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Results are presented on direct CP violation determined from the
data collected in the year 2001 and from all the data of the NA48
experiment: Re(€’/e) = (14.7+2.2) x 10~%. Also shown are results
on Krgy — mtn~ete~ decays: branching fractions and the
asymmetry in the distribution of the angle ¢ between the 77—
and ete~ planes in the kaon rest system. This asymmetry is due
to indirect CP violation and is expected to be large for K, decays
and negligible for Kg. Our results confirm these expectations:
Ay = (14.2 £ 3.6)% and (—1.1 £4.1)% respectively.

Introduction

Neutral kaon decays have been widely used to study the
CP violation since its discovery in the year 1964 [1]. The
dominating and well established effect is the “indirect”
CP violation due to mixing of CP eigenstates, which
occurs on the level of € ~ 1072 [2]. On the other hand,
CP violation can also occur in the transition from the
initial to the final state in the decay due to interference
of amplitudes of different isospin. This “direct” CP
violation is represented by the parameter ¢/. In the
Standard Model, the CP violation is due to the complex
phase of the quark mixing-matrix [3]. The predicted
values of € are in the range € /e = (—0.001,0.003).

In the experiments, the direct CP violation is

determined from the double ratio R of the decay widths:
R (K — WOWO)/F(KL —atn)
T I(Kg — 779/ D(Kg = nt7—)

~1—6 x Re(€'/e). (1)

First mesurements of direct CP violation published in
1993 by NA31 [4] and by E731 [5] gave not consistent
results. New results from NA48 data collected in 1997
[6] and in 1998—1999 [7] and from KTeV [8, 9]
demonstrated the existence of direct CP violation. In
this paper, we report on the measurements performed in
2001 at a 30% lower beam intensity and give our final
result on Re(€'/€) [10]. The event sample from 2001 has
1.5M events in the least favourable channel K — 279.
The total sample of events collected by NA48 in this
channel is 5M events.
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Recent theoretical analysis of K; — ntmete”
decay [11, 12] show that the correlation in the angle
¢ between the nt7~ and ete™ planes in the kaon
rest system contains a large term due to indirect
CP violation. It arises because the amplitude of
the underlying process, Ki, — w7 ~*, has two
dominating components arising from : 1. the CP-
violating bremsstrahlung process in which the Kj,
decays into w7~ where one of the pions radiates a
virtual photon and 2. the CP conserving direct emission
process associated with a magnetic dipole transition. The
interference of these CP-even and CP-odd amplitudes
produces a CP violating circular polarization of the
virtual photon which gives rise to an asymmetry in the
distribution of the angle ¢,
dr 9 . .

@ =T'1 cos“¢p + I's sin“¢ + '3 sing cose,

where the asymmetric term I's has the contribution from
the interference. In the experiments, the asymmetry
is calculated from the distribution of events in the
(sin ¢ cos ¢) variable:

Niree(sing cosg > 0) — Ny ree(sing cosg < 0)
Nree(sing cosg > 0) + Ny ree(sing cosg < 0)

Ap = - (2)
The predicted value for this asymmetry is as large as
14% and it is 3 x 10~7 for the branching ratio [11, 12].

The decay Ks — mtm eTe™ is dominated by the
CP-even inner bremstrahlung amplitude and therefore
no asymmetry is expected while the branching ratio is
by two orders of magnitude larger.

The measurements of the branching ratio and of
the asymmetry for K — antn ete” decay come
from KTeV E799 collaboration [13, 14] and from KEK
experiment [15] where only the branching ratio was
measured. Results on Ks — 77w ~ete™ come only from
NA48 where the branching ratio has beed determined
[16].

In this paper, we show new results on the branching
ratios and on the asymmetries for Ky g — ntm ete”
decays from the new high statistics data [17].
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Fig.1. Invariant mass of one pair of photons vs. the other. Contours
show the values of constant x2 (see text)

The detailed description of the NA48 apparatus and
of the data analysis can be found in [7, 16].

1. Determination of Re(€’/¢)

In N A48 experiment, the four decay modes which enter
Eq.(1) are measured simultaneously using K, and Kg
beams of similar momentum spectra in the range 70 - 170
GeV, displaced verticaly by 72 mm at the begining of the
decay region and converging to the center of the main
detector. For both charged and neutral decay modes,
Ky, and Kg are distinguished by coincidence between
decay time and and the time of protons producing Kg
beam seen in the tagger. In order to minimize acceptance
corrections due to the differences in K and Kg decay
lengths, K decays are weghted as a function of their
proper liftime, such that the Kj and Kg distributions
become very similar. In this way, most of the systematic
effects cancel in the ratio R. The value of Re(¢'/e) is
extracted from the measurements of R made in bins of
kaon energies.

1.1. Reconstruction and Selection
of Neutral Decays

K (s) = m°n° — 47 events are selected using data from
a LKr calorimeter [7, 18]. The energy resolution of
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Fig.2. Distribution of the deviation of the average invariant mass
of photon pairs from the m_o (upper plot) and of the difference of

the invariant masses of photon pairs (lower plot)

the calorimeter is o(E)/E = (3.2 £ 0.2)%/VE @ (9 +
D%/E @ (0.42 £ 0.05)% with E in GeV [19]. The time
and space resolutions for 20 GeV photons are 300 ps
and 1.3 mm, respectively. Using the measured energies
and impact point positions of four photons and assuming
that their invariant mass is equal to the kaon mass, the
distance D from the decay vertex to the calorimeter is
be calculated. In the next step, the distance D is used to
compute the invariant masses of photon pairs, m; and
me. Finally these masses are compared to the nominal

70 mass using x? defined as:

Fig.1 shows the distribution of the invariant masses
of two photon pairs and contours of constant values
of x2. The distribution of each of the two terms in
the definition of x? is shown in Fig.2. There are three
possible photon pairings and the one with the lowest x>
value is kept. Good neutral decays are further selected
requiring x? < 13.5.

Ks — 27° decays are background free, while K,
mode contains a residual background from Kj — 37°
decays. From Monte Carlo studies, this background is
known to have a flat x? distribution. Its contribution is
estimated in the region 36 < x2 < 135 and extrapolated
to the signal region defined as x? < 13.5 (see Fig.3).
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Fig.3. Distribution of x2 in the neutral decay mode: for the
weighted K, candidates (red points) and the background free Kg
decays. Background in K, is estimated in the control region and
extrapolated to the signal region.

1.2. Reconstruction and Selection
of Chaged Decays

Krs) = 7T7~ events are reconstructed from pairs of
tracks of opposite charge found in the drift chambers
before and after the spectometer magnet. These tracks
had to pass geometric and kinematic selection and
were required to have a common vertex [7, 16]. The
decay time, measured using a scintillation hodoscope,
has a resolution of 150 ps. In order to reject background
from semileptonic Ky decays, electrons were removed
by a cut E/p < 0.8, where E is the energy of the
corresponding LKr cluster and p is the reconstructed
momentum. To reject muons, the muon chambers were
required to have no hits close in space and time to
the extrapolated tracks. In addition, it is required that
the transverse component of the reconstructed kaon
momentum be small. This component, p/-, is calculated
relative to the line passing through the production
target and through the point where the kaon trajectory
crosses the plane of the first drift chamber. Decays
into 7~ are required to have pf,° < 2 x 1074 GeV?2.
The reconstructed invariant mass of candidate events is
shown in Fig.4.
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Fig.4. Distribution of the invariant masses of hadrons of positive
and negative charges from selected events. The distributions
obtained from 19981999 and from 2001 data are shown separately

The selected events were required to be within £30,,
from the nominal kaon mass.
The residual background from K.3 and K,3 decays in
the K sample as well as the background from the
scattering of the beam in the collimators is shown
in Fig.5 as a function of pr'2. It is seen that their
sum plus the background-free Kg well describes the
measured distribution of K and therefore they have
been correctly estimated.

1.3. Tagging of Ks Decays

A given neutral or charged decay is defined as Kg if it
occurs within £2ns to the nearest proton time in the
tagger, otherwise it is defined as K.

Figure 6 shows the distribution of this time difference
for Ks and Kg events decaying into 77—, which are
identified by their vertex position. A fraction of true
Kg events is seen outside of the tagging window and
they are wrongly taken as K. They are due to tagging
inefficiency which, for the charged mode, is equal to
(1.12 £ 0.03) x 10~*. Similarily a fraction of true Kp,
events is seen inside the tagging window and they
are wrongly taken as Kg. They are due to accidental
coincidence with the proton in the tagger. In the charged
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Fig.5. Distribution of p’T2 in the charged decay mode: for weighted
K, candidates (red), background free Kg normalized to Ky and
for the backgrounds arising from K.3 and K3 decays and from
the scattering of a beam in the collimators

decay mode, this accidental tagging is equal to (8.115+
0.010) x 10~2. Such direct measurements of the tagging
inefficiency and accidental tagging are not possible for
the neutral decay mode but the difference between
charged and neutral decay modes must be precisely
estimated in order to determine the unbiased ratio R.
To estimate the difference in the tagging inefficiency,
several methods were used, e.g. Kg and K decays
into 27° and 37° where one of the photons converts
to an electron-positron pair. The results show that the
tagging inefficiencies for the neutral and charge modes
agree within 0.5 x 10~%. To estimate the difference in
the accidental tagging, comparisons were made between
vertex selected K; — ntm— and K — 37Y, because
37° comes exclusively from Kr. The difference between
accidental tagging in neutral and charge modes was
found to be (+3.4 £ 1.4) x 10~*. This is due to different
sensitivities to accidentals of 7tm~ and 27° event
selections.

1.4. Acceptance Corrections

In order to minimize the acceptance corrections due
to the differences in K and Kg decay lengths, K,
decays are weghted as a function of their proper lifetime.
Figure 7 shows that, after weighting, K1 and Kg decay
distributions are identical.
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calculation of the final result

The remaining small differences are due to different
beam sizes and directions and they have been estimated
using large-statistics Monte Carlo simulations.

For the selected events, their proper time 7 was
required to be 0 < 7 < 3.57,, where 7 = 0 is defined at
the position of the AKS counter. For Ks events, AKS
was used to veto upstream decays and to define 7 = 0,
while, for K, events, a cut on the reconstructed = was
used.

1.5. Results

Various corrections were applied to the measured ratio
R. The most important are (in units of 10~*): acceptance
(+21.9 & 3.55¢at + 4.05yst), 777 background (+14.2 £
3.0), beam scattering (—8.8 £ 2.0), accidental tagging
(+6.9 £ 2.84at), 27° background (—5.6 + 2.0) and
7T~ trigger inefficiency (+5.2 £ 3.654at). The overall
correction is (+35.0 & 11.0) x 10~%. Figure 8 shows the
ratio R after corrections as a function of the kaon energy.

The final result for the ratio from 2001 data is R =
0.9918140.001475¢a; £0.00110sys, and the corresponding
value of the CP violation parameter is: Re(e'/e) =
(13.7 £ 2,545t £ 1.9y5t) X 1074, By combining this result
with the published one from 1997—1999 data, the final
result from the NA48 is obtained: Re(e'/e) = (14.7 +
Ldgar & L7gys) X 1074 = (14.4 +2.2) x 107%,
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Fig. 9. Values of Re(€ /€) obtained from all experiments

Fig. 9 presents all the published data on Re(€'/e).
Clearly there is strong evidence that direct CP violation
occurs in Nature.

2. Results on Ky (s5) — ntr—ete~

Kpgy — wrmn~ete” data were taken in 1998 and
1999 with a dedicated 4-track trigger using the same
apparatus. All K; data and part of Kg data were
collected concurrently to Re(e’/e) measurements. In
total 600M triggers were collected. In addition, a
dedicated test run with high intensity Kg beam only
provided 27M triggers and most of Kg — ntn~eTe™
events in 1999.

The branching ratios are obtained by normalizing to
reconstructed K — w77~ eTe vy Dalitz decays which
have the same topology and the known branching ratio.

2.1. Reconstruction and Selection of Events

Events are reconstructed using a magnetic spectrometer
and an LKr calorimeter described before. Electrons
(pions) are identified by the condition E/p > 0.85
(E/p < 0.85). The tracks were required to pass
geometric and kinematic cuts similar to those used for
Re(€'/e) measurements. All six combinations of pairs
of tracks were required to have a common vertex. The
reconstructed kaon momentum was extrapolated
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Fig. 10. Distribution of the pj% variable for the selected
K — ntr~ete™ candidates (points). The histogram shows the
distribution obtained from the K; — wta~ete~™ Monte Carlo
events normalized to the number of observed candidates. The
enhancement at p62 ~ 0 is due to Kj, — 7r+7r*7r0D decays. The
signal region is defined to the left from the vertical line

upstream to identify their origin, i.e. Ky or Kg
production target. For the data from the simultaneous
K and Kg running, tagger information was used to
reduce the backgound in the Kg sample.

The background from Kp gy — aTm~ overlapping
with the accidental photon conversion was suppressed
by requiring that the #*7~ invariant mass is outside
+7 MeV window centered on the nominal kaon mass
and that pion time and lepton time are equal within
1.5 ns. The background from two accidental K3 decays
of opposite charges in the Kj beam was reduced by
requiring that 7~et and 7te~ times are equal within
+1.5ns.

2.2. Selection of K;, — wtn—ete~ Ewvents

The most important background comes from the K
Dalitz decay with the photon not seen in the detectors.
This decay occurs at a rate of four order of magnitude
larger than the signal.

Two additional cuts were used to suppress it: (1) on
the transverse momentum of the kaon relative to the line
passing through its decay point and the K target,
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P2 < 5x107%, (2) on the py> variable [20] defined in a
frame where the momentum of 717~ is perpendicular to
the kaon momentum. For the K; — 77~ 70 events, it
is equal to the square of the longitudinal momentum
of the 7° and therefore positive, whereas for K; —
7Tr~ete™ it is mostly negative, as seen in Fig.10. The
cut ph®> < —6 x 1073 GeV? is very effective in removing
this background. The invariant mass distribution of
aTr~ete™ after all cuts is shown in Fig.11.

The signal region, defined as 485.7 < Myree <
507.7MeV, contains 1162 events. Residual background
due to Dalitz decays has been estimated by Monte
Carlo simulation to be equal to 33.2 + 5.0 events.
The background due to double K .3 decays has been
estimated from data using samples of accidental
aTrte~e™ and 7~n"eTeT events to be 4.0 + 2.0.

2.3. Selection of Ks — mTm~ete™ Events

In this decay channel, the background from K7j Dalitz
decay is expected to be much smaller and therefore less
strigent cuts were used on p62 < 5 x 1073 GeV? and
4777 < Myree < 512.7MeV. Also a looser cut on p?
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was used because, due to a smaller distance between the
target and the decay point, it is less well determined:
p? < 5 x 1071 The invariant mass distributions of the
selected events are shown in Fig. 12.

There are 621 events in the signal region. The
background from Dalitz decays has been estimated from
the Monte Carlo to be 0.71}7 events.

2.4. Results on the Branching Ratios

The branching ratios (BR) were obtained by normalizing
the number of selected Kpgy — 77 m ete™ events
(N) to the number of reconstructed Dalitz decays (Np)
K — ntr"eTe v in the same sample:

BR = BRp— N Ap

ND A Rtrlg Rﬁux

1202

Here BRp = (1.505 £ 0.047) x 1073 [2], A and Ap are
corresponding acceptances, Riig is the ratio of trigger
efficiencies for Dalitz and signal events and Rg,x is the
ratio of fluxes of kaons decaying in the fiducial region
for Dalitz and signal events.

Selection procedure of Dalitz events was similar to
that for the signal. In addition, an isolated in time cluster
in LKr () was required such that the invariant mass of
ete vy was consistent with the mass of 7°. 2.8M such
events originated from K target and 1.4k from Kg.
The acceptances for the signal and the normalization
channels were obtained from the Monte Carlo; for
different event samples, they were in the range (3.49-
3.70)% for the signal events and (1.56-1.85)% for the
normalization channel.The ratios of trigger efficiencies
were equal within less than 1% error. The flux ratio
for the K; mode was equal to unity and for the Kg
mode it was calculated from the Monte Carlo using kaon
production spectra to be 0.133 & 0.002.

The branching ratio for the Kpg) — ntr~efe”
decay mode obtained from the 1998 and 1999 data is
BR(K; — wtmete”) = (3.08 £ 0.09atE 0.155y; +
0.10n0rm) X 107, The dominant contribution to the
systematic error comes from the model used in the Monte
Carlo calculations and from the acceptance. Summing in
quadrature the uncertainties, we have:

BR(Kp —» mTn~ete™) = (3.08 £0.20) x 1077,
in agreement with the predictions [11, 12].

The branching ratio for the Kg — 777~ ete™ mode
from 1999 data samples is BR(Ks — ntn ete™) =
(4.71 % 0.23g¢a¢ £ 0.165yst & 0.1500rm) X 1075, Here the
dominant contribution to the systematic error comes
from the acceptance. Combining this result with the
published value [16] obtained from the data collected
in 1998, we obtain:

BR(Ks — ntneTe™) = (4.69 £ 0.30) x 107°.

2.5. Results on the Asymmetries

Distribution of K; — 7#t7n~ete™ events as a function of
the sin¢gcos¢ variable is shown in Fig. 13,a. Figure 13,b
shows the corresponding acceptance variation and Fig.
13, ¢ distribution of events after acceptance correction.

Using Eq(2), we obtain the asymmetry Aj =
(14.2+ 3.05a £ 1.94y5)%. The dominant sources of the
systematic error are the same as for the branching ratio.
Adding errors in quadrature, we obtain

Al = (142+3.6)%,
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in agreement with results from KTeV experiment [14]
and with the predictions [11, 12]. Clearly very large
CP violation effects are observed in K;, — 77 ete™
decay.

Fig. 14 shows the distribution of Ks — 7ntm ete™
events and the acceptance as a function of the singcos¢
variable.

As expected, no asymmetry is seen in this decay
channel. This result also shows that the asymmetry seen
in Ky decay is a genuine effect. From the 1999 data
sample, we obtain A% = (0.5% 4.054a £ 1.65ys¢) % or

A3 =(05+£4.3)%.
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Combining present and published sample (56 events)
[16], we obtain

AS = (-1.14+4.1)%.
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PE3YJ/IbTATU BUMIPIOBAHHS ¢ TA CPV-E@EKTU
B PO3MAJIAX K;, — ntn~ete™, 3 NA48-EKCIIEPUMEHTY

A.11. Hacaavcori
Pezwowme

IIpencraBmeno pe3ynbraTu BUMipioBaHb CP-mopymeHHS 3 BHKO-
PHCTAHHAM JaHUX, 3i06panaux B 2001 p., Ta IOBHUX JAaHUX EKCIIe-
pumenty NA48: Re (¢//€) = (14.7 + 2.2) x 10~%. IIpeacrapaeno

1204

TAKOXK De3y/bTATH BUMIpIOBaHb posnaniB Kpgy — mtn~ete™:
YaCTKHU KaHAJIB po3najay i acuMeTpil B po3moAiii KyTa ¢ MiXK IJI0-
munama 7t7~ i ete™ B cucremi cmokoro K-mesoma. Il acu-
MeTpisi MOXKJIMBA 3aBiasku Henpsimomy CP-mopyimenHio i mepej-
DadyeTbCst BeUKOIO uist K7 -po3majiB Ta i HEXTOBHO MAJIOKO [LJIst
Kgs-po3naxis. Hami pe3ynapraTtu migTBepKYIOTH NepenOadeHHS:
Ay = (1424 3.6) i (—1.1%4.1)% sigmosigmo.

PE3VJIBTATHL UBMEPEHUI ¢ U CPV-3ODOEKTHI
B PACTIAJIAX Ky - ntm—ete™
N3 NA48-DKCIIEPUIMEHTA

A.11. Hacaavcru
PesmowMme

IIpencraBnensr pe3ymbrarsr um3mepenuit CP-mapymenus c uc-
[IOJIb30BAHWEM [JaHHBIX, coOpamubeix B 2001 r., um mosHble gaH-
mele skcmepumenta NA48: Re (€//e) = (14.7 £ 2.2) x
10~%. TIpescraBiensl Takyke Pe3yJbTAThl W3MEPEHHH DacraoB
Kpisy — ntn~ete™: gomm kamanos pacmaga um acuMMer-
pUHX B DACIPENEJIEHHH YIJIa ¢ MEXKAY ILIOCKOCTSIMHI ntn~ wm
ete™ B nokoameiica cureme K-me30HA. DTa aCHMMETPUS BO3-
MOXKHa Orjaromapst kKocBeHHoMy CP-HapymieHWi0 © Openmosa-
raercst Oosbmioit st Kp-pacnafoB u 1HpeHeOPeKMMO MaJioi
nna Kg-pacmagos. Hamm pe3ynpTaTel HOATBEPXKIAIOT IIPEIO-
noxenms: Ag = (14.2 & 3.6) m (—1.1 £ 4.1)% coorsercTren-
HO.
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