
Flavor violation  
in the Beyond Standard Model 

Yuji Omura (KMI, Nagoya)

~LFU in meson decays~



• (Lepton) Flavor violation in the SM and BSM       

• Flavor Universality in the meson decays      
(RK, R(D(*)), etc.) 

• New physics interpretations of the excesses

Content

Minimal Flavor Violation (MFV)
and others 



Introduction 
of 

(Lepton) Flavor violation  
in the SM and the BSMs
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They are broken by the Yukawa couplings.
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Important point

Only explicit flavor symmetry breaking terms

Yukawa couplings: Y u
ij , Y d

ij , Y e
ij

Observables are CKM and masses 

Y u
ff ! = ( V u  )fk

!
2mu

k

v
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R )kf ! Y d
f f ! = ( V d  )fk

�
2md

k

v
(V d

R )kf !

Yukawa �w�Ú�™
Q

VCKM = V u V d  , mu
f , md

f , ml
f
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What happen if we consider new physics?
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S
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New physics の一例:

F

! f f !

! f !! f !!!

! F f

L ef f = ! ! f f ! Sf L f !
R + h.c.

! f ! F

S (new particle)
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Very suppressed by GIM and neutrino mass
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W W

< 4.2 ! 10! 13

(1606.08163)

(arXiv:1307.5787;1709.00294)
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(way to avoid constraints from ! F=2 and l" l1l2l3 at tree) 

Flavor symmetry (U(3)QL×U(3)uR×U(3)dR×U(3)lL×U(3)eR)
�›
��” source �x  Yukawa couplings, Y u

ij , Y d
ij , Y e

ij �w�ˆ



Yukawa couplings �U non-dynamical field (spurion) �i�q�¥�M�‡�`�•�O

U(3)QL×U(3)uR×U(3)dR×U(3)lL×U(3)eR�y symmetric model �›�Ï
R   

Y u
ij : U(3)QL×U(3)uR bi-fundamental

Y d
ij : U(3)QL×U(3)dR bi-fundamental

Y e
ij : U(3)lL×U(3)eR bi-fundamental

Higher-dim. operator, extra fields �›�C�Q�o�‹�z

CKM �p flavor violation �U�G	\�^�•�”�{

“Minimal Flavor Violation” (D’Ambrosio, Giudice, et. al., hep-ph/0207036)

�Y u �, �Y d�, �Y e� only break the flavor symmetry*

�#�4�.���X�J�U�I���.�'�7���w�Ï
R�M�O



Let me add Extra Higgs (H2)

Y u
ff ! Qf

L
!Hu f !

R + au Y u
ff ! Qf

L
"H2uf !

R + Y d
ff ! Qf

L Hdf !

R + adY d
ff ! Qf

L H2df !

R

+ Y e
ff ! l f

L Hef !

R + aeY e
ff ! l f

L H2ef !

R + h.c.

�&�Y�B�N�Q�M�F���������)�%�.
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R + au Y u
ff ! Qf

L
"H2uf !

R + Y d
ff ! Qf

L Hdf !

R + adY d
ff ! Qf

L H2df !

R

+ Y e
ff ! l f

L Hef !

R + aeY e
ff ! l f

L H2ef !

R + h.c.

H �t VEV�›�Ë�h�d�o mass eigenstate �t�b�” :

au
mu

f

v
(H0 ! iA 0)uf

L uf
R ! au

"
2mu

f !

v
H! df

L (V  
CKM )f f ! uf !

R

+ ad
md

f

v
(H0 + iA 0)df

L df
R + ad

!
2md

f !

v
H+ uf

L (VCKM )f f ! df !

R

H T
2 = ( H+ , (H0 + iA 0)/

!
2)where

* No FCNC at tree-level

* charged Higgs (H+) couplings written by the CKM, like W boson.

�&�Y�B�N�Q�M�F���������)�%�.
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f f ! Qf

L
!Hu uf !

R + Y d
ff ! Qf

L Hu df !

R + Y e
ff ! l f

L Hu ef !

R
(au = ad = ae)

(Several possibilities of au, ad and ae )

Talk of Umeeda on 31th
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quark �w scalar partner               �›�C�Q�o�ˆ�”

(m2
dR

)f f !
!df

R

  !df !

R + g!df
R

 

�L df
R + h.c.

(m2
dR

)f f ! = ! f f ! + bd(Y  
d Yd)f f ! + . . .

where

* Flavor violation is suppressed by the CKM

( !dR, !QL, etc.)

(m2
Q L

)f f ! = ! f f ! + bq(YdY  
d )f f ! + bu (Yu Y  

u )f f ! + . . .

(m2
Q L

)f f !
!Qf

L

  "Qf !

L + gL
!Qf

L

 

! R Qf
L +

1
!

Y d
f f !

!Qf
L

 

! L Hdf !

R + h.c.

+ etc.
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Y u
ff ! Qf

L
!Hu f !

R + ! u
f f ! Qf

L
"H2uf !

R + Y d
ff ! Qf

L Hdf !

R + ! d
f f ! Qf

L H2df !

R

+ Y e
ff ! l f

L Hef !

R + ! e
f f ! l f

L H2ef !

R

H0, A0

df !

df

df !

df

! d
f ! f! d

f ! f

! F=2 processes
H eff = C4(qL q!

R )(qR q!
L )

mH / ! d
ds ! 3.2 ! 103 TeV

mH / ! d
db ! 32 TeV

mH / ! d
db ! 10 TeV

K ! K :

Bd ! Bd :

Bs ! Bs :

(Crivellin,et.al, arXiv:1303.5877)



H0, A0! e
f ! f ! e

k ! k

ek

ek !ef !

ef

LFV

From µ ! 3e

From ! ! lµµ (l = µ, e)

mH / (
!

! e
eµ ! e

ee) ! 220 TeV

mH / (
!

! e
l ! ! e

ll ) ! 7.8 TeV

H eff = C4(l !
L lR )( l !

R l !
L )

(Crivellin,et.al, arXiv:1303.5877)
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Y u
ff ! Qf

L
!Hu f !

R + ! u
f f ! Qf

L
"H2uf !

R + Y d
ff ! Qf

L Hdf !

R + ! d
f f ! Qf

L H2df !

R

+ Y e
ff ! l f

L Hef !

R + ! e
f f ! l f

L H2ef !

R
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H0, A0

f

f

f

f !

H± ! (VCKM )f ! f or (V  
CKM )f ! f

No tree-level FCNC

(! I
ij ! Y I

ij )
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H0, A0

f

f

relevant processes

f

f !

H± ! (VCKM )f ! f or (V  
CKM )f ! f

b " s #

Bs "$$

b st

H-

#

(! I
ij ! Y I

ij )

No tree-level FCNC



�C���à�T���
���J�O�����)�%�.

Experiment: SM prediction (NNLO):

Br (b ! s! )exp = (3 .32± 0.16) " 10! 4

(Y. Amhis, arXiv:1612.07233)

Br (b ! s! )SM = (3 .36± 0.23) " 10! 4

(E! > 1.6GeV) (E! > 1.6GeV)

(Misiak, et.al., arXiv:1208.2788;1503.01789;1702.04571)

(Giuchini,et.al., hep-ph/9710335;Cheng, Yang, Yuan,1511.01829)

(Belle,arXiv:1608.02344;Misiak, et.al., arXiv:1702.04571)

mH ± ! 580GeV

1
tan !

tan !
b st

H-

#



�#�T���à���� �����J�O�����)�%�.

(LHCb, arXiv:1703.05747)

Experiment:

(Altmannshofer, Niehoff and Straub, arXiv:1702.05498)

SM prediction:

Br (Bs ! µ+ µ! )SM = (3 .60± 0.18) " 10! 9
Br (Bs ! µ+ µ! )exp = (3 .00± 0.55) " 10! 9

(Logan,Nierste, hep-ph/0004139;Cheng, Yang, Yuan,1511.01829)

(Cheng, Yang, Yuan,1511.01829)

tan !

tan !



�)�P�X���B�C�P�V�U���-�'�7� 

(MEG, arXiv:1605.05081)

Experiment:

(arXiv:1709.00294)

Experimental bounds on %" l#

Br (µ ! e! )exp < 4.2 " 10�13 Br (� ! e�)exp < 3.3 " 10! 8

Br (! ! µ" )exp < 4.4 " 10! 8

�M �M�`

�


W

�M�à�M�`�
���J�O���U�I�F���4�.

��
Very suppressed by neutrino mass



�*�O���U�I�F���O�F�V�U�S�J�O�P�Q�I�J�M�J�D�����)�%�.

�M �M�`

�


H-

�M�à�M�`�
���J�O���U�I�F�������)�%�.

��

large Yukawa and light RH &

RHニュートリノだけ別のHiggsに結合

yiJ l i
L

!H ! N J
R + mIJ

N N I c
R N J

R

(Wang, Han,arXiv:1605.00239)

(m! )ij =
!

y
1

mN
yT

"

ij
!H 0

! "2

small

y y 

a bit beyond “MFV”



Lepton Universality 
in meson decays



lepton Universality in Meson decays
Bq ! ll(1)

Bq

l

l

! ml

helicity suppression



lepton Universality in Meson decays

Bq

l

l

! ml

helicity suppression

SM prediction

B (Bs ! ee) = (8 .54± 0.55) " 10! 14

B (Bs ! µµ) = (3 .65± 0.23) " 10! 9

B (Bs ! ! ! ) = (7 .73± 0.49) " 10! 7

(Bobeth, et.al, arXiv:1311.0903)

(LHCb,arXiv:1703.05747;1710.05418)

Bq ! ll(1)



lepton Universality in Meson decays

Bq

l

l

! ml

helicity suppression

SM prediction

B (Bs ! ee) = (8 .54± 0.55) " 10! 14

B (Bs ! µµ) = (3 .65± 0.23) " 10! 9

B (Bs ! ! ! ) = (7 .73± 0.49) " 10! 7

(Bobeth, et.al, arXiv:1311.0903)

(LHCb,arXiv:1703.05747;1710.05418)

Bq ! M ll Bq ! M l !それでは はどうか？

Bq ! ll(1)



Flavor dependence comes from mass difference

(2) b "  s ll transition

q

q

(Bordone,et.all, arXiv:1605.07633)



b s

l
l

B + ! K + l+ l ! (l = e, µ)Lepton universality in

B0 ! K !
0 l+ l " (l = e, µ)

(1406.6482)

(Talk by Bifani@CERN, 2017.4.18)

Lepton universality in

Interestingly, excesses are reported in specific q^2 region

@LHCb.

q



b

l

Other processes relevant to LFU in B decay:

c

!

R(D)
0.2 0.3 0.4 0.5 0.6

R
(D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5
BaBar, PRL109,101802(2012)
Belle, arXiv:1507.03233
LHCb, arXiv:1506.08614
Average

 = 1.02!"

SM prediction

HFAG

EPS 2015

) = 55%2!P(

HFAG

Prel. EPS2015

lepton universality of B" D(*)%&

(Fajfer,et.al, arXiv:1203.2654)

(Bailey,et.al, arXiv:1503.07237)

SM predictions:



b →s ll processes



The b to s ll processes

b s

l
l

Anomalies are reported in low q^2 region, that is sensitive to C9 and C10 
operators:

q

H e! = !
4GF"

2
Vtb V !

ts
e2

16! 2

!
Cl

9(sL " µ bL )( l" µ l ) + Cl
10(sL " µ bL )( l" µ " 5l ) + h.c.

"



In the Standard Model, the b to s ll is given by

effective Hamiltonian



In the Standard Model, the b to s ll is given by

effective Hamiltonian

C7 � �0.3, C9 � 4, C10 � �4 in the SM.



Contributions of each coefficients in b to s ll

b s

q

l
l

q^2 region where the excesses are reported at LHCb.

Key points

�~ C9 and C10 are relevant in that q^2 region.

�~ Ambiguity is from the charm-loop.

(In the SM, LFU is predicted.)



Observables 
in which excesses are reported.



Lepton universality in B + ! K + l+ l ! (l = e, µ) (1406.6482)

observable

(Hiller, Schmaltz1408.1627;LHCb, 1406.6482)�~ B" K ee looks consistent

2.6'  deviation�~ SM prediction is ~1.
(Bordone,et.al.,1605.07633)

Talk of Trabelsi on 31th



B0 ! K !
0 µ+ µ"Lepton universality in

(LHCb, arXiv:1705.05802)

�~ smaller b" s$$  is suggested. 

2.2-2.5' deviation

Talk of Trabelsi on 31th



Other excesses

Branching ratio of Branching ratio of Bs ! ! µ+ µ! ! 0
b ! ! µ+µ!

(1506.08777) (1503.07138)

Talk of Trabelsi on 31th



There are a lot of papers about the New physics interpretations! 

�5�P�Q�J�D�T

Which kind of operators are favored?

Which kind of models can achieve?

Are there connections with other physics? 
(R(D), R(D*),DM,g-2, etc.) 

b sNew 
Physics

µ
µ



Which kind of operators are favored?



Which kind of operators are favored?

(Hurth, Isidori,et.al, 0807.5039)
The scalar operator is strictly constrained by Bs "$$ .

(Hiller,Schmaltz,1408.1627;Bardhan, et.al.,1705.09305)

�~ Tensor operator contribution could been also discussed.

These operators are disfavored by the RK excess.

�~ Scalar operator can also contribute to b" s ll.



Parameter dependence
(Geng,Grinstein,et.al., 1704.05446)

C9<0, C10>0 



There are many references on model-independent 
analyses.

(Descotes-Genon,Matias,et al., 1307.5683;Hiller,Schmaltz,1408.1627;Altmannshofer,Staub,
1503.06199;Descotes-Genon,Matias,et al., 1510.04239;Altmannshofer,Stangle,et al.,
1704.05435;D’Amico,Nardecchia et al.,1704.05438; etc.)

(Hurth,et al., 1603.00865) (D’Amico,Nardecchia et al.,1704.05438)



There are many references on model-independent 
analyses.

(Descotes-Genon,Matias,et al., 1307.5683;Hiller,Schmaltz,1408.1627;Altmannshofer,Staub,
1503.06199;Descotes-Genon,Matias,et al., 1510.04239;Altmannshofer,Stangle,et al.,
1704.05435;D’Amico,Nardecchia et al.,1704.05438; etc.)

(Hurth,et al., 1603.00865) (D’Amico,Nardecchia et al.,1704.05438)

Favored operators:
! C9(sL ! µ bL )(µ! µ µ) ! C10(sL ! µ bL )(µ! µ ! 5µ)

! CL (sL ! µ bL )(µL ! µ µL )close to



First example

MFV case



(Hu,Li,et al.,1612.08867)2HDM with MFV

green: Type-I, -X
Blue:Type-II,-Y

C9 > 0, C10 < 0

induced operators

＊size: C9~O(0.01)
opposite direction

* LFU is not violated



Flavor Universality を壊すために、 
何かflavor-dependent int. がほしい  

欲しい Operators

sb

µ µ
! i

t

H± H±

例えば、box diagram in Type-I, II, X, Y 2HDMs

(sL ! µ bL )(µR ! µ µR )

C9, C10は大きくなれない
suppressed by muon mass

chirality is opposite

H e! =
1

! 2 (sL ! µ bL )( l ! µ l ) !
1

! 2 (sL ! µ bL )( l ! µ ! 5l )



(Kawamura,Okawa,YO,1706.04344)One interesting setup (no MFV)

sb

µ µ

Q!

L !

X X

(sL ! µ bL )(µL ! µ µL ) (C9 = ! C10)

X: DM candidate

mQ �Q!
L Q!

R + mL �L!
L L!

R + ! q
i Q

!
R X   Qi

L + ! µ L!
R X   µL + h.c.

extra

extra Yukawa



Large μ Yukawa is required

!�� ! ��" !" !"#$
! # !" #"#%&'
! $!" #%&'

!"" #"" $"" %"" &"""
"

&

!

'

#

(

! ! !)*+ "

!��
��

!

!�� �� !" !

!�� ! ��" !" "#$%

! # !" $#$&'(

�� !
! !" "#$

�� !
! !" "#$

�� !
! !" "#%

�� !
! !" "#&

!"" #""" #!"" $"""

!""

#"""

#!""

$"""

! ! ![%&' ]

!
!

!!"
#

"

mQ �Q!
L Q!

R + mL �L!
L L!

R + ! q
i Q

!
R X   Qi

L + ! µ L!
R X   µL + h.c.

excluded by Bs ! Bs

excluded by Bs ! Bs

(Kawamura,Okawa,YO,1706.04344)

LHC bound がかなりきつくなった

LHC bound

LHC bound



他の可能性

There are correlations with other observables in each model.  
Other FV processes are (often) suppressed by hand in these models.

Required NW scale is about

b s
sb

µ µ
µ µ

Z ! X

leptoquark

! ! 25 TeV for C 9 = �1.

H e! =
1

! 2 (sL ! µ bL )( l ! µ l ) !
1

! 2 (sL ! µ bL )( l ! µ ! 5l )



Third example

Z’ model
See the talk of 	O
� (Shigekami)



We introduce extra flavor-dependent U(1) symmetry.

LZ ! = g! öZ !
µ

!
qi öQi

L �µ öQi
L + ql

i l i
L �µ l i

L + qe
i ei

R �µ ei
R

"

g!Z !
µ

!
(gu

L )ij ui
L ! µ uj

L + ( gd
L )ij di

L ! µ dj
L + ql

i l i
L ! µ l i

L + qe
i ei

R ! µ ei
R

"
mass eigenstate



We introduce extra flavor-dependent U(1) symmetry.

b s

µ µ

Z !

LZ ! = g! öZ !
µ

!
qi öQi

L �µ öQi
L + ql

i l i
L �µ l i

L + qe
i ei

R �µ ei
R

"

g!Z !
µ

!
(gu

L )ij ui
L ! µ uj

L + ( gd
L )ij di

L ! µ dj
L + ql

i l i
L ! µ l i

L + qe
i ei

R ! µ ei
R

"
mass eigenstate

(gd
L )sb

qµ

Z’ scale should be around

M Z !

g! !
1

!
qµ (gd

L )sb

" 25 TeV

See the talk of 	O
� (Shigekami)



The stringent bound comes from Bs-Bs mixing.

b s

Z !

b s

µ µ

Z !

b s

(gd
L )sb (gd

L )sb

(gd
L )sb

M Z !

g! !
1

(gd
L )sb

! 200 TeV

qµ

The constraint from Bs-Bs mixing

Is it possible to explain the b to s ll excesses?

M Z !

g! !
1

(gd
L )sb

! 200 TeV

The constraint from Bs-Bs mixing

See the talk of 	O
� (Shigekami)



How about other processes?

b s

µ µ

Z !

(gd
L )sb

qµ

Excess reported



How about other processes?

b s

µ µ

Z !

(gd
L )sb

qµ

Bs ! µµ

BR(Bs ! µµ)
BR(Bs ! µµ)SM

= |1 " 0.24Cµ
10|2

C10 contributes to Bs "$$ : 

C10 from LL coupling is positive when C9<0 

Excess reported



How about other processes?

b s

µ µ

Z !

(gd
L )sb

qµ

b s

Z !

(gd
L )sb

! !

Bs ! µµ

BR(Bs ! µµ)
BR(Bs ! µµ)SM

= |1 " 0.24Cµ
10|2

C10 contributes to Bs "$$ : 

C10 from LL coupling is positive when C9<0 

b ! s!!

(bL �µ sL )(µL �µ µL ) (bL ! µ sL )( " L ! µ " L )

is also predicted.

Current status (1303.7465(BaBar),1303.3719(Belle)):

Current upper limits are a factor 
4.3 (K) and 4.4(K*) 

above the SM predictions. 

qµ

Excess reported



一般的には、全てのelement にFCNC が出る:

 K-Kbar

b

Z !

s

Z !

d d
(gd

L )db (gd
L )ds

|(gd
L )db| ! 8.54! 10! 3

!
M Z ! /g "

10TeV

"
|(gd

L )sd | ! 3.47 � 10! 4
!

M Z ! /g "

10TeV

"
  B-Bbar

Z ! Z !

µ µe !

(qe)µe (qe)µ !

!
qe(qe)eµ ! 1.88! 10! 2

"
M Z ! /g "

10TeV

# !
qµ (qe)! µ ! 0.29

"
M Z ! /g !

10TeV

#
$" 3e %" 3$



Second example

Leptoquark model



sb

µ µ

X

leptoquark



sb

µ µ

X

leptoquark

Candidates for X 

spin-0 X:
(Hiller,Schmaltz,1408.1627;Chen, Nomura, et al.,1703.03251;
Becirevic,Sumensari,1704.05835; etc.)

! ij
1L Qc

Li i"2 Lj XS + ! ij
3L Qc

Li i"2 X3Lj



sb

µ µ

X

leptoquark

Candidates for X 

spin-0 X:

spin-1 X:

(Hiller,Schmaltz,1408.1627;Chen, Nomura, et al.,1703.03251;
Becirevic,Sumensari,1704.05835; etc.)

(Sahoo, Mohanta, et al., 1609.04367; etc.)

hij
1L QLi ! µ L j X S

µ + hij
3L QLi " a! µ L j X a

µ

! ij
1L Qc

Li i"2 Lj XS + ! ij
3L Qc

Li i"2 X3Lj



Interesting points are  
  R(D) and R(D*) anomalies may be also explained.

B ! D (! ) ! "

R(D)
0.2 0.3 0.4 0.5 0.6

R
(D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5
BaBar, PRL109,101802(2012)
Belle, arXiv:1507.03233
LHCb, arXiv:1506.08614
Average

 = 1.02!"

SM prediction

HFAG

EPS 2015

) = 55%2!P(

HFAG

Prel. EPS2015

lepton universality of B" D(*)%&

b New 
Physics

c

!
!

Talk of Trabelsi on 31th



B →D(*)lν processes
(l=e, μ, τ)



The new particle that may appear in R(D(*))  
is charged Higgs!

b c

!
!

H-
! m!



B →D(*)lν processes を記述するOperators

(Fajfer, et al., 1203.2654; Sakaki,Tanaka,1205.4908;Crivellin,et al., 1206.2634)

SM
leptoquark

 charged Higgs appears



B →D(*)lν processes を記述するOperators

(Fajfer, et al., 1203.2654; Sakaki,Tanaka,1205.4908;Crivellin,et al., 1206.2634)

SM
leptoquark

 charged Higgs appears

In B " D*%&

In B " D%&

!D ! |(c! 5b)|B " = #
qµ

mb + mc
!D ! |(c! µ! 5b)|B "

!D |(cb)|B " =
qµ

mb # mc
!D |(c! µb)|B "

 charged Higgs contributions



The charged Higgs contributions
Notation:

where

(Fajfer, et al., 1203.2654; Sakaki,Tanaka,1205.4908;Crivellin,et al., 1206.2634)



The charged Higgs contributions
Notation:

where

(Fajfer, et al., 1203.2654; Sakaki,Tanaka,1205.4908;Crivellin,et al., 1206.2634)

b c

!
!

H-

In MFV (type-II)

(BaBar, 1303.0571)

! m! tan !

Talk of Trabelsi on 31th



b c

!
!

H-

In non-MFV (type-II)

(Crivellin,et al., 1206.2634)

R(D)

R(D*)

Free parameters



Bc decay rules out the explanation!

c

!

b

!

Bc ! ! "
H±

Br (Bc ! ! " ) =

!
!
!
!1 + #LQ +

m2
B c

m! (mb + mc)
#H ±

!
!
!
!

2

Br (Bc ! ! " )SM

(Alonso,Grinstein,et al., 1611.06676; Akeroyd,Chen,1708.04072)

(Beneke,Buchalla, 9601249.)

Exclusion based on  
theoretical calculation 

See �ª�� (Iguro)Õtalk on 31th

B ! D ! ! "



Let’s see the other candidate, leptoquark!

sb

X

l l!



Leptoquark, for instance, predicted by Pati-Salam:
SU(4)!SU(2)L!SU(2)R (Calibbi,Crivellin,Li,arXiv:1709.00692.)

! ! ij

!
db i

L " µ ej
L + ( VCKM )ki ub k

L " µ #j
L

"
X b µL SU (4) = g4

!
ölIL öqb I

L

" #
Bµ X a  

µ

X b
µ Gba

µ

$
! µ

#
ölIL
öqa I
L

$



Leptoquark, for instance, predicted by Pati-Salam:
SU(4)!SU(2)L!SU(2)R (Calibbi,Crivellin,Li,arXiv:1709.00692.)

! ! ij

!
db i

L " µ ej
L + ( VCKM )ki ub k

L " µ #j
L

"
X b µL SU (4) = g4

!
ölIL öqb I

L

" #
Bµ X a  

µ

X b
µ Gba

µ

$
! µ

#
ölIL
öqa I
L

$

B " D(*)%&

B " K(*)llÕ

H eff =
! �

33Vci ! i 3

M 2
X

(cL " µ bL )(#L " µ $�
L )

H eff =
! !

3l ! 2l !

M 2
X

(sL " µ bL )( lL " µ l "
L )

R(D (! ) )
R(D (! ) )SM

=

!
!
!
!
!
1 +

!
2

4GF Vcb

! !
33Vci ! i 3

M 2
X

!
!
!
!
!

2



Leptoquark, for instance, predicted by Pati-Salam:
SU(4)!SU(2)L!SU(2)R (Calibbi,Crivellin,Li,arXiv:1709.00692)

! ! ij

!
db i

L " µ ej
L + ( VCKM )ki ub k

L " µ #j
L

"
X b µL SU (4) = g4

!
ölIL öqb I

L

" #
Bµ X a  

µ

X b
µ Gba

µ

$
! µ

#
ölIL
öqa I
L

$

B " D(*)%&

B " K(*)llÕ

H eff =
! �

33Vci ! i 3

M 2
X

(cL " µ bL )(#L " µ $�
L )

H eff =
! !

3l ! 2l !

M 2
X

(sL " µ bL )( lL " µ l "
L )

R(D (! ) )
R(D (! ) )SM

=

!
!
!
!
!
1 +

!
2

4GF Vcb

! !
33Vci ! i 3

M 2
X

!
!
!
!
!

2



For R(D) and R(D*) anomalies,
1

! 2 (cL ! µ bL )( "L ! µ #L ) ! ! 2.4 TeV

Assuming 1
! 2

!
Vcb(cL ! µ bL )( "L ! µ #L ) + ( bL ! µ bL )( "L ! µ "L )

"

pp"%%@LHC
(ATLAS,1502.07177;1608.00890)

for R(D(*)) anomalies

where ! = M U /g Upp" tt &&@LHC

(ATLAS, 1605.06035,1508.04735)

M U > 770GeV
(Faroughy, Greljo, Kamenik, 1609.07138)

10 times smaller than RK



Summary
・Flavor physics in Beyond SM: 

! F=2 processes, especially K-Kbar, and LFVs are very sensitive.

Minimal Flavor Violation is a good way to avoid the stringent bounds.

Even in this case, LHC excludes the low mass region.

!"#$%&%'()

M* !+,- "

%*

%.

/*

/.

0*

(Kawamura, YO, arXiv:1710.03412)

Natural SUSY case



・B→M ll’ in Beyond SM: 

END

b q

l l !

Bq ! ll !

B ! M ll !

suppressed 
by lepton mass in SM

Constrain New Physics

Excesses reported in LFU of b" cl& and bs ll

R(D (! ) ), RK , RJ/ !

(Watanabe,1709.08644;
Alok,et.al,1710.04127;
Duta,1710.00351)

NP Candidates: 
      MFV difficult 
     " Z’, 2HDM, leptoquark 

Direct NP search@LHC 
wii be also sensitive



Backup
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Yukawa coupling for lepton with Dirac Neutrino:

Neutrino mass をもたせると 

explicit flavor symmetry violation

VP MNS = V eV !  

! L l
Y = Y e

ff ! l f
L Hef !

R + Y !
f f ! l f

L
!H ! f !

R + h.c.

Y e
ff ! = ( V e  )fk

!
2ml

k

v
(V e

R )kf ! Y !
f f ! = ( V !   )fk

!
2m!

k

v
(V !

R )kf !

U(3)eR×U(3)&R �p	«�d�”

U(3)lL �p Ve=V& �p�s�M�v�“�z�†�M	«�d�s�M

PMNS matrix



Decay widths for RK and RK*

For RK

For RK*



B0 ! K !
0 µ+ µ"Angular analysis of (1308.1707; 1512.04442

;ATLAS-CONF-2017-023;CMS-PAS-BPH-15-008)

(Blake,Gersabeck, et al., 1703.10005)

!

B 0
d

µ+

µ!

K +

! !

! L θK

Talk of Trabelsi on 31th



B0 ! K !
0 µ+ µ"Angular analysis of (1308.1707; 1512.04442

;ATLAS-CONF-2017-023;CMS-PAS-BPH-15-008)

!

B 0
d

µ+

µ!

K +

! !

! L θK

Define the observables that are 
less sensitive to the choice of the form factors. 

(Descotes-Genon,et.al.,1207.2753)

SM prediction



�~ But excesses are reported in flavor universalities of B" K(*)ll,

that is not relevant to the ambiguity.

�~ Angular analysis would be relevant to the contribution.

(*)

Form factor in B" K(*)ll can be estimated in heavy quark and large E limit.

The 4-quark operator largely contributes via one-loop 
(hep-ph/9812358;1503.05534)

! O(10)%

(Khodjamirian,et.al.,1006.4945)



B →D(*)lν processes を記述するOperators

(Fajfer, et al., 1203.2654; Sakaki,Tanaka,1205.4908;Crivellin,et al., 1206.2634)

SM
leptoquark

 charged Higgs appears

B " D*%&

B " D%&

(Iguro,Tobe,1708.06176)


