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Abstract :

The CPLEAR experiment at CERN studies the CP, T and CPT symmetriesin the neutral
kaon system by measuring the rate asymmetries between the decays of initially pure K° and K°
states. Using data taken between 1990 and mid 1994, precise measurements of |, _|, ¢, and
Am are reported. The comparison of ¢, _ with the superweak phase gives one of the most sen-
sitive test of CPT invariance and leads to a new limit on the K°-K° mass difference.
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1 Introduction

Sofar, CPviolation has been observed using K1, and K5 beams, in decays of neutral kaons
into two-pionfinal states (7" ~, 7°7° [1] and recently =+ 7~ ~ [2]) and in the charge asymmetry
of semileptonic K, decays. Rather than studying the physical states K5 and Ky, the CPLEAR
experiment isuniquein making direct use of the flavour eigenstates K° and K° [3]. For the decay
into two pions at the decay eigentime r, the decay rates of initial K° and K° are given by :

R(K°, 7t7=, 1) 1 F 2Re(e)
R(KO, nt7=,7) . 2
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where v5 and +y, arethe decay widths of Kg and Ky,, Amisthe mass difference between K, and
Ks and e describes CP violation in the kaon mixing matrix. The parameter ., _ isdefined asthe
ratio of the CP forbidden to the CP allowed amplitude :
AKy, — 7tr7)
M- = A -
(Kg = nt7n7)
The corresponding decay rate asymmetry defined as

= |4 |eP+-.

R(KO, ntn=,7) — aR(K®, 7t7n—, 7)
RKO, 7t~ 1)+ aR(K°, 7t7n—, 1)
is sengitive to the interference term and therefore to the magnitude and the phase of the ratio
n.—. The normalisation factor « is proportional to the tagging efficiency of KO relative to K°

and isdetermined fromthe data. A, _(¢) isrelated to the parameters |, _ | and ¢, _ through the
equation :
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With atypical decay length of ~ 2.5 cm for the K the interference pattern is fully con-
tained inside the CPLEAR detector, and we can extract aprecise valueof |, _ | and ¢, _ fromthe
measurement of this asymmetry. Analogous asymmetries are constructed in the case of 7+ 7~ 7°
and rev fina states allowing different tests of the discrete symmetries (T, CP, CPT). We report
here the precise measurement of the phase of . _. A comparison of the phase ¢, _ with the su-
perweak phase ¢gw = arctan(2Am/(vs — ~1,)) provides one of the most sensitive test of CPT
invariance. The measurement of ¢, _ isstrongly correlated to the value of the Ky, — Ks mass dif-
ference Am. A precise measurement of Amisobtainedinthe CPLEAR experiment with semilep-
tonic decays and this new value of Amisused in equation (2) to determine ¢, _ when fitting it
to the data.

2 The CPLEAR experiment

The CPLEAR experiment uses an intense 200 MeV/c antiproton beam (~ 10° p/s) from
the Low Energy Antiproton Ring (LEAR) at CERN. The K° and K° mesons are symmetrically
produced in proton-antiproton annihilations at rest through the reactions

pp — K nTK°, Br=2x10""
p — Krr KO, Br=2x107". (©)]
The strangeness of the neutral kaon is tagged by observing the sign of the charged kaon.

The symmetrical production of K° and K° together with a symmetrical detection of their decay
states have the advantage of minimizing the systematic effects.



Thedetector[4] hasacylindrical geometry and ismounted insideasolenoid of 3.6 mlength
and 1m radius, which produces a magnetic field of 0.44 T parallel to the antiproton beam. The
antiprotons stop and annihilate inside a target filled with gaseous hydrogen at 16 bar pressure.
The charged particletracking is performed with two Multiwire Proportional Chambers, followed
by six Drift Chambers and two layers of Streamer Tubes. All tracking devices provide afast on-
line position coordinatefor trigger processors. The charged kaons and pions are identified using
the Particle I dentification Detector (PID) [5], consisting of a Scintillator-Cerenkov-Scintill ator
sandwich (SCS). Thethreshold for producing light in the Cerenkov counter is300 MeV/cfor pi-
onsand 700 MeV/c for kaons. Therefore K* mesons produced in the reactions(3) with momenta
lessthan 700 MeV/c are required to have a SC S patterninthe PID. Finally, thereis an 18-layer
gas sampling electromagnetic calorimeter (6.2 radiation lengths) with a high spatial resolution.

Because of the small branching ratio of the desired channels(3), the experiment requires
a high annihilation rate. In order to provide an efficient online event selection and background
rejection, a sophisticated multi-level trigger has been designed. The maximum trigger decision
timeisaround 34 sand thetrigger rejection factor isabout 1000. At abeam intensity of 1 MHz,
the data acquisition system writes about 450 events per second on tape.

3 Data analysis

The offlineanalyses of =+~ and semileptonic events are very similar. For both, the event
selection requiresafour track topol ogy with akaon candidate of momentum larger than 350 MeV.
The events are then passed through kinematical and geometrical constraint fits to minimize the
background and to improve the resolution of the measured K° decay eigentime (0.05 5 after
constrained fits). These constraints require conservation of energy and momentum, the missing
mass at the annihilation vertex to be equal to the neutral kaon mass, the intersectionsof two track
helices at the annihilation and decay vertices, respectively, and the neutral kaon momentum to
be colinear with the linejoining the two vertices (9 constraintsfor =+~ eventsand 6 constraints
for semileptonic events).

The offlineidentification of the electrons (positrons) is done with an e/7 separator which
consists of aneural network based on the PID information (energy loss in scintillators, number
of photo-electrons per unit path length in the Cerenkov counter and time of flight).

4 Am measurement [6]

A precision measurement of Amisdone by using the semileptonic decay channel. Assum-
ingthe AS = AQ rule(inthe Standard Model AS = —AQ ishighly suppressed), K° can only
decay to 7~ etw, and K° can only decay to n+e~ 1. Therefore the charge of the lepton et isa
marker of the strangeness at the decay time, whereas the charge of the kaon K* is a marker of
the strangeness of the neutral kaon at the production time. We can define two different kinds of
rates for initial K® and KO :

Nt = R(KO, 7~ etv.,7), N~ = R(K°, 7%e w.,7), 4
N =RK%rre w,7), Nt = RK®, n et 7). 5)
Thefirst tworates(4) correspondto eventswitha(A S = 2) transitionwhereastherates(5)
correspond to eventswith a(A S = 0) transition. Therates (5) and (4) are compared by forming
the asymmetry
N4 N - (NT 4N ©
Nt N 4N 4N
and the strangeness oscillation frequency is determined through the equation :

AAm(T)



2 cos(Amr) e~z (Ys+L)T
Aam(T) = s~ _ AL
(1 4+ Re(x))e=787 + (1 — Re(x))e L
where a possible violation of the AS = A ruleistaken into account by the parameter Re(x).

Thefit of the asymmetry A A (1) to the dataleaving Am and Re(z) as free parameters (fig. 1)
givesthefollowing result :

(7)

Am = (0.5274 % 0.0029,¢4 + 0.0005,,,) x 10'°hs™", (8)

and the value of Re(xz) iscompatible with zero.
The systematic error comes mainly from the the M onte Carl o estimation of the background
at short decay times.
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Figure 1. The time dependent asymmetry A 5 - The solid lineis the result of the fit.

5 n4_ Measurement [7]

For the 7t 7~ channel, the K° and K° decay time distribution corrected for the acceptance
isdisplayed in figure 2. For decay times+ < 10 7, it isclearly dominated by two-pion decays
whereas at large decay time a significant fraction of background remains, consisting mainly of
semileptonic Ky, decays. From afit to the data, leaving the Ks mean life and the amount of back-
ground semileptonic decays as free parameters, the number of background eventsisfound to be
1.05 &+ 0.15 times the number of Ky, decaying to two pions.

Evenif the K° and K° are produced symmetrically, the number of tagged K° and KO isnot
exactly equal. Thisisdueto different interactions of K™ and K~ in the detector material (essen-
tially the PID) and to geometrical imperfections of the detector. In order to cancel the geome-
trical biases, the magnetic field polarity is frequently reversed. The remaining differencein the
tagging efficiency depends on the kinematical configuration of the primary tracks (K=). Hence,
we correct this effect event by event by applying aweight as a function of the (K=) kinematical
variables.



Despite the fact, that the material of the detector was minimized, the effect of coherent
regeneration on the K° and K° ratesisnot negligible. In the absence of experimental datafor the
difference between the forward scattering amplitudes of K° and K° in the momentum region of
the present experiment (< 800 MeV/c), we have used the values cal cul ated recently by Eberhard
and Uchiyama|[8] in order to correct event by event for coherent regeneration.
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Figure2: Sumof K and K° decay rates (normalized and corrected for KY — =+ 7~ acceptance)
and the background contribution determined with a Monte Carlo simulation.

After background subtraction, correction of relative tagging efficiencies and correction
of regeneration the asymmetry A, _(¢) of equation (1) is constructed from the time-dependent
decay rates (see fig. 3) and fitted with equation (2) to extract |, _|, ¢, and «.

With the Am value (8) obtained from the semileptonic decays our results are:

nse| = (2.312 4 0.0434. % 0.030,ys. £+ 0.0117¢) x 107
Gro = 4270 £0.9%,, £ 0.6%, +0.9% 0.

syst.

Using the PDG [1] value of Am, wefind :

nse| = (2.311 £ 0.0434a. & 0.030,ys. £ 0.0117¢) x 107
Gpo = A45° £0.9%,, + 065, + 0.8% .

syst.

Our systematic errorsresult mainly from the present uncertainties on the regeneration and
the value of Am.
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Figure 3: Decay rate asymmetry as function of the decay time. The lineisthe result of our fit.

6 Test of CPT invariance

The comparison of ¢, _ with ¢sw = 43.30° £ 0.16° yieldsan indirect test of CPT invari-
ance. Under the assumption that CPT isconserved inthe decay matrix (I'y; = I's,) and neglecting
the direct CP violation, we have

Ny— = &1 + dcpr + 1o 9)

whereet and écpr describerespectively (CPand T) violation and (CP and CPT) violationinthe
kaon mixing matrix M — zg The phase of e is ¢sw and different by 7 fromthe phase of jcpr.

o = Am- arg(—MilTy) iggy Sopr = RO KO idswE)
VAAmM?2 + AI? VAAmM? + AT?

A limit on the K° — K° mass is deduced from equation (9) :

myzs — Mo = [Ine-[(¢4- — dsw) — do cos(dsw)].VAAm? + AL,

Normally the term ¢, is neglected when analysing the phase difference ¢, _ — ¢sw [9]. Withthe
CPLEAR results, we can give a strict experimental limit on this term defined as

1
$o = §(arg(F12) — arg(agdo)),



where a, and @, are respectively the amplitudes for the K° and K° decays to = in
I = 0. From the unitarity of the decay matrix I', its off-diagonal element can be written as
I, =3, < KYlH|f >< flH|K® > (sum over al fina states |f >). Neglecting final states
like (77,1 = 2), #t7~~ and v, assuming that the possible violation of the AS = AQ rule
(described by the parameter x) isidentical for 4 and e, and that 1, _o = 17000, We find:

arg(['2) ~ arg(aéa_o)—l—Zz—L {BT(KL — ) Im(ng_o — n4-) +4Br(Ky — l+7r_1/l)[m(:1;)} )
S

The measurements of /m(n;_¢) and I'm(x) by CPLEAR improve the estimation of ¢,. Us-

ing data taken between 1990 and 1993, we have Im(ni—o) = —16 £ 204¢. £ Sys. and

Im(x) = 4.8 £ 4.3, £ 0.6555¢.[10]. They give ¢g - cos(¢psw)/|n+-| = 0.3° £+ 0.4° instead

of —0.2° £ 2.9° with the PDG [1] values. Thus we obtain the limit :

MY — M1-0
‘KO—K <2.1-1073(90%C.L.)

mKO

7 Summary and prospects

We have reported the precise measurements of ¢, and Am performed in an independent
way. The comparison of ¢, _ with the superweak phase ¢syw taking into account the CPLEAR
resultson /m(n4—o) and I'm(x) provides one of the most sensitive indirect tests of CPT invari-
ance.

With additional datacollected during 1994 and 1995, the statistical errorswill bedecreased
by afactor 1.5 to 2. A dedicated measurement of regeneration parametersin 1996 will help to
decrease our systematic error in ¢, _ by more than afactor 2.
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