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Motivation

Lepton flavor universality Violation (LFUV) in semi-leptonic B decays

RD(⇤) =
B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)`⌫)

B anomalies

~ 4σ excess over the SM ~ 3.8σ less over the SM

b ! c⌧⌫ b ! s``

RK(⇤) =
B(B ! K(⇤)µ+µ�)

B(B ! K(⇤)e+e�)
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Kaon obs.

Kaon observables are also produced in same way. Kaon physics is sensitive to NP 

What can we learn from Kaon (semi-) leptonic decay?

EFT+U(2) symmetry



Unbroken symmetry

  The U(2) flavor symmetry
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The SM Yukawas respect an approximate U(2) symmetry
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Final breaking

• Assuming a single leading breaking ensures an effective protection of FCNCs 

   [SM-like mixing among light & 3rd generations               consistent with CKM fits]

• Large NP effects in 3rd generation, light-generation effects controlled by the breaking
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Flavor Ansatz : U(2) symmetry

✓µR =
mµ

m⌧
✓µL✓sR =

ms

mb
✓sL

Yukawa relation

The SM Yukawas respect an approximate U(2) symmetry 

 Mass matrix  CKM  = ( 1, 2, 3)
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LFUV and LFV in Kaon + τ

Reaction Present data [C.L.] SM Exp(Year) Future Comment
Kaon decays (NC)
K+ → π+νν̄ (1.73+1.15

−1.05)× 10−10 1 (9.11± 0.72)× 10−11 [5] BNL949/E787 NA62
KL → π0νν̄ < 3.0× 10−9[90%] (3.00± 0.30)× 10−11 [5] KOTO(2018) KOTO CPV
KL → π0µ+µ− < 3.8× 10−10[90%] Exp(?) CPV
KL → π0e+e− < 2.8× 10−10[90%] Exp(?) CPV
KS → π0µ+µ− (2.9+1.5

−1.2)× 10−9 Exp(?) LHCb
KS → π0e+e− (3.0+1.5

−1.2)× 10−9 Exp(?)
K+ → π+µ+µ− 9.4(6)× 10−8 Exp(?) NA62
K+ → π+e+e− 3.00(9)× 10−7 Exp(?) NA62
KL → µ+µ− (6.84± 0.11)× 10−9 (6.85± 0.80± 0.06)× 10−9 Exp(?)
KL → e+e− 9+6

−4 × 10−12 Exp(?)
KS → µ+µ− < 8× 10−10[90%] (5.18± 1.50± 0.02)× 10−12 LHCb(2018) LHCb(< 10−10[50fb−1], SM [300fb−1])
KS → e+e− < 9× 10−9[90%] 2.1× 10−14 [5] Exp(?)
K+ → π+e−µ+ < 1.3× 10−11[90%] BNL-865(2005) NA62 LFV
K+ → π+e+µ− < 5.2× 10−10[90%] BNL-865(2000) NA62 LFV
KL → µ∓e± < 4.7× 10−12[90%] BNL-871(1998) LFV
Kaon decays (CC)
K+ → π0µ+νµ 0.03352(33) Exp(?)
K+ → π0e+νe 0.0507(4) Exp(?)
KL → π±µ∓νµ (K0

µ3) 0.2704(07) Exp(?)
KL → π±e∓νe (K0

e3) 0.4055(11) Exp(?)
KS → π±e∓νe (7.04± 0.08)× 10−4 Exp(?)
K+ → µ+νµ 0.6356(11) Exp(?)
K+ → e+νe 1.582(7)× 10−5 Exp(?)
Re/µ (2.488± 0.01)× 10−5 (2.477± 0.001)× 10−5 [1] WA KLOE(2009)/NA62(2013) E36 (∆Re/µ/Re/µ ∼ 0.20%(stat.)± 0.15%(syst.))
τ decays (NC)
τ → K−π+e− 3.7× 10−8[90%] Exp(?)
τ → K+π−e− 3.1× 10−8[90%] Exp(?)
τ → K−π+µ− 8.6× 10−8[90%] Exp(?)
τ → K+π−µ− 4.5× 10−8[90%] Exp(?)
τ → K0

Se
− 2.6× 10−8[90%] Exp(?)

τ → K0
Sµ

− 2.3× 10−8[90%] Exp(?)
τ decays (CC)
τ → K−ντ (6.96± 0.10)× 10−3 Exp(?)
τ → π−K̄0ντ (8.40± 0.14)× 10−3 Exp(?)

Table 3. List of relevant observables.

1< 14× 10−10(95%C.L.) from NA62(2018)
2long-distance dominated [3, 4]
1< 14× 10−10(95%C.L.) from NA62(2018)
2long-distance dominated [3, 4]
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KS → π0e+e− (3.0+1.5

−1.2)× 10−9 Exp(?)
K+ → π+µ+µ− 9.4(6)× 10−8 Exp(?) NA62
K+ → π+e+e− 3.00(9)× 10−7 Exp(?) NA62
KL → µ+µ− (6.84± 0.11)× 10−9 (6.85± 0.80± 0.06)× 10−9 Exp(?)
KL → e+e− 9+6

−4 × 10−12 Exp(?)
KS → µ+µ− < 8× 10−10[90%] (5.18± 1.50± 0.02)× 10−12 LHCb(2018) LHCb(< 10−10[50fb−1], SM [300fb−1])
KS → e+e− < 9× 10−9[90%] 2.1× 10−14 [5] Exp(?)
K+ → π+e−µ+ < 1.3× 10−11[90%] BNL-865(2005) NA62 LFV
K+ → π+e+µ− < 5.2× 10−10[90%] BNL-865(2000) NA62 LFV
KL → µ∓e± < 4.7× 10−12[90%] BNL-871(1998) LFV
Kaon decays (CC)
K+ → π0µ+νµ 0.03352(33) Exp(?)
K+ → π0e+νe 0.0507(4) Exp(?)
KL → π±µ∓νµ (K0

µ3) 0.2704(07) Exp(?)
KL → π±e∓νe (K0

e3) 0.4055(11) Exp(?)
KS → π±e∓νe (7.04± 0.08)× 10−4 Exp(?)
K+ → µ+νµ 0.6356(11) Exp(?)
K+ → e+νe 1.582(7)× 10−5 Exp(?)
Re/µ (2.488± 0.009)× 10−5 (2.477± 0.001)× 10−5 [1] WA KLOE(2009)/NA62(2013) E36 (∆Re/µ/Re/µ ∼ 0.20%(stat.)± 0.15%(syst.))
τ decays (NC)
τ → K−π+e− 3.7× 10−8[90%] Exp(?)
τ → K+π−e− 3.1× 10−8[90%] Exp(?)
τ → K−π+µ− 8.6× 10−8[90%] Exp(?)
τ → K+π−µ− 4.5× 10−8[90%] Exp(?)
τ → K0

Se
− 2.6× 10−8[90%] Exp(?)

τ → K0
Sµ

− 2.3× 10−8[90%] Exp(?)
τ decays (CC)
τ → K−ντ (6.96± 0.10)× 10−3 Exp(?)
τ → π−K̄0ντ (8.40± 0.14)× 10−3 Exp(?)

Table 3. List of relevant observables.

1< 14× 10−10(95%C.L.) from NA62(2018)
2long-distance dominated [3, 4]
1< 14× 10−10(95%C.L.) from NA62(2018)
2long-distance dominated [3, 4]

 τ decays into Kaon are also produced in 
same type operators



Operators
Relevant operators can be categorized decay with or without π

K ! ⇡``(⇡`⌫,⇡⌫⌫)

K ! ``(`⌫, ⌫⌫)

S : (s̄d)(¯̀̀ ), V : (s̄�µd)(¯̀�µ`), T : (s̄�µ⌫d)(¯̀�µ⌫`)

P : (s̄�5d)(¯̀�5`), A : (s̄�`�5d)(¯̀�`�5`)

Obs.

CC(νℓ)

K → πℓν [ϵVνℓ]
αβ (ν̄αγµPLeβ)(d̄iγµuj) [OV,LL

νedu ]αβij + [OV,LR
νedu ]αβij + h.c.

τ → Kπν [ϵSνℓ]
αβ (ν̄αPReβ)(d̄iuj) [OS,RL

νedu ]αβij + [OS,RR
νedu ]αβij + h.c.

[ϵTνℓ]
αβ (ν̄LpσµνeRr)(d̄LsσµνuRt) OT,RR

νedu + h.c.

K → ℓν [ϵAνℓ]
αβ (ν̄αγµPLeβ)(d̄iγµγ5uj) −[OV,LL

νedu ]αβij + [OV,LR
νedu ]αβij + h.c.

τ → Kν [ϵPνℓ]
αβ (ν̄αPReβ)(d̄iγ5uj) −[OS,RL

νedu ]αβij + [OS,RR
νedu ]αβij + h.c.

NC(νν) K → πνν [ϵVνν ]
αβ (ν̄αγµPLνβ)(d̄iγµdj) [OV,LL

νd ]αβij + [OV,LR
νd ]αβij

(K → νν) [ϵAνν ]
αβ (ν̄αγµPLνβ)(d̄iγµγ5dj) −[OV,LL

νd ]αβij + [OV,LR
νd ]αβij

NC(ℓℓ)

K → πℓℓ [ϵL,Vℓℓ ]αβ (ēαγµPLeβ)(d̄iγµdj) [OV,LL
ed ]αβij + [OV,LR

ed ]αβij

τ → Kπℓ [ϵR,V
ℓℓ ]αβ (ēαγµPReβ)(d̄iγµdj) [OV,LR

de ]αβij + [OV,RR
ed ]αβij

[ϵSℓℓ]
αβ (ēαPReβ)(d̄idj) [OS,RL

ed ]αβij + [OS,RR
ed ]αβij + h.c.

[ϵTℓℓ]
αβ (ēαLσ

µνeβR)(d̄LsσµνdRt) OT,RR
ed + h.c.

K → ℓℓ [ϵL,Aℓℓ ]αβ (ēαγµPLeβ)(d̄iγµγ5dj) −[OV,LL
ed ]αβij + [OV,LR

ed ]αβij

τ → Kℓ [ϵR,A
ℓℓ ]αβ (ēαγµPReβ)(d̄iγµγ5dj) −[OV,LR

de ]αβij + [OV,RR
ed ]αβij

[ϵPℓℓ]
αβ (ēαPReβ)(d̄iγ5dj) −[OS,RL

ed ]αβij + [OS,RR
ed ]αβij + h.c.

Table 8. Relevant operators and observables. The matching results are taken from the Appendix C
in [6].

Obs. Operator

CC(νℓ)

K → πℓν (ν̄αγµPLeβ)(d̄iγµuj) [ϵVνℓ]
αβ = 2

V ∗
us

(
[CV,LL

νedu ]αβij + [CV,LR
νedu ]αβij

)
, h.c.

τ → Kπν (ν̄αPReβ)(d̄iuj) [ϵSνℓ]
αβ = 2

V ∗
us

(
[CS,RL

νedu ]αβij + [CS,RR
νedu ]αβij

)
, h.c.

(ν̄LpσµνeRr)(d̄LsσµνuRt) [ϵTνℓ]
αβ = 2

V ∗
us

(
CT,RR
νedu

)
, h.c.

K → ℓν (ν̄αγµPLeβ)(d̄iγµγ5uj) [ϵAνℓ]
αβ = 2

V ∗
us

(
− [CV,LL

νedu ]αβij + [CV,LR
νedu ]αβij

)
, h.c.

τ → Kν (ν̄αPReβ)(d̄iγ5uj) [ϵPνℓ]
αβ = 2

V ∗
us

(
− [CS,RL

νedu ]αβij + [CS,RR
νedu ]αβij

)
, h.c.

NC(νν) K → πνν (ν̄αγµPLνβ)(d̄iγµdj) [ϵVνν ]
αβ = 2

V ∗
us

(
[CV,LL

νd ]αβij + [CV,LR
νd ]αβij

)

(K → νν) (ν̄αγµPLνβ)(d̄iγµγ5dj) [ϵAνν ]
αβ = 2

V ∗
us

(
− [CV,LL

νd ]αβij + [CV,LR
νd ]αβij

)

NC(ℓℓ)

K → πℓℓ (ēαγµPLeβ)(d̄iγµdj) [ϵL,Vℓℓ ]αβ = 2
V ∗
us

(
[CV,LL

ed ]αβij + [CV,LR
ed ]αβij

)

τ → Kπℓ (ēαγµPReβ)(d̄iγµdj) [ϵR,V
ℓℓ ]αβ = 2

V ∗
us

(
[CV,LR

de ]αβij + [CV,RR
ed ]αβij

)

(ēαPReβ)(d̄idj) [ϵSℓℓ]
αβ = 2

V ∗
us

(
[CS,RL

ed ]αβij + [CS,RR
ed ]αβij

)
, h.c.

(ēαLσ
µνeβR)(d̄LsσµνdRt) [ϵTℓℓ]

αβ = 2
V ∗
us

(
CT,RR
ed

)
, h.c.

K → ℓℓ (ēαγµPLeβ)(d̄iγµγ5dj) [ϵL,Aℓℓ ]αβ = 2
V ∗
us

(
− [CV,LL

ed ]αβij + [CV,LR
ed ]αβij

)

τ → Kℓ (ēαγµPReβ)(d̄iγµγ5dj) [ϵR,A
ℓℓ ]αβ = 2

V ∗
us

(
− [CV,LR

de ]αβij + [CV,RR
ed ]αβij

)

(ēαPReβ)(d̄iγ5dj) [ϵPℓℓ]
αβ = 2

V ∗
us

(
− [CS,RL

ed ]αβij + [CS,RR
ed ]αβij

)
, h.c.

Table 9. Relevant operators and observables. The matching results are taken from the Appendix C
in [6].
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K → πℓℓ [ϵL,Vℓℓ ]αβ (ēαγµPLeβ)(d̄iγµdj) [OV,LL
ed ]αβij + [OV,LR

ed ]αβij

τ → Kπℓ [ϵR,V
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in [6].

Obs. Operator

CC(νℓ)

K → πℓν (ν̄αγµPLeβ)(d̄iγµuj) [ϵVνℓ]
αβ = 2

V ∗
us

(
[CV,LL

νedu ]αβij + [CV,LR
νedu ]αβij

)
, h.c.

τ → Kπν (ν̄αPReβ)(d̄iuj) [ϵSνℓ]
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(
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(
[CV,LL
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(
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)
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K → πℓℓ (ēαγµPLeβ)(d̄iγµdj) [ϵL,Vℓℓ ]αβ = 2
V ∗
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(
[CV,LL

ed ]αβij + [CV,LR
ed ]αβij

)

τ → Kπℓ (ēαγµPReβ)(d̄iγµdj) [ϵR,V
ℓℓ ]αβ = 2

V ∗
us

(
[CV,LR

de ]αβij + [CV,RR
ed ]αβij

)

(ēαPReβ)(d̄idj) [ϵSℓℓ]
αβ = 2

V ∗
us

(
[CS,RL

ed ]αβij + [CS,RR
ed ]αβij

)
, h.c.

(ēαLσ
µνeβR)(d̄LsσµνdRt) [ϵTℓℓ]

αβ = 2
V ∗
us

(
CT,RR
ed

)
, h.c.

K → ℓℓ (ēαγµPLeβ)(d̄iγµγ5dj) [ϵL,Aℓℓ ]αβ = 2
V ∗
us

(
− [CV,LL

ed ]αβij + [CV,LR
ed ]αβij

)

τ → Kℓ (ēαγµPReβ)(d̄iγµγ5dj) [ϵR,A
ℓℓ ]αβ = 2

V ∗
us

(
− [CV,LR

de ]αβij + [CV,RR
ed ]αβij

)

(ēαPReβ)(d̄iγ5dj) [ϵPℓℓ]
αβ = 2

V ∗
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(
− [CS,RL

ed ]αβij + [CS,RR
ed ]αβij

)
, h.c.

Table 9. Relevant operators and observables. The matching results are taken from the Appendix C
in [6].
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Kell2 (K→lν) & τ→Kν 

�(K+ ! `+⌫`) =
G2

F f
2
K MKm2

`

8⇡

✓
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M2
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◆2

|Vuq|2
����1 + [✏A⌫`]

`` � M2
K

(mu +ms)m`
[✏P⌫`]

``
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(1 + �K`)

�K` : EM correction

Constrain for NP contribution for axial               and p-scalar                 coefficients            [✏A⌫`]
`` [✏P⌫`]

``

chiral enhancement factor

Take LU ratio                                         

where most theoretical uncertainties are 

canceled, and normalized to SM

Re/µ ⌘ B(Ke2)/B(Kµ2)
�Re/µ ⌘

Re/µ

RSM
e/µ

� 1



Rµ/⌧ = B(K+ ! µ+⌫µ)/B(⌧+ ! K+⌫̄⌧ )

※ Interestingly, present data exhibits a small tension with the SM prediction

Kell2 (K→lν) & τ→Kν 

Re/µ

RSM
e/µ

= 1 + 2([✏A⌫`]
ee � [✏A⌫`]

µµ)� 2
m2

K

mu +ms

⇣ [✏P⌫`]ee

me
� [✏P⌫`]

µµ

mµ

⌘
+O(✏2)

Re/µ ⌘ B(Ke2)/B(Kµ2)

NP room in e/μ ratio at
 O(10^-3) level is still allowed

Rexp

µ/⌧

RSM

µ/⌧

=
B(K� ! µ�⌫̄µ)exp/B(K� ! µ�⌫̄µ)SM

B(⌧� ! K�⌫⌧ )exp/B(⌧� ! K�⌫⌧ )SM
= 1.0285± 0.0151

Rexp

e/µ

RSM

e/µ

=
B(K� ! e�⌫̄e)exp/B(K� ! e�⌫̄e)SM

B(K� ! µ�⌫̄µ)exp/B(K� ! µ�⌫̄µ)SM
= 1.00444± 0.00366

Pich [1310.7922]SM

Cirigliano and  
Rosell,  [0707.3439 ]SM

�Re/µ = 2
h
([✏A⌫`]

ee � [✏A⌫`]
µµ)� M2

K

mu +ms

⇣ [✏P⌫`]ee

me
� [✏P⌫`]

µµ

mµ

⌘i

= (4.44± 3.66)⇥ 10�3

�Rµ/⌧ = 2
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[✏A⌫`]

µµ � [✏A⌫`]
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Kell3 (K→πlν) & τ→Kπν 

Consider only vector one

Relevant coefficients: [✏S⌫`]
``[✏V⌫`]

`` [✏T⌫`]
``

R⇡e/⇡µ = B(Ke3)/B(Kµ3)

R⇡e/⇡µ

RSM
⇡e/⇡µ

= 1 + 2
�
[✏V⌫`]

ee � [✏V⌫`]
µµ

�
+O(✏2)

�R⇡e/⇡µ = 2
⇣
[✏V⌫`]

ee � [✏V⌫`]
µµ

⌘

= (0.08± 4.73)⇥ 10�3

NP effects in εS is well below the present exp. and th. errors

FlaviaNet Kaon WG[0801.1817]

Gonza ́lez-Alonso et al[1605.07114,1809.01161,,] 
Rendon,Roig,Sanchez[1902.08143]

FlaviaNet Kaon WG 
[0801.1817] 

Rexp

⇡e/⇡µ

RSM

⇡e/⇡µ

=
B(KL ! ⇡�e+⌫e)exp

B(KL ! ⇡�µ+⌫µ)exp
I(K0

µ3)

I(K0

e3)

⇣
1 + 2(�K

0µ
EM

� �K
0e

EM

)
⌘

= 1.00008± 0.00473

I(K) : phase space integral

�EM : EM correction

More general analysis including NP 
effects on εS and εT, see ex. 

and see Gonzalez-Alonso’s talk on Thus.



R⇡`/⇡⌧ = B(K ! ⇡`⌫̄`)/B(⌧ ! ⇡K̄⌫⌧ )
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RSM
⇡`/⇡⌧

= 1 + 2
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⌘

= (19.8± 39.4)⇥ 10�3

Kell3 (K→πlν) & τ→Kπν 

Antonellia, Ciriglianob,Lusianic 
Passemarb [1304.8134]
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RSM
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=
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= 1.0198± 0.0394



Constraints

2.2 Power-counting

Process ϵ Constraint LEFT WC Constraint / Scaling order of

Reference value magnitude

RD(∗)

[
CV,LL
νedu

]
ττ32

1.5× 10−3 Vcb

[
CS,RL
νedu

]
ττ32

5.6× 10−3 ηSVcb

Rπe/πµ [ϵVνℓ]
ee − [ϵVνℓ]

µµ (0.043± 2.37)× 10−3
[
CV,LL
νedu

]
ee21
−
[
CV,LL
νedu

]
µµ21

(0.048± 2.66)× 10−4 (θeL)
2(θsL)(θ

u
L), (θµL)

2(θsL)(θ
u
L)

Rπµ/πτ [ϵVνℓ]
µµ − [ϵVνℓ]

ττ (9.88± 19.7)× 10−3
[
CV,LL
νedu

]
µµ21
−
[
CV,LL
νedu

]
ττ21

(1.11± 2.22)× 10−3 (θµL)
2(θsL)(θ

u
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u
L)
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)
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e
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L)
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K

mu+ms

(
[ϵPνℓ]

µµ

mµ
− [ϵPνℓ]

ττ

mτ

) [
CS,RL
νedu

]
µµ21
− mµ

mτ

[
CS,RL
νedu

]
ττ21

(2.20± 1.95)× 10−3 (θµR)(θ
µ
L)(θ

s
R)(θ

u
L), (θsR)(θ

u
L)

Table 11. Relevant observables and constraints.

Process Constraint / Reference value

RD(∗)

4× 10−3
[
CV,LL
νedu

]
ττ32

θcL

8× 10−3
[
CS,RL
νedu

]
ττ32

θcL

Rπe/πµ (0.042± 2.366)× 10−3 [ϵVνℓ]
ee − [ϵVνℓ]

µµ 2
V ∗
us

([
CV,LL
νedu

]
ee21
−
[
CV,LL
νedu

]
µµ21

)
(θeL)

2(θsL)(θ
u
L), (θµL)

2(θsL)(θ
u
L)

Rπµ/πτ (9.88± 19.7)× 10−3 [ϵVνℓ]
µµ − [ϵVνℓ]

ττ 2
V ∗
us

([
CV,LL
νedu

]
µµ21
−
[
CV,LL
νedu

]
ττ21

)
(θµL)

2(θsL)(θ
u
L), (θsL)(θ

u
L)

Re/µ (2.22± 2.03)× 10−3 [ϵAνℓ]
ee − [ϵAνℓ]

µµ − m2
K

(mu+ms)mµ

(
mµ

me
[ϵPνℓ]

ee − [ϵPνℓ]
µµ
)
− 2

V ∗
us

([
CV,LL
νedu

]
ee21
−
[
CV,LL
νedu

]
µµ21

)
+ 2

V ∗
us

m2
K

(mu+ms)mµ

(
mµ

me

[
CS,RL
νedu

]
ee21
−
[
CS,RL
νedu

]
µµ21

)
(θeR)(θ

e
L)(θ

s
R)(θ

u
L), (θµR)(θ

µ
L)(θ

s
R)(θ

u
L)

Rµ/τ (14.2± 7.53)× 10−3 [ϵAνℓ]
µµ − [ϵAνℓ]

ττ − m2
K

(mu+ms)mτ

(
mτ
mµ

[ϵPνℓ]
µµ − [ϵPνℓ]

ττ
)
− 2

V ∗
us

([
CV,LL
νedu

]
µµ21
−
[
CV,LL
νedu

]
ττ21

)
+ 2

V ∗
us

m2
K

(mu+ms)mτ

(
mτ
mµ

[
CS,RL
νedu

]
µµ21
−
[
CS,RL
νedu

]
ττ21

)
(θµR)(θ

µ
L)(θ

s
R)(θ

u
L), (θsR)(θ

u
L)

Table 12. Relevant observables and constraints.

Process Constraint / Reference value

∆RD 0.2 for 1 σ exp.data 2
Vcb

[
CV,LL
νedu

]
ττ32

? and neglect
[
CS,RL
νedu

]
ττ32

θcL

∆Rπe/πµ (0.08± 4.73)× 10−3 2
[
[ϵVνℓ]

ee − [ϵVνℓ]
µµ
]

4
V ∗
us

([
CV,LL
νedu

]
ee21
−
[
CV,LL
νedu

]
µµ21

)
(θeL)

2(θsL)(θ
u
L), (θµL)

2(θsL)(θ
u
L)

∆Rπµ/πτ (19.8± 39.4)× 10−3 2
[
[ϵVνℓ]

µµ − [ϵVνℓ]
ττ
]

4
V ∗
us

([
CV,LL
νedu

]
µµ21
−
[
CV,LL
νedu

]
ττ21

)
(θµL)

2(θsL)(θ
u
L), (θsL)(θ

u
L)

∆Re/µ (4.44± 3.66)× 10−3 2
[
[ϵAνℓ]

ee − [ϵAνℓ]
µµ − m2

K
(mu+ms)mµ

(
mµ

me
[ϵPνℓ]

ee − [ϵPνℓ]
µµ
)]

− 4
V ∗
us

([
CV,LL
νedu

]
ee21
−
[
CV,LL
νedu

]
µµ21

)
+ 4

V ∗
us

m2
K

(mu+ms)mµ

(
mµ

me

[
CS,RL
νedu

]
ee21
−
[
CS,RL
νedu

]
µµ21

)
(θeR)(θ

e
L)(θ

s
R)(θ

u
L), (θµR)(θ

µ
L)(θ

s
R)(θ

u
L)

∆Rµ/τ (28.5± 15.1)× 10−3 2
[
[ϵAνℓ]

µµ − [ϵAνℓ]
ττ − m2

K
(mu+ms)mτ

(
mτ
mµ

[ϵPνℓ]
µµ − [ϵPνℓ]

ττ
)]

− 4
V ∗
us

([
CV,LL
νedu

]
µµ21
−
[
CV,LL
νedu

]
ττ21

)
+ 4

V ∗
us

m2
K

(mu+ms)mτ

(
mτ
mµ

[
CS,RL
νedu

]
µµ21
−
[
CS,RL
νedu

]
ττ21

)
(θµR)(θ

µ
L)(θ

s
R)(θ

u
L), (θsR)(θ

u
L)

Table 13. Relevant observables and constraints.

For RD(∗) , we use the result in Ref [1805.09328]
[
CS,RL
νedu

]
ττ32

= 2
[
CV,LL
νedu

]
ττ32
≃ 2CUV ∗

cb where
the NP effect CU is estimated as CU ≃ 0.04 at NP scale which can approach to RD(∗) anomaly.

e vs μ

e vs μ

μ vs τ

μ vs τ

Kell3

Kell2

constraints relevant coefficients



Low energy effective theory (LEFT) operators are gauge-invariant operators below 
EW scale 

LEFT operators

LEFT WC

LLEFT = �4GFp
2

X

i

CiOi Produced from 　　　　　　　　in 
SMEFT and not produce LFUV

Relevant LEFT ope.

Operator with right handed light quark can be assumed 
to be suppressed under U(2)

Z

Obs. Operator

CC(νℓ)

K → πℓν
(ν̄αγµPLeβ)(s̄γµu) [ϵVνℓ]

αβ = 2
V ∗
us

(
[CV,LL

νedu ]αβ21 + [CV,LR
νedu ]αβ21

)
, h.c.

τ → Kπν

K → ℓν (ν̄αγµPLeβ)(s̄γµγ5u) [ϵAνℓ]
αβ = 2

V ∗
us

(
− [CV,LL

νedu ]αβ21 + [CV,LR
νedu ]αβ21

)
, h.c.

τ → Kν (ν̄αPReβ)(s̄γ5u) [ϵPνℓ]
αβ = 2

V ∗
us

(
− [CS,RL

νedu ]αβ21 + [CS,RR
νedu ]αβ21

)
, h.c.

Table 10. Relevant operators and observables. The matching results are taken from the Appendix C
in [6].

K ! ⇡µ⌫ K ! `⌫
vector only  combination of vector and scalar

[OV,LL
⌫edu ]↵�ij = (⌫̄↵L�µe

�
L)(d̄

i
L�µu

j
L) [OS,RL

⌫edu ]↵�ij = (⌫̄↵Le
�
R)(d̄

i
Ru

j
L)

 Jenkins, Manohar, Stoffer [1709.04486] 

1 : X3

QG fABCGAν
µ GBρ

ν GCµ
ρ

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ

QW ϵIJKW Iν
µ W Jρ

ν WKµ
ρ

Q
W̃

ϵIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

2 : H6

QH (H†H)3

3 : H4D2

QH! (H†H)!(H†H)

QHD

(
H†DµH

)∗ (
H†DµH

)

5 : ψ2H3 + h.c.

QeH (H†H)(l̄perH)

QuH (H†H)(q̄purH̃)

QdH (H†H)(q̄pdrH)

4 : X2H2

QHG H†H GA
µνG

Aµν

QHG̃ H†H G̃A
µνG

Aµν

QHW H†HW I
µνW

Iµν

QHW̃ H†H W̃ I
µνW

Iµν

QHB H†H BµνBµν

QHB̃ H†H B̃µνBµν

QHWB H†τ IHW I
µνB

µν

QHW̃B H†τ IH W̃ I
µνB

µν

6 : ψ2XH + h.c.

QeW (l̄pσµνer)τ IHW I
µν

QeB (l̄pσµνer)HBµν

QuG (q̄pσµνTAur)H̃ GA
µν

QuW (q̄pσµνur)τ IH̃ W I
µν

QuB (q̄pσµνur)H̃ Bµν

QdG (q̄pσµνTAdr)H GA
µν

QdW (q̄pσµνdr)τ IHW I
µν

QdB (q̄pσµνdr)H Bµν

7 : ψ2H2D

Q(1)
Hl (H†i

←→
D µH)(l̄pγµlr)

Q(3)
Hl (H†i

←→
D I

µH)(l̄pτ Iγµlr)

QHe (H†i
←→
D µH)(ēpγµer)

Q(1)
Hq (H†i

←→
D µH)(q̄pγµqr)

Q(3)
Hq (H†i

←→
D I

µH)(q̄pτ Iγµqr)

QHu (H†i
←→
D µH)(ūpγµur)

QHd (H†i
←→
D µH)(d̄pγµdr)

QHud + h.c. i(H̃†DµH)(ūpγµdr)

8 : (L̄L)(L̄L)

Qll (l̄pγµlr)(l̄sγµlt)

Q(1)
qq (q̄pγµqr)(q̄sγµqt)

Q(3)
qq (q̄pγµτ Iqr)(q̄sγµτ Iqt)

Q(1)
lq (l̄pγµlr)(q̄sγµqt)

Q(3)
lq (l̄pγµτ I lr)(q̄sγµτ Iqt)

8 : (R̄R)(R̄R)

Qee (ēpγµer)(ēsγµet)

Quu (ūpγµur)(ūsγµut)

Qdd (d̄pγµdr)(d̄sγµdt)

Qeu (ēpγµer)(ūsγµut)

Qed (ēpγµer)(d̄sγµdt)

Q(1)
ud (ūpγµur)(d̄sγµdt)

Q(8)
ud (ūpγµTAur)(d̄sγµTAdt)

8 : (L̄L)(R̄R)

Qle (l̄pγµlr)(ēsγµet)

Qlu (l̄pγµlr)(ūsγµut)

Qld (l̄pγµlr)(d̄sγµdt)

Qqe (q̄pγµqr)(ēsγµet)

Q(1)
qu (q̄pγµqr)(ūsγµut)

Q(8)
qu (q̄pγµTAqr)(ūsγµTAut)

Q(1)
qd (q̄pγµqr)(d̄sγµdt)

Q(8)
qd (q̄pγµTAqr)(d̄sγµTAdt)

8 : (L̄R)(R̄L) + h.c.

Qledq (l̄jper)(d̄sqtj)

8 : (L̄R)(L̄R) + h.c.

Q(1)
quqd (q̄jpur)ϵjk(q̄ksdt)

Q(8)
quqd (q̄jpTAur)ϵjk(q̄ksT

Adt)

Q(1)
lequ (l̄jper)ϵjk(q̄ksut)

Q(3)
lequ (l̄jpσµνer)ϵjk(q̄ksσ

µνut)

Table 5. The 76 dimension-six operators that conserve baryon and lepton number in SMEFT. The
operators are divided into eight classes according to their field content. The class-8 ψ4 four-fermion
operators are further divided into subclasses according to their chiral properties. Operators with
+ h.c. have Hermitian conjugates, as does the ψ2H2D operator QHud. The subscripts p, r, s, t are
weak-eigenstate indices.
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Scaling

  Assume generic framework where NP is coupled to 3rd gen. SM fermions, while light  
SM fermions are suppressed by small mixing angles        

U(2) symmetry + NP couple to 3rd gene.

Light SM fermion is produced by following Scaling
✓1,2L(R) f

3
L(R) ! f1,2

L(R)

CS(Q̄
3
RQ

3
L)(L̄

3
LL

3
R)

favored by B ano

[CS,RL
⌫edu ]``21 ⇠ CS ✓µL✓

µ
R✓

s
R✓

u
L

CV (Q̄
3
L�

µ�aQ3
L)(L̄

3
L�

µ�aL3
L)

✓µR =
mµ

m⌧
✓µL✓sR =

ms

mb
✓sL

Yukawa relation

⇠ CS
mµ

m⌧

ms

mb
✓µL✓

µ
L✓

s
L✓

u
L

Yukawa suppression ~10-3

[CV,LL
⌫edu ]``21 ⇠ 2CV (✓µL)

2✓sL✓
u
L



Yukawa

relation . 1

Results 1&2

K`2 vs. K`3 Scalar vs Vector 

Constraint on CV is                   tighter than CSO(10�2)

Flavor ratio ✓µL

gives stronger constraint than            as

The bound is given independently from CV and CS

constraint on

�Re/µ

�Rµ/⌧
⇡ (✓µL)

2

1� (✓µL)
2

�R⇡e/⇡µ

�R⇡µ/⇡⌧
=

(✓µL)
2

1� (✓µL)
2

(✓µL)
2 . O(10�1)

. 0.1 . 0.2

�R⇡e/⇡µ

�R⇡µ/⇡⌧

�Re/µ

�Rµ/⌧

Yukawa

relation

Chiral enhancement < Yukawa suppression

�Re/µ

�R⇡e/⇡µ
⇡ �1 + 0.015

CS

CV



Table 1. Predicted ranges of the polarizations for R
2

, S
1

and U
1

LQ models (µ
LQ

= 1.5TeV), which
satisfy the current 1� data of RD(⇤) and the bound of B(B+

c ! ⌧+⌫) < 0.3. The SM predictions,
the current data, and the expected sensitivity at Belle II with 50 ab�1 data [61,67] are also shown.
The sensitivity for PD⇤

⌧ is absolute uncertainty while the others are relative.

FD⇤
L PD

⌧ PD⇤
⌧ RD RD⇤

R
2

LQ [0.43, 0.44] [0.42, 0.57] [�0.44, �0.39] 1� data 1� data

S
1

LQ [0.42, 0.48] [0.11, 0.63] [�0.51, �0.41] 1� data 1� data

U
1

LQ [0.43, 0.47] [0.23, 0.52] [�0.57,�0.47] 1� data 1� data

SM 0.46(4) 0.325(9) �0.497(13) 0.299(3) 0.258(5)

data 0.60(9) - �0.38(55) 0.407(46) 0.306(15)

Belle II - 3% 0.07 3% 2%

In turn, we study correlation between RD(⇤) and the ⌧ polarizations PD(⇤)
⌧ . In Fig. 3,

the contours of PD
⌧ and PD⇤

⌧ are shown with dashed lines in magenta and blue, respectively.
The other legends in the plots are the same as Fig. 2. We can see that each LQ model
predicts unique ranges for PD

⌧ and PD⇤
⌧ , which can be used to distinguish these LQ models:

(PD
⌧ , PD⇤

⌧ ) with ([0.42, 0.57], [�0.44, �0.39]) for R
2

LQ, ([0.11, 0.63], [�0.51, �0.41]) for S
1

LQ and ([0.23, 0.52], [�0.57,�0.47]) for U
1

LQ are predicted where the current data of RD(⇤)

at 1 � and the bound of B(B+

c ! ⌧+⌫) < 0.3 are satisfied. Here, CV1(µLQ

) is also varied in
S
1

and U
1

LQ models. Note that the predicted ranges of PD⇤
⌧ are consistent with the latest

result by the Belle experiment [7, 100]

PD⇤

⌧ = �0.38± 0.51(stat.)+0.21
�0.16(syst.). (3.17)

Since Belle II with 50 ab�1 data can measure PD
⌧ with 3% accuracy [67],#7 and PD⇤

⌧ with
±0.07 [61], we point out that the future measurement of PD

⌧ has su�cient sensitivity to
distinguish between the LQ models. Note that W 0 models predict PD

⌧ = PD
⌧, SM for any

values of CV1 and CV2 . Thus, PD
⌧ is a good observable for discrimination between W 0 and

LQ models.
In Table 1, we summarize our results of the predictions on the polarization observables for

the LQ models. This can be partly compared with Ref. [101] based on the SM e↵ective field
theory. Note that the uncertainties for the SM predictions are taken from Refs. [7, 12, 65].

Before closing this section, we comment on the LQ mass dependence. Since there is no
operator mixing, the figures for U

1

LQ are independent of the LQ mass scale. Predicted
ranges of FD⇤

L and PD(⇤)
⌧ slightly depend on the LQ mass scale through the electroweak RG

evolution in R
2

and S
1

LQ cases (see Sec. 3.2). We found that the variations of FD⇤
L and

PD(⇤)
⌧ are at the most 0.01 when 1TeV < µ

LQ

< 3TeV is taken.

#7 Only statistical uncertainty has been considered [67].
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Since Belle II with 50 ab�1 data can measure PD
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⌧ with
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distinguish between the LQ models. Note that W 0 models predict PD
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⌧, SM for any
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LQ models.
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the LQ models. This can be partly compared with Ref. [101] based on the SM e↵ective field
theory. Note that the uncertainties for the SM predictions are taken from Refs. [7, 12, 65].

Before closing this section, we comment on the LQ mass dependence. Since there is no
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Data

SM

RD(*)

�RD ⇡ 0.2

Vector contribution can explain RD(*) anomaly

�RD ⇡ 2

Vcb
[CV,LL

⌫edu ]⌧⌧32

~ 20% of SM effect is needed to realize 1σ data

[CV,LL
⌫edu ]⌧⌧32 ⇠ 2CV ✓cL



Result 3

�R⇡e/⇡µ

�RD
= �2Vcb

Vus
(✓µL)

2 ✓
s
L✓

u
L

✓cL
. 2⇥ 10�2

|✓µL|
2|✓sL✓uL| . 7⇥ 10�2 ✓cL

⇣ 0.2

�RD

⌘

(✓cL ⇠ Vcb)

in MFV

constraint on |✓sL✓uL|

✓sL✓
u
L ⇠ VtsVub = 1.4⇥ 10�4

RD vs K`3

|✓µL|2|✓sL✓uL| . O(10�3)
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NP in ντ (3rd)

SM@1-loop

K→πνν

※ EW singlet operator set to zero

→ Large NP effect

March 12, 2019

LFV and LFU in Kaon

Kei Yamamoto

1 Kaon observables

Reaction SM Present data [C.L.] Exp(Year) Future Comment
Kaon decays (NC)
K+ → π+νν̄ (9.11± 0.72)× 10−11 [5] (1.73+1.15

−1.05)× 10−10 1 BNL949/E787 NA62
KL → π0νν̄ (3.00± 0.30)× 10−11 [5] < 3.0× 10−9[90%] KOTO(2018) KOTO CPV
KL → π0µ+µ− < 3.8× 10−10[90%] Exp(?) CPV
KL → π0e+e− < 2.8× 10−10[90%] Exp(?) CPV
KS → π0µ+µ− (2.9+1.5

−1.2)× 10−9 Exp(?) LHCb
KS → π0e+e− (3.0+1.5

−1.2)× 10−9 Exp(?)
K+ → π+µ+µ− 9.4(6)× 10−8 Exp(?) NA62
K+ → π+e+e− 3.00(9)× 10−7 Exp(?) NA62
Rπµµ/πee - 2

KL → µ+µ− (6.85± 0.80± 0.06)× 10−9 (6.84± 0.11)× 10−9 Exp(?)
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Result 4

※ Bound from neutral mode                      gives ~10 times weaker 
than the one from K+ 

KL ! ⇡0⌫⌫̄ Bordone, Buttazzo, Isidori 
Monnard [1705.10729] 

constraint on |✓sL✓dL|RD vs K ! ⇡⌫⌫̄
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   Constraint on CV is                 smaller than CSO(10�2)

             　gives stronger constraint than           as (✓µL)2 . O(10�1)
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Summary
In light of current B anomalies, we investigate 
Kaon (semi-)leptonic decay in EFT+U(2), 
where NP is coupled to 3rd gen. SM fermions, 
while light ones are suppressed by small

mixing angles 

Stay tuned for other modes (                                            )K ! ``, K ! ⇡`⌫, , ,

We found
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