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• The NA48/2 experiment: beam and detectors
• The semileptonic decays K±→ π0ℓ ± $l

� Signal selection and reconstruction
� Form factors measurement

• First observation of the K±→ π±π0e+e− decay
� BR measurement
� Comparison with cPT predictions
� K+/K- asymmetry measurement 

RKF 2019 - Anacapri (IT)
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Beams

Beam pipe

Main detector components:

• Magnetic spectrometer (4 DCHs):
4 views/DCH inside a He tank
Δp/p = 1.02% ⊕ 0.044%*p 
[p in GeV/c].

• Hodoscope
fast trigger;
precise time measurement (150 ps).

• Liquid Krypton EM calorimeter (LKr)
High granularity, quasi-homogenious
sE/E = 3.2%/E1/2 ⊕ 9%/E ⊕ 0.42% 
sx=sy=0.42/E1/2 ⊕ 0.06cm
[E in GeV]. (0.15cm@10GeV).

• Hadron calorimeter, muon veto counters, 
photon vetoes.

mailto:0.15cm@10GeV
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K±→ π0# ± $% and K±→ π0& ± $&
decays @ NA48/2

[JHEP 1810 (2018) 150]



The K± ! ⇡0l±⌫ decay

Decay vertex reconstruction

• CDA vertex: track point closest to beam axis (used in previous analysis)
I systematic shift of the vertex closer to the beam
I high sensitivity to exact beam shape simulation

• “neutral” vertex: Zn from ⇡0 reconstruction (⇡0 mass constraint)
I Xn, Yn = impact point of charged track on Z = Zn plane
I no transverse bias chosen for this analysis
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• Data sample: 16 special runs of NA48/2 data taken in 2004 (3 days)
• Minimum bias trigger: 1 charged track and ELKr > 10 GeV
• Beam geometry and average momentum Pbeam are measured from K3π

In the Kℓ3 analysis the reconstruction of Kaon momentum has 2 solutions
choose solution with smallest DP = |PK − Pbeam| , DP<7.5 GeV/c

Improved decay vertex:
CDA (previous 2012 analysis):
� systematic shift of the vertex 

closer to the beam 
� High sensitivity to exact beam 

shape simulation
Neutral vertex (this analysis):
> Zn obtained imposing p0 mass
� Xn , Yn = impact point of 

charged track at Z=Zn plane
� No transverse bias
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General cuts:
• 2 γ in  time (within 5 ns) detected in the LKr, separated by > 20 cm 
• Photon distance > 15 cm from closest track in LKr, no extra-clusters
• E(p0)  > 15 GeV
• Compatibility of neutral vertex (Xn, Yn, Zn) with beam axis 
• Good track in-time with the p0 (10 ns), no extra good tracks (8 ns)

Residual background from 2p and 3p decay very small: O(10-4-10-3)

Ke3 selection:
• 1 track with p > 5 GeV/c
• Track with  E/p > 0.9

• pnT (w.r.t. beam axis) > 0.03 GeV/c

Kµ3 selection:
• 1 track with p > 10 GeV/c
• Track with  E/p < 0.9 and MUV signal

• Selective cuts against K±→ π ± π0 and  
K±→ π ± π0 π0 decays (followed by a        
π±→ #± $# decay/with a missing π0)
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PL(n)2 = (En)2/c2 — (Pt
n)2 > 0.0014 GeV2/c2

Negative tail and zero region are 
difficult to simulate exactly: 
sensitive to beam shape.

Z > -1600 cm 

To reduce background from 
interactions in the final collimator 
placed at Z = -1800 cm
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Main source of systematic error.

Beam (transverse elliptic) variable:

x,y,z are the reconstructed neutral 
vertex coordinates, x0(z), y0(z) , 
sx(z), sy(z) are the reconstructed 
beam central positions and widths 
obtained by run-dependent 
reconstruction of K3π decays .

Requiring B<11
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Figure 2: Distributions of the beam variable B for K±e3 (left) and K±µ3 (right) for data and normalized MC
samples. The simulated samples include signal and backgrounds.

4.3 Beam profiles

The specific beam conditions of the data sample triggered further studies of the transverse
beam profiles with fully reconstructed K± ! ⇡±⇡+⇡� decays. These studies showed evi-
dence for a diverging beam component surrounding the core and giving rise to kaon decay
vertices a few centimetres o↵ the Z axis. This component, which is likely to arise from
quasi-elastic kaon scattering in the beam line, is described using the following variable:

B =

s 
x � x0(z)
�x(z)

!2

+

 
y � y0(z)
�y(z)

!2

, (5)

where x, y, z are the K±l3 decay vertex coordinates, x0(z), y0(z) are the measured central posi-
tions of the beam profiles at the vertex z position, and �x(z), �y(z) are their Gaussian widths
which decrease from 1 cm at the beginning to 0.6 cm at the end of the decay volume. The
beam profile characteristics are obtained from reconstructed K± ! ⇡±⇡+⇡� decays.

The B distributions of data and MC simulated events are shown in Fig. 2. The data
distributions are well described by simulation in the core region (B < 3), while the diverging
beam component in the data, which is not simulated, can be seen at larger B values. Quasi-
elastic scattering a↵ects marginally the kaon momentum magnitude. Scattered beam kaons
are conservatively considered in the analysis by requiring B < 11, which minimizes the
e↵ect of correlations between kaon directions and momenta. This condition also reduces the
background from ⇡± decays in flight (Section 4.5).

4.4 Kaon and neutrino momenta reconstruction

A more precise estimate of the K± momentum magnitude (pK) in the laboratory frame than
the beam average value is obtained by imposing energy-momentum conservation in the kaon
decay under the assumption of a missing neutrino, and fixing the kaon mass to its nominal
value and the kaon direction to the measured beam axis direction. This leads to two solu-
tions:

pK =
 pk

E2 � p2
k
±
p

D, (6)

8

Diverging beam component added (for systematics only)

Standard simulation
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Against K±→ π ±π0 ∶
(with the π± is misidentified as a e±)

pnT (w.r.t. beam axis) > 0.03 GeV/c

Data

MC Ke3

MC K±→ π ±π%
(background)
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Against K±→ π ±π0π0 ∶
two solutions for PK requiring 
energy and momentum 
conservation and imposing K 
and µ masses: 

with

D<900 GeV/c2

(D is large when a p0 is missing)

Against K±→ π ±π0 ∶
If the π± is misidentified            
as a µ±:

m(π ±π0) < 0.475 GeV/c2

If  π±→µ±n :

m(µ±n)+Pt(p0)/c< 0.6 GeV/c2

Against K± ® p±p0  
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Figure 2: Distributions of the beam variable B for K±e3 (left) and K±µ3 (right) for data and normalized MC
samples. The simulated samples include signal and backgrounds.
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where  = 1
2 (m2

K + E2 � p2
? � p2

k ), D =
 2 p2

k
(E2 � p2

k )
2
�

m2
K E2 �  2

E2 � p2
k
. (7)

If D is negative due to resolution e↵ects, a value D = 0 is used in the calculation. Here E, pk
and p? are the energy, longitudinal and transverse momentum components (with respect to
the beam axis) of the ⇡0l± system in the laboratory frame. The distributions of the D variable
for MC simulated events are shown in Fig. 3. The solution that is closer to the average beam
momentum pB (measured from K± ! ⇡±⇡+⇡� decays) is chosen, and required to satisfy
|pK � pB| < 7.5 GeV/c.

Distributions of the squared neutrino longitudinal momentum in the kaon rest frame,
p2
⌫,k = (mK�E⇤)2� p2

?, where E⇤ is the ⇡0l± system energy in the kaon rest frame, are shown
in Fig. 4. The simulated spectra are sensitive to details of the beam geometry description
at small p2

⌫,k values, and negative values originate from resolution e↵ects. To ensure good
agreement of data and simulation, it is required that p2

⌫,k > 0.0014 (GeV/c)2 (corresponding
to p⌫,k > 37.4 MeV/c) which rejects 29% of the K±l3 events in both decay modes.

4.5 Background suppression

The K± ! ⇡±⇡0⇡0 (⇡0 ! ��, ⇡0 ! ��) decays contribute to the background if one of the
⇡0 mesons is not detected, and the ⇡± either decays or is misidentified. This background
a↵ects mainly the K±µ3 sample, and is reduced by requiring D < 900 (GeV/c)2 in this case,
as illustrated in Fig. 3.

The K± ! ⇡±⇡0 background in the K±e3 sample arising from ⇡± misidentification is char-
acterized by small total transverse momentum and is reduced by requiring p⌫,? > 30 MeV/c,
taking into account resolution and beam divergence e↵ects.

The K± ! ⇡±⇡0 background to K±µ3 decays arises from ⇡± misidentification and ⇡± !
µ±⌫ decay. The former process is suppressed by requiring the ⇡0l± mass, reconstructed in
the ⇡+ mass hypothesis for the lepton candidate, to be m(⇡±⇡0) < 0.475 GeV/c2, which
is below the K+ mass considering the resolution of 0.003 GeV/c2. The latter process is
suppressed by requiring the reconstructed µ±⌫ invariant mass to be m(µ⌫) > 0.16 GeV/c2,
which is above the ⇡+ mass considering the resolution of 0.004 GeV/c2. Additionally, it is
required that m(⇡±⇡0) + p⇡0,?/c < 0.6 GeV/c2, where p⇡0,? is the ⇡0 transverse momentum
component with respect to the beam axis. The selection conditions, illustrated in Fig. 5,
lead to 17% signal loss and reject 99.5% of the K± ! ⇡±⇡0 background.

Other background sources considered are K± ! ⇡±⇡0 followed by ⇡0 ! e+e��; K± !
⇡±⇡0�; K± ! ⇡±⇡0⇡0 (⇡0 ! ��, ⇡0 ! e+e��); K± ! ⇡0⇡0l±⌫. The K±µ3 background to
K±e3 decays arising from muon decay in flight is also considered. All these backgrounds are
found to be negligible. The main background sources are summarized in Table 2.

Table 2: Background processes and background to signal ratios re and rµ in the selected K±e3 and K±µ3
samples, estimated from MC simulations described in Section 3. The quoted errors include
contributions from the external branching ratios and simulated statistics.

Process re [10�3] rµ [10�3]
K± ! ⇡±⇡0⇡0 (⇡0 ! ��, ⇡0 ! ��) 0.286(6) 2.192(32)
K± ! ⇡±⇡0 (⇡0 ! ��) 0.271(6) 0.392(10)

9
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4.4·106 reconstructed Ke3 candidates

Experimental Dalitz plots (5x5 MeV cells), background not subtracted

2.3·106 reconstructed Kµ3 candidates
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Ke3

Kµ3



The K± ! ⇡0l±⌫ decay

The K± ! ⇡0l±⌫ (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)

Quadratic (linear for f0(t)) 1 + �0
+t/m2

⇡ + �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

⇡
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Experimental Dalitz plot is corrected for the simulated background
Cells are included in the fit only if at least 20 events are present in data.
Only one MC sample is generated and then is re-weighted according to FF effects. 
MINUIT package is searching for the FFfit parameters minimizing the following c2:

where:
§ i,j are the indices of the Dalits plot cells, 
§ Di,j is the background-corrected number of events in the cells (data)
§ MCi,j is the weighted MC bin content (FF dependent) 
§ dDi,j and dMCi,j are the corresponding statistical errors

Analysis has been performed:
§ for Ke3 and Kµ3 separately
§ for the combined Kℓ3 sample (joint fit)
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Reconstructed lepton energy and pion energy distributions for data after background subtraction. 
Simulated samples are superimposed according to the results of the fit using the Taylor expansion 
model (other parameterisations look very similar).  
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Joint Kl3 results comparison for quadratic 
parameterization: 1s ellipses (39.4% CL)

Our preliminary results (2012) were shifted due to charged 
vertex definition leading to the beam shape sensitivity, while for 
the present result we use less sensitive neutral vertex definition.
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Main goal, collect O(100) SM events of K+→ π+" "

O(100)SM =  BRSM      �Acc �Kaon Flux 
=  ~10-10 � 10%  � 1013

K+→ π+" " Kaon decays in the
fiducial volume

See R. Lollini talk tomorrow!
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Kaon flux: 1013 decays 

Improved resolution on kinematic observables wrt NA48/2:
- Kaon tracker available (GTK) 
- Lepton tracker operating in vacuum (STRAW)

Only minimum bias triggers (strongly downscaled) available:
- Trigger with at least one track and no muons D(Ke3)=200  
- Trigger with at least one track D(Kµ3)=400

N(Ke3) ≃ Kflux�A(Ke3)�BR(Ke3)/D(Ke3) = 1013�0.05�0.0507/200  = 1.26�108

N(Kµ3) ≃ Kflux�A(Kµ3)�BR(Kµ3)/D(Kµ3) = 1013�0.05�0.0335/400 =  4.2�107

Neutral vertex 
not needed!

(no Escale error)
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First observation of the K
± ! ⇡±⇡0

e
+

e
� 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)

= 20.66%⇥ 1.174% = 2.425 ⇥ 10�3
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First observation of the K
± ! ⇡±⇡0

e
+

e
� decay

The K
± ! ⇡±⇡0

e
+

e
� decay

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

• never observed so far

• test of ChPT predictions (magnitude of BR)
H. Pichl, EPJ C20 (2001) 371
L. Cappiello, O. Cata, G. D’Ambrosio, D. Gao, EPJ C72 (2012) 1872

Contributions from:

I Inner Bremsstrahlung (IB)

I Direct Emission (DE):
electric (E) and magnetic (M)
terms

I interference terms

A. Bizzeti Study of rare radiative Kaon decays by NA48/2 DIS 2017 Conference – Birmingham, UK – 5th April, 2017 19

First observation of the K
± ! ⇡±⇡0

e
+

e
� decay

The K
± ! ⇡±⇡0

e
+

e
� decay

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

• never observed so far

• test of ChPT predictions (magnitude of BR)
H. Pichl, EPJ C20 (2001) 371
L. Cappiello, O. Cata, G. D’Ambrosio, D. Gao, EPJ C72 (2012) 1872

Contributions from:

I Inner Bremsstrahlung (IB)

I Direct Emission (DE):
electric (E) and magnetic (M)
terms

I interference terms

A. Bizzeti Study of rare radiative Kaon decays by NA48/2 DIS 2017 Conference – Birmingham, UK – 5th April, 2017 19

First observation of the K
± ! ⇡±⇡0

e
+

e
� decay

The K
± ! ⇡±⇡0

e
+

e
� decay

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

• never observed so far

• test of ChPT predictions (magnitude of BR)
H. Pichl, EPJ C20 (2001) 371
L. Cappiello, O. Cata, G. D’Ambrosio, D. Gao, EPJ C72 (2012) 1872

Contributions from:

I Inner Bremsstrahlung (IB)

I Direct Emission (DE):
electric (E) and magnetic (M)
terms

I interference terms

A. Bizzeti Study of rare radiative Kaon decays by NA48/2 DIS 2017 Conference – Birmingham, UK – 5th April, 2017 19

+ interference

Event topology in the 
NA48/2 detector 

Similar to K±→ π±π0g, but with a virtual photon 
• never observed so far 
• the magnitude of the BR is a test of cPT predictions

[H. Pichl,                                                       EPJ C20 (2001) 371]
[L. Cappiello, O. Catà, G. D’Ambrosio, D. Gao, EPJ C72 (2012) 1872] 
[L. Cappiello, O. Catà, G. D’Ambrosio EPJ C78 (2018) 265]
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First observation of the K
± ! ⇡±⇡0

e
+

e
� decay

Event selection
Signal: ⇡±⇡0

e
+

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)� M

PDG
⇡0 | < 15 MeV/c

2 , |M(K±)� M
PDG
K± | < 45 MeV/c

2 ,
|M(⇡0)� 0.42 M(K±) + 73.2 MeV/c

2| < 6 MeV/c
2
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First observation of the K
± ! ⇡±⇡0

e
+

e
� decay

Backgrounds
Main backgrounds to signal ! specific cuts to suppress them
• K3⇡D(K± ! ⇡±⇡0⇡0

D
) with 1 � lost ! M

2(⇡+⇡0) > 0.12 GeV2/c
4

• K2⇡D(K± ! ⇡±⇡0
D
) + 1 extra � ! |M(e+e

��)� MPDG(⇡0)| > 7 MeV/c
2

Residual background:
5.7%, estimated from
simulation using the
number of kaon decays
from normalisation.

M(��)[GeV/c
2] M(⇡±⇡0

e
+

e
�)[GeV/c

2]

Main backgrounds to normalization

• Kµ3D(K± ! µ±⌫⇡0
D
) with µ± mis-ID

• Ke3D(K± ! e
±⌫⇡0

D
) with e

± mis-ID

Background: 0.15%, estimated from simulation.
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Main backgrounds to normalization

• Kµ3D(K± ! µ±⌫⇡0
D
) with µ± mis-ID

• Ke3D(K± ! e
±⌫⇡0

D
) with e

± mis-ID

Background: 0.15%, estimated from simulation.
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0.11%
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Candidates Ns 4919

Background Nbs 289

Accept (rad) As 0.662(1)%

L1 eff. eL1S 99.729(9)%

L2 eff. eL2S 98.604(21)%

Candidates Nn 16.3×106

Background Nbn 17288

Accept (rad) An 3.981(2)%

L1 eff. eL1S 99.767(3)%

L2 eff. eL2S 98.495(6)%
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Weighted average of IB, DE, INT acceptances using expected relative contributions

• Only the magnet part (M) of direct emission contributes, electric part (E) expected 15 times 
lower 

• The interference terms IB-M and M-E do not contribute to the total decay rate in the limit of 
full angular integration, only from IB-E considered

• Radiative corrections taken into account by using PHOTOS in MC simulations  
• Prague group p0

Dalitz generator [PRD 92 (2015) 054027] in MC for normalization mode 
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• Error is dominated by external error on 
BR(p0

Dalitz)

• The BR measurement is in good 
agreement with cPT predictions: 

� IB only BR = 4.183×10−6

� With all IB, DE and INT terms:  
BR = 4.229×10−6

CP-violating asymmetry also measured:

ACP < 4.82 × 10-2 at 90% CL.

Error source
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Kℓ3 decays :
• Form factors have been measured by NA48/2 from 4.4 million Ke3

and 2.3 million Kµ3 events collected in 2004 
• Improved vertex definition, analysis almost insensitive to beam shape 
• The NA48/2 combined analysis of Ke3 and Kµ3 decays provides the 

most precise measurement of K ℓ3 form factors 

K±→ π±π0e+e− :
• 4919 decay candidates with <6% background
• decay observed for the first time, BR has been measured:

� uncertainty is dominated by external error
� good agreement with cPT-based theoretical predictions

• CP-violating asymmetry ACP also measured 


