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Abstract

The NA48 Collaboration has measured the amplitude of th

e CP-conserving component of thEgieeay“Ln—nO relative

to Kg — n 770, For the characteristic parameterthe values R& = 0.0384+ 0.010 and Ink. = —0.0134+0.007 have been
extracted. These values agree with earlier measurements and with theoretical predictions from chiral perturbation theory.

0 2005 Elsevier B.VOpen access under CC BY license.

1. Introduction

Thng — 7~ 70 decay amplitude is dominated
by two angular momentum components= 0 and
[ =1 (I is the angular momentum of the neutral pion
with respect to the system of the two charged pions);

ing transition to theé = 1 state through its interference
with the dominank ? — 7+7 70 decay. We neglect
any effects from CP violation in mixing and decay,
which are totally negligible at our level of sensitivity.
The amplitudes for the decays of neutral kaons into
three pions 437 for K2 and A¥" for K9) can be pa-

higher angular momentum states are suppressed befameterized in terms of the Dalitz variabl®sandY,
cause the kaon mass is close to the three pion masswhich are defined as
In this analysis we have measured the CP conserv-
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with s; = (px — px)?, so = %(s,,+ + $z- +s,0) and

px and p, being the 4-momenta of the kaon and the
pion, respectively. The Dalitz variablé is a measure

of the difference of the energies of the two charged
pions in the kaon's rest system whifeis a measure of
the energy of the neutral pion in the kaon’s rest system.

The! =1 and thel = 0 components of the decay

K9 — ntn 70 can be separated by the fact that the
amplitude of thd = 1 process is antisymmetric K
while the! = 0 process is symmetric iX. Therefore
thel =1 contribution can be extracted by separately
integrating over the regions > 0 andX < 0 and sub-
tracting the results from each other. We consider the
"distribution

NXZ0(t) — NE<Or)
N30 + N30

7T

V()=

)

whereNZ>0(1) [NX<0(1)] is the number of decays of
neutral kaons intart7 ~70 at timer with a value of
the Dalitz variableX larger [smaller] than zerf,2].

Inthe NA48 set-up, wher&  andK ? are produced
in equal amounts at a fixed target, the interference of
thel = 1 component ok ? — 77~ 7% with thel = 0
component of the dominank® — 77 ~x° decay
can be observed. It can be described by a complex pa-
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rameter3]

. [ ay f2ax a0 x, vy aT =P x, y)
[ dy [ dx |AT =0 x, v)12

®3)
which has been extracted by fitting the distribution de-
fined above:

V(1) ~ 2D(E)[Re(x) cog Amt) — Im(1) sin(Amt) ]

—_— (4)

Am is the mass difference betwedff and K9, 7,
and ty are the respective lifetimes, and the energy-
dependent “dilution”D(E) is the difference in the
relative abundances & © and K° at production for
a kaon energy ok':

0_ RO

D(E) = (5)

KO+ KO

2. Experimental setup

The data presented here were taken in a high-
intensity neutral beam at the CERN Super Proton Syn-
chrotron during 89 days in 2002. Protons of 400 GeV
with an average intensity of & 10'° per 4.8 s spill
(within a cycle of 16.2 s) impinged on a beryl-
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mentum resolution wasp/p = (0.48 ® 0.015p)%,
with momentump in GeV/c.

After the spectrometer there was a scintillator ho-
doscope, for the accurate timing of charged particles
(vielding a time resolution on single tracks of 250 ps),
and a liquid-krypton electromagnetic calorimeter, for
the measurement of photons and electrons, with an
energy resolution ot (E)/E = (3.2/vE & 9/E &
0.42)% (E in GeV). These were followed by a hadron
calorimeter and a muon detector. A more detailed de-
scription of the detector has been given elsewlére

3. Thetrigger

Decays intor *7 70 made up only a small part
of the event rate in the detector. This was due to the
small expected branching ratio for th@ decay and
to the long lifetime of theKS. To obtain a statistically
significant sample ofr T7~ 70 decays, a very selec-
tive trigger was used to suppress the high two-particle
background, which came mostly froRi? — 77 and
from A° — pr—.

When the level-1 trigger indicated an event with
at least two charged tracks and a minimum energy
deposition of 30 GeV in the calorimeters, a fast on-
line processor calculated the momenta of the charged
tracks, and hence the invariant mass of the decay-
ing neutral particle under the assumptionsl(ﬁ —

lium target, where secondary particles were produced. z+— A0 pr—,andA® — px*. Events were ac-

Charged particles were removed by a sweeping mag- cepted by the trigger if none of the calculated masses
netandab.1 m long collimator, which select_ed abeam matched the physical mass of the particle in ques-
of neutral particles at an angle of 4.2 mrad with respect tjon (difference of squares of the calculated mass and

to the proton beam.

After the collimator, the neutral beam and the de-
cay products propagated in an 89 m long vacuum tank,
where most of the short-lived kaoms!(g) and neu-
tral hyperons(A%, £9), as well as a small fraction
of the long-lived neutral kaon(sKE) decayed. Unde-

the nominal mas§o] larger than two percent). Addi-
tional cuts were applied to the relative momenta of
the two charged particlepfarger/ psmaller< 3.5, to fur-
ther suppress1? decays) and to the separation of the
two tracks at the entry of the spectrometer§ cm

in drift chamber 1, to remove photon conversions in

cayed particles](’g, neutrons) continued to a beam the upstream Kevlar window). To allow a measure-
dump via a vacuum pipe that passed through all of the ment of the trigger efficiency, a downscaled sample of
downstream detectors. minimum-bias events (B5) was recorded in parallel,
Downstream of the vacuum tank there was a mag- where only the level-1 trigger condition was fulfilled.
netic spectrometer consisting of four drift chambers In the course of data-taking, the high voltage in the
inside a helium-filled tank and a magnet with a hori- drift chambers was occasionally adjusted to maintain
zontal transverse momentum kick of 265 MgV The stable operating conditions. As a result, the efficiency
spatial resolution was 120 um per view, and the mo- of the level-2 trigger varied betweg@5 + 4)% and
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(86+4)%. By comparing the analysis of differenttime  from the K® beam line, and between 800 and 5400 cm
periods, it was checked that this variation did not in- from the target), and on the masses reconstructed for
troduce any spurious asymmetries. K°— 7ta~7% and 7% — yy (mF3°+ 105 Mev
andmP0¢ + 7.8 MeV [5]). These cuts also excluded
Kg — 't~ decays. The reconstructed kaon energy
4. Dataanalysis was required to be between 30 and 166 Ga¥.hy-
perons were further suppressed by cutting harder than

For the offline analysis, events were selected with in the trigger on the masses for the hypothes@s—
two tracks of opposite charge from the same vertex p7~ and A® — px* (m73¢ + 21 MeV [5]) and
(distance of closest approach less than 3 cm), and aton the momentum ratio of the two charged particles
least two electromagnetic clusters (withie20 ns).  (Plarger/ Psmatier < 2.9). No A hyperons survive after
For each pair of clusters, the’-mass was calculated these two cuts. The mass cuts were optimized to main-
assuming that the pion decayed at the position of the tain a hlgh efficiency without introducing substantial
charged vertex. If there were more than two clusters, background. A total of 19 million events passed all
the cluster pair yielding the besP-mass was retained.  these cuts.

In order to reduce acceptance effects near the edges ~ Fig. 1shows the distributions of the position of de-
of the detectors, each charged track was required toCay vertices along the beam line yertex) and the
cross the drift chambers at a minimum distance of reconstructedk® energy after applying the analysis
12 cm and a maximum distance of 110 cm from the Cuts.
beam axis. Likewise, each photon cluster was required ~ Fig. 2 shows the distribution of th&© invariant
to be more than 15 cm from the beam axis and more Mass after cuts.
than 10 cm from the outer edge of the calorimeter. Applying these cuts and correcting for acceptance

In addition, the photon clusters had to be well sep- and trigger efficiency as described below, the experi-
arated from tracks% 15 cm) to avoid mismeasure- Mmental distributionV (r) defined in(2) was obtained.
ments due to energy sharing. Tracks were identified as The values of Re and Im\ were extracted by fit-
charged pions rather than electrons by demanding thatting equation(4) to the experimental data. Due to the
their electromagnetic energy deposition was less than energy dependence of the dilutidn(E£), the fit was
90 percent of the track momentum. Cuts were applied made in bins of kaon energy (ségy. 3), with 8 equal-
on the charged vertex (less than 3 cm lateral distance Sized energy bins ranging from 30 to 166 GeV. The

x 102
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F - @ i
60000 £ 2000
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40000 1500 i
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Fig. 1. Position of the decay vertex along the beam line (left, measured from target position) and reconKt‘?LmheaQy (right) for the data
sample of 19 million events.



36
i) Mean 497.8 MeV/c?
§ 1065— Sigma 1.5 MeV/c?
o E
1055—
10%
11 | Ll | | I | | L1 | | I |

0.48 049 05 051 0.52

L Gev/c’
Kaon invariant mass

Fig. 2. Thek© invariant mass. The vertical lines indicate thé@
mass cut used in the analysis.

values for the external parametefsn, t; and tg

were taken froni5]. For the dilutionD(E), we used
a quadratic fit to the values measured@h(energyE

given in GeV)

6.10 172 _,
—F — ——FE~“. 6
T3 ©)

The errors for the individual points measured[@&}

Dmeasure§E) = —0.167+
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xtr~79). Therefore, care had to be taken to exclude
any detector effects that could artificially introduce
such an asymmetry in thlég decay.

The sign ofX equals the sign of the momentum dif-
ference of ther ™ and ther ~ in the kaon rest system.
The pion momenta in the kaon rest system are corre-
lated to their momenta in the laboratory system. Any
momentum-dependent difference in the acceptance or
the trigger efficiency for positive and negative pions
may therefore introduce a possible bias. Due to the
field of the spectrometer magnet, positive and nega-
tive particles populated the detector in a different way.
In order to compensate such effects, the field of the
spectrometer magnet was reversed weekly during the
data taking.

An artificial asymmetry can be caused by the detec-
tor acceptance only if this acceptance is asymmetric
in X. However, if there is a real, physical asymme-
try, its value may be distorted even by a symmetric
X-dependence of the acceptance. The NA48 detec-
tor simulation (based on the GEANT3 packdgé)
showed a symmetric decrease in the acceptance for
high | X|. Using the simulation, the acceptance was
calculated as a function ¢ |, kaon decay time and

vary between 5 percent at the lowest kaon energies kaon energy. The effect was then corrected by weight-
(75 GeV) and 25 percent at the highest energies ing each event in the data in inverse proportion to
(165 GeV). We assume the uncertainties at the differ- the calculated acceptance for the corresponding value
ent energies to be uncorrelated. To take into accountof |X|, kaon decay time and kaon energy. This pro-

the difference in proton energy and production an-
gle betweeri6] and our own measurement, we used
measurements with charged kadn from which we
derived an empirical correction factor (energ\given

in GeV)

3.82 5.38 3.32
Deor(E)=128—""FE+ =—"_F? - """F3
COI’T( ) 103 + 1(ﬁ 107
715 ,
——FE". 7
+ 1010 0
To fit Eq. (4), we then use
D(E) = DmeasurefE) X Dcor(E). (8)

Based on the uncertainties[®, 7], the overall relative
uncertainty inD(E) is estimated at about 15 percent.
The aim of the experiment was to measure a
small effect that is antisymmetric in the Dalitz vari-
able X (the interference ok and K? in the decay
into 7tz ~70 over a large background that is sym-
metric in X (from the CP-conserving deca&? —

cedure resulted an increase of £&b percent in the
extracted values of Reand Ima.

In the drift chambers, signal attenuation near the
ends of some wires created a left—right acceptance
asymmetry on the detector periphery, especially for
strongly deviated low-momentum patrticles. This was
compensated in the offline reconstruction by the re-
dundancy of chamber planes, and there was no vis-
ible effect on the minimum-bias data sample. How-
ever the data collected with the fast level-2 trigger
algorithm, which did not use the full redundancy,
showed an asymmetry iXi at all kaon lifetimes, which
was strongest (2 percent) at the lowest kaon ener-
gies (30 GeV). This asymmetry was reversed when
the magnetic field of the spectrometer magnet was in-
verted. Using theX-symmetric amplitude oK; —
nt7~ 70, the detector and trigger simulation accu-
rately reproduced this behavior.

The Monte Carlo distributions from the simulation
were used to correct the data. The correction resulted
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Fig. 3. The experimental distributio¥i(¢) (points with error bars) and the function obtained bx?afit (smooth curve) in bins of time and

energy. Thex2 per degree of freedom is 168%/162= 1.045. The fit was made simultaneously over all energy bins, but is mainly constrained

by the intermediate energy bins. The data were compensated for acceptance and trigger efficiency by applying Monte Carlo corrections and by
averaging over samples with opposite magnetic field in the spectrometer.

in a shift of about 3« 102 in both Rex and Imx, with ing (2)). Slightly different results were obtained when
opposite sign for the two field orientations of the spec- using either only the Monte Carlo correction (without
trometer magnet. The simulation program had been averaging over the two magnetic field orientations), or
developed, extensively used and validated during pre- only averaging over the magnetic fields (without the
vious studies by the collaboratiga,9]. After accep- Monte Carlo correction). We use half the difference
tance and trigger corrections, the individual results for between these two last approaches as a contribution to
the two field orientations differ by about4b . To ex- our systematic error#0.004 in Rer and+0.003 in
clude possible additional effects the Monte Carlo cor- Im2).

rected data samples with positive and negative fieldsin  Another cross-check was to analyse the data with
the spectrometer were subsequently averaged (takinga tight outer radius cut of 50 cm in the drift cham-
the arithmetic mean of the observed distributi®h(s) bers and otherwise follow the above procedure. This
in formula(2), which is equivalent to normalizing the  was prompted by the fact that the observed drift cham-
data taken in the two field orientations to the same ber inefficiencies were highest at large radii. The re-
number of events and summing them before apply- sults in Re. and Ima differed by about 0.001 while
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the statistical errors increased by about the same were not obtained by fitting this histogram directly, but

amount. by fitting all data in bins of energy. This is important
The other major contribution to the systematic un- because of the dependence of the dilutiofE) on the

certainty comes from th&?/K© dilution D(E) de- kaon energy.

fined in formula(5) and leads to an additional uncer- The real and imaginary parts afare strongly cor-

tainty of £0.005 in Re. and of £0.003 in ImA. By related, as can be seen frdfig. 5 which shows the
varying the experimental cuts quoted above within rea- measured values and contours of egufain the com-
sonable bounds and the external parameters fidm  plex plane. Taking into account only the statistical er-
within their errors it was seen that all other possible rors, the correlation coefficient between Rand Ima
sources of systematic uncertainties were negligible. is 0.66.
From the real part ofs, the branching ratio for

the CP-conserving component of the decﬁ? —

5. Results nt7~ 70 can be obtained. Using the same approxi-

mation and the external parameters ai8inwe get
The following values have been obtained for the

real and imaginary parts of BR(K? — n+n_n0)

Re). = +0.038=+ 0.008ta1= 0.006syst (9) = (4.7 22 (stap TTL(sysp) x 107",

Im2 = —0.013+ 0.005¢at+ 0.004syst (10) The results from this experiment agree with chi-

Adding both errors in quadrature, ral perturbation theory and with two other measure-
ments with comparable errof8,10]. It is worth not-

Rei =+0.038+0.010 (11) ing that experimen3] used tagged kaons, so that its

Imi=—0.013+0.007. (12) result is independent of any measurements or calcu-

lations of the dilutionD(E) while [10] was carried
out at higher kaon energies and therefore higher dilu-
tion than our measurement. It should also be noted that
all three experiments obtain a nonzero negative value
for the imaginary part of (which is predicted to be

These values can be compared with the theoretical
numbers of Ré& = +0.031 and Inmh = —0.006 ob-
tained in[3] by using results from chiral perturbation
theory[2].

Fig. 4shows the distributio (z) defined in(2) de-

. . small).
rived from the data, and the curve obtained frofn )
with the fitted values of Re and ImA. These values < _
2002 [ o b
5 - § c
0.015 [ ~0-005 E
H -0.01 F
0.01 ~0.015 £
0.005 - -0.02 ¢
r -0.025
or | +| L] 'l'—l—-l_ I-LI
C TT w —-0.03 1 L | L I I |
Lol v v v by v bty o | 0.02 0.04 0.06
2 4 6 8 10 Re A\

Kaon decay time 7/75
Fig. 5. The fitted values of Reand Imx in the complex plane with
Fig. 4. The experimental distributiovi(z) (points with error bars, the contours for g2 of 1 to 10 above the minimum?2. The shorter
data summed over all kaon energies) and the function obtained from error bars and the contours refer only to the statistical uncertainty
the fitted values for Reand Imx for a mean kaon energy of 87 GeV.  while the longer error bars correspond to the total uncertainty.
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