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Preface

Though all phenomena seems to be well described by the Standard Model,
it should be regarded as an effective theory of a more fundamental theory 

Flavor physics play a role of 

Flavor puzzle, Neutrino, Hierarchy problem, DM, BAU,,

Indirect searches are complementary to direct searches at the LHC and probe 
NP at high energy scale which is not accessible at collider 

Intensity frontierEnergy frontier

LHC at high-pT Flavor physics 

probing NP identify origin of flavor puzzle

Recent low-energy data (“flavor anomalies”)  
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Flavor structure in the SM

3

∑
i=1

∑
ψi

ψ̄iiDψifermion sector

ℒSM = ℒgauge + ℒHiggs

U(3)5 = U(3)QL
× U(3)uR

× U(3)dR
× U(3)LL

× U(3)eR

ψi → Uijψj

 in gauge sector,  there is 3 identical replicas of the basic fermion family 
[ψ = QL, uR, dR, LL, eR]



Flavor structure in the SM

3

∑
i=1

∑
ψi

ψ̄iiDψi

 in gauge sector,  there is 3 identical replicas of the basic fermion family 
[ψ = QL, uR, dR, LL, eR]

    ⇒  large flavor symmetry  is found in gauge sector   U(3)5

can be identified with B, L, U(1)Y, PQ and U(1)E controll flavor dynamics 

fermion sector

ℒSM = ℒgauge + ℒHiggs

U(3)5 = U(3)QL
× U(3)uR

× U(3)dR
× U(3)LL

× U(3)eR

U(3)5 = U(3)QL
× U(3)uR

× U(3)dR
× U(3)LL

× U(3)eR

= SU(3)5 × U(1)5

ψi → Uijψj

 flavor-independent phase
 +  flavor-dependent mixing matrix
U(1)

SU(3)



Flavor structure in the SM

3

∑
i=1

∑
ψi

ψ̄iiDψi ℒY = Q̄i
LYij

Ddj
RH + Q̄i

LYij
Uuj

RH̃ + L̄i
LYij

Eej
RH + (h . c.)

  flavor symmetry is broken only by the Yukawa interactionU(3)5

fermion sector

ℒSM = ℒgauge + ℒHiggs

U(3)5 = U(3)QL
× U(3)uR

× U(3)dR
× U(3)LL

× U(3)eR

quark sector
 　→　Q̄i

LYij
Ddj

RH d̄i
LMij

Ddj
R

The Y are not hermitian → diagonalized by bi-unitary transformations: 

V†
DYDUD = diag(yd, ys, yb)

V†
UYUUU = diag(yu, yc, yt)

 　→　Q̄i
LYij

Uuj
RH̃ ūi

LMij
Uuj

R
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YD = VD diag(yd, ys, yb) U†
D

YU = VU diag(yu, yc, yt) U†
U

The Y are not hermitian → diagonalized by bi-unitary transformations: 
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The residual flavor symmetry let us to choose flavor basis where only one of  
or  is diagonal: 

YD
YU

or

down-quark diagonal basis up-quark diagonal basis
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fermion sector

ℒSM = ℒgauge + ℒHiggs

U(3)5 = U(3)QL
× U(3)uR

× U(3)dR
× U(3)LL

× U(3)eR

quark sector
 　→　Q̄i

LYij
Ddj

RH d̄i
LMij

Ddj
R

     →              →  
     →      → 

YD = VD diag(yd, ys, yb) U†
D diag(yd, ys, yb) V†

UVD diag(yd, ys, yb)
YU = VU diag(yu, yc, yt) U†

U V†
DVU diag(yu, yc, yt) diag(yu, yc, yt)

 　→　Q̄i
LYij

Uuj
RH̃ ūi

LMij
Uuj

R

The residual flavor symmetry let us to choose flavor basis where only one of  
or  is diagonal: 

YD
YU

or

down-quark diagonal basis up-quark diagonal basis

 : non-trivial unitary matrixV†
UVD ≡ V



Flavor structure in the SM

To diagonalize both mass matrix, we need to rotate separately  and  
(non gauge-invariant basis)

uL dL

　ℒgauge ⊃ g
2

(ūi
Lγμdi

L)Wμ

Take down-quark diagonal basis

,     YD = diag(yd, ys, yb) YU = V† × diag(yu, yc, yt)

WR WL

ui

di



Flavor structure in the SM

To diagonalize both mass matrix, we need to rotate separately  and  
(non gauge-invariant basis) ⇒  appears in charged-current gauge interactions: 

uL dL
V

　→　 ℒgauge ⊃ g
2

(ūi
Lγμdi

L)Wμ
g
2

(ūi
LγμVikdk

L)Wμ

This non-trivial mixing matrix  originates only from the Higgs sectorV

 : Cabibbo-Kobayashi-Maskawa (CKM) matrixV

Take down-quark diagonal basis

,     YD = diag(yd, ys, yb) YU = V† × diag(yu, yc, yt)

WR WL

ui

di

ui dk

Wμ

Vik

Neutral-current remains flavor diagonal



Flavor structure in the SM

To diagonalize both mass matrix, we need to rotate separately  and  
(non gauge-invariant basis) ⇒  appears in charged-current gauge interactions: 

uL dL
V

　→　 ℒgauge ⊃ g
2

(ūi
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Take down-quark diagonal basis
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di
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Vik
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VCKMV†
CKM = 1

3 real parameters 
(angles)
          +
1 complex phase 
(CP violation)

 : Cabibbo-Kobayashi-Maskawa (CKM) matrixV
In the SM quark sector
10 observables parameters 

6 quark masses
3+1 CKM parameters



Flavor structure in the SM

To diagonalize both mass matrix, we need to rotate separately  and  
(non gauge-invariant basis) ⇒  appears in charged-current gauge interactions: 

uL dL
V

Take down-quark diagonal basis

,     YD = diag(yd, ys, yb) YU = V† × diag(yu, yc, yt)

WR WL

ui

di

In the SM quark sector
10 observables parameters 

6 quark masses
3+1 CKM parameters

In the SM lepton sector
3 observables parameters 

3 lepton masses

In the lepton sector, we can diagonalize  in a gauge invariant way 
 (we ignore neutrino mass at this level)

YE

YE = diag(ye, yμ, yτ)



Flavor structure in the SM

To diagonalize both mass matrix, we need to rotate separately  and  
(non gauge-invariant basis) ⇒  appears in charged-current gauge interactions: 

uL dL
V

Take down-quark diagonal basis

,     YD = diag(yd, ys, yb) YU = V† × diag(yu, yc, yt)

WR WL

ui

In the SM quark sector
10 observables parameters 

6 quark masses
3+1 CKM parameters

In the SM lepton sector
3 observables parameters 

3 lepton masses

In the lepton sector, we can diagonalize  in a gauge invariant way 
 (we ignore neutrino mass at this level)

YE

YE = diag(ye, yμ, yτ)

13 flavor parameters in the SM

Majority of the SM parameters (19)

Mass :  3rd > 2nd > 1st

                Mu,d,e ∼ ( )

Hierarchical structure :

Is there deeper explanation ?

The SM flavor problem



CKM fit Wolfenstein parametrization ( )λc, ρ, η, A

                VCKM ∼ ( )
Strongly 
hierarchical 
structure

 : Cabibbo angleλc = 0.22



Wolfenstein parametrization ( )λc, ρ, η, A

                VCKM ∼ ( )
Strongly 
hierarchical 
structure

VCKMV†
CKM = 1

Unitarity

 Unitarity triangleb → d

V*ubVud + V*cbVcd + V*tbVtd = 0

Only  UT (3-1 transition) have  
three sides with same order in   

b → d
λc

Aλ3
c (ρ − iη)

−Aλ3
c

Aλ3
c (1 − ρ − iη)

Re

Im

 : Cabibbo angleλc = 0.22

CKM fit



Wolfenstein parametrization ( )λc, ρ, η, A

                VCKM ∼ ( )
Strongly 
hierarchical 
structure

VCKMV†
CKM = 1

Unitarity

 Unitarity triangleb → d

η

V*ubVud + V*cbVcd + V*tbVtd = 0

ρ

α(ϕ2)

β(ϕ1)γ(ϕ3)

Only  UT (3-1 transition) have  
three sides with same order in   

b → d
λc

These angles and sides of UT are 
determined by various B decays 
experimentally

 : Cabibbo angleλc = 0.22

CKM fit



The NP flavor problem       

At present, measurements of sides 
and angles of CKM UT show a 
remarkable success of the SM 

Serious bounds for NP

CKM fit



← Integrate heavy particle

NP

μNP

μEW

full theory

The NP flavor problem

ℒeff = ℒSM + ∑
i

Ci

Λ2 )d=6
i NP

|CNP | ∼ 1

Indirect searches with FCNCs (Flavour Changing Neutral Currents)

�F lavour = 2 i.e meson mixing

W W

qi

qi

qj

qj

q0

q0

SM : e.g. NP :
qi

qi

qj

qj

Z 0

⌫

�



�
Model-independent descr.:

H
NP

e↵
3

CNP
⇤2
NP

q̄i�qj q̄i�0qj

�(0) = �µPL,R , PL,R , . . .

for |CNP| ⇠ 1 =) ⇤NP

���
@end LHC

⇠

8
<

:

500 TeV : Bs

2000 TeV : Bd

104�105 TeV : K0

probe zeptometer scales (1/200TeV ' 10�21m),

but structure of NP hidden

(CKMFitter; 1309.2293)

(UTFit; 0707.0636)

�F lavour = 1 e.g. rare decays

qi qj

⌫, `

⌫, `Z

qi qj

⌫, `

⌫, `
Z 0

q̃

W̃

Potential access to ±CL,R
NP q̄i�PL,Rqj , . . .

! disentangle NP structure

(B ! K⇤µ̄µ prime example; talks this morning)

K ! ⇡⌫⌫ in the Standard Model and Beyond Rob Knegjens (TUM-IAS) 3

ΛNP ∼

Serious conflict with the expectation of NP around the TeV scale, to stabilize 
the electroweak sector of the SM (The NP flavor problem)

Bs-system    Bd-system   K-system V*tbVts ∼ λ2 ≫ V*tbVtd ∼ λ3 ≫ V*tsVtd ∼ λ5

NP



← Integrate heavy particle

ℒeff ∼ ∑
i

Ci

Λ2 )d=6
i

μNP

μEW

full theory

The NP flavor problem

ℒeff = ℒSM + ∑
i

Ci

Λ2 )d=6
i NP

If we insist with the theoretical prejudice that NP has to emerge in the TeV 
region, we have to conclude that NP have highly non-generic flavor structure

|CNP | ≪ 1 ΛNP ∼ TeV

NP

NP

Bs-system    Bd-system   K-system V*tbVts ∼ λ2 ≫ V*tbVtd ∼ λ3 ≫ V*tsVtd ∼ λ5



The SM flavor problem : the hierarchical structure of the SM Yukawa couplings

The NP flavor problem : current data show no significant deviations from the 
SM in many quark flavor observables

Is there deep 
reason?

NP is very heavy..

NP has a highly non-trivial flavor structure 

or

                Mu,d,e ∼ ( )                 VCKM ∼ ( )



The SM flavor problem : the hierarchical structure of the SM Yukawa couplings

The NP flavor problem : current data show no significant deviations from the 
SM in many quark flavor observables

Is there deep 
reason?

NP is very heavy..

NP has a highly non-trivial flavor structure 

or

Flavor symmetry?

                Mu,d,e ∼ ( )                 VCKM ∼ ( )

(→more detail next)
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In the SM

Assumption that flavor structure in NP is also controlled by Yukawa is the most 
reasonable solution to the NP flavor problem

⇒ Minimal Flavor Violation paradigm 

 GIM & CKM suppression

 Automatic GIM & CKM suppression as in the SM

flavor symmetry  of the gauge sectorU(3)5

SM Yukawa coupling → unique breaking terms of the flavor symmetry 



Minimal Flavor Violation (MFV)

ℒY = Q̄i
LYij

Ddj
RH + Q̄i

LYij
Uuj

RH̃ + L̄i
LYij

Eej
RH + (h . c.)

 ,  ,    YU ∼ (3,3̄,1,1,1) YD ∼ (3,1,3̄,1,1) YE ∼ (1,1,1,3,3̄)

under  GF = SU(3)QL
× SU(3)uR

× SU(3)dR
× SU(3)LL

× SU(3)eR

 ,  
,    

QL ∼ (3,1,1,1,1), uR ∼ (1,3,1,1,1), dR ∼ (1,1,3,1,1)
LL ∼ (1,1,1,3,1) eR ∼ (1,1,1,1,3)

D’Ambrosio, Giudice, Isidori,  
Strumia  [hep-ph/0207036]

assume that  is a good symmetry, and consider   as a spurion with 
non-trivial transformation properties under  :

GF ≡ SU(3)5 YU,D,E
GF
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Minimal Flavor Violation (MFV)

ℒY = Q̄i
LYij

Ddj
RH + Q̄i
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Uuj
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Eej
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under  GF = SU(3)QL
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× SU(3)LL

× SU(3)eR
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,    

QL ∼ (3,1,1,1,1), uR ∼ (1,3,1,1,1), dR ∼ (1,1,3,1,1)
LL ∼ (1,1,1,3,1) eR ∼ (1,1,1,1,3)

3̄QL

We then define that an effective theory satisfies the criterion of MFV                              
if all higher-dimensional operators, constructed from SM and  (spurion) fields YU,D,E

ℒNPinMFV = ∑
i

Ci

Λ2 )d=6
i (SM fields+YU,D,E)

   invariant GF

D’Ambrosio, Giudice, Isidori,  
Strumia  [hep-ph/0207036]

assume that  is a good symmetry, and consider   as a spurion with 
non-trivial transformation properties under  :

GF ≡ SU(3)5 YU,D,E
GF

3QL
× 3̄dR

3dR



Minimal Flavor Violation (MFV)

By introducing  fields,  we can write higher-dimensional operators in  invariant wayYU,D,E GF

        (Q̄i
L γμQj

L)
  GF = SU(3)QL

× SU(3)uR
× SU(3)dR

    YU ∼ (3,3̄,1)



Minimal Flavor Violation (MFV)

By introducing  fields,  we can write higher-dimensional operators in  invariant wayYU,D,E GF

 is transforming as YUY†
U (8,1,1)

   invariant GF(Q̄i
LYUY†

UγμQj
L)

  GF = SU(3)QL
× SU(3)uR

× SU(3)dR
    YU ∼ (3,3̄,1)



Minimal Flavor Violation (MFV)

By introducing  fields,  we can write higher-dimensional operators in  invariant wayYU,D,E GF

e.g.)   FCNC transitionbi → bj

 is transforming as YUY†
U (8,1,1)

   invariant GF

int basis

mass basis

 YD = λd
YU = V†

CKMλu
YE = λe

where

λd = diag(md, ms, mb)/v

λu = diag(mu, mc, mt)/v ∼ diag(0,0,1)
λe = diag(me, mμ, mτ)/v

λ2
t V*ti Vtj(b̄i

Lγμbj
L)

 (YUY†
U)ij = (V†λ2

uV )ij ≃ λ2
t V*ti Vtj

   largest effect∝ ( mt

v )
2

(Q̄i
LYUY†

UγμQj
L)

(b̄i
LYUY†

Uγμbj
L)

  GF = SU(3)QL
× SU(3)uR

× SU(3)dR
    YU ∼ (3,3̄,1)



Minimal Flavor Violation (MFV)

Different flavor transitions are correlated, differences are only CKM

A(di → dj) = ASM + ANP

CNP

Λ2 λ2
t V*ti Vtj

CSM

16π2v2λ2
t V*ti Vtj

  ( CKM factor ) ∝ [ CSM

16π2v2 + CNP

Λ2 ]
In MFV,  flavor violation is completely determined by Yukawa couplings
and all CP violation originates from the CKM phase

  A(b → s) = (VtbV*ts)[ CSM

16π2v2 + CNP

Λ2 ]
               〃            A(s → d) = (VtsV*td) [ ]

 exactly same structure

very predictive



From MFV to U(2)5

MFV virtue MFV main problem

Naturally small effects in FCNC 
observables assuming TeV-scale NP

No explanation for Yukawa hierarchies 
(masses and mixing angles) 

  flavor symmetryU(3)5 = U(3)QL
× U(3)uR

× U(3)dR
× U(3)LL

× U(3)eR

- Largest flavor symmetry group compatible with the SM gauge symmetry

- MFV = minimal breaking of  by SM Yukawa couplingsU(3)5
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  flavor symmetryU(3)5 = U(3)QL
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× U(3)eR

- Largest flavor symmetry group compatible with the SM gauge symmetry
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 flavor symmetryU(2)5

The symmetry is good approximation in the SM Yukawa

The SM flavor puzzle

exact symmetry for   &  mu, md, mc, ms = 0 VCKM = 1
⇒  we only need small breaking terms 

 = ( 1, 2, 3)

 symmetry gives “natural” explanation of why 3rd Yukawa couplings are largeU(2)5

Barbieri, Isidori, Jones-Perez,  
Lodone, Straub [1105.2296]

Striking hierarchy Mass :  3rd > 2nd > 1st Almost diagonal CKM matrix 

                Mu,d ∼ ( )                 VCKM ∼ ( )

U(2) doublet

acting on 1st & 2nd generations only

 3rd Yukawa coupling is allowed by the symmetry singlet



 flavor symmetryU(2)5

Unbroken symmetry

U(2)q

U(2)u

0

@
0 0 1

1

A

After breaking

Yu = yt

0

@
0 0 0
0 0 0
0 0 1

1

A

U(2) breaking (Spurion)

Barbieri, Isidori, Jones-Perez,  
Lodone, Straub [1105.2296]

Under  symmetryU(2)3 = U(2)q × U(2)u × U(2)d
The quarks fields are not triplet anymore (all flavours together) but transform

under GF as

Q(2)
= (Q1, Q2

)≥ (2, 1, 1) Q3
≥ (1, 1, 1) (2)

u(2)
= (u1, u2

) ≥ (1, 2, 1) t ≥ (1, 1, 1) (3)

d(2)
= (d1, d2

) ≥ (1, 1, 2) b ≥ (1, 1, 1) (4)

The only term allowed in the limit of unbroken symmetry is

ytQ
3tHc

(5)

While this term clearly break a U(1) symmetry, it is not clear to me whether

U(1)Q3+t still belongs to GF or both U(1)t and U(1)Q3 are given up on.

Mass spurions We can introduce three breaking spurions

V ≥ (2, 1, 1) (6)

�Yu ≥ (2, 2̄, 1) (7)

�Yd ≥ (2, 1, 2̄) (8)

that enters the Yukawa as

Yu = yt

A
�Yu xtV

0 1

B

Yd = yb

A
�Yd xbV

0 1

B

(9)

We can now parametrise our spurions. The leading spurion V can be written

as

V = ‘UV ŝ2 ŝ2 =

A
0

1

B

(10)

where UV is a 2 ◊ 2 special unitary matrix and ‘ is a real parameter of order

O(|Vcb| ¥ 4 ◊ 10
≠2

). The other spurions can be written as

�Yu = U †
Qu

�yuUu (11)

�Yd = U †
Qd

�ydUd (12)

where �yu =diag(⁄u1 , ⁄u2) and �yd =diag(⁄d1 , ⁄d2) and the U ’s are 2 ◊ 2

unitary matrices. By construction ⁄d2 ¥ ms/mb = O(‘) and similarly ⁄d1 ¥

md/mb, ⁄u1 ¥ mu/mt, ⁄u2 ¥ mc/mt . To understand the number of degrees

of freedom, we observe that the most general �Y has 2 ◊ 4 = 8 parameters,

2

Spurion

(U(2) breaking term)

quark

Δu
|Δu | ∼ yc ∼ )(10−2)

,  ,  Vq ∼ (2,1,1) Δu ∼ (2,2̄,1) Δd ∼ (2,1,2̄)

 flavor symmetry provides natural link to the Yukawa couplingsU(2)

Vq |Vq | ∼ |Vts | ∼ )(10−1)



Yukawa after removing unphysical parameters

where

Ld ≈
cd −sd eiαd 0

sd e−iαd cd sb

−sd sb e−i(αd+ϕq) −cd sb e−iϕq e−iϕq

Rd ≈

1 0 0
0 1 ms

mb
sb

0 − ms

mb
sb e−iϕq e−iϕq

 :  diagonal positive matrix

 :  orthogonal matrix

 , 

Δ̂u,d,e 2 × 2
Ou,e 2 × 2

Uq = ( cd sd eiαd

−sd e−iαd cd ) ⃗n = (0
1)

Yu = |yt |(U†
qO⊺

u Δ̂u |Vq | |xt | eiϕq ⃗n
0 1 )

Yd = |yb |(U†
qΔ̂d |Vq | |xb | eiϕq ⃗n
0 1 )

Structure of Yukawa is fixed under  symmetry 
→ elements in diagonal matrixes are described by CKM elements & fermions masses

U(2)

diag(Yf ) = L†
f Yf Rf ( f = u, d)Yf

QL → L†
d QL dR → Rd†dR

 flavor symmetryU(2)5

constrained

sd /cd = |Vtd /Vts | , αd = − Arg(Vtd /Vts) , st = sb − Vcb , su sb/cb = |xb | |Vq | , ϕq

sτ /cτ = |xτ | |Vℓ | , se



where

Ld ≈
cd −sd eiαd 0

sd e−iαd cd sb

−sd sb e−i(αd+ϕq) −cd sb e−iϕq e−iϕq

Rd ≈

1 0 0
0 1 ms

mb
sb

0 − ms

mb
sb e−iϕq e−iϕq

diag(Yf ) = L†
f Yf Rf ( f = u, d)Yf

QL → L†
d QL dR → Rd†dR

 flavor symmetryU(2)5

constrained

sd /cd = |Vtd /Vts | , αd = − Arg(Vtd /Vts) , st = sb − Vcb , su sb/cb = |xb | |Vq | , ϕq

sτ /cτ = |xτ | |Vℓ | , se

U(2) relations

  NP strength in   =  NP strength in  b → c(s) b → u(d)

b → cℓν
b → uℓν

= b → cℓν
b → uℓν

SM

b → sℓℓ
b → dℓℓ

= b → sℓℓ
b → dℓℓ

SM

  process with right-handed light fermions suppressed by 
ms

mb
,

mμ

mτ



From MFV to U(2)5

MFV virtue MFV main problem

No explanation for Yukawa hierarchies 
(masses and mixing angles) 

  flavor symmetryU(2)5 = U(2)QL
× U(2)uR

× U(2)dR
× U(2)LL

× U(2)eR

- The exact symmetry limit is good starting point for the SM quark spectrum     
(   &  ) ⇒  we only need small breaking terms mu, md, mc, ms = 0 VCKM = 1

- B-anomalies are compatible with U(2) flavor symmetry   (→ more later)

- acting on 1st & 2nd generations only

  flavor symmetryU(3)5 = U(3)QL
× U(3)uR

× U(3)dR
× U(3)LL

× U(3)eR

- Largest flavor symmetry group compatible with the SM gauge symmetry

- MFV = minimal breaking of  by SM Yukawa couplingsU(3)5

Naturally small effects in FCNC 
observables assuming TeV-scale NP



Comments

A. Faroughy, Isidori, Wilsch, KY 
[2005.05366]

These flavor symmetries are not necessarily fundamental symmetries of UV 
theory   

This effective approach is useful way for systematic NP analysis

Froggatt-Nielsen in SMEFT Bordone, Cata, Feldmann [1910.02641]

2499 in SMEFT drastic reduction for number 
of independent parameters 

flavor symmetry

Classification SMEFT operators under U(3) and U(2)

SMEFT with flavor symmetry 

Correlations between low-energy phenomena and high-pT



Introduction to flavor physics

Flavor symmetry

Lepton Flavor Universality & Future prospects

Summary

Outline



Lepton Flavour Universality is a consequence of the accidental flavor symmetry of the 
SM Lagrangian in the limit neglecting Yukawa couplings : 

Lepton Flavor Universality test

No reason to assume it holds beyond the SM 

There lepton families are identical in gauge sector
→  flavor symmetryU(3)5

However, it has been extremely well satisfied in several systems: 

What about Semileptonic processes involving 3rd gen. quarks ? → Next

             decays : 
 decays : 
 decays : 

 decays : 

Z → ℓℓ ∼ 0.1 %
τ → ℓνν̄ ∼ 0.1 %

K → (π)ℓν ∼ 0.1 %
π → ℓν ∼ 0.01 %

ℒSM = ℒgauge + ℒHiggs



RD(⇤) =
B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)`⌫)

b ! c⌧⌫

Tree-level in SM

LFUV in τ vs μ/e
τ
ντ

W

D(*)B̄

B anomalies

Rexp
D(*) > RSM

D(*)

In the last few years, LHCb, Belle and BaBar reported some deviations from the 
SM in LFU of semileptonic B decays  and  (“B anomalies”)b → cτν̄ b → sμμ̄

Hadronic uncertainties cancel (to a large extent) in the ratio

 are consistent with universal enhancement of the SM like 
 contribution

RD & RD*
bL → cLτLν̄L

D : pseudo scalar meson
D* : vector mesonD(*) {



0.5 1 1.5
KR

-1LHCb 9 fb
4c/2 < 6.0 GeV2q1.1 < 

Belle
4c/2 < 6.0 GeV2q1.0 < 

BaBar
4c/2 < 8.12 GeV2q0.1 < 

Figure 4: Comparison between RK measurements. In addition to the LHCb result, the mea-
surements by the BaBar [113] and Belle [114] collaborations, which combine B+

! K+`+`� and
B0

! K0
S`

+`� decays, are also shown.

is compatible with the SM prediction with a p-value of 0.10%. The significance of
this discrepancy is 3.1 standard deviations, giving evidence for the violation of lepton
universality in these decays.
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The decays B → K∗!+!−, where K∗ → Kπ and
!+!− is either an e+e− or µ+µ− pair, arise from flavor-
changing neutral currents (FCNC), which are forbidden
at tree level in the Standard Model (SM). The lowest-
order SM processes contributing to these decays are the
photon or Z penguin and the W+W− box diagrams
shown in Fig. 1. The amplitudes can be expressed in
terms of effective Wilson coefficients for the electromag-
netic penguin, Ceff

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

9 and Ceff

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

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

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

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

3

2
FL cos2 θK +

3

4
(1 − FL)(1 − cos2 θK) (1)

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

3

4
FL(1−cos2 θ!)+

3

8
(1−FL)(1+cos2 θ!)+AFB cos θ! (2)

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

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

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

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

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

7 is

q q

b st,c,u
W −

γ , Z

l +

l −

q q

b st,c,u

W +W − ν

l − l +

FIG. 1: Lowest-order Feynman diagrams for b → s!+!−.

allowed. At high q2, the product of Ceff

9 and Ceff

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

9 Ceff

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

7 , Ceff

9 and Ceff

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

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

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

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

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

S
→ π+π− candidates are required

to have an invariant mass consistent with the nominal K0

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

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

√

s/4 − p∗2B and ∆E = E∗
B −√

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

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

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

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

The most significant background arises from random

4

B0 ! K⇤0µ+µ�

SM: 

EFT: Le↵ =
4GFp

2
VtsV

⇤
tb

X

i

Ci Oi

O9 =
e
2

16⇡2
(b̄L�µsL)(¯̀�

µ
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O7 =
e

16⇡2
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µ⌫
sLFµ⌫

O10 =
e
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�

b ! s``

loop-level in SM

LFUV in μ vs e

B anomalies

Rexp
K(*) < RSM

K(*)

In the SM RK(*) ≃ 1

Table 5: Measured RK⇤0 ratios in the two q2 regions. The first uncertainties are statistical and
the second are systematic. About 50% of the systematic uncertainty is correlated between the
two q2 bins. The 95.4% and 99.7% confidence level (CL) intervals include both the statistical
and systematic uncertainties.

low-q2 central-q2

RK⇤0 0.66 + 0.11
� 0.07 ± 0.03 0.69 + 0.11

� 0.07 ± 0.05

95.4% CL [0.52, 0.89] [0.53, 0.94]

99.7% CL [0.45, 1.04] [0.46, 1.10]

0 1 2 3 4 5 6

q
2 [GeV2

/c
4]

0.0
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R
K

�0
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Figure 10: (left) Comparison of the LHCb RK⇤0 measurements with the SM theoretical predic-
tions: BIP [26] CDHMV [27–29], EOS [30, 31], flav.io [32–34] and JC [35]. The predictions are
displaced horizontally for presentation. (right) Comparison of the LHCb RK⇤0 measurements
with previous experimental results from the B factories [4, 5]. In the case of the B factories the
specific vetoes for charmonium resonances are not represented.

of 3 fb�1 of pp collisions, recorded by the LHCb experiment during 2011 and 2012, are
used. The RK⇤0 ratio is measured in two regions of the dilepton invariant mass squared
to be

RK⇤0 =

(
0.66 + 0.11

� 0.07 (stat) ± 0.03 (syst) for 0.045 < q
2

< 1.1 GeV2
/c

4
,

0.69 + 0.11
� 0.07 (stat) ± 0.05 (syst) for 1.1 < q

2
< 6.0 GeV2

/c
4
.

The corresponding 95.4% confidence level intervals are [0.52, 0.89] and [0.53, 0.94]. The
results, which represent the most precise measurements of RK⇤0 to date, are compatible
with the SM expectations [26–35] at 2.1–2.3 standard deviations for the low-q2 region
and 2.4–2.5 standard deviations for the central-q2 region, depending on the theoretical
prediction used.

Model-independent fits to the ensemble of FCNC data that allow for NP contribu-
tions [27–35] lead to predictions for RK⇤0 in the central-q2 region that are similar to the
value observed; smaller deviations are expected at low-q2. The larger data set currently
being accumulated by the LHCb collaboration will allow for more precise tests of these
predictions.
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RK(*) =
∫ dΓ(B → K(*)μμ)
∫ dΓ(B → K(*)ee)

 :       
mass squared of lepton pair 
q2 q2 = (p(ℓ) + p(ℓ̄))2

 data show discrepancy from the 
SM in same direction →Left-handed NP 
RK & RK*

bL → sLμLμ̄L

2021

2021

2012

In the last few years, LHCb, Belle and BaBar reported some deviations from the 
SM in LFU of semileptonic B decays  and  (“B anomalies”)b → cτν̄ b → sμμ̄
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The decays B → K∗!+!−, where K∗ → Kπ and
!+!− is either an e+e− or µ+µ− pair, arise from flavor-
changing neutral currents (FCNC), which are forbidden
at tree level in the Standard Model (SM). The lowest-
order SM processes contributing to these decays are the
photon or Z penguin and the W+W− box diagrams
shown in Fig. 1. The amplitudes can be expressed in
terms of effective Wilson coefficients for the electromag-
netic penguin, Ceff

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

9 and Ceff

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

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

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

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

3

2
FL cos2 θK +

3

4
(1 − FL)(1 − cos2 θK) (1)

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

3

4
FL(1−cos2 θ!)+

3

8
(1−FL)(1+cos2 θ!)+AFB cos θ! (2)

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

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

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

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

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

7 is

q q

b st,c,u
W −

γ , Z

l +

l −

q q

b st,c,u

W +W − ν

l − l +

FIG. 1: Lowest-order Feynman diagrams for b → s!+!−.

allowed. At high q2, the product of Ceff

9 and Ceff

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

9 Ceff

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

7 , Ceff

9 and Ceff

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

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

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

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

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

S
→ π+π− candidates are required

to have an invariant mass consistent with the nominal K0

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

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

√

s/4 − p∗2B and ∆E = E∗
B −√

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

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

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

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

The most significant background arises from random
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RD(⇤) =
B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)`⌫)

b ! c⌧⌫ b ! s``

Tree-level in SM

LFUV in τ vs μ/e

loop-level in SM

LFUV in μ vs e
τ
ντ

W

D(*)B̄

Rexp
K(*) < RSM

K(*)

NP in       NP in b → cτντ ≫ b → sμμ

~20% of  SM loop effect~15% of SM tree-level effect

B anomalies

NP which strongly couples to 3rd gen. is favored

33 22

Rexp
D(*) > RSM

D(*)

RK(*) =
∫ dΓ(B → K(*)μμ)
∫ dΓ(B → K(*)ee)

In the last few years, LHCb, Belle and BaBar reported some deviations from the 
SM in LFU of semileptonic B decays  and  (“B anomalies”)b → cτν̄ b → sμμ̄



B anomalies
Combined EFT solution 

Qi
L Lα

L

Qj
L Lβ

L

Cijαβ

Λ2 (Q̄i
LΓQj

L)(L̄α
LΓLβ

L)

 Anomalies are seen in only semi-leptonic (quark × lepton) operators
 left-handed current current operators are favored
 Hierarchical NP is needed

3rd 2nd (&1st)
 + [small terms for 2nd (& 1st) generations] Cijαβ = δi3δj3δi3δj3



Yukawa (SM flavor hierarchies)                             

B anomalies

 Anomalies are seen in only semi-leptonic (quark × lepton) operators
 left-handed current current operators are favored
 Hierarchical NP is needed

Combined EFT solution 

Qi
L Lα

L

Qj
L Lβ

L

Cijαβ

Λ2 (Q̄i
LΓQj

L)(L̄α
LΓLβ

L)

3rd 2nd (&1st)
 + [small terms for 2nd (& 1st) generations] Cijαβ = δi3δj3δi3δj3

Similar hierarchy in Yukawa couplings!
Nicely match with U(2) flavor symmetry

U(2)5
B-anomaly hint NP coupled dominantly to 

3rd generation 



Yukawa (SM flavor hierarchies)                             

B anomalies in U(2) EFT

Qi
L Lα

L

Qj
L Lβ

L

Cijαβ

Λ2 (Q̄i
LΓQj

L)(L̄α
LΓLβ

L)

3rd 2nd (&1st)
 + [small terms for 2nd (& 1st) generations] Cijαβ = δi3δj3δi3δj3

U(2)5
B-anomaly hint NP coupled dominantly to 

3rd generation 

Flavor structure is controlled by minimally broken U(2)Q × U(2)ℓ

Relevant spurions : ,  Vq ∼ (2,1) Vℓ ∼ (1,2)

 +  + …δi3Vqδi3δj3 δi3VqVℓVℓ

b→cτν b→sμμ
)(V ) )(V3)≫

Realize hierarchical NP favored by B anomalies : 

V ∼ )(10−1)



ΔRK(*)

BR(Bs → μμ̄)

SM

s τ
= 0

s τ
= − 0.1λμℓ

CS/C
V

= 2

ΔRK(*)

B anomalies in U(2) EFT

 : NP strength,  : Flavor structure CV, CS ΛV, ΛS

ℒEFT ⊃ ℒSM − 1
v2 [CV Λ[ijαβ]

V ()(1)
ℓq+)(3)

ℓq) + (2 CS Λ[ijαβ]
S )ℓedq + h . c . )]

Fuentes-Martin, Isidori, Pages, KY 
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Since NP couples mainly to 3  generation, test  with charged currentrd U(2)5

• Dashed ellipses:           
 only 

• Full ellipses:                         
+  

•  lines for each 
observable 

• Neutral current with 
maximum spurion size 
not very constraining 

• Two specific vector 
leptoquark scenario (red)

RD, RD*

ℬ(B → τν)

1σ
SM

- - - : Chi2 w  (b→c)

— : Chi2 w  (b→c) +  (b→u)

RD(*)

RD(*) B−

λs
q = 3 |Vts |

U(2) Predictions : b→c( )= b→u( )Cc
V(S) Cu

V(S)

Charged-current Neutral-current

Current data is consistent with U(2) prediction

Two 
bench 
mark 
point

8

FIG. 4. Predictions for B(Bs ! µµ̄) as a function of
�RK(⇤) . The purple and green bands correspond to two dif-
ferent benchmark parameter values. The combination of AT-
LAS, CMS and LHCb measurements of B(Bs ! µµ̄), and the
combined RK(⇤) measurement are also shown.

�s

q
,�µ

`
= O(10�1). This coincidence in size for quark and

lepton spurions points to the interesting possibility of a
common origin for the two leading U(2)5 breaking terms.

c. Bs ! µµ̄. Among b ! sµµ̄ transitions, a special
role is played by Bs ! µµ̄, where the chiral enhance-
ment of the scalar amplitude allows us to probe the he-
licity structure of the NP interaction. The branching
ratio normalised to the SM value reads

B(Bs ! µµ̄)

B(Bs ! µµ̄)SM
=

����1 +
�Cµ

10

CSM
10

+ �s ⌘S
m⌧

mµ

Cµ

P

CSM
10

����
2

+

✓
1�

4m2
µ

m2
Bs

◆ �����s ⌘S
m⌧

mµ

Cµ

S

CSM
10

����
2

.

(44)

Expressing the deviations in the Wilson coe�cients in
terms of �RK(⇤) , by means of (41) and (42), leads to

B(Bs ! µµ̄)

B(Bs ! µµ̄)SM
=

����1�
�RK(⇤)

0.47 CSM
10

✓
1� �s ⌘S

s⌧
�µ

`

CS

C⇤
V

◆����
2

+

✓
1�

4m2
µ

m2
Bs

◆ ����
�RK(⇤)

0.47 CSM
10

�s ⌘S
s⌧
�µ

`

CS

C⇤
V

����
2

. (45)

Current experimental measurements [67–71] yield

B(Bs ! µµ̄)exp = 2.72(34)⇥ 10�9 , (46)

which is about 2.6� below the SM expectation: B(Bs !
µµ̄)SM = 3.66(14) ⇥ 10�9 [72]. In Fig. 4, we show the
predictions for this observable as a function of �RK(⇤)

for s⌧ = 0 (purple band), and for s⌧ = �0.1�µ

`
setting

CS/CV = 2 (green band). As can be seen, the deviations
in RK(⇤) are well compatible with the current experimen-
tal values of B(Bs ! µµ̄) and, if CS/CV is large, small
values of s⌧ are favored.

d. b ! s⌧ µ̄. As far as LFV processes are concerned,
the most relevant observable is

B(Bs ! ⌧�µ+) ⇡
⌧BsmBsf

2
Bs

G2
F

8⇡
m2

⌧

✓
1� m2

⌧

m2
Bs

◆2

⇥ |�sµ

q`
|2 |CV + 2�s ⌘S C⇤

S
|2 .

(47)

As in B(Bs ! ⌧ ⌧̄), the large chiral enhancement of
the scalar contribution make it an excellent probe of
the helicity structure of the NP e↵ects. Moreover,
this observable provides a direct probe of �sµ

q`
. Set-

ting CS , CV = O(10�2) and �sµ

q`
= O(10�2), we find

B(Bs ! ⌧�µ+) = few ⇥ 10�6, while for CS = 0 and
the same values of the other NP parameters, the ex-
pected branching fraction is about one order of magni-
tude smaller. The current experimental limit, B(Bs !
⌧±µ⌥) < 4.2 ⇥ 10�5 (95% CL) [73], is close to the NP
predictions when CS is sizable. Future improvements
in this observable will therefore provide very significant
constraints.

D. b ! d`¯̀ and other FCNCs

A key prediction of the minimally broken U(2)5 frame-
work is that NP e↵ects in b ! s`¯̀and b ! d`¯̀transitions
scale according to the corresponding CKM factors. More
precisely, defining the e↵ective hamiltonian of the leading
b ! d FCNC operators as

Hb!d
WET � �4GFp

2

↵

4⇡
VtbV

⇤
td

X

i=9,10,S,P

C̃`

i
Õ`

i
, (48)

where Õ`

i
= O`

i
[s ! d], then it is easy to check that,

because of (17),

�C̃`

9,10 = �C`

9,10 , C̃`

S,P
= C`

S,P
. (49)

These relations lead to a series of accurate predictions
which could be tested in various b ! d`¯̀ observables.
One of the cleanest test is obtained by means of B !

⇡µµ̄(eē) decays, where we expect

B(B ! ⇡µµ̄)[�q
2
pert]

B(B ! ⇡eē)[�q
2
pert]

⇡ RK(⇤) , (50)

where �q2pert denotes an interval in q2 = m2
`¯̀

where per-
turbative contributions are dominant.6 The SM predic-
tion for the rate is B(B+ ! ⇡+µµ̄)SM[1,6] = 1.31(25) ⇥

6
The q2 regions where perturbative contributions dominates

over charmonia or light resonance terms are the low-q2 region

(2 GeV
2 . q2 . 6 GeV

2
) and the high-q2 region (q2 & 15 GeV

2
).



From EFT to simplified model and UV
What is the scale of NP?

ui dk

Wμ

Vik

Q L

Q LW′ 

Q L

Q LH−

Q L

Q L
LQ

Challenges for NP :  &  constraints / Direct searchΔF = 2 τ → ℓνν̄
Status : 

 :  tension with high-pT di-tau constraintsW′ 

 :  tension with  constraints H− τBc

LQ :  Leptoquark (LQ) is the best solution for B anomaly so far☺

Which mediator?

Di Luzio, Nardecchia [1706.01868]

Rexp
D(*) > RSM

D(*) Rexp
K(*) < RSM

K(*)ΛNP ≲ 9 TeV ΛNP ≲ 84 TeV

 vector LQ  U1  ,  scalar LQ S1 & S3 R2 & S3
Di Luzio, Greljo, Nardecchia, ’17, 
Bordone, Cornella, Fuentes-Mart
´ın,Isidori,’17  etc.

→ Pati-Salam unificationUV completion needed

Nicely match with U(2)

Faroughy et al.2016

Alonso et al. 2016   



Implications for future measurements

If B anomalies is due to NP,  it is expected that NP effects appear in several 
other low-energy observables

LHCb, Belle II, CLFV, Kaon



Implications for future measurements
Charged-current

Universality in other b→c transitions

RD

RSM
D

= RD*
RSM

D*
= Γ(Bc → J/ψτν)

Γ(Bc → J/ψμν) /SM = Γ(Λb → Λcτν)
Γ(Λb → Λcμν) /SM → LHCb

Rπ

RSMπ
≈ 0.75 RD

RSM
D

+ 0.25 RD*
RSM

D*

Polarizations → NP model discrimination
Iguro, Kitahara, Omura 
Watanabe and KY 
 [1811.08899] : Longitudinal  polarization ,    :  polarisation asymmetriesFD*

L D* PD(*)
τ τ

→ Belle II

Left-handed NP → universality of all Rτ/μ(b→c) ratios 

★★

●●
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RD

R D
*

SM
30 %
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0.8

0.5 0π

π

π/2

LHC 36fb
�1

60 %

CV1(µLQ) = 0.07

CS1(µb) = eiU1 : (for µLQ = 1.5TeV)|CS1 | �S1

★★

0.25 0.30 0.35 0.40 0.45
0.22

0.24

0.26

0.28

0.30

0.32

0.34

RD

R D
*

0.45

0.440.3

0.5

10 %

30 %

SM

π

0

π/2

(for µLQ = 1.5TeV)

CS2(µLQ) = 4CT (µLQ)

LHC 36fb
�1

�S2|CS2 |CS2(µb) = eiR2 :

Related Observables

ratio of baryonic decay rates

R(⇤c) =
BR(⇤b ! ⇤c⌧⌫)

BR(⇤b ! ⇤c`⌫)
(` = e, µ)

longitudinal D⇤ polarisation

FL(D
⇤) =

�(B ! D
⇤
L⌧⌫)

�(B ! D⇤⌧⌫)
Belle : 0.60± 0.08± 0.035
SM : 0.46± 0.04

⌧ polarisation asymmetries

P⌧ (D
(⇤)) =

�(B ! D
(⇤)

⌧
�=+1/2

⌫)� �(B ! D
(⇤)

⌧
�=�1/2

⌫)

�(B ! D(⇤)⌧⌫)

BR(Bc ! ⌧⌫) – particularly sensitive to scalar contributions

3 M.Blanke New Physics in b ! c⌧⌫

— : 
— : 
— : collider bound

FD*
L

ℬ(Bc → τν)
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recent literature. Contrary to the charged-current case,
here model-dependent assumptions, such as the con-
straints in (20), play a more important role. Rather than
presenting a comprehensive analysis of the various ob-
servables accessible in these modes, our scope here is to
focus on: i) model-independent predictions related to the
minimally-broken U(2)5 hypothesis; ii) clean observables
controlling the size of the symmetry breaking terms.

a. b ! s⌧ ⌧̄ (⌫⌫̄). Under the assumption CV1 = CV3 ,
following from the hypothesis of a U1 UV-completion,
NP e↵ects in b ! s⌫⌫̄ transitions are forbidden at tree
level. On the other hand, NP contributions to b ! s⌧ ⌧̄
are almost as large as those in b ! c⌧ ⌫̄ for �s

q
= O(0.1)

(see e.g. [27, 52]). The most relevant observable involving
these transitions is B(Bs ! ⌧ ⌧̄), which could receive a
sizable chiral enhancement:

B(Bs ! ⌧ ⌧̄)

B(Bs ! ⌧ ⌧̄)SM
=

����1 +
2⇡ �s

q

↵VtbV ⇤
ts
CSM
10

(CV + �s ⌘S CS)

����
2

+

✓
1� 4m2

⌧

m2
Bs

◆ ����
2⇡ �s

q

↵VtbV ⇤
ts
CSM
10

�s ⌘S CS

����
2

,

(37)

where �s = m2
Bs

/[2m⌧ (mb +ms)] ⇡ 1.9 and CSM
10 ⇡ �4.3

(see below). The enhancement of this rate compared to
the SM expectation could reach a factor of 102 (103) for
CS = 0 (CS = 2CV ). However, the current experimental
limit [53, 54]

B(Bs ! ⌧ ⌧̄)

B(Bs ! ⌧ ⌧̄)SM
< 8.8⇥ 103 (95% CL) , (38)

is still well below the possible maximal enhancement. As
a result, at present this observable does not put stringent
constraints on the parameter space of the EFT: in Fig. 1
we show the 90% CL exclusion region in the (Cc

S
, Cc

V
)

plane for �s

q
= 3 |Vts|.

As pointed out in [55], a possible large enhancement
of the b ! s⌧ ⌧̄ amplitude can indirectly be tested via
the one-loop-induced lepton-universal contributions to
b ! s`¯̀ (` = e, µ, ⌧) in the O9 direction (see below).
This contribution is well compatible and even favored by
current data [30, 56].

b. b ! sµµ̄(eē). FCNC decays to light leptons o↵er
an excellent probe of the U(2)5 breaking terms in the
lepton sector. These transitions are commonly described
in terms of the so-called weak e↵ective Hamiltonian [57,
58]

Hb!s

WET � �4GFp
2

↵

4⇡
VtbV

⇤
ts

X

i=9,10,S,P

C`

i
O`

i
, (39)

with GF the Fermi constant, ↵ the fine-structure con-
stant and

O`

9 = (s̄�µPLb)(¯̀�
µ`) , O`

10 = (s̄�µPLb)(¯̀�
µ�5`) ,

O`

S
= (s̄PRb)(¯̀̀ ) , O`

P
= (s̄PRb)(¯̀�5`) . (40)

In the SM, C`

9 ⇡ 4.1, C`

10 ⇡ �4.3 and C`

S
= C`

P
= 0.

Matching to the Lagrangian in (12), we get (Ci = CSM
i

+
�Ci)

�Cµ

9 = ��Cµ

10 = � 2⇡

↵VtbV ⇤
ts

CV �sµ

q`
�µ ⇤
`

,

Cµ

S
= � Cµ

P
=

2⇡

↵VtbV ⇤
ts

mµ

m⌧

C⇤
S
�sµ

q`
s⌧ .

(41)

while the corresponding tree-level e↵ects in the electron
sector are negligible.
One of most relevant observables involving these

transitions are the LFU ratios RK(⇤) = �(B !
K(⇤)µµ̄)/�(B ! K(⇤)eē), which are particular interest-
ing due to their robust theoretical predictions: RSM

K(⇤) =
1.00± 0.01 [59]. In our setup, one gets [60, 61]

RK ⇡ RK⇤ ⇡ 1 + 0.47�Cµ

9 . (42)

The prediction RK ⇡ RK⇤ , is a direct consequence of
our flavor symmetry assumptions and is independent of
the initial set of dimension-six SMEFT operators. As
observed first in [62], the relation RK ⇡ RK⇤ holds in
any NP model where LFU contributions to b ! s`¯̀ de-
cays are induced by a left-handed quark current: in our
framework this is a direct consequence of the smallness of
the flavor-symmetry breaking terms in the right-handed
sector. From the experimental point of view, this implies
that all µ/e universality ratios in b ! s transitions are
expected to be the same, provided their SM contribution
is dominated by C9 and/or C10. In addition to (42), we
thus expect5

R�(Bs) ⇡ R⇡K(B) ⇡ R(⇤b)⇤ ⇡ R(⇤b)pK ⇡ . . . ⇡ RK .
(43)

Current experimental data hint to sizable NP e↵ects in
RK and RK⇤ [7–11], consistent with RK ⇡ RK⇤ .
Assuming the NP e↵ect to be the same in RK and RK⇤ ,

the combined measurements imply Rexp
K(⇤) = 0.80 ± 0.05

(corresponding to �Cµ

9 = �0.43± 0.11). This numerical
value provides an important contraint on the size of the
leptonic spurion (�µ

`
): since�sµ

q`
= O(�s

q
�µ

`
), setting �s

q
=

O(10�1) and CV = O(10�2), as suggested by the RD(⇤)

fit, the value of RK(⇤) implies �µ

`
= O(10�1). Within

the UV leptoquark completion, the fact that �RK(⇤) ⌘
RK(⇤) � 1 < 0 allows us also to determine a non-trival
relative sign among the U(2)5 breking terms: according
to (20) one has CV > 0, which implies �sµ

q`
�µ ⇤
`

< 0.
Other data involving b ! sµµ̄ transitions, such as the

measurements of P 0
5 [63–66] and other di↵erential dis-

tributions, also deviate from the SM predictions consis-
tently with RK(⇤) , further supporting the hypothesis of

5
We define the universality ratios as R(Yb)Xs = �(Yb !
Xsµµ̄)/�(Yb ! Xseē), assuming a region in m`` below the char-

monium resonances and su�ciently above the di-muon threshold

(m``
>⇠ 1 GeV).

R(Yb)Xs
= Γ(Yb → Xsμμ̄)

Γ(Yb → Xseē)

Rπ

RSMπ
≈ 0.75 RD

RSM
D

+ 0.25 RD*
RSM

D*

Neutral-current

Universality in other b→s transitions

RD

RSM
D

= RD*
RSM

D*
= Γ(Bc → J/ψτν)

Γ(Bc → J/ψμν) /SM = Γ(Λb → Λcτν)
Γ(Λb → Λcμν) /SM

→ LHCb

Left-handed NP → universality of all Rμ/e(b→s) ratios 

The  processb → sττ

Other low-energy observables

G. Isidori –  B anomalies and the flavor problem                                    APEC Pheno seminar, 23 June 2021 

PS3 model

LFV in  decayB & τ

Cornella, A. Faroughy, 
Fuentes-Mart ́ın, Isidori 
and Neubert  
[2103.16558]

→ LHCb, Belle II

Other low-energy observables

G. Isidori –  B anomalies and the flavor problem                                    APEC Pheno seminar, 23 June 2021 



Implications for future measurements

Rπ

RSMπ
≈ 0.75 RD

RSM
D

+ 0.25 RD*
RSM

D*

Charged-current

In U(2) model, NP(b→c)= NP(b→u)

RSM
π = 0.641 ± 0.016

Rexp
π ≃ 1.05 ± 0.51

→ Belle II

RBelleII
π = 0.641 ± 0.071

Rπ /RSM
π ≲ 1.3

— : Chi2 w RD(*), B+

∝ Cc
S

Rπ

RSMπ
≈ 0.75 RD

RSM
D

+ 0.25 RD*
RSM

D*

ℬ(B̄u → τν̄)
ℬ(B̄u → τν̄)SM

≈ ℬ(B̄c → τν̄)
ℬ(B̄c → τν̄)SM

U(2) Predictions: b→c= b→u

Rπ = B → πτντ

B → πℓνℓ

F. U. Bernlochner [1509.06938] 
D. Du  et al [1510.02349 ]  

Fuentes-Martin, Isidori, Pages, KY 

 [1909.02519]



Implications for future measurements
Neutral-current

In U(2) model, NP(b→s)= NP(b→d)

deviation ~ 2σ
ℬ(B → πμμ̄)[1,6] = 0.91(21) × 10−9

ℬ(B → πμμ̄)[15,22] = 0.46(11) × 10−9ℬ(B → πμμ̄)SM
[15,22] = 0.72(7) × 10−9

ℬ(Bd → μμ̄)exp = 1.6(1.1) × 10−10ℬ(Bd → μμ̄)SM = 1.06(9) × 10−10

U(2) Predictions : b→d=b→s

RK ≈ RK* ≈
ℬ(B → πμμ̄)[Δq2pert]

ℬ(B → πeē)[Δq2pert]

ℬ(Bs → μμ)
ℬ(Bs → μμ)SM

≈ ℬ(Bd → μμ)
ℬ(Bd → μμ)SM

well consistent with U(2) → LHCb

Fuentes-Martin, Isidori, Pages, KY 

 [1909.02519]



Implications for future measurements
What about the effect on Kaon observables?

Natural link between B anomalies and  is expected, thanks to the 
presence of 3rd generation leptons in the final state 

K → πνν̄

BR(K → πνν̄) = BR(K → πνeν̄e) + BR(K → πνμν̄μ) + BR(K → πντν̄τ)

3322

Possible large deviation
as b → cτντ

few % deviation
as b → sμμ ≫

SM like
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BR(K → πνν̄) = BR(K → πνeν̄e) + BR(K → πνμν̄μ) + BR(K → πντν̄τ)

3322

Possible large deviation
as b → cτντ

few % deviation
as b → sμμ ≫

SM like

   is extremely rare and precise process in the SM  → Golden modesK → πνν̄

▶︎ Very rare decays BR~10-11 (Loop, GIM and CKM)
▶︎ Theoretically clean (Absence of virtual photon contribution, Hadronic matrix 
elements obtained from  with isospin symmetry)BR(Kℓ3)

@CERN@J-PARCBR(KL) BR(K+)

On-going experiments

 (KOTO ’15)< 3 × 10−9(90 % CL)  (NA62 ’16-18)(10.6+4.0
−3.4 ± 0.9) × 10−11(68 % CL)
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Natural link between B anomalies and  is expected, thanks to the 
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e.g.) EFT approach with flavor symmetry 
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Figure 1. Left: allowed range for the real and imaginary parts of the NP Wilson coe�cient C
NP
sd,⌧ .

Right: correlation between B(K+ ! ⇡
+
⌫⌫̄) and RD(⇤) for di↵erent values of the parameter ✓q (with

�q = c13 = 0); the coloured regions are the experimental measurements at 1�, the dark green band is
the SM prediction.

where we have defined

R0 =
1

⇤2

1p
2GF

. (4.6)

In the limit where we neglect sub-leading terms suppressed by the small leptonic spurion, NP
does not a↵ect B(B ! D

(⇤)
`⌫̄) for the light leptons. This allows us to fix the overall scale of

NP via the relation
h
R

⌧/µ
D(⇤) � 1

i
⇡ 2R0(1� ✓q cos�q) = 0.24± 0.07 . (4.7)

The reference e↵ective scale of NP, obtained for ✓q ! 0, is ⇤0 ⇡ 700GeV. Notice that higher
scales of NP can be obtained if ✓q = O(1) and cos�q < 0, obtaining in this way a better
compatibility with constraints from direct searches [40] and electroweak precision tests [41,42].
On the other hand, the NP contribution to RD(⇤) vanishes in the case of alignment of the flavour
symmetry to up-type quarks (✓q ! 1,�q ! 0).

4.2 LFU violating contributions to K ! ⇡⌫⌫̄

The operators (3.7) contribute to s ! d⌫⌫̄ transitions through the term proportional to the Vq

spurion in (3.5),

LNP
s!d⌫⌫̄ =

1� c13

⇤2
✓
2
q V

⇤
tsVtd(s̄L�µdL)(⌫̄⌧�µ⌫⌧ ). (4.8)

Neglecting, in first approximation, the NP contribution to s ! d⌫`⌫̄` (` = e, µ) amplitudes, we
can write

B(K+ ! ⇡
+
⌫⌫̄) = 2B(K+ ! ⇡

+
⌫e⌫̄e)SM + B(K+ ! ⇡

+
⌫⌧ ⌫̄⌧ )SM

�����1 +
R0 ✓

2
q(1� c13)

(↵/⇡)CSM,e↵
sd,⌧

�����

2

,

B(KL ! ⇡
0
⌫⌫̄) = 2B(KL ! ⇡

0
⌫e⌫̄e)SM + B(KL ! ⇡

0
⌫⌧ ⌫̄⌧ )SM

�����1�
R0 ✓

2
q(1� c13)

(↵/⇡)(Xt/s
2
w)

�����

2

,

(4.9)

where C
SM,e↵
sd,⌧ ⇡ �8.5⇥ e

0.11i includes also the long-distance contributions of (2.3).
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B meson Kaon

 flavor symmetryU(2)

There is strong constraint from
 , but does not exclude
 O(1) enhancements for 
BR(B → K(*)νν̄)

K+ → π+νν̄

Correlation

What about the effect on Kaon observables?
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Summary

Flavor physics remains a mystery (Two SM & NP flavor puzzles)

A lot of fun ahead of us! 
both on exp. & pheno.

We learned that NP has a highly non-trivial flavor structure → Flavor symmetry? 

The statistical significance of the LFU B anomalies is growing
If it is combined, it points to non-trivial flavor dynamics around the TeV scale, 
involving mainly the 3rd family → connection to the origin of flavor (U(2))


