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decays, Κ± à l± νl l’+l’−   

u  l, l’ = e, μ   and   l = l’ or l ≠ l’ 
u NA48/2 large data sample  

q Test of  Chiral Perturbation Theory at O(p4) 
u  Effective chiral Lagrangian: L2 + L4 + Lanomaly  
u  Unambiguous predictions 

o  Known low energy constants of  chiral expansion 

q Theory guide of  the NA48/2 study of  Κ± à µ± νµ e+e−	
  
u  Bijnens et al. (1993), Nucl.Phys., B396:81-118 

o  Implemented in NA48/2 Monte-Carlo simulation program 
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q Inner Bremsstrahlung (IB), Structure Dependent (SD) 
and their interference (INT) terms in the decay amplitude 
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Experiment 865 at the Brookhaven AGS obtained 410 K+ → e+νe+e− and 2679 K+ → µ+νe+e−

events including 10% and 19% background. The branching ratios were measured to be (2.48 ±
0.14(stat.)±0.14(syst.))×10−8 (mee > 150 MeV) and (7.06±0.16±0.26)×10−8 (mee > 145 MeV),
respectively. Results for the decay form factors are presented.

PACS numbers: 13.20.Eb, 13.40.Ks

Chiral Perturbation Theory (ChPT) [1] has been a suc-
cessful approach to describing the decays of pseudoscalar
mesons. In the ChPT program radiative kaon decays
can serve both as an important test and a source of in-
put parameters for the theory. While the decay modes
K+ → e+νγ (Ke2γ) and µ+νγ (Kµ2γ) have allowed some
study of the form factors involved [2, 3, 4], the decays
K+ → l+νe+e− (Ke2ee, Kµ2ee) allow a more detailed
investigation into the structure of these decays. We re-
port here on such an investigation from Experiment 865
at the Brookhaven National Laboratory AGS with a 100-
fold increase in the number of events in the former mode
and 150-fold increase in the latter [5].

The Ke2ee and Kµ2ee decays are assumed to proceed
via exchange of a W+-boson (l+ν) and photon (e+e−).
The decay amplitude [6, 7] includes inner bremsstrahlung
(IB) corresponding to the tree diagrams in Fig. 1a,b,
and structure dependent (SD) radiation (Fig. 1c) pa-
rameterized by vector FV , axial FA and R form factors.
Ke2γ and Kµ2γ experiments were actually sensitive only
to |FV + FA|. R, which contributes only to decays with
an e+e−-pair, has not yet been measured.

Inner bremsstrahlung is unambiguously predicted by
the K → lν amplitude and is proportional to the kaon
decay constant FK = 160 MeV. We included the kaon
electromagnetic form factor in Fig. 1b (amplitude A4 of

K+ l +
K+ K+l + l +

e+ e − e+ e − e+ e −

ν ν ν
a)    c)b)

FIG. 1: K+ → l+νe+e− decay diagrams

Ref. [7]) in our definition of the IB term. The IB am-
plitude is negligible in Ke2ee decay due to electron helic-
ity suppression, but dominates in Kµ2ee. It contributes
about 60% of the total Kµ2ee branching ratio for invari-
ant masses mee > 145 MeV. An additional 20% comes
from the IB and SD amplitude interference, which makes
it possible to measure the signs of all form factors relative
to FK .

Generally form factors depend on W 2 and q2, where W
and q are 4-momenta of the l+ν-pair and of the photon
(e+e− pair), respectively. In our analysis we assume the
dominance of low lying resonances [6]:

F (q2,W 2)

V,A,R = FV,A,R / [(1 − q2/m2
ρ)(1 − W 2/m̃2)] (1)

where mρ = 770 MeV, and m̃ = mK∗ = 892 MeV for
FV and m̃ = mK1

= 1270 MeV for FA, R. Only the
constants FV , FA, R, which we define in accordance with
the Particle Data Group (PDG) [8], will be the subject
of our analysis. The estimated uncertainties in the slope
of form factors are taken as the model errors.

We also included in the analysis a hypothetical tensor
amplitude

ieGF Vus√
2

FT εµqρ uν(1 + γ5)σµρvl (2)

since a possible tensor interaction has been discussed in
regard to the π → eνγ [9] and K → eνπ0 [10] experi-
ments.

The experimental apparatus was constructed to search
for the decay K+ → π+µ+e− in flight from an un-
separated 6 GeV/c K+ beam, and has been described
elsewhere [11]. The Ke2ee and Kµ2ee data were ob-
tained in a 1996 run simultaneously with that for a
measurement of K+ → π+e+e− (Kπee) [12]. The
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Ref. [7]) in our definition of the IB term. The IB am-
plitude is negligible in Ke2ee decay due to electron helic-
ity suppression, but dominates in Kµ2ee. It contributes
about 60% of the total Kµ2ee branching ratio for invari-
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it possible to measure the signs of all form factors relative
to FK .

Generally form factors depend on W 2 and q2, where W
and q are 4-momenta of the l+ν-pair and of the photon
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amplitude
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and structure dependent (SD) radiation (Fig. 1c) pa-
rameterized by vector FV , axial FA and R form factors.
Ke2γ and Kµ2γ experiments were actually sensitive only
to |FV + FA|. R, which contributes only to decays with
an e+e−-pair, has not yet been measured.

Inner bremsstrahlung is unambiguously predicted by
the K → lν amplitude and is proportional to the kaon
decay constant FK = 160 MeV. We included the kaon
electromagnetic form factor in Fig. 1b (amplitude A4 of

K+ l +
K+ K+l + l +

e+ e − e+ e − e+ e −

ν ν ν
a)    c)b)

FIG. 1: K+ → l+νe+e− decay diagrams

Ref. [7]) in our definition of the IB term. The IB am-
plitude is negligible in Ke2ee decay due to electron helic-
ity suppression, but dominates in Kµ2ee. It contributes
about 60% of the total Kµ2ee branching ratio for invari-
ant masses mee > 145 MeV. An additional 20% comes
from the IB and SD amplitude interference, which makes
it possible to measure the signs of all form factors relative
to FK .

Generally form factors depend on W 2 and q2, where W
and q are 4-momenta of the l+ν-pair and of the photon
(e+e− pair), respectively. In our analysis we assume the
dominance of low lying resonances [6]:

F (q2,W 2)

V,A,R = FV,A,R / [(1 − q2/m2
ρ)(1 − W 2/m̃2)] (1)

where mρ = 770 MeV, and m̃ = mK∗ = 892 MeV for
FV and m̃ = mK1

= 1270 MeV for FA, R. Only the
constants FV , FA, R, which we define in accordance with
the Particle Data Group (PDG) [8], will be the subject
of our analysis. The estimated uncertainties in the slope
of form factors are taken as the model errors.

We also included in the analysis a hypothetical tensor
amplitude

ieGF Vus√
2

FT εµqρ uν(1 + γ5)σµρvl (2)

since a possible tensor interaction has been discussed in
regard to the π → eνγ [9] and K → eνπ0 [10] experi-
ments.

The experimental apparatus was constructed to search
for the decay K+ → π+µ+e− in flight from an un-
separated 6 GeV/c K+ beam, and has been described
elsewhere [11]. The Ke2ee and Kµ2ee data were ob-
tained in a 1996 run simultaneously with that for a
measurement of K+ → π+e+e− (Kπee) [12]. The
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Experiment 865 at the Brookhaven AGS obtained 410 K+ → e+νe+e− and 2679 K+ → µ+νe+e−

events including 10% and 19% background. The branching ratios were measured to be (2.48 ±
0.14(stat.)±0.14(syst.))×10−8 (mee > 150 MeV) and (7.06±0.16±0.26)×10−8 (mee > 145 MeV),
respectively. Results for the decay form factors are presented.

PACS numbers: 13.20.Eb, 13.40.Ks

Chiral Perturbation Theory (ChPT) [1] has been a suc-
cessful approach to describing the decays of pseudoscalar
mesons. In the ChPT program radiative kaon decays
can serve both as an important test and a source of in-
put parameters for the theory. While the decay modes
K+ → e+νγ (Ke2γ) and µ+νγ (Kµ2γ) have allowed some
study of the form factors involved [2, 3, 4], the decays
K+ → l+νe+e− (Ke2ee, Kµ2ee) allow a more detailed
investigation into the structure of these decays. We re-
port here on such an investigation from Experiment 865
at the Brookhaven National Laboratory AGS with a 100-
fold increase in the number of events in the former mode
and 150-fold increase in the latter [5].

The Ke2ee and Kµ2ee decays are assumed to proceed
via exchange of a W+-boson (l+ν) and photon (e+e−).
The decay amplitude [6, 7] includes inner bremsstrahlung
(IB) corresponding to the tree diagrams in Fig. 1a,b,
and structure dependent (SD) radiation (Fig. 1c) pa-
rameterized by vector FV , axial FA and R form factors.
Ke2γ and Kµ2γ experiments were actually sensitive only
to |FV + FA|. R, which contributes only to decays with
an e+e−-pair, has not yet been measured.

Inner bremsstrahlung is unambiguously predicted by
the K → lν amplitude and is proportional to the kaon
decay constant FK = 160 MeV. We included the kaon
electromagnetic form factor in Fig. 1b (amplitude A4 of
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a)    c)b)

FIG. 1: K+ → l+νe+e− decay diagrams

Ref. [7]) in our definition of the IB term. The IB am-
plitude is negligible in Ke2ee decay due to electron helic-
ity suppression, but dominates in Kµ2ee. It contributes
about 60% of the total Kµ2ee branching ratio for invari-
ant masses mee > 145 MeV. An additional 20% comes
from the IB and SD amplitude interference, which makes
it possible to measure the signs of all form factors relative
to FK .

Generally form factors depend on W 2 and q2, where W
and q are 4-momenta of the l+ν-pair and of the photon
(e+e− pair), respectively. In our analysis we assume the
dominance of low lying resonances [6]:

F (q2,W 2)

V,A,R = FV,A,R / [(1 − q2/m2
ρ)(1 − W 2/m̃2)] (1)

where mρ = 770 MeV, and m̃ = mK∗ = 892 MeV for
FV and m̃ = mK1

= 1270 MeV for FA, R. Only the
constants FV , FA, R, which we define in accordance with
the Particle Data Group (PDG) [8], will be the subject
of our analysis. The estimated uncertainties in the slope
of form factors are taken as the model errors.

We also included in the analysis a hypothetical tensor
amplitude

ieGF Vus√
2

FT εµqρ uν(1 + γ5)σµρvl (2)

since a possible tensor interaction has been discussed in
regard to the π → eνγ [9] and K → eνπ0 [10] experi-
ments.

The experimental apparatus was constructed to search
for the decay K+ → π+µ+e− in flight from an un-
separated 6 GeV/c K+ beam, and has been described
elsewhere [11]. The Ke2ee and Kµ2ee data were ob-
tained in a 1996 run simultaneously with that for a
measurement of K+ → π+e+e− (Kπee) [12]. The
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The process K± µ→ ±nµe+e- : Theory  

Final State Radiation (pure QED)

Structure Dependent Radiation (ChPT)

Full phase space dominated by tree level processes

At large z ChPT FF have signi2cant contribution to the branching fraction (~ 40%)

The theoretical prediction does not include Radiative Corrections

Tree Level ChPT Form 

Factors

Full phase space 2.49x10-5 2.49x10-5

z ≥ ( 140MeV/M
K
)2 4.98x10-8 8.51x10-8

Bijnens et. al. (1993)  - Nucl.Phys., B396:81–118

Previous measurements of the K± µ→ ±nµe+e  –  branching fraction 

 BR (z ≥ ( 140MeV/MK)2 ) = (12.3 ± 3.2)x10-8   (Diamant-Berger et.al. `76)

 BR (z ≥ ( 145MeV/MK)2 ) = (7.06 ± 0.31)x10-8   (Poblaguev et.al. `02)

z = (M
e+e– 

/ MK)2

Bijnens	
  et	
  al.	
  (1993),	
  Nucl.Phys.,	
  B396:81-­‐118	
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The process K± µ→ ±nµe+ e–: MC generator 

Bijnens et. al. (1993)  - Nucl.Phys., B396:81–118
Decay properties

Lower part of the spectrum at z < 0.08  

(M
ee 

< 140 MeV/c2) is fully dominated by 

Inner Bremsstrahlung (IB)

z distribution is most sensitive to ChPT 

FF contributions

Analysis region

Distributions from MC simulation at 

generator level – no selection criteria 

applied

Experimentally clean signature

High z region chosen is clean of decays 

containing p0→e+e–g (Dalitz decay) in the 

2nal state (Mp 
 = 135MeV/c2)

Decays suppressed by 

phase space

Total branching 

fraction

K±  p→ ±p0 (p0→e+e–g) 3.6x10-3

   K±  µ→ ±nµp0(p0→e+e–g) 5.8x10-4

0

q Decay spectrum as a function of  z=(Me+e−/MK)2  
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The NA48/NA62 experiments @ CERN

History of NA48/NA62 experiments

97–01

 

NA48(K
S 
/ K

L
)

Re e'/e

  Discovery of 

direct CPV

02 NA48/1
(K

S 
/ hyperons)

Rare K
S 
and 

hyperon decays

03 – 04 NA48/2

(K+ / K- )

Direct CPV 

search in K±

07–08 NA62-R
K

(K+ / K- )

R
K 
= K±

e2 
/ K±

μ2

15–  NA62 (K+ ) K+ → π+n n 

NA48/2

NA48/2 one of the latest from a series of 2xed-target Kaon experiments @ CERN North Area

Results are based on 2003-2004 data

NA48/2 Experiment 

Gia	
  Khoriauli	
  	
  -­‐	
  	
  Measurement	
  of	
  Κ±	
  -­‐>	
  μ±νe+e-­‐	
  with	
  NA48/2	
  at	
  CERN	
  	
  	
  -­‐	
  	
  KAON2016	
  16.09.2016	
   8	
  

6/08/2016 Radoslav Marchevski - 38th ICHEP, Chicago  2016 2

The NA48/NA62 experiments @ CERN

History of NA48/NA62 experiments

97–01

 

NA48(K
S 
/ K

L
)

Re e'/e

  Discovery of 

direct CPV

02 NA48/1
(K

S 
/ hyperons)

Rare K
S 
and 

hyperon decays

03 – 04 NA48/2

(K+ / K- )

Direct CPV 

search in K±

07–08 NA62-R
K

(K+ / K- )

R
K 
= K±

e2 
/ K±

μ2

15–  NA62 (K+ ) K+ → π+n n 

NA48/2

NA48/2 one of the latest from a series of 2xed-target Kaon experiments @ CERN North Area

Results are based on 2003-2004 data

q Fixed-target experiment at CERN North Area 
u  400 GeV/c proton beam from SPS 

Direct CPV 



NA48 Detector and Beam 

Gia	
  Khoriauli	
  	
  -­‐	
  	
  Measurement	
  of	
  Κ±	
  -­‐>	
  μ±νe+e-­‐	
  with	
  NA48/2	
  at	
  CERN	
  	
  	
  -­‐	
  	
  KAON2016	
  16.09.2016	
  

q Simultaneous K± beam 
u  pK=60 GeV/c  
u  ΔpK/pK=4% (rms) 
u  Total K± decays: ~1011 
u Main triggers: 

o  Three-tracks 
o  Κ± à π± π0π0    
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u  Total K± decays: ~1011 
u Main triggers: 

o  Three-tracks 
o  Κ± à π± π0π0    

q Major sub-detectors 
u  Spectrometer, 4 drift chambers 

o  σp/p = 1.02% + 0.044%�p (GeV/c) 

u  Scintillator hodoscope 
o  Fast trigger, time measurement, σt ≈ 200 ps  

u  LKr electromagnetic calorimeter 
o  σE/E = 1.4% @ 10 GeV 
o  σx = σy = 1.5mm @ 10 GeV 
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Backgrounds: Wrong Sign selection

Special selection can be used to estimate background contribution

from K
3p 

,
 
K

e4 
and K

3p   
directly from the data

The same selection as for the signal but with picking up the wrong

sign electrons (two electrons with same sign m –e+e+ or m +e–e– )
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q Signal pre-selection cuts 
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2p mis-ID as electrons
1p mis-ID as electron

Backgrounds: Wrong Sign selection

Special selection can be used to estimate background contribution 

from K3p , Ke4 and K3p   directly from the data
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q Data driven estimate of  K3π°, K3π and Ke4 background   
u  Sideband selection with the same sign electrons, µ+e−e− or µ−e+e+  
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q Number of  K± decayed in the fiducial volume 
u NK± = (1.56 ± 0.01) x 1011 
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u  Similarities with signal 
channel, three-tracks 

u  Background free 
selection 

u  Large statistics, ~109 

decays 

 
q K3π acceptance = 

(24.04 ± 0.01)% 
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Results
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distribution

Final result is the sum of the 
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The measurement is dominated by 

statistical uncertainty

q Final result: sum of  individual 
contributions in each bin 
u  Properly accounted bin-by-bin 

variation of  the acceptance 

q Measurement dominated by the 
statistical uncertainty 
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q Previous measurements 
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The process K± µ→ ±nµe+e- : Theory  

Final State Radiation (pure QED)

Structure Dependent Radiation (ChPT)

Full phase space dominated by tree level processes

At large z ChPT FF have signi2cant contribution to the branching fraction (~ 40%)

The theoretical prediction does not include Radiative Corrections

Tree Level ChPT Form 

Factors

Full phase space 2.49x10-5 2.49x10-5

z ≥ ( 140MeV/M
K
)2 4.98x10-8 8.51x10-8

Bijnens et. al. (1993)  - Nucl.Phys., B396:81–118

Previous measurements of the K± µ→ ±nµe+e  –  branching fraction 

 BR (z ≥ ( 140MeV/MK)2 ) = (12.3 ± 3.2)x10-8   (Diamant-Berger et.al. `76)

 BR (z ≥ ( 145MeV/MK)2 ) = (7.06 ± 0.31)x10-8   (Poblaguev et.al. `02)

z = (M
e+e– 

/ MK)2



Error Budget 

Gia	
  Khoriauli	
  	
  -­‐	
  	
  Measurement	
  of	
  Κ±	
  -­‐>	
  μ±νe+e-­‐	
  with	
  NA48/2	
  at	
  CERN	
  	
  	
  -­‐	
  	
  KAON2016	
  16.09.2016	
  

q Main sources of  the 
systematic uncertainty 
u  BR(K3π) 
u  Radiative corrections 
u  Limited statistics of  data 

driven background 
u  Trigger efficiency 
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Error budget

Uncertainty type dBR/BR[x102]

Data statistics 2.54

Normalization channel statistics 0.02

Total statistical 2.54

Rad. corr. 0.70

Background statistics 0.62

Trigger ef2ciency 0.54

Background systematic 0.30

Muon ID ef2ciency 0.13

Acc signal statistics 0.12

Electron ID uncertainty 0.04

Acc normalization statistics 0.03

Total systematic 1.15

External uncertainty (Br K3π
) 0.72

Total uncertainty 2.88



Summary 
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q Model independent measurement of  the radiative 
semileptonic decay Κ± à µ± νµ e+e− using NA48/2 data: 
u  BRexp(Κ± à µ± νµ e+e− | z≥(140 MeV/MK)2) = (7.84 ± 0.23) x 10-8 

q Factor of  3 improved systematic uncertainty wrt to the 
previous measurements 
 

q Factor of  1.5 improved total uncertainty 
u  Dominated by the statistical uncertainty 

q Measurement in good agreement with predictions of  
Chiral Perturbation Theory at the next-to-leading order 
u  BRtheory(Κ± à µ± νµ e+e− | z≥(140 MeV/MK)2) = 8.51 x 10-8 
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