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Does complete set of data 
still prefer the B anomalies?



BB  aannoommaallyy  ooff                                    b ! sµ+µ�

Measurements



[1]
Angular distribution of �(B ! [K⇤ ! K⇡]µ+µ�

)

Introduction Framework Anomalies Implications Conclusion

The LHCb anomalies (1)

B ! K⇤µ+µ� angular observables, in particular P 0
5

/ S
5

Long standing anomaly 2-3�:
2013 (1 fb�1): disagreement with the SM for P

2

and P0
5

(PRL 111, 191801 (2013))

March 2015 (3 fb�1): confirmation of the deviations (LHCb-CONF-2015-002)

Dec. 2015: 2 analysis methods, both show the deviations (JHEP 1602, 104 (2016))

LHCb, JHEP 02 (2016) 104; Belle, PRL 118 (2017); ATLAS, ATLAS-CONF-2017-023; CMS, CMS-PAS-BPH-15-008

Also measured by ATLAS, CMS and Belle
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・“Optimized observable”

・Long-standing anomaly since 2013

⇠ 3�

LHCb  :  PRL 111, 191801 (2013)
LHCb  :  LHCb-CONF-2015-002
LHCb  :  JHEP 1602, 104 (2016)

[2]
Branching ratio of �(Bs ! �µ+µ�

)

Introduction Framework Anomalies Implications Conclusion

The LHCb anomalies (2)

Bs ! �µ+µ� branching fraction

Same theoretical description as B ! K⇤µ+µ�

Replacement of B ! K⇤ form factors with the Bs ! � ones
Also consider the Bs � B̄s oscillations

June 2015 (3 fb�1): the differential branching fraction is found to be 3.2��� below
the SM predictions in the [1-6] GeV2 bin

JHEP 1509 (2015) 179
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LHCb  :  JHEP 1509, 179 (2015)

⇠ 3.2�



[3]

Introduction Framework Anomalies Implications Conclusion

The LHCb anomalies (3)

Lepton flavour universality in B+ ! K+`+`�

Theoretical description similar to B ! K⇤µ+µ�, but different since K scalar
June 2014 (3 fb�1): measurement of RK in the [1-6] GeV2 bin (PRL 113, 151601 (2014)):
2.6� tension in [1-6] GeV2 bin

SM prediction very accurate (leading corrections from QED, giving rise to large
logarithms involving the ratio mB/mµ,e)

BaBar, PRD 86 (2012) 032012; Belle, PRL 103 (2009) 171801

RK = BR(B+ ! K+µ+µ�
)/BR(B+ ! K+e+e�)

Rexp

K = 0.745+0.090

�0.074

(stat)± 0.036(syst)

RSM

K = 1.0006 ± 0.0004
Bordone, Isidori, Pattori, arXiv:1605.07633

If confirmed this would be a groundbreaking discovery
and a very spectacular fall of the SM

The updated analysis is eagerly awaited!
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LHCb  :  PRL 113, 151601 (2014)
BaBar :  PRD 86, 032012 (2012)
Belle   :  PRL 103, 171801 (2009)

・Lepton Flavour Universality test

・SM prediction is very accurate ～ 1

・LHCb measurement in [1 - 6] GeV^2 bin

⇠ 2.6�

RK = �(B ! Kµ+µ�)
.
�(B ! Ke+e�)

[4]

Introduction Framework Anomalies Implications Conclusion

The LHCb anomalies (4)

Lepton flavour universality in B0 ! K⇤0`+`�

LHCb measurement (April 2017): JHEP 08 (2017) 055

RK⇤
= BR(B0 ! K⇤0µ+µ�

)/BR(B0 ! K⇤0e+e�)

Two q2 regions: [0.045-1.1] and [1.1-6.0] GeV2

BaBar, PRD 86 (2012) 032012; Belle, PRL 103 (2009) 171801

Rexp,bin1

K⇤ = 0.660+0.110

�0.070

(stat)± 0.024(syst)

Rexp,bin2

K⇤ = 0.685+0.113

�0.069

(stat)± 0.047(syst)

RSM,bin1

K⇤ = 0.906 ± 0.020
QED

± 0.020
FF

RSM,bin2

K⇤ = 1.000 ± 0.010
QED

Bordone, Isidori, Pattori, arXiv:1605.07633

2.2-2.5� tension with the SM predictions in each bin
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⇠ 2.2 - 2.5�

LHCb  :  JHEP 08, 055 (2017)
BaBar :  PRD 86, 032012 (2012)
Belle   :  PRL 103, 171801 (2009)

・Very recent measurement

RK⇤ = �(B ! K⇤µ+µ�)
.
�(B ! K⇤e+e�)
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NP solutions



Global fit to all available data for

HNP
e↵ = �↵GFp

2⇡
VtbV

⇤
ts

X

i

CNP
i Oi

suggests three solutions within a single NP source

(NP contributions)

(a) : O = [s̄�µPLb][µ̄�
µµ] =) CNP

9 < 0

(b) : O = [s̄�µPLb][µ̄�
µPLµ] =) CNP

9 = �CNP
10 < 0

(c) : O = [s̄�µ�
5b][µ̄�µµ] · · ·

B. Capdevila et al.  [1704.05340] 
D. Straub et al.        [1704.05435]
G. D’Amico et al.     [1704.05438] 
G. Hiller et al.           [1704.05444]
L. S. Geng et al.        [1704.05446]
M. Ciuchini et al.     [1704.05447]
A. Celis et al.             [1704.05672]

General consensus: 
   4-6σ disagreement with SM, 
   even taking theoretical hadronic    
   uncertainties into account



Three solutions

Scenario Fit result “Pull”

(a) CNP
9 �1.25 ± 0.19 5.9

(b) CNP
9 = �CNP

10 �0.68 ± 0.12 5.9

(c) CNP
9 = �C0NP

9 �1.11 ± 0.17 5.6

Pull =
q
�2

SM � �2
NP:minImplication :

NP can improve fit at ⇠ 6�

Ashutosh et al., arXiv: 1704.07397
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Measurements

b ! c ⌧�⌫



BaBar :  PRL 109, 101802 (2012),  PRD 88, 072012 (2013)
Belle    :  PRD 92, 072014 (2015),  PRD 94, 072007 (2016),  arXiv 1608.06391 
LHCb   :  PRL 115, 111803 (2015),  arXiv 1708.08856

R(D)
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R
(D

*)

0.2
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0.3
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0.4

0.45

0.5 BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, FPCP2017
Average

SM Predictions

 = 1.0 contours2χΔ

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)

HFLAV

FPCP 2017

) = 71.6%2χP(

σ4

σ2

HFLAV
FPCP 2017

SM ⇠ 4.1�

WARD⇤

RD



BB  aannoommaallyy  ooff                                    

NP solutions

b ! c ⌧�⌫



Possible explanation

LNP
e↵ ⌘ �2

p
2GFVcb CNPONP

NP contributions that reproduce the central value

OV1 = (c̄�µPLb)(⌧̄ �µPL⌫) CV1 ' 0.13

OV2 = (c̄�µPRb)(⌧̄ �µPL⌫) CV2 ' 0.53i

OS2 = (c̄PLb)(⌧̄PL⌫) CS2 ' �1.6



Combined Explanations



NP models :

b ! sµ+µ� solutions

b ! c⌧�⌫̄ solutions

b s

µ+

µ�

Z0

b

s

µ�

µ+U1

Vector Boson type LeptoQuark type



General setup

LU1 = hij
U1

(q̄i
L�µ`

j
L)U

µ
1

���
mass

+ h.c.

qi
L =

✓
(V †u)i

di

◆

L

`iL =

✓
⌫i

ei

◆

L

hU1 ⌘

0

@
0 0 0
0 h22 h23

0 h32 h33

1

A

LQ couplings :

Start with mass basis :

hij
U1

quark lepton

spin SU(3)c SU(2)L U(1)Y

Uµ
1 1 3 1 4/3



All          processes for 2&3 generations are affected2q2`

Charged process :

U1

d u` ⌫

`

d

U1 ⌫

u

Neutral process :

U1

d `

⌫

u



Related to B anomalies :

�(B ! Kµ+µ�) /
��h32h22 + SM

��2

�(B̄ ! D⌧ ⌫̄⌧ ) /
��h33h23Vcs + h33h33Vcb + SM

��2

�(B̄ ! D⌧ ⌫̄µ) /
��h33h22Vcs + h33h32Vcb

��2

�(B̄ ! Dµ⌫̄µ) /
��h32h22Vcs + h32h32Vcb + SM

��2

�(B̄ ! Dµ⌫̄⌧ ) /
��h32h23Vcs + h32h33Vcb

��2

Addition : 

RB!D⇤

µ/e ⌘
�(B ! D⇤µ⌫̄)

�(B ! D⇤e⌫̄)
= 1.00 ± 0.05 PDG



two independent products of the LQ couplings

Trivial thing :

�(B ! Kµ+µ�) /
��h32h22 + SM

��2

�(B̄ ! D⌧ ⌫̄⌧ ) /
��h33h23Vcs + h33h33Vcb + SM

��2
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Single couplings :

・       cannot be singled out

・Large EM effect, hence loose constraints

h23

　　not useful to make sure the B anomalies...

h33, h32, h22 . 40 (mU1 = 1TeV)

�(⌥ ! ⌧+⌧�) =
���F⌥

U1

�
|h33|2/m2

U1

�
+ F⌥

SM

�
↵/m2

⌥

� ���
2

�(⌥ ! µ+µ�) =
���F⌥

U1

�
|h32|2/m2

U1

�
+ F⌥

SM

�
↵/m2

⌥

� ���
2

�(� ! µ+µ�) =
���F�

U1

�
|h22|2/m2

U1

�
+ F�

SM

�
↵/m2

⌥

� ���
2



LFV :

6 independent products

h32h22, h33h23, h33h22, h32h23, h33h32, h23h22

B anomalies Lepton Flavor Violation

B(⌥ ! ⌧±µ⌥) /
��h33h32

��2

B(B ! K⌧�µ+) /
��h33h22

��2

B(B ! K⌧+µ�) /
��h32h23

��2

B(⌧± ! �µ±) /
��h23h22

��2 limit : < 8.4 ⇥ 10�8

limit : < 4.5 ⇥ 10�5

limit : < 2.8 ⇥ 10�5

limit : . 6 ⇥ 10�6



-0.5 -0.4 -0.3 -0.2 -0.1 0.0
0.00

0.02

0.04

0.06

0.08

0.10

h22

h 3
2

Dc2=1@solidD, 4@dashedD HGreen: ZurichL

0.0 0.1 0.2 0.3 0.4 0.5
0

1

2

3

4

5

h33

h 2
3

Dc2=1@solidD, 4@dashedD HGreen: ZurichL��2
= 1 (solid), 4 (dashed)

h22

h32 h23

h33

-2.0 -1.5 -1.0 -0.5 0.0
0.000

0.002

0.004

0.006

0.008

0.010

h22

h 3
2

-0.05 -0.04 -0.03 -0.02 -0.01 0.00
0.0

0.1

0.2

0.3

0.4

0.5

h22

h 3
2

1 2 3 4 5
-1.0

-0.5

0.0

0.5

1.0

h33

h 2
3

(mU1 = 1TeV)

Constrained, to some extent

h33 . 4 , h23 . 2 , �h22 . 0.8 , h32 . 0.4



Future LFV

Present data :

h33 . 2 , h23 . 0.2 , �h22 . 0.02 , h32 . 0.4

h33 . 4 , h23 . 2 , �h22 . 0.8 , h32 . 0.4

With future LFV bound :

Consistency with the B anomalies :
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Future LFV

Present data :

h33 . 2 , h23 . 0.2 , �h22 . 0.02 , h32 . 0.4

h33 . 4 , h23 . 2 , �h22 . 0.8 , h32 . 0.4

With future LFV bound :

Consistency with the B anomalies :
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Blue dots: present data HDc2 = 1L + future LFV

Even if LFVs are not observed, 
the B anomaly explanation does work



[[SSuummmmaarryy  ssoo  ffaarr]]

U1 Leptoquark model

LU1 = hij
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Taking all available present data :

h33 . 4 , h23 . 2 , �h22 . 0.8 , h32 . 0.4

B anomalies :　　(mostly) independent couplings

�(B ! Kµ+µ�) /
��h32h22 + SM

��2

�(B̄ ! D⌧ ⌫̄⌧ ) /
��h33h23Vcs + h33h33Vcb + SM

��2



[[SSuummmmaarryy  ssoo  ffaarr]]

What can we do?

This conclusion could be negative since we have　
nothing to make predictions to probe B anomalies.

・Direct LQ searches

・Discovery of LFV

・...?





Flavour mixing

Example :  U1 LQ with minimum setup 
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Mixing structure correlates different processes 

+ · · ·

Le↵ � �
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Anomalous B observables : 　
・Central values cannot be reproduced 

・h/M does not help to improve the fit

　→ Minimal setup does not work well

・Implication

　→           should be very close 

　　 to the SM value

RD(⇤)



Loop process

・Highly depends on UV setup

・With hard cut-off, some constraints could be evaluated
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Figure 4: Fit to semi-leptonic and radiatively-generated purely leptonic observables in Table 1, for the
vector leptoquark Uµ, imposing |�sµ,s⌧ | < 5|Vcb| and CU > 0. In green, yellow, and gray, we show the
��2  2.3 (1�), 6.0 (2�), and 11.6 (3�) regions, respectively. The dashed and solid blue lines represent
the 1 and 2� limits in the case where radiative constraints are removed from the fit.

purposes, in the following subsections we consider two representative cases with more than one
mediator at work: two colour-less vectors, SU(2)L triplet and singlet, and two coloured scalars,
also electroweak triplet and singlet.

3.1 Scenario I: Vector Leptoquark

As anticipated, the simplest UV realisation of the scenario emerging from the EFT fit is that
of an SU(2)L-singlet vector leptoquark, U

µ
1

⌘ (3,1, 2/3), coupled to the left-handed quark and
lepton currents

LU = � 1

2
U †
1,µ⌫U

1,µ⌫ +M2

UU
†
1,µU

µ
1

+ gU (J
µ
UU1,µ + h.c.) , (7)

Jµ
U ⌘ �i↵ Q̄i�

µL↵ . (8)

Here �(0)

i↵ = �
3i�3↵ up to U(2)q ⇥ U(2)` breaking terms, as shown in Eq. (28), and the flavour

structure used in the general fit is recovered by means of the relations (30). After integrating
out the leptoquark field, the tree-level matching condition for the EFT is

L
e↵

� � 1

v2
CU �i↵�

⇤
j�

h

(Q̄i
L�µ�

aQj
L)(L̄

�
L�

µ�aL↵
L) + (Q̄i

L�µQ
j
L)(L̄

�
L�

µL↵
L)
i

, (9)

where CU = v2|gU |2/(2M2

U ) > 0. Note that in this case the singlet and triplet operators have
the same flavour structure and, importantly, the relation CS = CT is automatically fulfilled at
the tree-level. Furthermore, as already stressed, the flavour-blind contraction involving light
fermions (flavour doublets) is automatically forbidden by the U(2)q⇥U(2)` symmetry. Last but

12

(h23)

(h33)

(h32)

(h22)

Isidori et al.,  arXiv:1706.07808

hij ⌘ gU�ij (gU = h33), ⇤ = 2TeV (cut-o↵)

significant : ⌧ ! 3µ, �gZ , �gW
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Meson LFUV LFV Invisible

⌥(1S) R⌧/` = 1.005 ± 0.026, Rµ/e = 1.04 ± 0.05 B⌧µ < 6.0⇥ 10�6

⇥
B⌫⌫ < 3.0⇥ 10�4

⇤

⌥(2S) R⌧/` = 1.04 ± 0.06, Rµ/e = 1.01 ± 0.12 B⌧µ = (0.2 ± 1.8)⇥ 10�6

⇥
no data

⇤

⌥(3S) R⌧/` = 1.05 ± 0.09, Rµ/e = 1.00 ± 0.13 B⌧µ = (�0.8 ± 2.0)⇥ 10�6

⇥
no data

⇤

 (1S)
⇥
Rµ/e = 0.998 ± 0.008

⇤ ⇥
B⌧µ < 2.0⇥ 10�6

⇤
B⌫⌫ = (0.2 ± 1.9)⇥ 10�3

 (2S)
⇥
R⌧/` = 0.39 ± 0.05, Rµ/e = 1.00 ± 0.12

⇤ ⇥
no data

⇤
B⌫⌫ = (5.6 ± 6.2)⇥ 10�3

� Rµ/e = 0.971 ± 0.065 B⌧µ < 8.4⇥ 10�8 (*) [no data]

Bc ! J/ R⌧/µ = 0.71 ± 0.25 – –

Bs B⌧⌧ = (0.94 ± 2.87)⇥ 10�3 no data –

Bs ! � no data no data
⇥
B⌫⌫ < 5.4⇥ 10�3

⇤

B ! D R⌧/` = 0.407 ± 0.046, Rµ/e = 0.995 ± 0.045 – –

B ! D

⇤
R⌧/` = 0.304 ± 0.015, Rµ/e = 1.00 ± 0.05 – –

B ! K B⌧⌧ = (1.31 ± 0.70)⇥ 10�3

B⌧�µ+ = (0.8 ± 1.7)⇥ 10�5

, B⌧+µ� = (�0.4 ± 1.2)⇥ 10�5 [B⌫⌫ < 1.7⇥ 10�5]

B ! K

⇤ no data no data
⇥
B⌫⌫ < 4.0⇥ 10�5

⇤

Ds R⌧/µ = 11.0 ± 1.3 – –

D ! K Rµ/e = 0.969 ± 0.024 – –

b! sµµ C

bsµµ
9

= �0.64 ± 0.16 with �2

min

= 6.8

Table 1. Summary table of the observables which have been used for our fit analysis, where (*)
denotes ⌧ ! �µ. Note that any data has not been reported yet in “no data”. The measurements
with [· · · ] indicate that this process is irrelevant for the U1 model. Also note that the original
unbalanced error, i.e. +a

�b , is normalized as ±a+b
2 . For more details with references, see Appendix A.

f

⌥(1S)

= (700 ± 16) MeV, f

⌥(2S)

= (496 ± 21) MeV, f

⌥(3S)

= (430 ± 21) MeV [35]

f (1S)

= (407 ± 5) MeV, f (2S)

= (290 ± 2)MeV [85]

f� = (238 ± 3) MeV [86], fBs = (224 ± 5) MeV [88]

R

Bc!J/ 
⌧/µ,SM

= 0.283 ± 0.048 [23], R

B!D
⌧/`,SM

= 0.299 ± 0.003, R

B!D⇤

⌧/`,SM

= 0.257 ± 0.003 [87]

B

B!K
⌫⌫,SM

= (3.98 ± 0.47)⇥ 10�6, B

B!K⇤
⌫⌫,SM

= (9.19 ± 0.99)⇥ 10�6 [69]

Table 2. Theory input that include uncertainties taken in our fit analysis.

– 10 –

All relevant observables
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Direct search

Isidori et al.,  arXiv:1706.07808
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Figure 5: Present and future-projected LHC constraints on the vector leptoquark model of Section 3.1.
The 1� and 2� preferred regions from the low-energy fit are shown in green and yellow, respectively.

not least, this LQ representation does not allow baryon number violating operators of dimension
four. These features, and the absence of a tree-level contribution to Bs(d) meson-antimeson
mixing, makes this UV realisation, originally proposed in [17], particularly appealing: the best
fit points of the general fit in Section 2.2 can be recovered essentially without tuning of the
model parameters.

In Figure 4 we show the results of the flavour fit in this parametrisation (using the �i↵
rather than the �q(`)

ij(↵�) as free parameters). When marginalising we let �s⌧ and �sµ vary between

±5|Vcb| and impose |�bµ| < 0.5. We find very similar conclusions to the previous fit, in particular
a reduced value of CU thanks to the extra contribution to R⌧`

D(⇤) proportional to �s⌧ , with both
this parameter and �sµ of O(|Vcb|).

Despite being absent at the tree level, a contribution to �F = 2 amplitudes is generated in
this model at the one-loop level. The result thus obtained is quadratically divergent and therefore
strongly dependent on the UV completion. Following the analysis of Ref. [17], i.e. setting a hard
cut-o↵ ⇤ on the quadratically divergent �F = 2 (down-type) amplitudes, leads to

�L
(�B=2)

= C(U)

0

(V ⇤
tbVti)2

32⇡2v2
�

b̄L�µd
i
L

�

2

, C(U)

0

= C2

U

✓

�q
bs

Vts

◆

2

⇤2

2v2
. (10)

As already pointed out in Section 2.3, the value of C(U)

0

should not exceed O(10%) given the

experimental constraints on �MBs,d (for comparison, C(SM)

0

= (4⇡↵/s2W )S
0

(xt) ⇡ 1.0, see Ap-
pendix B). This can be achieved only for ⇤ ⇠ few TeV – i.e. ⇤ not far from MU , as expected in a
strongly interacting regime (unless some specific cancellation mechanism of �F = 2 amplitudes
is present in the UV). Interestingly enough, for fixed ⇤, the large value of �q

bs does not increase
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