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Tensions in the Standard Model?
❖ B-meson flavor anomalies:

‣ Among the most interesting 
tensions we have in particle 
physics

‣ Potential to revolutionize our 
field and help us to unravel the 
next layer of fundamental 
physics

‣ … if present hints are 
confirmed by future data!
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Beyond the SM
❖ No solution yet to the hierarchy problem

❖ No answers yet to other big questions:
‣ Nature of Dark Matter?
‣ Origin of matter-antimatter asymmetry?
‣ Explanation of flavor puzzle?
‣ Dark energy/cosmological constant & strong CP problem

❖ While the field waits for clues, remarkable things are 
happening in the flavor sector!
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B-meson flavor anomalies
❖ Intriguing hints of anomalies in B decays entered stage 

starting in 2012 (RD, RD*; P5’& BRs; RK, RK*)

❖ If true, they would be hugely important for the future 
development of high-energy particle physics at large!

❖ In fact, their importance cannot be overstated …
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We show that by adding a single new scalar particle to the Standard Model, a TeV-scale leptoquark
with the quantum numbers of a right-handed down quark, one can explain in a natural way three of
the most striking anomalies of particle physics: the violation of lepton universality in B̄ ! K̄`+`�

decays, the enhanced B̄ ! D(⇤)⌧ ⌫̄ decay rates, and the anomalous magnetic moment of the muon.
Constraints from other precision measurements in the flavor sector can be satisfied without fine-
tuning. Our model predicts enhanced B̄ ! K̄(⇤)⌫⌫̄ decay rates and a new-physics contribution to
Bs�B̄s mixing close to the current central fit value.

Introduction. Rare decays and low-energy precision
measurements provide powerful probes of physics beyond
the Standard Model (SM). During the first run of the
LHC, many existing measurements of such observables
were improved and new channels were discovered, at rates
largely consistent with SM predictions. However, a few
anomalies observed by previous experiments have been
reinforced by LHC measurements and some new anoma-
lous signals have been reported. The most remarkable
example of a confirmed e↵ect is the 3.5� deviation from
the SM expectation in the combination of the ratios

RD(⇤) =
�(B̄ ! D(⇤)⌧ ⌫̄)

�(B̄ ! D(⇤)`⌫̄)
; ` = e, µ. (1)

An excess of the B̄ ! D(⇤)⌧ ⌫̄ decay rates was first noted
by BaBar [1, 2], and it was shown that this e↵ect can-
not be explained in terms of type-II two Higgs-doublet
models. The relevant rate measurements were consis-
tent with those reported by Belle [3–5] and were recently
confirmed by LHCb for the case of RD⇤ [6]. Since these
decays are mediated at tree level in the SM, relatively
large new-physics contributions are necessary in order to
explain the deviations. Taking into account the di↵eren-
tial distributions d�(B̄ ! D⌧ ⌫̄)/dq2 provided by BaBar
[2] and Belle [7], only very few models can explain the ex-
cess, and they typically require new particles with masses
near the TeV scale and O(1) couplings [8–17]. One of the
interesting new anomalies is the striking 2.6� departure
from lepton universality of the ratio

RK =
�(B̄ ! K̄µ+µ�)

�(B̄ ! K̄e+e�)
= 0.745+0.090

�0.074 ± 0.036 (2)

in the dilepton invariant mass bin 1GeV2
 q2  6 GeV2,

reported by LHCb [18]. This ratio is essentially free from
hadronic uncertainties, making it very sensitive to new
physics. Equally intriguing is a discrepancy in angu-
lar observables in the rare decays B̄ ! K̄⇤µ+µ� seen
by LHCb [19], which is however subject to significant
hadronic uncertainties [20–22]. Both observables are in-
duced by loop-mediated processes in the SM, and assum-
ing O(1) couplings one finds that the dimension-6 opera-

tors that improve the global fit to the data are suppressed
by mass scales of order tens of TeV [23–26].

In this letter we propose a simple extension of the SM
by a single scalar leptoquark � transforming as (3,1,� 1

3 )
under the SM gauge group, which can explain both the
RD(⇤) and the RK anomalies with a low mass M� ⇠

1 TeV and O(1) couplings. The fact that such a particle
can explain the anomalous B̄ ! D(⇤)⌧ ⌫̄ rates and q2

distributions is well known [13, 17]. Here we show that
the same leptoquark can resolve in a natural way the RK

anomaly and explain the anomalous magnetic moment of
the muon. Reproducing RK with a light leptoquark is
possible in our model, because the transitions b ! s`+`�

are only mediated at loop level. Such loop e↵ects have
not been studied previously in the literature. We also
discuss possible contributions to Bs�B̄s mixing, the rare
decays B̄ ! K̄(⇤)⌫⌫̄, D0

! µ+µ�, ⌧ ! µ�, and the
Z-boson couplings to fermions. We focus primarily on
fermions of the second and third generations, leaving a
more complete analysis for future work.

The leptoquark � can couple to LQ and eRuR, as well
as to operators which would allow for proton decay and
will be ignored in the following. Such operators can be
eliminated, e.g., by means of a discrete symmetry, under
which SM leptons and � are assigned opposite parity.
The leptoquark interactions follow from the Lagrangian

L� = (Dµ�)†Dµ�� M2
� |�|2 � gh� |�|

2
|�|2

+ Q̄c�Li⌧2L�
⇤ + ūc

R �ReR �
⇤ + h.c. ,

(3)

where � is the Higgs doublet, �L,R are matrices in fla-
vor space, and  c = C ̄T are charge-conjugate spinors.
Note that our leptoquark shares the quantum numbers of
a right-handed sbottom, and the couplings proportional
to �L can be reproduced from the R-parity violating su-
perpotential. The above Lagrangian refers to the weak
basis. Switching to the mass basis for quarks and charged
leptons, the couplings to fermions take the form

L� 3 ūc
L�

L
ueeL �

⇤
�d̄cL�

L
d⌫⌫L�

⇤+ūc
R �R

ueeR �
⇤+h.c. , (4)

where

�L
ue = UT

u �LUe , �L
d⌫ = UT

d �L , �R
ue = V T

u �RVe , (5)

RK(⇤) =
�(B̄ ! K̄(⇤)µ+µ�)

�(B̄ ! K̄(⇤)e+e�)
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B-meson flavor anomalies
❖ … because they would give a clear target for future 

searches at energy frontier!

New physics cannot be 
too far from here! 
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B-meson flavor anomalies:  
Violations of lepton universality?
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Flavor anomalies: RD & RD*

❖ A totally unexpected signal of new physics in tree-level, 
CKM-favored, semileptonic decays of B mesons:

� BїDlʆ, B їD*lnu, ȿbїȿclʆ

� Tree-level decays
in the SM

� Form factors 
needed

� With light leptons 
(l=μe) used to determine the CKM elements

� CKM fit works very well, i.e. tree-level in 
agreement with ΔF=2 processes

bїclʆ processes

Page 17

Largest B branching ratios, used to determine the 
CKM elements, usually assumed to be free of NP

( 
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We show that by adding a single new scalar particle to the Standard Model, a TeV-scale leptoquark
with the quantum numbers of a right-handed down quark, one can explain in a natural way three of
the most striking anomalies of particle physics: the violation of lepton universality in B̄ ! K̄`+`�

decays, the enhanced B̄ ! D(⇤)⌧ ⌫̄ decay rates, and the anomalous magnetic moment of the muon.
Constraints from other precision measurements in the flavor sector can be satisfied without fine-
tuning. Our model predicts enhanced B̄ ! K̄(⇤)⌫⌫̄ decay rates and a new-physics contribution to
Bs�B̄s mixing close to the current central fit value.

Introduction. Rare decays and low-energy precision
measurements provide powerful probes of physics beyond
the Standard Model (SM). During the first run of the
LHC, many existing measurements of such observables
were improved and new channels were discovered, at rates
largely consistent with SM predictions. However, a few
anomalies observed by previous experiments have been
reinforced by LHC measurements and some new anoma-
lous signals have been reported. The most remarkable
example of a confirmed e↵ect is the 3.5� deviation from
the SM expectation in the combination of the ratios

RD(⇤) =
�(B̄ ! D(⇤)⌧ ⌫̄)

�(B̄ ! D(⇤)`⌫̄)
; ` = e, µ. (1)

An excess of the B̄ ! D(⇤)⌧ ⌫̄ decay rates was first noted
by BaBar [1, 2], and it was shown that this e↵ect can-
not be explained in terms of type-II two Higgs-doublet
models. The relevant rate measurements were consis-
tent with those reported by Belle [3–5] and were recently
confirmed by LHCb for the case of RD⇤ [6]. Since these
decays are mediated at tree level in the SM, relatively
large new-physics contributions are necessary in order to
explain the deviations. Taking into account the di↵eren-
tial distributions d�(B̄ ! D⌧ ⌫̄)/dq2 provided by BaBar
[2] and Belle [7], only very few models can explain the ex-
cess, and they typically require new particles with masses
near the TeV scale and O(1) couplings [8–17]. One of the
interesting new anomalies is the striking 2.6� departure
from lepton universality of the ratio

RK =
�(B̄ ! K̄µ+µ�)

�(B̄ ! K̄e+e�)
= 0.745+0.090

�0.074 ± 0.036 (2)

in the dilepton invariant mass bin 1GeV2
 q2  6 GeV2,

reported by LHCb [18]. This ratio is essentially free from
hadronic uncertainties, making it very sensitive to new
physics. Equally intriguing is a discrepancy in angu-
lar observables in the rare decays B̄ ! K̄⇤µ+µ� seen
by LHCb [19], which is however subject to significant
hadronic uncertainties [20–22]. Both observables are in-
duced by loop-mediated processes in the SM, and assum-
ing O(1) couplings one finds that the dimension-6 opera-

tors that improve the global fit to the data are suppressed
by mass scales of order tens of TeV [23–26].

In this letter we propose a simple extension of the SM
by a single scalar leptoquark � transforming as (3,1,� 1

3 )
under the SM gauge group, which can explain both the
RD(⇤) and the RK anomalies with a low mass M� ⇠

1 TeV and O(1) couplings. The fact that such a particle
can explain the anomalous B̄ ! D(⇤)⌧ ⌫̄ rates and q2

distributions is well known [13, 17]. Here we show that
the same leptoquark can resolve in a natural way the RK

anomaly and explain the anomalous magnetic moment of
the muon. Reproducing RK with a light leptoquark is
possible in our model, because the transitions b ! s`+`�

are only mediated at loop level. Such loop e↵ects have
not been studied previously in the literature. We also
discuss possible contributions to Bs�B̄s mixing, the rare
decays B̄ ! K̄(⇤)⌫⌫̄, D0

! µ+µ�, ⌧ ! µ�, and the
Z-boson couplings to fermions. We focus primarily on
fermions of the second and third generations, leaving a
more complete analysis for future work.

The leptoquark � can couple to LQ and eRuR, as well
as to operators which would allow for proton decay and
will be ignored in the following. Such operators can be
eliminated, e.g., by means of a discrete symmetry, under
which SM leptons and � are assigned opposite parity.
The leptoquark interactions follow from the Lagrangian

L� = (Dµ�)†Dµ�� M2
� |�|2 � gh� |�|

2
|�|2

+ Q̄c�Li⌧2L�
⇤ + ūc

R �ReR �
⇤ + h.c. ,

(3)

where � is the Higgs doublet, �L,R are matrices in fla-
vor space, and  c = C ̄T are charge-conjugate spinors.
Note that our leptoquark shares the quantum numbers of
a right-handed sbottom, and the couplings proportional
to �L can be reproduced from the R-parity violating su-
perpotential. The above Lagrangian refers to the weak
basis. Switching to the mass basis for quarks and charged
leptons, the couplings to fermions take the form

L� 3 ūc
L�

L
ueeL �

⇤
�d̄cL�

L
d⌫⌫L�

⇤+ūc
R �R

ueeR �
⇤+h.c. , (4)

where

�L
ue = UT

u �LUe , �L
d⌫ = UT

d �L , �R
ue = V T

u �RVe , (5)
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Flavor anomalies: RD & RD*

Enhanced B→D(*)τν decay rates
❖ Puzzling observation of enhanced semileptonic decay rates for third-

generation leptons (~22% of B→D*τν events due to new physics):

M. Neubert: Heavy Flavour Physics (Introductory Talk)                                                                                                      3

R(D*) status today

Moriond ElectroWeak March 22 , 2017

5

If WA is correct, 22% of the D*tn events are mediated by new physics!

http://www.slac.stanford.edu/xorg/hfag/semi/index.html
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Introduction. Rare decays and low-energy precision
measurements provide powerful probes of physics beyond
the Standard Model (SM). During the first run of the
LHC, many existing measurements of such observables
were improved and new channels were discovered, at rates
largely consistent with SM predictions. However, a few
anomalies observed by previous experiments have been
reinforced by LHC measurements and some new anoma-
lous signals have been reported. The most remarkable
example of a confirmed e↵ect is the 3.5� deviation from
the SM expectation in the combination of the ratios

RD(⇤) =
�(B̄ ! D(⇤)⌧ ⌫̄)

�(B̄ ! D(⇤)`⌫̄)
; ` = e, µ. (1)

An excess of the B̄ ! D(⇤)⌧ ⌫̄ decay rates was first noted
by BaBar [1, 2], and it was shown that this e↵ect can-
not be explained in terms of type-II two Higgs-doublet
models. The relevant rate measurements were consis-
tent with those reported by Belle [3–5] and were recently
confirmed by LHCb for the case of RD⇤ [6]. Since these
decays are mediated at tree level in the SM, relatively
large new-physics contributions are necessary in order to
explain the deviations. Taking into account the di↵eren-
tial distributions d�(B̄ ! D⌧ ⌫̄)/dq2 provided by BaBar
[2] and Belle [7], only very few models can explain the ex-
cess, and they typically require new particles with masses
near the TeV scale and O(1) couplings [8–17]. One of the
interesting new anomalies is the striking 2.6� departure
from lepton universality of the ratio

RK =
�(B̄ ! K̄µ+µ�)

�(B̄ ! K̄e+e�)
= 0.745+0.090

�0.074 ± 0.036 (2)

in the dilepton invariant mass bin 1GeV2
 q2  6 GeV2,

reported by LHCb [18]. This ratio is essentially free from
hadronic uncertainties, making it very sensitive to new
physics. Equally intriguing is a discrepancy in angu-
lar observables in the rare decays B̄ ! K̄⇤µ+µ� seen
by LHCb [19], which is however subject to significant
hadronic uncertainties [20–22]. Both observables are in-
duced by loop-mediated processes in the SM, and assum-
ing O(1) couplings one finds that the dimension-6 opera-

tors that improve the global fit to the data are suppressed
by mass scales of order tens of TeV [23–26].

In this letter we propose a simple extension of the SM
by a single scalar leptoquark � transforming as (3,1,� 1

3 )
under the SM gauge group, which can explain both the
RD(⇤) and the RK anomalies with a low mass M� ⇠

1 TeV and O(1) couplings. The fact that such a particle
can explain the anomalous B̄ ! D(⇤)⌧ ⌫̄ rates and q2

distributions is well known [13, 17]. Here we show that
the same leptoquark can resolve in a natural way the RK

anomaly and explain the anomalous magnetic moment of
the muon. Reproducing RK with a light leptoquark is
possible in our model, because the transitions b ! s`+`�

are only mediated at loop level. Such loop e↵ects have
not been studied previously in the literature. We also
discuss possible contributions to Bs�B̄s mixing, the rare
decays B̄ ! K̄(⇤)⌫⌫̄, D0

! µ+µ�, ⌧ ! µ�, and the
Z-boson couplings to fermions. We focus primarily on
fermions of the second and third generations, leaving a
more complete analysis for future work.

The leptoquark � can couple to LQ and eRuR, as well
as to operators which would allow for proton decay and
will be ignored in the following. Such operators can be
eliminated, e.g., by means of a discrete symmetry, under
which SM leptons and � are assigned opposite parity.
The leptoquark interactions follow from the Lagrangian

L� = (Dµ�)†Dµ�� M2
� |�|2 � gh� |�|

2
|�|2

+ Q̄c�Li⌧2L�
⇤ + ūc

R �ReR �
⇤ + h.c. ,

(3)

where � is the Higgs doublet, �L,R are matrices in fla-
vor space, and  c = C ̄T are charge-conjugate spinors.
Note that our leptoquark shares the quantum numbers of
a right-handed sbottom, and the couplings proportional
to �L can be reproduced from the R-parity violating su-
perpotential. The above Lagrangian refers to the weak
basis. Switching to the mass basis for quarks and charged
leptons, the couplings to fermions take the form

L� 3 ūc
L�

L
ueeL �

⇤
�d̄cL�

L
d⌫⌫L�
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R �R

ueeR �
⇤+h.c. , (4)

where
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d �L , �R
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If WA is correct, 22% of the D*tn events are mediated by new physics!

http://www.slac.stanford.edu/xorg/hfag/semi/index.html

⇠ 3.5�

LEPTON UNIVERSALITY VIOLATION?

➤ Deviations in B→ D(*)τν 
decays found in multiple 
measurements over the last 6 
years, almost 4σ disagreement 
with SM prediction  

➤ Other hints of lepton 
universality violations in 
other decay modes R(D)
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R(J/ )|exp =
BR(Bc ! J/ ⌧ ⌫)

BR(Bc ! J/ ` ⌫)
= 0.71± 0.17± 0.18
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R(K)|exp =
BR(B ! K µµ)

BR(B ! K ee)
= 0.745+0.090

�0.074 ± 0.036
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vs

Is it New Physics? Interesting BSM interpretations → see talks in later sessions

vs R(K)|exp = 1.00± 0.01
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Recent update from Belle (03/19)
Recent update from Belle 

19/40 Johannes Albrecht 
G. Caria, Moriond EW, March 19 

8. Mai 2019 

(Belle 2019: 1.2σ)

Significance reduced from 4.1 to 3.1σ  🙁

 Still unpublished ??? 
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Flavor anomalies: RD & RD*

❖ New world average still 
shows a tension; hints at 
smaller new-physics effects

❖ May be good news, since 
effect was (and still is) in a 
way much too large

❖ Expect in case of tree-level 
new physics: v2

⇤2
⇠ at most few %
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Flavor anomalies: P5’ & BRs
❖ Various hints of new physics in decays

❖ Being rare, loop-mediated FCNC processes, these are 
prime observables to probe BSM effects

B̄ ! K⇤`+`�

9 LO s P bP
PJ J 

• Semi-leptonic decays depend on form-factors
¾Non-perturbative quantities calculated with light-

cone sum rules or lattice QCD

4

B→K*μ+μ-, B→Kμ+μ- & Bs→ϕμ+μ-

Right choice of observables can reduce 
the hadronic uncertainties

Page 11
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Flavor anomalies: P5’ & BRs
❖ Deficit in various branching ratios, e.g.:

 S
lid

e 
Gr

eg
 L

an
ds

be
rg

 - 
Fl

av
or

 A
no

m
ali

es
 in

 C
M

S 
- S

ea
ttl

e 
Au

gu
st

 2
01

9

Flavor Anomalies: Br

�7
  
B 

Ph
ys

ic
s 

Pa
rk

in
g 

Pr
op

os
al

  
O

. B
uc

hm
ül

le
r 

  

 

7 7 

]4c/2 [GeV2q
0 5 10 15

]2
/G

eV
4 c [2 q

/dB
 d

0

0.05

0.1

0.15
6−10×

LHCb

Figure 5: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays as a function of q2. The
data are overlaid with the SM prediction from Refs. [48,49]. No SM prediction is included in the
region close to the narrow cc̄ resonances. The result in the wider q2 bin 15.0 < q2 < 19.0GeV2/c4

is also presented. The uncertainties shown are the quadratic sum of the statistical and systematic
uncertainties, and include the uncertainty on the B0! J/ K⇤0 and J/ ! µ+µ� branching
fractions.

Table 2: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays in bins of q2. The first
uncertainty is statistical, the second systematic and the third due to the uncertainty on the
B0! J/ K⇤0 and J/ ! µ+µ� branching fractions.

q2 bin (GeV2/c4) dB/dq2 ⇥ 10�7 (c4/GeV2)

0.10 < q2 < 0.98 1.016+0.067
�0.073 ± 0.029± 0.069

1.1 < q2 < 2.5 0.326+0.032
�0.031 ± 0.010± 0.022

2.5 < q2 < 4.0 0.334+0.031
�0.033 ± 0.009± 0.023

4.0 < q2 < 6.0 0.354+0.027
�0.026 ± 0.009± 0.024

6.0 < q2 < 8.0 0.429+0.028
�0.027 ± 0.010± 0.029

11.0 < q2 < 12.5 0.487+0.031
�0.032 ± 0.012± 0.033

15.0 < q2 < 17.0 0.534+0.027
�0.037 ± 0.020± 0.036

17.0 < q2 < 19.0 0.355+0.027
�0.022 ± 0.017± 0.024

1.1 < q2 < 6.0 0.342+0.017
�0.017 ± 0.009± 0.023

15.0 < q2 < 19.0 0.436+0.018
�0.019 ± 0.007± 0.030
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b→sll Branching Fractions

BFs too low in b⇥ sµ+µ� decays?
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Patrick Koppenburg Recent highlights on heavy quarks 24/08/2016 — QCD@LHC, Zürich [49 / 70]

BFs too low in b⇥ sµ+µ� decays?
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BFs too low in b⇥ sµ+µ� decays?

]4c/2 [GeV2q
0 5 10 15

]2
/G

eV
4 c [2 q

/dB
 d

0

0.05

0.1

0.15
6−10×

LHCb

B0⇥ K⇤0µ+µ�

[arXiv:1606.04731]

]4c/2 [GeV2q
5 10 15

]
4 c

-2
G

eV
-8

 [
1
0

2
q

)/
d

µ
µ

φ
→

s0
B

d
B

( 0

1

2

3

4

5

6

7

8

9
LHCb

SM pred.

Data

B0
s ⇥ ⇤µ+µ�

[JHEP 09

(2015) 179]

]4c/2 [GeV2q
0 5 10 15 20

]
-1 )4 c/2

(G
eV

-7
 [1

0
2 q

) /
 d

µ 
µ 

Λ 
→ b

Λ(Bd 0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

LHCb

SM prediction

Data

�0
b⇥ �µ+µ�

[JHEP 06

(2015) 115]

]4c/2 [GeV2q
0 5 10 15 20

]2
/G

eV
4 c × 

-8
 [1

0
2 q

/dBd 0

1

2

3

4

5

LCSR Lattice Data

LHCb
−µ+µ+ K→+B

B+⇥ K+µ+µ�
[JHEP 06

(2014) 133]

]4c/2 [GeV2q
0 5 10 15 20

]2
/G

eV
4 c × 

-8
 [1

0
2 q

/dBd 0

1

2

3

4

5

LCSR Lattice Data

−µ+µ0 K→0B
LHCb

B0⇥ K 0µ+µ�
[JHEP 06

(2014) 133]

]4c/2 [GeV2q
0 5 10 15 20

]2
/G

eV
4 c × 

-8
 [1

0
2 q

/dBd 0

1

2

3

4

5

LCSR Lattice Data

−µ+µ0 K→0B
LHCb

B+⇥ K⇤+µ+µ�
[JHEP 06

(2014) 133]

Patrick Koppenburg Recent highlights on heavy quarks 24/08/2016 — QCD@LHC, Zürich [49 / 70]

[JHEP 11 (2016) 047,   
JHEP 04 (2017) 142] 

 [JHEP 09 (2015) 179] [JHEP 06 (2015) 115] 

 [JHEP 06 (2014) 133] 

•  Several b→sll branching fractions measured at LHCb 
show some tension with predictions, particularly at low q2  

B0→K*0µµ 	 B0
s→φµµ 	 Λ0

b→Λ0µµ 	
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Figure 2: Di�erential branching fraction results for the B+⇤ K+µ+µ�, B0⇤ K0µ+µ� and
B+ ⇤ K⇥+µ+µ� decays. The uncertainties shown on the data points are the quadratic sum
of the statistical and systematic uncertainties. The shaded regions illustrate the theoretical
predictions and their uncertainties from light cone sum rule and lattice QCD calculations.

Table 3: Integrated branching fractions (10�8) in the high q2 region. For the B ⇤ Kµ+µ�

modes the region is defined as 15� 22GeV2/c4, while for B+⇤ K⇥+µ+µ� it is 15� 19GeV2/c4.
Predictions are obtained using the form factors calculated in lattice QCD over the same q2

regions. For the measurements, the first uncertainty is statistical and the second systematic.

Decay mode Measurement Prediction

B+⇤ K+µ+µ� 8.5± 0.3± 0.4 10.7± 1.2

B0⇤ K0µ+µ� 6.7± 1.1± 0.4 9.8± 1.0

B+⇤ K⇥+µ+µ� 15.8 +3.2
�2.9 ± 1.1 26.8± 3.6

measurements are all individually consistent with their respective predictions, they all
have values below those.

9

→ 3.3σ	discrepancy  

→ 2.6σ	discrepancy  

N.B. hadronic contributions (e.g., charm loops) may be important, so it's not 100% 
given that it's the muons that are suppressed, and not electrons that are enhanced
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Flavor anomalies: P5’ & BRs
❖ Several angular observables measured as functions of q2

❖ Some, like P5’, are optimized to be insensitive to 
hadronic uncertainties: [Descotes-Genon, Matias, Ramon, Virto 2012]
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❖ Some scenarios explaining these anomalies in angular 
observables predicted a departure from SM in ratios:

❖ Quite surprisingly, such deviations were later observed 
at LHCb!

❖ “Smoking gun” observables, but present hints below 3σ!

Flavor anomalies: RK & RK*

RK(⇤) =
�(B̄ ! K̄(⇤)µ+µ�)

�(B̄ ! K̄(⇤)e+e�)

[Altmannshofer, Gori, Pospelov, Yavin 2014]
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Flavor anomalies: RK & RK*

RK(⇤) =
�(B̄ ! K̄(⇤)µ+µ�)

�(B̄ ! K̄(⇤)e+e�)

“The RK Anomaly”
LHCb 1406.6482

2.6� hint for violation of lepton flavor universality (LFU)

RK =
BR(B ! Kµ+µ�)[1,6]
BR(B ! Ke+e�)[1,6]

= 0.745+0.090
�0.074 ± 0.036

Wolfgang Altmannshofer (UC) Theoretical Advances in Flavor Physics January 14, 2016 21 / 34

� 2.2-2.4 σ in two bins

R(K*) = B→K*μ+μ-/B→K*e+e-

Page 14

LHCb 1705.05802

M. Neubert — B-Meson Flavor Anomalies                                   Bormio 2020                                                                                                      15



Recent LHCb update on RKNew result on RK 

33/40 Johannes Albrecht 
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❖ Original LHCb result (2.6σ):

❖ New result including data 
until 2016 (2.5σ):
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Figure 1: (Top) expected distributions of the opening angle between the two leptons, in the
laboratory frame, for the four modes in the double ratio used to determine RK . (Bottom) the
single ratio rJ/ relative to its average value

⌦
rJ/ 

↵
as a function of the opening angle.

in the double ratio. For each of the variables examined, no significant trend is observed.
Figure 1 shows the ratio as a function of the dilepton opening angle and other examples
are provided in the Supplemental Material [71]. Assuming the deviations that are observed
indicate genuine mismodelling of the e�ciencies, rather than fluctuations, and taking into
account the spectrum of the relevant variables in the nonresonant decay modes of interest,
a total shift on RK is computed for each of the variables examined. In each case, the
resulting variation is within the estimated systematic uncertainty on RK . The rJ/ ratio
is also computed in two- and three-dimensional bins of the considered variables. Again, no
trend is seen and the deviations observed are consistent with the systematic uncertainties
on RK . An example is shown in Fig. S7 in the Supplemental Material [71]. Independent
studies of the electron reconstruction e�ciency using control channels selected from the
data also give consistent results.

The results of the fits to the m(K+
`
+
`
�) and mJ/ (K+

`
+
`
�) distributions are shown

in Fig. 2. A total of 1943 ± 49 B
+
! K

+
µ
+
µ
� decays are observed. A study of the

B
+
! K

+
µ
+
µ
� di↵erential branching fraction gives results that are consistent with pre-

vious LHCb measurements [12] but, owing to the selection criteria optimised for the
precision on RK , are less precise. The B

+
! K

+
µ
+
µ
� di↵erential branching fraction

observed is consistent between the 7 and 8TeV data and the 13TeV data.
The value of RK is measured to be

RK = 0.846 +0.060
� 0.054

+0.016
� 0.014 ,

7

is assessed by incorporating a resolution e↵ect that takes into account the di↵erence between
the mass shape in simulated events for B+

! J/ (! e
+
e
�)K+ and B

+
! K

+
e
+
e
� decays and

contributes a relative systematic uncertainty of 3% to the value of RK .
The e�ciency to select B+

! K
+
µ
+
µ
�, B+

! K
+
e
+
e
�, B+

! J/ (! µ
+
µ
�)K+ and B

+
!

J/ (! e
+
e
�)K+ decays is the product of the e�ciency to reconstruct the final state particles.

This includes the geometric acceptance of the detector, the trigger and the selection e�ciencies.
Each of these e�ciencies is determined from simulation and is corrected for known di↵erences
relative to data. The use of the double ratio of decay modes ensures that most of the possible
sources of systematic uncertainty cancel when determining RK . Residual e↵ects from the trigger
and the particle identification that do not cancel in the ratio arise due to di↵erent final-state
particle kinematic distributions in the resonant and non resonant dilepton mass region.

The dependence of the particle identification on the kinematic distributions contributes a
systematic uncertainty of 0.2% to the value of RK . The e�ciency associated with the hardware
trigger on B

+
! J/ (! e

+
e
�)K+ and B

+
! K

+
e
+
e
� decays depends strongly on the kinematic

properties of the final state particles and does not entirely cancel in the calculation of RK , due
to di↵erent electron and muon trigger thresholds. The e�ciency associated with the hardware
trigger is determined using simulation and is cross-checked using B

+
! J/ (! e

+
e
�)K+ and

B
+
! J/ (! µ

+
µ
�)K+ candidates in the data, by comparing candidates triggered by the kaon

or leptons in the hardware trigger to candidates triggered by other particles in the event. The
largest di↵erence between data and simulation in the ratio of trigger e�ciencies between the
B

+
! K

+
`
+
`
� and B

+
! J/ (! `

+
`
�)K+ decays is at the level of 3%, which is assigned as a

systematic uncertainty on RK . The veto to remove misidentification of kaons as electrons contains
a similar dependence on the chosen binning scheme and a systematic uncertainty of 0.6% on RK is
assigned to account for this.

Overall, the e�ciency to reconstruct, select and identify an electron is around 50% lower than
the e�ciency for a muon. The total e�ciency in the range 1 < q

2
< 6GeV2

/c
4 is also lower for

B
+
! K

+
`
+
`
� decays than the e�ciency for the B

+
! J/ (! `

+
`
�)K+ decays, due to the softer

lepton momenta in this q2 range.
The ratio of e�ciency-corrected yields of B+

! K
+
e
+
e
� to B

+
! J/ (! e

+
e
�)K+ is deter-

mined separately for each type of hardware trigger and then combined with the ratio of e�ciency-
corrected yields for the muon decays. RK is measured to have a value of 0.72+0.09

�0.08 (stat)±0.04 (syst),
1.84+1.15

�0.82 (stat)± 0.04 (syst) and 0.61+0.17
�0.07 (stat)± 0.04 (syst) for dielectron events triggered by elec-

trons, the kaon or other particles in the event, respectively. Sources of systematic uncertainty are
assumed to be uncorrelated and are added in quadrature. Combining these three independent
measurements of RK and taking into account correlated uncertainties from the muon yields and
e�ciencies, gives

RK = 0.745+0.090
�0.074 (stat) ± 0.036 (syst).

The dominant sources of systematic uncertainty are due to the parameterization of the B
+
!

J/ (! e
+
e
�)K+ mass distribution and the estimate of the trigger e�ciencies that both contribute

3% to the value of RK .
The branching fraction of B+

! K
+
e
+
e
� is determined in the region from 1 < q

2
< 6GeV2

/c
4

by taking the ratio of the branching fraction from B
+
! K

+
e
+
e
� and B

+
! J/ (! e

+
e
�)K+

decays and multiplying it by the measured value of B(B+
! J/ K

+) and J/ ! e
+
e
� [11]. The

7
❖ And there is more: promising news from Belle …
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Belle enters the game of RK & RK*
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Belle Surprise
✦ Unexpectedly, Belle also entered the R-game by 

performing a measurement of R(K*) in both charged 
and neutral channel (first measurement in the 
charged channel)

๏ The error bars are too large to be interesting, but it's 

interesting to see the power of combination

�4

R(K ⇤): (Preliminary) Result

q2
in GeV

2
/c

4
All modes B0

modes B+
modes

[0.045, 1.1] 0.52
+0.36

�0.26
± 0.05 0.46

+0.55

�0.27
± 0.07 0.62

+0.60

�0.36
± 0.10

[1.1, 6] 0.96
+0.45

�0.29
± 0.11 1.06

+0.63

�0.38
± 0.13 0.72

+0.99

�0.44
± 0.18

[0.1, 8] 0.90
+0.27

�0.21
± 0.10 0.86

+0.33

�0.24
± 0.08 0.96

+0.56

�0.35
± 0.14

[15, 19] 1.18
+0.52

�0.32
± 0.10 1.12

+0.61

�0.36
± 0.10 1.40

+1.99

�0.68
± 0.11

[0.045, ] 0.94
+0.17

�0.14
± 0.08 1.12

+0.27

�0.21
± 0.09 0.70

+0.24

�0.19
± 0.07

All measured values are in

accordance with the SM and

other recent measurements.

First measurement of R(K⇤+).

Search for B ! `⌫� and B ! µ⌫µ and Test of Lepton Universality with R(K⇤) at Belle - Markus Prim 22nd March 2019 22/23
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TABLE I. Systematic uncertainties on RK⇤ for di↵erent q2 regions.

q2 in GeV2/c4 e, µ e↵. MC size Classifier Sig. shape Tracking Peaking bkg. Charmonia bkg. Total
All modes
[0.045, None] 0.061 0.004 0.013 0.008 0.016 0.031 0.023 0.075
[0.1, 8] 0.058 0.005 0.029 0.002 0.016 0.054 0.051 0.100
[15, 19] 0.090 0.012 0.012 0.014 0.020 0.003 0.003 0.095
[0.045, 1.1] 0.027 0.006 0.008 0.025 0.009 0.026 0.001 0.047
[1.1, 6] 0.065 0.008 0.048 0.033 0.017 0.070 0.013 0.114
B0 modes
[0.045, None] 0.073 0.006 0.030 0.018 0.022 0.031 0.021 0.092
[0.1, 8] 0.058 0.006 0.040 0.019 0.017 0.033 0.018 0.084
[15, 19] 0.091 0.013 0.007 0.012 0.022 0.007 0.001 0.096
[0.045, 1.1] 0.024 0.007 0.044 0.005 0.009 0.049 0.001 0.071
[1.1, 6] 0.082 0.010 0.040 0.062 0.021 0.070 0.012 0.133
B+ modes
[0.045, None] 0.044 0.005 0.032 0.018 0.010 0.025 0.023 0.068
[0.1, 8] 0.060 0.010 0.039 0.040 0.014 0.048 0.107 0.144
[15, 19] 0.089 0.028 0.016 0.041 0.021 0.008 0.002 0.106
[0.045, 1.1] 0.033 0.013 0.067 0.060 0.009 0.006 0.000 0.097
[1.1, 6] 0.045 0.010 0.137 0.060 0.011 0.086 0.009 0.179

(a) (b)

(c)

FIG. 2. Results for RK⇤ compared to SM predictions from Refs. [21, 22]. The separate vertical error bars indicate the statistical
and total uncertainty.

1904.02440

8

and this makes it difficult to independently vary the
yields of both backgrounds. Hence, the continuum yields
are obtained for each mode in each q2 bin from the off-
resonance data sample. These yields are consistent with
those of the high-statistics off-resonance MC sample and
kept fixed during the fits. The results of the fit projected
in a signal-enhanced region [Mbc ∈ (5.27, 5.29)GeV/c2,
|∆E| < 0.05GeV and O′ ∈ (1.0, 8.0)] for Mbc, ∆E and
O′ distributions in the data sample are shown in Figs. 1
and 2.
The fit is also performed in the aforementioned four q2

bins including the bin 1 < q2 < 6GeV2/c4, where LHCb
result has deviation, and RK and AI are calculated from
Eqs. (1) and (2), respectively. The results are listed in
Table I. The results for RK and AI are also shown in
Figs. 3 and 4, respectively.
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FIG. 3: RK in bins of q2, for B+
→ K+!+!− (top-left), B0

→

K0
S!

+!− (top-right), and combining both modes (bottom).
The red marker represents the bin of 1 < q2 < 6 GeV2/c4,
and the blue markers are for 0.1 < q2 < 4, 4 < q2 < 8.12
and q2 > 14.18 GeV2/c4bins. The green marker denotes the
whole q2 region excluding the charmonium resonances.

Systematic uncertainties in the branching fraction arise
mainly from lepton identification: about 2% (1.6%) for
muon (electron) identification for each lepton. Uncer-
tainty due to hadron identification is about 0.8% for K±

and 1.6% for K0
S
. The systematic uncertainty due to

charged track reconstruction is 0.35% per track. These
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FIG. 4: AI measurements in bins of q2, for decays B →

Kµ+µ− (top-left), B → Ke+e− (top-right), and combining
both modes (bottom). The legends are the same as in Fig. 3.

uncertainties related to detector performance are de-
termined from dedicated control samples. The uncer-
tainty in efficiency due to limited MC statistics is about
0.2%, and the uncertainty in the number of BB̄ events
is 1.4%. Systematic uncertainty in the branching frac-
tion ratio, B[Υ(4S) → B+B−]/B[Υ(4S) → B0B̄0] =
1.058 ± 0.024 [9] is 1.2%. We compare the efficiency of
the O > Omin criterion between data and MC samples
for the control channel B → J/ψK, J/ψ → "+"−, and
the corresponding uncertainty is estimated as 1.5%. The
uncertainty due to PDF shapes is evaluated by varying
the fixed shape parameters by ±1σ and repeating the
fit; the change in the central value of Nsig is taken as
the systematic uncertainty, which ranges from 0.1% to
0.6%. The uncertainty due to the fixed yield of contin-
uum events is estimated by varying the yield by ±1σ in
the fit; the resulting variation in Nsig is found to be less
than 1%. In the case of RK , systematic uncertainties
due to charged track reconstruction, hadron identifica-
tion, number of BB̄ events, and the ratio B[Υ(4S) →
B+B−]/B[Υ(4S) → B0B̄0] cancel, while for the AI mea-
surement lepton identification and the number of BB̄
events cancel.
In summary, we have measured the branching frac-

tions, their ratios (RK) and the CP -averaged isospin

1908.01848
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B-flavor anomalies: Status
❖ Lots of reasons to be excited! 

‣ Two different sets of anomalies of very different taste
‣ Several seen by more than one experiment
‣ In case of                    several observables deviate from SM 

predictions, and deviations appear to fit a simple pattern

❖ All combined, perhaps the most compelling hint for 
physics beyond the SM we have seen in modern particle 
physics experiments

b ! s`+`�

M. Neubert — B-Meson Flavor Anomalies                                   Bormio 2020                                                                                                      18



Who ordered that?
❖ Unexpectedly large new-physics effect!

❖ No apparent connection to big questions of our field!

❖ Is it good for something else?

(I.I. Rabi)
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Model-independent analyses
❖ Effective weak Hamiltonian for                    transitions, 

including both SM and NP effects:

with:

❖ Excellent fits obtained with only 1-2 NP contributions! 

❖ Analogous Hamiltonian can be written for   

b ! s`+`�

b ! c `�⌫̄

1. We first investigate the Wilson coe�cients of the weak e↵ective theory at the b-quark
mass scale. This analysis can be seen as an update of earlier analyses (see e.g. [29–34])
and is completely general, barring new particles lighter than the b quark (see e.g. [57–60]).

2. Next, we embed these results into the SMEFT at a scale ⇤ above the electroweak scale.
This is based on the additional assumptions that there are no new particles beneath ⇤
and that EW symmetry breaking is approximately linear (see e.g. [61]). This allows us to
correlate NP e↵ects in b ! s`` model-independently with other sectors like EW precision
tests or b ! c transitions (cf. [47, 62–64]).

3.1. b ! s`` observables in the WET

We start by investigating the constraints on NP contributions to the |�B| = |�S| = 1 Wilson
coe�cients of the WET at the b-quark scale µb ⇡ mb that we take to be 4.8 GeV. We work
with the e↵ective Hamiltonian

H
bs``

e↵ = H
bs``

e↵, SM + H
bs``

e↵, NP , (4)

where the first term contains the SM contributions to the Wilson coe�cients. The second term
reads

H
bs``

e↵, NP = �N

✓
Cbs

7 Obs

7 + C 0bs
7 O0bs

7 +
X

`=e,µ

X

i=9,10,S,P

⇣
Cbs``

i Obs``

i + C 0bs``
i O0bs``

i

⌘◆
+ h.c. , (5)

with the normalization factor

N =
4GF
p

2
VtbV

⇤
ts

e2

16⇡2
. (6)

The dipole operators are given by3

Obs

7 =
mb

e
(s̄�µ⌫PRb)Fµ⌫ , O0bs

7 =
mb

e
(s̄�µ⌫PLb)Fµ⌫ , (7)

where �µ⌫ = i

2 [�
µ, �⌫ ], and the semi-leptonic operators

Obs``

9 = (s̄�µPLb)(¯̀�µ`) , O0bs``
9 = (s̄�µPRb)(¯̀�µ`) , (8)

Obs``

10 = (s̄�µPLb)(¯̀�µ�5`) , O0bs``
10 = (s̄�µPRb)(¯̀�µ�5`) , (9)

Obs``

S = mb(s̄PRb)(¯̀̀ ) , O0bs``
S = mb(s̄PLb)(¯̀̀ ) , (10)

Obs``

P = mb(s̄PRb)(¯̀�5`) , O0bs``
P = mb(s̄PLb)(¯̀�5`) . (11)

We have omitted from H
bs``

e↵, NP semi-leptonic tensor operators, which are not generated at
dimension 6 in theories that have SMEFT as EW-scale limit, as well as chromomagnetic and
four-quark operators. Even though the latter can contribute via one-loop matrix elements
to b ! s`` processes, their dominant e↵ects typically stem from renormalization group (RG)
evolution above the scale µb, and we will discuss these e↵ects in the SMEFT framework in the
next section. For the same reason, we have constrained the sum over lepton flavours to e and
µ: semi-tauonic WET operators can contribute via QED RG mixing, but their direct matrix
elements are subleading [65].

5

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, Boltzmannstraße 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) Cabibbo-Kobayashi-Maskawa picture of flavor and
CP violation to be tested with unprecedented sensitiv-
ity. Interestingly, current 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 interaction C9 (s̄�⌫

PLb)(µ̄�⌫µ) [6] (see also ear-
lier studies [7–9]). Right now the main obstacle towards
conclusively establishing a beyond-SM e↵ect is our in-
ability to exclude large hadronic e↵ects as the origin of
the apparent discrepancies (see e.g. [10–16]).

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 [17–19]

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 leptonic Yukawa couplings, which are
responsible for both the charged lepton masses and their
interactions with the Higgs.1 Higgs interactions do not
lead to any observable e↵ects in rare b decays and lep-
ton mass e↵ects become relevant only for a very small
di-lepton invariant mass squared close to the kinematic
limit q

2 ⇠ 4m
2
` . Over a very broad range of q

2 the SM
accurately predicts RK = RK⇤ = 1, with theoretical un-
certainties of O(1%) [20]. Deviations from the SM pre-
dictions can be expected in various models of new physics
(NP), e.g. Z

0 models based on gauged Lµ � L⌧ [21–24]
or other gauged flavor symmetries [25–29], models with

1 Neutrino masses provide another source of lepton flavor non-
universality, but the e↵ects are negligible here.

partial compositeness [30–33], and models with lepto-
quarks [34–42].

A first measurement of RK by the LHCb collabora-
tion [43] in the di-lepton invariant mass region 1 GeV2

<

q
2

< 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⇤ [44–46],

R
[0.045,1.1]
K⇤ = 0.66+0.11

�0.07 ± 0.03 , (3)

R
[1.1,6]
K⇤ = 0.69+0.11

�0.07 ± 0.05 , (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 [47–53] 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 [54] and
Belle [55] 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

e
2

16⇡2

X

i,`

(C`
i O

`
i + C

0 `
i O

0 `
i ) + h.c. ,

(5)
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1. We first investigate the Wilson coe�cients of the weak e↵ective theory at the b-quark
mass scale. This analysis can be seen as an update of earlier analyses (see e.g. [29–34])
and is completely general, barring new particles lighter than the b quark (see e.g. [57–60]).

2. Next, we embed these results into the SMEFT at a scale ⇤ above the electroweak scale.
This is based on the additional assumptions that there are no new particles beneath ⇤
and that EW symmetry breaking is approximately linear (see e.g. [61]). This allows us to
correlate NP e↵ects in b ! s`` model-independently with other sectors like EW precision
tests or b ! c transitions (cf. [47, 62–64]).

3.1. b ! s`` observables in the WET

We start by investigating the constraints on NP contributions to the |�B| = |�S| = 1 Wilson
coe�cients of the WET at the b-quark scale µb ⇡ mb that we take to be 4.8 GeV. We work
with the e↵ective Hamiltonian

H
bs``

e↵ = H
bs``

e↵, SM + H
bs``

e↵, NP , (4)

where the first term contains the SM contributions to the Wilson coe�cients. The second term
reads

H
bs``

e↵, NP = �N

✓
Cbs

7 Obs

7 + C 0bs
7 O0bs

7 +
X

`=e,µ

X

i=9,10,S,P

⇣
Cbs``

i Obs``

i + C 0bs``
i O0bs``

i

⌘◆
+ h.c. , (5)

with the normalization factor

N =
4GF
p

2
VtbV

⇤
ts

e2

16⇡2
. (6)

The dipole operators are given by3

Obs

7 =
mb

e
(s̄�µ⌫PRb)Fµ⌫ , O0bs

7 =
mb

e
(s̄�µ⌫PLb)Fµ⌫ , (7)

where �µ⌫ = i

2 [�
µ, �⌫ ], and the semi-leptonic operators

Obs``

9 = (s̄�µPLb)(¯̀�µ`) , O0bs``
9 = (s̄�µPRb)(¯̀�µ`) , (8)

Obs``

10 = (s̄�µPLb)(¯̀�µ�5`) , O0bs``
10 = (s̄�µPRb)(¯̀�µ�5`) , (9)

Obs``

S = mb(s̄PRb)(¯̀̀ ) , O0bs``
S = mb(s̄PLb)(¯̀̀ ) , (10)

Obs``

P = mb(s̄PRb)(¯̀�5`) , O0bs``
P = mb(s̄PLb)(¯̀�5`) . (11)

We have omitted from H
bs``

e↵, NP semi-leptonic tensor operators, which are not generated at
dimension 6 in theories that have SMEFT as EW-scale limit, as well as chromomagnetic and
four-quark operators. Even though the latter can contribute via one-loop matrix elements
to b ! s`` processes, their dominant e↵ects typically stem from renormalization group (RG)
evolution above the scale µb, and we will discuss these e↵ects in the SMEFT framework in the
next section. For the same reason, we have constrained the sum over lepton flavours to e and
µ: semi-tauonic WET operators can contribute via QED RG mixing, but their direct matrix
elements are subleading [65].

5
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Model-independent analyses
❖ From global fit to                     observables:b ! s`+`�

Coe↵. best fit 1� 2� pull

Cbsµµ

9 �0.97 [�1.12, �0.81] [�1.27, �0.65] 5.9�

C 0bsµµ
9 +0.14 [�0.03, +0.32] [�0.20, +0.51] 0.8�

Cbsµµ

10 +0.75 [+0.62, +0.89] [+0.48, +1.03] 5.7�

C 0bsµµ
10 �0.24 [�0.36, �0.12] [�0.49, +0.00] 2.0�

Cbsµµ

9 = Cbsµµ

10 +0.20 [+0.06, +0.36] [�0.09, +0.52] 1.4�

Cbsµµ

9 = �Cbsµµ

10 �0.53 [�0.61, �0.45] [�0.69, �0.37] 6.6�

Cbsee

9 +0.93 [+0.66, +1.17] [+0.40, +1.42] 3.5�

C 0bsee
9 +0.39 [+0.05, +0.65] [�0.27, +0.95] 1.2�

Cbsee

10 �0.83 [�1.05, �0.60] [�1.28, �0.37] 3.6�

C 0bsee
10 �0.27 [�0.57, �0.02] [�0.84, +0.26] 1.1�

Cbsee

9 = Cbsee

10 �1.49 [�1.79, �1.18] [�2.05, �0.79] 3.2�

Cbsee

9 = �Cbsee

10 +0.47 [+0.33, +0.59] [+0.20, +0.73] 3.5�
⇣
Cbsµµ

S
= �Cbsµµ

P

⌘
⇥ GeV �0.006 [�0.009, �0.003] [�0.014, �0.001] 2.8�

⇣
C 0bsµµ
S

= C 0bsµµ
P

⌘
⇥ GeV �0.006 [�0.009, �0.003] [�0.014, �0.001] 2.8�

Table 1: Best-fit values, 1 and 2� ranges, and pulls (cf. Eq. (12)) between the best-fit point and
the SM point for scenarios with NP in a single Wilson coe�cient (or Wilson coe�cient
combination). For the scalar Wilson coe�cients, we show the SM-like solution, while
also a sign-flipped solution is allowed, see [66].

3.1.1. Scenarios with a single Wilson coe�cient

We now consider the global likelihood in the space of the above Wilson coe�cients. We
start with scenarios where only a single NP Wilson coe�cient (or a single linear combination
motivated by UV scenarios) is nonzero. The best-fit values, 1 and 2� ranges, and pulls for
several such scenarios are listed in Table 1. For the 1D scenarios, the pull in � is defined as

pull =
p

��2 , where �
1

2
��2 = ln L(~0) � ln L( ~Cbest fit) . (12)

We make the following observations.

• Like in previous analyses, two scenarios stand out, namely a shift to Cbsµµ

9 by ap-
proximately �25% of its SM value (CSM

9 (µb) ' 4.1), or a shift to the combination

Cbsµµ

9 = �Cbsµµ

10 by approximately �15% of its SM value. However, at variance with
previous analyses, it is the second scenario, rather than the first one, to have the largest
pull. Given our assumptions about hadronic uncertainties, the pull exceeds 6�. The

3The sign of the dipole coe�cients C(0)
7 are fixed by our convention for the covariant derivative Dµ =

@µ + ieQ Aµ + igsT
AGA

µ .

6
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3

CNP
7 CNP

9µ CNP
10µ C70 C90µ C100µ

Best fit +0.01 -1.10 +0.15 +0.02 +0.36 -0.16

1 � [�0.01,+0.05] [�1.28,�0.90] [�0.00,+0.36] [�0.00,+0.05] [�0.14,+0.87] [�0.39,+0.13]

2 � [�0.03,+0.06] [�1.44,�0.68] [�0.12,+0.56] [�0.02,+0.06] [�0.49,+1.23] [�0.58,+0.33]

TABLE III. 1 and 2 � confidence intervals for the NP contributions to Wilson coe�cients in the 6D hypothesis allowing for
NP in b ! sµ+µ� operators dominant in the SM and their chirally-flipped counterparts, for the fit “All”. The PullSM is 5.1 �
and the p-value is 81.6%.

↵0µ ↵1µ ↵2µ ↵3µ ↵4µ ↵5µ ↵6µ ↵7µ ↵8µ ↵9µ ↵10µ

4.00 0.92 0.12 0.92 0.12 0.24 -1.06 0.12 -1.06 0.12 0.25

↵0e ↵1e ↵2e ↵3e ↵4e ↵5e ↵6e ↵7e ↵8e ↵9e ↵10e

3.99 0.92 0.12 0.92 0.12 0.24 -1.05 0.12 -1.05 0.12 0.24

TABLE IV. Coe�cients for the polynomial parameterisation of the numerator and denominator of R[1.1,6]
K in the vicinity of the

SM point.

II. GLOBAL FITS IN PRESENCE OF LFUV NP

We start by considering the fits for NP scenarios which
a↵ect muon modes only. Tabs. I-III and Fig. 1 update the
corresponding tables and figures of Ref. [1] based on fits
to the full set of data (“All”) or restricted to quantities
assessing LFUV. While we do not observe any significant
di↵erence in the 1D scenarios with “All” data compared
to Ref. [1], some of the Pulls (with respect to the SM)
for the LFUV 1D fits get reduced by half a standard
deviation. A few other comments are in order:

1. The scenario C
NP
9µ = �C90µ, which favours a SM-like

value of R[1.1,6]
K [2, 15], has an increased significance

in the “All” fit compared to our earlier analysis.

2. The scenario C
NP
9µ has the largest p-value in the

“All” fit while CNP
9µ = �C

NP
10µ has the largest p-value

in the LFUV fit, a di↵erence which can be solved
through the introduction of LFU NP (see Ref. [2]
and next section).

3. The best-fit point for the scenario C
NP
9µ coincides

now in the “All” and LFUV fits.

4. The scenario with only C
NP
10µ has a significance in

the “All” fit of only 4.0� level and 3.9� for the
LFUV fit, which explains its absence from Tab. I
as happens in Ref. [1].

Concerning the 2D scenarios collected in Tab. II, the
same picture arises as in Ref. [1], except that C

NP
9e is

now basically zero and small contributions to RHC seem
slightly favoured (C90µ > 0, C100µ < 0) 1. Indeed, these

1
Interestingly, these small contributions also reduce slightly the

mild tension between P 0
5 at large and low recoils pointed out in

Ref. [15] compared to the scenario with only CNP
9µ .

RHC contributions tend to increase the value of R[1.1,6]
K

while CNP
9µ < 0 tend to decrease it as can be seen from the

explicit expression of R[1.1,6]
K = Aµ/Ae where the numera-

tor and the denominator can be given by an approximate
polynomial parameterisation near the SM point

A` = ↵0` + ↵1` C
NP
9` + ↵2`

�
C
NP
9`

�2
+ ↵3` C90`

+↵4` (C90`)
2 + ↵5` C

NP
9` C90`

+↵6` C
NP
10` + ↵7`

�
C
NP
10`

�2
(3)

+↵8` C100` + ↵9` (C100`)
2 + ↵10` C

NP
10`C100`

with the coe�cients provided in Tab. IV (for linearised
expressions, see Refs. [2, 16]). We introduce a new Hyp. 5
in Tab. II. The comparison between Hyps. 4 and 5 shows
that the scenario C90µ = �C100µ (left-handed lepton cou-
pling for right-handed quarks) prefers to be associated
with C

NP
9µ (vector lepton coupling for left-handed quarks)

rather than C
NP
9µ = �C

NP
10µ (left-handed lepton coupling

for left-handed quarks). Finally, no significant changes
are observed in the 6D fit, except for the slight increase
in the PullSM, see Tab. III.
With the updated data, little change is observed

among the preferred 2D NP models. Nevertheless, with

anR[1.1,6]
K value closer to one, scenarios with right-handed

currents (RHC), namely (CNP
9µ , C90µ) and (CNP

9µ , C100µ),
seem to emerge. The first scenario is naturally gener-
ated in a Z 0 model with opposite couplings to right-
handed and left-handed quarks and was proposed in
Ref. [17] within the context of a gauged Lµ � L⌧ sym-
metry with vector-like quarks. The latter (of masses mD

and mQ) are charged under Lµ � L⌧ and have the same
SM quantum numbers as right-handed down quarks and
left-handed quark doublets, respectively. The vector-like
quarks couple to the SM ones and to a scalar � which
breaks the Lµ � L⌧ symmetry with couplings Y D,Q. We
show the update of Fig. 2 of Ref. [17] assuming Y D,Q = 1

Algueró, Capdevila, Crivellin, Descotes-Genon, Masjuan, Matias, Virto 1903.09578

6D fit
pull: 5.1σ



Model-independent analyses
❖ Global fits to data assuming NP for muons only, e.g.:

�1.5 �1.0 �0.5 0.0 0.5

Cbsµµ
9

�0.5

0.0

0.5

1.0

1.5

C
bs

µ
µ

10

flavio
NCLFU observables 2�

b ! sµµ & corr. obs. 1�

global 1�, 2�

�3.0 �2.5 �2.0 �1.5 �1.0 �0.5 0.0

Cbsµµ
9

0.0

0.5

1.0

1.5

2.0

2.5

3.0

C
�b

sµ
µ

9

flavio
RK� 1�

RK ��2 = 1

NCLFU observables 1�

b ! sµµ & corr. obs. 1�

global 1�, 2�

Figure 1: Likelihood contours of the global fit and several fits to subsets of observables (see

text for details) in the plane of the WET Wilson coe�cients Cbsµµ

9 and Cbsµµ

10 (left),

and Cbsµµ

9 and C 0bsµµ
9 (right). Solid (dashed) contours include (exclude) the Moriond-

2019 results for RK and RK⇤ . As RK only constrains a single combination of Wilson
coe�cients in the right plot, its 1� contour corresponds to ��2 = 1. For the other
fits, 1 and 2� contours correspond to ��2

⇡ 2.3 and 6.2, respectively.

RK > RK⇤ . This scenario cannot address the tension in BR(Bs ! µ+µ�). It predicts
BR(Bs ! µ+µ�) = BR(Bs ! µ+µ�)SM.

Other two-coe�cient scenarios (including dipole coe�cients, scalar coe�cients, and electron
specific semileptonic coe�cients) are discussed in appendix E.

3.1.3. Universal vs. non-universal Wilson coe�cients

In view of the updated R
K(⇤) measurements, which are closer to the SM prediction than

the Run-1 results, our fit in Cbsµµ

9 and Cbsµµ

10 shows a tension between the fit to NCLFU

observables and the fit to b ! sµµ ones, especially in the Cbsµµ

9 direction. Therefore, it
is interesting to investigate whether lepton flavour universal new physics that mostly a↵ects
b ! sµµ observables but none of the NCLFU observables is preferred by the global analysis.
In Fig. 2 we show the likelihood in the space of a LFU contribution to C9 vs. a purely muonic
contribution to the linear combination C9 = �C10, i.e. we consider a two-parameter scenario
where the total NP Wilson coe�cients are given by5

Cbsµµ

9 = �Cbsµµ

9 + Cuniv.
9 , (14)

Cbsee

9 = Cbs⌧⌧

9 = Cuniv.
9 , (15)

Cbsµµ

10 = ��Cbsµµ

9 , (16)

Cbsee

10 = Cbs⌧⌧

10 = 0 . (17)

5Such decomposition was adopted for the first time in [70].
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Model building: Mediators
❖ Several (but not all) models aim at explaining all 

anomalies, sometimes along with (g-2)μ  (optimistic 😊)

❖ RD and RD* require tree-level NP near TeV scale

❖ Rare decays                     (RK, RK*, P5’, …) require 
suppressed NP contributions

❖ If common origin: suppression either dynamically or by 
means of a symmetry 

b ! s`+`�

[Bhattacharya, Datta, London, Shivashankara 2014; Alonso, Grinstein, Martin Camalich 2015; Greljo, Isidori, Marzocca 2015; Calibbi, Crivellin, 
Ota 2015; Bauer, MN 2015; Fajfer, Kosnik 2915; Barbieri, Isidori 2015; Das, Hati, Kumar, Mahajan 2016; Boucenna, Celis, Fuentes-Martin, Vicente, 
Virto 2016; Becirevic, Kosnik, Sumensari, Zukanovich Funchal 2016; Becirevic, Fajfer, Kosnic, Sumensari 2016; Hiller, Loose, Schoenwald 2016; 
Bhattacharya, Datta, Guevin, London, Watanabe 2016; Buttazzo, Greljo, Isidori, Marzocca 2016; Barbieri, Murphy, Senia 2016; Bordone, Isidori, 
Trifinopoulos 2017; Crivellin, Müller, Ota 2017; Megias, Quiros, Salas 2017; Cai, Gargalionis, Schmidt, Volkas 2017; …]
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Model building: Mediators
❖ New colorless bosons, e.g. Z’ 

coupled to (Lμ-Lτ):

‣ Z’ mass in low TeV range, heavy 
vector-like quarks ~ tens of TeV

‣ Can explain P5’ and predicted 
LFU violation in RK and RK*

‣ But tree-level contribution to     
B-meson mixing is problematic

❖ Scalar/vector leptoquarks, e.g.:

‣ Can explain both RD(*) and RK(*) at 
tree-level

‣ Requires huge hierarchy in flavor 
couplings (flavor symmetry?)

‣ Constraints from B mixing and 
B→K(*) νν, B→K(*) τ+τ-

4

bL

sL

Q
Z 0

h�i

h�i

bR

sR

D

Z 0

h�i

h�i

tR

cR

U

Z 0

h�i

h�i

FIG. 1. Example diagrams in the high energy theory that lead to flavor-changing e↵ective couplings of the Z0 to SM quarks.

breaking the U(1)0 symmetry, for example through the
Higgs portal operator |H|2|�|2. The e↵ects, however,
are more model dependent and we do not study them in
this work.

III. THE B ! K⇤µ+µ� ANOMALY AND
ADDITIONAL FLAVOR CONSTRAINTS

Before discussing the various constraints on the
hadronic current of Eq. (7), we match the Wilson co-
e�cients relevant for the B ! K⇤µ+µ� anomaly,
Eqs. (2a,2b) with the corresponding terms in the Z 0 cur-
rents. Working in the approximation that the Z 0 is heavy
compared to the B meson1, so as to neglect the momen-
tum exchange in the semi-leptonic decay of the B, we
have

C9 = �(q)
bs

1

⇤2
=

YQbY ⇤
Qs

2m2

Q

, (16a)

C 0
9

= �(d)
bs

1

⇤2
= �YDbY ⇤

Ds

2m2

D

, (16b)

with the relative minus sign arising from the opposite
U(1)0 charges of Q̃R and D̃L (see Eqs. (9a,9b)). We note
that in this approximation the Wilson coe�cients C9 and
C 0

9
are completely independent of the Z 0 mass and the

U(1)0 gauge coupling. Therefore, these relations deter-
mine the mass scale for the exotic quarks,

mQ,D ' 25 TeV ⇥
⇣
Re(Y(Q,D)bY

⇤
(Q,D)s)

⌘1/2
, (17)

in order to address the anomaly in the B ! K⇤µ+µ�

decay (see Eqs.(2a,2b)). This scale is su�ciently high
that current collider constraints on new colored particles
(& 1 TeV) do not result in useful bounds. However, other
flavor processes are easily sensitive to such high scales.
While they do not rule out the combinations leading to
the operators corresponding to C9 and C 0

9
, they do place

1
If the Z0

is lighter than the B meson, it would show up as

a resonance in the di-muon invariant mass spectrum of the

B ! K⇤µ+µ�
decay rate. We reserve the analysis to another

publication [22].

constraints on the general mixing coe�cients as we now
discuss.
Meson mixing: Tree level exchange of the Z 0 con-

tributes to neutral meson mixing. In particular, the cou-
plings required to explain the B ! K⇤µ+µ� anomaly
will lead to contributions to Bs mixing. Additional con-
tributions to Bs mixing arise from the flavor-changing
e↵ects associated with the scalar �. Both real and imag-
inary parts of � (the latter is equivalent to the longitudi-
nal part of the Z 0) mediate SM�vector-like quark tran-
sitions, and the box diagram with � exchange therefore
leads to an additional contribution to �B = 2 transi-
tions.

The modifications to the mixing amplitude M12 read

M12

MSM

12

= 1 +
h
CLL + CRR + 9.7CLR

i

⇥
✓

g4
2

16⇡2

1

m2

W

(V ⇤
tsVtb)

2S0

◆�1

, (18)

where we used the hadronic matrix elements collected
in [24], and the SM loop function is S0 ' 2.3. The Wilson
coe�cients CLL, CRR, CLR are given by

CLL = (YQbY
⇤
Qs)

2

 
v2
�

m4

Q

+
1

16⇡2

1

m2

Q

!
, (19a)

CRR = (YDbY
⇤
Ds)

2

✓
v2
�

m4

D

+
1

16⇡2

1

m2

D

◆
, (19b)

CLR = (YQbY
⇤
Qs)(YDbY

⇤
Ds)

⇥
 

v2
�

m2

Qm
2

D

� 1

16⇡2

log(m2

Q/m
2

D)

m2

Q � m2

D

!
, (19c)

where the O(v2
�
) terms originate from tree level Z 0 contri-

butions, and the 1/(16⇡2) suppressed contributions orig-
inate from the scalar box diagrams. Note that the Z 0

contribution to the mixing amplitude does not depend
on the Z 0 mass and the U(1)0 gauge couplings separately,
but only through the combination v� = mZ0/g0. The
good agreement of the SM prediction for Bs mixing with
the experimental data sets an upper bound on the U(1)0

symmetry breaking VEV, v�.
In the plots of Fig. 2 we show the limit on v� as a

function of the masses of the vector-like quarks, mD and

µ, ⌧

µ, ⌧

±1

[Altmannshofer, Gori, Pospelov, Yavin 2014]
[Hiller, Schmaltz 2014; Alonso, Grinstein, Martin 
Camalich 2015; Freytsis, Ligeti, Ruderman 2015]

�1

3S(3,3, )
2

3
V (3,1, )

b

sc

⌫

⌧

µ

µ

M. Neubert — B-Meson Flavor Anomalies                                   Bormio 2020                                                                                                      24



Model building: Mediators
❖ New colorless bosons, e.g. Z’ 

coupled to (Lμ-Lτ):

‣ Z’ mass in low TeV range, heavy 
vector-like quarks ~ tens of TeV

‣ Can explain P5’ and predicted 
LFU violation in RK and RK*

‣ But tree-level contribution to     
B-meson mixing is problematic

❖ Scalar SU(2)L singlet LQ (        ):

‣ Explains RD(*) at tree-level but 
RK(*) at one-loop level, like SM

‣ CKM-like hierarchy in coupling 
parameters

4

bL

sL

Q
Z 0

h�i

h�i

bR

sR

D

Z 0

h�i

h�i

tR

cR

U

Z 0

h�i

h�i

FIG. 1. Example diagrams in the high energy theory that lead to flavor-changing e↵ective couplings of the Z0 to SM quarks.

breaking the U(1)0 symmetry, for example through the
Higgs portal operator |H|2|�|2. The e↵ects, however,
are more model dependent and we do not study them in
this work.

III. THE B ! K⇤µ+µ� ANOMALY AND
ADDITIONAL FLAVOR CONSTRAINTS

Before discussing the various constraints on the
hadronic current of Eq. (7), we match the Wilson co-
e�cients relevant for the B ! K⇤µ+µ� anomaly,
Eqs. (2a,2b) with the corresponding terms in the Z 0 cur-
rents. Working in the approximation that the Z 0 is heavy
compared to the B meson1, so as to neglect the momen-
tum exchange in the semi-leptonic decay of the B, we
have

C9 = �(q)
bs

1

⇤2
=

YQbY ⇤
Qs

2m2

Q

, (16a)

C 0
9

= �(d)
bs

1

⇤2
= �YDbY ⇤

Ds

2m2

D

, (16b)

with the relative minus sign arising from the opposite
U(1)0 charges of Q̃R and D̃L (see Eqs. (9a,9b)). We note
that in this approximation the Wilson coe�cients C9 and
C 0

9
are completely independent of the Z 0 mass and the

U(1)0 gauge coupling. Therefore, these relations deter-
mine the mass scale for the exotic quarks,

mQ,D ' 25 TeV ⇥
⇣
Re(Y(Q,D)bY

⇤
(Q,D)s)

⌘1/2
, (17)

in order to address the anomaly in the B ! K⇤µ+µ�

decay (see Eqs.(2a,2b)). This scale is su�ciently high
that current collider constraints on new colored particles
(& 1 TeV) do not result in useful bounds. However, other
flavor processes are easily sensitive to such high scales.
While they do not rule out the combinations leading to
the operators corresponding to C9 and C 0

9
, they do place

1
If the Z0

is lighter than the B meson, it would show up as

a resonance in the di-muon invariant mass spectrum of the

B ! K⇤µ+µ�
decay rate. We reserve the analysis to another

publication [22].

constraints on the general mixing coe�cients as we now
discuss.
Meson mixing: Tree level exchange of the Z 0 con-

tributes to neutral meson mixing. In particular, the cou-
plings required to explain the B ! K⇤µ+µ� anomaly
will lead to contributions to Bs mixing. Additional con-
tributions to Bs mixing arise from the flavor-changing
e↵ects associated with the scalar �. Both real and imag-
inary parts of � (the latter is equivalent to the longitudi-
nal part of the Z 0) mediate SM�vector-like quark tran-
sitions, and the box diagram with � exchange therefore
leads to an additional contribution to �B = 2 transi-
tions.

The modifications to the mixing amplitude M12 read

M12

MSM

12

= 1 +
h
CLL + CRR + 9.7CLR

i

⇥
✓

g4
2

16⇡2

1

m2

W

(V ⇤
tsVtb)

2S0

◆�1

, (18)

where we used the hadronic matrix elements collected
in [24], and the SM loop function is S0 ' 2.3. The Wilson
coe�cients CLL, CRR, CLR are given by

CLL = (YQbY
⇤
Qs)

2

 
v2
�

m4

Q

+
1

16⇡2

1

m2

Q

!
, (19a)

CRR = (YDbY
⇤
Ds)

2

✓
v2
�

m4

D

+
1

16⇡2

1

m2

D

◆
, (19b)

CLR = (YQbY
⇤
Qs)(YDbY

⇤
Ds)

⇥
 

v2
�

m2

Qm
2

D

� 1

16⇡2

log(m2

Q/m
2

D)

m2

Q � m2

D

!
, (19c)

where the O(v2
�
) terms originate from tree level Z 0 contri-

butions, and the 1/(16⇡2) suppressed contributions orig-
inate from the scalar box diagrams. Note that the Z 0

contribution to the mixing amplitude does not depend
on the Z 0 mass and the U(1)0 gauge couplings separately,
but only through the combination v� = mZ0/g0. The
good agreement of the SM prediction for Bs mixing with
the experimental data sets an upper bound on the U(1)0

symmetry breaking VEV, v�.
In the plots of Fig. 2 we show the limit on v� as a

function of the masses of the vector-like quarks, mD and

µ, ⌧

µ, ⌧

±1

[Altmannshofer, Gori, Pospelov, Yavin 2014]

[Bauer, MN 2015; Cai, Gargalionis, Schmidt,  
 Volkas 2017]

S(3,1, )�2
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b

c

⌫

⌧

S(3,1, )�2

3

b

⌫

s

µ

µ

t

=̂ b̃R

M. Neubert — B-Meson Flavor Anomalies                                   Bormio 2020                                                                                                      25



Emergence of a bigger picture?
❖ Required new particles in low TeV range, precisely where 

we (now) expect a solution to the hierarchy problem!

❖ Leptoquarks can arise from GUTs, neutrino mass models, 
SUSY models, or as pNGBs

❖ E.g.: Composite Higgs models with partial fermion 
compositeness:
‣ Address hierarchy and flavor problems at ~10 TeV, light 

scalar leptoquarks (~ TeV) as pNGBs 
‣ Interesting challenges for model building!

[Popov, White 2016]

[Buttazzo, Greljo, Isidori, Marzocca 2016; 
 Barbieri, Murphy, Senia 2016; …]
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Outlook
❖ Future looks bright:

‣ Many more data from LHCb and 
ATLAS/CMS; Belle 2 soon a 
strong competitor; rare kaon 
experiments

❖ Expect lots of new and 
surprising results and many 
high-precision measurements

❖ How exciting this is will 
depend on what we will find!
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Conclusions
❖ If confirmed, the B-meson flavor anomalies would be 

the most important discovery in particle physics since 
discovery of the weak gauge bosons and the Higgs
‣ Point to existence of new heavy particles in few-TeV range
‣ Possibly, these might be connected to a fundamental theory 

of electroweak symmetry breaking and flavor
‣ Strong physics case for future high-energy colliders

❖ Independent confirmation of the flavor anomalies by                                              
Belle 2 is as crucial as refining current LHCb analyses
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Backup Slides



Flavor anomalies: P5’ & BRs
❖ Several angular observables measured as functions of q2

❖ Some, like P5’, are optimized to be insensitive to 
hadronic uncertainties:

The curious case of P5
n Most angular observables agree with SM
n Deviation in P5′ near q2=~6 GeV2

Exotic hadrons & flavor physics, May 2018 18

′
[Descotes-Genon, Matias, Ramon, Virto 2012]
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Model building
❖ Interesting framework for addressing all anomalies: 

‣ Assume that NP only couples to LHD quarks and leptons:

‣ Hypothesis that NP couples primarily to 3rd generation 
fermions explains enhancement of                 over                      
and absence of anomalies in K, π, τ decays

‣ Universal contribution to C9 can be generated at loop level:

[Buttazzo, Greljo, Isidori, Marzocca 2017]

b ! c⌧ ⌫̄ b ! sµ+µ�

[Glashow, Guadagnoli, Lane 2014]

HNP = [C(1)
`q ]ii23 (L̄

i
L�µL

i
L)(Q̄

2
L�

µQ3
L) + [C(3)

`q ]ii23 (L̄
i
L�µ⌧

ILi
L)(Q̄

2
L�

µ⌧ IQ3
L)

q3

q2

l

l

f
B,W

b

s

`

`

⌧, ui, di
�

Figure 3: Diagrams inducing a contribution to C9 through RG running above (left panel) and
below (right panel) the EW scale. A sizeable contribution to C9 is obtained when
f = u1,2, d1,2,3 or l3, see text for details.

where the normalization factor N is defined in (6), the Z penguin coe�cient cZ is

cZ = [C(1)
'q ]23 + [C(3)

'q ]23 , (20)

and ⇣ = 1 � 4s2w ⇡ 0.08 is the accidentally suppressed vector coupling of the Z to charged
leptons. Using the notation of [79], the corresponding operators are given by

[Oqe]23ii = (q̄2�µq3)(ēi�
µei) , (21)

[O(1)
lq

]ii23 = (l̄i�µli)(q̄2�
µq3) , [O(3)

lq
]ii23 = (l̄i�µ⌧ I li)(q̄2�

µ⌧ Iq3) , (22)

[O(1)
'q ]23 = ('†i

$
Dµ')(q̄2�

µq3) , [O(3)
'q ]23 = ('†i

$
DI

µ')(q̄2�
µ⌧ Iq3) , (23)

where qi, and li are the left-handed SU(2)L doublet quarks and leptons and ei are the right-
handed lepton singlets, ' is the SM Higgs doublet, and ⌧ I are the Pauli matrices.

The equations (18) and (19) highlight the well-known fact that a LFU contribution to C9,10

induced by the SMEFT coe�cients [C(1,3)
'q ]23 (yielding a flavour-changing s̄bZ coupling) is not

preferred by the data since it leads to |Cbs`i`i
10 | � |Cbs`i`i

9 |. Likewise, the coe�cient [Cqe]ii23
alone leads to Cbs`i`i

9 = Cbs`i`i
10 that is in poor agreement with the data as well. Thus, if

the dominant NP e↵ect in Cbsµµ

9,10 does not stem from an RG e↵ect but a direct matching

contribution, it must involve one of the SMEFT Wilson coe�cients [C(1,3)
lq

]2223.
Apart from the direct matching contributions, additional SMEFT Wilson coe�cients can

induce a contribution to C9 at the b mass scale through RG evolution above or below the EW
scale, as pictured in Fig. 3. In view of the size of the e↵ect preferred by the data, we can
identify three qualitatively di↵erent e↵ects that can play a role:

• Wilson coe�cients [Ceu]2233 and [Clu]2233 of the ditop-dimuon operators [Oeu]2233 =

(ē2�µe2)(ū3�µu3) and [Olu]2233 = (l̄2�µl2)(ū3�µu3) that induce a contribution to Cbsµµ

9
from electroweak running above the EW scale. However, this solution is seriously chal-
lenged by EW precision tests [63] and we do not consider it further.

• Wilson coe�cients [C(1,3)
lq

]3323 or [Cqe]2333 of semitauonic operators [O(1)
lq

]3323, [O(3)
lq

]3323,

or [Oqe]2333 defined in (21) and (22), that induce a LFU contribution to Cbs``

9 from
gauge-induced running both above and below the EW scale [65, 80].

• Four-quark operators (defined below in section 3.4) that also induce a LFU contribution
to Cbs``

9 analogously to the semitauonic ones [81].

10

[Crivellin, Greub, Saturnino, Müller 2018]
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Model building
❖ Provides a consistent description of all data:

Aebischer, Altmannshofer, Guadagnoli, Reboud, Stangl, Straub 1903.10434
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Figure 4: Likelihood contours from R
D(⇤) , NCLFU observables (R

K(⇤) and DP
0
4,5

), and b ! sµµ

observables in the space of the two SMEFT Wilson coe�cients [C(1)
lq

]3323 = [C(3)
lq

]3323

and [C(1)
lq

]2223 = [C(3)
lq

]2223 at 2 TeV. All other Wilson coe�cients are assumed to van-
ish at 2 TeV. Solid (dashed) contours include (exclude) the Moriond-2019 results for
RK , RK⇤ , RD, and RD⇤ . For sets of data that e↵ectively constrain only a single Wil-
son coe�cient (namely R

D(⇤) and NCLFU observables), 1� contours correspond to
��2 = 1. For the other data (b ! sµµ and the global likelihood), 1 and 2� contours
correspond to ��2

⇡ 2.3 and 6.2, respectively.

The case of semitauonic operators is particularly interesting as it potentially allows for a
simultaneous explanation of the anomalies in neutral-current b ! s transitions and in charged-
current b ! c transitions involving taus [47,80]. We now discuss these two possibilities in turn,
from a model-independent point of view. Specific realizations in terms of simplified models
will be discussed in Section 4.

3.3. Semi-tauonic operators

Intriguingly, a large value for [C(3)
lq

]3323, that can explain the hints for LFU violation in charged-
current b ! c transitions (RD and RD⇤), also induces a LFU e↵ect in C9 that goes in the
right direction to solve the b ! sµµ anomalies in branching ratios and angular observables.

An additional contribution to [C(a)
lq

]2223 (a = 1 or 3) of similar size can accommodate the

deviations in RK and RK⇤ . Since the linear combination [C(1)
lq

]3323 � [C(3)
lq

]3323 generates a

sizable contribution to B ! K(⇤)⌫⌫̄ decays [78] that is constrained by B-factory searches
for these modes, such models are only viable if the semitauonic singlet and triplet Wilson
coe�cients are approximately equal6.

Fig. 4 shows the likelihood contributions from R
D(⇤) , NCLFU observables, b ! sµµ observ-

6Note that exact equality is not preserved by the RG evolution in SMEFT.

11

Observable 1� 2� SM

R[0.045,1.1]
K⇤ 0.88+0.01

�0.01 [0.86, 0.90] 0.926 ± 0.004

R[1.1,6.0]
K⇤ 0.81+0.04

�0.04 [0.73, 0.89] 0.9964 ± 0.0006

R[0.1,8.0]
K⇤ 0.83+0.04

�0.03 [0.77, 0.90] 0.995 ± 0.002

R[15,19]
K⇤ 0.79+0.04

�0.04 [0.71, 0.88] 0.99807 ± 0.00004

R[1.0,6.0]
K

0.80+0.04
�0.04 [0.71, 0.88] 1.0008 ± 0.0003

R[1.0,6.0]
�

0.81+0.04
�0.04 [0.73, 0.89] 0.9970 ± 0.0003

hP 0
5i

[4.0,6.0]
�0.58+0.13

�0.12 [�0.82, �0.33] �0.763 ± 0.072

RD 0.34+0.01
�0.01 [0.32, 0.37] 0.303 ± 0.006

RD⇤ 0.29+0.01
�0.01 [0.27, 0.31] 0.255 ± 0.004

BR(Bs ! µ+µ�) 2.98+0.20
�0.19 ⇥ 10�9 [2.60, 3.38] ⇥10�9 (3.67 ± 0.16) ⇥ 10�9

BR(B±
! K±⌧+⌧�) 3.05+1.78

�1.06 ⇥ 10�5 [1.01, 6.47] ⇥10�5 (1.66 ± 0.19) ⇥ 10�7

BR(Bs ! ⌧+⌧�) 1.41+0.80
�0.47 ⇥ 10�4 [0.52, 2.94] ⇥10�4 (7.78 ± 0.33) ⇥ 10�7

Table 2: Predictions for LFU ratios, angular observables, and branching ratios in B and
Bs decays from the global likelihood in the space of SMEFT Wilson coe�cients

[C(1)
lq

]3323 = [C(3)
lq

]3323 and [C(1)
lq

]2223 = [C(3)
lq

]2223 (cf. Fig. 4) and corresponding SM

predictions.

violating. Working instead in the basis where the up-type quark mass matrix is diagonal7

and only using operators [Ô(a)
qq ]iijj that do not contribute to D0-D̄0 mixing, it turns out

that all these operators either generate excessive contributions to CP violation in K0-K̄0

mixing or do not generate an appreciable contribution to C9.

• [O(1)
qu ]2311 and [O(1)

qd
]2311 can induce a NP contribution to ✏0/✏ [82, 83] (i.e. direct CP

violation in K0
! ⇡⇡) through RG running above the EW scale, but for a low enough

scale they can lead to a visible e↵ect in C9 without violating this bound.

• [O(1)
qd

]2322 can induce a NP contribution to �Ms, the mass di↵erence in the Bs-B̄s system,
through RG running above the EW scale, but for a low enough scale it can lead to a
visible e↵ect in C9 without violating this bound.

• An e↵ect in C9 generated by [O(1)
qu ]2322 and [O(1)

qd
]2333 is not strongly constrained at the

level of the EFT.

To summarize, barring cancellations, a LFU contribution to C9 could be generated by the
SMEFT Wilson coe�cients

[C(1)
qu ]2311 , [C(1)

qu ]2322 , [C(1)
qd

]2311 , [C(1)
qd

]2322 , [C(1)
qd

]2333 . (26)

7Operators and couplings in such up-aligned basis are here and henceforth denoted with a hat.
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