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Dipartimento di Fisica dell’Università e Sezione dell’INFN di Firenze, I-50125 Firenze, Italy

M. Behler, K. Eppard, M. Eppard, A. Hirstius12), K. Kleinknecht, U. Koch, P. Marouelli,
L. Masetti, U. Moosbrugger, C. Morales Morales, A. Peters12), R. Wanke, A. Winhart

Institut für Physik, Universität Mainz, D-55099 Mainz, Germany22)

A. Dabrowski12), T. Fonseca Martin23), M. Szleper, M. Velasco
Department of Physics and Astronomy, Northwestern University, Evanston, Illinois 60208, USA

G. Anzivino, P. Cenci, E. Imbergamo, G. Lamanna12), P. Lubrano, A. Michetti,
A. Nappi, M. Pepe, M.C. Petrucci, M. Piccini, M. Valdata
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Abstract

The KS → π+π−e+e− decay mode was investigated using the data collected in
2002 by the NA48/1 collaboration. With about 23 k KS → π+π−e+e− events
and 59 k KL → π+π−π0

D normalization decays, the KS → π+π−e+e− branch-
ing ratio relative to the KL → π+π−π0

D one was determined to be BR(KS →
π+π−e+e−)/BR(KL → π+π−π0

D) = (3.28 ± 0.06stat ± 0.04syst) × 10−2. This result
was used to set the upper limit |gE1/gBR| < 3.0 at 90% CL on the presence, in the
decay amplitude, of an E1 direct emission (gE1) term relative to the dominant inner
bremsstrahlung (gBR) term. The CP-violating asymmetry Aφ in the sinφ cosφ distri-
bution of KS → π+π−e+e− events, where φ is the angle between the π+π− and the
e+e− decay planes in the kaon centre of mass, was found to be Aφ = (−0.4±0.8)%,
consistent with zero. These results are in good agreement with a description of the
KS → π+π−e+e− decay amplitude dominated by the CP-even inner bremsstrahlung
process.

1 Introduction
The study of the radiative decay K0 → π+π−γ∗ → π+π−e+e− provides an interest-

ing ground for the investigation of CP non-invariance. It is well established now that the
measurement of the angular correlation between the π+π− and e+e− planes allows to test
the presence of explicit CP-violating terms in the decay amplitude which are sensitive to
the interference between amplitudes of opposite CP [1, 2].

Such an interference term was observed in the KL → π+π−e+e− decay mode by the
KTeV [3, 4] and NA48 [5] experiments through the measurement of a large asymmetry of
about 14% in the sinφ cosφ distribution of events, where φ is the angle between the π+π−

and the e+e− decay planes in the kaon centre of mass. This result is the consequence of
the presence in the KL → π+π−e+e− decay amplitude of two competing components: one
from the CP-violating bremsstrahlung process in which the KL decays into π+π− with one
of the pions radiating a virtual photon, the other from the CP-conserving direct emission
process associated to the magnetic dipole M1 transition.

In the case of the short-lived neutral kaon, however, the decay amplitude into
the π+π−e+e− final state is expected to be largely dominated by the CP-even inner
bremsstrahlung transition [6]. Therefore, no asymmetry should be observed. A departure
from this prediction would reveal the existence of a sizeable CP-odd component in the
decay amplitude.

In the approximation of a pure bremsstrahlung process, the amplitude of the KS →
π+π−e+e− decay can be written as [1, 2]:

MBR = egBReiδ0(M2

K)

[

p+µ

p+ · k
−

p−µ

p− · k

]

u(k−)γµv(k+)

k2
(1)

where e is the electric charge, p+, p−, k+, k− are the 4-momenta of the π+, π−, e+, e−

particles, respectively, and δ0(M
2
K) is the ππ scattering phase in the I = J = 0 channel

at the centre of mass energy equal to the kaon mass MK . The gBR parameter is related
to the KS → π+π− decay width by:

Γ(KS → π+π−) =
g2
BR

16πMK

[

1 −
4M2

π

M2
K

]1/2

(2)

where Mπ is the pion mass.
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The first observation of the KS → π+π−e+e− decay mode was obtained by NA48
using the data collected in 1998, concurrently with a run dedicated to the measurement
of the Re(ε′/ε) parameter in neutral kaon decays. Based on a sample of 56 events, the
branching ratio was measured to be BR(KS → π+π−e+e−) = (4.7 ± 0.7stat ± 0.4syst) ×
10−5 [7]. This result was improved later on by including the data collected in 1999 during
the Re(ε′/ε) run and during a special 2-day test dedicated to the investigation of rare
decays with an intense KS beam [5]. The branching ratio obtained with the combined 1998-
1999 statistics was BR(KS → π+π−e+e−) = (4.69 ± 0.30) × 10−5 and the corresponding
asymmetry was found to be Aφ = (−1.1 ± 4.1)%. These measurements were based on a
total sample of 678 candidates.

We report in this Letter the investigation of the KS → π+π−e+e− decay with a
significantly improved statistical sample using the NA48 experimental set-up and a high-
intensity KS beam. The KS → π+π−e+e− branching ratio relative to the one of the
normalization KL → π+π−π0

D decay mode as well as the Aφ asymmetry parameter were
determined. The data collected by this experiment allowed the precision of the existing
measurements to be significantly improved by a statistics increase of more than a factor
thirty.

2 Experimental setup
The data presented in this paper were collected during 60 days in 2002 using the

NA48 detector and a high-intensity neutral KS beam at the CERN SPS [8]. A proton
beam with a nominal momentum of 400 GeV/c and an average intensity of 4.8 × 1010

particles per pulse impinged on a Be target to produce secondary particles. The spill
length was 4.8 s out of a 16.2 s cycle time. Charged particles were removed by a sweeping
magnet and a 5.1m long collimator which selected a beam of neutral particles at an angle
of 4.2mrad with respect to the proton beam.

Downstream of the collimator, the neutral beam and the decay products travelled
in a 90m long vacuum tank where most of the short-lived kaons (KS), neutral hyperons
(Λ0, Σ0), as well as a small fraction of long-lived neutral kaons (KL) decayed. Undecayed
particles like KL, n and γ were directed towards a beam dump via a vacuum pipe that
traversed all detector elements. On average, about 2 × 105 KS per spill decayed in the
fiducial volume downstream of the collimator with a mean energy of 120GeV.

A magnetic spectrometer consisting of four drift chambers inside a helium-filled
tank and a magnet with a horizontal transverse momentum kick of 265MeV/c was located
downstream of the vacuum tank which was terminated by a 0.3% X0 thick Kevlar window.
The space resolution obtained in a drift chamber was about 120 µm per projection and the
momentum resolution could be parametrized as σp/p = (0.48⊕ 0.015 p)% with momentum
p in GeV/c. This provided a resolution of 3MeV/c2 in the π+π− invariant mass. The track
time resolution was about 1.4 ns. A scintillator hodoscope was placed downstream of the
spectrometer to provide accurate time information of charged particles (σt ∼ 250 ps). It
was made of two planes segmented in horizontal and vertical strips and arranged in four
quadrants. The scintillator hodoscope was also used in the fast trigger logic.

The tracking detector was followed by a 27X0 deep liquid krypton calorimeter
having a 2 cm × 2 cm cell transverse segmentation for the detection and measurement
of electromagnetic showers. The achieved energy resolution could be parametrized as
σE/E = (3.2 ⊕ 9.0 /E)% with E expressed in GeV. The transverse position resolution for
a single photon of energy larger than 20 GeV was better than 1.3mm and the obtained
γγ invariant mass resolution for π0 decays was about 1MeV/c2. The time resolution of
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the calorimeter for a single shower was better than 300 ps.
The electromagnetic calorimeter was followed by a hadron calorimeter and a muon

detector. The fiducial volume of the experiment was determined by the spectrometer and
LKr calorimeter acceptances together with an ensemble of seven rings of scintillation
counters (AKL) used to veto activity outside this region.

3 The 4-track trigger
In order to select events compatible with decays into four charged particles, a specific

Level 2 trigger (L2) that performed fast tracking of charged particles in the spectrometer
was used [9]. It received signals from the earlier Level 1 trigger stage (L1) which required
a minimum number of hits in the most upstream drift chamber and in the scintillator
hodoscope, compatible with at least two tracks. The L1 condition required also no hit
detected in the two most downstream AKL ring couters, a total energy seen in the elec-
tromagnetic and hadronic calorimeters greater than 30GeV or at least 15GeV measured
in the LKr calorimeter. The output rate of the L1 stage was about 125 kHz. The measured
efficiency of the L1 charged trigger for 4-track events of energy greater than 60GeV was
99.8 ± 0.1%.

The 4-track trigger used 300MHz processors allowing complex events to be treated.
It required at least three reconstructed space-points in the two drift chambers upstream
of the magnet as well as in the last one, and a minimum of two compatible 2-track vertices
within 3m along the longitudinal kaon direction. No condition on the invariant mass of
the selected 4-track candidates was imposed. The output rate of the 4-track trigger was
about 500Hz and represented 4% of the total Level 2 rate of the experiment. The dead
time of the 4-track trigger logic was about 2%.

The 4-track trigger efficiency was measured from a sample of downscaled triggers
that passed the L1 condition. It was found to be (88.4±1.3)% for KS → π+π−e+e− decays
and (90.8± 0.8)% for the normalization KL → π+π−π0

D channel, where the quoted uncer-
tainties are purely statistical. The main sources of trigger inefficiencies were attributed to
wire inefficiencies, accidental activity and high-multiplicity events in the spectrometer. A
small fraction (3%) of events was lost due to the maximum latency of 102.4µs allocated to
process the events. To study possible biases introduced by these event losses, about 10%
of charged triggers which exceeded the available processing time were recorded. The anal-
ysis of these events showed that the trigger inefficiency between signal and normalization
events was consistent within 0.5%.

A hardware failure which caused a time information mismatch between different
drift chambers was found to affect about 8% of the recorded events. These well identified
events were rejected from the final data sample as the corresponding 4-track efficiency
was found to be significantly lower.

A total of 4.14 ×108 4-track triggers were thus selected for the offline analysis.

4 Event selection
The identification of KS → π+π−e+e− candidates required four tracks reconstructed

inside the fiducial volume of the NA48 detector. An outer radius cut of 120 cm and an
11 cm minimum radius cut around the centre of the beam pipe at each chamber position
were imposed on particles entering the spectrometer. In addition, all four tracks were
required to impinge on the electromagnetic calorimeter sufficiently far from the beam
pipe and the outer edge (15 cm < rLKr < 120 cm) to ensure efficient electron identification
with negligible energy losses. Tracks with an impact point closer than 2 cm to a dead
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calorimeter cell were rejected. For precise timing purposes, each track was required to
have at least one associated hit in the scintillator hodoscope located in front of the LKr
calorimeter. The averaged time of each of the six combinations of pairs of tracks was
required to lie within 20 ns of the trigger time. Moreover, to reduce accidental activity,
pairs of tracks were required to have consistent time measurements within 1.4 ns.

Electrons were identified by requiring an E/p value between 0.9 and 1.1 while tracks
were designated as pions if they had E/p < 0.8 and no associated hit in coincidence, within
2 ns, in the muon counters. In order to suppress fake tracks due to accidental hits in the
chambers, a χ2 value smaller than 30 was required as a track quality cut. We required also
that both the electron and pion pairs have two particles of opposite charge and that the
reconstructed momentum be above 2GeV/c for electron candidates, and above 10GeV/c
for pions.

A vertex made of four tracks passing the above cuts was formed if each of the six
combinations of pairs of tracks had a closest distance of approach smaller than 10 cm
and a reconstructed vertex located upstream of the Kevlar window (zVTX < 90m). The
rejection of fake vertices made of two overlapping decays was obtained by imposing, as a
vertex quality cut, a χ2 value smaller than 50. The resolutions obtained on the transverse
and longitudinal positions of the vertex are about 2mm and 70 cm, respectively.

The momentum vector of the 4-track event was extrapolated upstream to the exit
face of the final collimator, where it was required to be contained within a radius of
2.5 cm around the KS collimator hole. The angular resolution on the direction of the
reconstructed kaon momentum vector was measured to be about 35 µrad (rms).

To remove events due to beam particles scattering in the collimators, we required
the quantity ~rCOG, defined as ~rCOG =

∑

i ~riEi/
∑

i Ei , where Ei is the energy of the
detected particle and ~ri the corresponding transverse position vector at the liquid krypton
calorimeter position zLKr , to lie well inside the beam pipe. For a charged particle, the
quantity ~ri was obtained from the extrapolation to zLKr of the upstream segment of
the associated track. A radius cut of 7 cm was applied. This cut was chosen relatively
wide compared to the KS beam spot radius of 4.6 cm. It removed about 2% of signal
events which originated mainly from beam scattering in the collimators. Moreover, KS →
π+π−e+e− candidates whose longitudinal vertex position was smaller than 7.5m, that is,
less than 1.5m downstream of the exit face of the KS collimator, were not considered.
We demanded also that the square of the total transverse momentum p2

⊥ of the observed
decay products relative to the line of flight joining the centre of the KS target to the
parent kaon decay point be less than 1× 10−2 GeV2/c2. The resolution obtained on p2

⊥
is

about 5 × 10−4 GeV2/c2 for KS → π+π−e+e− decays. This condition, when applied after
the cut on ~rCOG, removed about 30% of the remaining events due to beam scattering in
the collimators, while about 98% of good signal events were kept.

KS → π+π−e+e− candidates were accepted if the kaon energy was comprised in the
60 to 160GeV range. The minimum energy requirement is above the threshold value of
30GeV set in the L1 trigger for the total energy measured in the calorimeters. To reduce
background contributions from π+π−e+e− final states from decays of KL produced in the
KS target, the reconstructed kaon lifetime was required to be smaller than 7τS, where the
origin was taken as the centre of the kaon production target.

Background events coming from KS → π+π−γ decays followed by a photon conver-
sion in the Kevlar window or in the first drift chamber were suppressed by imposing a
2 cm separation between the two electron tracks in the first drift chamber. This require-
ment also allowed the events originating from a KL → π+π−π0 decay followed by the
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external conversion of one of the two decay photons of the π0 to be rejected.
In order to reduce background contamination from accidental overlaps of KL,S →

π+π− decays with photon conversions in the collimators or in the detector material in front
of the first chamber, events were eliminated if the reconstructed π+π− invariant mass was
found to lie within 15MeV/c2 of the neutral kaon mass. Moreover, the measured time
of a pion pair was required to be compatible within 1.4 ns of the time measured for the
lepton pair. Accidental background was further suppressed by rejecting events with an
extra track measured in the spectrometer within 1.4 ns of the event time.

Possible background contributions from Ξ0 → Λπ0
D decays could be suppressed by

removing events compatible with a Λ → pπ decay. Four-track candidates with the two
hadrons having a pπ invariant mass within 8MeV/c2 of the Λ mass value were eliminated.

A potential source of background to the KS → π+π−e+e− channel originated from
KL → π+π−π0

D decays when the photon from the π0 Dalitz decay escaped detection.
However, the acceptance of such events was very small owing to the larger decay length of
the long-lived neutral kaon. In addition, because of the missing particle, the reconstructed
mass was systematically below the kaon mass. To suppress this background contamination,
we imposed to the remaining candidates the condition −23 < Mππee −MK < 18 MeV/c2.
The latter cut was chosen asymmetrically with respect to the kaon mass in order to take
into account the radiative tail observed at lower mass values.

The total number of KS → π+π−e+e− candidates contained in the signal region
amounted to 22966. The Mππee distribution of events obtained after all other selection
criteria were applied is shown in Fig. 1(a).

Figure 1: Invariant Mππee (a) and Mππeeγ (b) mass distributions for KS → π+π−e+e− and
KL → π+π−π0

D candidates, respectively, with the corresponding background contributions
and Monte Carlo predictions. The arrows indicate the signal region.

The total background contamination in the KS → π+π−e+e− sample, estimated
using Monte Carlo simulations and data, was found to be 103.0 ± 10.2. The various
contributions to the background are given in Table 1. The largest contribution originated
from KL → π+π−π0 decays (61%) followed by the decay of the neutral pion into a final
state containing at least one e+e− pair. About 12% of the background contained π+π−e+e−
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events from the decay of the KL component in the beam and about 11% was due to
accidental activity in the detectors. A fraction of unwanted events was also found to
originate from neutral kaons produced or scattered in the collimators (16%). Such events
were estimated by extrapolating to the signal region the distribution of KS → π+π−e+e−

candidates located at high |~rCOG| values and in Mππee side-band regions. The amount of
KS → π+π−γ events with the photon converting in the Kevlar window in front of the
spectrometer was found to be small (< 1%) owing to the strong rejection of such events
by the separation requirement between the two electrons in the first drift chamber.

Table 1: Background to KS → π+π−e+e−

Source Nbkg
ππee

Collimator scattering 16.2 ± 5.7
Accidental activity 11.0 ± 3.2
KL → π+π−e+e− 12.4 ± 0.8
KL → π+π−π0

D 52.0 ± 7.7
KL → π+π−π0 with π0 → e+e−e+e− 10.3 ± 1.1
KL → π+π−π0 with π0 → e+e− 0.6 ± 0.1
KS → π+π−γ with γ → e+e− 0.5 ± 0.5

Total 103.0 ± 10.2

The selection of KL → π+π−π0
D events is very similar to the one for the KS →

π+π−e+e−. We required, in addition to the four identified charged particles, the presence
of an isolated cluster in the LKr calorimeter, within 5 ns of the 4-track event and with
an energy greater than 2GeV, well above the detector noise of 100MeV per cluster. The
distance of the cluster to any dead cell was required to be greater than 2 cm and the
distance to any of the four impact points of the charged particles on the LKr to be
greater than 15 cm. Candidates were accepted if the reconstructed e+e−γ invariant mass
was in the 110 - 150 MeV/c2 range, compatible with the π0 mass value. The origin of
the KL → π+π−π0

D was verified in a similar way to the KS → π+π−e+e− selection, by
extrapolating the total momentum vector of the π+π−e+e−γ state to the final collimator
exit face. Moreover, identical analysis cuts as the ones applied to the KS → π+π−e+e−

samples were imposed on the π+π−e+e−γ final state for ~rCOG, p2
⊥

and invariant mass
variables. However, no lifetime cut was applied in the case of the KL → π+π−π0

D decay
mode.

After all selection criteria were applied, the total number of KL → π+π−π0
D candi-

dates in the 60 to 160GeV energy range was found to be 58983 with a background con-
tamination estimated to be smaller than 0.1% (see Table 2). The invariant Mππeeγ mass
distribution of events obtained after all other selection criteria were applied is shown in
Fig. 1(b).

5 Acceptance
The acceptance for signal and normalization decay channels was computed using a

detailed Monte Carlo program based on GEANT3 [10]. Particle interactions in the detector
material as well as the response functions of the different detector elements were taken
into account in the simulation. In particular, drift chamber resolution functions and wire
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Table 2: Background to KL → π+π−π0
D

Source Nbkg
ππeeγ

Collimator scattering 3.7 ± 3.7
Accidental activity 8.0 ± 2.6
KS → π+π−e+e− + bremsstrahlung 11.6 ± 1.4
KS → π+π−π0

D 3.7 ± 2.8
KL → π+π−π0 with π0 → e+e−e+e− 27.0 ± 1.1
KL → π+π−π0 with γ → e+e− 1.1 ± 1.1

Total 55.1 ± 5.7

inefficiencies measured during data taking were introduced at the event reconstruction
level. Full shower development in the calorimeters was performed for incident photons,
electrons and charged pions to compute energy depositions in the detectors.

Kaon decays in the detector fiducial region were generated using production spectra
at the KS target that were determined from the analysis of the abundant KS → π+π−

sample and the normalization KL → π+π−π0
D channel. The kaon momentum spectrum

used for the acceptance calculation ranged between 60 and 160GeV/c.
The PHOTOS code [11] was implemented in the simulation program to take into

account radiative effects in the acceptance calculation for both signal and normaliza-
tion channels. This algorithm provided the corrections from QED bremsstrahlung in the
leading-logarithmic approximation with the proper soft photon behaviour taken into ac-
count. A cut-off value of 0.2MeV in the rest frame of the parent of the radiating charged
particle was used for the emitted photon. As a check of the method, the response of the
PHOTOS algorithm was compared with the calculations of Isidori [12], valid in the soft-
photon approximation. A reasonable agreement was obtained for both KS → π+π−e+e−

and KL → π+π−π0
D decay channels when a maximum missing energy of 5 MeV was im-

posed for the undetected photons. For higher missing energy values, discrepancies between
the two computations were observed but these mostly cancelled out in the signal to nor-
malization ratio. We also verified the consistency of the results with existing calculations
of radiative corrections [13] in the particular case of the π0 → e+e−γ process.

The value of the acceptance depends on the decay matrix element of the process
investigated. For KS → π+π−e+e− decays, the only term considered in the decay am-
plitude comes from the inner bremsstrahlung process which can be related to the well
measured KS → π+π− decay rate. For the KL → π+π−π0

D channel, we used the current
experimental values of the KL → π+π−π0 decay parameters and of the π0 electromagnetic
form factor [14].

After all selection criteria discussed in the previous section were applied to the
reconstructed Monte Carlo events, the average acceptances for KS → π+π−e+e− and
KL → π+π−π0

D decays were found to be (2.804 ± 0.006)% and (1.644 ± 0.002)%, re-
spectively. The quoted uncertainties result from the event statistics only. Fig. 2 shows a
comparison between data and simulation for the reconstructed kaon longitudinal decay
vertex and energy distributions for both signal and normalization events.
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Figure 2: Longitudinal vertex position (left) and kaon reconstructed energy (right) dis-
tributions after background subtraction for KS → π+π−e+e− (top) and KL → π+π−π0

D

(bottom) decays, respectively.
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6 Branching ratio
The branching ratio of the KS → π+π−e+e− decay mode was measured relative to

KL → π+π−π0
D using the following relation:

RBR =
BR(KS → π+π−e+e−)

BR(KL → π+π−π0
D)

=
Nππee

Nπππ0

D

Aπππ0

D

Aππee

Rǫ RK , (3)

where Nππee and Nπππ0

D
are, respectively, the signal and normalization yields obtained

after background subtraction, Aππee and Aπππ0

D

are the corresponding acceptances, Rǫ =
ǫπππ0

D

/ǫππee is the relative normalization to signal trigger efficiency, and RK is the ratio,
between normalization and signal channels, of the numbers of kaons decaying in the
fiducial region. This ratio depends on both the kaon production spectrum and the KL−KS

lifetime difference. The average value of RK , over the investigated energy range, was
computed to be 0.142.

In order to minimize potential biases due to the energy dependence of the observed
yields, acceptances and kaon spectra for both decay channels, data were subdivided in
10 bins, from 60 to 160GeV, in the reconstructed kaon energy variable and Eq. 3 was
computed for each energy bin. The measured KS → π+π−e+e− branching ratio relative to
the KL → π+π−π0

D one is shown as a function of the reconstructed kaon energy in Fig. 3.
A fit to the data with a constant parameter gave the result:

RBR =
BR(KS → π+π−e+e−)

BR(KL → π+π−π0
D)

= (3.28 ± 0.06stat ± 0.04syst) × 10−2 (4)

with χ2/ndf = 8.8/9 when in each energy bin, statistical uncertainties only are taken into
account. The statistical error on RBR ratio is dominated by the uncertainty on the trigger
efficiency. The latter was found, however, to be rather constant as a function of the kaon
energy. After correcting (−0.5%) for possible trigger losses due to high multiplicity events
in the drift chambers, we obtained the average value < Rǫ > = 1.023±0.018 over the 60 to
160 energy range, in agreement with the prediction of 1.016 from the trigger simulation.

The systematic uncertainty quoted in Eq. 4 was estimated from the various con-
tributions presented in Table 3. Since the branching ratio was determined with the hy-
pothesis of a pure inner bremsstrahlung term in the KS → π+π−e+e− amplitude, the
systematic uncertainty due to matrix element parameters was computed only for the nor-
malization channel (0.2%). Contributions from background contaminations (0.1%) and
beam parameters (0.1%) were found to be rather small. A conservative estimate of 0.4%
on the uncertainty due to radiative corrections was obtained by comparing the branching
ratio with and without radiative effects. Contributions due to geometrical (0.7%) and
kinematical (0.3%) cuts were computed by estimating possible systematic biases on the
result when selection criteria were modified moderately around their nominal values. The
largest uncertainties originated from the acceptance radial cuts around the beam pipe in
the DCH and LKr detectors and from the two-electron separation in the most upstream
drift chamber. The uncertainty associated to the knowledge of the relative number of KS

and KL decays in the fiducial decay region was found to be dominated by the experi-
mental errors on the kaon lifetimes (0.3%) [14]. A relative systematic uncertainty of 0.6%
was assigned for the rejection of pion decays due to inefficiencies in the muon detector
and to the fact that pion decays occurring downstream of the magnetic spectrometer
were not included in the simulation. Finally, systematic uncertainties due to the trigger,
offline reconstruction and e/π identification were estimated to be 0.4%, 0.3% and 0.2%,
respectively.
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Figure 3: Measurement of the ratio RBR as a function of the kaon reconstructed energy.
Only statistical uncertainties are shown.

Table 3: Systematic uncertainties on RBR

Source σsyst

(%)

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
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Summing in quadrature the statistical and systematic uncertainties, we obtained:

BR(KS → π+π−e+e−)

BR(KL → π+π−π0
D)

= (3.28 ± 0.07) × 10−2 . (5)

This result is in agreement with the measurement of [5] and has a relative precision which
is about 2.5 times better. Using the existing values for the KL → π+π−π0 and π0 → e+e−γ
branching ratios [14], we found:

BR(KS → π+π−e+e−) = (4.93 ± 0.14) × 10−5 , (6)

where the uncertainty due to the normalization branching ratio is comparable to the
statistical one. Our result is in agreement with the published NA48 value [5] of (4.69 ±
0.30)× 10−5 and can be used to determine the CP-violating inner bremsstrahlung part of
the analogous KL → π+π−e+e− branching ratio through the relation:

BR(KBR
L → π+π−e+e−) =

τL

τS
|η+−|

2BR(KS → π+π−e+e−) . (7)

From Eq. 6 and Eq. 7, and using the experimental values for τS, τL and η+− [14], we found:

BR(KBR
L → π+π−e+e−) = (1.41 ± 0.04) × 10−7 , (8)

consistent with the theoretical prediction of 1.3 × 10−7 [1].

7 E1 direct emission
The possibility that the E1 direct emission (CP-even) amplitude gives a contribution

to the KS → π+π−e+e− decay was also investigated. Following Seghal and Wanninger
computation [1], the amplitude that governs such a process can be written as:

ME1 = egE1e
iδ1(M2

ππ) [(p− · k)p+µ − (p+ · k)p−µ]
u(k−)γµv(k+)

k2
(9)

where gE1 is the parameter that gives the magnitude of E1 direct emission and δ1(M
2
ππ)

is the ππ scattering phase in the I = 1 p-wave state, evaluated at the energy Mππ.
Such contribution modifies the energy spectrum Eγ∗ of the emitted virtual photon in the
KS → π+π−γ∗ process as well as the value of the branching ratio. To extract the gE1

parameter, a fit to the measured Eγ∗ spectrum, obtained after background subtraction,
was performed by varying in the Monte Carlo simulation the contribution of gE1 with
respect to gBR. The best-fit estimation of gE1/gBR is:

gE1

gBR

= 1.5 ± 1.1 (10)

with a χ2/ndf value of 12.8/17. This result is consistent with no observation of E1 direct
emission in the KS → π+π−e+e− decay. After taking into account systematic uncertain-
ties associated to acceptance and kinematical cuts as well as radiative corrections, event
reconstruction and π decays, we set the upper limit:

|
gE1

gBR
| < 3.0 (11)

at 90% CL, which corresponds to a contribution from E1 direct emission to the KS →
π+π−e+e− branching ratio of ± 0.04 × 10−5.
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8 Asymmetry measurement
The measurement of the CP-violating asymmetry Aφ in KS → π+π−e+e− decays

can be obtained from the distribution of events in the sinφ cosφ variable:

Aφ =
Nππee(sinφ cosφ > 0) − Nππee(sinφ cosφ < 0)

Nππee(sinφ cosφ > 0) + Nππee(sinφ cosφ < 0)
(12)

with the quantity sinφ cosφ defined as:

sinφ cosφ = (n̂ee × n̂ππ) · ẑ (n̂ee · n̂ππ) . (13)

In Eq. 13, n̂ee and n̂ππ are, respectively, the unit vectors normal to the e+e− and π+π−

planes, and ẑ is the unit vector along the π+π− momentum direction in the kaon centre
of mass system. Inspection of Eq. 13 shows that sinφ cosφ changes sign under CP.

The normalized differential decay rate 1/ Γ dΓ/d sinφ cosφ, obtained after back-
ground subtraction and acceptance correction, is shown in Fig. 4. The corresponding
asymmetry parameter was found to be consistent with zero:

Aφ = (−0.4 ± 0.7stat ± 0.4syst)% , (14)

where the various contributions to the systematic uncertainty on Aφ are given in Table 4.

Figure 4: KS → π+π−e+e− normalized differential decay rate in the sinφcosφ variable.

The largest contribution comes from geometrical cuts on tracks near the beam pipe
in the drift chambers and the LKr calorimeter, as well as from the minimum separation
between the two electron tracks in the most upstream drift chamber. As far as radiative
effects are concerned, the assigned systematic uncertainty was obtained from the com-
parison between the acceptances obtained using MC runs performed with and without
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radiative corrections. Contributions from the finite resolution on the φ determination were
also investigated but were found to be negligible for asymmetry values close to 0.

Summing in quadrature the statistical and systematic uncertainties on Aφ, we ob-
tained:

Aφ = (−0.4 ± 0.8)% . (15)

No evidence for a CP-violating contribution in the KS → π+π−e+e− decay amplitude was
observed. This result was used to set the limit:

|Aφ| < 1.5%. (16)

at 90% CL.

Table 4: Systematic uncertainties on Aφ

Source σAφ

(%)

Radiative corrections ± 0.1
Geometrical cuts ± 0.3
Kinematical cuts ± 0.2
e − π separation ± 0.1
Trigger ± 0.1
π decay ± 0.1

Total ± 0.4

9 Conclusion
Using the NA48/1 data collected in 2002, a precise measurement of the KS →

π+π−e+e− branching ratio relative to the KL → π+π−π0
D one was obtained. This result

allowed to put an upper limit on a possible E1 direct emission term in the KS → π+π−e+e−

decay amplitude. The CP-violating asymmetry Aφ was found to be consistent with zero
with a precision five times better than the existing value. The measurements presented
in this paper provide stronger support for a description of the KS → π+π−e+e− decay
amplitude that is dominated by the CP-even inner bremsstrahlung mechanism.
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