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• K->π𝞶𝞶


• KS,L->µµ


• QCD, chiral perturbation theory and kaon decays
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 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Results 

  One event observed in Region 2 
  Full exploitation of the CLs method in progress 
  The results are compatible with the Standard Model 
  For comparison: 

FPCapri2018, Capri 19 



 Κ +→π +νν : first NA62 results (A. Ceccucci) 

Prospects 

  Processing of 2017 data on-going 
  ~ 20 times more data than the presented statistics 

  Expected reduction of upstream background 

  Methods to improve the reconstruction efficiency under study 

  2018 data taking under way 
  Further mitigation of the upstream background is expected 

  Processing in parallel with data taking 

  Final 2018 reprocessing expected beginning 2019 

  Expect ~ 20 SM events from the 2017+2018 data sample. The 
analysis of this sample should provide: 
  Input to the European Strategy for Particle Physics 

  Solid extrapolation to the ultimate sensitivity of NA62 achievable after LS2 

FPCapri2018, Capri 20 



KL-> π0ν	ν 

B(KL) = (3.14±0.17± 0.06)⇥ 10�11 TH

E391a

B(KL)  ⌧L
⌧+

⇥B(K
±
)E949  1.4⇥ 10�9 at 90%C.L.

Model-independent bound, based on SU(2) properties

dim-6 operators for sdν	ν Grossman Nir

B(KL) < 2.6⇥ 10�8 at 90% C.L.
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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



Teppei Kitahara: Karlsruhe Institute of Technology (KIT), XIIth Meeting on B Physics, 23 May, 2017, Napoli, Italy

The epsilon’/epsilon tension and supersymmetric interpretation

/17

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





Rare Kaon decay program at LHCB

Rare n Strange 2017: strange physics at LHCb

GD, Lewis Tunstall, Diego Martinez Santos,Veronika Chobanova, 

Xabier Cid Vidal, Francesco Dettori, Marc-Olivier Bettler,


Teppei Kitahara,,Kei Yamamoto 





KL,S ! µµ



Gaillard Lee

KL->µµ

B(KL ! µ+µ�)
exp

= (6.84± 0.11)⇥ 10�9

KL ! �� |
exp

known

Dispersive calculation: Re A, Im A
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Kaon Decays in the Standard Model

Vincenzo Cirigliano (Los Alamos), Gerhard Ecker, Helmut Neufeld (Vienna U.), Antonio Pich, Jorge Portoles, refs therein
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KL->µµ: our sign ignorance 

We  know the sign
We do not  know the sign

Isidori Unterdorfer




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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Can we study K0(t)? 
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• 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
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modified Z-coupling model. ✏0K/✏



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.
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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  



KS ! ⇡0l+l�
K+ ! ⇡+l+l�

Not only a book-keeping but predictive already



Weak chiral couplings


  

Luigi Cappiello, Oscar Cata,GD


 arXiv:1712.10270,,EPJC



LFUV in Kaons
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K+-> π+ e+ e-      KS-> π0 e+ e-

• gauge+Lorentz inv. =>1 ff  

averaging flavour 

Recent lattice determinations Christ et al. 
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Predicting a+, b+? Going beyond the low-energy expansion

requires an unsubtracted dispersion relation
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GD Greynat Knecht

arXiv:1812.00735 JHEP,+



Predicting a+, b+? Going beyond the low-energy expansion

Simple approach: unitarize both using the inverse amplitude method
T. N. Truong, Phys Rev Lett 61, 2526 (1988)

A. Dobado et al, Phys Lett B 235, 134 (1990)

T. Hannah, Phys Rev D 55, 5613 (1997)

A. Dobado, J. R. Pelaez, Phys Rev D 56, 3057 (1997)

J. Nieves et al., Phys Rev D 65, 036002 (2002)

a+|ππ = −(1.574+0.003
−0.020) b+|ππ = −(0.622+0.012

−0.017) for β+ = −0.85 · 19−8

note: position of the ρ resonance much too low for β+ = −2.88... (phase

goes through π/2 at s ∼ M 2
ρ/2!)

GD Greynat Knecht

arXiv:1812.00735 JHEP,+

Matching short

distance



LFUV: Kaons

Cµµ
7V � Cee
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p
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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

LHCB-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



• 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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Predicting a+, b+? Going beyond the low-energy expansion
Putting everything together
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Data analized with several parameterisations of W (z)

Concentrate on “beyond one loop” (BOL) model

WBOL(z) = GFM
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G. D’Ambrosio et al., JHEP 9808, 004 (1998)

• Similar representation for KS → π0ℓ+ℓ−

• α+,β+ from slope and curvature of K+ → π+π+π− amplitude (more on this later)

α+ = −20.84(74) · 10−8, β+ = −2.88(1.08) · 10−8

J. Bijnens et al. Nucl. Phys. B 648, 317 (2003)

• Only loops with pions, loops with kaons included in the polynomial part

• Still not a complete two-loop representation

• The term proportional to β+ × (M2
K/M2

V ) is actually NNLO (not important)

• One loop corresponds to b+ ∼ 0, β+ = 0, MV → ∞ (after expanding kaon loops)

• a+ = WBOL(0)/GFM2
K , b+ ∼ W ′

BOL
(0)/GFM2

K

GD Greynat Knecht

work in progress

M.Knecht  

XIIIth Quark Confinement and the Hadron Spectrum, Maynooth Univ., 31 July - 6 August, 2018 


  



Combined fit (e+e−)
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Rescale error bar of one data point in each set

Quite reasonable χ2, negative solution clearly favoured

GD Greynat Knecht

work in progress



Fit to NA48/2 data (µ+
µ
−)
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As in the NA48/2 data for the e+e− channel, the data show a slight preference for the positive solution

GD Greynat Knecht

work in progress



Robustness of determinations of a+ and b+
Impact of remaining two-loop contributions, not contained in W

BOL
(z)

Predictions for a+ and b+?



Comparing W2loop(z) and WBOL(z)

solid lines: |W2loop(z)|2 full two loops

dash-dotted lines |WBOL(z)|2

red curves: a+ = −0.585, b+ = −0.779, β+ = −2.88 · 10−8

blue curves: a+ = −0575, b+ = −0.779, β+ = −0.99 · 10−8

GD Greynat Knecht

work in progress
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Comparing W2loop(z) and WBOL(z)

solid lines: |W2loop(z)|2 full two loops
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π
K

π

π
ρ

In this channel there is a large VMD in 
the phenomenological slope 

However this is 
proportional  to L3 + 3/4 L9

4D L3 + 3/4 L9=0

5D L3 + 3/4 L9≠0 and in agreement with 
phenomenology

Hard Wall weak interactions: K->3pi 

Luigi Cappiello, Oscar Cata and G.D. 



K->2 pi/3pi fit   Kambor Missimer Wyler, ‘90s

↵1 = ↵(0)
1 � 2g8

27fKf⇡
m4

K {(k1 � k2) + 24L1} ,

�1 = �(0)
1 � g8

9fKf⇡
m2

⇡m
2
K {(k3 � 2k1)� 24L2} ,

⇣1 = � g8
6fKf⇡

m4
⇡ {k2 � 24L1} ,

⇠1 = � g8
6fKf⇡

m4
⇡ {k3 � 24L2} ,

M(KL ! ⇡+⇡�⇡0) = ↵1 � �1u+ (⇣1 + ⇠1)u
2 +

1

3
(⇣1 � ⇠1)v

2

M(KL ! ⇡0⇡0⇡0) = �3↵1 � ⇣1(3u
2 + v2) ,

M(K+ ! ⇡+⇡+⇡�) = 2↵1 + �1u+ (2⇣1 � ⇠1)u
2 +

1

3
(2⇣1 + ⇠1)v

2 ,

M(K+ ! ⇡+⇡0⇡0) = �↵1 + �1u� (⇣1 + ⇠1)u
2 � 1

3
(⇣1 � ⇠1)v

2 ,



Vector meson dominance in                          

!"
K"

!"

!"
ρ"

↵1 = ↵(0)
1 � 2g8

27fKf⇡
m4

K {(k1 � k2) + 24L1} ,

�1 = �(0)
1 � g8

9fKf⇡
m2

⇡m
2
K {(k3 � 2k1)� 24L2} ,

⇣1 = � g8
6fKf⇡

m4
⇡ {k2 � 24L1} ,

⇠1 = � g8
6fKf⇡

m4
⇡ {k3 � 24L2} ,

K ! 3⇡

Angular momentum decomposition

 should be dominated by       


exchange

M(KL ! ⇡+⇡�⇡0) = ↵1 � �1u+ (⇣1 + ⇠1)u
2 +

1

3
(⇣1 � ⇠1)v

2

M(KL ! ⇡0⇡0⇡0) = �3↵1 � ⇣1(3u
2 + v2) ,

M(K+ ! ⇡+⇡+⇡�) = 2↵1 + �1u+ (2⇣1 � ⇠1)u
2 +

1

3
(2⇣1 + ⇠1)v

2 ,

M(K+ ! ⇡+⇡0⇡0) = �↵1 + �1u� (⇣1 + ⇠1)u
2 � 1

3
(⇣1 � ⇠1)v

2 ,

�1

⇢

k3 = 3(N1 +N2 �N3)

u =
s3 � s0
m2

⇡

, v =
s1 � s2
m2

⇡

, si = (pK � p⇡i)
2 , s0 =

1

3

3X

i=1

si .

It has VMD
Isidori, Pugliese


Ecker Kambor Wyler



 We measure the slope, let’s check theory predictions

TH VMD 0

k
3

24
=

✓
L
3

+
3

4
L
9

◆
⇠

expt

1.7

5D   1.7

In factorization 
k3/24 = 3(N1 +N2 �N3)/24 = L3 + 3/4L9

Luigi Cappiello, Oscar Cata and G.D. 

Lexp

iusing

using

using LVMD
i

Lholo

i

in units 10�3

departures from KSFR









Large Nc QCD

OPE





⇧V (Q
2) = � Nc

12⇡2
lnQ2 Q2 ⌘ �q2

Holographic QCD at low energies

Large Nc QCD properties => conformal symmetry in 5d

confinement:  either IR cut-off or 
field modifying metric 



Holographic QCD: Hard Wall

⇧V (Q
2) =

1X

n=0

FV (n)2

Q2 +MV (n)2

⇧V (Q
2) = � Nc

12⇡2
lnQ2 Q2 ⌘ �q2 IR very good,  but 

HW





• 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

-1.0 - 0.5 0.0 0.5 1.0
0

2×10 -12

4×10 -12

6×10 -12

8×10 -12

1×10 -11

D



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



Teppei Kitahara: Karlsruhe Institute of Technology (KIT), XIIth Meeting on B Physics, 23 May, 2017, Napoli, Italy

The epsilon’/epsilon tension and supersymmetric interpretation

/17

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


