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1.   Introduction and Motivation 



1.1  Why Kaon physics is interesting?  

Goals:  
•  Test of the Standard Model: 

–  Extraction of the Cabibbo-Kobayashi-Maskawa matrix element Vus 

–  Test of lepton universality 

•  Probe QCD at low energy 
 
•  Indirect searches of new physics, several possible high-precision tests 

Tools: ChPT, OPE, … & Lattice 
 
Data: KLOE, KTeV, NA48          KLOE2, NA62, KOTO, ORKA, TREK 
 
 
 
 

 
 
 
 
 

 
•  BSM effects :  
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1.2  Theoretical framework 

•  Multi scale theoretical description 
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Short distance physics  
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1. Theoretical Framework
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2.   Leptonic decays 



•  Kl2 decays  
 
 
 
 
Only the axial current contributes in the SM 

•  The branching ratio in the SM: 
 

 
 
 
 

–  Short distance effects (universal) 

–  Long distance effects  (universal) 

–  Structure dependent effects (process dependent) 

2.1  Kl2  decays 
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The Kℓ2 decay in the Standard Model
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•  Kl2 decays  
 
 
 
 
 

•  Define the RK ratio to reduce the theoretical uncertainties: most of the 
hadronic and radiative contributions cancel  

 
 
 
 
 

 
•  Compatible with SM but experimental uncertainty one order of magnitude 

higher than theory         NA62 

 
 
 
 

 

2.2  RK 
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Experimental result: 

Lepton(Universality:(RK

  helicity suppression of RK might enhance 
  sensitivity to non-SM effects to an 
  experimentally accessible level.

RK
SM = (2.477±0.001)×10–5

Phys. Rev. Lett. 99 (2007) 231801

Helicity&suppression:&f~10–5

A precise measurement of the ratio of K -> lνl leptonic decays provides
an ideal test of SM and indirect search for New Physics.

Hadronic uncertainties cancel in the ratio Ke2/Kµ2
SM prediction: excellent sub-permille accuracy

RK is sensitive to lepton flavour violation and its SM expectation:

RadiaEve(correcEon((few(%)
due(to(K+→e+νγ((IB)(process,
by(definiEon(included(into(RK

[[V.CiriglianoV.Cirigliano, , I.RosellI.Rosell JHEP 0710:005 (2007)] JHEP 0710:005 (2007)]

NA62-RK:
RK = (2.488 ± 0.007stat ± 0.007syst) × 10 −5

RK = (2.488 ± 0.010) × 10−5 [Phys. Lett. B 719 (2013) 326] 31



•  Compare to other measurements:   
 
 
 
 

 

 
 
 
 
 

 
 

 
 
 
 

 

2.3  Test of Lepton Universality 
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2. (Semi) Leptonic Decays
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2.3  Test of New Physics in RK 
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•  RK sensitive to lepton flavour violating effects, ΔR/R ≈ O(1%)  
 
 

•  2HDM – tree level:         additional contribution  
due to charged Higgs, does not contribute to RK 

 
 
•  Possibility to constrain LFV at one loop in  

MSSM 
 
 
 

•  Update and extension by Girrbach & Nierste’12 

–   LFV:   

–  Can become negative if interference with LFC effects: 
 

 
 
Ex :   
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•  RK sensitive to lepton flavour violating effects, ΔR/R ≈ O(1%)  
 

•  If 0.05% effect on RK found at NA62 (blue constraint):  

 
 
 

•  RK sensitive to neutrino mixing parameters within SM extensions 
involving sterile neutrinos. Depends on masses, hierarchy, and mixings 
of new neutrino states 

 
 

 
       

 
 
 
 

 

2.3  Test of New Physics in RK 
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Figure 6: Regions with ∆rµ−e ≥ 0. 5% for δ13RR = 0.15 (darkblue), 0.25 (blue and darkblue), 0.5
(lightblue, blue, and darkblue). Overlaid in red: exluded by LEP H+ searches; yellow dashed:
3σ exclusion limit from Rµ23; green: 3σ exclusion limit from B → τν (left: using |Vub| =
(5. 04 ± 0. 64) · 10−3; right: using |Vub| = (3. 41 ± 0. 15) · 10−3).

This kind of new physics dominantly affects the decay rate Γ(K → eν). A lepton-flavour conserving
(LFC) mechanism changing Γ(K → eνe) may suppress or enhance RK , while new lepton-flavour
violating (LFV) decay modes such as Γ(K → eντ ) can only enhance RK over its SM value. In this
paper we have studied ∆rµ−e ≡ RK/RSM

K − 1 in the MSSM, extending the analyses of Refs. [8,27].

The LFC contribution to ∆rµ−e is driven by the parameter combination δ13LLδ13RR. In Ref. [12] it has
been found that upper bounds on |δ13LLδ13RR| can be derived from naturalness considerations of the
electron mass and from the precise measurement of the anomalous magnetic moment of the electron.
(Coincidentally, these two quantities give very similar constraints.) In Sect. 2 we have found that
these bounds imply |∆rµ−e

LFC | ! 0. 005 and thereby challenge the large values for |∆rµ−e
LFC | considered

in Ref. [8]. At the same time our result is fully compatible with the range for ∆rµ−e
LFC advocated in

Ref. [27]. The naturalness bound extends beyond the MSSM to a larger class of models, namely those
with the tree-level Higgs sector of a 2HDM of type II.

The LFV contribution to ∆rµ−e can be larger, because a non-zero parameter δ13RR suffices to open
the decay channel K → eντ and δ13RR is only poorly constrained from other processes. We have
calculated ∆rµ−e

LFV in Sect. 3 and found that the proper inclusion of τ̃L–τ̃R mixing is essential. The
analytical expressions in Refs. [8,27] include the τ̃L − τ̃R flip using the mass insertion approximation
instead of the exact diagonalisation of the stau mass matrix. The interesting region of parameter space
probed by NA62 corresponds to large values of µ and a sizable stau mixing angle θτ and in this region
the left (bino) diagram in Fig. 2 is dominant. The formulae derived by us are also valid beyond the
decoupling limitMSUSY → ∞, in which θτ vanishes. In order to facilitate the combination of future
NA62 results with limits or measurements from high-pT experiments, we have expressed ∆rµ−e

LFV in
terms of the mass mτ̃l of the lightest stau eigenstate and the mixing angle θτ . For example, for
tan β = 50, µ = 800 GeV, δ13RR = 0. 5, a charged-Higgs mass ofMH = 500 GeV,mτ̃l = 120 GeV,
a bino mass of M1 = 100 GeV and a right-handed selectron mass of mẽR = 200 GeV we find a
maximal value of ∆rµ−e

LFV = 0. 006 corresponding to θτ = 26◦. In Eq. (30) we have derived an easy-

Girrbach & Nierste’12 

Abada et al.’12 



3.   CKM Unitarity from (semi)-leptonic decays 



•  From kaon, pion, baryon and nuclear decays 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 

 

 

3.1  Paths to Vud and Vus  
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• From kaon, pion, baryon and nuclear decays 
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Vud 

 0+ o 0+ 

Sr o S0eQe 
no peQe S o l Ql   

Vus K o SlQl /o peQe K o l Ql   

Emilie Passemar 



•  From kaon, pion, baryon and nuclear decays 

 
 
 
 
 

•  These are the golden modes to extract Vud and Vus 
Ø  Only the vector current contributes 

Ø  Normalization known in SU(2) [SU(3)] symmetry limit 

Ø  Corrections start at 2nd order in SU(2) [SU(3)] breaking 
 
 

•  Currently the most precise determination of Vud and Vus 
 

  Vud (0.02 %)  and Vus (0.5 %) 
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Ademollo & Gato, Berhands & Sirlin 

• From kaon, pion, baryon and nuclear decays 
 
 
 
 

 
 
 
 
 

• These are the golden modes to extract Vud and Vus 
¾ Only the vector current contributes 

 

¾ Normalization known in SU(2) [SU(3)] symmetry limit 
 

¾ Corrections start at 2nd order in SU(2) [SU(3)] breaking 
 
 

• Currently the most precise determination of Vud and Vus 
 

  Vud (0.02 %)  and Vus (0.5 %) 
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Emilie Passemar 7 

Vud 
 0+ o 0+ 

Sr o S0eQe 
no peQe S o l Ql   

Vus K o SlQl /o peQe K o l Ql   

Ademollo & Gato, Berhands & Sirlin 
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•  From kaon, pion, baryon and nuclear decays 

 
 
 
 
 
 

•  Kl2/πl2  
Ø  Only the axial current contributes 

Ø  Need to know the decay constants FK, Fπ 
      Lattice QCD 

Ø  Probe different BSM operators than from the vector case 
 

•  Input on FK/ Fπ           Vus/Vud  very precisely 
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• From kaon, pion, baryon and nuclear decays 
 
 
 
 

 
 
 
 

• Kl2/Sl2  
¾ Only the axial current contributes 

 

¾ Need to know the decay constants FK, FS 

      Lattice QCD 
 

¾ Probe different BSM operators than from the vector case 
 
 

• Input on FK/ FS           Vus/Vud  very precisely 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 

 
 

 
 

1.2  Paths to Vud and Vus  
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Vud 
 0+ o 0+ 

Sr o S0eQe 
no peQe S o l Ql   

Vus K o SlQl /o peQe K o l Ql   



•  From Kl2/πl2: 

 
 
 

 
         Inputs needed :  
     à Experimental BRs from FlaviaNet kaon WG review Antonelli et al.’10 
    à FK/ Fπ  Lattice calculations  

 

à Electromagnetic and isospin breaking corrections 
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Γ K → µν γ⎡⎣ ⎤⎦( )
Γ π → µν γ⎡⎣ ⎤⎦( ) =

m
K ±

m
π ±

1 − mµ
2 m

K ±
2( )

1 − mµ
2 m

π ±
2( )

fK
2

fπ
2

Vus

2

Vud

2 1 + δEM( )

Emilie Passemar 

Marciano’04, Knecht et al.’99 



 

 
 
 
 

  
 
 

 

 

FK/Fπ  from lattice QCD 
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FK

Fπ

= 1.192 ± 0.005

FLAG’13 

Experimental determination of Vus from kaon decays – M. Moulson (Frascati) – CKM 2014, Vienna, 8 September 2014"

Lattice evaluations of fK/fπ"

36!

ETM 13F"
HPQCD 13A"
MILC 13A"
MILC 11"
ETM 10E"

RBC/UKQCD 12"
Laiho 11"
BMW 10"
JLQCD/TWQCD 10"
RBC/UKQCD 10A"
PACS-CS 09"
BMW 10"
JLQCD/TWQCD 09A"
MILC 09A"
MILC 09"
Aubin 08"
PACS-CS 08/A"
RBC/UKQCD 08"
HPQCD/UKQCD 07"
NPLQCD 06"
MILC 04"
"

ALPHA 13"
BGR 11"
ETM 10D"
ETM 09"
QCDSF/UKQCD 07"

1.14! 1.18! 1.22! 1.26!

Nf = 2"

Nf = 2+1+1!

Nf = 2+1"

FLAG ’13!
1310.8555v2!

• More stability over time than for f+(0) "
•  FLAG now quotes averages with 

correction for SU(2) breaking: fK±/fπ± !

Preliminary updates from Lattice ’14:!
Nf  = !
2+1!

fK/fπ = 1.199(5)st(6)χ(1)FV!
RBC/UKQCD: DWF, mπ = 139 MeV"
Separate determinations of fK and fπ"

Nf = !
2+1+1!

fK±/fπ± = 1.1956(10)st(+23
−14)a2(10)FV(5)EM!

FNAL/MILC ’14: HISQ, mπ = 135 MeV"
Update of MILC 13A in FLAG average"
Now in press: arXiv:1407.3772"
Note: SU(2)-breaking included in fK±/fπ±!

Nf  = 
2+1!

fK±/fπ± = 1.192(5)!
FLAG ’13 average!

Nf = 
2+1+1!

fK±/fπ± = 1.1960(25)!
FNAL/MILC ’14 with symmetrized error"

Use as reference values for this talk:!

SU(2) limit fK/fπ!

•  Corrections for IB taken into  
account in FLAG averages 

 
 
 
 

•  Nf=2+1  

•  Nf=2+1+1 

 

 
 
 

 
 

 
 
 
 

  
 
 

 

 

  

FK

Fπ

= 1.194 ± 0.005



•  From Kl2/πl2: 
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Γ K → µν γ⎡⎣ ⎤⎦( )
Γ π → µν γ⎡⎣ ⎤⎦( ) =

m
K ±

m
π ±

1 − mµ
2 m

K ±
2( )

1 − mµ
2 m

π ±
2( )

fK
2

fπ
2

Vus

2

Vud

2 1 + δEM( )

Emilie Passemar 
Experimental determination of Vus from kaon decays – M. Moulson (Frascati) – CKM 2014, Vienna, 8 September 2014"

|Vus|(Kℓ2) and |Vud|(0+ → 0+): Update"

37!

 Choice of fK±/fπ±! Vus/Vud ΔCKM = Vud2[1 + (Vus/Vud)2] − 1 

Nf  = 2+1" 1.192(5)" 0.2315(10)! −0.0001(6)" = −0.2σ"

Nf = 2+1+1" 1.1960(25)" 0.2308(6)! −0.0004(5)  = −0.9σ 

|Vus/Vud| × fK±/fπ± = 0.2760(4) and |Vud| = 0.97417(21) !

Kℓ2 data and lattice results for fK±/fπ± give rather better agreement 
with unitarity than Kℓ3 data and lattice results for f+(0) 

Question: "
Assuming |Vud|, |Vus/Vud| × fK±/fπ±, and fK±/fπ± all correct, is the 

problem with the Kℓ3 data or lattice results for f+(0)?"

B(Kµ2)

τ±

fK/fπ EM

1

B(Kµ2)

τ±

fK/fπ EM

1

Moulson@CKM2014 
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K(P) π(p) 

ℓ"

ν 

Kℓ3 form factors"

17!

Ke3 decays: Only vector form factor:"

t = (P − p)2 

Hadronic matrix element:!

For Vus, need integral over phase space of squared matrix element:"
Parameterize form factors and fit distributions in t (or related variables)"

Kµ3 decays: Also need scalar form factor:!

3.3  Vus from Kl3 decays 

•  Master formula for K → πlνl: K = {K+,K0}, l={e,µ} 

 
 
 
 

 
 
 
 
 

            Integral of form factor over  
              phase space:   s parametrize 
             evolution in t=q2 

 
 
 
 

 
 

20 Emilie Passemar 

Experimental inputs: 
 

                            Rates with well-determined  
              treatment of radiative decays 

•  Branching ratios 
•  Kaon lifetimes 

  Γ Kl 3( )

 IKl λKl( )
λ

Inputs from theory: 
 

                                Universal short distance  
 EW corrections  

 
                 Hadronic matrix element  

 (form factor) at zero  
 momentum transfer (t=0) 

 
 Form-factor correction for  
 long-distance EM effects 

 
 Form-factor correction for 
 SU(2) breaking   

 SEW
K

  f+
K 0π −

(0)

  δEM
Kl

  δ SU(2)
Kπ

  
Γ K →π lν γ⎡⎣ ⎤⎦( ) = Br(Kl 3 )*τ = CK

2 GF
2 mK

5

192π 3 SEW
K Vus

2
f+

K 0π −

(0)
2

IKl 1 + δEM
Kl + δ SU(2)

Kπ( )2
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Kℓ3 form-factor parameterizations"

18!

Notes:!
Allows tests of ChPT & low-
energy dynamics"
H(t), G(t) evaluated from Kπ 
scattering data and given as 
polynomials"
Bernard et al., PRD 80 (2009)"

Parameterizations based on systematic expansions!

Parameterizations incorporating physical constraints!

Dispersion relations:!

Pole dominance:!

Notes:!
Many parameters: λ+′, λ+″, λ0′, λ0″"
Large correlations, unstable fits"

Taylor expansion:!

Notes:!
What does MS correspond to?"

21 Emilie Passemar 
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λ″
+ ×

 1
03
"

λ0 × 103"

λ″
+ ×

 1
03
"

λ′+ × 103"

λ0 × 103"

λ′
+ ×

 1
03
"

Update: χ2 = 14.3/11 (P = 22.0%)"2010: χ2 = 12.1/8 (P = 14.5%)"

Fits to Ke3 + Kµ3 form-factor slopes: Update"

24!

Preliminary!
2014 update!

Preliminary!
2014 update!

Preliminary!
2014 update!

KTeV! KLOE! ISTRA+! NA48/2 ’12 prel! Update"2010 fit"

1σ contours!

1σ contours!

1σ contours!

22 Emilie Passemar 

Moulson@CKM2014 
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Dispersive parameters for Kℓ3 form-factors"

27!

Λ+ × 103
 = 25.75 ± 0.36!

ln C = 0.1985(70)!

ρ(Λ+, ln C) = −0.202!

χ2/ndf" = 5.9/7 (55%)"

Λ+ × 103!

ln
 C

 

KTeV! KLOE" ISTRA+! NA48/2 ’12 prel"
 For NA48, only Ke3 data included in fits"

Integrals!
Mode" Update" 2010"
K0
e3 0.15481(14)! 0.15476(18)"

K+e3 0.15927(14)! 0.15922(18)"
K0
µ3 0.10253(13)! 0.10253(16)"

K+
µ3 0.10558(14)! 0.10559(17)"

Only tiny changes in central values"

2010 fit! Update!

Preliminary!
2014 update!

Kℓ3 avgs from"

NB: NA48/2 does not provide Λ+ and ln C!!
Estimates from NA48/2 quad-lin data plotted!

1σ contours!

Dispersive representation for the form factors 
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Moulson@CKM2014 



3.3  Vus from Kl3 

    
     
 
 
 

 
 
 
 

 
 

24 Emilie Passemar Experimental determination of Vus from kaon decays – M. Moulson (Frascati) – CKM 2014, Vienna, 8 September 2014"

|Vus| f+(0) from world data: 2010"

30!

Average: |Vus| f+(0) = 0.2163(5)      χ2/ndf = 0.77/4 (94%)!

% err" BR" τ Δ Int!

KLe3" 0.2163(6)" 0.26! 0.09" 0.20" 0.11" 0.06"

KLµ3 0.2166(6)" 0.29! 0.15" 0.18" 0.11" 0.08"

KSe3 0.2155(13)" 0.61! 0.60" 0.03" 0.11" 0.06"

K±e3" 0.2160(11)" 0.52! 0.31" 0.09" 0.40" 0.06"

K±µ3" 0.2158(14)" 0.63! 0.47" 0.08" 0.39" 0.08"

Approx. contrib. to % err from:"|Vus| f+(0) 

Moulson@CKM2014 
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|Vus| f+(0) from world data: Update"

31!

% err" BR" τ Δ Int!

KLe3" 0.2163(6)" 0.26! 0.09" 0.20" 0.11" 0.05"

KLµ3 0.2166(6)" 0.28! 0.15" 0.18" 0.11" 0.06"

KSe3 0.2155(13)" 0.61! 0.60" 0.02" 0.11" 0.05"

K±e3" 0.2172(8)" 0.36! 0.27" 0.06" 0.23" 0.05"

K±µ3" 0.2170(11)" 0.51! 0.45" 0.06" 0.23" 0.06"

Approx. contrib. to % err from:"|Vus| f+(0) 

Average: |Vus| f+(0) = 0.2165(4)      χ2/ndf = 1.61/4 (81%)!

Moulson@CKM2014 



3.2  Vus from Kl3 
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Evaluations of f+(0) 

32!

• ChPT evaluations generally higher than 
lattice evaluations"
• As lattice calculations improve (Nf > 2, 

smaller pion masses, better systematics) 
results for f+(0) seem to increase!

ChPT, etc."

Nf = 2"

Nf = 2+1+1!

RBC/UKQCD 13"
FNAL/MILC 12"

JLQCD 12"
JLQCD 11"

RBC/UKQCD 10"
RBC/UKQCD 07"

ETM 10D"
ETM 09A"

QCDSF 07"
RBC 06"

JLQCD 05"
JLQCD 05"

0.94! 0.96! 0.98! 1.00!

Kastner 08"
Cirigliano 05"
Jamin 04"
Bijnens 03"
L&R 84"

Nf = 2+1"
FNAL/MILC 13"FLAG ’13!

1310.8555v2!

Preliminary updates from Lattice ’14:!
Nf  = 2+1! f+(0) = 0.9727(25)st, 0.9701(22)st!

RBC/UKQCD: DWF, mπ = 139 MeV,"
2 different lattice sizes"

Nf = 2+1+1 ! f+(0) = 0.9683(50)st(42)χ 
ETMC: TwMF, mπ = 210 MeV"

Nf  = 2+1! f+(0) = 0.9661(32)!
FLAG uncorrelated average of:"
RBC/UKQCD ’13: DWF, mπ = 170 MeV"
FNAL/MILC ’12: HISQ, mπ ~ 300 MeV!

Nf = 2+1+1! f+(0) = 0.9704(32)!
FNAL/MILC ’13: HISQ, mπ = 135 MeV"
Now published: PRL 112"

Use as reference values for this talk:!

Experimental determination of Vus from kaon decays – M. Moulson (Frascati) – CKM 2014, Vienna, 8 September 2014"

|Vus|(Kℓ3) and |Vud|(0+ → 0+): Update"

34!

Hardy & Towner ’14 preliminary!
|Vud| = 0.97417(21)!
•  24 new measurements"
• Critical review of IB correction 

schemes as per PRC 82 (2010)"
• Rejection of results with IB corrections 

giving results in conflict with CVC"

Vud vs analysis year!
Courtesy of J. Hardy"

0.975!

0.974!

0.973!

1990! 2000! 2010!

 Choice of f+(0)! Vus ΔCKM = Vud2 + Vus2 − 1 

Nf  = 2+1" 0.9661(32)" 0.2241(9)! −0.0008(6)" = −1.4σ"

Nf = 2+1+1" 0.9704(32)" 0.2232(9)! −0.0012(6)  = −2.1σ 

|Vus| f+(0) = 0.2165(4) and |Vud| = 0.97417(21) !

Previously excellent consistency with unitarity no longer observed!

Moulson@CKM2014 



3.4  Global fit to Vus & Vud 
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Vus and CKM unitarity: All data"

39!

Nf = 2+1: Fit to results for |Vud|, |Vus|, |Vus|/|Vud|"
 f+(0) = 0.9661(32),  fK/fπ = 1.192(5) "

Fit results, no constraint!

Vud = 0.97416(21)!
Vus = 0.2248(7)!

χ2/ndf = 1.16/1 (28.1%)"

ΔCKM = −0.0005(5)!
−1.0σ!

Fit results, unitarity constraint"

Vud = 0.97432(12)!
Vus = 0.2251(5)!
χ2/ndf = 2.06/2 (36%)!

Vus"

fit"
fit with 
unitarity"

unitarity"

Vud 

Vus 

Vud 

|Vud| = 0.97417(21)!
|Vus| = 0.2241(9)!

|Vus|/|Vud| = 0.2315(10)!
1σ contours!

Experimental determination of Vus from kaon decays – M. Moulson (Frascati) – CKM 2014, Vienna, 8 September 2014"

Vus and CKM unitarity: All data"

39!

Nf = 2+1: Fit to results for |Vud|, |Vus|, |Vus|/|Vud|"
 f+(0) = 0.9661(32),  fK/fπ = 1.192(5) "

Fit results, no constraint!

Vud = 0.97416(21)!
Vus = 0.2248(7)!

χ2/ndf = 1.16/1 (28.1%)"

ΔCKM = −0.0005(5)!
−1.0σ!

Fit results, unitarity constraint"

Vud = 0.97432(12)!
Vus = 0.2251(5)!
χ2/ndf = 2.06/2 (36%)!

Vus"

fit"
fit with 
unitarity"

unitarity"

Vud 

Vus 

Vud 

|Vud| = 0.97417(21)!
|Vus| = 0.2241(9)!

|Vus|/|Vud| = 0.2315(10)!
1σ contours!

Moulson@CKM2014 
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0.21

0.21

0.22

0.22

0.23

0.23

0.24

0.24

0.25

0.25

Vus

τ -> Kν absolute (+ fK)

τ -> Kπντ decays (+ f+(0), FLAG)

τ  branching fraction ratio

Kl3 analyses

Kl2 /πl2 decays (+ fK/fπ)

τ -> s inclusive 

Our result from Belle BR

τ decays

Kaon and hyperon decays

Kl3 decays (+ f+(0))

Hyperon decays

τ -> Kν / τ -> πν (+ fK/fπ)

More	precise	determina/on	of	Vus	from	kaon	decays!	
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L = LSM + C (5)

Λ
O (5) +

Ci
(6)

Λ 2 Oi
(6)

i
∑ + ...

•  Effective Theory approach:  

 
 
•  ΔCKM a constraining quantity: 
 

  Vud

2
+ Vus

2
+ Vub

2
= 1 + ΔCKM

Negligible (B decays) 
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•  ΔCKM a constraining quantity:           S. Jaeger’s talk  

Operator O
b
se

rv
ab

le

K
+
→

π
+
ν
ν̄

K
L
→

π
0
ν
ν̄

K
L
→

π
0
ℓ+

ℓ−

K
L
→

ℓ+
ℓ−

K
+
→

ℓ+
ν

P
T
(K

+
→

π
0
µ

+
ν
)

∆
C

K
M

ϵ′
/ϵ

ϵ K in MSSM?

O(1)
lq (D̄LγµSL)(L̄LγµLL) ! ! ! hs − − − − − !

O(3)
lq (D̄LγµσiSL)(L̄LγµσiLL) ! ! ! hs hs ! ! − − !

Oqe (D̄LγµSL)(l̄RγµlR) − − ! hs − − − − − small

Old (d̄RγµsR)(L̄LγµLL) ! ! ! hs − − − − − small

Oed (d̄RγµsR)(l̄RγµlR) − − ! hs − − − − − small

O†
lq (ūRSL) · (l̄RLL) − − − − ! ! ! − − tiny (?) (PQ ?)

(Ot
lq)

† (ūRσµνSL) · (l̄RσµνLL) − − − − − ? ? − − tiny (?)

Oqde (d̄RSL)(L̄LlR) − − ! ! − − − − − tiny (?) (PQ ?)

O†
qde (D̄LsR)(l̄RLL) − − ! ! ! ! ! − − yes? large tanβ ?

O(1)
ϕq (D̄LγµSL)(H†DµH) ! ! ! hs − − − ! (!) !

O(3)
ϕq (D̄LγµσiSL)(H†DµσiH) ! ! ! hs hs ! ! ! (!) !

Oϕd (d̄RγµsR)(H†DµH) ! ! ! hs − − − ! (!) large tan β (non-MFV)

2

Other rare modes and their correlations
from: SJ, talk at
NA62 Handbook workshop
2009

Monday, 18 January 16



Very precisely known  
from Br(Kl2/Sl2), *(Ke3) and      

¾ Callan-Treiman (CT) theorem : 
 

 
 

 
 
 
 
 
 

– In the Standard Model : 
 

– In presence of new physics, new couplings : 
 

 

1.1   Test of New Physics : Callan-Treiman theorem 

6 

0

V 1( ) V  
(0) V (0) V

us
K udK

K CT CTud us

FFC f
F f F

r
fS

S S� �

 '  � '  � '

udV

2 2
Km mS�

1r  � �ln 0.2141(73)SMC  

1r z

Bernard, Oertel, E.P., Stern’06 
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•  Callan-Treiman theorem:  

 
 
 
 

•  In the Standard Model :  
 
 

•  In presence of new physics, new couplings :  

 

Experiment Ke3+Kµ3 ln C 

NA48’07 (Kµ3 alone)  0.144(14) 
KLOE’08 0.204(25) 
KTeV’10 0.192(12) 

NA48 (preliminary) ? 

Bernard, Oertel, E.P., Stern’06, ‘08 

  Bexp = 1.2446(41)

1r = ( )ln 0.2141(73)SMC =

1r ≠

3( 3.5 8).10CT
−Δ = − ±

NLO value + large  
error bars in  
agreement with  
Bijnens&Ghorbani’07 
Kastner & Neufeld’08 
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•  Ex: Constraints on the aligned 2-Higgs-doublet model:  

 
 
 

 

Constraints on the aligned 2-Higgs-doublet model:
(95% CL, Jung-Pich-Tuzón)

LY = −
√
2

v
H+

{

ū
[

ςd VCKM
MdPR − ςu M

†
uVCKM

PL

]

d

+ ςl (ν̄Ml PR l)
}

+ h.c.

Semileptonic

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

-0.1 0.0 0.1 0.2

Γ(K→µν)/Γ(π→µν)+

B→τν

M→lν+B→Dτν

Z→bb+τ→µν
M→lν+B→Dτν+

Γ(τ→Kν)/Γ(τ→πν)

Re(ζdζ
*
l/M2

H)

Im
(ζ
dζ
* l/M

2 H)

CKM
f i t t e r

package

εK

Kaon Physics A. Pich – Prague, HQL 2012 11

Constraints on the aligned 2-Higgs-doublet model:
(95% CL, Jung-Pich-Tuzón)
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†
uVCKM
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]
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}

+ h.c.
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package
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Kaon Physics A. Pich – Prague, HQL 2012 11

Jung, Pich, Tuzon’10 

Pich@HQL’12 

Update: Courtesy of M. Jung Experimental determination of Vus from kaon decays – M. Moulson (Frascati) – CKM 2014, Vienna, 8 September 2014"

Vus, CKM unitarity, gauge universality "

2!

Standard-model coupling of quarks and leptons to W:!

Single gauge 
coupling!

Unitary 
matrix!

+" ⋅⋅⋅!

s,d ν 

ℓ u 

W+ 

s,d ν 

ℓ u 

H+ 

s,d ν 

ℓ u 

W+ 

Z′ 

Physics beyond the Standard Model can break gauge universality:!

Universality: Is GF from µ decay equal to GF from π, K, nuclear β decay?!

Most precise test of CKM unitarity"
≈ 2×10−5"

?"="



3.6  Test of Low-Energy QCD with Kl4 Decays 



•  Main interest:   
–  access to ππ threshold region         ππ scattering lengths 
–   form factors, LECs, . . .  

•  Standard problem of the NNLO treatment  
          strong final state rescattering 

 
 
 
 

•  Use dispersion relations: 
              matching to CHPT at both one- and two-loop levels: LECs 
 
 
 
 
•  Isospin breaking and radiative corrections have been computed  

 

3.6  Test of low energy QCD with Kl4 decays 

34 

2 Decomposition of the Form Factors

Hadronic part of K`4 as 2 ! 2 scattering

k

�L

p1

p2

K+

Aµ

⇡+

⇡�

Mandelstam variables:
s = (p1 + p2)2, t = (k � p1)2, u = (k � p2)2

8

Amoros, Bijnens, Talavera’00 

p << 4 ~ 1 GeVH FππΛ =
   
Leff =  Ld

d≥2
∑  , Ld =  O pd( )  , p ≡ q, mq{ }

Emilie Passemar 



Chiral expansion 

•    

 
 
 
 

•  The structure of the lagrangian is fixed by chiral symmetry but not the 
coupling constants à LECs appearing at each order 

•  The method has been rigorously established and can be formulated as a 
set of calculational rules:  
 

LO :     tree level diagrams with 
 
 

NLO:   tree level diagrams with  
           1-loop diagrams with 
 
 

NNLO: tree level diagrams with  
                 2-loop diagrams with  
                 1-loop diagrams with one vertex from 
 

•  Renormalizable and unitary order by order in the expansion 
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LO : 
   O p2( ) NLO : 

   O p6( )NNLO :    O p4( )
  L2   LChPT =   +    L4  ....+  +    L6

  L2

  L4

  L2

  L6

  L2

  L4

   L2 :  F0 , B0

   
L4 = Li  

i=1

10

∑ O4
i ,

   
L6 = Ci  

i=1

90

∑ O6
i



 
 

3.6  Test of low energy QCD with Kl4 decays 

36 

4 Fit to Data and Matching to �PT

Low-energy constants

Results for the LECs using �PT at NLO and NNLO.

NLO NNLO Bijnens, Ecker (2014)

103 · Lr
1 0.51(2)(6) 0.69(16)(8) 0.53(6)

103 · Lr
2 0.89(5)(7) 0.63(9)(10) 0.81(4)

103 · Lr
3 �2.82(10)(7) �2.63(39)(24) �3.07(20)

�2/dof 141/116 = 1.2 124/122 = 1.0

27

4 Fit to Data and Matching to �PT

Fit results for partial waves

5.4

5.6

5.8

6

6.2

6.4

0.08 0.09 0.1 0.11 0.12 0.13 0.14 0.15

F
s
(s
,s

`
)

s/GeV

2

S-wave of F

Dispersive fit to NA48/2 and E865

Projection of the (s, s`)-phase space

NA48/2 data

E865 data

23

Contrary to ChPT, the dispersive 
measurement allows to take  
into account for the curvature  
in the form factor 

Colangelo, E.P., Stoffer’15 



4.   Non-leptonic Decays: ε’/ε 



4.1 ε’/ε 

•  Octet Enhancement:  
 
 
–  Short-distance: gluonic  

corrections, penguins  
 
 
 
 

–  Long-distance: large ChPT corrections (FSI) : ππ rescattering large 

–  On-going lattice effort          very recent result from RBC-UKQCD! 
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3. Nonleptonic Decays

• Octet Enhancement: A(K → ππ)I=0

A(K → ππ)I=2
≈ 22

– Short-distance: gluonic corrections, penguins

– Long-distance: large χPT corrections (FSI)

– Ongoing Lattice efforts

• Direct CP Violation: ηij ≡ A(KL→πiπj )

A(KS→πiπj )

Re (ϵ′/ϵ) = 1
3

(

1−
∣

∣

∣

η00
η+−

∣

∣

∣

)

= (16.8 ± 1.4) · 10−4
(NA31, E731, NA48, KTeV)

Re (ϵ′/ϵ)
SM

=
(

19± 2+9
−6 ± 6

)

· 10−4
(Pallante-Pich-Scimemi)

Kaon Physics A. Pich – Prague, HQL 2012 12

∆S = 1

TRANSITIONS

us s sd d
u,c,t u,c,t

W

γW
q

W

d u q q q

G G Z,

L∆S=1
eff = −

GF√
2

Vud V
∗
us

∑

i

Ci (µ) Qi(µ)

Q1 = (sαuβ )
V−A

(

uβdα
)

V−A

Q3,5 = (sd)
V−A

∑

q (qq)V∓A

Q7,9 = 3
2 (sd)V−A

∑

q eq(qq)V±A

Q6 = −8
∑

q (sL qR )(q
R
d
L
)

Q11,12 = (sd)
V−A

∑

ℓ (ℓℓ)
V,A

Q2 = (su)
V−A

(ud)
V−A

Q4 = (sαdβ )
V−A

∑

q (qβqα)
V−A

Q10 = 3
2 (sαdβ )

V−A

∑

q eq (qβqα)
V−A

Q8 = −12
∑

q eq (s
L
q
R
)(q

R
d
L
)

Q13 = (sd)
V−A

∑

ν (νν)
V−A

• q > µ : Ci(µ) = zi(µ)− yi(µ) (Vtd V
∗
ts/Vud V

∗
us)

O(αn
s t

n) , O(αn+1
s tn) [t ≡ log (M/m)] (Munich / Rome)

• q < µ : ⟨ππ|Qi (µ)|K ⟩ ? Physics does not depend on µ

Kaon Physics A. Pich – Prague, HQL 2012 5
Emilie Passemar 



•  Octet Enhancement:  
 
 
–  Short-distance: gluonic  

corrections, penguins  
 
 
 
 

–  Long-distance: large ChPT corrections (FSI) : ππ rescattering large 

–  On-going lattice effort          very recent result from RBC-UKQCD! 

•  Direct CP Violation:  

•  Lattice result:  
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4.1 ε’/ε 

Recent Lattice Results

Isospin limit: RBC-UKQCD 1505.07863, 1502.00263

√
3
2
ReA2 = (1.50± 0.04 ± 0.14) · 10−8

GeV exp : 1.482 (2) · 10−8
GeV

√
3
2
ImA2 = −(6.99± 0.20± 0.84) · 10−13

GeV

√
3
2
ReA0 = (4.66± 1.00 ± 1.21) · 10−7

GeV exp : 3.112 (1) · 10−7
GeV

√
3
2
ImA0 = −(1.90± 1.23± 1.04) · 10−11

GeV

Re (ε′/ε) = (1.38± 5.15 ± 4.43) · 10−4
exp : (16.8± 1.4) · 10−4

δ0 = (23.8± 4.9± 1.2)◦ exp : (39.2 ± 1.5)◦

δ2 = −(11.6± 2.5± 1.2)◦ exp : − (8.5± 1.5)◦

A. Pich Non-Leptonic K Decays 28
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RBC-UKQCD’15 



•  Important discrepancy!   2.9σ        
 
 

•  Analytical result: Normalise to K+ decay (ω+, a) and εK, expand in A2/A0 and 
CP violation:  

 
 

 
•  Challenge: compute : 
 
 
 
 

•    
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4.1 ε’/ε 

ε′
K

ε
K

∼
[

105MeV

ms(2GeV)

]2
{

B
(1/2)
6 (1− Ωeff)− 0.4 B (3/2)

8

}

Delicate Cancellation. Strong Sensitivity to:

• ms (quark condensate) ms (2 GeV) = 110 ± 20 MeV

• Isospin Breaking (mu ̸= md , α) Ωeff = 0.06 ± 0.08
Cirigliano-Ecker-Neufeld-Pich

• Penguin Matrix Elements

χPT Loops (FSI): B
(1/2)
6,∞ × (1.35 ± 0.05) ; B

(3/2)
8,∞ × (0.54 ± 0.20)

Pallante–Pich–Scimemi ’01: (updated ’04)

Re
(

ε′/ε
)

=
(

19 ± 2µ
+9
− 6ms

± 6 1/NC

)

× 10−4

Experimental world average: Re (ε′/ε) = (16.8 ± 1.4) × 10−4

Challenge: Control of subleading 1/NC corrections to χPT couplings

A. Pich Non-Leptonic K Decays 24

Anatomy of ε′/ε calculation

ε′
K

ε
K

∼
[

105MeV

ms(2GeV)

]2
{

B
(1/2)
6 (1− Ωeff)− 0.4 B (3/2)

8

}

1 O(p4) χPT Loops: Large correction (FSI) Pallante-Pich-Scimemi

2 O(p4) LECs fixed at NC → ∞: Small correction

3 Isospin Breaking O
[

(mu −md ) p2, e2p2
]

: Sizeable corrections

Ωeff = 0.06 ± 0.08 Cirigliano-Ecker-Neufeld-Pich

4 O(p4) LECs [Re(g8), Re(g27)] and phase-shifts fitted to data

5 ms(2 GeV) = 110± 20 MeV (quark condensate)

Kaon Physics A. Pich – Prague, HQL 2012 13

Formula for ε‘/ε 

19

AI = h(⇡⇡)I |He↵ |KiCurrent theory gives us only:

Normalise to K+ decay (ω+, a) and εK ,
expand in A2/A0 and CP violation:

a0, a2 & a2+ from experiment
[Cirigliano,  et.al. `11]

 a0 & a2: isospin amplitudes
for isospin conservation

h⇡0⇡0|K0i = a0e
i�0 + a2e

i�2/
p
2

h⇡+⇡�|K0i = a0e
i�0 � a2e

i�2
p
2

h⇡+⇡0|K+i = 3a+2 e
i�+

2 /2

Re

✓
✏0

✏

◆
' ✏0

✏
= � !+p

2 |✏K |


ImA0

ReA0
(1� ⌦̂e↵)�

1

a

ImA2

ReA2

�

[Buras, MG, Jäger, Jamin `15] Adjusted to keep electroweak 
penguins in Im A0 [Cirigliano,  et.al. `11]
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 a0 & a2: isospin amplitudes
for isospin conservation

h⇡0⇡0|K0i = a0e
i�0 + a2e

i�2/
p
2

h⇡+⇡�|K0i = a0e
i�0 � a2e

i�2
p
2

h⇡+⇡0|K+i = 3a+2 e
i�+

2 /2

Re

✓
✏0

✏

◆
' ✏0

✏
= � !+p

2 |✏K |


ImA0

ReA0
(1� ⌦̂e↵)�

1

a

ImA2

ReA2

�

[Buras, MG, Jäger, Jamin `15] Adjusted to keep electroweak 
penguins in Im A0 [Cirigliano,  et.al. `11]

Adjusted to keep electroweak  
penguins in Im A0  Cirigliano, et.al.`11 

Emilie Passemar 

Based on  
Pallante, Pich, Scimemi’02  
  

Pich@NA62 handbook workshop’16 



 
 

•  Analytical result:  
 
 
 

–  O(p4) χPT Loops: Large correction (FSI)  

–  O(p4) LECs fixed at NC → ∞: Small correction 

–  Isospin Breaking O[(mu − md ) p2, e2p2]: Sizeable corrections 

–  O(p4) LECs [Re(g8), Re(g27)] and phase-shifts fitted to data  

–  ms(2 GeV) = 110 ± 20 MeV 
 

  To be updated  

 
•  Challenge: Control of subleading 1/NC corrections to χPT couplings  

•  Work from Buras & Gerard’15, Buras et al.’16 relying on 1/NC arguments            
        supports lattice result  
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4.1 ε’/ε 

ε′
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ε
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6 (1− Ωeff)− 0.4 B (3/2)

8
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• Penguin Matrix Elements

χPT Loops (FSI): B
(1/2)
6,∞ × (1.35 ± 0.05) ; B

(3/2)
8,∞ × (0.54 ± 0.20)

Pallante–Pich–Scimemi ’01: (updated ’04)

Re
(

ε′/ε
)

=
(

19 ± 2µ
+9
− 6ms

± 6 1/NC

)

× 10−4

Experimental world average: Re (ε′/ε) = (16.8 ± 1.4) × 10−4

Challenge: Control of subleading 1/NC corrections to χPT couplings
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Pallante, Pich, Scimemi’02  

 New physics? 

Emilie Passemar 
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4.2  Comparison Recent Lattice Results

Isospin limit: RBC-UKQCD 1505.07863, 1502.00263

√
3
2
ReA2 = (1.50± 0.04 ± 0.14) · 10−8

GeV exp : 1.482 (2) · 10−8
GeV

√
3
2
ImA2 = −(6.99± 0.20± 0.84) · 10−13

GeV

√
3
2
ReA0 = (4.66± 1.00 ± 1.21) · 10−7

GeV exp : 3.112 (1) · 10−7
GeV

√
3
2
ImA0 = −(1.90± 1.23± 1.04) · 10−11

GeV

Re (ε′/ε) = (1.38± 5.15 ± 4.43) · 10−4
exp : (16.8± 1.4) · 10−4

δ0 = (23.8± 4.9± 1.2)◦ exp : (39.2 ± 1.5)◦

δ2 = −(11.6± 2.5± 1.2)◦ exp : − (8.5± 1.5)◦

A. Pich Non-Leptonic K Decays 28

•  RBC/UKQCD results in isospin limit:  Pich@NA62 handbook workshop’16 

Emilie Passemar 
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4.2  Comparison 

•  ππ phase shift: 

 
 
 
 

•  Result from the fit in isospin limit:  

•  Result from Roy-Steiner :  

CHPT Dispersive methods Lesson learnt? Conclusion Roy equations Chiral symmetry + dispersive methods

Final result for the phase shifts

Phase shifts:

0.3 0.4 0.5 0.6 0.7 0.8

E(GeV)

0

20

40

60

80

δ 00 (d
eg

re
es

)

Hyams et al.
Protopopescu et al.
RBC/UKQCD

RBC/UKQCD result in  
diasgreement with  
experimental results  
and Roy Steiner solutions 

Phenomenological → ππ Fit

Cirigliano-Ecker-Neufeld-Pich

LO-IC LO-IB NLO-IC NLO-IB

Re g8 4.96 4.99 3.62± 0.28 3.61 ± 0.28

Re g27 0.285 0.253 0.286 ± 0.029 0.297 ± 0.029

χ0 − χ2 47.5◦ 47.8◦ (47.5 ± 0.9)◦ (51.3 ± 0.8)◦

IC ≡ [mu −md = α = 0] ; IB ≡ [mu −md ̸= 0 , α ̸= 0]

Isospin Limit: [δ0 − δ2]K→ππ
= (52.5± 0.8exp ± 2.8th)◦

ππ → ππ: δ0 − δ2 = (47.7 ± 1.5)◦ Colangelo–Gasser–Leutwyler ’01

A. Pich Non-Leptonic K Decays 18
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Colangelo@NA62 handbook workshop’16 
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5.   Rare and Radiative Decays 



Lepton Flavour 
(Universality) Violation 
in Rare Kaon Decays

Lewis Tunstall
Albert Einstein Centre for Fundamental Physics 
Institute for Theoretical Physics 
University of Bern 

MITP Workshop “NA62 Kaon Physics Handbook”, Mainz, 11-22 Jan, 2016

In collaboration with A. Crivellin, G. D’Ambrosio & M. Hoferichter [arXiv:1601.00970]

()
?

K
`+

`�

⇡ K

`+

`�

B

 

 
 
 
 
 
 

•  Anomalies in the B physics sector 
•  2-3σ from SM in 

•  2.6σ evidence of LFUV 

 
 
 
 

•  Combined 3.9σ evidence of LFUV in  
 

5.1   LFV in Rare kaon decays 

45 Emilie Passemar 

 0 | Motivation

Lewis Tunstall — MITP Workshop “NA62 Kaon Physics Handbook”

• 2-3σ deviations from SM in                             B ! K⇤µ+µ�

[Descotes-Genon, Hurth, Matias, Virto (2013)] 

New Physics in semi-leptonic B-decays?

• 2.6σ evidence of Lepton Flavour Universality Violation (LFUV):   

R(K) =
Br[B ! Kµ+µ�]

Br[B ! Ke+e�]
= 0.745+0.090

�0.074 ± 0.036 [LHCb (2014)]

RSM(K) = 1.003± 0.0001 [Bobeth, Hiller, Piranishvili (2007)]

• Combined 3.9σ evidence of LFUV in                        decays: B ! D(⇤)⌧⌫⌧

R(D)
exp

= 0.391± 0.041± 0.028

R(D⇤)
exp

= 0.322± 0.018± 0.012

RSM(D) = 0.297± 0.017

RSM(D⇤) = 0.252± 0.003

[HFAG (2015)]  [Fajfer, Kamenik, Nisandzic (2012)]

Descotes-Genon et al.’13 
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•  Analogous process for kaon decays:  
 

•  Translate bounds of B physics in K physics assuming MFV 
          Prediction for LFV modes because of correlations 

 
 

•  3 possibilities:  
–  New Physics explanations for B-anomalies + MFV  

       signal at NA62 sensitivies  

–  Negative searches at NA62          rule out MFV solutions  

–  signal seen near current sensitivities        also rule out MFV  
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 1 | Constraining LFUV and LFV at NA62?

Lewis Tunstall — MITP Workshop “NA62 Kaon Physics Handbook”

Consider analogous processes to those relevant for B-anomalies:

• Key mode for LFUV: K± ! ⇡±`+`� , ` = µ or e

Br[K+ ! ⇡+e+e�] = (3.00± 0.09)⇥ 10�7

Br[K+ ! ⇡+µ+µ�] = (9.4± 0.6)⇥ 10�8

• Spectrum measured, but PDG average of           mode 
dominated by E787 measurement (scale factor = 2.6): 

µ+µ�

• Also have neutral decays: KL,S ! ⇡0`+`�

Br[KL ! ⇡0e+e�] < 2.8⇥ 10�10

Br[KL ! ⇡0µ+µ�] < 3.8⇥ 10�10

Br[KS ! ⇡0e+e�] = 3.0+1.5
�1.2 ⇥ 10�9

Br[KS ! ⇡0µ+µ�] = 2.9+1.5
�1.2 ⇥ 10�9 }

}
No spectrum,  

prospects for LHCb?

Future measurement  
at KOTO or NAXX?

 6 | LFV decays

Lewis Tunstall — MITP Workshop “NA62 Kaon Physics Handbook”

• Apart from tiny effects due to neutrino oscillations, LFV not 
present in SM

Br[KL ! µ±e⌥] / {|Cµe
7V |

2 + |Cµe
7A|

2}
Br[K+ ! ⇡+µ±e⌥] / {|Cµe

7V |
2 + |Cµe

7A|
2}

• Amplitude factorises, so no problems with LECs

• Key modes

• Bounds on amplitude correlated with B-sector coefficients

• Strongest bound from                      but…remove GIGATRACKER? KL ! µ±e⌥



•    
 
 
 

•  Very clean prediction in the SM:  
negligible long-distance contribution  

•  SM prediction very small:  
 
 
 

•  Clear signature of BSM physics          direct CPV 

 
 
 
 

•  On going experiment: NA62, KOTO  
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Br(K+ → π+νν̄) = (7.8± 0.8) · 10−11 ∼ A4
[

η2 + (1.4− ρ)2
]

Br(KL → π0νν̄) = (2.4± 0.4) · 10−11 ∼ A4 η2
Buras et al

A(KL → π0νν̄) ̸= 0 Direct /CP

BNL-E949: few events! Br(K+ → π+νν̄) =
(

1.73 +1.15
−1.05

)

· 10−10

KEK-E391a: Br(KL → π0νν̄) < 2.6 · 10−8 (90% CL)

Ongoing Experiments: NA62, K0TO (ORKA, Project-X)
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Figure 2: The discriminating power of (left) the pair of decays K+ → π+νν̄–KL → π0νν̄, and of (right)
the full set of rare K decays, with examples of effects in the MSSM.

Higgs loops) [5], R-parity violation (non MFV) [15], enhanced electroweak penguins [16], Little
Higgs [17], extra dimensions [18], fourth generation [19],...

Since the K+ → π+νν̄ rate is just one number, we need more information to disentan-
gle all these models. A first clue would be provided by the CP-violating KL → π0νν̄ mode.
Model-independently [20], the current measurement of K+ → π+νν̄ allows for up to a factor 30
enhancement of KL → π0νν̄ with respect to its SM value. The discriminating power of the pair
of K → πνν̄ decays is shown in Fig. 2, where the grid in the allowed region is a function of the
theoretical errors on their SM predictions.

In general, the NP decouple smoothly as its mass scale increases or its flavor-breaking cou-
plings decrease, so there is naturally a cluster of models around the SM values in Fig. 2. Thus,
in case the deviations are not large, information beyond K → πνν̄ will be needed to identify
the NP at play. To this end, one should turn to the KL → π0ℓ+ℓ− (ℓ = e, µ) decays. Though
less clean than K → πνν theoretically (see next section), their sensitivity to NP is significantly
different [13] because ℓ+ℓ− not only couple to the Z, but also to the γ and, for ℓ = µ, to
the Higgs(es). In Fig. 2 are examples of mechanism within the MSSM affecting these various
electroweak structures. Going back to Fig. 1, the pattern depicted would be interpreted as
indicating NP in the Z penguin, since K → πνν̄ disagree with the SM, in the γ penguin since
KL → π0e+e− disagrees even more, and in the Higgs penguins because KL → π0µ+µ− is yet
more affected than KL → π0e+e− (see Fig. 4 in Ref. [13]).

2 Hadronic uncertainties and Chiral Perturbation Theory

The rare K decays proceed dominantly through Short-Distance (SD) processes, with only resid-
ual Long-Distance (LD) effects, see Fig. 3. Still, to make the most from future measurements,
control over these effects is compulsory. To this end, the strategy is to use Chiral Perturba-
tion Theory (ChPT) to relate the hadronic uncertainties occurring for rare K decays to other
observables, which thus constitute important secondary targets for NA62. We can distinguish
two kinds of LD effects. The first are the matrix elements of the local semileptonic effective
operators induced by the short-distance physics (i.e., penguins with top and charm quarks), and
the second are the genuine non-local LD processes (i.e., penguins with up quarks).

For the matrix elements, all the necessary information can be extracted from the charged-
current semileptonic K → πℓν decays (called Kℓ3). In the isospin limit, their hadronic matrix
elements ⟨π|s̄γµu|K⟩ are equal to those of the neutral current, ⟨π|s̄γµd|K⟩, up to some Clebsch-
Gordan coefficients. Within ChPT, the isospin breaking effects can be brought under control,
ensuring a few per-mil accuracy for the matrix elements [21]. This represents a tiny fraction of

•  Stringent test of BSM scenarios 
 
 
 

 
 
 

 

 

Mescia, Smith’08 



6.   Conclusion and Outlook 



Conclusion and Outlook 

Emilie Passemar 

•  Kaon decays very interesting to study: very rich phenomenology 
–  Excellent testing ground of chiral dynamics  
–  Interesting interplay of short and long-distances  

–  Probe of flavour dynamics and violation of CP 
–  Allow for tests of New Physics 
 
 

•  We have entered an era of precision: 
–  Very impressive experimental sensitivities (K → πνν) 

–  Theoretical challenge: Precise control of QCD effects  
 
         Impressive progress in lattice QCD 
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7.   Back-up 



 
•  Experimental results:   

•  3 contributions: 
–  Direct CP violation 
–  Indirect CP violation 
–  CP conserving (2γ) 

•  CP violation dominates for e+e- 
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0 ll 
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•  Prediction at LO for KS: Finite loop 

 
 
 

•  Measurement:  

•  Understood because of FSI:           agreement at O(p6)  
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4. Rare and Radiative Decays

K 0 → γγ Long-distance dynamics
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π+, K+

γ

γ

Finite loop: Br
LO

= 2.0 · 10−6

(D’Ambrosio-Espriu, Goity)

Br(KS → γγ) = (2.63± 0.17) · 10−6

Agreement at O(p6) (FSI)

KS → ππ → π+π− → γγ
(Kambor-Holstein, Buchalla et al)

KL

γ

γ

π0, η, η′

Br(KL → γγ) = (5.47± 0.04) · 10−4

WZW Anomaly

T
LO

= 0 [O(p4), GMO cancel.]

O(p6): SU(3) breaking, η–η′ mixing

Well understood

Kaon Physics A. Pich – Prague, HQL 2012 14

4. Rare and Radiative Decays

K 0 → γγ Long-distance dynamics

KS

π+, K+

γ

γ

Finite loop: Br
LO

= 2.0 · 10−6

(D’Ambrosio-Espriu, Goity)

Br(KS → γγ) = (2.63± 0.17) · 10−6

Agreement at O(p6) (FSI)

KS → ππ → π+π− → γγ
(Kambor-Holstein, Buchalla et al)

KL

γ

γ

π0, η, η′

Br(KL → γγ) = (5.47± 0.04) · 10−4

WZW Anomaly

T
LO

= 0 [O(p4), GMO cancel.]

O(p6): SU(3) breaking, η–η′ mixing

Well understood

Kaon Physics A. Pich – Prague, HQL 2012 14

4. Rare and Radiative Decays

K 0 → γγ Long-distance dynamics

KS

π+, K+

γ

γ

Finite loop: Br
LO

= 2.0 · 10−6

(D’Ambrosio-Espriu, Goity)

Br(KS → γγ) = (2.63± 0.17) · 10−6

Agreement at O(p6) (FSI)

KS → ππ → π+π− → γγ
(Kambor-Holstein, Buchalla et al)

KL

γ

γ

π0, η, η′

Br(KL → γγ) = (5.47± 0.04) · 10−4

WZW Anomaly

T
LO

= 0 [O(p4), GMO cancel.]

O(p6): SU(3) breaking, η–η′ mixing

Well understood

Kaon Physics A. Pich – Prague, HQL 2012 14

Emilie Passemar 



•  Prediction at LO for KS: Finite loop 

 
 
 

•  Measurement:  

•  Understood because of FSI:           agreement at O(p6)  
 
 
 
 

•  For KL: WZW anomaly 
 
 

•  Measurement : 
 

•  TLO=0: At O(p4) GMO cancellation 
 
 

•   O(p6): SU(3) breaking, η–η′ mixing well understood 
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Agreement at O(p6) (FSI)

KS → ππ → π+π− → γγ
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WZW Anomaly

T
LO

= 0 [O(p4), GMO cancel.]

O(p6): SU(3) breaking, η–η′ mixing

Well understood
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•  Very usefull source of information on the structure of ∆S = 1, FCNC 
transitions  

•  Both long distance and short distance components:  
 
 

 

 
 
 

•  KL transition measured:   

 
 
 

•  Theoretically saturated by absorptive part, prediction in agreement with 
measurement:  
–  Long distance extracted from  
–  Short distance contribution fitted 
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Isidori, Unterdorfer’03 

K 0 → ℓ+ℓ− K0

ℓ

ℓ

KS → ℓ+ℓ−

Long-distance dynamics

Finite 2-loop amplitude: (Ecker-Pich)

Br(KS → e+e−)
LO

= 2.1 · 10−14

Br(KS → µ+µ−)LO = 5.1 · 10−12

Br(KS → e+e−)
exp

< 9 · 10−9

Br(KS → µ+µ−)exp < 3.2 · 10−7

(90% CL)

KL → ℓ+ℓ−

Br(KL → µ+µ−) = (6.84±0.11)·10−9

Br(KL → e+e−) = (9 +6
− 4) · 10−12

Saturated by absorptive contrib.

Local countertem SD

LD extracted from π0, η → ℓ+ℓ−

(Gomez-Dumm, Pich)

Fitted SD contrib. agrees with SM

Longitudinal Polarization: (Ecker-Pich)

|PL| = (2.6± 0.4) · 10−3
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[Aaij et. al . ]

Br(K
S

! µ+µ�) = · �

[Ecker ,Pich, ]

•  KS not measured yet only an upper bound 

 
 
 

•  Very interesting process           
        constrain the CP-violating part of the FCNC s → dl+l−  

 
 
 

•  Measurement of this mode : 
–  New Physics 
–  Bounds on CP-violating phase of s → dl+l−  

 
•  Standard Model prediction: LO in ChPT is 2 loop diagram, finite 
 

 

 

5.1  KL,S→ ll 

56 

Ecker & Pich 

K

S

! �⇤�⇤

K
S

s ! d`+`�

B(K
S

! µ+µ�)SM
short

= � | (V ⇤
ts

V
td

) | ' O( � )

K
S

! µ+µ�

!
! s ! d`+`�

K 0 → ℓ+ℓ− K0

ℓ

ℓ

KS → ℓ+ℓ−

Long-distance dynamics

Finite 2-loop amplitude: (Ecker-Pich)

Br(KS → e+e−)
LO

= 2.1 · 10−14

Br(KS → µ+µ−)LO = 5.1 · 10−12

Br(KS → e+e−)
exp

< 9 · 10−9

Br(KS → µ+µ−)exp < 3.2 · 10−7

(90% CL)

KL → ℓ+ℓ−

Br(KL → µ+µ−) = (6.84±0.11)·10−9

Br(KL → e+e−) = (9 +6
− 4) · 10−12

Saturated by absorptive contrib.

Local countertem SD

LD extracted from π0, η → ℓ+ℓ−

(Gomez-Dumm, Pich)

Fitted SD contrib. agrees with SM

Longitudinal Polarization: (Ecker-Pich)

|PL| = (2.6± 0.4) · 10−3

Kaon Physics A. Pich – Prague, HQL 2012 15

K 0 → ℓ+ℓ− K0

ℓ

ℓ

KS → ℓ+ℓ−

Long-distance dynamics

Finite 2-loop amplitude: (Ecker-Pich)

Br(KS → e+e−)
LO

= 2.1 · 10−14

Br(KS → µ+µ−)LO = 5.1 · 10−12

Br(KS → e+e−)
exp

< 9 · 10−9

Br(KS → µ+µ−)exp < 3.2 · 10−7

(90% CL)

KL → ℓ+ℓ−

Br(KL → µ+µ−) = (6.84±0.11)·10−9

Br(KL → e+e−) = (9 +6
− 4) · 10−12

Saturated by absorptive contrib.

Local countertem SD

LD extracted from π0, η → ℓ+ℓ−

(Gomez-Dumm, Pich)

Fitted SD contrib. agrees with SM

Longitudinal Polarization: (Ecker-Pich)

|PL| = (2.6± 0.4) · 10−3

Kaon Physics A. Pich – Prague, HQL 2012 15K 0 → ℓ+ℓ− K0

ℓ

ℓ

KS → ℓ+ℓ−

Long-distance dynamics

Finite 2-loop amplitude: (Ecker-Pich)

Br(KS → e+e−)
LO

= 2.1 · 10−14

Br(KS → µ+µ−)LO = 5.1 · 10−12

Br(KS → e+e−)
exp

< 9 · 10−9

Br(KS → µ+µ−)exp < 3.2 · 10−7

(90% CL)

KL → ℓ+ℓ−

Br(KL → µ+µ−) = (6.84±0.11)·10−9

Br(KL → e+e−) = (9 +6
− 4) · 10−12

Saturated by absorptive contrib.

Local countertem SD

LD extracted from π0, η → ℓ+ℓ−

(Gomez-Dumm, Pich)

Fitted SD contrib. agrees with SM

Longitudinal Polarization: (Ecker-Pich)

|PL| = (2.6± 0.4) · 10−3

Kaon Physics A. Pich – Prague, HQL 2012 15

K 0 → ℓ+ℓ− K0

ℓ

ℓ

KS → ℓ+ℓ−

Long-distance dynamics

Finite 2-loop amplitude: (Ecker-Pich)

Br(KS → e+e−)
LO

= 2.1 · 10−14

Br(KS → µ+µ−)LO = 5.1 · 10−12

Br(KS → e+e−)
exp

< 9 · 10−9

Br(KS → µ+µ−)exp < 3.2 · 10−7

(90% CL)

KL → ℓ+ℓ−

Br(KL → µ+µ−) = (6.84±0.11)·10−9

Br(KL → e+e−) = (9 +6
− 4) · 10−12

Saturated by absorptive contrib.

Local countertem SD

LD extracted from π0, η → ℓ+ℓ−

(Gomez-Dumm, Pich)

Fitted SD contrib. agrees with SM

Longitudinal Polarization: (Ecker-Pich)

|PL| = (2.6± 0.4) · 10−3

Kaon Physics A. Pich – Prague, HQL 2012 15

Emilie Passemar 

LHCb’13 



•  Higher order in ChPT           lots of unknown LECs 
 
 
 

•  Dispersive calculation in progress allows to take into account FSI 
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Colangelo, Stucki, Tunstall in progress 
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Lewis Tunstall — MITP Workshop “NA62 Kaon Physics Handbook”

K± ! ⇡±`+`�

• Amplitude dominated by                     transitionK± ! ⇡±�⇤

 3 | LFUV and K± ! ⇡±`+`�

K+

π+

= + . . .+

γ∗
O(p4) O(p6)

π
π

K+ π+

[Ecker, Pich, de Rafael (87)] [D’Ambrosio, Ecker,  
Isidori, Portoles (98)]

V+(z) = a+ + b+z + V ⇡⇡
+ (z) , z = q2/m2

K

• Chiral dynamics contained in vector form factor:

d�

dz
/ |V+(z)|2• Probe LECs in      and      via spectrum: a+ b+

•  Computed in ChPT 
 

 
 
 

 
•  Chiral Dynamics contained in the electromagnetic vector FF 

•  Probe LECs in a+ and b+ via spectrum:  

•  Estimates using VMD 
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Coluccio Leskow et al.’16 



•  Experimental results:   
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K → π ℓ+ℓ− K+, KS

π

γ∗

π+

KL

π0
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Br(K± → π±e+e−) = 3.14 (10) · 10−7

Br(K± → π±µ+µ−) = 9.62 (25)·10−8
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Local O(p4) LECs (Ecker-Pich-de Rafael)

Electromagn. transition form factor

O(p6) corrections (D’Ambrosio et al)

Br(KL → π0e+e−) < 2.8 · 10−10

Br(KL → π0µ+µ−) < 3.8 · 10−10

(KTeV, 90% CL)

3 contributions: (Ecker-Pich-de Rafael)

• Direct /CP
• Indirect /CP
• CP conserving (2γ)

/CP dominates for e+e−:

Br(KL → π0e+e−) = 3.1 (0.9)·10−11

(Buchalla et al)
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 1 | Constraining LFUV and LFV at NA62?

Lewis Tunstall — MITP Workshop “NA62 Kaon Physics Handbook”

Consider analogous processes to those relevant for B-anomalies:

• Key mode for LFUV: K± ! ⇡±`+`� , ` = µ or e

Br[K+ ! ⇡+e+e�] = (3.00± 0.09)⇥ 10�7

Br[K+ ! ⇡+µ+µ�] = (9.4± 0.6)⇥ 10�8

• Spectrum measured, but PDG average of           mode 
dominated by E787 measurement (scale factor = 2.6): 

µ+µ�

• Also have neutral decays: KL,S ! ⇡0`+`�

Br[KL ! ⇡0e+e�] < 2.8⇥ 10�10

Br[KL ! ⇡0µ+µ�] < 3.8⇥ 10�10

Br[KS ! ⇡0e+e�] = 3.0+1.5
�1.2 ⇥ 10�9

Br[KS ! ⇡0µ+µ�] = 2.9+1.5
�1.2 ⇥ 10�9 }

}
No spectrum,  

prospects for LHCb?

Future measurement  
at KOTO or NAXX?



•  RK sensitive to lepton flavour violating effects, ΔR/R ≈ O(1%)  
 
 

•  2HDM – tree level:         additional contribution  
due to charged Higgs, does not contribute to RK 

 
 
•  Possibility to constrain LFV at one loop in  

MSSM 
 
 
 

•  Update and extension by Girrbach & Nierste’12           consider other constraints 

 
 
 
 

 

2.3  Test of New Physics in RK 
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RK(beyond(the(SM

Masiero, Paradisi,
Petronzio, PRD 74

(2006) 011701,JHEP
0811 (2008) 042

In the MSSM large tanβ scenario, the presence of LFV terms (charged Higgs
coupling) introduces extra contributions to the SM amplitude ~1% effect
Girrbach and Nierste, arXiv:1202.4906
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Sensitive to SM extensions with 4th generation, 
sterile neutrinos, unconstrained MSSM
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Abada et al., JHEP 1302 (2013) 048
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Figure 6: Regions with ∆rµ−e ≥ 0. 5% for δ13RR = 0.15 (darkblue), 0.25 (blue and darkblue), 0.5
(lightblue, blue, and darkblue). Overlaid in red: exluded by LEP H+ searches; yellow dashed:
3σ exclusion limit from Rµ23; green: 3σ exclusion limit from B → τν (left: using |Vub| =
(5. 04 ± 0. 64) · 10−3; right: using |Vub| = (3. 41 ± 0. 15) · 10−3).

This kind of new physics dominantly affects the decay rate Γ(K → eν). A lepton-flavour conserving
(LFC) mechanism changing Γ(K → eνe) may suppress or enhance RK , while new lepton-flavour
violating (LFV) decay modes such as Γ(K → eντ ) can only enhance RK over its SM value. In this
paper we have studied ∆rµ−e ≡ RK/RSM

K − 1 in the MSSM, extending the analyses of Refs. [8,27].

The LFC contribution to ∆rµ−e is driven by the parameter combination δ13LLδ13RR. In Ref. [12] it has
been found that upper bounds on |δ13LLδ13RR| can be derived from naturalness considerations of the
electron mass and from the precise measurement of the anomalous magnetic moment of the electron.
(Coincidentally, these two quantities give very similar constraints.) In Sect. 2 we have found that
these bounds imply |∆rµ−e

LFC | ! 0. 005 and thereby challenge the large values for |∆rµ−e
LFC | considered

in Ref. [8]. At the same time our result is fully compatible with the range for ∆rµ−e
LFC advocated in

Ref. [27]. The naturalness bound extends beyond the MSSM to a larger class of models, namely those
with the tree-level Higgs sector of a 2HDM of type II.

The LFV contribution to ∆rµ−e can be larger, because a non-zero parameter δ13RR suffices to open
the decay channel K → eντ and δ13RR is only poorly constrained from other processes. We have
calculated ∆rµ−e

LFV in Sect. 3 and found that the proper inclusion of τ̃L–τ̃R mixing is essential. The
analytical expressions in Refs. [8,27] include the τ̃L − τ̃R flip using the mass insertion approximation
instead of the exact diagonalisation of the stau mass matrix. The interesting region of parameter space
probed by NA62 corresponds to large values of µ and a sizable stau mixing angle θτ and in this region
the left (bino) diagram in Fig. 2 is dominant. The formulae derived by us are also valid beyond the
decoupling limitMSUSY → ∞, in which θτ vanishes. In order to facilitate the combination of future
NA62 results with limits or measurements from high-pT experiments, we have expressed ∆rµ−e

LFV in
terms of the mass mτ̃l of the lightest stau eigenstate and the mixing angle θτ . For example, for
tan β = 50, µ = 800 GeV, δ13RR = 0. 5, a charged-Higgs mass ofMH = 500 GeV,mτ̃l = 120 GeV,
a bino mass of M1 = 100 GeV and a right-handed selectron mass of mẽR = 200 GeV we find a
maximal value of ∆rµ−e

LFV = 0. 006 corresponding to θτ = 26◦. In Eq. (30) we have derived an easy-


