(k, �)|s̄�µ�5b|B̄(p)i = i(✏⇤� · q)
2mK⇤qµ

q2
A0(q

2) + i(mB + mK⇤)

✓

✏⇤�,µ � (✏⇤� · q)qµ
q2

◆

A1(q
2)

� i(✏⇤� · q)



(2p � q)µ
mB + mK⇤

� (mB � mK⇤)
qµ
q2

�

A2(q
2) , (99)

q⌫hK̄⇤(k, �)|s̄�µ⌫b|B̄(p)i = 2i✏µ⌫⇢�✏⇤⌫� p⇢k� T1(q
2) , (100)

q⌫hK̄⇤(k, �)|s̄�µ⌫�5b|B̄(p)i =
h

✏⇤�,µ(m
2
B � m2

K⇤) � (✏⇤ · q)(2p � q)µ
i

T2(q
2)

+ (✏⇤ · q)



qµ � q2

m2
B � m2

K⇤
(2p � q)µ

�

T3(q
2) , (101)

hK̄⇤(k, � = 0)|s̄�5b|B̄(p)i = �2i
mK⇤(✏⇤ · q)

mb + ms
A0(q

2) (102)

with q = p � k and ✏0123 = +1. In the heavy quark and large energy limits, the form factors are
related with each other such that the number of independent form factors becomes two, denoted by
the soft form factors ⇠?(q2) and ⇠k(q

2):

⇠?(q
2) =

mB

mB + mK⇤
V (q2) =

mB + mK⇤

2E
A1(q

2) = T1(q
2) =

mB

2E
T2(q

2) , (103)

⇠k(q
2) =

mK⇤

E
A0(q

2) =
mB + mK⇤

2E
A1(q

2) � mB � mK⇤

mB
A2(q

2) =
mB

2E
T2(q

2) � T3(q
2) , (104)

where E = (m2
B + m2

K⇤ � q2)/(2mB), and the O(↵s) and O(1/mb) corrections have been neglected.
We employ the form factors calculated in [54] using the light-cone QCD sum rules with light-meson

distribution amplitudes. The q2 dependence of the form factors is given as a rapidly converging series
in

Fi(q
2) =

1

1 � q2/m2
R,i

X

k

↵i
k

⇥

z(q2) � z(0)
⇤k

, (105)

where the parameter z(t) is defined as

z(t) =

p
t+ � t � p

t+ � t0p
t+ � t +

p
t+ � t0

(106)

with t± = (mB ± mK⇤)2 and t0 = t+(1 �
p

1 � t�/t+), and mR,i is the pole of the first resonance:
mR,A

0

= 5.366 GeV, mR,T
1

= mR,V = 5.415 GeV and mR,T
2

= mR,T
23

= mR,A
1

= mR,A
12

= 5.829
GeV. In the source files of the arXiv preprint of [54], the central values, uncertainties, correlations
and covariance matrix of the expansion coe�cients ↵i

k are provided in the form of JSON files. The
parameters are given for A0, A1, A12, V , T1, T2 and T23, where A12(q2) and T23(q2) are defined as

A12(q
2) =

(mB + mK⇤)2(m2
B � m2

K⇤ � q2)A1(q2) � �(q2)A2(q2)

16mBm2
K⇤(mB + mK⇤)

, (107)

20

 In the heavy quark and low q2 limits, 
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hK̄⇤(k, �)|s̄�µb|B̄(p)i = ✏µ⌫⇢�✏⇤⌫� p⇢k� 2

mB + mK⇤
V (q2) , (98)

hK̄⇤(k, �)|s̄�µ�5b|B̄(p)i = i(✏⇤� · q)
2mK⇤qµ

q2
A0(q

2) + i(mB + mK⇤)

✓

✏⇤�,µ � (✏⇤� · q)qµ
q2

◆

A1(q
2)

� i(✏⇤� · q)



(2p � q)µ
mB + mK⇤

� (mB � mK⇤)
qµ
q2

�

A2(q
2) , (99)

q⌫hK̄⇤(k, �)|s̄�µ⌫b|B̄(p)i = 2i✏µ⌫⇢�✏⇤⌫� p⇢k� T1(q
2) , (100)

q⌫hK̄⇤(k, �)|s̄�µ⌫�5b|B̄(p)i =
h

✏⇤�,µ(m
2
B � m2

K⇤) � (✏⇤ · q)(2p � q)µ
i

T2(q
2)

+ (✏⇤ · q)



qµ � q2

m2
B � m2

K⇤
(2p � q)µ

�

T3(q
2) , (101)

hK̄⇤(k, � = 0)|s̄�5b|B̄(p)i = �2i
mK⇤(✏⇤ · q)

mb + ms
A0(q

2) (102)

with q = p � k and ✏0123 = +1. In the heavy quark and large energy limits, the form factors are
related with each other such that the number of independent form factors becomes two, denoted by
the soft form factors ⇠?(q2) and ⇠k(q

2):

⇠?(q
2) =

mB

mB + mK⇤
V (q2) =

mB + mK⇤

2E
A1(q

2) = T1(q
2) =

mB

2E
T2(q

2) , (103)

⇠k(q
2) =

mK⇤

E
A0(q

2) =
mB + mK⇤

2E
A1(q

2) � mB � mK⇤

mB
A2(q

2) =
mB

2E
T2(q

2) � T3(q
2) , (104)

where E = (m2
B + m2

K⇤ � q2)/(2mB), and the O(↵s) and O(1/mb) corrections have been neglected.
We employ the form factors calculated in [54] using the light-cone QCD sum rules with light-meson

distribution amplitudes. The q2 dependence of the form factors is given as a rapidly converging series
in

Fi(q
2) =

1

1 � q2/m2
R,i

X

k

↵i
k

⇥

z(q2) � z(0)
⇤k

, (105)

where the parameter z(t) is defined as

z(t) =

p
t+ � t � p

t+ � t0p
t+ � t +

p
t+ � t0

(106)

with t± = (mB ± mK⇤)2 and t0 = t+(1 �
p

1 � t�/t+), and mR,i is the pole of the first resonance:
mR,A

0

= 5.366 GeV, mR,T
1

= mR,V = 5.415 GeV and mR,T
2

= mR,T
23

= mR,A
1

= mR,A
12

= 5.829
GeV. In the source files of the arXiv preprint of [54], the central values, uncertainties, correlations
and covariance matrix of the expansion coe�cients ↵i

k are provided in the form of JSON files. The
parameters are given for A0, A1, A12, V , T1, T2 and T23, where A12(q2) and T23(q2) are defined as

A12(q
2) =

(mB + mK⇤)2(m2
B � m2

K⇤ � q2)A1(q2) � �(q2)A2(q2)

16mBm2
K⇤(mB + mK⇤)

, (107)

20
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only two independent form factors!



B ! K ⇤`¯̀ : Form Factors

Bharucha, Straub, Zwicky’2015

Javier Virto (U. Siegen) Theory Overview B ! M`` May 11, 2015 15 / 23

               form factors

LCSR

Lattice

B ! K⇤
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Angular analysis of B Ñ K ˚ rÑ K⇡s ` ```´

4-body decay with on-shell K ˚ (vector)

1) q2
“ m2

` ¯̀
“ pp` ` p ¯̀q

2
“ ppB̄ ´ pK̄ ˚ q

2

2) cos✓` with ✓`=p

~pB̄ , ~p`q in p`¯̀) – c.m. system

3) cos✓K with ✓K =p

~pB̄ , ~pK̄ q in pK̄⇡q – c.m. system

4) � =p

~pK̄ ˆ

~p⇡ , ~p ¯̀ ˆ

~p`q in B-RF

B
K* K*

z

K

+
+

Ji pq2q “ “Angular Observables”
32⇡

9
d4�

dq2 dcos ✓` dcos ✓K d�
“ J1s sin2✓K ` J1c cos2✓K ` pJ2s sin2✓K ` J2c cos2✓K q cos 2✓`

`J3 sin2✓K sin2✓` cos 2� ` J4 sin 2✓K sin 2✓` cos� ` J5 sin 2✓K sin✓` cos�

`pJ6s sin2✓K ` J6c cos2✓K q cos✓` ` J7 sin 2✓K sin✓` sin�

`J8 sin 2✓K sin 2✓` sin� ` J9 sin2✓K sin2✓` sin 2�

C. Bobeth Edinburgh February 20, 2013 12 / 39

Optimized angular observables

C. Bobeth

Satoshi Mishima (KEK)

Kruger, Matias (05); Egede et al. (08); Descotes-Genon et al. (13)

“optimal” in the heavy quark limit ignoring       corrections 
and long-distance hadronic contribution.

↵s

d(4)
�

dq2d(cos ✓`)d(cos ✓K)d�
=

9

32⇡

⇣
Is
1 sin

2 ✓K + Ic
1 cos

2 ✓K + (Is
2 sin

2 ✓K + Ic
2 cos

2 ✓K) cos 2✓`

+ I3 sin
2 ✓K sin

2 ✓` cos 2� + I4 sin 2✓K sin 2✓` cos�

+ I5 sin 2✓K sin ✓` cos� + (Is
6 sin

2 ✓K + Ic
6 cos

2 ✓K) cos ✓`

+ I7 sin 2✓K sin ✓` sin� + I8 sin 2✓K sin 2✓` sin�

+ I9 sin
2 ✓K sin

2 ✓` sin 2�
⌘
.

⌃i ⌘
Ii + Īi

2

P1 =
⌃3

2⌃2s
, P2 =

⌃6s

8⌃2s
, P3 = �

⌃9

4⌃2s
, P 0

4 =
⌃4p

�⌃2s⌃2c
,

P 0
5 =

⌃5

2
p
�⌃2s⌃2c

, P 0
6 = �

⌃7

2
p
�⌃2s⌃2c

, P 0
8 = �

⌃8p
�⌃2s⌃2c

.
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 less sensitive to form factors

= Si



Optimized angular observables
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Descotes-Genon et al., 1207.2753
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Figure 11. Predictions in the SM and in the case of NP at the benchmark point b2 for P1 (left)
and S3 (right). The yellow boxes are the SM predictions integrated in five 1GeV2 bins. The blue
curve corresponds to the central values for the NP scenario. The green band is the total uncertainty
considering the form factors of refs. [26, 28], while the gray band is the total uncertainty obtained
using the form factors of ref. [27]. In the case of P1 the gray band is barely visible.

occurs. This indicates that clean observables should be stable under variation of hadronic

uncertainties, as opposed to other observables, such as FL, AFB, S3, etc. This is relevant

because of the spread of published errors in the determination of form factors from light-

cone sum rules (see refs. [27, 28] and the introduction).

If the form factors of ref. [27] are used in the evaluation of FL, for example, the error

bars get enlarged by a factor of three. On the contrary, this enlargement does not happen

in the case of P1, which is practically insensitive to these uncertainties. In the case of S3, an

accidental circumstance makes its SM uncertainty smaller than what one would infer from

the fact that S3 ∼ P1FT (that is, a similar percentual enhancement of the errors as FL).

The fact that P1 ∼ 0 in the SM, makes S3 almost insensitive to the error in FL only near

the SM point. This makes the situation with S3 a bit more subtle. The important point

here is that in the presence of New Physics, an enhancement of P1 produces an enlargement

of the error bars in the theoretical prediction for S3 automatically, which makes S3 almost

unable of discriminating between NP models where P1 does not vanish.

In figure 11 we show the SM predictions and the predictions for benchmark point b2

(see table 5) for P1 and S3 calculated with both choices of form factors (refs. [27] and [28]).

We find that:

• The SM prediction for P1 is insensitive to the choice of form factors.

• The SM prediction for S3 shows a moderate dependence on the choice of form factors,

and hadronic uncertainties are enlarged up to a 50% when using the form factors of

ref. [27] compared to those in ref. [28].

• The NP prediction for P1 is insensitive to the choice of form factors.

• The NP prediction for S3 is very sensitive to the choice of form factors. Indeed, the

hadronic uncertainties increase from a factor 2 to a factor 3 when using the form

factors of ref. [27].

– 24 –

P1 =
⌃3

2⌃2s
, ⌃3 = S3 ⌃i ⌘

Ii + Īi

2

 Pi is insensitive to the choice of form factors. 



Anomaly? LHCb, 1512.04442

DHMV = Descotes-Genon, Hofer, Matias & Virto (2014)
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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2.8� 3.0�

In the �

2 fit, the correlations between the di↵erent observables are taken into account.
The floating parameters are Re(C9) and a number of nuisance parameters associated with
the form factors, CKM elements and possible sub-leading corrections to the amplitudes.
The sub-leading corrections to the amplitudes are expected to be suppressed by the size of
the b-quark mass relative to the typical energy scale of QCD. The nuisance parameters are
treated according to the prescription of Ref. [11] and are included in the fit with Gaussian
constraints. In the �

2 minimisation procedure, the value of each observable (as derived
from a particular choice of the theory parameters) is compared to the measured value.
Depending on the sign of the di↵erence between these values, either the lower or upper
(asymmetric) uncertainty on the measurement is used to compute the �

2.
The minimum �

2 corresponds to a value of Re(C9) shifted by �Re(C9) = �1.04± 0.25
from the SM central value of Re(C9) = 4.27 [11] (see Fig. 14). From the di↵erence in �

2

between the SM point and this best-fit point, the significance of this shift corresponds to
3.4 standard deviations. As discussed in the literature [9–12,14–21], a shift in C9 could be
caused by a contribution from a new vector particle or could result from an unexpectedly
large hadronic e↵ect.

If a fit is instead performed to the CP -averaged observables from the moment analysis
in the same q

2 ranges, then �Re(C9) = �0.68 ± 0.35 is obtained. As expected, the
uncertainty on �Re(C9) is larger than that from the likelihood fit. Taking into account the
correlations between the two methods, the values of �Re(C9) are statistically compatible.

)9C(Re
3 3.5 4 4.5

2
χ

∆

0

5

10

15

LHCb

SM

Figure 14: The ��2 distribution for the real part of the generalised vector-coupling strength, C9.
This is determined from a fit to the results of the maximum likelihood fit of the CP -averaged
observables. The SM central value is Re(CSM

9 ) = 4.27 [11]. The best fit point is found to be at
�Re(C9) = �1.04± 0.25.
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Possible interpretations

K⇤B
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�
`

O � Hhad
e�

O9 = (s̄�µPLb)(¯̀�
µ`)CNP

9 < 0

c

Z ′

b
s

µ+

µ−
 NP contribution, e.g., from Z’

 Underestimate of SM uncertainty from long-distance 
charm loops ?

Satoshi Mishima (KEK)

LCSR estimate Khodjamirian et al. (2010)
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 Hadronic contributions might mimic a short distance NP 
contribution in        .C9µ

O2 = (b̄�µPLc)(c̄�
µPLs)

O2

Main problem for the P5’ anomaly!!



› First full angular analysis of B0→K*0µµ: measured all CP-averaged
angular terms and CP-asymmetries
› Can construct less form-factor dependent ratios of observables

Angular Analyses
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P5’ anomaly in B ! K⇤µ+µ�

 DHMV vs. ASZB:  
different inputs for form factors
different parameterizations of hadronic contributions 
and power-suppressed contributions
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LFU ratios

On the Standard Model predictions for RK and RK⇤

Marzia Bordone1, Gino Isidori1, Andrea Pattori1,2

1Physik-Institut, Universität Zürich, CH-8057 Zürich, Switzerland
2Dipartimento di Fisica e Astronomia ”G. Galilei”, Università di Padova, Via Marzolo 8, I-35131 Padua, Italy

Abstract We evaluate the impact of radiative corrections in
the ratios G [B!Mµ+µ�]/G [B!Me+e�] when the meson
M is a K or a K⇤. Employing the cuts on m2

`` and the recon-
structed B-meson mass presently applied by the LHCb Col-
laboration, such corrections do not exceed a few %. More-
over, their effect is well described (and corrected for) by ex-
isting Montecarlo codes. Our analysis reinforces the interest
of these observables as clean probe of physics beyond the
Standard Model.

1 Introduction

The Lepton Flavor Universality (LFU) ratios

RM[q2
min, q2

max] =

Z q2
max

q2
min

dq2 dG (B ! Mµ+µ�)

dq2

Z q2
max

q2
min

dq2 dG (B ! Me+e�)
dq2

, (1)

where q2 = m2
``, are very clean probes of physics beyond the

Standard Model (SM): they have small theoretical uncertain-
ties and are sensitive to possible new interactions that couple
in a non-universal way to electrons and muons [1]. A strong
interest in RK has recently been raised by the LHCb result [2]

RK
⇥
1 GeV2, 6 GeV2⇤= 0.745+0.090

�0.074 ±0.036 , (2)

that differs from the naı̈ve expectation

R(SM)

K(⇤) = 1 (3)

by about 2.6s . The interest is further raised by the combina-
tion of this anomaly with other b! s`+`� observables [3,4],
and by the independent hints of violations of LFU observed
B ! D(⇤)tn` decays [5–7].

While perturbative and non-perturbative QCD contribu-
tions cancel in RK(⇤) (beside trivial kinematical factors), this
is not necessarily the case for QED corrections. In partic-
ular, QED collinear singularities induce corrections of order
(a/p) log2(mB/m`) to b ! s`+`� transtions [8,9] that could
easily imply 10% effects in RK(⇤) . The purpose of this paper
is to estimate these corrections and to precisely quantify up
to which level a deviation of RK or RK⇤ from 1 can be con-
sidered a clean signal of physics beyond the SM.

2 QED corrections in RM

A complete evaluation of QED corrections to B ! M`+`�

decay amplitudes is a non-trivial task, due to the interplay of
perturbative and non-perturbative dynamics (see e.g. [10]).
However, the problem is drastically simplified if we are only
interested in the LFU ratios RM , especially in the low dilep-
ton invariant mass region, and if interested in possible devi-
ations from Eq. (3) exceeding 1%. In this case the problem
is reduced to evaluating log(m`) enhanced terms, whose ori-
gin can be unambiguously traced to soft and collinear pho-
ton emission. The latter represents a universal correction fac-
tor [11, 12] that can be implemented, by means of appropri-
ate convolution functions,1 irrespective of the specific short-
distance structure of the amplitude.

2.1 Universal radiation function

Following the above observation, the treatment of soft and
collinear photon emission in B ! M`+`� closely resemble
that applied to h ! 2e2µ decays in Ref. [14]. The key ob-
servable we are interested in is the differential lepton-pair

1For a discussion about the implementation of universal QED correc-
tions in a general EFT context see also Ref. [13].
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 The Lepton Flavor Universality (LFU) ratios are very 
clean probes of NP: 

 very clean theoretically;  hadronic uncertainties cancel 
to large extent in the ratio. Hiller & Kruger, hep-ph/0310219

 The SM values of          are expected to deviate from 
unity only at the percent level, considering QED 
logarithmic corrections.

RK(⇤)

RK(⇤)

 potential to discriminate among NP models.
Hiller & Schmaltz, 1411.4773
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Results − II

› The compatibility of the result in the low-q2 with respect to the SM
prediction(s) is of 2.2-2.4 standard deviations
› The compatibility of the result in the central-q2with respect to the SM
prediction(s) is of 2.4-2.5 standard deviations
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LHCb data for 

Interpreting Hints for Lepton Flavor Universality Violation

Wolfgang Altmannshofer,1, ⇤ Peter Stangl,2, † and David M. Straub2, ‡

1Department of Physics, University of Cincinnati, Cincinnati, Ohio 45221, USA
2Excellence Cluster Universe, Boltzmannstr. 2, 85748 Garching, Germany

We interpret the recent hints for lepton flavor universality violation in rare B meson decays. Based on
a model-independent e↵ective Hamiltonian approach, we determine regions of new physics parameter
space that give a good description of the experimental data on RK and RK⇤ , which is in tension
with Standard Model predictions. We suggest further measurements that can help narrowing down
viable new physics explanations. We stress that the measured values of RK and RK⇤ are fully
compatible with new physics explanations of other anomalies in rare B meson decays based on the
b ! sµµ transition. If the hints for lepton flavor universality violation are first signs of new physics,
perturbative unitarity implies new phenomena below a scale of ⇠ 100 TeV.

Introduction. The wealth of data on rare leptonic
and semi-leptonic b hadron decays that has been accu-
mulated at the LHC so far allows the Standard Model
(SM) CKM picture of flavor and CP violation to be
tested with unprecedented sensitivity. Interestingly, cur-
rent data on rare b ! s`` decays show an intriguing
pattern of deviations from the SM predictions both for
branching ratios [1–3] and angular distributions [4, 5].
The latest global fits find that the data consistently
points with high significance to a non-standard e↵ect
that can be described by a four fermion contact inter-
action C9 (s̄�⌫PLb)(µ̄�⌫µ) [6] (see also earlier studies [7–
9]). Right now the main obstacle towards conclusively
establishing a beyond-SM e↵ect is our inability to ex-
clude large hadronic e↵ects as the origin of the apparent
discrepancies (see e.g. [10–15]).

In this respect, observables in b ! s`` transitions that
are practically free of hadronic uncertainties are of partic-
ular interest. Among them are lepton flavor universality
(LFU) ratios, i.e. ratios of branching ratios involving
di↵erent lepton flavors such as [16–18]

RK =
B(B ! Kµ+µ�)

B(B ! Ke+e�)
, RK⇤ =

B(B ! K⇤µ+µ�)

B(B ! K⇤e+e�)
.

(1)
In the SM, the only sources of lepton flavor universality
violation are the negligibly small neutrino masses, the
masses of the charged leptons and their interactions with
the Higgs. Higgs interactions do not lead to any ob-
servable e↵ects in rare b decays and lepton mass e↵ects
become relevant only for a very small di-lepton invari-
ant mass squared close to the kinematic limit q2 ⇠ 4m2

` .
Over a very broad range of q2 the SM accurately pre-
dicts RK = RK⇤ = 1, with theoretical uncertainties of
O(1%) [19]. Deviations from the SM predictions can be
expected in various models of new physics (NP), e.g. Z 0

models based on gauged Lµ �L⌧ [20–22] or other gauged
flavor symmetries [23–25], models with partial compos-
iteness [26–28], and models with leptoquarks [29–34].

A first measurement of RK by the LHCb collabora-
tion [35] in the di-lepton invariant mass region 1 GeV2 <

q2 < 6 GeV2,

R
[1,6]
K = 0.745+0.090

�0.074 ± 0.036 , (2)

shows a 2.6� deviation from the SM prediction. Very
recently, LHCb presented first results for RK⇤ [36],

R
[0.045,1.1]
K⇤ = 0.660+0.110

�0.070 ± 0.024 , (3)

R
[1.1,6]
K⇤ = 0.685+0.113

�0.069 ± 0.047 , (4)

where the superscript indicates the di-lepton invariant
mass bin in GeV2. These measurements are in tension
with the SM at the level of 2.4 and 2.5�, respectively.
Intriguingly, they are in good agreement with the recent
RK⇤ predictions in [6] that are based on global fits of
b ! sµµ decay data, assuming b ! see decays to be
SM-like.

In this letter we interpret the RK(⇤) measurements us-
ing a model-independent e↵ective Hamiltonian approach
(see [37–43] for earlier model independent studies of RK).
We also include Belle measurements of LFU observables
in the B ! K⇤`+`� angular distibutions [5]. We do
not consider early results on RK(⇤) from BaBar [44] and
Belle [45] which, due to their large uncertainties, have
little impact. We identify the regions of NP parameter
space that give a good description of the experimental
data. We show how future measurements can lift flat di-
rections in the NP parameter space and discuss the com-
patibility of the RK(⇤) measurements with other anoma-
lies in rare B meson decays.
Model independent implications for new physics. We

assume that NP in the b ! s`` transitions is su�ciently
heavy such that it can be model-independently described
by an e↵ective Hamiltonian, He↵ = HSM

e↵ + HNP
e↵ ,

HNP
e↵ = �4 GFp

2
VtbV

⇤
ts

e2

16⇡2

X

i,`

(C`
i O

`
i + C 0 `

i O0 `
i ) + h.c. ,

(5)
with the following four-fermion contact interactions,

O`
9 = (s̄�µPLb)(¯̀�µ`) , O0 `

9 = (s̄�µPRb)(¯̀�µ`) , (6)

O`
10 = (s̄�µPLb)(¯̀�µ�5`) , O0 `

10 = (s̄�µPRb)(¯̀�µ�5`) , (7)
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We interpret the recent hints for lepton flavor universality violation in rare B meson decays. Based on
a model-independent e↵ective Hamiltonian approach, we determine regions of new physics parameter
space that give a good description of the experimental data on RK and RK⇤ , which is in tension
with Standard Model predictions. We suggest further measurements that can help narrowing down
viable new physics explanations. We stress that the measured values of RK and RK⇤ are fully
compatible with new physics explanations of other anomalies in rare B meson decays based on the
b ! sµµ transition. If the hints for lepton flavor universality violation are first signs of new physics,
perturbative unitarity implies new phenomena below a scale of ⇠ 100 TeV.

Introduction. The wealth of data on rare leptonic
and semi-leptonic b hadron decays that has been accu-
mulated at the LHC so far allows the Standard Model
(SM) CKM picture of flavor and CP violation to be
tested with unprecedented sensitivity. Interestingly, cur-
rent data on rare b ! s`` decays show an intriguing
pattern of deviations from the SM predictions both for
branching ratios [1–3] and angular distributions [4, 5].
The latest global fits find that the data consistently
points with high significance to a non-standard e↵ect
that can be described by a four fermion contact inter-
action C9 (s̄�⌫PLb)(µ̄�⌫µ) [6] (see also earlier studies [7–
9]). Right now the main obstacle towards conclusively
establishing a beyond-SM e↵ect is our inability to ex-
clude large hadronic e↵ects as the origin of the apparent
discrepancies (see e.g. [10–15]).

In this respect, observables in b ! s`` transitions that
are practically free of hadronic uncertainties are of partic-
ular interest. Among them are lepton flavor universality
(LFU) ratios, i.e. ratios of branching ratios involving
di↵erent lepton flavors such as [16–18]

RK =
B(B ! Kµ+µ�)

B(B ! Ke+e�)
, RK⇤ =

B(B ! K⇤µ+µ�)

B(B ! K⇤e+e�)
.

(1)
In the SM, the only sources of lepton flavor universality
violation are the negligibly small neutrino masses, the
masses of the charged leptons and their interactions with
the Higgs. Higgs interactions do not lead to any ob-
servable e↵ects in rare b decays and lepton mass e↵ects
become relevant only for a very small di-lepton invari-
ant mass squared close to the kinematic limit q2 ⇠ 4m2

` .
Over a very broad range of q2 the SM accurately pre-
dicts RK = RK⇤ = 1, with theoretical uncertainties of
O(1%) [19]. Deviations from the SM predictions can be
expected in various models of new physics (NP), e.g. Z 0

models based on gauged Lµ �L⌧ [20–22] or other gauged
flavor symmetries [23–25], models with partial compos-
iteness [26–28], and models with leptoquarks [29–34].

A first measurement of RK by the LHCb collabora-
tion [35] in the di-lepton invariant mass region 1 GeV2 <

q2 < 6 GeV2,

R
[1,6]
K = 0.745+0.090

�0.074 ± 0.036 , (2)

shows a 2.6� deviation from the SM prediction. Very
recently, LHCb presented first results for RK⇤ [36],

R
[0.045,1.1]
K⇤ = 0.660+0.110

�0.070 ± 0.024 , (3)

R
[1.1,6]
K⇤ = 0.685+0.113

�0.069 ± 0.047 , (4)

where the superscript indicates the di-lepton invariant
mass bin in GeV2. These measurements are in tension
with the SM at the level of 2.4 and 2.5�, respectively.
Intriguingly, they are in good agreement with the recent
RK⇤ predictions in [6] that are based on global fits of
b ! sµµ decay data, assuming b ! see decays to be
SM-like.

In this letter we interpret the RK(⇤) measurements us-
ing a model-independent e↵ective Hamiltonian approach
(see [37–43] for earlier model independent studies of RK).
We also include Belle measurements of LFU observables
in the B ! K⇤`+`� angular distibutions [5]. We do
not consider early results on RK(⇤) from BaBar [44] and
Belle [45] which, due to their large uncertainties, have
little impact. We identify the regions of NP parameter
space that give a good description of the experimental
data. We show how future measurements can lift flat di-
rections in the NP parameter space and discuss the com-
patibility of the RK(⇤) measurements with other anoma-
lies in rare B meson decays.
Model independent implications for new physics. We

assume that NP in the b ! s`` transitions is su�ciently
heavy such that it can be model-independently described
by an e↵ective Hamiltonian, He↵ = HSM

e↵ + HNP
e↵ ,

HNP
e↵ = �4 GFp

2
VtbV

⇤
ts

e2

16⇡2

X

i,`

(C`
i O

`
i + C 0 `

i O0 `
i ) + h.c. ,

(5)
with the following four-fermion contact interactions,

O`
9 = (s̄�µPLb)(¯̀�µ`) , O0 `

9 = (s̄�µPRb)(¯̀�µ`) , (6)

O`
10 = (s̄�µPLb)(¯̀�µ�5`) , O0 `

10 = (s̄�µPRb)(¯̀�µ�5`) , (7)
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Sources of LFU violation in the SM

 (negligibly small neutrino masses)

 masses of the charged leptons

 their interactions with the Higgs

relevant only for a very small di-lepton 
invariant mass squared close to q2 ⇠ 4m2

`

tiny effects in rare B decays

 Hadronic contributions cannot generate 
LFU violation. K⇤B

`

�
`

O � Hhad
e�
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LFUV data from Belle
 Belle reported data for LFUV observables, but not 
yet statistically significant. 

Q4,5 = P 0µ
4,5 � P 0e

4,5

6

TABLE I. Fit results for P 0
4 and P 0

5 for all decay channels and separately for the electron and muon modes. The first uncertainties
are statistical and the second systematic.

q2 in GeV2/c2 P 0
4 P e

4
0 Pµ

4
0 P 0

5 P e
5
0 Pµ

5
0

[1.00, 6.00] �0.45+0.23
�0.22 ± 0.09 �0.72+0.40

�0.39 ± 0.06 �0.22+0.35
�0.34 ± 0.15 0.23+0.21

�0.22 ± 0.07 �0.22+0.39
�0.41 ± 0.03 0.43+0.26

�0.28 ± 0.10

[0.10, 4.00] 0.11+0.32
�0.31 ± 0.05 0.34+0.41

�0.45 ± 0.11 �0.38+0.50
�0.48 ± 0.12 0.47+0.27

�0.28 ± 0.05 0.51+0.39
�0.46 ± 0.09 0.42+0.39

�0.39 ± 0.14

[4.00, 8.00] �0.34+0.18
�0.17 ± 0.05 �0.52+0.24

�0.22 ± 0.03 �0.07+0.32
�0.31 ± 0.07 �0.30+0.19

�0.19 ± 0.09 �0.52+0.28
�0.26 ± 0.03 �0.03+0.31

�0.30 ± 0.09

[10.09, 12.90] �0.18+0.28
�0.27 ± 0.06 - �0.40+0.33

�0.29 ± 0.09 �0.17+0.25
�0.25 ± 0.01 - 0.09+0.29

�0.29 ± 0.02

[14.18, 19.00] �0.14+0.26
�0.26 ± 0.05 �0.15+0.41

�0.40 ± 0.04 �0.10+0.39
�0.39 ± 0.07 �0.51+0.24

�0.22 ± 0.01 �0.91+0.36
�0.30 ± 0.03 �0.13+0.39

�0.35 ± 0.06

FIG. 3. Q4 and Q5 observables with SM and favored NP
“Scenario 1” from Ref. [9].

by 2.5� (including systematic uncertainty). All measure-
ments are compatible between lepton flavors. The Q4,5

observables are presented in Table II and Fig. 3, where
no significant deviation from zero is discerned.

In conclusion, the first lepton-flavor-dependent angular
analysis measuring the observables P 0

4 and P

0
5 in the B !

K

⇤
`

+
`

� decay is reported and the observables Q4,5 are
shown for the first time. The results are compatible with
SM predictions, where the largest discrepancy is 2.6� in
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Clean or Dirty

 LFUV observables           and Q4,5 = P 0µ
4,5 � P 0e

4,5RK(⇤)

less sensitive to hadronic contributions

theoretically clean!

 Angular observables, such as P5’

suffer from hadronic contributions

dirty!
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2.  Global fits
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He↵ = �
4GFp

2
VtbV

⇤
ts

↵

4⇡

X

i

C`
iO`

i + h.c.,

 In the SM, 

C10(µb) ⇡ �4.2

C9(µb) ⇡ 4.1 C0
9(µb) ⇡ 0

C0
10(µb) ⇡ 0

O`
9 = (s̄�µPLb)(¯̀�µ`), O0`

9 = (s̄�µPRb)(¯̀�µ`),

O`
10 = (s̄�µPLb)(¯̀�µ�5`), O0`

10 = (s̄�µPRb)(¯̀�µ�5`),

 Operators with chiral lepton currents:

O`
AB = (s̄�µPAb)(¯̀�µPB`) , A,B = L,R

CSM
LL = CSM

9 � CSM
10 ⇡ 8.4

Relevant operators

chirality flipped
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Patterns of NP in 
 The dipole operator       and four-quark operators 
cannot lead to LFUV.

Alonso, Grinstein & Martin Camalich, 1407.7044
Altmannshofer, Niehoff & Straub, 1702.05498

 The (pseudo-)scalar operators are strongly 
constrained by                  .B(Bs ! ``)

 NP in          and 

3

The dependence of the B̄ ! K̄⇤`` rate on the Wilson coefficients is more involved due to the interplay between different
helicity amplitudes in the rate. For instance one can express it as

d�
¯K⇤

dq2
=

d�?
dq2

+
d�

0

dq2
, (9)

where �
0

(�?) corresponds to the decay rate into longitudinally or transversally polarized K̄⇤, and we define FL = �
0

/�
¯K⇤ as

the longitudinal polarization fraction in the decay. Expanding the B̄ ! K̄⇤`` rates around the massless limit of the lepton, one
obtains
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In this formula NK⇤
0,? are dimensionful constants, V

0,�(q2) and T
0,�(q2) are form factors in the helicity basis [26] and

hK⇤
0,? describe the contributions from the four-quark and chromomagnetic operators much like hK above. Furthermore, we

have neglected the hadronic matrix elements giving the leading contributions in the SM to decays into positively polarized K⇤

(e.g. the form factors V
+

(q2) and T
+

(q2)) because, in the large-recoil region (low q2), they are suppressed by O(⇤/mb) [26]. In
the SM these corrections, as well as, in general, the hadronic uncertainties, largely cancel in the RK⇤ ratios, formally appearing
as O(m2

µ/q
2 ⇥ ⇤/mb) terms that will be systematically included in our numerical analysis.

FIG. 1: RK and RK⇤ (in the [1.1, 6] GeV2 bin) parametric dependence on one Wilson coefficient where the nodes indicate steps of �C

µ =
+0.5 from the SM point and in the direction of the arrows. The red solid line shows the dependence on �C

µ
9 , dashed blue line on �C

µ
10, green

dot-dashed on �C

0µ
9 and orange dotted on �C

0µ
10.

The longitudinal contribution to the rate, eq. (10), is similar to the B ! K`` one except that the chirally flipped operators
interfere with the SM with a relative minus sign due to the different transformations under parity of the B ! K and B ! K⇤

hadronic matrix elements. In the transversal polarization, the interference of the chirally flipped operators with the SM is
suppressed by the neglected ⇤/mb terms in eq. (11), so that their contributions will always increase �?. Any scenario explaining
the deficit in RK via a destructive interference with the SM in eq. (6) with (small) negative values of C 0

9,10, will necessarily
produce a surplus in RK⇤ .

The nodes indicate steps of                    .

C(0)µ
10C(0)µ

9

�Cµ
i = +0.5

RK 6⇡ RK⇤

the presence of chirality flipped 
contributions

Geng, Grinstein, Jager, Martin Camalich, Ren & Shi, 1704.05446

RK(⇤)

O7�
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2

b ! s`` transitions, focusing in the correlations induced between RK and RK⇤ . We then present numerical predictions for
RK and RK⇤ in the SM and in benchmarks scenarios of NP for the bins of interest and present numerical formulas for their
dependence on the Wilson coefficients. Finally, we present a series of fits to the data, including in subsequent steps the Bs ! µµ
branching fraction and all the measurements of CP -averaged combinations of angular observables of B ! K⇤µµ at low q2. We
describe our findings in terms of frequentist statistic inference and discuss the robustness of the results to variations of hadronic
uncertainties.

II. STRUCTURE OF THE NEW-PHYSICS CONTRIBUTIONS TO RK(⇤)

To leading order in GF the effective Lagrangian for b ! s`` transitions at low-energies (µ ⇠ mb) in the SM is [44–46]

HSM

e↵

=
4GFp

2

X

p=u,c

�ps

 
C

1

Op
1

+ C
2

Op
2

+
10X

i=3

CiOi

!
, (4)

with �ps = VpbV
⇤
ps. The O

7

and O
9,10 are the electromagnetic penguin and the semileptonic operators, respectively, and Op

1,2,
O

3,...,6, and O
8

are the “current-current”, “QCD-penguins” and “chromo-magnetic” operators, respectively, which require of an
electromagnetic interaction to contribute to the b ! s`` transition via “non-factorizable” corrections, in the language of QCD
factorization [20]. The effects of new physics beyond the SM can be modeled by modifying the Wilson coefficients C

1

, . . . , C
10

and by supplementing the effective Hamiltonian with chirally-flipped (bL(R)

! bR(L)

) versions of these operators O0
7,...,10, and

also four scalar and two tensor operators [47].
Among all the possible operators present in H

e↵

, only the semileptonic ones,

O(0)`
9

=
↵
em

4⇡
(s̄�µPL(R)

b) (¯̀�µ`), O(0)`
10

=
↵
em

4⇡
(s̄�µPL(R)

b) (¯̀�µ�5`), (5)

can explain the deficit observed in RK . The current-current, QCD penguin and magnetic operators do not induce lepton-
universality violation because they connect to the dilepton pair through a photon. Scalar and tensor Lorentz structures cannot
explain RK either if they stem from an UV completion of the SM manifesting at the electroweak scale as SU(3)c ⇥ SU(2)L ⇥
U(1)Y -invariant effective operators: Tensor operators with the particle content of the SM of the type (Q̄L�µ⌫dR)(L̄L�µ⌫`R)
are forbidden by conservation of hypercharge, whereas (Q̄L�µ⌫dR)(¯̀R�µ⌫LL) is identically equal to zero. On the other hand,
out of the four possible scalar operators at low energies only two are independent, and these are found to be severely constrained
by the Bq ! `` decay rates so they cannot explain RK either (see refs. [37, 38] for details).

In terms of the operators of the type (5), and expanding around the massless limit for the lepton the differential decay rate of
the B ! K`` process is [47]

d�K

dq2
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where ⇤ ⌘ ⇤
QCD

, ~k is the 3-momentum of the recoiling meson in the B-meson rest-frame, NK is a dimensionful normalization
constant that drops out in in the ratio RK , f

+,T (q2) are B ! K form factors and hK encompasses the hadronic effects of the
current-current, chromomagnetic and QCD penguin operators. It is clear from this equation that phase-space effects induced
by the lepton masses are negligible as soon as q2 & 1 GeV2 and that the ratio of decay rates into muons and electrons must
be very accurately equal to 1 (up to electromagnetic corrections [2]), and regardless of hadronic contributions since these are
necessarily lepton-universal. Since, C

1,...,8 do not directly result in lepton-universality violation, any significant deficit from 1 in
RK must be then caused by non-universal NP contributions �C(

0
)

9,10. Hence, taking into account that CSM

9

(mb) ' �CSM

10

= 4.27,
explaining the central value of the LHCb measurement in eq. (1) with muon-specific NP contributions would require [37, 38]

�C(0)µ
9

' �1, or �C(0)µ
10

= +1, (7)

or a suitable combination of the two such as in the leptonic left-handed combination,

�Cµ
L = �Cµ

9

= ��Cµ
10

= �0.5, (8)

(or its chirally-flipped counterpart �C 0µ
L = �C 0µ

9

= ��C 0µ
10

). Explaining the signal instead with electron-specific contributions
would require the replacements �Ce ' ��Cµ in the scenarios above.
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In this formula NK⇤
0,? are dimensionful constants, V

0,�(q2) and T
0,�(q2) are form factors in the helicity basis [26] and

hK⇤
0,? describe the contributions from the four-quark and chromomagnetic operators much like hK above. Furthermore, we

have neglected the hadronic matrix elements giving the leading contributions in the SM to decays into positively polarized K⇤

(e.g. the form factors V
+

(q2) and T
+

(q2)) because, in the large-recoil region (low q2), they are suppressed by O(⇤/mb) [26]. In
the SM these corrections, as well as, in general, the hadronic uncertainties, largely cancel in the RK⇤ ratios, formally appearing
as O(m2

µ/q
2 ⇥ ⇤/mb) terms that will be systematically included in our numerical analysis.
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The longitudinal contribution to the rate, eq. (10), is similar to the B ! K`` one except that the chirally flipped operators
interfere with the SM with a relative minus sign due to the different transformations under parity of the B ! K and B ! K⇤

hadronic matrix elements. In the transversal polarization, the interference of the chirally flipped operators with the SM is
suppressed by the neglected ⇤/mb terms in eq. (11), so that their contributions will always increase �?. Any scenario explaining
the deficit in RK via a destructive interference with the SM in eq. (6) with (small) negative values of C 0

9,10, will necessarily
produce a surplus in RK⇤ .
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The dependence of the B̄ ! K̄⇤`` rate on the Wilson coefficients is more involved due to the interplay between different
helicity amplitudes in the rate. For instance one can express it as

d�
¯K⇤

dq2
=

d�?
dq2

+
d�

0

dq2
, (9)

where �
0

(�?) corresponds to the decay rate into longitudinally or transversally polarized K̄⇤, and we define FL = �
0

/�
¯K⇤ as

the longitudinal polarization fraction in the decay. Expanding the B̄ ! K̄⇤`` rates around the massless limit of the lepton, one
obtains

d�
0

dq2
= NK⇤

0

|~k|3V
0

(q2)2
 
��C`

10

� C 0`
10

��2 +
����C

`
9

� C 0`
9

+
2mb

mB
C

7

T
0

(q2)

V
0

(q2)
� 8⇡2hK⇤

0

����
2

!
+O

✓
m2

`

q2

◆
, (10)

d�?
dq2

= NK⇤?|~k|q2V�(q
2)2
 
��C`

10

��2 +
��C 0`

9

��2 +
��C 0`

10

��2 +
����C

`
9

+
2mbmB

q2
C

7

T�(q2)

V�(q2)
� 8⇡2hK⇤?

����
2

!

+O
✓
m2

`

q2

◆
+O

✓
⇤

mb

◆
. (11)

In this formula NK⇤
0,? are dimensionful constants, V

0,�(q2) and T
0,�(q2) are form factors in the helicity basis [25] and

hK⇤
0,? describe the contributions from the four-quark and chromomagnetic operators much like hK above. Furthermore, we

have neglected the hadronic matrix elements giving the leading contributions in the SM to decays into positively polarized K⇤

(e.g. the form factors V
+

(q2) and T
+

(q2)) because, in the large-recoil region (low q2), they are suppressed by O(⇤/mb) [25]. In
the SM these corrections, as well as, in general, the hadronic uncertainties, largely cancel in the RK⇤ ratios, formally appearing
as O(m2

µ/q
2 ⇥ ⇤/mb) terms that will be systematically included in our numerical analysis.

FIG. 1: RK and RK⇤ (in the [1.1, 6] GeV2 bin) parametric dependence on one Wilson coefficient where the nodes indicate steps of �C

µ =
+0.5 from the SM point and in the direction of the arrows. The red solid line shows the dependence on �C

µ
9 , dashed blue line on �C

µ
10, green

dot-dashed on �C

0µ
9 and orange dotted on �C

0µ
10.

The longitudinal contribution to the rate, eq. (10), is similar to the B ! K`` one except that the chirally flipped operators
interfere with the SM with a relative minus sign due to the different transformations under parity of the B ! K and B ! K⇤

hadronic matrix elements. In the transversal polarization, the interference of the chirally flipped operators with the SM is
suppressed by the neglected ⇤/mb terms in eq. (11), so that their contributions will always increase �?. Any scenario explaining
the deficit in RK via a destructive interference with the SM in eq. (6) with (small) negative values of C 0

9,10, will necessarily
produce a surplus in RK⇤ .

            :  form factors
     :  hadronic contributions
fi, Vi, Ti

hi

           and            are power suppressed. V+(q2) T+(q2)

 relative minus signs due to the different parities. 

in the heavy quark limit

 Chirality flipped contributions increase the decay rate in 
the transverse polarization. 

A0 : A� : A+ = 1 : ⇤/mb : ⇤2/m2
b

Patterns of NP in RK(⇤)
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Fit of 
6

(the yi-parameters) playing almost no role, due to the exceptional cleanness of the observables. Nonetheless, in our fit we include
the theoretical errors of RK⇤ at low q2 and investigate below the robustness of our fits against variations of the theoretical error
ranges.

In Table II and Figure 3 we display the results of one- and two-dimensional fits of muon-specific NP Wilson coefficient values
�Cµ

9

and �Cµ
10

.

FIG. 3: Ranges in orange and light red correspond to 1� and 3� intervals of Wilson coefficients, respectively. (��

2 = 1(9) for 1�(3�) in the
1-parameter cases, ��

2 = 2.3(11.83) for 1�(3�) in the 2-parameter fit.)

TABLE II: Best fit values, goodness of fit, SM exclusion level (pull), and confidence intervals for fits of single or pairs of Wilson coefficient,
to RK and RK⇤ data. For the one-dimensional case, we show that the 1� and 3� confidence intervals, for the two-dimensional case we show
the one-sigma intervals for the two parameters instead.

Coeff. best fit �2

min

p-value SM exclusion [�] 1� range 3� range
�Cµ

9

-1.64 4.52 0.104 3.87 [-2.31,-1.13] [<-4, -0.31]
�Cµ

10

1.27 2.24 0.326 4.15 [0.91,1.70] [0.31,3.04]
�Cµ

L -0.66 2.93 0.231 4.07 [-0.85,-0.49] [-1.26,-0.16]
Coeff. best fit �2

min

p-value SM exclusion [�] parameter ranges
(�Cµ

9

, �Cµ
10

) (0.85, 2.69) 1.99 0.158 3.78 Cµ
9

2 [-0.71, 1.38] Cµ
10

2 [0.61, >4]

Good to excellent fits are obtained in one-parameter scenarios where only �Cµ
10

, �Cµ
L = �Cµ

9

= ��Cµ
10

, or �Cµ
9

are nonzero,
as well as in the two-parameter scenario. The largest p-value (best fit) is obtained in the pure Cµ

10

-case, though the differences
are not large. We next consider ��2 = �2 � �2

min

and use it to compute the SM pull
p
��2

SM

and to construct frequentist
confidence regions. In each of the four scenarios, the SM point (origin) is excluded at 4� confidence, or close to it (see Table II,
where we also display best-fit values and confidence intervals for the parameters (in the two-dimensional case, these are obtained
by minimising ��2 over the other parameter).

Instead of considering muon-specific effects, we could have assumed an electron-specific effect, or a combination. In the
former case, essentially the signs of the fitted Wilson coefficients are reversed, if only the LUV observables are considered.

7

B. Fits to RK , RK⇤ and Bs ! µµ

We now add BR(Bs ! µµ) to the data set.4 It is theoretically similarly clean to the LUV observables, with NNLO QCD
and NLO electroweak corrections known [53], and the sole hadronic parameter, the decay constant fBs , having been precisely
computed by different lattice QCD collaborations [54]. To simplify the fit, we consider the ratio

R =
BR(Bs ! µµ)

BR(Bs ! µµ)SM
=

����
Cµ

10

CSM

10

����
2

, (16)

in which theory uncertainties cancel and which, among the set (C`
9

, C`
10

), only depends on the coefficient Cµ
10

, such that it is
natural to add it to the fit of muon-specific Wilson coefficients. The experimental value is Rexp = 0.83(16), where the results
from CMS and LHCb including run I and run II data are averaged as in ref. [55]. The error includes, in quadrature, the theory
uncertainty on the SM rate, which is small compared to the experimental ones.

Including R increases the SM p-value marginally to 3.7 10�4 (3.56�). We next perform the same fits as in the previous
subsection, but to the extended data set. The results are shown in Tab. III and, for the fit of (�Cµ

9

, �Cµ
10

) fit, in Fig. 4.

TABLE III: Best fit values, goodness of fit, SM exclusion level, and confidence intervals for fits of single or pairs of Wilson coefficient, to
RK , RK⇤ and Bs ! µ

+
µ

� data, similar to Table II.

Coeff. best fit �2

min

p-value SM exclusion [�] 1� range 3� range
�Cµ

9

-1.64 5.65 0.130 3.87 [-2.31, -1.12] [<-4, -0.31]
�Cµ

10

0.91 4.98 0.173 3.96 [0.66, 1.18] [0.20, 1.85]
�Cµ

L -0.61 3.36 0.339 4.16 [-0.78, -0.46] [-1.14, -0.16]
Coeff. best fit �2

min

p-value SM exclusion [�] parameter ranges
(�Cµ

9

, �Cµ
10

) (-0.76, 0.54) 3.31 0.191 3.76 Cµ
9

2 [-1.50, -0.16] Cµ
10

2 [0.18, 0.92]

FIG. 4: Fits to RK , RK⇤ and BR(Bs ! µµ). The band for RK⇤ includes only the [1.1,6] GeV2 bin

Again, all four scenarios considered provide good fits. The main impact on the two-parameter fit is that the allowed region is
narrowed down considerably, with large positive correlated values of �Cµ

9

and �Cµ
10

no longer allowed. We note, in particular,

4 The overline refers to the fact that the experiments access the time-integrated branching ratio, which depends on the details of BsB̄s mixing [52].

only +B(Bs ! µµ)

 NP in muon couplings: Geng, Grinstein, Jager, Martin Camalich, Ren & Shi, 1704.05446

1� and 3�

1� and 3�

 The fit favors NP in the directions of                     .

 NP in electron couplings produces very similar 
results with                   .�Ce

i ⇡ ��Cµ
i

�Cµ
9 = ��Cµ

10

RK(⇤)

RK(⇤)
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Fit results 2

Coe↵. best fit 1� 2� pull

Cµ
9 �1.59 [�2.15, �1.13] [�2.90, �0.73] 4.2�

Cµ
10 +1.23 [+0.90, +1.60] [+0.60, +2.04] 4.3�

Ce
9 +1.58 [+1.17, +2.03] [+0.79, +2.53] 4.4�

Ce
10 �1.30 [�1.68, �0.95] [�2.12, �0.64] 4.4�

Cµ
9 = �Cµ

10 �0.64 [�0.81, �0.48] [�1.00, �0.32] 4.2�

Ce
9 = �Ce

10 +0.78 [+0.56, +1.02] [+0.37, +1.31] 4.3�

C0µ
9 �0.00 [�0.26, +0.25] [�0.52, +0.51] 0.0�

C0µ
10 +0.02 [�0.22, +0.26] [�0.45, +0.49] 0.1�

C0 e
9 +0.01 [�0.27, +0.31] [�0.55, +0.62] 0.0�

C0 e
10 �0.03 [�0.28, +0.22] [�0.55, +0.46] 0.1�

TABLE I. Best-fit values and pulls for scenarios with NP in
one individual Wilson coe�cient.

and the corresponding Wilson coe�cients C`
i , with ` =

e, µ. We do not consider other dimension-six operators
that can contribute to b ! s`` transitions. Dipole oper-
ators and four-quark operators [46] cannot lead to vio-
lation of LFU and are therefore irrelevant for this work.
Four-fermion contact interactions containing scalar cur-
rents would be a natural source of LFU violation. How-
ever, they are strongly constrained by existing measure-
ments of the Bs ! µµ and Bs ! ee branching ra-
tios [47, 48]. Imposing SU(2)L invariance, these bounds
cannot be avoided [49]. We have checked explicitly that
SU(2)L invariant scalar operators cannot lead to any ap-
preciable e↵ects in RK(⇤) (cf. [50]).

For the numerical analysis we use the open source code
flavio [51]. Based on the experimental measurements
and theory predictions for the LFU ratios RK(⇤) and
the LFU di↵erences of B ! K⇤`+`� angular observ-
ables DP 0

4,5
(see below), we construct a �2 function that

depends on the Wilson coe�cients and that takes into
account the correlations between theory uncertainties of
di↵erent observables. The experimental uncertainties are
presently dominated by statistics, so their correlations
can be neglected. For the SM we find �2

SM = 24.4 for 5
degrees of freedom.

Tab. I lists the best fit values and pulls, defined as thep
��2 between the best-fit point and the SM point for

scenarios with NP in one individual Wilson coe�cient.
The plots in Fig. 1 show contours of constant ��2 ⇡
2.3, 6.2, 11.8 in the planes of two Wilson coe�cients for
the scenarios with NP in Cµ

9 and Cµ
10 (top), in Cµ

9 and
Ce

9 (center), or in Cµ
9 and C 0 µ

9 (bottom), assuming the
remaining coe�cients to be SM-like.

The fit prefers NP in the Wilson coe�cients corre-
sponding to left-handed quark currents with high sig-
nificance ⇠ 4�. Negative Cµ

9 and positive Cµ
10 decrease

both B(B ! Kµ+µ�) and B(B ! K⇤µ+µ�) while pos-

FIG. 1. Allowed regions in planes of two Wilson coe�cients,
assuming the remaining coe�cients to be SM-like.

Altmannshofer, Stangl & Straub, 1704.05435

3

FIG. 2. The B ! K⇤`+`� LFU di↵erences DP 0
4

and DP 0
5

in the SM and various NP benchmark models as functions of q2.
The error bands contain all theory uncertainties including form factors and non-factorisable hadronic e↵ects. In the region of
narrow charmonium resonances, only the short-distance contribution is shown, without uncertainties.

itive Ce
9 and negative Ce

10 increase both B(B ! Ke+e�)
and B(B ! K⇤e+e�), allowing a good description of the
data in each case. Also along the direction C`

9 = �C`
10

that corresponds to a left-handed lepton current, we find
excellent fits to the data.

The primed Wilson coe�cients, that correspond to
right-handed quark currents, cannot improve the agree-
ment with the data by themselves. As is well known [18],
the primed coe�cients imply RK⇤ > 1 given RK < 1 and
vice versa. The complementary sensitivity of RK⇤ and
RK to right-handed currents is illustrated in the bottom
plot of Fig. 1 for the example of Cµ

9 vs. C 0 µ
9 . In com-

bination with sizable un-primed coe�cients, the primed
coe�cients can slightly improve the fit.

Among the un-primed Wilson coe�cients, there are
approximate flat directions. We find that a good de-
scription of the experimental results is given by

Cµ
9 � Ce

9 � Cµ
10 + Ce

10 ' �1.4 , (8)

unless some of the individual coe�cients are much larger
than 1 in absolute value. The flat direction is clearly
visible in the top and center plot of Fig. 1. In many
NP models one has relations among these coe�cients. In
models with leptoquarks one finds C`

9 = ±C`
10 [29, 52],

models based on gauged Lµ � L⌧ predict Ce
9 = C`

10 =
0 [20], while in some Z 0 models one finds C`

9 = aC`
10,

where a is a constant of O(1) (see e.g. [53]).
We find that a non-standard C`

10 (C`
9) leads to slightly

larger (smaller) e↵ects in RK⇤ than in RK . Therefore,
RK⇤ . RK < 1 is best described by a non-standard C`

10.
The opposite hierarchy, RK . RK⇤ < 1, would lead to a
slight preference for NP in C`

9.
A more powerful way to distinguish NP in C`

9 from
NP in C`

10 is through measurements of LFU di↵erences
of angular observables [22, 54, 55]. We find that the

observables

DP 0
4

= P 0
4(B ! K⇤µ+µ�) � P 0

4(B ! K⇤e+e�) , (9)

DP 0
5

= P 0
5(B ! K⇤µ+µ�) � P 0

5(B ! K⇤e+e�) , (10)

are particularly promising (for a definition of the observ-
ables P 0

4,5 see [56]). Predictions for the observables DP 0
4,5

as functions of q2 in the SM and various NP scenarios
are shown in the plots of Fig. 2. The SM predictions are
close to zero with very high accuracy across a wide q2

range. In the presence of NP, DP 0
4,5

show a non-trivial q2

dependence. If the discrepancies in RK(⇤) are explained
by NP in C`

9, we predict a negative DP 0
4

⇠ �0.1 at low
q2 . 2.5 GeV2 and a sizable positive DP 0

5
⇠ +0.5. With

NP in C`
10 we predict instead a positive DP 0

4
⇠ +0.15

and a small negative DP 0
5

⇠ �0.1. We observe that DP 0
5

has even the potential to distinguish between NP in Ce
9

and Cµ
9 . For q2 & 5 GeV2, a negative Cµ

9 leads to a
sizable increase of P 0

5(B ! K⇤µ+µ�), while a positive
Ce

9 can decrease P 0
5(B ! K⇤e+e�) only slightly, as the

SM prediction for P 0
5 in this q2 region is already close

to its model-independent lower bound of �1. The re-

cent measurements by Belle, D
[1,6]
P 0

4
= +0.498±0.553 and

D
[1,6]
P 0

5
= +0.656±0.496 [5], have still sizable uncertainties

and are compatible with NP both in C`
9 and in C`

10. They
slightly favor NP in C`

9. We note that, while the SM pre-
diction for these observables has a tiny uncertainty, for
fixed values of LFU violating Wilson coe�cients, form
factor and other hadronic uncertainties do play a role, as
also shown in Fig. 2. However, these uncertainties are
still so small that su�cient experimental precision could
allow a clean identification of the underlying NP contact
interaction.

We stress that the NP contact interactions in (5) lead
also to a characteristic q2 shape in the LFU ratios RK(⇤) .

 A good description of the data is given by 

unless some of the individual coefficients 
are much larger than one in absolute value. 
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Chirality-flipped operators

2

Coe↵. best fit 1� 2� pull

Cµ
9 �1.59 [�2.15, �1.13] [�2.90, �0.73] 4.2�

Cµ
10 +1.23 [+0.90, +1.60] [+0.60, +2.04] 4.3�

Ce
9 +1.58 [+1.17, +2.03] [+0.79, +2.53] 4.4�

Ce
10 �1.30 [�1.68, �0.95] [�2.12, �0.64] 4.4�

Cµ
9 = �Cµ

10 �0.64 [�0.81, �0.48] [�1.00, �0.32] 4.2�

Ce
9 = �Ce

10 +0.78 [+0.56, +1.02] [+0.37, +1.31] 4.3�

C0µ
9 �0.00 [�0.26, +0.25] [�0.52, +0.51] 0.0�

C0µ
10 +0.02 [�0.22, +0.26] [�0.45, +0.49] 0.1�

C0 e
9 +0.01 [�0.27, +0.31] [�0.55, +0.62] 0.0�

C0 e
10 �0.03 [�0.28, +0.22] [�0.55, +0.46] 0.1�

TABLE I. Best-fit values and pulls for scenarios with NP in
one individual Wilson coe�cient.

and the corresponding Wilson coe�cients C`
i , with ` =

e, µ. We do not consider other dimension-six operators
that can contribute to b ! s`` transitions. Dipole oper-
ators and four-quark operators [46] cannot lead to vio-
lation of LFU and are therefore irrelevant for this work.
Four-fermion contact interactions containing scalar cur-
rents would be a natural source of LFU violation. How-
ever, they are strongly constrained by existing measure-
ments of the Bs ! µµ and Bs ! ee branching ra-
tios [47, 48]. Imposing SU(2)L invariance, these bounds
cannot be avoided [49]. We have checked explicitly that
SU(2)L invariant scalar operators cannot lead to any ap-
preciable e↵ects in RK(⇤) (cf. [50]).

For the numerical analysis we use the open source code
flavio [51]. Based on the experimental measurements
and theory predictions for the LFU ratios RK(⇤) and
the LFU di↵erences of B ! K⇤`+`� angular observ-
ables DP 0

4,5
(see below), we construct a �2 function that

depends on the Wilson coe�cients and that takes into
account the correlations between theory uncertainties of
di↵erent observables. The experimental uncertainties are
presently dominated by statistics, so their correlations
can be neglected. For the SM we find �2

SM = 24.4 for 5
degrees of freedom.

Tab. I lists the best fit values and pulls, defined as thep
��2 between the best-fit point and the SM point for

scenarios with NP in one individual Wilson coe�cient.
The plots in Fig. 1 show contours of constant ��2 ⇡
2.3, 6.2, 11.8 in the planes of two Wilson coe�cients for
the scenarios with NP in Cµ

9 and Cµ
10 (top), in Cµ

9 and
Ce

9 (center), or in Cµ
9 and C 0 µ

9 (bottom), assuming the
remaining coe�cients to be SM-like.

The fit prefers NP in the Wilson coe�cients corre-
sponding to left-handed quark currents with high sig-
nificance ⇠ 4�. Negative Cµ

9 and positive Cµ
10 decrease

both B(B ! Kµ+µ�) and B(B ! K⇤µ+µ�) while pos-

�2.0 �1.5 �1.0 �0.5 0.0 0.5 1.0 1.5

Re Cµ
9

�1.0

�0.5

0.0

0.5

1.0

1.5

R
e
C

µ 10

flavio v0.21

LFU observables

b ! sµµ global fit

all

all, fivefold non-FF hadr. uncert.

�2.0 �1.5 �1.0 �0.5 0.0 0.5 1.0 1.5

Re Cµ
9

�1.0

�0.5

0.0

0.5

1.0

1.5

R
e
C

e 9

flavio v0.21

LFU observables

b ! sµµ global fit

all

�3 �2 �1 0 1 2 3

Re Cµ
9

�2

�1

0

1

2

R
e
C

�µ 9

flavio v0.21

RK

R⇤
K

LFU observables

b ! sµµ global fit

FIG. 1. Allowed regions in planes of two Wilson coe�cients,
assuming the remaining coe�cients to be SM-like.

 The primed coefficients, corresponding to right-handed 
quark currents, cannot improve the agreement with the 
data by themselves.

 In combination with sizable un-primed coefficients, the 
primed coefficients can slightly improve the fit. 

O0`
9 = (s̄�µPRb)(¯̀�µ`), O0`

10 = (s̄�µPRb)(¯̀�µ�5`)

RK⇤ > 1, RK < 1

and vice versa

Altmannshofer, Stangl & Straub, 1704.05435

RK(⇤) , Q4,5
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Figure 1: Deviations from the SM value RK = RK⇤ = 1 due to the various chiral operators
possibly generated by new physics in the muon (left panel) and electron (right panel) sector.
Bothe the ratio refers to q2 in [1.1, 6]GeV2. We assumed real coe�cients, and the out-going
(in-going) arrows show the e↵ect of coe�cients equal to +1 (�1). For the sake of clarity we
only show the arrows for the coe�cients involving left-handed muons and electrons (except for
the two magenta arrows in the left-side plot, that refer to CBSM

9,µ = (CBSM

bLµL
+ CBSM

bLµR
)/2 = ±1).

BSM corrections. To this end, we define RK⇤ in a given range of q2, in analogy with eq. (8):

RK⇤ [q2
min

, q2
max

] ⌘
R q2

max

q2
min

dq2 d�(B ! K⇤µ+µ�)/dq2

R q2
max

q2
min

dq2 d�(B ! K⇤µ+µ�)/dq2
, (16)

where the di↵erential decay width d�(B ! K⇤µ+µ�)/dq2 actually describes the four-body
process B ! K⇤(! K⇡)µ+µ�, and takes the compact form

d� (B ! K⇤µ+µ�)

dq2
=

3

4
(2Is

1

+ Ic
2

)� 1

4
(2Is

2

+ Ic
2

) . (17)

The angular coe�cients Ia=s,c
i=1,2 in eq. (17) can be written in terms of the so-called transversity

amplitudes describing the decay B ! K⇤V ⇤ with the B meson decaying to an on-shell K⇤

and a virtual photon or Z boson which later decays into a lepton-antilepton pair. We refer
to [26] for a comprehensive description of the computation. In the left panel of figure 2 we
show the di↵erential distribution d�(B ! K⇤µ+µ�)/dq2 as a function of the dilepton invariant
mass q2. The solid black line represents the SM prediction, and we show in dashed (dotted)
red the impact of BSM corrections due to the presence of non-zero CBSM

bLµL
(CBSM

bRµL
) taken at the

benchmark value of 1.
We now focus on the low invariant-mass range q2 = [0.045, 1.1] GeV2, shaded in blue with

diagonal mesh in the left panel of fig 2. In this bin, the di↵erential rate is dominated by
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Chiral lepton currents
O`

AB = (s̄�µPAb)(¯̀�µPB`) , A,B = L,R

q2 = [1.1, 6] GeV2

 A reduction of the same order in both ratios is possible  
in the presence of negative           . CBSM

bLµL

 bLµL, bLeL, bLeR, bReRRK(⇤) < 1
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FIG. 3. The LFU ratios RK(⇤) in the SM and two NP benchmark models as function of q2. Conerning the error bands, the
same comments as for Fig. 2 apply.

In Fig. 3 we show RK(⇤) as functions of q2 in the SM and
in the same NP scenarios as in Fig. 2. In the SM, RK(⇤)

are to an excellent approximation q2 independent. For
very low q2 ' 4m2

µ they drop to zero, due to phase space
e↵ects. NP contact interactions lead to an approximately
constant shift in RK . The ratio RK⇤ , on the other hand,
shows a non-trivial q2 dependence in the presence of NP.
In contrast to B ! K``, the B ! K⇤`` decays at low q2

are dominated by the photon pole, which gives a lepton
flavor universal contribution. The e↵ect of NP is there-
fore diluted at low q2. Given the current experimental
uncertainties, the measured q2 shape of RK⇤ is compati-
ble with NP in form of a contact interaction. Significant
discrepancies from the shapes shown in Fig. 3 would im-
ply the existence of light NP degrees of freedom around
or below the scale set by q2 and a breakdown of the ef-
fective Hamiltonian framework.

Assuming that the description in terms of contact
interactions holds, we translate the best fit values of
the Wilson coe�cients into a generic NP scale. Repa-
rameterizing the e↵ective Hamiltonian (5) as HNP

e↵ =
�
P

i Oi/⇤2
i , one gets

⇤i =
4⇡

e

1p
|VtbV ⇤

ts|
1p
|Ci|

vp
2

' 35 TeVp
|Ci|

. (11)

Based on perturbative unitarity we therefore predict the
existence of NP degrees of freedom below a scale of
⇤NP ⇠

p
4⇡ ⇥ 35 TeV/

p
|Ci| ⇠ 100 TeV.

Compatibility with other rare B decay anomalies. It is
natural to connect the discrepancies in RK(⇤) to the other
existing anomalies in rare decays based on the b ! sµµ
transition. In the plots of Fig. 1 we show in dotted gray
the 1, 2, and 3� contours from our global b ! sµµ fit that
does not take into account the measurements of the LFU
observables RK(⇤) and DP 0

4,5
[6]. We observe that the

blue regions prefered by the LFU observables are fully

compatible with the b ! sµµ fit. We have also per-
formed a full fit, taking into account all the observables
from the b ! sµµ fit, the branching ratio of Bs ! µ+µ�

(assuming it not to be a↵ected by scalar NP contribu-
tions), and the BaBar measurement of the B ! Xse

+e�

branching ratio [57]. This fit, shown in red, points to
a non-standard Cµ

9 ' �1.2 with very high singificance.
Wilson coe�cients other than Cµ

9 are constrained by the
global fit.

Compared to the LFU observables, the global b ! sµµ
fit depends more strongly on estimates of hadronic uncer-
tainties in the b ! s`` transitions. To illustrate the im-
pact of a hypothetical, drastic underestimation of these
uncertainties, we also show results of a global fit where
uncertainties of non-factorisable hadronic contributions
are inflated by a factor of 5 with respect to our nominal
estimates. In this case, the global fit becomes dominated
by the LFU observables, but the b ! sµµ observables
still lead to relevant constraints. For instance, the best-
fit value for Cµ

10 in Tab. I would imply a 50% suppresion
of the Bs ! µ+µ� branching ratio, which is already in
tension with current measurements [47], barring cancel-
lations with scalar NP contributions.

Conclusions. The discrepancies between SM predic-
tions and experimental results in the LFU ratios RK and
RK⇤ can be explained by NP four-fermion contact inter-
actions (s̄b)(¯̀̀ ) with left-handed quark currents. Future
measurements of LFU di↵erences of B ! K⇤`+`� angu-
lar observables can help to identify the chirality struc-
ture of the lepton currents. If the hints for LFU vio-
lation in rare B decays are first signs of NP, perturba-
tive unitarity implies new degrees of freedom below a
scale of ⇤NP ⇠ 100 TeV. These results are robust, i.e.
they depend very mildly on assumptions about the size
of hadronic uncertainties in the B ! K(⇤)`+`� decays.

Intriguingly, the measured values of RK and RK⇤ are
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q2 dependence

        at low q2 is dominated by the photon pole, 
which gives a LFU contribution.

 In the SM, uncertainties almost cancel in the ratio, 
but it’s no longer true in presence of lepton-specific 
NP contributions. 

b
R

s
L

γ

D ′

0

B K⇤

µ
µ

�

O7�

RK⇤

e, e,

C`
10

C`
9 RK . RK⇤ < 1

RK⇤ . RK < 1

Altmannshofer, Stangl & Straub, 1704.05435
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Figure 2: Left: RK⇤ as function of q2, the invariant mass of the `+`� pair, for the SM and
for two specific values of the new-physics coe�cients. The inset shows iso-contours of de-
viation from R⇤

K = 1 in the [0.045, 1.1]GeV2 bin as a function of new-physics coe�cients,
compared to their experimentally favoured values. Right: correlation between RK⇤ measured in
the [1.1, 6]GeV2 bin (horizontal axis) and [0.045, 1.1]GeV2 bin (vertical axis) of q2: a sizeable
new physics e↵ect can be present in the low-energy bin. The numerical values of q2 are given
in GeV2.

the SM photon contribution. It is instructive to give more quantitative comments. In the
inset plot in the left panel of fig 2, we show in the plane (CBSM

bLµL
, CBSM

bRµL
) the relative deviation

in RK⇤ [0.045, 1.1] compared to its SM value RK⇤ = 1, and we superimpose the 1- and 3-�
confidence contours allowed by the fit of experimental data (for simplicity, without including
RK⇤). This comparison shows that a 10% reduction of RK⇤ in the mass-invariant bin q2 =
[0.1, 0.98] GeV2 is expected. The SM prediction, RSM

K⇤ [0.045, 1.1] ⇡ 0.9, departs from one
because of the e↵ects of the muon mass at the boundary of the range. The observed central
value RSM

K⇤ [0.045, 1.1] = 0.66 can be again explained with possible e↵ects of new physics. The
natural suspect is a new physics contribution to the dipole operator, but it can be shown
that this cannot be very large because of bounds coming from process like B ! K⇤�, see for
example [27]. We can instead correlate the e↵ect in RSM

K⇤ [0.045, 1.1] with RSM

K⇤ [1.1, 6], the result
is shown in the right panel of figure 2 is clear that all the new physics hypothesis predicts value
closer to one than the present data, however the experimental error is quite large, the fate of
this bin will be very important for the future.

In conclusion, the picture emerging from a simple inspection of the relevant formulas for
RK and RK⇤ is very neat, and can be summarized as follows.

8

 The first bin is dominated by the dipole operator, 
which is bounded by                      . 

 More precise measurements 
will be important to clarify 
this issue.

RK⇤

B(B ! Xs�)

 It is difficult to accommodate the data for the first bin 
through C9 and C10. 

 A significant discrepancy in the 
first bin would imply the existence 
of light NP degrees of freedom. 

D’Amico, et al., 1704.05438
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Global fit 

 Two cases: 

 SM:   p=4.4% for LFUV and p=14.6% for All

Capdevila, Crivellin, Descotes-Genon, Matias & Virto, 1704.05340

- All (175): 
- LFUV(17measurements): RK(⇤)(LHCb), Q4,5(Belle)

B ! K⇤µµ (ATLAS,Belle,CMS,LHCb) + above

etc. are also included in both cases.B(B ! Xs�), B(B ! Xsµµ), B(Bs ! µµ),

Bs ! �µµ (LHCb)

 Main anomalies: 2

Largest pulls hP 0
5i[4,6] hP 0

5i[6,8] R[1,6]
K R[0.045,1.1]

K⇤ R[1.1,6]
K⇤ B[2,5]

Bs!�µ+µ� B[5,8]

Bs!�µ+µ�

Experiment �0.30± 0.16 �0.51± 0.12 0.745+0.097
�0.082 0.66+0.113

�0.074 0.685+0.122
�0.083 0.77± 0.14 0.96± 0.15

SM prediction �0.82± 0.08 �0.94± 0.08 1.00± 0.01 0.92± 0.02 1.00± 0.01 1.55± 0.33 1.88± 0.39

Pull (�) -2.9 -2.9 +2.6 +2.3 +2.6 +2.2 +2.2

Prediction for CNP
9µ = �1.1 �0.50± 0.11 �0.73± 0.12 0.79± 0.01 0.90± 0.05 0.87± 0.08 1.30± 0.26 1.51± 0.30

Pull (�) -1.0 -1.3 +0.4 +1.9 +1.2 +1.8 +1.6

TABLE I: Main anomalies currently observed in b ! s`` transitions, with the current measurements, our predictions for the
SM and the NP scenario CNP

9µ = �1.1, and the corresponding pulls. In addition, a deficit compared to the SM predictions has

been observed at low and large recoils for B(B(0,+) ! K(0,+)µµ) [13] and B(B0 ! K⇤0µµ) [14], as well as at low recoil (above
15 GeV2) for B(B+ ! K⇤+µ+µ�) [13] and B(Bs ! �µ+µ�) [7].

confirmed by other global analyses [15–17] using di↵er-
ent observables, hadronic inputs and theory approaches
for their computations. Controversies on hadronic un-
certainties (power corrections to form factors [18, 19],
charm-loop contributions [20, 21]) have been addressed
and resolved in Refs. [22–25].

Recently, the experimental picture has changed signif-
icantly. The ATLAS and CMS collaborations have pre-
sented new preliminary results for optimized observables:
ATLAS measured the whole set as well as FL at large K⇤

recoil [26], whereas CMS presented results for P1 and P 0
5

at low and large recoils [27]. The results show a good (but
not perfect) overall agreement with the LHCb results,
and a global model-independent analysis [28] has con-
firmed the earlier picture in Refs. [3, 12, 15–17] on many
issues: favoured hypotheses for NP contributions to Wil-
son Coe�cients, consistency of deviation patterns in the
various channels and types of observables, robustness
with respect to the theoretical assumptions on hadronic
corrections, and absence of q2- or helicity-dependences
for CNP

9,µ that would signal uncontrolled long-distance con-
tributions in B ! K⇤µ+µ�.

On the other hand, the LHCb collaboration has
recently updated the di↵erential branching ratio for
B ! K⇤µ+µ� [14], and it has presented strik-
ing new results concerning the LFUV ratio RK⇤ =
B(B ! K⇤µ+µ�)/B(B ! K⇤e+e�) at large K⇤ re-
coil [29], exhibiting significant deviations from SM ex-
pectations. Ratios like RK and RK⇤ are particularly
interesting due to their lack of sensitivity to hadronic
uncertainties, their precise prediction within the SM and
their potential to discriminate among NP models [30, 31].
The significant deviation of RK⇤ from SM expectations
confirm in particular that hadronic uncertainties in the
theoretical predictions are not su�cient to explain all the
anomalies observed in b ! s`+`� transitions, and that
alternative explanations must be searched for.

In this note, we discuss how these remarkable new re-
sults a↵ect the global model-independent analysis of NP
in b ! s`+`� decays, we determine patterns of NP contri-
butions favoured by the whole set of experimental data,
and we study their implications for NP models. The
structure of this note is the following: In Sec. 2, we briefly
recall the framework used for our global analysis, focus-

ing on the changes compared to our previous work [12].
In Sec. 3, we present the results for di↵erent hypotheses
of NP contributions to the short-distance Wilson coe�-
cients. In Sec. 4, we consider the consequences for well-
motivated models of NP, before drawing our conclusions.
Further detail on the computation of RK⇤ , the connec-
tion with RD(⇤) and some implications for future LFUV
observables are discussed in the appendices.

2. FRAMEWORK

We perform a global fit to all available b ! s� and
b ! s`+`� data along the lines of Ref. [12], to determine
the best-fit points and the confidence-level intervals for
the Wilson coe�cients C9,10(0) e,µ (see [3] for definitions).
We include all the observables considered in the refer-
ence fit of Ref. [12] (see Secs. 2 and 3, and App. A of this
reference). More specifically, for the angular observables
in B ! K?µ+µ�, B ! K?e+e� and Bs ! �µ+µ�, we

use the optimised observables P (0)
i obtained from LHCb’s

likelihood fit [5]. Concerning the q2 binning we use the
finest bins at large recoil (below the J/ ) but the widest
bins in the low-recoil region to ensure quark-hadron du-
ality. For the b ! s� radiative observables, we add to our
previous set of observables the branching ratios of the ra-
diative decays B0 ! K⇤0�, B+ ! K⇤+�, Bs ! �� [32].
We add to the fit all the new measurements made

available since Ref. [12]:

I The B0 ! K?0µ+µ� di↵erential branching fraction
measured by LHCb [14] based on the full run 1 dataset,
superseding the results in Ref. [33]. A recent update of
Ref. [14] led to a reduction of the branching ratio by
about 20% in magnitude.

I The new Belle measurements [9] for the isospin-
averaged but lepton-flavour dependent B ! K?`+`� ob-
servables P 0 e

4,5 and P 0µ
4,5. The isospin average is given by

the following expression [34]

P 0 `
i = �+ P 0 `

i (B+) + (1� �+)P
0 `
i (B̄0) . (1)

Since �+ describing the relative weight of each isospin
component in the average is not public, we treat it as
a nuisance parameter �+ = 0.5 ± 0.5. This will not
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Figure 1: Two-dimensional constraints in the plane of NP contributions to the real parts of
the Wilson coe�cients C9 and C10 (left) or C9 and C 0

9 (right), assuming all other
Wilson coe�cients to be SM-like. For the constraints from the B ! K⇤µ+µ� and
Bs ! �µ+µ� angular observables from individual experiments as well as for the
constraints from branching ratio measurements of all experiments (“BR only”), we
show the 1� (��2 ⇡ 2.3) contours, while for the global fit (“all”), we show the 1, 2,
and 3� contours.

contours showing the constraints coming from the angular analyses of individual experiments,
as well as from branching ratio measurements of all experiments.

We observe that the individual constraints are all compatible with the global fit at the 1� or
2� level. While the CMS angular analysis shows good agreement with the SM expectations,
all other individual constraints show a deviation from the SM. In view of their precision,
the angular analysis and branching ratio measurements of LHCb still dominate the global fit
(cf. Figs. 5, 7, 6 and 8), leading to a similar allowed region as in previous analyses. We do not
find any significant preference for non-zero NP contributions in C10 or C 0

9 in these two simple
scenarios.

Similarly to our analysis of scenarios with NP in one Wilson coe�cient, we repeat the
fits doubling the form factor uncertainties and doubling the uncertainties of non-factorizable
corrections. For NP in C9 and C10, we find that the pull is reduced from 4.6� to 3.7� and 3.8�,
respectively. For NP in C9 and C 0

9 the pull is reduced from 4.9� to 4.1� and 4.2�, respectively.
The impact of the inflated uncertainties is also illustrated in Fig. 2. Doubling the hadronic
uncertainties is not su�cient to achieve agreement between data and SM predictions at the 3�
level.

3.3. New physics or hadronic e↵ects?

It is conceivable that hadronic e↵ects that are largely underestimated could mimic new physics
in the Wilson coe�cient C9 [25]. As first quantified in [61] and later considered in [24,26,27,34],
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the Wilson coe�cients C9 and C10 (left) or C9 and C 0

9 (right), assuming all other
Wilson coe�cients to be SM-like. For the constraints from the B ! K⇤µ+µ� and
Bs ! �µ+µ� angular observables from individual experiments as well as for the
constraints from branching ratio measurements of all experiments (“BR only”), we
show the 1� (��2 ⇡ 2.3) contours, while for the global fit (“all”), we show the 1, 2,
and 3� contours.

contours showing the constraints coming from the angular analyses of individual experiments,
as well as from branching ratio measurements of all experiments.

We observe that the individual constraints are all compatible with the global fit at the 1� or
2� level. While the CMS angular analysis shows good agreement with the SM expectations,
all other individual constraints show a deviation from the SM. In view of their precision,
the angular analysis and branching ratio measurements of LHCb still dominate the global fit
(cf. Figs. 5, 7, 6 and 8), leading to a similar allowed region as in previous analyses. We do not
find any significant preference for non-zero NP contributions in C10 or C 0

9 in these two simple
scenarios.

Similarly to our analysis of scenarios with NP in one Wilson coe�cient, we repeat the
fits doubling the form factor uncertainties and doubling the uncertainties of non-factorizable
corrections. For NP in C9 and C10, we find that the pull is reduced from 4.6� to 3.7� and 3.8�,
respectively. For NP in C9 and C 0

9 the pull is reduced from 4.9� to 4.1� and 4.2�, respectively.
The impact of the inflated uncertainties is also illustrated in Fig. 2. Doubling the hadronic
uncertainties is not su�cient to achieve agreement between data and SM predictions at the 3�
level.

3.3. New physics or hadronic e↵ects?

It is conceivable that hadronic e↵ects that are largely underestimated could mimic new physics
in the Wilson coe�cient C9 [25]. As first quantified in [61] and later considered in [24,26,27,34],
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Global fit w/o LFUV observables
Altmanshofer, Niehoff, Stangl & Straub, 1703.09189

Coe↵. best fit 1� 2� pull

CNP
9 �1.19 [�1.41, �0.97] [�1.61, �0.73] 4.9�

C 0
9 +0.13 [�0.08, +0.34] [�0.29, +0.55] 0.6�

CNP
10 +0.64 [+0.41, +0.90] [+0.18, +1.16] 2.8�

C 0
10 �0.05 [�0.22, +0.11] [�0.38, +0.28] 0.3�

CNP
9 = CNP

10 �0.33 [�0.53, �0.12] [�0.70, +0.13] 1.5�

CNP
9 = �CNP

10 �0.61 [�0.74, �0.45] [�0.92, �0.31] 4.3�

C 0
9 = C 0

10 +0.07 [�0.18, +0.32] [�0.44, +0.58] 0.3�

C 0
9 = �C 0

10 +0.05 [�0.05, +0.15] [�0.15, +0.25] 0.5�

CNP
9 , CNP

10 (�1.17, +0.16) — — 4.6�

CNP
9 , C 0

9 (�1.25, +0.55) — — 4.9�

CNP
9 , C 0

10 (�1.34, �0.36) — — 5.0�

C 0
9, CNP

10 (+0.17, +0.66) — — 2.4�

C 0
9, C 0

10 (+0.18, +0.05) — — 0.2�

CNP
10 , C 0

10 (+0.64, �0.01) — — 2.4�

Table 1: Best-fit values and pulls in sigma between the best-fit point and the SM point for
scenarios with NP in one or two Wilson coe�cients. For the one-dimensional cases,
we also show the 1 and 2� best-fit ranges. For two of the two-dimensional cases, the
best-fit regions are shown in fig 1.

The significance of the tension between the branching ratio measurements and the corre-
sponding SM predictions depends strongly on the form factors used. To estimate the possible
impact of underestimated form factor uncertainties, we repeat the fit with NP in C9, doubling
the form factor uncertainties with respect to our nominal fit. We find that the pull is reduced
from 4.9� to 4.2�. Significant tensions remain in this scenario, indicating that underestimated
form factor uncertainties are likely not the only source of the discrepancies.

We also perform a fit doubling the uncertainties of the non-factorizable hadronic corrections
(see [33] for details on how we estimate these uncertainties). We find a reduced pull of 4.1�.

3.2. New physics in pairs of Wilson coe�cients

Next, we consider pairs of Wilson coe�cients. In the last four rows of table 1, we show the
best-fit points and pulls for four di↵erent scenarios. We observe that adding one of the primed
coe�cients does not improve the fit substantially.

In fig. 1 we plot contours of constant ��2 in the planes of two Wilson coe�cients for the
scenarios with NP in C9 and C10 or in C9 and C 0

9, assuming the remaining coe�cients to
be SM-like. In both plots, we show the 1, 2, and 3� contours for the global fit, but also 1�

5

b ! sµµ NP in 

 The data can be described by NP in      . Cµ
9
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1D fits

 The 3rd hypothesis that would fail to explain       are not 
disfavored due to their good compatibility with         data.

RK

RK⇤

CNP
9 < 0

��CNP
9 /CSM

9

�� ⇠ 25%

Capdevila, Crivellin, Descotes-Genon, Matias & Virto, 1704.05340

µ µ µ

 A NP contribution to muons is strongly preferred to that 
in electrons due to the angular data in                   .B ! K⇤µµ

3

All LFUV

1D Hyp. Best fit 1 � 2 � PullSM p-value Best fit 1 � 2 � PullSM p-value

CNP
9µ -1.10 [�1.27,�0.92] [�1.43,�0.74] 5.7 72 -1.76 [�2.36,�1.23] [�3.04,�0.76] 3.9 69

CNP
9µ = �CNP

10µ -0.61 [�0.73,�0.48] [�0.87,�0.36] 5.2 61 -0.66 [�0.84,�0.48] [�1.04,�0.32] 4.1 78

CNP
9µ = �C0

9µ -1.01 [�1.18,�0.84] [�1.33,�0.65] 5.4 66 -1.64 [�2.12,�1.05] [�2.52,�0.49] 3.2 31

CNP
9µ = �3CNP

9e -1.06 [-1.23,-0.89] [-1.39,-0.71] 5.8 74 -1.35 [�1.82,�0.95] [�2.38,�0.59] 4.0 71

All LFUV

2D Hyp. Best fit PullSM p-value Best fit PullSM p-value

(CNP
9µ , CNP

10µ) (-1.17,0.15) 5.5 74 (-1.13,0.40) 3.7 75

(CNP
9µ , C0

7) (-1.05,0.02) 5.5 73 (-1.75,-0.04) 3.6 66

(CNP
9µ , C90µ) (-1.09,0.45) 5.6 75 (-2.11,0.83) 3.7 73

(CNP
9µ , C100µ) (-1.10,-0.19) 5.6 76 (-2.43,-0.54) 3.9 85

(CNP
9µ , CNP

9e ) (-0.97,0.50) 5.4 72 (-1.09,0.66) 3.5 65

Hyp. 1 (-1.08,0.33) 5.6 77 (-1.74,0.53) 3.8 77

Hyp. 2 (-1.00, 0.15) 4.9 61 (-1.89,0.27) 3.1 39

Hyp. 3 (-0.65,-0.13) 4.9 61 (0.58,2.53) 3.7 73

Hyp. 4 (-0.65,0.21) 4.8 59 (-0.68,0.28) 3.7 72

TABLE II: Most prominent patterns of New Physics in b ! sµµ with high significances. The last four rows corresponds
to hypothesis 1: (CNP

9µ = �C90µ, CNP
10µ = C100µ), 2: (CNP

9µ = �C90µ, CNP
10µ = �C100µ), 3: (CNP

9µ = �CNP
10µ, C90µ = C100µ) and 4:

(CNP
9µ = �CNP

10µ, C90µ = �C100µ). The “All” columns include all available data from LHCb, Belle, ATLAS and CMS, whereas the
“LFUV” columns are restricted to RK , RK⇤ and Q4,5 (see text for more detail). The p-values are quoted in % and PullSM in
units of standard deviation.

have a significant e↵ect in our results, since the isospin
breaking in the SM is small (but accounted for in our
analysis), and we do not consider NP contributions to
four-quark operators.

I The new ATLAS measurements [26] on the angular
observables P1, P 0

4,5,6,8 in B0 ! K?0µ+µ� as well as FL

in the large recoil region.

I The new CMS measurements [27] on the angular
observables P1 and P 0

5 in B0 ! K?0µ+µ�, both at
large and low recoils (we consider only the [16,19] bin
at low recoil). We take FL and AFB from an earlier
analysis [35]. We also include the data from an earlier
analysis at 7 TeV [36]. A very welcome check of the
stability of the CMS results would consist in performing
a simultaneous extraction of FL, P1 and P 0

5, using the
same folding distribution as ATLAS, LHCb and Belle.

I The new measurements of the lepton-flavour non-
universality ratio RK? in two large-recoil bins by the
LHCb collaboration [29]. The likelihood of these mea-
surements is asymmetric, and dominated by statistical
uncertainties. We thus take the two measurements as
uncorrelated, and for each of the two bins, we take a
symmetric Gaussian error that is the larger of the two
asymmetric uncertainties (while keeping the central
value unchanged). This approach makes us underesti-
mate the impact of these measurements on our fit, but
it is conservative until the likelihood is known in detail.

Following Ref. [12], we take into account the corre-

lations whenever available, and assume that the mea-
surements are uncorrelated otherwise. In order to avoid
including measurements with too large correlations, we
include the LHCb measurements of the ratios RK⇤ and
RK , as well as the di↵erential branching ratios B(B0 !
K⇤0µµ) and B(B+ ! K+µµ), but we discard B(B0 !
K⇤0ee)[0.0009,1] and B(B+ ! K+ee)[1,6].

Regarding the theory computation of all observables,
we follow Refs. [12, 22], which take into account the the-
oretical updates for the branching ratios of B ! Xs� ,
B ! Xsµµ and Bs ! µµ in Refs. [37–39]. For B ! K?

form factors at large recoil we use the calculation in
Ref. [40], which has more conservative uncertainties than
the ones in Ref. [41], obtained with a di↵erent method.
For Bs ! � the corresponding calculation is not avail-
able, and therefore we use Ref. [41]. This leads to smaller
hadronic uncertainties quoted for Bs ! �`` and R�, but
we stress that this is only due to the choice of input.

We follow the same statistical method as in Ref. [12]:
We perform a frequentist analysis with all known theory
and experimental correlations taken into account through
the covariance matrix when building the �2 function,
which is minimised to find best-fit points, pulls, p-values
and confidence-level intervals. Depending on the dimen-
sionality of the hypothesis, the minimisation is performed
either using a simple scan or the Markov-Chain Monte
Carlo Metropolis-Hastings algorithm.

[%][�] [%][�]
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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There’s a handful of intruiguing 3–4� anomalies
Patrick Koppenburg Introduction 03/11/2015 — Implications Workshop [37 / 39]

Signs of NP contributions to coefficients

Descotes-Genon, et al., arXiv:1510.04239

RK hP 0
5i[4,6],[6,8] BBs!�µµ

CNP
9

+

� X X X

CNP
10

+ X X
� X

CNP
90

+ X
� X X

CNP
100

+ X X
� X

Table 9: Signs of contributions to Wilson coe�cients needed to explain the di↵erent

anomalies observed in b ! sµµ observables. A checkmark (X) indicates that a shift

in the Wilson coe�cient with this sign moves the prediction in the right direction to solve

the corresponding anomaly. The Wilson coe�cients considered here correspond to the

b ! sµµ e↵ective Hamiltonian (we assume that no NP enters b ! see).

form factors, a di↵erent approach to the computation (soft form factors versus full form

factors), di↵erent angular observables and di↵erent estimates of hadronic uncertainties

(power corrections, charm contribution). While our method is to a large extent inde-

pendent of the modeling of non-perturbative e↵ects but has to rely on an estimation

of subleading contributions based on dimensional arguments, the analysis in Ref. [13] is

based on (and limited to) a particular non-perturbative LCSR calculation. Strengths and

weaknesses of the two approaches are of complementary nature, and the comparison of

the obtained results is thus a useful cross-check to the hypotheses that two analyses rely

on.

While the observables Si become competitive to the Pi in a global fit, where their LO

form-factor dependence gets cured thanks to correlations, the Pi exhibit a much larger

sensitivity to NP on the level of the individual observables as they are shielded to a large

extent from hadronic uncertainties. Whereas for example the observable P 0
5 can be pre-

dicted in the SM with a precision of ⇠ 10%, basically independently of the underlying

form factor parametrisation, predictions for S5 can develop uncertainties up to ⇠ 40%

depending on the form factors used as input. This feature makes the experimental mea-

surement of the observables Pi indispensable in the search for NP where it will be essential

to find apart from global tensions in combined fits also some clear-cut discrepancies in

individual observables.

The results we obtained from our fits are particularly encouraging as they show that at

the level of the Wilson coe�cients several NP scenarios provide a consistent explanation

of the deviations observed in b ! s`` transitions. On the other hand, the most favoured
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The recent updated angular analysis of the B ! K⇤µ+µ� decay by the LHCb collaboration
is interpreted by performing a global fit to all relevant measurements probing the flavour-
changing neutral current b ! sµ+µ� transition. A significant tension with Standard Model
expectations is found. A solution with new physics modifying the Wilson coe�cient C9 is
preferred over the Standard Model by 3.7�. The tension even increases to 4.2� including
also b ! se+e� measurements and assuming new physics to a↵ect the muonic modes only.
Other new physics benchmarks are discussed as well. The q2 dependence of the shift in C9 is
suggested as a means to identify the origin of the tension – new physics or an unexpectedly
large hadronic e↵ect.

1 Introduction

Rare B and Bs decays based on the b ! s flavour-changing neutral current transition are sen-
sitive to physics beyond the Standard Model (SM). Recent measurements at the LHC, comple-
menting earlier B-factory results, have hugely increased the available experimental information
on these decays. Interestingly, several tensions with SM predictions have shown up in the data,
most notably

• several tensions at the 2–3� level in B ! K⇤µ+µ� angular observables in 1 fb�1 of LHCb
data taken during 2011 1;

• a 2.6� deviation from lepton flavour universality (LFU) in B+ ! K+`+`� decays measured
by LHCb, including the full 3 fb�1 dataset 2.

Several model-independent theoretical analyses 3,4,5,6,7,8,9,10 have shown that both anomalies
could be explained by new physics (NP). Today, the LHCb collaboration has released an update
of the analyis of B ! K⇤µ+µ� angular observables based on the full 3 fb�1 dataset 11, finding a
significant tension in particular in the angular observable P 0

5

. The aim of this talk is to interpret
these measurements by performing a global model-independent fit to all available data. The
results are updates of an analysis published recently 12 (and building on earlier work 13,14,4),
incorporating the new LHCb measurements. Crucially, the fit makes use of a combined fit 15 to
B ! K⇤ form factors from light-cone sum rules 15 and lattice QCD 16,17 published recently.

2 Model-independent analysis

2.1 Fit methodology

The e↵ective Hamiltonian for b ! s transitions can be written as

H
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results are updates of an analysis published recently 12 (and building on earlier work 13,14,4),
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NP shifts in angular observables
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2D fits
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FIG. 1: From left to right: Allowed regions in the (CNP
9µ , CNP

10µ), (CNP
9µ , C90µ) and (CNP

9µ , CNP
9e ) planes for the corresponding two-

dimensional hypotheses, using all available data (upper row, fit “All”) and only LFUV observables (lower row, fit “LFUV”).
We also show the 3 � regions for the data subsets corresponding to specific experiments. Constraints from b ! s� observables,
B(B ! Xsµµ) and B(Bs ! µµ) are included in each case (see text).

4. IMPLICATIONS FOR MODELS

Our updated model-independent fit to available b !
s`` and b ! s� data strongly favours LFUV scenarios
with NP a↵ecting mainly b ! sµµ transitions, with a
preference for the three hypotheses CNP

9µ , CNP
9µ = �CNP

10µ

and CNP
9µ = �C90µ. This has important implications

for some popular ultraviolet-complete models which we
briefly discuss.

I LFUV: Given that leptoquarks (LQs) should posses
very small couplings to electrons in order to avoid
dangerous e↵ects in µ ! e�, they naturally violate LFU.
While Z 0 models can easily accommodate LFUV data,
LFU variants like the ones in Refs. [42, 43] are now
disfavoured. The same is true if one aims at explaining
P 0
5 via NP in four-quark operators leading to a NP

(q2-dependent) contribution from charm loops [44].
Models with right-handed currents such as Refs. [45, 50]
are also strongly disfavoured, even though they can
account for RK , since they would result in RK⇤ > 1.

I CNP
9µ : Z 0 models with fundamental (gauge) couplings

to leptons preferably yield CNP
9µ -like solutions in order

to avoid gauge anomalies. In this context, Lµ � L⌧

models [46–49] are popular since they do not generate
e↵ects in electron channels. The new fit including
RK⇤ is also very favourable to models predicting
CNP
9µ = �3CNP

9e [51]. Interestingly, such a symmetry
pattern is in good agreement with the structure of the
PMNS matrix [52]. Concerning LQs, a CNP

9µ -like solution
can only be generated by adding two scalar (an SU(2)L
triplet and an SU(2)L doublet with Y = 7/6) or two
vector representations (an SU(2)L singlet with Y = 2/3
and an SU(2)L doublet with Y = 5/6).

I CNP
9µ = �CNP

10µ: This pattern can be achieved in Z 0

models with loop-induced couplings [53] or in Z 0 models
with heavy vector-like fermions [54] which posses also
LFUV. Concerning LQs, here a single representation
(the scalar SU(2)L triplet or the vector SU(2)L singlet
with Y = 2/3) can generate a C9µ = �C10µ like solu-
tion [55–60] and this pattern can also be obtained in
models with loop contributions from three heavy new
scalars and fermions [61–63].

I CNP
9µ = �C90µ: This pattern could be generated in

Z 0 models with vector-like fermions. For the Lµ � L⌧

3

All LFUV

1D Hyp. Best fit 1 � 2 � PullSM p-value Best fit 1 � 2 � PullSM p-value

CNP
9µ -1.10 [�1.27,�0.92] [�1.43,�0.74] 5.7 72 -1.76 [�2.36,�1.23] [�3.04,�0.76] 3.9 69

CNP
9µ = �CNP

10µ -0.61 [�0.73,�0.48] [�0.87,�0.36] 5.2 61 -0.66 [�0.84,�0.48] [�1.04,�0.32] 4.1 78

CNP
9µ = �C0

9µ -1.01 [�1.18,�0.84] [�1.33,�0.65] 5.4 66 -1.64 [�2.12,�1.05] [�2.52,�0.49] 3.2 31

CNP
9µ = �3CNP

9e -1.06 [-1.23,-0.89] [-1.39,-0.71] 5.8 74 -1.35 [�1.82,�0.95] [�2.38,�0.59] 4.0 71

All LFUV

2D Hyp. Best fit PullSM p-value Best fit PullSM p-value

(CNP
9µ , CNP

10µ) (-1.17,0.15) 5.5 74 (-1.13,0.40) 3.7 75

(CNP
9µ , C0

7) (-1.05,0.02) 5.5 73 (-1.75,-0.04) 3.6 66

(CNP
9µ , C90µ) (-1.09,0.45) 5.6 75 (-2.11,0.83) 3.7 73

(CNP
9µ , C100µ) (-1.10,-0.19) 5.6 76 (-2.43,-0.54) 3.9 85

(CNP
9µ , CNP

9e ) (-0.97,0.50) 5.4 72 (-1.09,0.66) 3.5 65

Hyp. 1 (-1.08,0.33) 5.6 77 (-1.74,0.53) 3.8 77

Hyp. 2 (-1.00, 0.15) 4.9 61 (-1.89,0.27) 3.1 39

Hyp. 3 (-0.65,-0.13) 4.9 61 (0.58,2.53) 3.7 73

Hyp. 4 (-0.65,0.21) 4.8 59 (-0.68,0.28) 3.7 72

TABLE II: Most prominent patterns of New Physics in b ! sµµ with high significances. The last four rows corresponds
to hypothesis 1: (CNP

9µ = �C90µ, CNP
10µ = C100µ), 2: (CNP

9µ = �C90µ, CNP
10µ = �C100µ), 3: (CNP

9µ = �CNP
10µ, C90µ = C100µ) and 4:

(CNP
9µ = �CNP

10µ, C90µ = �C100µ). The “All” columns include all available data from LHCb, Belle, ATLAS and CMS, whereas the
“LFUV” columns are restricted to RK , RK⇤ and Q4,5 (see text for more detail). The p-values are quoted in % and PullSM in
units of standard deviation.

have a significant e↵ect in our results, since the isospin
breaking in the SM is small (but accounted for in our
analysis), and we do not consider NP contributions to
four-quark operators.

I The new ATLAS measurements [26] on the angular
observables P1, P 0

4,5,6,8 in B0 ! K?0µ+µ� as well as FL

in the large recoil region.

I The new CMS measurements [27] on the angular
observables P1 and P 0

5 in B0 ! K?0µ+µ�, both at
large and low recoils (we consider only the [16,19] bin
at low recoil). We take FL and AFB from an earlier
analysis [35]. We also include the data from an earlier
analysis at 7 TeV [36]. A very welcome check of the
stability of the CMS results would consist in performing
a simultaneous extraction of FL, P1 and P 0

5, using the
same folding distribution as ATLAS, LHCb and Belle.

I The new measurements of the lepton-flavour non-
universality ratio RK? in two large-recoil bins by the
LHCb collaboration [29]. The likelihood of these mea-
surements is asymmetric, and dominated by statistical
uncertainties. We thus take the two measurements as
uncorrelated, and for each of the two bins, we take a
symmetric Gaussian error that is the larger of the two
asymmetric uncertainties (while keeping the central
value unchanged). This approach makes us underesti-
mate the impact of these measurements on our fit, but
it is conservative until the likelihood is known in detail.

Following Ref. [12], we take into account the corre-

lations whenever available, and assume that the mea-
surements are uncorrelated otherwise. In order to avoid
including measurements with too large correlations, we
include the LHCb measurements of the ratios RK⇤ and
RK , as well as the di↵erential branching ratios B(B0 !
K⇤0µµ) and B(B+ ! K+µµ), but we discard B(B0 !
K⇤0ee)[0.0009,1] and B(B+ ! K+ee)[1,6].

Regarding the theory computation of all observables,
we follow Refs. [12, 22], which take into account the the-
oretical updates for the branching ratios of B ! Xs� ,
B ! Xsµµ and Bs ! µµ in Refs. [37–39]. For B ! K?

form factors at large recoil we use the calculation in
Ref. [40], which has more conservative uncertainties than
the ones in Ref. [41], obtained with a di↵erent method.
For Bs ! � the corresponding calculation is not avail-
able, and therefore we use Ref. [41]. This leads to smaller
hadronic uncertainties quoted for Bs ! �`` and R�, but
we stress that this is only due to the choice of input.

We follow the same statistical method as in Ref. [12]:
We perform a frequentist analysis with all known theory
and experimental correlations taken into account through
the covariance matrix when building the �2 function,
which is minimised to find best-fit points, pulls, p-values
and confidence-level intervals. Depending on the dimen-
sionality of the hypothesis, the minimisation is performed
either using a simple scan or the Markov-Chain Monte
Carlo Metropolis-Hastings algorithm.

 NP in       ? Cµ
9

Capdevila, Crivellin, Descotes-Genon, Matias & Virto, 1704.05340
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2D fits by another group
2

Coe↵. best fit 1� 2� pull

Cµ
9 �1.59 [�2.15, �1.13] [�2.90, �0.73] 4.2�

Cµ
10 +1.23 [+0.90, +1.60] [+0.60, +2.04] 4.3�

Ce
9 +1.58 [+1.17, +2.03] [+0.79, +2.53] 4.4�

Ce
10 �1.30 [�1.68, �0.95] [�2.12, �0.64] 4.4�

Cµ
9 = �Cµ

10 �0.64 [�0.81, �0.48] [�1.00, �0.32] 4.2�

Ce
9 = �Ce

10 +0.78 [+0.56, +1.02] [+0.37, +1.31] 4.3�

C0µ
9 �0.00 [�0.26, +0.25] [�0.52, +0.51] 0.0�

C0µ
10 +0.02 [�0.22, +0.26] [�0.45, +0.49] 0.1�

C0 e
9 +0.01 [�0.27, +0.31] [�0.55, +0.62] 0.0�

C0 e
10 �0.03 [�0.28, +0.22] [�0.55, +0.46] 0.1�

TABLE I. Best-fit values and pulls for scenarios with NP in
one individual Wilson coe�cient.

and the corresponding Wilson coe�cients C`
i , with ` =

e, µ. We do not consider other dimension-six operators
that can contribute to b ! s`` transitions. Dipole oper-
ators and four-quark operators [46] cannot lead to vio-
lation of LFU and are therefore irrelevant for this work.
Four-fermion contact interactions containing scalar cur-
rents would be a natural source of LFU violation. How-
ever, they are strongly constrained by existing measure-
ments of the Bs ! µµ and Bs ! ee branching ra-
tios [47, 48]. Imposing SU(2)L invariance, these bounds
cannot be avoided [49]. We have checked explicitly that
SU(2)L invariant scalar operators cannot lead to any ap-
preciable e↵ects in RK(⇤) (cf. [50]).

For the numerical analysis we use the open source code
flavio [51]. Based on the experimental measurements
and theory predictions for the LFU ratios RK(⇤) and
the LFU di↵erences of B ! K⇤`+`� angular observ-
ables DP 0

4,5
(see below), we construct a �2 function that

depends on the Wilson coe�cients and that takes into
account the correlations between theory uncertainties of
di↵erent observables. The experimental uncertainties are
presently dominated by statistics, so their correlations
can be neglected. For the SM we find �2

SM = 24.4 for 5
degrees of freedom.

Tab. I lists the best fit values and pulls, defined as thep
��2 between the best-fit point and the SM point for

scenarios with NP in one individual Wilson coe�cient.
The plots in Fig. 1 show contours of constant ��2 ⇡
2.3, 6.2, 11.8 in the planes of two Wilson coe�cients for
the scenarios with NP in Cµ

9 and Cµ
10 (top), in Cµ

9 and
Ce

9 (center), or in Cµ
9 and C 0 µ

9 (bottom), assuming the
remaining coe�cients to be SM-like.

The fit prefers NP in the Wilson coe�cients corre-
sponding to left-handed quark currents with high sig-
nificance ⇠ 4�. Negative Cµ

9 and positive Cµ
10 decrease

both B(B ! Kµ+µ�) and B(B ! K⇤µ+µ�) while pos-
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FIG. 1. Allowed regions in planes of two Wilson coe�cients,
assuming the remaining coe�cients to be SM-like.
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TABLE I. Best-fit values and pulls for scenarios with NP in
one individual Wilson coe�cient.

and the corresponding Wilson coe�cients C`
i , with ` =

e, µ. We do not consider other dimension-six operators
that can contribute to b ! s`` transitions. Dipole oper-
ators and four-quark operators [46] cannot lead to vio-
lation of LFU and are therefore irrelevant for this work.
Four-fermion contact interactions containing scalar cur-
rents would be a natural source of LFU violation. How-
ever, they are strongly constrained by existing measure-
ments of the Bs ! µµ and Bs ! ee branching ra-
tios [47, 48]. Imposing SU(2)L invariance, these bounds
cannot be avoided [49]. We have checked explicitly that
SU(2)L invariant scalar operators cannot lead to any ap-
preciable e↵ects in RK(⇤) (cf. [50]).

For the numerical analysis we use the open source code
flavio [51]. Based on the experimental measurements
and theory predictions for the LFU ratios RK(⇤) and
the LFU di↵erences of B ! K⇤`+`� angular observ-
ables DP 0

4,5
(see below), we construct a �2 function that

depends on the Wilson coe�cients and that takes into
account the correlations between theory uncertainties of
di↵erent observables. The experimental uncertainties are
presently dominated by statistics, so their correlations
can be neglected. For the SM we find �2

SM = 24.4 for 5
degrees of freedom.

Tab. I lists the best fit values and pulls, defined as thep
��2 between the best-fit point and the SM point for

scenarios with NP in one individual Wilson coe�cient.
The plots in Fig. 1 show contours of constant ��2 ⇡
2.3, 6.2, 11.8 in the planes of two Wilson coe�cients for
the scenarios with NP in Cµ

9 and Cµ
10 (top), in Cµ

9 and
Ce

9 (center), or in Cµ
9 and C 0 µ

9 (bottom), assuming the
remaining coe�cients to be SM-like.

The fit prefers NP in the Wilson coe�cients corre-
sponding to left-handed quark currents with high sig-
nificance ⇠ 4�. Negative Cµ
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10 decrease
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FIG. 1. Allowed regions in planes of two Wilson coe�cients,
assuming the remaining coe�cients to be SM-like.

Altmannshofer, Stangl & Straub, 1704.05435

 The results are very similar to those by Capdevila et al.

 In the left plot, uncertainties of hadronic contributions are 
inflated by a factor of 5 w.r.t. their nominal estimates. 
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6D fit

 SM pull:  ~5 sigma

4

CNP
7 CNP

9µ CNP
10µ C70 C90µ C100µ

Best fit +0.017 -1.12 +0.33 +0.03 +0.59 +0.07

1 � [�0.01,+0.05] [�1.34,�0.85] [+0.09,+0.59] [+0.00,+0.06] [+0.01,+1.12] [�0.23,+0.37]

2 � [�0.03,+0.07] [�1.51,�0.61] [�0.10,+0.80] [�0.02,+0.08] [�0.50,+1.56] [�0.50,+0.64]

TABLE III: 1 and 2 � confidence intervals for the NP contributions to Wilson coe�cients in the six-dimensional hypothesis
allowing for NP in b ! sµµ operators dominant in the SM and their chirally-flipped counterparts. The SM pull is 4.9 � (fit
“All” including CMS data at both 7 and 8 TeV) or 5.0 � (fit “All’ with only the latest CMS data at 8 TeV included).

3. RESULTS

We discuss now several hypotheses for NP contribu-
tions in various Wilson coe�cients. We consider real
contributions, and consistently we have not included CP -
violating observables in our fits. In Table II we give the
fit results for several one- or two-dimensional hypothe-
sis for NP contributions to b ! sµµ operators, with two
di↵erent datasets: either we include all available data
from muon and electron channels presented in the pre-
vious section (column “All”, 175 measurements), or we
include only LFUV observables, i.e., RK and RK⇤ from
LHCb and Qi (i = 4, 5) from Belle, where Qi = P 0

iµ�P 0
ie

was discussed in Ref. [11] (column “LFUV”, 17 measure-
ments). In both cases, we include also the b ! s� ob-
servables, as well as B(B ! Xsµµ) and B(Bs ! µµ).
The SM point yields a �2 corresponding to a p-value of
14.6% for the fit “All” and 4.4% for the fit “LFUV”.

We start by discussing NP hypotheses for the fit
“All”. The measurement of RK⇤ increases further the
significance of already prominent hypotheses in previ-
ous studies, namely, the first three hypotheses (CNP

9µ ,
CNP
9µ = �CNP

10µ and CNP
9µ = �C90µ) already identified in

Refs. [3, 12]. The SM pull exceeds 5 � in each case: the
hypotheses can hardly be distinguished on this criterion,
and as discussed in Ref. [11], the Qi observables will be
very powerful tools to lift this quasi-degeneracy.

Besides providing one- and two-dimensional hypothe-
ses with SM pulls above 5�, we discuss four illustrative
examples (useful for model building) of constrained hy-
potheses among a larger set of Wilson coe�cients. Hy-
pothesis 1 has the highest SM pull in agreement with our
previous global analysis [12]. Changing relative signs be-
tween the constrained coe�cients: taking CNP

10µ = �C100µ
(i.e., Hypothesis 2) reduces the significance from 5.6 � to
4.9 �, similarly to hypotheses taking CNP

9µ = �CNP
10µ (irre-

spectively of the relative sign taken to constrain C90µ =
±C100µ). From a model-independent point of view, Hy-
pothesis 1 is particularly interesting to yield a low value
for RK⇤ (especially if a contribution CNP

7 > 0 is allowed).
Let us add that a scenario with only CNP

9µ = �C90µ would
predict RK = 1 and RK⇤ < 1 [12, 30, 31, 50]. One could
however obtain RK < 1 by adding a positive contribution
to C10µ and/or C100µ (see Tab. 9 in Ref. [12]).

Up to now, we have discussed scenarios where NP con-
tributions occur only in b ! sµµ transitions. It is also
interesting to consider scenarios with NP in both muon
and electron channels, in particular (CNP

9µ , CNP
9e ), with a

SM pull of 5.4 �, and a p-value of 72%. While CNP
9µ ⇠ �1

is preferred over SM with a significance in the 5� region,
C9e is compatible with SM already at 1�, in agreement
with the LFUV data included in the fit. One can as-
sess more precisely the need for LFUV in the framework
where NP is allowed in both (CNP

9e and CNP
9µ ) through the

pull of the hypothesis (CNP
9e = CNP

9µ ) which reaches 3.3�.
Considering the results for the (CNP

9e , CNP
9µ ) hypothesis,

one can notice that a very good fit is also obtained for
the one-dimensional hypothesis CNP

9µ = �3CNP
9e favoured

in some models discussed in the next section.
In the upper row of Fig. 1, we show the corresponding

constraints for the fit “All” under the three hypotheses
(CNP

9µ , CNP
10µ), (CNP

9µ , C9µ0) and (CNP
9µ , CNP

9e ), as well as the
3 � regions according to the results from individual ex-
periments (for each region, we add the constraints from
b ! s� observables, B(B ! Xsµµ) and the world av-
erage for B(Bs ! µµ) [32]). As expected, the LHCb
results drive most of the e↵ect, with a clear exclusion of
the origin, i.e., the SM point.
We can now move to the fit “LFUV” in the lower row of

Fig. 1, where we consider the same hypotheses favoured
by global analyses. It is interesting to notice that this
restricted subset of observables excludes the SM point
with a high significance, and it favours regions similar
to the fit “All” dominated by di↵erent b ! sµµ-related
observables (B ! K⇤µµ optimised angular observables
as well as low- and large-recoil branching ratios for B !
Kµµ, B ! K⇤µµ and Bs ! �µµ). This is also shown
in Tab II where the scenarios with the highest pulls are
confirmed with significances between 3 and 4 �, but get
harder to distinguish on the basis of their significance.
Scenarios like CNP

9µ = �C90µ that would fail to explain
RK are not disfavoured due to their good compatibility
with RK⇤ data.
Finally, we have performed a six-dimensional fit allow-

ing for NP contributions in C7(0),9(0)µ,10(0)µ. The SM pull
has shifted from 3.6� in Ref. [12] to the level of 5 � with
the inclusion of the recent data: it reaches 4.9 � if one
considers the fit “All” described above, and 5.0 � if the
CMS data considered in this fit is restricted to the latest
8 TeV dataset [27]. The 1 and 2 � CL intervals (identical
in both cases) are given in Tab. III, with the pattern:

CNP
7 & 0, CNP

9µ < 0, CNP
10µ > 0, C0

7 & 0, C0
9µ > 0, C0

10µ & 0
(2)

where C9µ is compatible with the SM beyond 3 �, C10µ,
C70 and C90 at 2 � and all the other coe�cients at 1 �.

4

CNP
7 CNP

9µ CNP
10µ C70 C90µ C100µ

Best fit +0.017 -1.12 +0.33 +0.03 +0.59 +0.07

1 � [�0.01,+0.05] [�1.34,�0.85] [+0.09,+0.59] [+0.00,+0.06] [+0.01,+1.12] [�0.23,+0.37]

2 � [�0.03,+0.07] [�1.51,�0.61] [�0.10,+0.80] [�0.02,+0.08] [�0.50,+1.56] [�0.50,+0.64]

TABLE III: 1 and 2 � confidence intervals for the NP contributions to Wilson coe�cients in the six-dimensional hypothesis
allowing for NP in b ! sµµ operators dominant in the SM and their chirally-flipped counterparts. The SM pull is 4.9 � (fit
“All” including CMS data at both 7 and 8 TeV) or 5.0 � (fit “All’ with only the latest CMS data at 8 TeV included).

3. RESULTS

We discuss now several hypotheses for NP contribu-
tions in various Wilson coe�cients. We consider real
contributions, and consistently we have not included CP -
violating observables in our fits. In Table II we give the
fit results for several one- or two-dimensional hypothe-
sis for NP contributions to b ! sµµ operators, with two
di↵erent datasets: either we include all available data
from muon and electron channels presented in the pre-
vious section (column “All”, 175 measurements), or we
include only LFUV observables, i.e., RK and RK⇤ from
LHCb and Qi (i = 4, 5) from Belle, where Qi = P 0

iµ�P 0
ie

was discussed in Ref. [11] (column “LFUV”, 17 measure-
ments). In both cases, we include also the b ! s� ob-
servables, as well as B(B ! Xsµµ) and B(Bs ! µµ).
The SM point yields a �2 corresponding to a p-value of
14.6% for the fit “All” and 4.4% for the fit “LFUV”.

We start by discussing NP hypotheses for the fit
“All”. The measurement of RK⇤ increases further the
significance of already prominent hypotheses in previ-
ous studies, namely, the first three hypotheses (CNP

9µ ,
CNP
9µ = �CNP

10µ and CNP
9µ = �C90µ) already identified in

Refs. [3, 12]. The SM pull exceeds 5 � in each case: the
hypotheses can hardly be distinguished on this criterion,
and as discussed in Ref. [11], the Qi observables will be
very powerful tools to lift this quasi-degeneracy.

Besides providing one- and two-dimensional hypothe-
ses with SM pulls above 5�, we discuss four illustrative
examples (useful for model building) of constrained hy-
potheses among a larger set of Wilson coe�cients. Hy-
pothesis 1 has the highest SM pull in agreement with our
previous global analysis [12]. Changing relative signs be-
tween the constrained coe�cients: taking CNP

10µ = �C100µ
(i.e., Hypothesis 2) reduces the significance from 5.6 � to
4.9 �, similarly to hypotheses taking CNP

9µ = �CNP
10µ (irre-

spectively of the relative sign taken to constrain C90µ =
±C100µ). From a model-independent point of view, Hy-
pothesis 1 is particularly interesting to yield a low value
for RK⇤ (especially if a contribution CNP

7 > 0 is allowed).
Let us add that a scenario with only CNP

9µ = �C90µ would
predict RK = 1 and RK⇤ < 1 [12, 30, 31, 50]. One could
however obtain RK < 1 by adding a positive contribution
to C10µ and/or C100µ (see Tab. 9 in Ref. [12]).

Up to now, we have discussed scenarios where NP con-
tributions occur only in b ! sµµ transitions. It is also
interesting to consider scenarios with NP in both muon
and electron channels, in particular (CNP

9µ , CNP
9e ), with a

SM pull of 5.4 �, and a p-value of 72%. While CNP
9µ ⇠ �1

is preferred over SM with a significance in the 5� region,
C9e is compatible with SM already at 1�, in agreement
with the LFUV data included in the fit. One can as-
sess more precisely the need for LFUV in the framework
where NP is allowed in both (CNP

9e and CNP
9µ ) through the

pull of the hypothesis (CNP
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9µ ) which reaches 3.3�.
Considering the results for the (CNP

9e , CNP
9µ ) hypothesis,

one can notice that a very good fit is also obtained for
the one-dimensional hypothesis CNP
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9e favoured

in some models discussed in the next section.
In the upper row of Fig. 1, we show the corresponding

constraints for the fit “All” under the three hypotheses
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10µ), (CNP

9µ , C9µ0) and (CNP
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9e ), as well as the
3 � regions according to the results from individual ex-
periments (for each region, we add the constraints from
b ! s� observables, B(B ! Xsµµ) and the world av-
erage for B(Bs ! µµ) [32]). As expected, the LHCb
results drive most of the e↵ect, with a clear exclusion of
the origin, i.e., the SM point.
We can now move to the fit “LFUV” in the lower row of

Fig. 1, where we consider the same hypotheses favoured
by global analyses. It is interesting to notice that this
restricted subset of observables excludes the SM point
with a high significance, and it favours regions similar
to the fit “All” dominated by di↵erent b ! sµµ-related
observables (B ! K⇤µµ optimised angular observables
as well as low- and large-recoil branching ratios for B !
Kµµ, B ! K⇤µµ and Bs ! �µµ). This is also shown
in Tab II where the scenarios with the highest pulls are
confirmed with significances between 3 and 4 �, but get
harder to distinguish on the basis of their significance.
Scenarios like CNP

9µ = �C90µ that would fail to explain
RK are not disfavoured due to their good compatibility
with RK⇤ data.
Finally, we have performed a six-dimensional fit allow-

ing for NP contributions in C7(0),9(0)µ,10(0)µ. The SM pull
has shifted from 3.6� in Ref. [12] to the level of 5 � with
the inclusion of the recent data: it reaches 4.9 � if one
considers the fit “All” described above, and 5.0 � if the
CMS data considered in this fit is restricted to the latest
8 TeV dataset [27]. The 1 and 2 � CL intervals (identical
in both cases) are given in Tab. III, with the pattern:

CNP
7 & 0, CNP

9µ < 0, CNP
10µ > 0, C0

7 & 0, C0
9µ > 0, C0
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(2)

where C9µ is compatible with the SM beyond 3 �, C10µ,
C70 and C90 at 2 � and all the other coe�cients at 1 �.
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TABLE III: 1 and 2 � confidence intervals for the NP contributions to Wilson coe�cients in the six-dimensional hypothesis
allowing for NP in b ! sµµ operators dominant in the SM and their chirally-flipped counterparts. The SM pull is 4.9 � (fit
“All” including CMS data at both 7 and 8 TeV) or 5.0 � (fit “All’ with only the latest CMS data at 8 TeV included).

3. RESULTS

We discuss now several hypotheses for NP contribu-
tions in various Wilson coe�cients. We consider real
contributions, and consistently we have not included CP -
violating observables in our fits. In Table II we give the
fit results for several one- or two-dimensional hypothe-
sis for NP contributions to b ! sµµ operators, with two
di↵erent datasets: either we include all available data
from muon and electron channels presented in the pre-
vious section (column “All”, 175 measurements), or we
include only LFUV observables, i.e., RK and RK⇤ from
LHCb and Qi (i = 4, 5) from Belle, where Qi = P 0

iµ�P 0
ie

was discussed in Ref. [11] (column “LFUV”, 17 measure-
ments). In both cases, we include also the b ! s� ob-
servables, as well as B(B ! Xsµµ) and B(Bs ! µµ).
The SM point yields a �2 corresponding to a p-value of
14.6% for the fit “All” and 4.4% for the fit “LFUV”.

We start by discussing NP hypotheses for the fit
“All”. The measurement of RK⇤ increases further the
significance of already prominent hypotheses in previ-
ous studies, namely, the first three hypotheses (CNP

9µ ,
CNP
9µ = �CNP

10µ and CNP
9µ = �C90µ) already identified in

Refs. [3, 12]. The SM pull exceeds 5 � in each case: the
hypotheses can hardly be distinguished on this criterion,
and as discussed in Ref. [11], the Qi observables will be
very powerful tools to lift this quasi-degeneracy.

Besides providing one- and two-dimensional hypothe-
ses with SM pulls above 5�, we discuss four illustrative
examples (useful for model building) of constrained hy-
potheses among a larger set of Wilson coe�cients. Hy-
pothesis 1 has the highest SM pull in agreement with our
previous global analysis [12]. Changing relative signs be-
tween the constrained coe�cients: taking CNP

10µ = �C100µ
(i.e., Hypothesis 2) reduces the significance from 5.6 � to
4.9 �, similarly to hypotheses taking CNP

9µ = �CNP
10µ (irre-

spectively of the relative sign taken to constrain C90µ =
±C100µ). From a model-independent point of view, Hy-
pothesis 1 is particularly interesting to yield a low value
for RK⇤ (especially if a contribution CNP

7 > 0 is allowed).
Let us add that a scenario with only CNP

9µ = �C90µ would
predict RK = 1 and RK⇤ < 1 [12, 30, 31, 50]. One could
however obtain RK < 1 by adding a positive contribution
to C10µ and/or C100µ (see Tab. 9 in Ref. [12]).

Up to now, we have discussed scenarios where NP con-
tributions occur only in b ! sµµ transitions. It is also
interesting to consider scenarios with NP in both muon
and electron channels, in particular (CNP

9µ , CNP
9e ), with a

SM pull of 5.4 �, and a p-value of 72%. While CNP
9µ ⇠ �1

is preferred over SM with a significance in the 5� region,
C9e is compatible with SM already at 1�, in agreement
with the LFUV data included in the fit. One can as-
sess more precisely the need for LFUV in the framework
where NP is allowed in both (CNP

9e and CNP
9µ ) through the

pull of the hypothesis (CNP
9e = CNP

9µ ) which reaches 3.3�.
Considering the results for the (CNP

9e , CNP
9µ ) hypothesis,

one can notice that a very good fit is also obtained for
the one-dimensional hypothesis CNP

9µ = �3CNP
9e favoured

in some models discussed in the next section.
In the upper row of Fig. 1, we show the corresponding

constraints for the fit “All” under the three hypotheses
(CNP

9µ , CNP
10µ), (CNP

9µ , C9µ0) and (CNP
9µ , CNP

9e ), as well as the
3 � regions according to the results from individual ex-
periments (for each region, we add the constraints from
b ! s� observables, B(B ! Xsµµ) and the world av-
erage for B(Bs ! µµ) [32]). As expected, the LHCb
results drive most of the e↵ect, with a clear exclusion of
the origin, i.e., the SM point.
We can now move to the fit “LFUV” in the lower row of

Fig. 1, where we consider the same hypotheses favoured
by global analyses. It is interesting to notice that this
restricted subset of observables excludes the SM point
with a high significance, and it favours regions similar
to the fit “All” dominated by di↵erent b ! sµµ-related
observables (B ! K⇤µµ optimised angular observables
as well as low- and large-recoil branching ratios for B !
Kµµ, B ! K⇤µµ and Bs ! �µµ). This is also shown
in Tab II where the scenarios with the highest pulls are
confirmed with significances between 3 and 4 �, but get
harder to distinguish on the basis of their significance.
Scenarios like CNP

9µ = �C90µ that would fail to explain
RK are not disfavoured due to their good compatibility
with RK⇤ data.
Finally, we have performed a six-dimensional fit allow-

ing for NP contributions in C7(0),9(0)µ,10(0)µ. The SM pull
has shifted from 3.6� in Ref. [12] to the level of 5 � with
the inclusion of the recent data: it reaches 4.9 � if one
considers the fit “All” described above, and 5.0 � if the
CMS data considered in this fit is restricted to the latest
8 TeV dataset [27]. The 1 and 2 � CL intervals (identical
in both cases) are given in Tab. III, with the pattern:

CNP
7 & 0, CNP

9µ < 0, CNP
10µ > 0, C0

7 & 0, C0
9µ > 0, C0

10µ & 0
(2)

where C9µ is compatible with the SM beyond 3 �, C10µ,
C70 and C90 at 2 � and all the other coe�cients at 1 �.

 The result confirms the need for a large negative 
contribution to      .

Capdevila, Crivellin, Descotes-Genon, Matias & Virto, 1704.05340

 6D fit to “All” data

Cµ
9



Satoshi Mishima (KEK)36/46

Fit of LL, LR, RL, RR, …
New physics in the muon sector

Wilson Best-fit 1-� range
p

�2

SM

� �2

best

coe↵. ‘clean’ ‘dirty’ all ‘clean’ ‘dirty’ all ‘clean’ ‘dirty’ all

CBSM

bLµL
�1.33 �1.33 �1.33

�0.99 �1.01 �1.10
4.1 4.6 6.2�1.70 �1.68 �1.58

CBSM

bLµR
0.68 �0.73 �0.35

1.27 �0.40 �0.03
1.2 2.1 1.1

0.10 �1.03 �0.65

CBSM

bRµL
0.03 �0.20 �0.15

0.32 �0.04 �0.01
0.1 1.3 1.1�0.26 �0.29 �0.25

CBSM

bRµR
�0.44 0.41 0.29

0.14 0.61 0.50
0.8 1.7 1.3�1.00 0.18 0.07

New physics in the electron sector

Wilson Best-fit 1-� range
p

�2

SM

� �2

best

coe↵. ‘clean’ ‘dirty’ all ‘clean’ ‘dirty’ all ‘clean’ ‘dirty’ all

CBSM

bLeL
1.72 0.15 0.99

2.31 0.69 1.30
4.1 0.3 3.5

1.21 �0.39 0.70

CBSM

bLeR
�5.15 �1.70 �3.46

�4.23 0.33 �2.81
4.3 0.9 3.6�6.10 �2.83 �4.05

CBSM

bReL
0.085 �0.51 0.02

0.39 0.29 0.30
0.3 0.7 0.1�0.21 �1.55 �0.25

CBSM

bReR
�5.60 2.10 �3.63

�4.66 3.52 �2.65
4.2 0.5 2.5�6.56 �2.70 �4.43

Table 1: Best fits assuming a single chiral operator at a time, and fitting only the ‘clean’
RK, RK⇤, and BR(Bs ! µ+µ�); or only the ‘dirty’ observables with questionable theorethical
uncertainties, or combining them in a global fit. As far as the electron case is concerned, we
only add to the ‘clean’ set the observables BR(B+ ! Xse

+e�). The data a↵ected by dominant
theoretical uncertainties are dubbed as ‘dirty’: their significance here quoted would be rescaled
by a factor � if the theoretical uncertainties, adopted from state-of-the-art studies, were under-
estimated by the same factor.
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larger NP contributions

clean:  RK(⇤) , · · ·

dirty:  angular obs’, …

D’Amico, et al., 1704.05438

 “dirty” obs’ favor a deviation from the SM in the same 
directions as “clean” ones.

                     CBSM
bLµL

< 0
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More results

3.3 Global fit

We are now ready to combine ‘clean’ and ‘dirty’ observables in a global fit, using both the
Flavio and Fart codes. The result is shown as green regions in figure 3, assuming that
new physics a↵ects muons only. The global fit favours a deviation in the SM in CBSM

bLµL
, and

provides bounds on the other new-physics coe�cients. Using the Gaussian approximation for
the likelihood of the muon coe�cients, the global fit is summarized as

CBSM

bLµL
= �1.35± 0.22

CBSM

bRµL
= +0.44± 0.21

CBSM

bLµR
= �0.33± 0.33

CBSM

bRµR
= +0.86± 0.54

with ⇢ =

0

BBB@

1 �0.26 0.02 �0.33
�0.26 1 �0.17 0.47
0.02 �0.17 1 0.25
�0.33 0.47 0.25 1

1

CCCA
. (20)

Finally, we allow for new physics both in muons and electrons, such that there are 8 free
Wilson coe�cients.

An anomaly in muons is strongly preferred to an anomaly in electrons, if we adopt the
default estimate of controversial theoretical uncertainties. This is for example shown in fig. 4,
where we allow for a single operator involving muons and a single operator involving electrons.

In view of this preference, and given the scarcity of data in the electron sector, we avoid
presenting a global fit of new physics in electrons only. We instead perform a global combined
fit for the muon and electron coe�cients (which should be interpreted with caution, given that
‘dirty’ observables are dominated by controversial theoretical uncertainties). We find the result
shown in figure 5, which confirms that — while electrons can be a↵ected by new physics —
‘dirty’ data favour an anomaly in muons.

4 Theoretical interpretations

We now discuss di↵erent theoretical interpretations that can accommodate the flavour anoma-
lies. We start with the observation that an e↵ective (s̄�µPXb)(¯̀�µPY `) interaction can be
mediated at tree level by two kinds of particle: a Z 0 or a leptoquark. Higher order induced
mechanisms are also possible. These models tend to generate related operators

cbLbL(s̄�µPLb)
2 + cµL⌫µ(µ̄�

µPLµ)(⌫̄µ�µPL⌫µ) , (21)

and therefore one needs to consider the associated experimental constraints. The first operator
a↵ects Bs mass mixing for which the relative measurements, together with CKM fits, imply
cBSM

bLbL
= (�0.09± 0.08)/(110TeV)2 , i.e. the bound |cBSM

bLbL
| < 1/(210TeV)2 [30, 31]. The second

operator is constrained by CCFR data on the neutrino trident cross section, yielding the weaker
bound |cBSM

µL⌫µ
| < 1/(490GeV)2 at 95% C.L. [32]. Furthermore, new physics that a↵ects muons

can contribute to the anomalous magnetic moment of the muon. Experiments found hints of a
possible deviation from the Standard Model with �aµ = (24± 9) · 10�10 [33].
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Figure 4: Fits allowing one operator involving muons (horizontal axis) and one involving elec-
trons (vertical axis): left-handed in the left panel, and right-handed in the right panel. Regions
and contours have the same meaning as in fig. 3: ‘clean’ data can be fitted by an anomaly in
muons or electrons; ‘dirty’ data favour an anomaly in muons.

ables determine the 4 muon Wilson coe�cients as3

CBSM

bLµL
= �1.33± 0.26

CBSM

bRµL
= +0.29± 0.31

CBSM

bLµR
= �0.51± 0.39

CBSM

bRµR
= +0.45± 0.93

with ⇢ =

0

BBB@

1 �0.07 0.13 0.03
�0.07 1 0.25 0.74
0.13 0.25 1 0.50
0.03 0.74 0.50 1

1

CCCA
. (19)

The uncertainties can be rescaled by factors ofO(1), if one believes that theoretical uncertainties
should be larger or smaller than those adopted here.

The global fit of ‘dirty’ observables to new physics in the 4 muon coe�cients is also shown
as red regions in figure 3. The important message is apparent both from the figure and from
eq. (19): ‘dirty’ observables favour a deviation from the SM in the same direction as the ‘clean’
observables: a negative contribution CBSM

bLµL
⇠ �1 to the Wilson coe�cient involving left-handed

quarks and muons. ‘Clean’ observables and ‘dirty’ observables — whatever their uncertainty
is — look consistent and favour independently the same pattern of deviations from the SM.

3In general, within the Gaussian approximation, the mean values µi, the errors �i and the correlation matrix
⇢ij determine the �2 as �2 =

P
i,j(Ci � µi)(�2)�1

ij (Cj � µj), where (�2)ij = �i⇢ij�j .
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Figure 3: Fit to the new-physics contribution to the coe�cients of the 4 muon operators
(b̄�µPXs)(µ̄�µPY µ), showing the 1, 2, 3� contours. The yellow regions with dotted contours
show the best fit to the ‘clean’ observables only; due to the scarcity of data, in each plot we turn
on only the two coe�cients indicated on its axes. The red regions with dashed contours show
the best global fit to the ‘dirty’ observables only, according to one estimate of their theoretical
uncertainties; in this fit, we turn on all 4 muon operators at the same time and, in each plot,
we marginalise over the coe�cients not shown in the plot. The green regions show the global
fit, again turning on all 4 muon operators at the same time. In figure 5 we turn on the extra 4
electron operators too.
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Global Bayesian 8D fit
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Figure 5: Global fit to the 8 Wilson coe�cients in muons and electrons, combining ‘clean’ and
‘dirty’ data.
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 dirty data favor an anomaly in muons. 

D’Amico, et al., 1704.05438
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Implication to NP scaleImplications for the New Physics Scale

1
⇤2

NP
generic tree

1
⇤2

NP
MFV tree

1
⇤2

NP
generic loop

1
⇤2

NP
MFV loop

1
⇤2

NP
(s̄�⌫PLb)(µ̄�⌫µ)

1
⇤2

NP
VtbV ⇤

ts (s̄�⌫PLb)(µ̄�⌫µ)

1
⇤2

NP

1
16⇡2 (s̄�⌫PLb)(µ̄�⌫µ)

1
⇤2

NP

1
16⇡2 VtbV ⇤

ts (s̄�⌫PLb)(µ̄�⌫µ)

⇤NP ' 35 TeV ⇥ (CNP
9 )�1/2 1

⇤2
NP

⇤NP ' 7 TeV ⇥ (CNP
9 )�1/2 1

⇤2
NP

⇤NP ' 3 TeV ⇥ (CNP
9 )�1/2 1

⇤2
NP

⇤NP ' 0.6 TeV ⇥ (CNP
9 )�1/2 1

⇤2
NP

(assumes New Physics has O(1) coupling to muons)

Wolfgang Altmannshofer (UC) Theoretical Advances in Flavor Physics January 14, 2016 28 / 34

W. Almannshofer,  Talk at Aspen, Jan. 2016
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NP or hadronic effects?Figure 2: Allowed regions in the Re(CNP
9 )-Re(CNP

10 ) plane (left) and the Re(CNP
9 )-Re(C 0

9) plane
(right). In red the 1�, 2�, and 3� best fit regions with nominal hadronic uncertainties.
The green dashed and blue short-dashed contours correspond to the 3� regions in
scenarios with doubled uncertainties from non-factorizable corrections and doubled
form factor uncertainties, respectively.
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Figure 3: Left: preferred 1� ranges for a new physics contribution to C9 from fits in di↵erent
q2 bins. Right: preferred 1� ranges for helicity dependent contributions to C9 from
fits in di↵erent q2 bins. The dashed diagonal line corresponds to a helicity universal
contribution, as predicted by new physics.

7

 compatible with a flat q2 dependence. 

 consistent with a universal effect in different polarizations.

Altmannshofer, Niehoff, Stangl & Straub, 1703.09189

 NP contributions are independent of q2 and universal 
for all helicity amplitudes. 

 but cannot exclude a possibility of large hadronic effects. 
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NP or hadronic effects?

Ciuchini et al., 1704.05447

 Hadronic contributions have been taken as fitting 
parameters: 

Figure 1. The two NP parameter fit using C

NP
9,µ and C

NP
9,e . Here and in the following, the left green

panel shows the results for the PMD approach and the right red panel shows that for the PDD one.
In the 1D distributions we show the 16

th, 50th and 84

th percentile marked with the dashed lines. In
the correlation plots we show the 1,2 and 3� contours in decreasing degrees of transparency. The
blue square and lines identify the values of the NP WCs in the SM limit. The numbers at the bottom
left corner of the 2D plots refer to the correlation. We also report IC values for the two approaches
(see Eqn. 3.1). Preferred models are expected to give smaller IC values.

Figure 2. The two NP parameter fit using C

NP
9,µ and C

NP
10,µ. See caption of Fig.1 for the colour

coding.

4 Discussion

In this work, we critically examin several BSM scenarios in order to possibly explain the
growing pattern of B anomalies, recently enriched by the R

K
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FIG. 2. The B ! K⇤`+`� LFU di↵erences DP 0
4

and DP 0
5

in the SM and various NP benchmark models as functions of q2.
The error bands contain all theory uncertainties including form factors and non-factorisable hadronic e↵ects. In the region of
narrow charmonium resonances, only the short-distance contribution is shown, without uncertainties.

itive Ce
9 and negative Ce

10 increase both B(B ! Ke+e�)
and B(B ! K⇤e+e�), allowing a good description of the
data in each case. Also along the direction C`

9 = �C`
10

that corresponds to a left-handed lepton current, we find
excellent fits to the data.

The primed Wilson coe�cients, that correspond to
right-handed quark currents, cannot improve the agree-
ment with the data by themselves. As is well known [18],
the primed coe�cients imply RK⇤ > 1 given RK < 1 and
vice versa. The complementary sensitivity of RK⇤ and
RK to right-handed currents is illustrated in the bottom
plot of Fig. 1 for the example of Cµ

9 vs. C 0 µ
9 . In com-

bination with sizable un-primed coe�cients, the primed
coe�cients can slightly improve the fit.

Among the un-primed Wilson coe�cients, there are
approximate flat directions. We find that a good de-
scription of the experimental results is given by

Cµ
9 � Ce

9 � Cµ
10 + Ce

10 ' �1.4 , (8)

unless some of the individual coe�cients are much larger
than 1 in absolute value. The flat direction is clearly
visible in the top and center plot of Fig. 1. In many
NP models one has relations among these coe�cients. In
models with leptoquarks one finds C`

9 = ±C`
10 [29, 52],

models based on gauged Lµ � L⌧ predict Ce
9 = C`

10 =
0 [20], while in some Z 0 models one finds C`

9 = aC`
10,

where a is a constant of O(1) (see e.g. [53]).
We find that a non-standard C`

10 (C`
9) leads to slightly

larger (smaller) e↵ects in RK⇤ than in RK . Therefore,
RK⇤ . RK < 1 is best described by a non-standard C`

10.
The opposite hierarchy, RK . RK⇤ < 1, would lead to a
slight preference for NP in C`

9.
A more powerful way to distinguish NP in C`

9 from
NP in C`

10 is through measurements of LFU di↵erences
of angular observables [22, 54, 55]. We find that the

observables

DP 0
4

= P 0
4(B ! K⇤µ+µ�) � P 0

4(B ! K⇤e+e�) , (9)

DP 0
5

= P 0
5(B ! K⇤µ+µ�) � P 0

5(B ! K⇤e+e�) , (10)

are particularly promising (for a definition of the observ-
ables P 0

4,5 see [56]). Predictions for the observables DP 0
4,5

as functions of q2 in the SM and various NP scenarios
are shown in the plots of Fig. 2. The SM predictions are
close to zero with very high accuracy across a wide q2

range. In the presence of NP, DP 0
4,5

show a non-trivial q2

dependence. If the discrepancies in RK(⇤) are explained
by NP in C`

9, we predict a negative DP 0
4

⇠ �0.1 at low
q2 . 2.5 GeV2 and a sizable positive DP 0

5
⇠ +0.5. With

NP in C`
10 we predict instead a positive DP 0

4
⇠ +0.15

and a small negative DP 0
5

⇠ �0.1. We observe that DP 0
5

has even the potential to distinguish between NP in Ce
9

and Cµ
9 . For q2 & 5 GeV2, a negative Cµ

9 leads to a
sizable increase of P 0

5(B ! K⇤µ+µ�), while a positive
Ce

9 can decrease P 0
5(B ! K⇤e+e�) only slightly, as the

SM prediction for P 0
5 in this q2 region is already close

to its model-independent lower bound of �1. The re-

cent measurements by Belle, D
[1,6]
P 0

4
= +0.498±0.553 and

D
[1,6]
P 0

5
= +0.656±0.496 [5], have still sizable uncertainties

and are compatible with NP both in C`
9 and in C`

10. They
slightly favor NP in C`

9. We note that, while the SM pre-
diction for these observables has a tiny uncertainty, for
fixed values of LFU violating Wilson coe�cients, form
factor and other hadronic uncertainties do play a role, as
also shown in Fig. 2. However, these uncertainties are
still so small that su�cient experimental precision could
allow a clean identification of the underlying NP contact
interaction.

We stress that the NP contact interactions in (5) lead
also to a characteristic q2 shape in the LFU ratios RK(⇤) .

         will be very powerful tools to lift degeneracies 
in the fits. 

Q4,5 = P 0µ
4,5 � P 0e

4,5

Q4 Q5

Q4,5

C9 vs. C10 and electron vs. muon
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Further observables
8
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FIG. 2: Predictions and experimental measurements for the
Q̂i and B5, B6s observables in specific bins. In each case,
from left to right, the predictions are given for the SM (filled
black box) and for the Scenarios 1 to 5 (in this order) de-
fined in App. C. The dashed red interval corresponds to the
experimental measurement, when available.

searches [72] and electroweak precision observables [73].
However, there is no e↵ect in b ! s⌫⌫̄ processes in the
case of a contribution CNP

1 = �CNP
3 to gauge-invariant

operators [74], which can be achieved with the vector LQ
SU(2) singlet [58, 59] or with a combination of two scalar
LQs [75]. In both cases large e↵ects in b ! s⌧+⌧� (of
the order of 10�3 for Bs ! ⌧+⌧�) are predicted [75].

Assuming that the coupling to the second generation
is sizeable in order to avoid the bounds from direct LHC
searches and electroweak precision observables one finds

C9(10)⌧ ⇡ CSM
9(10) � (+)2

⇡

↵

Vcb

V ⇤
ts

 s
RD(⇤)

RSM
D(⇤)

� 1

!
. (B1)

Furthermore, in LQ models one expects sizeable branch-
ing ratios for b ! s⌧µ processes, reaching 10�5 [75].

Appendix C: Future opportunities for LFUV

The best NP scenarios obtained from the global fits
have a similar goodness of fit and describe the anoma-
lies with an equivalent success. New measurements will
determine eventually which scenario gets singled out. In
this respect, a few of the optimised observables measuring
LFUV proposed in Ref. [11] are particularly promising,
with pioneering measurements from the Belle experiment
for Q4,5 [9].

In order to illustrate the future potential for estab-
lishing which one (if any) of the various NP scenarios
is preferred, we consider not only RK,K?,� but also the

observables Q̂1,2,4,5 and B5,6s in the same q2 bins as
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FIG. 3: Predictions and experimental measurements for RK ,
RK⇤ and R� with the same conventions as Fig. 2. In the
central box, the predictions for RK are given for the bin
[1,6] GeV2, whereas RK⇤ and R� are given in [1.1,6] GeV2.
The low-recoil bin corresponds to [15,22] GeV2, [15,19] GeV2

or [15,18.8] GeV2 for RK , RK? and R� respectively. The
smaller uncertainties in R� (compared to RK?) is due to the
choice of form factors in each case, see Sec. 2.

the RK? LHCb measurements: [0.045, 1.1], [1.1, 6.0] and
[15, 19] GeV2, and calculate the predictions within the
SM as well as within five “good” scenarios from Section 3:

I Scenario 1: CNP
9µ = �1.1,

I Scenario 2: CNP
9µ = �CNP

10µ = �0.61,

I Scenario 3: CNP
9µ = �C 0

9µ = �1.01,

I Scenario 4: CNP
9µ = �3CNP

9e = �1.06,

I Scenario 5: The best fit point in the six-dimensional
fit (Table III).

The results are summarised in Figs. 2 and 3, where
we show only the most interesting cases. We find that:

I As it is well known, RK cannot distinguish between
Scenario 3 and the SM, but it is optimal to identify NP
in the case of Scenarios 1, 2 and 4. However, it cannot
distinguish well among them. This is true in all the
three bins considered here. RK? has large uncertainties
at large recoil, but it has good sensitivity to Scenario 2
in the bin [1.1,6] (although di�cult to distinguish from
the other NP scenarios). In the same bin R� is slightly
better. The low-recoil bin of RK? and R� is particularly
promising to decouple Scenarios 1 and 5 from each other
and the SM, but only if experimental uncertainties are
small.

I hQ̂2i[0.045,1.1] should be very approximately SM-like.
It may thus be used as a control observable.

I The observable hQ̂5i[1.1,6] emerges as a promising one
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In all cases, hadronic uncertainties should remain controlled: while non-universality is a

smoking-gun-signal of NP (the SM predictions being very precise), the measurement of

the e↵ect is a↵ected by the same hadronic uncertainties as the individual b ! s`` modes.

The purpose of this article is to investigate which observables can be built that match

these criteria, once a full angular analysis of B ! K⇤ee, with an accuracy comparable

to that of B ! K⇤µµ, is available. If the most obvious quantity consists in comparing

branching ratios though the ratio RK⇤ (similar to RK) (see Ref. [21] for predictions for

these ratios for di↵erent NP scenarios), it is also interesting to consider other ratios prob-

ing the violation of LFU using the angular coe�cients Ji describing the whole angular

kinematics of these decays. In this note, we will discuss observables that can measure

LFNU in B ! K⇤``. Some of them are variations around the basis of optimised observ-

ables introduced in Refs. [2, 15] and others can be built directly by combining angular

coe�cients from muon and electron modes. We will discuss the advantages of these ob-

servables in the context of hadronic uncertainties, and provide predictions in the SM and

in several benchmark scenarios corresponding to the best-fit points obtained in our recent

global analysis of b ! s`` modes [21].

We begin with a presentation of the observables of interest in Section 2. In addition to

observables naturally derived from the angular coe�cients Ji and the optimised observ-

ables P (0)
i , we consider other observables, namely Bi and M (and eBi, fM) which have a

reduced sensitivity to charm contributions in some NP scenarios. In Section 3 we present

our predictions in the SM and in several NP benchmark points, illustrating how these

observables can help in discerning among NP scenarios and how (in)sensitive they are

with respect to hadronic uncertainties. We present our conclusions in Section 4. In the

appendices we discuss the dependence of M and fM observables on charm contributions,

we recall the definition of binned observables, and we provide further predictions for the

various observables within the di↵erent benchmark scenarios.

2 B ! K⇤`` observables assessing lepton flavour uni-

versality

2.1 Observables derived from Ji, Pi and Si

We want to exploit the angular analyses of both B ! K⇤µµ and B ! K⇤ee decays in

order to build observables that will probe the violation of LFU, the short-distance part

of C9µ and/or the other Wilson coe�cients, with limited hadronic uncertainties. Natural

combinations are 2

QFL = F µ
L�F e

L , Qi = P µ
i �P e

i , Ti =
Sµ
i � Se

i

Sµ
i + Se

i

, Bi =
Jµ
i

Je
i

�1 , eBi =
�2
e

�2
µ

Jµ
i

Je
k

�1 , (1)

2In the following, we always consider quantities obtained by combining CP-averaged angular coe�-
cients.
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SMEFT

 Consider an EFT built exclusively from the SM fields 
with the SM gauge symmetries. 

 Experimental data suggest that the NP scale is well 
above the EW scale.

SU(3)c ⇥ SU(2)L ⇥ U(1)Y

2

or e) decay observables such as branching ratios and an-
gular distributions. Interestingly, current data on b !
sµ

+

µ

� transitions show departures with respect to the
SM predictions too [15–17], which are consistent with the
anomaly in RK [18–20]. Global analyses of b ! sµ

+

µ

�

data within the WET hint to new physics scenarios that
can accommodate also the observed LFUV in RK and
RK⇤ [4, 21, 22].

Many models have been proposed to address the b ! s

anomalies (including RK). These models involve a Z

0

boson from an extended gauge group [23–58], lepto-
quarks (or R-parity violating supersymmetry) [57, 59–
81], a massive resonance from a strong dynamics [82–86]
or Kaluza-Klein excitations [87–90]. Refs. [91–94] have
explored renormalizable models that explain RK at the
one-loop level, while the MSSM with R-parity conserva-
tion was considered in Ref. [95].

In this work we interpret the new LHCb indications
of LFUV in a model-independent way using the SMEFT
[96, 97]. This framework provides the most general de-
scription once we assume that the SM is valid at low
energies and the NP decouples at a scale much higher
than the EW scale. The interpretation in terms of the
SMEFT allows for a more transparent connection to pos-
sible ultraviolet (UV) scenarios as it incorporates the full
electroweak gauge symmetry (see for instance [18]). We
point out that the di↵erence with respect to the analyses
of Refs. [98–101] is that here we do not assume that only
operators with third generation fermions are generated,
or any underlying flavour symmetry.

We will start by providing simplified analytical expres-
sions for the observables of interest, as well as for the
SMEFT Wilson coe�cients (WCs) at low and high en-
ergies. These expressions can be of great value to guide
the model building e↵orts. With these expressions at
hand, we determine the implications of the LHCb mea-
surements, not only on the coe�cients of the SMEFT
operators at low energies, but also on their values at
the high-energy scale where they are generated by the
decoupling of some unknown heavy degrees of freedom.
For this purpose we will make use of DsixTools [102], a
Mathematica package for the handling of the dimension-
six SMEFT [102], which implements the complete one-
loop Renormalization Group Equations (RGEs) of the
SMEFT. This package will also allow us to consider the
generation of other (unwanted) e↵ective operators at low
energies due to the RGE evolution of the SMEFT oper-
ators and find which of these imply relevant constraints
on the scenarios that explain the LHCb measurements.

The rest of this letter is organized as follows: in Sec. II
we introduce the relevant SMEFT and WET operators.
In Sec. III we find simple analytical expressions for the
RK and RK⇤ ratios. In Sec. IV we analyse the im-
plications of the LHCb measurements and identify the
SMEFT scenarios that can accommodate them. RGE ef-
fects from the high-energy scale of the new dynamics to
the electroweak scale are discussed in Sec. V. Finally, we
conclude and discuss further implications in Sec. VI.

II. EFFECTIVE FIELD THEORY

At energies relevant for the B-meson decays, NP ef-
fects can be described generically in terms of the Weak
E↵ective Theory (WET). Semileptonic b ! s transitions
involve the e↵ective weak Hamiltonian

H
e↵

� �4GFp
2

↵

4⇡
�

sb
t

X

i

CiOi , (4)

where �

ij
t = V

⇤
tiVtj , with V the Cabibbo-Kobayashi-

Maskawa (CKM) matrix, and �

sb
t ⇠ �0.04 [103]. The

most relevant operators for the present purpose are the
semileptonic operators

O
9

= (s̄�↵PLb)(¯̀�
↵
`) , O0

9

= (s̄�↵PRb)(¯̀�
↵
`) ,

O
10

= (s̄�↵PLb)(¯̀�
↵
�

5

`) , O0
10

= (s̄�↵PRb)(¯̀�
↵
�

5

`) ,

and the dipole operator

O
7

=
mb

e

(s̄�↵�PRb)F
↵�

,

with mb the b-quark mass and F

↵� the electromagnetic
field-strength tensor.
Assuming that the SM degrees of freedom are the only

ones present below a certain mass scale ⇤ � MW where
NP decouples, one can describe deviations from the SM
in a general way using the SMEFT. Dominant NP e↵ects
in b ! s transitions are expected to be parametrized by
e↵ective operators of canonical dimension six

L
SMEFT

� 1

⇤2

X

k

CkQk . (5)

Here Ck are the Wilson coe�cients of the dimension-six
Qk operators. In this letter we will adopt the so-called
Warsaw basis for the dimension-six operators [97].
One can match the SMEFT operators onto the opera-

tors in Eq. (4). The relevant matching conditions at the
EW scale µEW ⇠ O(MW ) are given by [18, 104] (with
a = e, µ):

CNP

9a =
⇡

↵�

sb
t

v

2

⇤2

⇢⇥
C̃(1)

`q

⇤
aa23

+
⇥
C̃(3)

`q

⇤
aa23

+
⇥
C̃qe

⇤
23aa

�
,

CNP

10a = � ⇡

↵�

sb
t

v

2

⇤2

⇢⇥
C̃(1)

`q

⇤
aa23

+
⇥
C̃(3)

`q

⇤
aa23

�
⇥
C̃qe

⇤
23aa

�
,

C0
9a =

⇡

↵�

sb
t

v

2

⇤2

⇢⇥
C̃`d

⇤
aa23

+
⇥
C̃ed

⇤
aa23

�
,

C0
10a = � ⇡

↵�

sb
t

v

2

⇤2

⇢⇥
C̃`d

⇤
aa23

�
⇥
C̃ed

⇤
aa23

�
. (6)

We point out that in these expressions we have only
included operators that can give rise to LFUV. These
matching conditions are also summarized in Table I,
where the operators of the SMEFT are defined. We also

3

SMEFT operator Definition Matching Order

[Q(1)
`q ]aa23

�
¯̀
a�µ`a

�
(q̄2�

µq3) O9,10 Tree

[Q(3)
`q ]aa23

�
¯̀
a�µ⌧

I`a
� �

q̄2�
µ⌧ Iq3

� O9,10 Tree

[Qqe]23aa (q̄2�µq3) (ēa�
µea) O9,10 Tree

[Q`d]aa23
�
¯̀
a�µ`a

� �
d̄2�

µd3
� O0

9,10 Tree

[Qed]aa23 (ēa�µea)
�
d̄2�

µd3
� O0

9,10 Tree

[Q(1)
'` ]aa

⇣
'†i
 !
D µ'

⌘ �
¯̀
a�

µ`a
� O9,10 1-loop

[Q(3)
'` ]aa

⇣
'†i
 !
D I

µ'
⌘ �

¯̀
a�

µ⌧ I`a
� O9,10 1-loop

[Q`u]aa33
�
¯̀
a�µ`a

�
(ū3�

µu3) O9,10 1-loop

[Q'e]aa
⇣
'†i
 !
D µ'

⌘
(ēa�

µea) O9,10 1-loop

[Qeu]aa33 (ēa�µea) (ū3�
µu3) O9,10 1-loop

TABLE I. List of relevant operators (see Ref. [97] for defi-

nitions) that contribute to the matching to C(0)
9,10, either at

tree-level or through one-loop running. The index a = µ, e
denotes the flavour of the lepton.

show in this table the operators that contribute via one-
loop running, but leave out a few others that contribute
finite terms to the matching. Here we implicitly assume

that the Wilson coe�cients CNP

9µ , C̃(1)

`q , etc., are defined

at the matching scale µEW, i.e. CNP

9µ ⌘ CNP

9µ (µEW), etc.
The tilde over the SMEFT Wilson coe�cients denotes
that they are given in the fermion mass basis (see Ap-
pendix A).
The dipole operator O

7

receives tree level match-
ing contributions from [QdB ]23 = (q̄

2

�

µ⌫
d

3

)'Bµ⌫ and
[QdW ]

23

= (q̄
2

�

µ⌫
d

3

)⌧ I'W I
µ⌫ , both dipole operators of

the SMEFT [18, 104]. Assuming that the underlying UV
model is a weakly coupled gauge theory, all the operators

in Table I contributing to O(0)
9,10 are potentially generated

at tree-level by the new physics [105]. In contrast, the
SMEFT dipole operators contributing to O

7

would be
loop-generated [105].

III. FORMULAS FOR RK AND RK⇤

For the phenomenological discussion we derive approx-
imate formulas for RK and RK⇤ in terms of the relevant
WCs. These formulas are obtained with the same ap-
proach as Ref. [4], but neglecting terms that are not im-
portant for the present discussion, and linearising in the
NP coe�cients. We find:

[RK ]
[1,6] ' 1.00(1) + 0.230(CNP

9µ�e + C0
9µ�e)� 0.233(2)(CNP

10µ�e + C0
10µ�e) ,

[RK⇤ ]
[0.045,1.1] ' 0.92(2) + 0.07(2)CNP

9µ�e � 0.10(2)C0
9µ�e � 0.11(2)CNP

10µ�e + 0.11(2)C0
10µ�e + 0.18(1)CNP

7

,

[RK⇤ ]
[1.1,6] ' 1.00(1) + 0.20(1)CNP

9µ�e � 0.19(1)C0
9µ�e � 0.27(1)CNP

10µ�e + 0.21(1)C0
10µ�e . (7)

All WCs in (7) are assumed to be defined at the µb ⇠
4.8 GeV scale. The notation CNP

9µ�e ⌘ CNP

9µ � CNP

9e (and
similarly for the other WCs) has been used. We have lin-
earised the dependence with respect to the WCs in these
formulas, assuming that contributions from dimension-
eight SMEFT operators interfering with the SM as well
as contributions from dimension-six SMEFT operators
squared are both negligible.2

Semileptonic four-fermion operators enter in these for-
mulas in combinations µ � e to very good accuracy, so

2 Some of our results will be presented using the exact formulas,
without linearising in the NP coe�cients. In these cases we are
neglecting the e↵ect of dimension-eight SMEFT operators inter-
fering with the SM.

that they will source LFUV e↵ects only when the val-
ues of these coe�cients di↵er for muons and electrons.
The dipole operator O

7

is relevant in the low bin of
RK⇤ , where it enters due to lepton mass e↵ects. For
[RK ]

[1,6] and [RK⇤ ]
[1.1,6] these formulas are in reason-

ably good agreement with those in [19]. The scalar op-

erators in the WET O(0)
S = mb(s̄PR,Lb)(¯̀̀ ) do not en-

ter in these formulas since they do not interfere with
the SM. Contributions from the pseudo-scalar operators

O(0)
P = mb(s̄PR,Lb)(¯̀�5`) and the chirality-flipped dipole

operator O0
7

= mb/e(s̄�↵�PLb)F↵� to these ratios are
found to be very suppressed and are therefore not in-
cluded in (7).

2
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quarks (or R-parity violating supersymmetry) [57, 59–
81], a massive resonance from a strong dynamics [82–86]
or Kaluza-Klein excitations [87–90]. Refs. [91–94] have
explored renormalizable models that explain RK at the
one-loop level, while the MSSM with R-parity conserva-
tion was considered in Ref. [95].

In this work we interpret the new LHCb indications
of LFUV in a model-independent way using the SMEFT
[96, 97]. This framework provides the most general de-
scription once we assume that the SM is valid at low
energies and the NP decouples at a scale much higher
than the EW scale. The interpretation in terms of the
SMEFT allows for a more transparent connection to pos-
sible ultraviolet (UV) scenarios as it incorporates the full
electroweak gauge symmetry (see for instance [18]). We
point out that the di↵erence with respect to the analyses
of Refs. [98–101] is that here we do not assume that only
operators with third generation fermions are generated,
or any underlying flavour symmetry.

We will start by providing simplified analytical expres-
sions for the observables of interest, as well as for the
SMEFT Wilson coe�cients (WCs) at low and high en-
ergies. These expressions can be of great value to guide
the model building e↵orts. With these expressions at
hand, we determine the implications of the LHCb mea-
surements, not only on the coe�cients of the SMEFT
operators at low energies, but also on their values at
the high-energy scale where they are generated by the
decoupling of some unknown heavy degrees of freedom.
For this purpose we will make use of DsixTools [102], a
Mathematica package for the handling of the dimension-
six SMEFT [102], which implements the complete one-
loop Renormalization Group Equations (RGEs) of the
SMEFT. This package will also allow us to consider the
generation of other (unwanted) e↵ective operators at low
energies due to the RGE evolution of the SMEFT oper-
ators and find which of these imply relevant constraints
on the scenarios that explain the LHCb measurements.

The rest of this letter is organized as follows: in Sec. II
we introduce the relevant SMEFT and WET operators.
In Sec. III we find simple analytical expressions for the
RK and RK⇤ ratios. In Sec. IV we analyse the im-
plications of the LHCb measurements and identify the
SMEFT scenarios that can accommodate them. RGE ef-
fects from the high-energy scale of the new dynamics to
the electroweak scale are discussed in Sec. V. Finally, we
conclude and discuss further implications in Sec. VI.

II. EFFECTIVE FIELD THEORY

At energies relevant for the B-meson decays, NP ef-
fects can be described generically in terms of the Weak
E↵ective Theory (WET). Semileptonic b ! s transitions
involve the e↵ective weak Hamiltonian

H
e↵

� �4GFp
2

↵

4⇡
�

sb
t

X

i

CiOi , (4)

where �

ij
t = V

⇤
tiVtj , with V the Cabibbo-Kobayashi-

Maskawa (CKM) matrix, and �

sb
t ⇠ �0.04 [103]. The

most relevant operators for the present purpose are the
semileptonic operators

O
9

= (s̄�↵PLb)(¯̀�
↵
`) , O0

9

= (s̄�↵PRb)(¯̀�
↵
`) ,

O
10

= (s̄�↵PLb)(¯̀�
↵
�

5

`) , O0
10

= (s̄�↵PRb)(¯̀�
↵
�

5

`) ,

and the dipole operator

O
7

=
mb

e

(s̄�↵�PRb)F
↵�

,

with mb the b-quark mass and F

↵� the electromagnetic
field-strength tensor.
Assuming that the SM degrees of freedom are the only

ones present below a certain mass scale ⇤ � MW where
NP decouples, one can describe deviations from the SM
in a general way using the SMEFT. Dominant NP e↵ects
in b ! s transitions are expected to be parametrized by
e↵ective operators of canonical dimension six

L
SMEFT

� 1

⇤2

X

k

CkQk . (5)

Here Ck are the Wilson coe�cients of the dimension-six
Qk operators. In this letter we will adopt the so-called
Warsaw basis for the dimension-six operators [97].
One can match the SMEFT operators onto the opera-

tors in Eq. (4). The relevant matching conditions at the
EW scale µEW ⇠ O(MW ) are given by [18, 104] (with
a = e, µ):

CNP

9a =
⇡

↵�

sb
t

v

2

⇤2

⇢⇥
C̃(1)

`q

⇤
aa23

+
⇥
C̃(3)

`q

⇤
aa23

+
⇥
C̃qe

⇤
23aa

�
,

CNP

10a = � ⇡

↵�

sb
t

v

2

⇤2

⇢⇥
C̃(1)

`q

⇤
aa23

+
⇥
C̃(3)

`q

⇤
aa23

�
⇥
C̃qe

⇤
23aa

�
,

C0
9a =

⇡

↵�

sb
t

v

2

⇤2

⇢⇥
C̃`d

⇤
aa23

+
⇥
C̃ed

⇤
aa23

�
,

C0
10a = � ⇡

↵�

sb
t

v

2

⇤2

⇢⇥
C̃`d

⇤
aa23

�
⇥
C̃ed

⇤
aa23

�
. (6)

We point out that in these expressions we have only
included operators that can give rise to LFUV. These
matching conditions are also summarized in Table I,
where the operators of the SMEFT are defined. We also
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SMEFT

3

SMEFT operator Definition Matching Order

[Q(1)
`q ]aa23

�
¯̀
a�µ`a

�
(q̄2�

µq3) O9,10 Tree

[Q(3)
`q ]aa23

�
¯̀
a�µ⌧

I`a
� �

q̄2�
µ⌧ Iq3

� O9,10 Tree

[Qqe]23aa (q̄2�µq3) (ēa�
µea) O9,10 Tree

[Q`d]aa23
�
¯̀
a�µ`a

� �
d̄2�

µd3
� O0

9,10 Tree

[Qed]aa23 (ēa�µea)
�
d̄2�

µd3
� O0

9,10 Tree

[Q(1)
'` ]aa

⇣
'†i
 !
D µ'

⌘ �
¯̀
a�

µ`a
� O9,10 1-loop

[Q(3)
'` ]aa

⇣
'†i
 !
D I

µ'
⌘ �

¯̀
a�

µ⌧ I`a
� O9,10 1-loop

[Q`u]aa33
�
¯̀
a�µ`a

�
(ū3�

µu3) O9,10 1-loop

[Q'e]aa
⇣
'†i
 !
D µ'

⌘
(ēa�

µea) O9,10 1-loop

[Qeu]aa33 (ēa�µea) (ū3�
µu3) O9,10 1-loop

TABLE I. List of relevant operators (see Ref. [97] for defi-

nitions) that contribute to the matching to C(0)
9,10, either at

tree-level or through one-loop running. The index a = µ, e
denotes the flavour of the lepton.

show in this table the operators that contribute via one-
loop running, but leave out a few others that contribute
finite terms to the matching. Here we implicitly assume

that the Wilson coe�cients CNP

9µ , C̃(1)

`q , etc., are defined

at the matching scale µEW, i.e. CNP

9µ ⌘ CNP

9µ (µEW), etc.
The tilde over the SMEFT Wilson coe�cients denotes
that they are given in the fermion mass basis (see Ap-
pendix A).
The dipole operator O

7

receives tree level match-
ing contributions from [QdB ]23 = (q̄

2

�

µ⌫
d

3

)'Bµ⌫ and
[QdW ]

23

= (q̄
2

�

µ⌫
d

3

)⌧ I'W I
µ⌫ , both dipole operators of

the SMEFT [18, 104]. Assuming that the underlying UV
model is a weakly coupled gauge theory, all the operators

in Table I contributing to O(0)
9,10 are potentially generated

at tree-level by the new physics [105]. In contrast, the
SMEFT dipole operators contributing to O

7

would be
loop-generated [105].

III. FORMULAS FOR RK AND RK⇤

For the phenomenological discussion we derive approx-
imate formulas for RK and RK⇤ in terms of the relevant
WCs. These formulas are obtained with the same ap-
proach as Ref. [4], but neglecting terms that are not im-
portant for the present discussion, and linearising in the
NP coe�cients. We find:

[RK ]
[1,6] ' 1.00(1) + 0.230(CNP

9µ�e + C0
9µ�e)� 0.233(2)(CNP

10µ�e + C0
10µ�e) ,

[RK⇤ ]
[0.045,1.1] ' 0.92(2) + 0.07(2)CNP

9µ�e � 0.10(2)C0
9µ�e � 0.11(2)CNP

10µ�e + 0.11(2)C0
10µ�e + 0.18(1)CNP

7

,

[RK⇤ ]
[1.1,6] ' 1.00(1) + 0.20(1)CNP

9µ�e � 0.19(1)C0
9µ�e � 0.27(1)CNP

10µ�e + 0.21(1)C0
10µ�e . (7)

All WCs in (7) are assumed to be defined at the µb ⇠
4.8 GeV scale. The notation CNP

9µ�e ⌘ CNP

9µ � CNP

9e (and
similarly for the other WCs) has been used. We have lin-
earised the dependence with respect to the WCs in these
formulas, assuming that contributions from dimension-
eight SMEFT operators interfering with the SM as well
as contributions from dimension-six SMEFT operators
squared are both negligible.2

Semileptonic four-fermion operators enter in these for-
mulas in combinations µ � e to very good accuracy, so

2 Some of our results will be presented using the exact formulas,
without linearising in the NP coe�cients. In these cases we are
neglecting the e↵ect of dimension-eight SMEFT operators inter-
fering with the SM.

that they will source LFUV e↵ects only when the val-
ues of these coe�cients di↵er for muons and electrons.
The dipole operator O

7

is relevant in the low bin of
RK⇤ , where it enters due to lepton mass e↵ects. For
[RK ]

[1,6] and [RK⇤ ]
[1.1,6] these formulas are in reason-

ably good agreement with those in [19]. The scalar op-

erators in the WET O(0)
S = mb(s̄PR,Lb)(¯̀̀ ) do not en-

ter in these formulas since they do not interfere with
the SM. Contributions from the pseudo-scalar operators

O(0)
P = mb(s̄PR,Lb)(¯̀�5`) and the chirality-flipped dipole

operator O0
7

= mb/e(s̄�↵�PLb)F↵� to these ratios are
found to be very suppressed and are therefore not in-
cluded in (7).
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                   play a crucial role in the explanation of the 
anomalies

⇥
C(1,3)
`q

⇤
2223

4

FIG. 1. Predictions for RK and RK⇤
as a function of the

SMEFT Wilson coe�cient C(1)
`q with ⇤ = 30 TeV. The experi-

mental ranges for RK and RK⇤
at 95% CL are also shown for

comparison.

IV. EXPLAINING LHCB MEASUREMENTS

We investigate the implications of the LHCb mea-
surements by considering the measured 95% confidence
level (CL) intervals [RK⇤ ]

[0.045,1.1] 2 [0.517, 0.891] and
[RK⇤ ]

[1.1,6] 2 [0.530, 0.935] [3]. For RK we take the ex-
perimental measurement in [2] and symmetrize the error,
adding statistical and systematic errors in quadrature,
obtaining RK 2 [0.57, 0.93] at 95% CL.

We consider only one or two of the relevant SMEFT
operators at a time, and analyse which of these scenarios
are able to accommodate the measurements of RK and
RK⇤ . The SMEFT WCs are now assumed to be defined
at the EW scale.

We start with single-operator scenarios . Note that
the e↵ect of the dipole operator O

7

on the low-q2 bin
of RK⇤ is very small given the bound it receives from
b ! s� transitions (�0.05 . CNP

7

. 0.08 at 3� [4]). The
deviations from the SM in these three observables must
then be caused mainly by the four-fermion semileptonic
operators of the WET. The only possibility to accom-
modate the data with a single operator is:

I C(1,3)
`q ! CNP

9µ�e = �CNP

10µ�e : these scenarios accom-
modate the experimental measurements of RK and RK⇤

for CNP

9µ�e . �0.2, corresponding to C(1,3)
`q & 0.3 with

⇤ = 30 TeV, see Figure 1.

All the other operators fail:

--
--
--
--
--

-� -� � � � �

-�

-�

�

�

�

FIG. 2. Constraints on the SMEFT Wilson coe�cients C(1)
`q and

C`d with ⇤ = 30 TeV, assuming no NP in the electron modes.

The individual constraints from RK and RK⇤
at the 3� level are

represented by filled bands. The combined fit to RK and RK⇤

is shown in blue (1,2 and 3 � contours). The result of a global

fit with all b ! s`+`� data included in [7] is shown in a similar

way as red dashed contours.

I C`d ! C0
9µ�e = �C0

10µ�e : gives rise to RK⇤
> 1 in the

central-bin when RK < 1. RK⇤ in the low-bin is also
above the experimental range when RK < 1.

I Ced ! C0
9µ�e = C0

10µ�e : has a very small e↵ect on RK .
For reasonable values of the WC it holds RK ' R

SM

K .
Furthermore when RK⇤

< 1 in both bins, RK > 1.

I Cqe ! CNP

9µ�e = CNP

10µ�e : has a very small e↵ect on RK .
For reasonable values of the WC it holds RK ' R

SM

K .

We now consider two-operator scenarios . In this case
it is possible to accommodate the hints of LFUV in RK

and RK⇤ with:

I C(1,3)
`q , Cqe ! CNP

9µ�e , CNP

10µ�e

I C(1,3)
`q , C`d ! CNP

9µ�e = �CNP

10µ�e , C0
9µ�e = �C0

10µ�e

I C(1,3)
`q , Ced ! CNP

9µ�e = �CNP

10µ�e , C0
9µ�e = C0

10µ�e

I C(1)

`q , C(3)

`q ! CNP

9µ�e = �CNP

10µ�e

The bounds obtained for the WCs in the scenario
of C(1)

`q and C`d are shown in Figure 2 for illustration,

(see also Feruglio, Paradisi & Pattori, 1705.00929)
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3. Summary

 RK and RK* can be explained by lepton-specific NP 
four-fermion contact interactions                     .

 Future precise measurements of Q4 and Q5 can help to 
identify the chirality structure of the lepton currents. 

 LFUV and angular observables look consistent and favor 
independently the same pattern of deviations from the 
SM. 

(s̄PLb)(¯̀PL`)

CNP
9µ ⇡ �1.2 CNP

bLµL
⇡ �1.3

CNP
9µ = �CNP

10µ CNP
9µ = C0NP

9µCNP
9µ

 Preferred hypotheses: 

,,

 Models with the RH quark current are disfavored, since 
they cannot explain RK<1 and RK*<1 simultaneously.
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Hadronic contributions M. Ciuchini, M. Fedele, E. Franco, S.M. , A. Paul, 
L. Silvestrini & M. Valli, arXiv:1512.07157

Figure 3. Results of the fit for |eg1,2,3| defined in ref. [46] as a function of q2 together with the
phenomenological parametrization suggested in the same paper.

Parameter Absolute value Phase (rad)

h
(0)
0 (5.3± 2.4) · 10�4

3.44± 0.78

h
(1)
0 (3.4± 2.6) · 10�4 �0.07± 1.1

h
(2)
0 (3.5± 3.0) · 10�5

3.1± 1.7

h
(0)
+ (4.0± 4.0) · 10�5 �0.1± 1.5

h
(1)
+ (1.3± 9.7) · 10�5 �0.7± 1.3

h
(2)
+ (2.5± 1.8) · 10�5

2.9± 1.4

h
(0)
� (2.4± 1.5) · 10�4

1.83± 0.66 [ 4.73± 0.88

h
(1)
� (1.2± 9.3) · 10�5 �0.93± 0.70 [ 1.15± 0.92

h
(2)
� (2.5± 1.5) · 10�5

0.05± 1.0

Table 7. Results for the parameters defining the nonfactorizable power corrections h� obtained
without using the numerical information from ref. [46].
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NP contribution in C7 and/or C9 cannot 
reproduce such a q2 growing behaviour.

DISCLAIMER

g̃ ⌘ �C(non pert.)

9 /(2C1)

EXTRACTING THE NON-PERTURBATIVE
HADRONIC CONTRIBUTION

see arXiv:1006.4945

20

The hadronic cont’s extracted from the data are 
compatible with the LCSR estimate for                    
and seem to grow towards charm resonances. 

q2 . 1 GeV2

approximation worsens as q2 increases and breaks down at q2 ⇠ 4m2
c

, as each additional
soft gluon exchange is suppressed by a factor 1/(q2�4m2

c

). In ref. [46] the authors proposed
also a phenomenological model interpolating their result at q2 ⇠ 1 GeV2 with a description
of the resonant region based on dispersion relations. While this model is reasonable, clearly
there are large uncertainties in the transition region from q2 ⇠ 4 GeV2 to m2

J/ 

. Therefore,
we consider the result of ref. [46] at q2 . 1 GeV2 as an estimate of the charm loop effect,
but allow for larger effects as q2 grows and reaches values of O(4m2

c

).
While Qc

1,2 are expected to dominate the h ¯K⇤�⇤|Hhad
e↵ | ¯Bi matrix element, the effect of

all operators in the hadronic Hamiltonian can be reabsorbed in the following parameteri-
zation, generalizing the one in ref. [47]:

h
�

(q2) =

✏⇤
µ

(�)

m2
B

Z
d4xeiqxh ¯K⇤|T{jµem(x)Hhad

e↵ (0)}| ¯Bi

= h
(0)
�

+

q2

1GeV

2h
(1)
�

+

q4

1GeV

4h
(2)
�

, (2.6)

where � = +,�, 0 represents the helicity. Notice that h(0)
�

and h
(1)
�

could be reinterpreted as
a modification of C7 and C9 respectively, while the term h

(2)
�

that we introduce to allow for a
growth of long-distance effects when approaching the charm threshold cannot be reabsorbed
in a shift of the Wilson coefficients of the operators in eq. (2.1). We notice here the crucial
point regarding NP searches in these processes: one cannot use data to disentangle long-
distance contributions such as h

(0,1)
�

from possible NP ones, except, of course, for NP-
induced CP-violating effects and/or NP contributions to operators other than C7,9. Thus,
in the absence of a more accurate theoretical estimate of h

�

(q2) over the full kinematic
range it is hardly possible to establish the presence of NP in C7,9, unless its contribution is
much larger than hadronic uncertainties. In this work we show that hadronic contributions
are sufficient to reproduce the present data once all the uncertainties are properly taken into
account. We conclude that, given the present hadronic uncertainties, the NP sensitivity
of these decays is washed out. In order to recover it, a substantial reduction of these
uncertainties is needed. This however requires a theoretical breakthrough in the calculation
of the hadronic amplitude in eq. (2.6).

The h
�

(q2) are related to the g̃Mi functions defined in ref. [46] as follows:

g̃M1
= � 1

2C1

16m3
B

(m
B

+m
K

⇤
)⇡2

p
�(q2)V (q2)q2

�
h�(q

2
)� h+(q

2
)

�
,

g̃M2
= � 1

2C1

16m3
B

⇡2

(m
B

+m
K

⇤
)A1(q2)q2

�
h�(q

2
) + h+(q

2
)

�
, (2.7)

g̃M3
=

1

2C1

"
64⇡2m3

B

m
K

⇤
p

q2(m
B

+m
K

⇤
)

�(q2)A2(q2)q2
h0(q

2
)

�16m3
B

⇡2
(m

B

+m
K

⇤
)(m2

B

� q2 �m2
K

⇤)

�(q2)A2(q2)q2
�
h�(q

2
) + h+(q

2
)

��
,

where the form factor definition is given in Appendix A. Notice that the nonfactorizable
contribution to �Ci

9(q
2
) is given by 2C1g̃

M
i . For the reader’s convenience, we also give the
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 Hadronic contributions have been fitted from the data. 

 Not conclusive!  Need more efforts!
Satoshi Mishima (KEK)See also 1701.08672, 1702.02234


