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The NA48/2 experiment at CERN SPS

Kaon physics at CERN

NA48/2

The NA48/2 collaboration:
⇠ 100 physicists from 15 institutes in 8 countries

Cambridge, CERN, Chicago, Dubna, Edinburgh, Ferrara, Firenze,
Mainz, Northwestern, Perugia, Pisa, Saclay, Siegen, Torino, Wien

I NA31 (1984–1990)
KL/KS, direct CPV:
First evidence

I NA48 (1997–2001)
KL/KS, direct CPV:
Precise measurement

I NA48/1 (2002), KS:
KS/hyperon rare decays

I NA48/2 (2003–2004)
K+/K�: CPV search,
charge asymmetry

I NA62-RK (2007–2008)
K+/K� : e/µ universality

I NA62 (2014–), K+ :
Rare Kaon decays,
K+ ! ⇡+⌫ ⌫̄
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The NA48/2 experiment at CERN SPS

The NA48/2 Kaon beam

2003 + 2004 run: ⇠ 6 months, ⇠ 2 ⇥ 1011 K± decays in flight

PK =

60 ± 3
GeV/c

Simultaneous K+ and K� beams:
large charge symmetrization of

experimental conditions

Beams coincide within ⇠ 1 mm
all along the 114 m decay volume

Flux ratio K+/K� ⇠ 1.8
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The NA48/2 experiment at CERN SPS

The NA48/2 detectors

Main detectors:

• Liquid Krypton (LKr) EM calorimeter
high granularity, quasi-homogeneous
�E/E = 3.2%/E1/2 � 9%/E � 0.42%

(E in GeV)
�x = �y ⇠ 1.5 mm at 10 GeV

• Scintillator hodoscope (2 planes)
fast trigger, �t = 150 ps

• Magnetic spectrometer (4 DCHs)
4 views/DCH: redundancy ) efficiency
�p/p = 1.02%�0.044% p (p in GeV/c)

BeamDecay region ⇠ 114 m long
Detector region ⇠ 50 m long

Other detectors: hadron calorimeter (HCAL), muon counters, photon vetos
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First observation of the K± ! ⇡±⇡0e+e� rare decay

The K± ! ⇡±⇡0e+e� decay
• test of Chiral Perturbation Theory predictions

• similar to K± ! ⇡±⇡0�, but with a virtual photon

• never observed so far

IB

DE(M,E)

�⇤

�⇤

�⇤ e+

e�

Contributions from:

I Inner Bremsstrahlung (IB)

I Direct Emission ( DE(M,E) )

I interference (INT)

H. Pichl, EPJ C20 (2001) 371
L. Cappiello, O. Cata, G. D’Ambrosio, D. Gao, EPJ C72 (2012) 1872
L. Cappiello, O. Cata, G. D’Ambrosio, EPJ C78 (2018) 265
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First observation of the K± ! ⇡±⇡0e+e� rare decay

Event signature: signal and normalization

Signal: ⇡±⇡0
��e+e� ! ⇡±�� e+e�

• 3 charged tracks + 2 �

• 2 � consistent with a ⇡0 decay
at the charged tracks vertex

• 2 kinematic constraints: M⇡0 , MK

• differs from normalization
by one extra �

Normalization: ⇡±⇡0
D ! ⇡±� e+e�

• 3 charged tracks + 1 �

• � + 2 opposite sign tracks consistent with
a ⇡0

D decay at the charged tracks vertex
• 2 kinematic constraints: M⇡0

D
, MK

• very abundant: BR(⇡±⇡0)⇥BR(⇡0
D)

= 20.67%⇥ 1.174% = 2.427 ⇥ 10�3
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First observation of the K± ! ⇡±⇡0e+e� rare decay

Event selection
Signal: ⇡±⇡0e+e� ! ⇡±�� e+e� Normalization: ⇡±⇡0

D ! ⇡±� e+e�

• 3 charged tracks (2 “same-sign” + 1 “opposite-sign”) forming a vertex

+ 2 photon clusters in LKr + 1 photon cluster in LKr

• No PID from LKr but only kinematics ) no LKr acceptance cuts on tracks

• Assign electron mass to the “opposite-sign” track

• For both (me , m⇡) assignments to same-sign charged tracks
compute reconstructed masses M(⇡0) and M(K±) and apply the cuts
|M(⇡0)� MPDG

⇡0 | < 15 MeV/c2 , |M(K±)� MPDG
K± | < 45 MeV/c2 ,

|M(⇡0)� 0.42 M(K±) + 73.2 MeV/c2| < 6 MeV/c2
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First observation of the K± ! ⇡±⇡0e+e� rare decay

Backgrounds
Main backgrounds to signal specific cuts to suppress them

K3⇡D(K± ! ⇡±⇡0
��⇡

0
D)

K2⇡D(K± ! ⇡±⇡0
D)

1 � lost =)
1 extra � =)

M2(⇡+⇡0
��) > 0.12 (GeV/c2)2

|M(e+e��)� MPDG(⇡0)| > 7 MeV/c2

M(��)[MeV/c2] M(⇡±⇡0e+e�)[MeV/c2]

Residual background = 4.9%

estimated from simulation
using the number of kaon
decays from normalisation.

Main backgrounds to normalization
• Kµ3D(K± ! µ±⌫⇡0

D) with µ± mis-ID

• Ke3D(K± ! e±⌫⇡0
D) with e± mis-ID

Total background = 0.11%
estimated from simulation.
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First observation of the K± ! ⇡±⇡0e+e� rare decay

Results: signal and normalization Mee spectra
Data sample: 1.7 ⇥ 1011 K± decays, collected in 2003-2004

Mee [MeV/c2] Mee [MeV/c2]

Signal Normalization
Candidates NS 4919 Candidates NN 16.3 ⇥ 106

Background NBS 241 Background NBN 10.4 ⇥ 103

Acceptance AS 0.662 % Acceptance AN 3.981 %
Trigger eff. "N 98.34 % Trigger eff. "N 98.27 %
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First observation of the K± ! ⇡±⇡0e+e� rare decay

Results: Branching fraction

BR(K± ! ⇡±⇡0e+e�)
BR(K± ! ⇡+⇡0)

=
NS � NBS

NN � NBN

AN

AS

"N

"S

BR(⇡0
D)

BR(⇡0
��)

BR(K± ! ⇡±⇡0e+e�) = (4.237 ± 0.063stat ± 0.033syst ± 0.126ext)⇥ 10�6

• Error is dominated by external error on BR(⇡0
D)

• Good agreement with ChPT predictions [EPJ C72 (2012) 1872, EPJ C 78 (2018) 265]:
I BR(IB) = 4.183 ⇥ 10�6 (IB only)
I BR = 4.229 ⇥ 10�6 (including all DE and INT terms)

DE and INT contributions derived from 3-D fit in kinematic space (T⇤
⇡, E⇤

� , q2 = M2
ee):

DE(M)
IB

= 0.0114 ± 0.0043stat ;
INT(IB�E)

IB
= �0.0014 ± 0.0036stat

in agreement with theoretical predictions from [EPJ C72 (2012) 1872, EPJ C 78 (2018) 265]:

DE(M)
IB

= 0.0141 ± 0.0014ext ;
INT(IB�E)

IB
= �0.0039 ± 0.0028ext
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First observation of the K± ! ⇡±⇡0e+e� rare decay

Asymmetry investigations
The simplest CP-violating charge asymmetry

ACP =
�(K+ ! ⇡+⇡0e+e�)� �(K� ! ⇡�⇡0e+e�)
�(K+ ! ⇡+⇡0e+e�)� �(K� ! ⇡�⇡0e+e�)

is determined from measured BRs for K+ and K�:

BR(K+) = (4.151 ± 0.078stat)⇥ 10�6

BR(K�) = (4.394 ± 0.108stat)⇥ 10�6

�
! |ACP| < 4.82⇥10�2 (90%CL)

Other angular/charge asymmetries (defined in [EPJ C 72 (2012) 1872])

Measured CP-violating angular/charge asymmetries:

A�⇤

CP = 0.0119 ± 0.0150stat ! |A�⇤

CP | < 3.11 ⇥ 10�2 (90% C.L.)

A�̃
CP = 0.0058 ± 0.0150stat ! |A�̃

CP| < 2.50 ⇥ 10�2 (90% C.L.)

Measured long-distance P�violating asymmetry: |A(L)
P | < 2.07 ⇥ 10�2.
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Precise measurement of K± ! ⇡0 l± ⌫ form factors

The K± ! ⇡0 l± ⌫ (K±
l3) decay form factors

d2�
dEl dE⇡

/ A f 2
+(t) + B f+(t) f�(t) + C f 2

�(t) (neglecting radiative effects), where:

t = M2
l⌫ = (PK � P⇡)2 = m2

K + m2
⇡ � 2mKE⇡

E⇡ ,El,E⌫ = energies in the K± rest frame
f�(t) = (f+(t)� f0(t)) (m2

K � m2
⇡) / t

f0(t), f+(t)= “scalar” and “vector” FF

A = MK [2ElE⌫ � mK(Emax
⇡ � E⇡)] + M2

l [
1
4 (E

max
⇡ � E⇡)� E⌫ ]

B = M2
l [E⌫ � 1

2 (E
max
⇡ � E⇡)] negligible for Ke3

C = 1
4 M2

l (E
max
⇡ � E⇡)4 negligible for Ke3

FF parametrization f+(t, parameters) f0(t, parameters)

Taylor expansion 1 + �0
+t/m2

⇡ + 1
2�

00
+(t/m⇡)2 1 + �0

0t/m2
⇡

Pole MV
2/(MV

2 � t) MS
2/(MS

2 � t)

Dispersive ⇤ exp
�
(⇤+ + H(t))t/m2

⇡

�
exp

�
(ln[C]� G(t))t/(m2

K � m2
⇡)

�

⇤ B. Bernard, M. Oertel, E. Passemar, J. Stern, Phys.Rev.D80(2009) 034034

We use MC radiative decay generator of C. Gatti [Eur.Phys.J. C45(2006) 417-420]
provided by the KLOE collaboration. It includes f0 = f+ = 1 + �0t/m2

⇡

A. Bizzeti NA48/2 results DIS 2019 Conference – Torino, Italy – 11th April, 2019 16



Precise measurement of K± ! ⇡0 l± ⌫ form factors

Event reconstruction
• Data sample: 3 days of NA48/2 special run taken in 2004 (4.8 · 108 events)

• “Minimum bias” trigger: 1 charged track and ELKr > 10 GeV

• Beam geometry and average momentum hPbeami are measured from K3⇡±

• Ke3 (Kµ3) event selection:

I 1 track with P > 5 (10) GeV/c

I 2 energy clusters in LKr, > 15 cm from closest track

I Kaon momentum reconstruction (assuming ~PK along the beam axis):
two solutions for PK = |~PK |
P1,2 = ( Pk ±

p
D)/(E2 � P2

k), where

 = 0.5(m2
K + E2 � P2

T � P2
k),

D =  2P2
k � (E2 � P2

k)(M
2
KE2 � 2)

When D < 0 we assume D = 0

PK (along beam)

I choose solution with smallest �P = |PK � hPbeami|
I require �P < 7.5 GeV/c
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Precise measurement of K± ! ⇡0 l± ⌫ form factors

Event selection

⇡0 :

I 2 � in LKr, separated by > 20 cm

I E(⇡0) > 15 GeV

I Z(decay) derived assuming ⇡0 mass

e / µ :

I 1-track event

I Ke3 electron if E/P > 0.9

I Kµ3 muon if signal in MUV and E/P < 0.9

Loose E/P cuts ) negligible related systematics
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Precise measurement of K± ! ⇡0 l± ⌫ form factors

Decay vertex reconstruction

I Zv (⇡0 decay plane) from ⇡0 mass constraint
I Xv, Yv = impact point of charged track on ⇡0 decay plane
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Precise measurement of K± ! ⇡0 l± ⌫ form factors

Final cuts
For Ke3

• P⌫
T (w.r.t. beam axis) > 0.03 GeV/c

• (P⌫
L )

2 = (E⌫)2/c2 � (P⌫
T )

2 > 0.0014 (GeV/c)2

(negative tail and zero region sensitive to beam shape)

For Kµ3

• cuts against K± ! ⇡±(! µ±⌫)⇡0 background:
⇧ M(⇡±⇡0) < 0.47 GeV/c2 (assuming pion mass for the charged particle)
⇧ M(⇡±⇡0) < 0.6 GeV/c2 � PT(⇡

0)/c
⇧ M(µ±⌫) > 0.18 GeV/c2 (to exclude ⇡± mass region)

• cut against ⇡±⇡0⇡0 : |P2 � P1| < 60 GeV
(difference between two P solutions is large when one ⇡0 is missing)

For both Kl3
• compatibility of reconstructed vertex (Xv, Yv, Zv) with beam axis (X0

v (Z), Y0
v (Z))

vuut
 

Xv � X0
v (Zv)

�X0
v
(Zv)

!2

+

 
Yv � Y0

v (Zv)
�Y0

v
(Zv)

!2

< 11
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Precise measurement of K± ! ⇡0 l± ⌫ form factors

Dalitz plots of the reconstructed Kl3 events
(5x5 MeV2 cells)
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Precise measurement of K± ! ⇡0 l± ⌫ form factors

Background

Contamination from other K± decay modes is estimated by MC simulation.

Decay Notation BR [%] re [10�3] rµ [10�3]

K±! ⇡±⇡0⇡0 3⇡ 1.760 0.392 2.192
K±! ⇡±⇡0 2⇡ 20.67 0.271 0.264

re (rµ) = estimated background contamination in Ke3 (Kµ3) data

Background contamination:

I from 2⇡ and 3⇡: very small, O(10�4 � 10�3)

I from other channels: negligible (< 10�4)

Data are corrected by subtracting the (small) MC-estimated background
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Precise measurement of K± ! ⇡0 l± ⌫ form factors

Dalitz plots projections
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⇡ = reconstructed lepton energy and pion energy in the Kaon rest frame
for data after background subtraction, compared to MC simulated samples.
Fit results obtained using the taylor expansion.

Fit results and systematic uncertainties published in JHEP 10 (2018) 150 :
I for Ke3

I for Kµ3

I for the combined Kl3 result (joint fit with a common set of parameters)
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Precise measurement of K± ! ⇡0 l± ⌫ form factors

Final result for the joint Kl3 analysis
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I black ellipse = NA48/2,
published in JHEP 10 (2018) 150

I comparison to other experiments
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Summary

The NA48/2 experiment at CERN SPS

First observation of the K± ! ⇡±⇡0e+e� rare decay

Precise measurement of K± ! ⇡0 l± ⌫ form factors

Summary
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Summary

Summary

I K± ! ⇡±⇡0e+e� : 4919 decay candidates with 4.9% background

• decay observed for the first time

• BR(K± ! ⇡±⇡0e+e�) = (4.24±0.06stat±0.03syst±0.13ext)⇥10�6

⇧ uncertainty is dominated by external error

⇧ good agreement with ChPT-based theoretical predictions

Published in Phys. Lett. B 788 (2019) 552-561

I Form factors of K±
l3 decays have been measured by NA48/2 from

4.4 million Ke3 and 2.3 million Kµ3 events collected in 2004

• The NA48/2 combined analysis of Ke3 and Kµ3 decays provides
the world most precise measurement of K±

l3 form factors

Published in JHEP 10 (2018) 150
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BACKUP SLIDES
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Results: Branching fraction
BR(K± ! ⇡±⇡0e+e�)

BR(K± ! ⇡+⇡0)
=

NS � NBS

NN � NBN

AN

AS

"N

"S

BR(⇡0
D)

BR(⇡0
��)

AS = weighted average of IB, DE, INT acceptances using expected relative contributions

Radiative corrections taken into account by using PHOTOS in MC simulations and
Prague group ⇡0

D generator [PRD 92(2015)054027] in MC for normalization mode

Signal Normalization
Candidates NS 4919 Candidates NN 16.3 ⇥ 106

Background NBS 241 Background NBN 10.4 ⇥ 103

Acceptance AS 0.662 % Acceptance AN 3.981 %
Trigger eff. "N 98.34 % Trigger eff. "N 98.27 %

Final result:
BR(K± ! ⇡±⇡0e+e�) = (4.237 ± 0.063stat ± 0.033syst ± 0.126ext)⇥ 10�6

• Error is dominated by external error on BR(⇡0
D)

• Good agreement with ChPT predictions [EPJ C72 (2012) 1872, EPJ C 78 (2018) 265]:
I BR(IB) = 4.183 ⇥ 10�6 (IB only)
I BR = 4.229 ⇥ 10�6 (including all DE and INT terms)
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Errors on BR( K± ! ⇡±⇡0e+e� )
Source �BR/BR ⇥ 102

Ns 1.426
Nbs 0.416
Nn 0.025
Nbn negl.
Total statistical 1.486
As (MC statistics) 0.171
An (MC statistics) 0.051
"(L1s ⇥ L2s) (MC statistics) 0.023
"(L1n ⇥ L2n) (MC statistics) 0.007
Acceptance geometry control 0.083
Acceptance time variation control 0.064
Background control 0.280
Trigger efficiency (systematics) 0.400
Model dependence 0.285
Radiative effects 0.490
Total systematic 0.777
BR(K2⇡) 0.387
BR(⇡0

D) / BR(⇡0
��) 2.946

Total external 2.971
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Angular asymmetries in K± ! ⇡±⇡0e+e� decays
� = Cabibbo-Maksymowicz angular variable
= angle between ⇡⇡ and ee planes

in the K+ rest frame 0 e�
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Results of the joint Kl3 (Ke3 + Kµ3) analysis
Parameter �0

+ �00
+ �0 MV MS ⇤+ ln C

Units 10�3 10�3 10�3 MeV MeV 10�3 10�3

Central values 24.24 1.67 14.47 884.4 1208.3 24.99 183.65
Statistical error 0.75 0.29 0.63 3.1 21.2 0.20 5.92
Diverging beam component 0.97 0.35 0.55 1.1 32.2 0.08 9.43
Kaon momentum spectrum 0.00 0.00 0.02 0.1 0.7 0.00 0.19
Kaon mean momentum 0.04 0.01 0.04 0.2 1.7 0.01 0.47
LKr energy scale 0.66 0.12 0.61 4.9 17.4 0.32 5.16
LKr non-linearity 0.20 0.01 0.55 3.1 19.6 0.20 5.77
Residual background 0.08 0.03 0.04 0.1 0.7 0.01 0.16
Electron identification 0.01 0.01 0.01 0.2 0.2 0.01 0.05
Event pileup 0.23 0.08 0.08 0.4 0.2 0.03 0.07
Acceptance 0.23 0.07 0.03 0.7 4.3 0.05 1.11
Neutrino momentum resolution 0.16 0.04 0.04 0.9 3.3 0.06 0.88
Trigger efficiency 0.29 0.13 0.20 1.1 9.9 0.07 2.82
Dalitz plot binning 0.05 0.04 0.06 0.9 1.1 0.06 0.29
Dalitz plot resolution 0.02 0.01 0.03 0.0 1.3 0.00 0.39
Radiative corrections 0.17 0.01 0.57 2.5 20.1 0.16 5.92
External inputs 0.44 2.94
Systematic error 1.30 0.41 1.17 6.7 47.5 0.62 14.25
Total error 1.50 0.50 1.32 7.4 52.1 0.65 15.43
Correlation coefficient(s) (*) 0.374 0.354
�2/NDF 979.6/1070 979.3/1071 979.7/1071

(*) �0.934 (�0
+/�00

+), 0.118 (�0
+/�0), 0.091 (�00

+/�0)
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