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Abstract

CP violation has been observed as a time-dependent rate asymmetry between the
decays K’ = 79%° and K° — 7979, where the neutral kaons are produced with
definite and individually known strangeness in pp — K'K*+7~ or pp — KOK=nt. A
special technique for the data analysis has been developed. The values obtained for

¢oo and |noo| are in agreement with those of previous measurements of CP violation.
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1 Introduction
We describe an experiment in which neutral kaons with definite and, event by event,
unambiguously known strangeness have been produced and observed to decay into a pair
of neutral pions. Since CP is not conserved, the time evolutions of the appearances of the
neutral pions differ for K’ and K° parents. The corresponding eigentime-dependent rate
asymmetry
Aoo(™) R(K’ = 7°7°)(r) — R(K® = x°7°)(r) 0
oolT) = —
R(K” — 7°7°)(7) + R(K® = 7%7%)(r)
which exhibits values of order 0.5, has been directly observed for the first time. Since
R(KO — 779 (7) and R(K® — 7%7%)(7) correspond to CP conjugate processes, any
difference between the two is a sign of CP violation, independent of phenomenological

descriptions.

Results based on the appropriate asymmetry concerning the decay of neutral kaons
into pairs of charged pions have been reported previously [1][2].

Classical interference experiments on CP violation in the past [3], studying the
neutral decay channel, differ from the present experiment in that they have been made
with neutral kaons whose strangeness has not been individually determined at 7 = 0.

In the CPLEAR experiment the neutral kaons are produced in the annihilations
p — K°K*7~ and pp — K°K=nT. The strangeness conservation in the annihilation
process affirms whether the neutral kaon is created as a K or as a K° depending on the
sign of the charge of the simultaneously produced charged kaon.

In order to measure Agy(7), a certain precision in locating the neutral kaon decay
point is required. Due to the steeply falling decay-time distribution, even a small fraction
of early kaon decays with poorly reconstructed decay positions may contribute false events
to the later decay-time region and disturb the asymmetry measurement. Since the particles
at the kaon decay point are all invisible, we determine its position by a full reconstruction
of the neutral particle cascade KO(KO) — 27% — 44. Regular methods of geometrical
and kinematical constraint fits fail to reconstruct a sizable fraction of events with the
required decay-time accuracy, due to the nonlinearity of the constraints, and to the fact
that certain kinematical configurations inherently lack the mathematical information. We
will describe the principle of a technique for deciding whether a given event would allow for
a sufficiently precise and unambiguous decay point reconstruction, and thus be included
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in the final sample. Having applied this technique, we observed the CP violation rate
asymmetry and extracted the parameters ¢go and |ngo|. The results are in agreement with
those of previous measurements of CP violation.

The rate asymmetry method of CPLEAR and the special event selection and re-
construction criteria we have applied, result in a value of ¢gg with a competitively small
systematic error. The present accuracy is limited by the number of events available.

2 Experimental Method

Antiprotons from the Low Energy Antiproton Ring LEAR at CERN, with a mo-
mentum of 200 MeV/c, annihilate at rest in hydrogen gas (16 bar) at the center of
the CPLEAR detector [4]. In a fraction of ~ 4 x 1072 of the annihilations the reac-
tion pp — K+ K+ 7 occurs, where one of the kaons is charged, and one is neutral. In the
CPLEAR detector the tracking is performed with two layers of proportional chambers,
six layers of drift chambers and two layers of streamer tubes. The charged particle identi-
fication (K7 ¥) is achieved with a sandwich of scintillator-Cerenkov-scintillator counters.
The electromagnetic showers are detected in a lead/gas sampling calorimeter using 17 280
tubes, each with one wire, working in a limited streamer mode. It consists of three seg-
ments, each of 120°, and of 18 layers in depth. Each layer of tubes is sandwiched between
two layers of pick-up strips (£30° with respect to the tubes). The whole apparatus, in-
cluding the electromagnetic calorimeter, is located inside a solenoidal magnet (radius:
1 m; field: 0.44 T). For a detailed description, see Ref. [4]. Some detector components and
the visible tracks of an event containing the cascade K° — 27° — 4+, together with the
reconstructed invisible paths of the neutrals, are shown in Fig. (1).

The neutral kaon direction of flight and its momentum can be predicted, using four-
momentum conservation, from the measurement of the trajectories of the charged K and
7 in the tracking devices. The determination of the neutral kaon’s decay point along its
direction of flight requires the identification of the four photons in the electromagnetic
calorimeter. The conversion point of a photon in the calorimeter is measured with a pre-
cision of 4.5 mm in space, the photon energy with a precision of o /E = 15%/+/ E[GeV],
and the photon direction is reconstructed with a precision of 250 mrad for 100 MeV pho-
tons. It is the precise measurement of the photon conversion points that contributes most
of the additional information required for finding the decay length of the event, whereas
the measured energy and shower directions do little in the reconstruction [5]. The final
decay-time resolution is equally determined by the precision of the K° four-momentum as
by the precision of the photon impact point positions.

3 Event Selection and Reconstruction

Here we report on data collected from 1992 to 1994. During this period, the trig-
ger selected, among other classes of events, two-track events having at least one kaon
candidate and at least five clusters of deposited charge detected in the calorimeter. Clus-
ters detected in the electromagnetic calorimeter can initially be due to either neutral or
charged particles. Their online selection is described elsewhere [4].

In the offline analysis, the identification of the charged kaon and pion is performed
with more refined information from the charged particle momentum, the energy loss in
the inner scintillator and the time of flight measurement. The event hypothesis pp —
KO(KO)KiWjF is then tested with a constraint fit requiring the missing mass of the K*x¥
pair to agree with the mass of the neutral kaon. The decay KO(KO) — 270 — 4~ is selected



by requiring the detection of exactly four electromagnetic showers in the calorimeter,
unassociated with any charged particle’s track.

The reconstruction of the showers is provided by the shower-pattern recognition
algorithm described in Ref. [4]. The efficiency for reconstructing one photon pointing to
the calorimeter is 95% for photons of 150 MeV or more and drops linearly to 50% for
photons of 50 MeV. We note that on average the least energetic photon from the decay of
KO(KO) — 27% — 44 carries only 60 MeV. The efficiency in reconstructing all four photons
is 20%. Taking into account the 40% geometrical 4y-acceptance of the calorimeter, the
total efficiency in detecting the four photons amounts to 8%.

To determine the neutral kaon decay vertex, a 6c-fit is introduced and three addi-
tional criteria, described in the following section, are applied to the selected events. These
criteria, which are the special features of the present analysis, were optimized to achieve
a decay-time resolution and a background rejection for obtaining the best sensitivity on
the measured parameters. The final data sample consists of 1.4 million events.

4 Technique for the Reconstruction of the Neutral Kaon Decay Vertex
The asymmetry, Eq. (1), which provides the CP violation parameters, is

2|7700|e_%(1/”_1/75)T cos(AmT — ¢go)

Awl7) = 2Relc) 1T [ooPe(re-177 ) )

as derived from the time dependence of the KO(KO) decay rates into w%7°

R(RY= 70n0)(r) = 77 [1 % 2Re()] (€717 + poole™ /™
+ 2|7700|e_%(1/75"'1/”)T cos(AmT — qboo)) ) (3)

where 7 denotes the decay eigentime of the neutral kaon, 75(77) is the K§(K{) mean life,
Am = myp — mg their mass difference, 19 is the CP violation parameter, ¢q its phase, €
the CP violation K -K° mixing parameter and Fgowo the K¢ — 797% decay width.

The accuracy of the reconstruction of the neutral kaon decay-time required to mea-
sure Ago(7) is illustrated in Fig. (2a), where the expected experimental asymmetry is
displayed for three time resolutions. The curve labelled ideal (infinitely good resolution)
shows Ago(7). The curve labelled regular is the result of an analysis following the usual
procedure of constraint fits to the data, where the long tails of the decay-time resolution
function, Fig. (2b), wash out the asymmetry to a great extent.

We have therefore been forced to enlarge the procedure by making use of some
specific properties of well reconstructed events. In the following we describe the three
additional selection criteria mentioned above. The curves labelled this techniquein Fig. (2)
show the achievement of our analysis. A detailed account is given in Ref. [6].

Before applying the criteria, the neutral kaon decay-time is reconstructed by a
6c-fit, i.e. by minimizing the function x*(m, T, X) with respect to m, 7 and X (regular
analysis). The vector m represents the 21 measured quantities, namely: the momenta of
the primary tracks, the KO(KO) production vertex, the photon impact points (only the ¢
and z components are used, whilst the r component is fixed at the radius of the shower
apex during the fit) and the photon energies. 7 is the unknown kaon decay-time. The
vector represents Lagrange multipliers corresponding to the seven constraints. These
are: energy and momentum conservation (4c), the equality of the missing mass at the



primary vertex with the K® mass (1c), and the v+ invariant masses of the two v+ pairs
to be equal to the 7 mass (2c). For each event we require the probability from the 6c-fit
to be greater than 10%.

In order to apply the 6c-fit to data, we have to know the correct association of
the four photons to their parent 7%. In a first step, we calculate y2. for each of the
three possible photon pairings, and we choose that pairing which leads to the lowest
value of y2. . As can be shown from simulation, the correct pairing is found only in
90% of the cases. The first additional criterion serves to uncover events where the above
reconstruction selected the wrong pairing. We note the relation between the mass of the
neutral kaon and the invariant masses of all the pair combinations of the four photons
into which it decays:

4
Mo =y mi .
i>j

We see that the sum S= 3", m3,;, where the indices (kl) denote those four possible photon
pairings which have not originated from a 7, takes the constant value S = m7 — 2m2,.
The six m;; have thus three degrees of freedom. A simulation study has shown that the
biggest of the my; strongly tends to higher values when the event has been reconstructed
with the wrong pairing, as discussed in Ref. [7]. This tendency is even stronger for m,, the
(normalized and absolute) value of the most significant component of a four-dimensional
principal component analysis [8] performed with the my. Figure (3) demonstrates that
the condition m, < 0.7 excludes all events reconstructed with a wrong pairing from the
test sample.

The second additional criterion serves to identify events which have a high proba-
bility of populating the tails in Fig. (2b) [6]. It is derived from a study of the shape of
the y? function. For each event a probability density w(7) ~ exp(—x?/2) is calculated for
a set of fixed values of 7 ranging from —20 7, to 450 7. The probability that the kine-
matical configuration characterized by 7 represents the measured quantities of the event
is expressed by w(7)dr, and is plotted in Fig. (4) for four genuine events, generated by
Monte Carlo simulation. The curves of the sub-figures (4a) and (4b) favour a small range
of 7-values and therefore lead to an accurate knowledge of the decay-time, whereas the
curves of (4c) and (4d) allow for a wide range of 7-values and thus leave the decay-time
widely undetermined. The examples also demonstrate the existence of events with more
than one local maximum in the w(7)-function. Such events are not necessarily those with
a poor decay-time resolution, as example (4b) illustrates, where the two w(7)-maxima
are close together. One further recognizes from (4d) that the shape of the w(7)-function
can be very asymmetric, which reflects the nonlinearity of the constraint equations. These
observations point out the need for a reliable calculation of the decay-time error. As a
quantitative measure of the range of 7-values of one event, we use

UZ:/w(T)(T—F)2 dr

where 7 = [w(7)7 d7. In the following, we retain only those events with o, < 1.0 7s.

The third additional criterion serves to decide whether the measured shower direc-
tions agree with the four photons to have originated from the K° decay point as determined
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by the 6c-fit. From the observed shower directions and the known kaon line of flight, we
sh

5" expressed

determine an independent decay position for the neutral kaon and its error, o
as a time interval. We require that this position corresponds to a decay-time not shorter

than 7 — 0", where 7 is the decay-time as provided by the 6c-fit.

To determine the resolution of the decay-time 7, a detailed Monte Carlo simulation
is performed. By applying the three discussed criteria to the simulated data, 59% of all
KO(KO) — 7970 events are rejected as being not reconstructible with sufficient accuracy.
Figure (2b) displays the obtained decay-time resolution function, which has a width of
0.77s (FWHM).

5 Results

The KO(KO) decay-time distribution obtained after applying the full reconstruction
technique to the data is shown in Fig. (5).

Possible sources of background are other neutral kaon decays, for example K¢ —
79770, and the annihilations pp — KO(KO)KiWjF +7%and pp = KT K= +n-7° (n > 0),
which were simulated according to their branching ratios. The generated Monte Carlo
events pass a code, which simulates the complete set of the CPLEAR trigger conditions,
followed by the same selection and reconstruction criteria as applied to data. The contri-
butions of background from pp — 77~ +n-7° (n > 0) annihilations (pionic annihilation
background) is directly determined from the data by studying the energy loss distribu-
tion of the charged particles in the inner scintillators. Table (1) summarizes the significant
contributions of background to the final data sample in the measured decay-time interval
[0,20] 7s. In the shorter decay-time region (< 8 7g) the pionic annihilation background is
dominant, whereas for longer decay-times the neutral kaon decay K¢ — 7%7%7% becomes
the main background. In total, the background amounts to less than 1% and does not
exceed 2.5% in the interference region between 3 75 and 8 7s.

The decay curve obtained from data agrees well with the one obtained from the
simulation, as can be seen from Fig. (5). The distribution of Fig. (5) has been fitted with
an exponential decay rate taking into account the background and the (slowly varying)
acceptance for the signal events, and leaving the K¢ lifetime and the width of the resolution
function as free parameters. The resulting width of the resolution function is increased
by only 5% as compared to the simulation, and the value obtained for 75 is in agreement
with the world average value [9].

The measured decay rate asymmetry is shown in Fig. (6). One recognizes the oscil-
lation of the CP violation interference, which is diluted by the decay-time resolution and
additionally at large decay-times by the K — 7%7%7° background.

5.1 Determination of ¢gg

The CP violation parameters are obtained from the data by comparing the measured
time-dependent decay rates of K and K° through the asymmetry given by Eq. (2). The
measured decay rates, however, differ from the theoretical ones of Eq. (3), due to the finite
KO(KO) decay-time resolution, the residual background and acceptances. The offset of the
measured asymmetry shown in Fig. (6) compared to the theoretical asymmetry shown in
Fig. (2a) is due to the different efficiencies for identifying K’ and K° in the experiment.
The ratio £ of these two efficiencies deviates from unity, since the charged particles used
to determine the strangeness of the neutral kaon, interact differently with the detector
material, depending on their charge and momentum. As a consequence, ¢ is a function



Background Channel Contribution [%)]
K — 7%7%7° 0.194 £ 0.005
pp — K (KO)K=rF + 79 0.12 + 0.04
pp = KTK™ +n-7°(n>0) 0.12 +0.05
pp—= 7t +n-7 (n>0) 0.224 £ 0.050

Table 1: Background contributions to the final data sample in the measured decay-time
interval [0,20] 7s. The quoted errors are statistical.

of the kinematical variables of the primary particles. On the other hand, for a given set
of these kinematical variables, £ is independent of the decay length of the neutral kaon,
since K and K° decay into the same final state (4v). Hence each data sample of a given
KO(KO) momentum represents a subset of the phase space of the primary particles, which
can be characterized by a single value of ¢ independent of the KO(KO) decay-time. We note
that adding two data samples with different momenta of the neutral kaon could introduce
a decay-time dependent ¢ value, since the decay-time acceptance varies with the KO(KO)
momentum, for example due to the finite detector volume. To avoid this effect we divided
the full data set into subsamples as a function of the momentum of the neutral kaon, in
such a way that the influence from a varying £ and a varying decay-time acceptance within
each subsample becomes negligible. We remark that owing to the theoretical asymmetry
Eq. (2) having a constant term of 2Re(¢), the total offset of the measured asymmetry is
(o — 1)/2, where a = £[1 + 4Re(€)].

The value of ¢gy extracted from a global likelihood fit to the asymmetries corre-
sponding to these different data samples, taking into account the finite decay-time reso-
lution, the remaining background contributions and regeneration, is

¢oo = H0.8° + 7.1°(stat.)

The magnitude of ny and the a-values of the KO(KO) momentum subsamples are free
parameters in the fit. We obtain |ng| = (2.49 £ 0.40) 10~3(stat.). The a-values vary to
within 5% and have a weighted average of (o) = 1.1570 4+ 0.0022(stat.). The solid line
in Fig. (6) is calculated from the result of the fit. These values of ¢go and |ngo| are in
agreement with the PDG values [9].

5.2 Systematic Uncertainties
The following contributions to the systematic uncertainties in the measurement of
oo are considered:
—  The resolution in reconstructing the neutral kaon decay point.
—  Photons from secondary interactions.
—  The residual background as listed in Table (1).
—  The different efficiencies in identifying K’and K°.
—  Regeneration effects introduced by the interaction of K’ and K° with the detector
material.
—  Uncertainties on Am and 7g, which enter Eq. (2).
To estimate systematic effects due to the finite decay-time resolution, the neutral
kaon decay distribution obtained from data has been fitted with the expected decay rates,



Source AN

KO(KO) decay-time resolution 0.6°
Photons from secondary interactions 1.0°
Background K} — 37x° <0.1°
Background pp — KO(KO)KiWjF + 70 < 0.1°

Background pp =+ K* K= +n -7 (n >0) <0.1°
Background pp — nt7~ +n - 7% (n > 0) 0.5°

KO(KO) identification efficiencies 0.5°
Coherent regeneration 0.6°
Total 1.5°
Am [10] 0.8°
75 9] 0.03°

Table 2: Contributions to the systematic error on ¢g. The systematic error from our
measurement of ¢go is summarized separately (“Total”) from the external error sources
Am and Tg.

using the decay-time resolution function as extracted from the simulation. Any variation
of the resolution function so that the resulting decay curve stays, within statistics, in
agreement with the observed one, leads to a systematic shift in the value of ¢y of < 0.6°.
A possible variation in the decay-time resolution as a function of the decay-time has been
studied by simulation. No evidence for such a dependence has been found and correspond-
ing variations in the sensitive region within the statistical limits have a negligible effect
on ¢go.

For a small number of events, the reconstruction of the KO(KO) decay-time is affected
by the detection of a photon, which does not originate from the decay KO(KO) — 27°,
but from the strong interaction or the decay of the accompanying charged particles in the
calorimeter. Events with such photons contribute about 0.5% to the data according to
simulations. In order to account for uncertainties in the simulation of such secondary pho-
tons, the number of these events has been varied within 50%. We take the corresponding
shift of 1.0° as a contribution to the systematic error on ¢go.

Uncertainties in the simulation of the residual background and in the determination
of the pionic annihilation background from the experimental energy loss distributions in
the inner scintillators are accounted for by allowing a variation of the individual back-
ground contributions within 50% as compared to the mean values of Table (1). This results
in an error on ¢gg of 0.5°, which is mainly due to the pionic annihilation background in
the interference region.

Systematic uncertainties introduced within each KO(KO) momentum subsample by a
possible deviation of the £-values from a constant, and by a varying decay-time acceptance,
have been studied. This adds less than 0.5° to the systematic error on ¢gg.

The effect of coherent regeneration on the K’ and K° rates is taken into account
when fitting the asymmetry. The systematic error on ¢gy, due to uncertainties in the
regeneration amplitudes, amounts to 0.6°. These uncertainties arise from the fact that
calculated values for the regeneration amplitudes [11] with limited precision had to be



used [2]. Incoherent regeneration can be neglected.
The dependence of ¢go on Am (in units of 107 & s7!) and 75 (in units of ps) is given
by:
¢oo = 50.8° 4+ [0.26(Am — 527.4)]° 4 [0.23(7s — 89.26)]°

The error on Am using the value measured by CPLEAR [10] translates into an uncertainty
on ¢go of 0.8°. The error on 75 taken from the Particle Data Group [9] introduces a
negligible error on ¢gg.

The contributions to systematic uncertainties in the determination of ¢gg are sum-
marized in Table (2).

6 Summary and Conclusions

CP violation has been observed for the first time in an experiment in which the ini-
tial neutral kaon is identified as being a K ora K°, and decaying into two neutral pions.
The measured particle-antiparticle asymmetry is a sign of CP violation independent of
phenomenological descriptions. A technique of analysis has been developed for selecting
the events for which the decay length of the neutral kaon could be reconstructed un-
ambiguously and with sufficient accuracy. The detailed study of systematic uncertainties
shows that the experimental method allows the measurement of ¢gq with an accuracy of
the order of 1.5°, given a sufficient number of events.
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