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The N A48 experiment at CERN has performed a measurement of direct CP violation in the neutral kaon system,
based on data collected in 1997 and 1998. The preliminary result for the parameter Re(e/¢) is {14.04£4.3)x 107*.

1. Introduction

CP violation has been discovered in the neutral
kaon system in 1964 [1]. The main component
of the effect [2] occurs in the mixing between Ko
and K eigenstates. The physical states Ks and
K deviate from pure CP = + 1 eigenstates, with
the mixing described by the parameter €. On the
other hand, direct CP violation can alse occur in
the decay of neutral kaons into a two pion final
state, which has CP = + 1. This is coming from
the interference of the amplitudes corresponding
to different final state isospin [3], aud is described
by the parameter ¢/. The quantity which can be
measured experimentally is the double ratio of
the decay widths :

(K — n%7%)/T(Ks — 7%7°)
T(Ky - ntn ) /T(Kg = nto)
1 —6x Re(e'/e)

&

In the Standard Model, CP violation arises
from the existence of three generations of quarks
and from the resulting complex phase in the CKM
matrix [4]. Direct CP violation is predicted by
the Standard Model, with typical computations
for € /€ ranging from =~ 0 to 20 x10™* [5].

Previous measurements of ¢'/¢ were reported
by NA3L [6] (23.0£6.5)x10™* which indi-
cated a value different from 0 and E731 [7]
(7.445.9)x10~1. More recently, KTeV [8] pub-
lished a result based on part of their data col-
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lected (28.0+4.1) x10=*, and NA48 [9] pub-
lished a result based on the data taken in 1997
(18.5+£7.3)x10~% These recent results showed
the existence of direct CP violation in the neu-
tral kaon system.

We report, here on the preliminary result from
NA48 based on data collected in 1998. The
method used to measure the double ratio is out-
lined. The beam and detector setups are briefly
described. Some highlights of the analysis are
given and the result is presented. The analysis
follows quite closely the one performed on the 97
data, and therefore more details on the analysis
method can be found in [9].

2. NA48 method

The measurement of the double ratio R pro-
ceeds by counting the number of events in each
of the four decay modes. To achieve the aimed
accuracy of & 2x10~* on €' /e, a large statistic of
events is needed (~ 4x10% K; — 7%7°, which is
the limiting mode). To minimise systematic ef-
fects, the NA48 experiment is designed in such a
way that most of the effects contribute symmet-
rically to different components of the ratio and
therefore cancels out in the computation of R :

Data are collected simultaneously in the four
decay modes, cancelling the absolute fluxes and
minimising the sensitivity of the measurement to
accidental activity and variations of the detection
efficiency.

The K; and Kg decays are provided by two
nearly collinear beams, with similar momentum
spectra and converging in the centre of the main



detector. To minimise the difference in accep-
tance due to the large diflerence in average de-
cay lengths, only K decays occurring in the re-
gion also populated by K¢ are used. The K,
events used in the double ratio are furthermore
weighted as a function of the proper lifetime in
order to equalise the decay vertex distribution of
K; and K5 events. With this procedure, the ac-
ceptance correction disappears at first order from
the double ratio, thus minimising the systematic
uncertainty from Monte-Carlo modelling of the
experiment.

High resolution detectors (a quasi homoge-
neous Liquid Krypton calorimeter and a magnetic
spectrometer) are used to select the two pion de-
cays, thus minimising the residual backgrounds.

3. Beam and detector

3.1. The kaon beams

The neutral beams are derived from 450 GeV /¢
protons extracted from the CERN SPS. Because
of the different mean decay lengths of K; and Kg
(respectively 3400 m and 5.9 m at the average mo-
mentum of 110 GeV/c), two different production
targets are used, located 126 m and 6 m upstream
of the beginning of the decay region. For each
SPS pulse (2.4 s every 14.4 s), ~1.5x101? pro-
tons hit the K production target. Three stages
of collimation are used to define the K; beam,
at a production angle of 2.4 mrad. Part of the
non-interacting protons impinge on a bent silicon
mono-crystal. A small fraction undergoes chan-
nelling and produces a proton beam of ~3x107
protons per pulse transported to the A g produc-
tion target, where a second neutral beam is de-
rived, at a production angle of 4.2 mrad. The
K g beam enters the fiducial decay region 6.8 cm
above the Ky beam. The beams converge with
an angle of 0.6 mrad and the axes of the two
beams cross at the position of the electromagnetic
calorimeter. To distinguish K; and Kg decays,
the protons directed to the /(s target are detected
by an array of scintillation counters which com-
prise the tagging detector. The time of each pro-
ton is recorded and is compared with the time of
the decay as measured in the main detector. The
presence {absence) of a proton in coincidence with
the event defines the event as Kg (Kp). The Kg
beam traverses an anti-counter (AKS), formed by

a set of scintillation counters following a 3 mm
thick iridium crystal. This detector provides an
accurate definition of the beginning of the decay
region where it is located by vetoing Kg decays
occurring upstreamn. The decay region is con-
tained in an evacuated 90 m long tank, with a
0.003 radiation lengths thick polyimide (Kevlar)
window at the end. The neutral beam contin-
ues in a 16 cm diameter tube going through the
detector elements to the beam dump.

3.2. Main detector

Charged pion decays are measured by a mag-
netic spectrometer comprised of four drift cham-
bers and a dipole magnet giving a momentum
kick of 265 MeV/c?. The momentum resolution
s op/p=0.5%®0.009% x p (p in GeV/c). Two
plastic scintillator hodoscope planes are located
after the spectrometer. They are used to deter-
mine the event time of the charged events for the
tagging procedure.

A quasi-homogeneous liquid krypton electro-
magnetic calorimeter with a projective tower
readout is used to measure the photons from
om0 events. The electrode structure con-
sists of copper/beryllium ribbons extending
between the front and the back of the detec-
tor with a +48 mrad accordion geometry. The
13212 readout cells have each a cross-section of
A 2x2 cm?, The initial current induced
on the electrodes by the drift of the ion-
ization is measured using pulse shapers
with 80 ns FWHM and digitised with
40 MHz FADCs. The energy resolution is
o(E) = 0.032/VE @& 0.1/E & 0.005, where E
is in GeV. The spatial resolution is better than
1 mm above 25 GeV. This detector is also used to
measure the time of the photons for the tagging
procedure.

Located after the electromagnetic calorimeter
are a iron-scintillator hadron calorimeter, fol-
lowed by a muon counter consisting of three
planes of scintillators sandwiched between 80 cm
thick iron walls.

3.3. Trigger

The electromagnetic calorimeter is used to trig-
ger on 7°7% events. At the trigger level, the
calorimeter data are reduced to z and y projec-
tions which are used to reconstruct the total en-

ergy as well as to estimate the decay position of



the event.

A two level trigger is used for 7t 7~ decays. At
first level, the hodoscope is placed in coincidence
with a total energy condition defined using both
calorimeters. The second level trigger uses infor-
mation from the drift chambers to perform a fast
event reconstruction.

Auxiliary triggers are used to check the perfor-
mances of the main triggers-and to extract various
control samples. The total trigger rate in 1998
was about 18000 triggers per SPS pulse, corre-
sponding to &~ 250 Mbytes of data per pulse.

4. Data Analysis

4.1. Data Sample

The 1997 data measurement was based on a
sample containing 0.49x 108 K; — 7970 decays.
Several improvements were done for the 1998 data
taking. The statistic accumulated in 1998 corre-
sponds to 1.14x10% K; — 7%° decays. This
data sample is used for the preliminary result re-
ported here.

4.2. Event Selection and Background Sub-
traction

To select 77~ decays, and reject in the K
mode the background from the much more abun-
dant A semileptonic decays, events in which
there is a track consistent with being either an
electron or a muon are rejected. To identify elec-
trons, the ratio E/p of the energy deposited in
the electromagnetic calorimeter to the track mo-
mentum is computed. Both tracks must satisfy
E/p < 0.8. Tracks are identified as muons if hits
are found in time in the muon counters near the
extrapolated track impact point. For good mtm™
events, the invariant mass mg,, should be equal
to the kaon mass. The invariant mass resolution
is typically 2.5 MeV/c%2. An energy dependent
cut of £ 30 is applied. A further reduction of the
background is obtained using a cut based on the
kaon transverse momentum p} 2. The cut applied
is pi2 < 2x107* (GeV/c)? A cut is also made on

a variable A related to the decay orientation in
— lpy—pa|

the kaon rest frame A s

(where p; and p;

2defined as the component of the kaon momentum orthog-
onal to the line joining the production target and the point
where the kaon trajectory crosses the first drift chamber.
With this definition, the resolution is the same for K'g and
K, events

are the track momenta). This cut removes events
with tracks near the beam hole and also entirely
removes A decays in the Kg beam. To estimate
the residual semileptonic background in the K
candidates, a fit is performed in a wide (mqr,p}?)
plane using 7t 7~ (from A5 decays) and K,.3 and
K, 3 components. The resulting background in
the signal region is estimated to (19 +3) x 10™*.
Figure 1 shows the result of this fit in the p;? dis-
tribution.
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Figure 1. Distribution of p;’? for K candidates
fulfilling the 77~ invariant mass cut.

To select 7°x° events, four photons are de-

tected in the calorimeter. The longitudinal decay
vertex position relative to the calorimeter D is
reconstructed from the measured energies F; and
positions z;,y; of the four photons, assuming that
their invariant mass is the kaon mass (Mx) :

D = \/Ei>jEiEj[($i_l'j)2+(yi_yj)zl/jwf(

The invariant masses m; and my of the two pho-

ton pairs are computed using D and compared

to the nominal 7° mass (Myo). For this, a x*



variable is computed as follows:

mitmg _ pr o 2 mi—mg \ 2
X? s 2 bl + 2
g4 g_

The pairing selection is done to minimise this x?.
To select 7°7° candidates, the best pairing is re-
quired to have x? < 13.5. This requirement re-
jects the Ky — w%7%n® background with two un-
detected photons. The residual background is es-
timated by extrapolating the number of events
in the x? control region to the signal region, as
illustrated in figure 2. Using this method, the
background to the weighted K sample is found
to be (6.6 +2.0) x 10™*.

Weigthed events

Signal regién

Cantrol region

Figure 2. Distribution of x2 for weighted K can-
didates (black triangles) compared to the shape
for pure 27° events derived from Ks candidates.

4.3. Ks and K; Identification

The event is tagged by classifying it as Kg if
there is a proton within a + 2 ns coincidence
window centred on the event time, otherwise the
event is classified as K. The resolution of the
coincidence is ~ 200 ps for 7~ events and

~ 250 ps for %70 events. Inefficiencies in recon-
structing the proton or the event time can cause
a coincidence to be lost and to misidentify a K
event as a K (“tagging inefficiency”). Acciden-
tal coincidence between a proton traversing the
tagger and a K event may cause the event to be
wrongly counted as Kg (“accidental tagging”).
In the charged mode, these probabilities can be
easily measured by using the vertical position of
the reconstructed decay vertex to cleanly separate
Ky and Kg events independently of the tagging
system. The tagging inefficiency for 7t 7~ events
is measured to be (1.9740.05)x10~*, while the
accidental tagging probability is (11.0540.01)%.
This is illustrated in Figure 3.
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Figure 3. Distribution of the minimum difference
between tagger and event times for 7t 7~ decays,
for vertex-selected Kg and K events.

Bias on R could come from different misidenti-
fication probabilities for 7#+7~ and 7%7° events.
To check the difference of tagging inefficiencies,
neutral events containing photon conversions are
used to estimate the difference in time reconstruc-
tion efficiency between 777~ and 7°#° decays.
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No difference is found at the level of 0.5x10™*
and the resulting systematic error on the dou-
ble ratio is + 3x107%. At first order, the acci-
dental tagging (which comes from random coin-
cidences in the tagger) should be the same. To
estimate residual effects, the difference in acci-
dental proton rates between mt7~ and 7°7° K
events is measured by looking at times which are
offset from the actual event. To extrapolate be-
tween these “side-bands” and the coincidence at
the event time, w7~ (selected with the vertex
position) and m°7%7® (for which there are only
K1) events are used. The difference in accidental
tagging is found to be (0.34+4.2) x 10~*, where the
error is limited by the 70707 statistic available
at the time of this preliminary analysis. This cor-
responds to a correction to R of (0.6+8.4) x 10~%.

4.4. Energy and distance scales

The fiducial decay region is defined in proper
time, expressed in Kg lifetime units, and cov-
ers the interval 0 to 3.5. In the neutral mode,
the decay vertex position reconstruction relies on
the measured photon energies and positions with
the calorimeter. To set the overall energy scale,
Kg — n%7° events are used. The energy scale
is adjusted such that the sharp rise in the re-
constructed decay vertex position created by the
AKS veto use is at the known geometrical posi-
tion of the AKS. The accuracy of the energy scale
setting is estimated to £3x10™*. The calorime-
ter non linearity is mainly studied using K.3 de-
cays, in which the reconstructed electron energy
in the calorimeter can be compared to the mo-
mentum measured by the spectrometer. Residual
non linearities are at the level of 0.2% in the en-
ergy range 5 to 100 GeV, and correspond to an
uncertainty on R of £5x10~*. Other systematic
effects, such that uncertainties in the transverse
size of the calorimeter, residual non uniformities
and effects of non gaussian tails in the energy re-
sponse have also been studied. An overall cross-
check is performed using special runs with a 7~
beam striking a thin target near the AKS counter
and producing 7° and 5 (= 77, 37°) with known
decay position. Overall, for this preliminary re-
sult, the total systematic error coming from the
reconstruction of neutral events is estimated to
be +£10.2x10™* on R. Systematic uncertainties
in the measurement of the 7+ 7~ vertex position

are estimated to contribute to a +2x10™* error

on R.

4.5. Acceptance correction

The Kg and K acceptances are made very
similar by using the technique of weighting the
K events according to their proper decay time
so that the effective longitudinal vertex distri-
bution of K events is made equal to the Kg
distribution. The residual acceptance differences
are studied with a full simulation of the beams
and detector. The overall correction to apply
to the double ratio is found to be (31+6.4(MC
stat)£6.0(syst))x10~*, where the main sources
of systematic error are due to uncertainties in the
positions and divergences of the beams.

4.6. Summary of systematic errors and re-
sult

Other corrections and errors not discussed
above include the measurement of the trigger ef-
ficiencies. This 1s done using events taken with
less selective triggers. The n%70 trigger efficiency
is found to be ~ 99.9%, and differences between
K and Kg are negligible. The average ntm~
trigger efficiency is ~97.2%. The difference of
this efficiency between weighted K events and
K events is (—1.4+11.5) x 10~*, consistent with
zero within the statistic of the control sample.

The possible effect of event losses caused by
beam related activity (“accidental losses”) has
also been studied. This effect is minimised by the
simultaneous data taking of Ky and Kg events
and by applying offline to both 7*7~ and 7%#°
events the dominant dead time conditions which
are recorded and are coming from the 7t 7~ trig-
ger (~ 4%) and from the read-out of the drift

chambers (& 25%). To estimate the residual ef-

fects, various methods are used, including over-
laying signal events with “random” events rep-
resenting the typical beam activity. The un-
certainty on R is conservatively estimated to
+12.2x10-4.

Finally, in the K; beam, a small fraction of
events comes from Ks decays originating from
scaterring and regeneration on the collimators.
Since these events are removed from the w7~
sample by the transverse momentum cut, but
kept in the neutral sample, a correction on R of
(-9.943.0) x 10~* should be applied.

All the corrections and uncertainties on the



double ratio are summarised in table 1. It should
be noted that all corrections on R are smaller
than few per mills, in accordance with the design
of the experiment.

Table 1

Corrections and uncertainties to R (x 10*)
¥ 1~ trigger efficiency -1.4 £11.5
Accidental tagging +0.6  £8.5
Tagging efficiency - +3.0
Energy scale and linearity - +10.2
Charged vertex +2.0  £2.0
Acceptance +31.1  +£8.7
%79 background 6.6  £2.0
nt 7~ background +19.0 +3.0
Beam scaterring -9.9 +3.0
Accidental losses +2.0 +12.2
Total +36.8 +23.8

The total event statistic used in the measure-
ment of R from 98 data is (after background and
mistagging corrections) : 1.14x10% K; — 797,
1.80x10% Kg — 7% 4.87x10% K; — =ntn—
and 7.46x10% Kg —» wtn~.

In order to be insensitive to the difference in
the beam momentum spectra, the range used in
kaon energy (70 < E < 170 GeV) is divided in 20
bins. R is computed in each bin and the var-
ious corrections are applied separately bin per
bin. The average value for the double ratio is
R =0.9927+0.001740.0024, where the first error
is statistical and the second is systematic. Part
of the systematic error is actually limited by the
statistic of the control samples used. The corre-
sponding preliminary result for the CP violating
parameter 18 :

Re(e'/e) = (12.2+2.9+4.0) x 107*
5. Prospects and conclusion

Combining with the published NA48 result
from the 97 data, and taking into account the
small correlation in the systematic errors, the pre-
liminary NAA48 result is :

Re(e'/e) = (14.0+4.3)x 107*

The analysis of 1998 data is continuing and
some systematics are expected to be reduced (ac-

cidental tagging, acceptance correction, acciden-
tal activity, energy scale). The analysis of 1999
sample whose statistic is twice larger is also in
progress.

The implosion of the beam pipe by the end 1999
badly damaged the four drift chambers. The run
of 2000 (without the spectrometer) is therefore
used to perform systematic checks related to the
neutral mode. Meantime, the repair of the drift
chambers is underway, and NA48 will be ready for
data taking in 2001 with the full detector working.
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