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• Flavour issues


• K->π𝞶𝞶


• K-anomalies: 𝛆’


• KS,L->µµ


• weak counterterms



Anomalies in Kaons
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from isospin breaking✏0
Kagan Neubert,99, Grossman, Kagan Neubert,99

Kitahara,Nierste, Tremper  PRL 16

Assuming a discrepancy 2.9 sigmas from SM



Models	solving	ε’/ε anomaly
l Several	new	physics	models	have	been	studied	to	explain	ε’/ε anomaly

MSSM			-- chargino Z	penguin

-- gluino Z	penguin

-- gluino box	

Vector-like	quarks

Little	Higgs	Model	with	T-parity

331	model

Right	handed	current

[M.	Endo,	S.	Mishima,	D.	Ueda and	KY,	 PLB762(2016)493]

[M.	Tanimoto and	KY,	 PTEP(2016)no.12,123B02]

[T.Kitahara,	U.Nierste and	P.Tremper,	PRL117(2016)no.9,	091802

A.Crivellin,	G.D'Ambrosio,	T.Kitahara and	U.Nierste,	1703.05786]

[C.Bobeth,	A.J.Buras,	A.Celis and	M.Jung,	 JHEP1704(2017)079]

[A.J.Buras and	F.De Fazio,	JHEP1603(2016)010

&	JHEP1608	(2016)	115]

[M.Blanke,	A.J.Buras and	S.Recksiegel,	EPJ.C76	(2016)no.4,182]

[V.Cirigliano,	W.Dekens,	J.de Vries and	E.Mereghetti,		PLB	767	(2017)	1

S.Alioli,	V.Cirigliano,	W.Dekens,	J.de Vries and	E.Mereghetti, JHEP1705	(2017)086]

l Different	implications	(correlations	&	predictions)	for	other	observables	appear	

depending	on	models		� Possibility	of	model	discriminations
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more than 10% mass shift of the 
gluino mass from                         is 
possible in light of the constraint 
from 

1-10 % mass shift of the gluino 
mass is possible 

1σ 2σ

       discrepancy  
can be solved at

               determines a position 
of the green band

Positive       predicts a strict 
correlation

[Crivellin, D'Ambrosio, TK, Nierste, '17]B(K→πνν)

13

 for a fine-tuning at the 1(10)% level



Interplay with B-anomalies
Bordone, Buttazzo, Isidori, Monnard 


Scalar/triplet leptoquark
S. Fajfer N. Koˇsnik, L. Vale Silva




E

GD,Iyer

EW vs flavor scale

Javier Fuentes-Martín 


M. Bordone, C. Cornella and G. Isidori 


[a possible shift of parading in model-building] G. Isidori



Rare Kaon decay program



Gaillard Lee

KL->µµ

B(KL ! µ+µ�)
exp

= (6.84± 0.11)⇥ 10�9

KL ! �� |
exp

known

Dispersive calculation: Re A, Im A



A(KL ! 2�?)O(p4) = A(KL ! ⇡0 ! 2�?) +A(KL ! ⌘8 ! 2�?)

= A(KL ! ⇡0)A(⇡0 ! 2�?)


1

M2
K �M2

⇡

+
1

3
· 1

M2
K �M2

8

�
' 0

We do not know the sign of A(KL ! ��)

Kaon Decays in the Standard Model

Vincenzo Cirigliano (Los Alamos), Gerhard Ecker, Helmut Neufeld (Vienna U.), Antonio Pich, Jorge Portoles, refs therein




27.14

�(KL ! µµ)

�(KL ! ��)
⇠ |ReA|2 + |ImA|2

|�SM

short

| = 1.96(1.11� 0.92⇢̄)

KL->µµ

Absorptive calculation

model independent

0.98± 0.55 = |ReA|2 = (���(M⇢) + �
short

� 5.12)2

Subtracting from expt. the Absorptive contribution




KS->µµ



KS->µµ
Ecker Pich ‘90

5⇥ 10�12LD 30% TH err
Short Distance
10�5|=(V ⇤

tsVtd)|2 ⇠ 10�13SM

NP 10�11 allowed
LHCB

< 8⇥ 10�10 90%CL

No  CP conserving Short Distance due to Furry Theorem

Gaillard Lee

few



5⇥ 10�12LD 20% TH err

KS ! �µµ

KS ! µµµµ

KS ! eeµµ

KS ! ��

KS->µµ: how to improve the  
THEORY error

Dispersive treatment of KS → γγ and KS → γl+l− 

Gilberto Colangelo, Ramon Stucki, and Lewis C. Tunstall 
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CPLEAR Flavor tagging
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Can we study K0(t)? 
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0
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pp ! K0K�X

pp ! K⇤+X ! K0⇡+X

GD , Kitahara

1707.06999 PRL



• Short distance interfering with Large CP 
conserving  LD contribution !


• We may be able to study the time evolution of K0 
by tracking the associated particles  (K- )

X

spin

A(K1 ! µ+µ�)⇤A(K2 ! µ+µ�)

⇠Im[�t]y
0
7A

n

Aµ
L�� � 2⇡ sin2 ✓W (Re[�t]y

0
7A +Re[�c]yc)

o



Short distance window
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Miriam Lucio

Collaboration with Teppei Kitahara, Isabel Fernández Suárez, Miriam Lucio Martínez, 

Diego Martínez Santos, Veronika Georgieva Chobanova  arXiv:1711.11030, JHEP



QCD and EFT



χPT effective field theory approach based on two assumptions

• π’s Golstone bosons of SU(3)L ×SU(3)R ➔  SU(3)V    


• (chiral) power counting  There is a small expansion parameter p2/Λ2χSB    

ΛχSB≃4 π Fπ ∼1.2 GeV  

SU(3)L ×SU(3)R symm.  L QCD           mq = 0 

Chiral sym. breaking through dim. parameter Fπ, χ related to 

<0|J5μ| π>, <0|qL qR |0>

Fπ≈ 93 MeV

Fantastic chiral prediction 
Aππ~ (s -mπ2 )/Fπ2

Chiral Perturbation theory

Li Gasser Leutwyler coeff 

determined from expts.


Oi   p4  operator

LS = L2
S + L4

S + · · · = F⇡
2

4

⇡!l⌫, ⇡⇡!⇡⇡, K!⇡..z }| {
hDµUDµU† + �U† + U�†i+

K!⇡..z }| {X

i

LiOi + · · ·

L�S=1 = L2
�S=1 + L4

�S=1 + · · · = G8F
4 h�6DµU

†DµUi
| {z }

K!2⇡/3⇡

+ G8F
2
X

i

NiWi

| {z }
K+!⇡+��,K!⇡l+l�

+ · · ·



Li Li expts V A Total
(Scalar incl.)

Total
QCD rel. incl.

L1 0.4 ± 0.3 0,6 0 0,6 0,9

L2 1.4 ± 0.3 1,2 0 1,2 1,8

L3 -3.5 ± 1.1 -3,6 0 -3,0 -4,9

L4 -0.3 ± 0.5 0 0 0 0

L5 1.4 ± 0.5 0 0 1,4 1,4

L6 -0.2 ± 0.3 0 0 0 0

L7 -0.4 ± 0.2 0 0 -0,3 -0,3

L8 0.9 ± 0.3 0 0 0,9 0,9

L9 6.9 ± 0.7 6,9 0 6,9 7,3

L10 -5.5 ± 0.7 -10 4 -6,0 -5,5

QCD inspired relations relations

QCD inspired relations relations

KSFR: GV = √2  Fπ

determined by dominance 
of pion, V,A to recover 
QCD short distance 

constraints

Vector Meson Dominance in  the strong sector 

                                                                                                                                                        

    Ecker,  Gasser,  de Rafael,   Pich  



Traditional wisdom: 
low energy VERY 
WELL approximated 
by π’s ,V,A 


Short distance: QCD


A good interpolation 
among the two 
regimes is sufficient 
for a good 
description of the 
correlators

De Rafael

MHA

Minimal Hadronic Ansatz 
(MHA)







• Flavour anomalies: interplay with K->π𝞶𝞶 but 
10% measurement needed!

• LHCB: KS->µµ extraordinary result: 
interference effect!!!Short distance window

• weak chiral lagrangian

• LFUV in Kaons very useful

• Rich rare kaon program 

Conclusions
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Back up







 Svjetlana Fajfer and Nejc Koˇsnik Luiz Vale Silva






m2
Q ⇠ I

obey some Flavour symmetry so that GIM is realized

L�F=2 =
C

⇤2
MFV

[
(V ⇤

tdm
2
tVtb)2

v4
(d̄L�

µbL)
2 +

(V ⇤
tdm

2
tVts)2

v4
(d̄L�

µsL)
2]

K � K̄
=) (�LL

12 )2

M2
Q̃

 1

(100TeV)2
=) Naturalness?

Hg̃
�F=2 ⇠ ↵2

s

9M2
Q̃

⇥
(�LL

12 )2 (s̄L�µdL)
2 + · · · ⇤

�LL
12 departure from identity matrix m2

Q Gabrielli Masiero 
Silvestrini



Problem already known since ’86 technicolour, 
susy 

extra dimensions

⇤F

G.D.,Giudice,Isidori,Strumia; A. Buras, Gambino,Silvestrini

Scale New Physics, stabilizing EW scale,  ΛH <<scale

of the dynamical understanding of Flavor

SM

⇤F<<⇤H

⇤H

Traditional solution
(Chivukula Georgi)

(Hall Randall) 

(Rattazzi Zafferoni)





CP violation in 
A(KL ! ⇡+⇡�) / ✏+ ✏0

A(KL ! ⇡0⇡0) / ✏� 2✏0

Christenson et al 64✏ ⇠ O(10�3)

✏0 ⇠ O(10�6) CERN NA31, Fermilab KTeV

H�S=1H�S=2

Indirect CP violation


 Kaon oscillation  
Direct CP Violation


Penguin 

K ! 2⇡



EW 

penguin


Q8

gluon

penguin


Q6

New lattice

result 2015

Kei Yamamoto



A(s ! d⌫⌫)SM ⇠ sL�µdL ⌫L�
µ⌫L ⇥

"
X

q=c,t

V ⇤
qsVqd m2

q

#

⇥
A2�5 (1� ⇢� i⌘)m2

t + �m2
c

⇤

K ! ⇡⌫⌫

�(KL ! ⇡

0
⌫⌫)

8
<

:

CP violating
) J = A

2
�

6
⌘

Only top

V �A⌦ V �A| {z }
+

SM Littenberg

Why we need to the  experiments  KOTO and NA62







PDG Prospects

KS ! µµ < 9⇥ 10

�9
at 90% CL (LD)(5.0± 1.5) · 10�12

NP < 10

�11

KL ! µµ (6.84± 0.11)⇥ 10

�9
di�cult : SD << LD

KS ! µµµµ � SM LD ⇠ 2⇥ 10

�14

KS ! eeµµ � ⇠ 10

�11

KS ! eeee � ⇠ 10

�10

KS ! ⇡+⇡�µ+µ� � SM LD ⇠ 10

�14





K+-> π+ e+ e-     KS-> π0 e+ e-

Short distance

O(p4)

Ecker, Pich, de Rafael

ChPT

constant+ loop 
electrons and µ’s in the final state

Initial data inconsistency e and µ’s: LFV?‘97



K+-> π+ e+ e-      KS-> π0 e+ e-

• gauge+Lorentz inv. =>1 ff  

averaging flavour 

Recent lattice determinations Christ et al. 


i

Z
d

4
xe

iqxh⇡(p)|T {Jµ

elm(x)L�S=1(0)} |K(k)i = W (z)

(4⇡)2
⇥
z(k + p)µ � (1� r

2
⇡

)qµ
⇤



LFUV: Kaons

SM

�(K+ ! ⇡+µ+µ�)

�(K+ ! ⇡+e+e�)



LFUV: Kaons

Cµµ
7V � Cee

7V = ↵
aµµ+ � aee+

2⇡
p
2VudV ⇤

us

aNP
+ =

2⇡
p
2

↵
VudV

⇤
us ⇤ CNP

7V

Channel a+ b+ Reference
ee �0.587± 0.010 �0.655± 0.044 E865
ee �0.578± 0.016 �0.779± 0.066 NA48/2
µµ �0.575± 0.039 �0.813± 0.145 NA48/2

MFV
=) CB,µµ

9V � CB,ee
9V = ↵

aµµ+ � aee+
2⇡

p
2VtdV ⇤

ts

= �19± 79

NA62 PLEASE!!

High statistics: nominal # of decays  50 times greater than NA48/2 


Collaboration with  Crivellin, A  Hoferichter, M and Tunstall, L  
Phys.Rev. D 2016



q cut in minimum dilepton 









QCD at work: Short Distance 
expansion for weak interaction

• Fermi lagrangian: description of the ∆S=1 weak 
lagrangian, in particular the explanation of  ∆I =1/2 rule


• Wilson suggestion (Feynman) , short distance expansion


• Gaillard Lee, Altarelli Maiani: right direction but not 
fully understood (Long distance?)

A(K+ ! ⇡+⇡0)

A(KS ! ⇡+⇡�)
⇠ 1

22



QCD at work, theoretical tools

• analytic calculation ’t Hooft, large Nc (it explains 
basic phenomenological facts of QCD, i.e. Zweig’s 
rule) many implications: Skyrme model, VMD, 
Maldacena


• G. Parisi, ‘80s lattice: can we predict from QCD  
the proton mass at 10% level?


• Precise calculation of low energy QCD?



Bardeen Buras Gerard approach 
to K->ππ 

• Applied also to π+ - π0 mass diff, and ∆S=2 transitions 
and prediction of epsilon’


He↵ =
X

i

Ci(µ) Qi(µ)

SD

Also evaluated ∆S=2 transitions, epsilon’ (Buras) and π+ - π0 mass diff.

CHPT+Large Nc

Main idea: phys. amplitudes scale independent
Match SD with LD with a precise prescription for CT



Can we test somewhereelse 
the Bardeen Buras Gerard 

(BBG) approach?

Coluccio-Leskow, Estefania, GD, Greynat,David and Nath,Atanu



Matching a la BBG for K+-> π+ e+ e-  

Coluccio-Leskow,E. G.D ,Greynat, D and Nath, A
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The leading contribution is given by   

x x
SL

SR

dR

dL

The next contribution is given by dLsLdLsL

this contribution is suppressed  
when

SL

dL SL

dL

x x x x

mg̃ & 1.5 mq̃

: these contributions almost cancel out 

Crossed diagram gives 
relatively negative 
contributions

[Crivellin, Davidkov '10]

/
✓

mK

ms +md

◆2

�D̄,12 ' 0

dLsLdRsR

Main Constraint:      (ΔS=2, ID-CPV) cont.

: suppressed by heavy gluing mass 

7



KS ! µµµµ � SM LD ⇠ 2⇥ 10�14

KS ! eeµµ � ⇠ 10�11

KS ! eeee � ⇠ 10�10

GD,Greynat, Vulvert
KS, KL

ℓ1

ℓ̄1

ℓ2

ℓ̄2

Other interesting channels


