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CPV tests with rare kaon decays
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The KS → π+π−e+e− decay mode has been investigated using the data collected in 2002 by the NA48/1
collaboration. With about 23k signal events and 59k KL → π+π−π0

D normalization decays, the KS →

π+π−e+e− branching ratio was determined. This result is also used to set an upper limit on the presence of
E1 direct emission in the decay amplitude. The CP-violating asymmetry has been also measured.

We report on measurements of the rare decays K±
→ π±e+e− and K±

→ π±µ+µ− . The full NA48/2 data
set was analyzed, leading to more than 7200 reconstructed events in the electronic and more than 3000 events in
the muonic channel, the latter exceeding the total existing statistics by a factor of four. For both channels the
selected events are almost background-free. From these events, we have determined the branching fraction and
form factors of K±

→ π±e+e− using different theoretical models. Our results improve the existing world averages
significantly. In addition, we measured the CP violating asymmetry between K+ and K− in this channel to be
less than a few percent.

The NA48 experiments have a long and suc-
cessful history in studying direct CP violation ef-
fects in the kaon system. The NA48 experiment
started collecting KL and KS decays in 1997 in
order to measure ǫ′/ǫ [1]. In 2002, the experi-
ment continued with a high intensityKS program
aiming to measure the rare KS and hyperon de-
cays (NA48/1). In 2003, a new beam line deliv-
ering simultaneously K+ and K− was introduced
with the goal of measuring the charge asymme-
try in K± → 3π decays [2]. NA48 is a fixed tar-
get experiment at SPS -CERN. The main com-
ponents are a magnetic spectrometer to measure
charged particle momenta and an electromagnetic
calorimeter based on liquid krypton for measure-
ment of the electomagnetic showers. More de-
tailed information about the detector componets
and performance can be found elsewhere [3].
Studies of the KS → π+π−e+e− decay have

recently been completed. This decay provides
a testing ground for a CP non-invariance. The
decay amplitude of KS → π+π−e+e− is ex-
pected to be dominated by the CP-even inner
bremsstrahlung transition [4]. As KS are mostly
CP - even, no contribution from a CP-odd direct
emission is expected. Therefore, the CP violating
asymmetry, defined as

Aφ = Nππee(sinφ cosφ>0)−Nππee(sinφ cosφ<0)
Nππee(sinφ cosφ>0)+Nππee(sinφ cosφ<0) , where

φ is the angle between the π+π− and the e+e− de-
cay planes in the kaon centre of mass, is expected
to be 0.
The first observation of KS → π+π−e+e− was

by the NA48 experiment in 1998 based on 56
events. From the full 1998 - 1999 data set, a
total amount of 677 events was collected. The
branching ratio was measured to be BR (KS →
π+π−e+e− ) = (4.69 ± 0.30) × 10−5 [5], and
the CP violating asymmetry, Aφ = (−1.1 ±
4.1)% [5], was found to be compatible with 0.
Using the 2002 sample, we acquired more than
20 000 events. A possible contribution from E1
direct emission was investigated. The KS →
π+π−e+e− BR was measured with respect to the
KL → π+π−π0

D channel.
A Geant3 [6] based Monte Carlo simulation was

used for acceptance calculations and most of the
background estimation. The PHOTOS code [7]
was implemented in the simulation program to
take into account radiative effects in the accep-
tance calculation for both signal and normaliza-
tion channels. The simulation includes Coulomb
corrections as well. The beam shape was tuned
with KL → π+π−π0 decays. In total, 22966
KS → π+π−e+e− candidates, with a background
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of 103 events, most of which come from the nor-
malization channel, were collected. The selec-
tion of KL → π+π−π0

D events is very similar
to the one for the KS → π+π−e+e− . We re-
quired, in addition to the four identified charged
particles, the presence of a well defined photon
giving an in-time signal in the LKr calorime-
ter, with a minimum energy of 2 GeV. 58983
KL → π+π−π0

D events were reconstructed and
the background contamination was estimated to
be smaller than 0.1%.

The measured ratio is BR(KS→π+π−e+e−)
BR(KL→π+π−π0

D
)

=

N(KS→π+π−e+e−)A(KL→π+π−π0
D)

N(KL→π+π−π0
D
)A(KS→π+π−e+e−)

RǫRK , where

N(KL → π+π−π0
D ), N(KS → π+π−e+e− ) is

the number of events after background subtrac-
tion; A(KL → π+π−π0

D ), A(KS → π+π−e+e− )
are the acceptances, Rǫ is the trigger efficiency
ratio, and RK is the KL/KS flux ratio. The
average acceptances for KS → π+π−e+e− and
KL → π+π−π0

D are (2.804 0.006)% and (1.644
0.002)%. The average value ofRK , over the inves-
tigated energy range, was computed to be 0.142
and the average value for Rǫ = 1.023± 0.018.

The analysis is performed in 10 bins of the en-
ergy of the kaon from 60 to 160 GeV in order
to avoid any possible bias due to dependency on
the kaon energy spectrum. The result is obtained
from fitting the data with a constant parameter,
BR (KS → π+π−e+e− )/ BR(KL → π+π−π0

D )
= (3.28±0.06stat+0.04syst)×10−2 with χ2 / ndf
= 8.8 / 9, assuming no contribution from E1 di-
rect emission.The statistical error on the ratio is
dominated by the uncertainty on the trigger effi-
ciency. The main systematic sources are listed in
Tab. 1 with the dominating contributions origi-
nating from the geometrical cuts and rejection of
pion decays due to inefficiencies in the muon de-
tector and to the fact that pion decays occurring
downstream of the magnetic spectrometer were
not included in the simulation.

Using the PDG value [8] for the BR (KL →
π+π−π0

D ), the following result is obtained
BR(KS → π+π−e+e− ) = (4.93 ± 0.14)× 10−5.
Both, BR (KS → π+π−e+e− )/BR(KL →
π+π−π0

D ) and BR (KS → π+π−e+e− ) results
are in agreement with the previously measured
results by the NA48 experiment [5].

Table 1
Systematic uncertainties to BR(KS →
π+π−e+e− )/BR(KL → π+π−π0

D )

Source σ syst (%)
KL → π+π−π0 matrix element ± 0.2
Background subtraction ± 0.1
Radiative corrections ± 0.4
Trigger efficiency ± 0.4
e – π separation ± 0.2
π decay ± 0.6
Beam parameters ± 0.1
Geometrical cuts ± 0.7
KL,S lifetimes ± 0.3
Kinematical cuts ± 0.3
Reconstruction ± 0.3
Total ± 1.2

Using the relation BR(KL →
π+π−e+e−)/BR(KS → π+π−e+e−) =
|η+−|2(τL/τS), the CP-violating inner
bremsstrahlung part of the analogous KL →
π+π−e+e− decay is determined to be BR
(KL → π+π−e+e−) = (1.41 ± 0.04) × 10−7,
compatible with the theoretical predictions of
Sehgal and Wanninger [9].
Following the formalism in [9], a direct emis-

sion term was added to the matrix element of the
decay in the simulation, M = e{gBRe

iδ0 [p+µ/p+ ·
k − p−µ/p− · k] + gE1e

iδ1p−(·k)p+µ −
p+(·k)p−µ}{u(k

−)γµν(k+)/k2}, where e is the
electric charge, p+, p−, k+, k− are the 4-momenta
of the π+, π−, e+, e− particles, respectively. δ0 is
the ππ scattering phase in the I = J = 0 state and
δ1 is the ππ scattering phase in the I = 1 p-wave
state. gE1 is the parameter that gives the magni-
tude of E1 direct emission and the gBR parame-
ter is related to the KS → π+π− decay width by

Γ(KS → π+π−) =
g2
BR

16πMK

[

1−
4M2

π

M2
K

]1/2

. To ex-

tract the gE1 parameter, a fit to the background-
subtracted energy spectrum of the emitted vir-
tual photon in KS → π+π−γ∗ was performed by
varying in the Monte Carlo simulation the contri-
bution of gE1 with respect to gBR. The best-fit
estimation of gE1/gBR is: gE1/gBR = 1.5 ± 1.1
with a χ2/ndf value of 12.8/17. This result
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Figure 1. The KS → π+π−e+e− normalized dif-
ferential decay rate after background subtraction
and acceptance correction.

is consistent with no observation of E1 direct
emission in the KS → π+π−e+e− decay.
Finally, the CP-violating asymmetry was mea-

sured. The normalized differential decay rate de-
pendence on sinφ cosφ is Shown in Fig. 1 The
corresponding asymmetry parameter was found
to be consistent with zero: Aφ = (−0.4±0.7stat±
0.4syst)%.
Other new CPV results from rare kaons come

from the K± → π±ℓ+ℓ− decays, measured by
NA48/2. The differential rate for these decays
depends on the form factors, for which there are 4
models: linear, CHPT at NLO [10], ChPT-Large-
Nc QCD Model [11], Mesonic CHPT [12]. Each
of the models has two free parameters which can
determine a model dependent BR ratio.
The measurement of the K± → π±e+e− de-

cay is based on 7253 events, with a background
of (1.0 ± 0.1)%. The very similar decay K± →
π±π0

D, where π0 → e+e−γ, was chosen as a
normalization channel. The accessible kinemat-

ical region in z is above z < 0.08 due to the
presence of background coming from the normal-
ization channel which cannot be efficiently sup-
pressed. The reconstructed dΓKπee

/dz spectrum
was fitted to the four models, and the form fac-
tor parameters were extracted. The four models
cannot be distinguished in the visible kinemati-
cal region for K± → π±e+e−. However, below
z < 0.08, the theory predicts different behav-
ior of the four models. The form factor fits to
the dΓKπee

/dz spectrum are reported in Tab. 2,
together with the model independent BR in the
visible kinematic region, and the combined result
of the four models for the BR over the whole z
range. The results of the first three models and
the BR are in agreement with the results reported
in [13], [14],[15], and with the theoretical predic-
tion for a+ = −0.6+0.3

−0.6 [16]. Model 4 was never
tested before.
The first measurement of the CP violating

asymmetry, done by NA48/2,
∆(K±

π±e+e−) = (−2.2 ± 1.5stat ± 0.6syst) × 10−2

is consistent with no CP violation. However, its
precision is far from the SM expectation [17].
The K± → π±µ+µ− analysis is based on 3120

reconstructed events, 4 times more than the total
world’s sample, with a background of (3.3±0.5)%.
The main technique of background estimation is
based on choosing events with two µ with the
same sign from the data sample, and the result
is confirmed by a K3π MC simulation. For this
analysis, the full kinematical region in z is ac-
cessible. Each of the four models for the form
factors provides a reasonable fit to the data. The
results of the fits are reported in Tab. 2. The
data sample size is insufficient to distinguish be-
tween the models considered. A measurement
of the CP violating asymmetry, ∆(K±

π±µ+µ−) =

(1.1±2.3)×10−2, is consistent with CP conserva-
tion, but its precision is far from the theoretical
predictions [17]. Another interesting observable,
the forward-backward asymmetry in terms of the
ΘKµ angle between three-momenta of the kaon
and the muon of opposite sign in the µ+µ− rest
frame, was measured for the first time: AFB =
(N(ΘKµ>0)−N(ΘKµ<0))
(N(ΘKµ>0)+N(ΘKµ<0)) = (−2.4 ± 1.8) × 10−2,

where the error is dominated by the statistical
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Table 2
Results of fits to the four models and the BR of K± → π±ℓ+ℓ− decays.

Model Parameter Results χ2/ndf Results χ2/ndf
K± → π±e+e− of the fit K± → π±µ+µ− of the fit

λ 2.32 ± 0.18 3.11 ± 0.56
Model 1 |f0| 0.531± 0.016 22.7 / 19.0 0.470 ± 0.039 12.0 / 15.0

a+ -0.578 ± 0.016 -0.575 ± 0.038
Model 2 b+ -0.779 ± 0.066 32.1 / 19.0 -0.813 ± 0.142 14.8 / 15.0

w̃ 0.057 ± 0.007 0.064 ± 0.014
Model 3 β 0.531 ± 0.016 27.7 / 19.0 0.064 ± 0.014 13.7 / 15.0

Ma 0.974 ± 0.035 1.014 ± 0.090
Model 4 Mρ 0.716 ± 0.014 36.9 / 19.0 0.725 ± 0.028 15.4 / 15.0
Combined result BR (3.11± 0.12)× 10−7 –
Model independent BRmi z > 0.08 full range

(2.28 ± 0.08) ×10−7 (9.25± 0.62)× 10−8

uncertainty. The achieved precision does not
reach the upper limits of the SM [18] and the
MSSM [19], both at the order of 10−3. The re-
sults on the BR agrees with two of the previous
measurements [20], [21], and disagrees with [22] .
The measurements on the form factors agree with
the K± → π±e+e− results of NA48/2 [23], with
the λ value measured by [20], and with theoretical
expectation of a+ = −0.6+0.3

−0.6 [16].
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