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Abstract

A search for the decal ¢ — 7%+~ has been made by the NA48/1 Collaboration at the CERN SPS accelerator. The data
were collected during 2002 with a high-intensky, beam. Six events were found with a background expectatior2af @ﬂ
events. Using a vector matrix element and unit form factor, the measured branching ratio is

B(Ks — 7% ™) = [297 T3 (stap + 0.2(sysh] x 107°.
0 2004 Elsevier B.V. All rights reserved.
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1. Introduction

This Letter reports the first observation of the decay
Kg — 7%t~ and a measurement its branching
ratio. The analysis was carried out on data taken dur-
ing 2002 by the NA48/1 experiment at the CERN SPS,
which also recently reported the first observation of
the decayks — 7% te™ [1].

The physics interest of th&s — 7%+~ decay
is that it measures the indirect CP violating contribu-
tion of the decayk; — 7%+ u—, thereby allowing
the direct CP violating component of th€; decay
to be extracted. This can provide input to the deter-
mination of the imaginary part of the elemelit,
of the Cabibbo, Kobayashi, Maskawa (CKM) mix-
ing matrix. In addition, the decaks — 7%t~
can be used to study the structure of tkie—> 7y *
form factor. This is particularly interesting if com-
bined with the Ks — 7%te~ results since both
decays are expected to be dominated by the ex-
change of a single virtual photorkK(— 7y* —
Tete).

2. Experimental setup

The beam line and detector built by the NA48
Collaboration to measure the Ré&/¢) parametef2]
from a comparison ofKs; — ntn~,7%9 de-
cays was used, with the modifications described be-
low.
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2.1. Beam

The experiment was performed at the CERN SPS
accelerator and used a 400 Ge\proton beam im-
pinging on a Be target to produce a neutral beam. The
spill length was 4.8 s out of a 16.8 s cycle time. The
proton intensity was fairly constant during the spill
with a mean of 5< 100 protons per spill.

The neutral kaon beam line was modiffed as fol-
lows: the K; beam was blocked and a small, addi-
tional sweeping magnet was installed above ke
collimator. In order to reduce the number of photons
in the neutral beam, primarily from® decays, a plat-
inum absorber 24 mm thick was placed in the beam be-
tween the target and the main sweeping magnet which
defected charged particles into the collimator. The
5.1 m longKy collimator, with its axis at an angle of
4.2 mrad to the proton beam direction, selected a beam
of neutral long-lived particlesKs, K1, A0 20 5, yS,
etc.). On average, there werex210® K decays per
spill in the fiducial volume downstream of the collima-
tor, with momenta between 60 and 200 Ge\(and a
mean energy of 110 GeV). An average of.017 K,
decays were expected for eveky decay within the
first threeK lifetimes from the end of the collimator.

2.2. Detector

In order to minimize interactions of the neutral
beam, the collimator was immediately followed by a
90 m long evacuated tank. The tank was terminated by
a 0.3% radiation lengthX() thick Kevlar window, ex-
cept in a region close to the beam which continued in
a vacuum pipe through the centre of the downstream
detectors.

2.2.1. Tracking

The tracking was perfored with a spectrometer
housed in a helium gas volume. It consisted of two
drift chambers before and two after a dipole mag-
net with a horizontal transverse momentum kick of
265 MeV/c. Each chamber had four views, each of
which had two sense wire planes. The resulting space
points were typically reconstructed with a resolution
of 150 um in each projection. The spectrometer mo-
mentum resolution was parameterised as:
9p

“2 = 0.48%@ 0.015% p,
)4
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where p is in GeV/c. This gave a resolution of
3 MeV/c? on the reconstructed kaon massky —
7T~ decays. The track timesolution was 1.4 ns.

2.2.2. Electromagnetic calorimetry

The detection and measurement of electromagnetic
showers were performed with a ¢ deep liquid
krypton calorimeter (LKr). The energy resolution was
parameterised 48]:

9%

E)  3.2%
o(B) _3 0697@0.42%

E VE
where E is in GeV. The calorimeter was subdivided
into 13500 cells of transverse dimension 2 & cm,
which resulted in a transverse position resolution bet-
ter than 1.3 mm for single photons with energy above
20 GeV. Ther? mass resolution was.® MeV/c?,
while the time resolution of the calorimeter for a sin-
gle shower was better than 300 ps.

2.2.3. Scintillator detectors and muon detector

A scintillator hodoscope was located between the
spectrometer and the LK. It consisted of two planes,
segmented in horizontal and vertical strips, respec-
tively, with each plane arranged in four quadrants. The
time resolution for the hodoscope system was 200 ps.
Downstream of the LKr calorimeter was an iron-
scintillator sandwich hadron calorimeter (HCAL), fol-
lowed by muon counters (MUC) which consisted of
three planes of plastic scintillators, each shielded by
an 80 cm thick iron wall. The first two plane&{1X
andM1Y, consisted of 25 cm wide horizontal(1X)
and vertical {41Y) scintillator strips, with a length of
2.7 m. The third planeM2X, consisted of horizon-
tal strips of width 44.6 cm and was mainly used to
measure the efficiency of th##1X and M1Y coun-
ters. The central strip in each plane was split with a
gap of 21 cm to accommodate the beam pipe. The
fiducial volume of the experiment was principally de-
termined by the LKr calorireter acceptance, together
with seven rings of scintillation counters which sur-
rounded the decay volume to veto activity outside this
region.

2.2.4. Trigger and readout
The detector was sampled every 25 ns, and sam-
ples were recorded in time windows of 200 ns. The
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extended time window allowed the rate of accidental Events that satisfied the trigger conditions were re-
activity to be investigated from the time sidebands. corded and reprocessed withproved calibrations to
The trigger selection foKs — 7%t~ candi- obtain the final data sample.
dates consisted of a first-stage hardware trigger fol-
lowed by a second-stage software trigger. The hard-
ware trigger, for the first 40% of the data taken, se- 3. Dataanalysis
lected events satisfying the following conditions:
The signal channeks — 7%~ required the
— at least one hit in each of the horizontal and ver- identification of two muons of opposite charge accom-
tical planes of the hodoscope, within the same panied by two additional clusters (photons) in the LKr.

quadrant; The kaon energy was estimated from the sum of the

— at least three hit wires in at least three views of track momenta and cluster energies and was required
DCHL1 integrated over 200 ns; to be between 60 and 200 GeV.

— a track vertex located within 90 m of the end of ~ The invariant massy,,,, for the two muons from
the collimator; aKs— n%utu~ decay is limited by kinematics to:

— no hit in the two ring scitillator counters farthest

downstream; 0.211 GeV/c? < my, < 0.363 GeV/c?,

— a two-muon signal (2igh) from the muon coun- where the lower limit corresponds i@, + m ., while
ters. the upper limit is given byn x — m 0.
The knownK g mass was used as a constraint (see

The 2Mtight Signa] required at least two hits in each EQ. (1) below) to reconstruct the longitudinal vertex
of the first two muon counter plane&(LX andM1Y). position using information from the charged tracks and

For the last 60% of the data taken, a second, paral- the clusters. The invariant mass, , , of the two pho-
lel, hardware trigger component was added in which tons was r_econstructed using the meas.ured _posmons
the Jutight condition was replaced by the following re- and energies of the two clusters, assuming this vertex

quirements: position. The total invariant mass,,.., was calcu-
lated using the vertex reconstructed from the charged
— hadron calorimeter energy less than 10 GeV; tracks alone, with the known® mass imposed as a

— electromagnetic calorimeter energy greater than constraint to improve the kaon mass resolution.
15 GeV, . _
— atwo-muon signal (2i00sd from the muon coun-  3.1. Signal and control regions
ters.
The similarity between the kinematics of tkig, —

. . . 0, 4. — 0,,+,—
The 2uiooseSignal was similar to the 2igne signal but 7 7 7~ andKs — 7~ u channels allowed the
allowed one of the first two muon planesf(X or former channel to be used to evaluate the resolu-

M1Y) to contain only a single hit. The addition of the tions Omy, and om,,. ON my, andm,, , respec-
2/u00se trigger significantly improved the trigger ac-  tively. These were measured todg,, = 0.8 MeV/c?
ceptance for th&s — 7%~ signal, as discussed andoy,,,, =3 MeV/c2, in agreement with a detailed

below in Sectior8.4. Monte Carlo simulation based on GEANA4].
The software trigger (for the entire data set) re- A signal region and a control region were defined
quired: inthe (n,,, m,-) plane:
— at least two tracks in the drift chambers that were — Signal region:
not associated with energetis © GeV) clusters Imy, — m ol < 250, and |my,uz — mg| <
in the LKTr; 2.50m,,,;
— less than 10 GeV in the hadronic calorimeter; — Control region:
— at least one hit in the first two muon counter 30m,, < |myy, —m ol < 60y, and Iy, <

planes. Imuux —mr!| <60, -
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The signal and control regions were kept masked
until the analysis cuts were finalised in order to keep
the event selection unbiased. The cuts to reject the
background were set using both data and Monte Carlo
simulation. An extended control region was used to es-
timate the contributions from various backgrounds.

3.2. Event selection

In order to identify muons, charged tracks recon-
structed in the spectrometevere extrapolated to the
MUC planes and associated with MUC hits using
cuts on the spatial separation and time difference be-
tween the extrapolated track and the MUC hit. Multi-
ple scattering was taken into account before applying
the spatial cut, and light propagation along the MUC
strips was taken into account before applying the time-
difference cut. For muons with momentum greater
than 10 GeVc, the efficiency of the MUC counters
was found to be ®9+ 0.01.

Track pairs reconstructed in the spectrometer were
classified as muons if the following conditions were
satisfied:

— either no LKr cluster was associated to each track,
or the energy of any associated cluster was less
than 1.5 GeV. A cluster was associated with a

track if the separation of the cluster and the track

was less than 6 cm and the absolute time differ-
ence between the track time and the cluster time
was less than 4.5 ns;

each track had associated hits in the first two

planes (41X and M 1Y) of the MUC;

the total energy in the hadron calorimeter was less
than 10 GeV,

for each track, the time measured by either the
drift chambers or the trigger hodoscope and the
time measured by the muon detector did not dif-

fer by more than 4.5 ns. In about 95% of the events
the track time was given by the trigger hodoscope,
while for the remaining events the time was given

by the drift chambers;

in the muon detector did not differ by more than
3ns;
— the tracks had opposite charge;

J.R. Batley et al. / Physics Letters B 599 (2004) 197-211

— the individual track momenta were above
10 GeV/c in order to have high muon identifi-
cation efficiency;

— the transverse momentum with respect to the
kaon line of flight of each track was below
0.180 GeVc;

— the distance between the impact points of the two
tracks at the first drift chamber was greater than
10 cm in order to have high trigger vertex recon-
struction efficiency;

— the ratio of the track momenta was larger than
1/3 or smaller than 3 in order to reduce the
background fromA and A decays coming ei-
ther directly from the target or frox%(5%) —
A(A)n0 decays;

— the reconstructed invariant mass assuming>
pr~ (or A) was not compatible with thet (A)
mass (11115 GeVc? < m ,, < 1.1200 GeVc?);

- 021 GeV/c? <my, <0.36 GeV/c?.

Clusters reconstructed in the LKr calorimeter were
classified as photons if the following conditions were
satisfied:

— the energy of the cluster was greater than 3 GeV
and less than 100 GeV,;

— the distance to the nearest cluster was greater than
10 cm in order to minimize the effect of energy
sharing on cluster reconstruction;

— the distance to the nearest extrapolated track was
greater than 20 cm.

In addition, ar® candidate satisfied the following con-
ditions:

— the total energy of the clusters was greater than
20 GeV,

— the transverse momentum with respect to the kaon
line of flight of thexr© candidate was between 0.05
and 025 GeV/c.

Three quantities related to the decay vertex were
computed:

the average of the track times and the average time — total vertexyzy.

To compute the longitudinal vertex positiory,
the kaon mass was assumed and the kinematical
information from all the particles involved in the
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Fig. 1. Scatter plot for the events passinigla cuts described in the text: (a) for the,, vs.m ., plane and (b) for the:y,,, vs.m, plane.
The 250 and the & signal and control regions and thg,;, kinematic limits are also shown.

decay was used. The distance from the vertex to — on the assumption that the observed event was a

the LKr calorimeterdg, was calculated as:

kaon decay, its proper lifetime was calculated us-
ing the zg, z,,0 andz., vertices, taking the end

S pipjd-2~ of the final collimator as the origin. All three cal-
dg = : 5 e el , culated proper lifetimes were required to be be-
my —2mg =23 i (EiEj = pipj) tween 0 and B g mean lifetimes;

@
whered;; is the separation between tith and,th
particles in the LKr plane after linearly extrapolat-
ing charged tracks from before the spectrometer
magnet, and:; andp;, are the energy and the mo-
mentum of theth particle. The vertex is given by
zx = z (LKr position) —dg . This formula follows
from energy and momentum conservation applied
to the decayk® — u+u~yy. The approximation
coswjj ~1— %(d,-j/dk)2 was made, where;; is
the angle defined between the momenta of each
pair of particles;

70 vertex,z 0.

The z° vertex position along the beam direction,
z,0, Was computed in a similar way to the total
vertex, but used only the two photon clusters and
imposed ther® mass instead of the kaon mass as
a constraint;

track vertexz.j.

The track vertex was computed by finding the po-
sition of the closest distance of approach (CDA)
between the two tracks. The CDA was required to
be less than 1.5 cm in order to reject muons from
pion decay.

Further cuts were applied:

the energy-weighted centre-of-gravity (COG) of
the event was required to be less than 5 cm in
order to further reduce the background from acci-
dental activity. The COG was defined as C&G

\/(Zl Eix,-)z + (Zl Eiy,')z/ Zi E,-,Wherexi and

y; are the coordinates of thi¢gh particle in the LKr
plane after linearly extolating charged tracks
from before the spectrometer magnet, andis
the energy of théth particle;

events with extra tracks within the trigger window
or extra clusters in the readout window were re-
jected;

the time difference\t between the average track
time and the average time of the LKr clusters
forming therr® was required to be less than 1.5 ns;
fiducial cuts: tracks were required to be at least
12 cm from the centre of the drift chambers and
clusters in the LKr were required to be at least
15 cm from the centre of the LKr, 11 cm from its
outside borders, and 2 cm from any defective cell.

After applying all these cuts, the signal and control
regions were unmasked. Six events were found in
the signal region, and none in the control region (see
Fig. 1). The kinematical quantities for these events are
summarised imable 1
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Table 1
Kinematics of the six events found in the signal region oy —
7%t 1~ and of the seven events found &g — 7% e~ [1]

Event  Kg momentum (GeYc) /Ty mgy (GeV/c?)
Kg— r[olﬁ',u_

1 931 0.48 0241
2 1179 071 0220
3 14738 174 0226
4 953 249 0241
5 1127 0.64 0262
6 1010 0.96 0226
Kg— 70ete

1 846 0.74 0291
2 1282 0.50 0267
3 1141 102 0173
4 839 2.09 0272
5 1308 146 0303
6 1212 149 0298
7 942 164 0253

3.3. Background

There are two categories of backgrounphysi-
cal backgroundandaccidental backgroundPhysical

J.R. Batley et al. / Physics Letters B 599 (2004) 197-211

low probability that the invariant mass of the two pho-
tons is consistent with the® mass. Theks decay
into the same final state was taken into account by as-
suming equal decay rates féfs and K. The total
background was estimated to b€ 333 event.

(2) K, — nt7~ 70 decay, where both pions have
decayed in flight.

For this background, the reconstructed total mass
myur lies below the known kaon mass as a conse-
guence of the missing energy of the neutrinos and the
use of the muon mass rather than the pion mass in
the reconstruction. For the same reasons,ztiver-
tex position (Eq(1)) computed by imposing th&©°
mass constraint is pushed upstream from the actual
vertex position of ther Tz~ 7° decay. The shift in
the z vertex position leads to a reconstructed two-
photon massn,, lying above the knownr® mass.
These effects are clearly seerfigy. 2 where then,,,
and m,,, distributions are compared for data and
Monte Carlo, after applying all cuts and after remov-
ing the K proper lifetime cuts calculated frony.

The Monte Carlo gives a good description of the data.

An extended control region was defined in the

background was defined as that due to a single kaon(mmm m,,) plane, betweend and 12 around the

decay, for exampleK; — n+t7~7°, where the two

charged pions decayed into muons. Accidental back-

ground was caused by the overlap of particles com-

79 andK g masses. No data event was found in this re-
gion. A Monte Carlo sample equivalent to 24 times the
2002 data was used to estimate the background. The

ing from two separate decays that happened to be in ¢ ts on thek lifetime, on the transverse momenta

time and faked the signal, for example, an overlap be-
tween the decayX; — muv, wherexr — uv, and

Ks — 7979, where two photons missed the detec-
tor. The accidental backgund contained two compo-
nents: (a) overlapping fragments from different proton
interactions in the target; and (b) fragments from asso-
ciated productionK K or AK) due to a single proton
interaction. The first component could be estimated
through a study of out-of-time sidebands.

3.3.1. Physical backgrounds

Only two sources of physical background were
found to give a significant contribution:

(1) K5 > u*p"yy decays.

The K; — utu~yy branching ratio has been
measured by the KTeV Collaboration to 0" %) x
108 [5]. Using Monte Carlo simulation, the accep-
tance fork; — pu*u~yy decays in NA48 was found
to be 5x 10-3. This small value originates from a geo-
metrical acceptance of about 20% together with the

of the muons and the pion and on the total energy of
the two photons were relaxed, giving 11 Monte Carlo
events in the extended control region and no event in
the signal region. This led to a background estimate
of <2.44/24=0.10 at 90% CL. It was checked that
the transverse momentum and photon energy cuts did
not significantly affect the shape of the relevant back-
ground distributions. After re-applying all cuts except
the K lifetime cut, 2 of the 11 Monte Carlo events
remained in the extended control region. This led to
an additional extrapolation factor of 21 = 0.18, giv-

ing an overall background estimate for this mode of
< 0.018 event at 90% CL.

3.3.2. Accidental backgrounds

Accidental background was studied using data with
relaxed timing requirements. As a consequence of the
trigger system, an asymmetric timing window was
used. Events in the time sidebandsl(l5 ns< Ar <
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signal region.

—3ns) and (3 n& Ar < 60 ns) were used to extrapo-

late the background from the out-of-time to the in-time _....0'17 F

(—1.5 ns< Ar < +1.5 ns) signal regionar was de- o4, 016 | . .

fined as the time difference between the average track St :

time and the average time of the LKr clusters form- ) g T

ing the 79, Given the number oK decays in the o °'14§ . .‘ 1« =
fiducial volume and the spill length, the probability 5\1:).13 F s e il
that two events overlap in time was1 x 10~4. The Eozh T
out-of-time events are shown Fig. 3. The readout T .
system introduced a non-uniformity in the event time 01 046 048 05 052 o054
distribution which changed the effective width of the m (GeVIcz)
out-of-time window from(175-6 to (125-6 ns. Due Hum

to additional triggering effects, events in this window Fig. 3. Scatter plot o, VS. m,,x for events in the out-of-time

were recorded only for the;2igh: component of the  yindow. The 250 and the 6 signal and control regions are also
trigger. An extrapolation factor of 1.27 was applied shown.
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to take into account the relative acceptances of the the charged vertex requirement. The efficiencies of the
2utight and uioosetriggers (see Sectiorgs4 and 3.5 other trigger components were measured, but no cor-
Six events were observed in the out-of-time signal re- rection was necessary since they were also present in
gion, five of them in the later data-taking period when the normalisation trigger.

the 2uiposetrigger was active, leading to an overall ac- K; — 7ntn~ 70 events were used to measure the
cidental background estimate 65 x 1.27) + 1) x efficiency of the hardware coordinate builders and
3/(125-6 = 0.18 event. the microprocessors that reconstructed the tracks and
Studies have shown that the majority of the acci- determined the vertex of the decay. The efficiency
dental background was dueky — n*t7~ or K; — of this trigger component was found to be900+
ni;fFvM decays which were in time with two photons  0.001.
from ak — 7970 decay. The background for,, < The efficiency of the two-muon signal component
0.3 GeV/c? was dominated byk; — 7*uFv, de- of the trigger was estimated fromk; — 77~ 70
cays, while for 080 GeV/c? < my, < 0.36 GeV/c?, decays where both charged pions decayed to muons.
the background was dominated & — 77~ de- The kinematics of these events is very similar to that

cays. Background where the two charged tracks cameof Ks — 7% u~. The efficiencies of the 2iight
from different decays was examined by looking for and Zujpose Signals are shown ifrig. 4 as a function
events where the two tracks had the same charge. Noof m,,,. A large track separation was effectively im-
same-sign event was found in the signal region, con- posed by the Ziight trigger requirement, resulting in
sistent with the background estimate above. The ac- a lower trigger efficiency at lown,,. As shown in
cidental background from associated production was Fig. 4, the dependence of the trigger efficiencyp,,
found to be negligible. was consistent with that expected from Monte Carlo
simulation.

3.3.3. Background summary

The total background was estimated to 220315
event in the signal region. The significant background Table 2

contributions are summarisedTable 2 Summary of the background estimate in the signal region
Background source Events
3.4. Trigger efficiency Ky — 7O tn= 0555
Kp—ptu~yy 0.0473,03
3.4.1. Hardware trigger Accidentals agt018
The trigger efficiency was dominated by the geo- o015
99 y y 9 Total background @2018

metrical acceptance of the two-muon signal and by

2 1.2
Ef F 3’ -« DATA 2 T
= | e 10 o B U
ﬂ, 0 s /;Z;W/{ /5555///5/5/55?{{/
'a 0.8 r — 0.8 ...........
= f = :
Q 0.6 7 '_+_[ @ 0.6 :
Eo04 %04
-2l 8™
= 02 2020
7 =, VL F
N 7 4 ; S : :
u///,/,r//A//,/ , 0 At
0.22 0.24 0.26 0.28 0.3 032 034 0.22 0.24 0.26 0.28 0.3 0.32 0.34
m,, (GeV/c?) m, (GeV/c?)

Fig. 4. Trigger efficiency measured from data (points with error bams) estimated from Monte Carlo (histograms) for the two-muon signal
component of the trigger, as a functioniof, . : () for 2utight, and (b) for Zujpese
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The Zutight and Zuioose trigger efficiencies for
Ks — n%*tu~ decays were found to be.TB +
0.03 and 093 £ 0.02, respectively. Taking into ac-
count the relative amount of data recorded with the
2utight and uieosetriggers, and including the vertex-
finder trigger efficiency, the overall hardware trigger
efficiency correction was determined to berD+
0.02.

3.4.2. Software trigger
A small fraction of unbiased events was flagged
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the effect of the LKr and HCAL energy cuts on the
muon identification efficiency was therefore studied
using data. From a special run with a muon beam,
the mean 2, identification efficiency was determined
to be Q96+ 0.02. The dependence of the trigger ef-
ficiency onm,, was also determined from data, as
described in the previous section.

The acceptance as a functionmf,,, is shown in
Fig. 5@a), before and after applying the muon identifi-
cation and trigger efficiency corrections (Sesble 4.
The reduced acceptance at lawy,, after applying

by the software trigger, but not rejected. Using these these corrections is due to th@.@n component of
events, the efficiency for the software trigger described the trigger.

in Section2.2.4was determined to be@0" 399,

3.5. Signal acceptance

The expected,,, distribution, taking into account
the muon identification and trigger efficiency correc-
tions, is shown irFig. 5(b) for several values dfs/as,
includingbs/as = 0.4 as suggested by the Vector Me-

Carlo simulation. The amplitude for the decay was
taken to be a vector matrix element of the faiBi

A[KS — ]TO/L+,LL_]
&)

wherep, p., p— and p, are the four-momenta of the
kaon, pion, muon and anti-muon, respectively=

m?  /m2, and W(z) is a form factor. As explained
in [6], the W(z) dependence on vanishes to lowest

x W(@)(p+ p)Hui(p-)yvi(ps),

ML

tion for a unit form factorpgs/as = 0, is very similar
to the VMD distribution. The reconstructed dilepton
mass distribution of the six signal events is also shown
in Fig. 5(b).

The dependence of the overall acceptance on the
value of bg/as is shown inFig. 6. The variation
in acceptance seen in the regiet < bg/as < —2
arises because the form factor develops a minimum
within the kinematically allowed range of,, (see
Fig. 5b)). The maximum variation in the acceptance

order and for this analysis was represented by the first over a wide range dfs/as was used to determine the

order polynomiaW (z) = as + bsz.
The response of the LKr and HCAL detectors to
muons is not well simulated by the Monte Carlo and

0.14
— ACC ] ACC*TRIGGER EFF
0.12 |
8 _
S o1}
Soos |
%o.os i
o b
O 0.04
< 0.02 |
0 B R
0.22 0.24 0.26 0.28 0.3 0.320.34 0.36
m,, (GeV/c?)

systematic uncertainty.
Taking into account the dependence of the trigger
efficiency onm,, and the muon identification effi-

0.18

0.2

1)

om 037
muu(GeVlc )

Fig. 5. (a) Acceptance as a functionsef,,, including (hatched histogram) and not includiragpén histogram) the trigger efficiency; (b) ex-
pectedm ,, distributions of accepted events for several valueksgtzg after taking into account the trigger efficiency. Tig, distribution

of the six signal events is also shown.
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o
-

Table 3

0.08l° 3 Summary of information used to extract thiég — 7Cutp~
® ' TEOHJrH_ branching ratio
2 0.065 1 Total K g flux (2.50+0.08) x 100
L N Acceptance @814 0.002+ 0.004
& %ete™ Background @2t018
g 0.04- -~ T . grou ~0.11
< Events 6

0.021 . ]

Y ied. A systematic uncertainty was assigned to take into
T T e | B R SR W T account the 3% variation observed.

bg/ag After taking into account the prescaling factor of
the trigger, the totaKs flux was found to be (B0+
0.08) x 100 in the same fiducial volume as used for
the signal channel.

Fig. 6. Overall acceptance as a function bf/ag for the
Kg — 7%+~ (upper curve) anks — 7%+e™ (lower curve)
channels.

ciency, the overall acceptance was found to be 4. Result

0.081+ 0.002(stay = 0.004(sys, ®) As shown inFig. 1, six events were found in

for kaons in the energy range 60 to 200 GeV decay- the signal region, with a background estimate of
o : P : 0.227%18 event. This is the first observation of the
ing in the first threeK g lifetimes after the collimator, 44011 :

where a unit form factori{s/as = 0) has been as- Ks— n‘_);ﬁ;f_decay. _

sumed. The overall acceptance assuming the VMD  The kinematic properties of the skks — 7%u "~
model (s/as = 0.4) is the same within the quoted candidates were consistent with those expected based
precision (se€ig. 6). For comparison, the acceptance on Monte Carlo simulation of the signal. It was also
before applying the trigger and muon identification checked that the number of events observed when the

corrections was 0.109. principal analysis cuts were relaxed was consistent
with the expected background and that there was no
3.6. Normalisation accumulation of events close to any of these cuts.

Using the information summarised Table 3 the

0,+,,— : ; :
The Ks flux was estimated using 132 million Ks—=> 7 w'n branching ratio was measured to be:

Ks — ntn~ events from a minimum bias trigger. B(Ks — ﬂolﬁlf)
Only events that had one vertex, two tracks and no ad- 115 o
ditional clusters outside a modiffed in-time window = [29712(Stad +0.2(sysy] x 107, (4)
were used. Events where the charged pions had de-where the statistical error was obtained using the
cayed were not rejected, and & p cut of less than ~ method in Ref[7] and the systematic uncertainty by
0.95 was used. combining the individual errors in quadrature.

The flux was corrected forr ™7~ acceptance This result is consistent within error with recent
(0.4579 £+ 0.0004), software trigger efficiency predictions based on Chiral Perturbation The6rg].
(0.9989 + 0.0004), and theE/p cut (09932 +
0.0001), where the errors are statistical only. No cor-
rection was needed for the hardware trigger efficiency, 5. Discussion
for inefficiencies in the chambers and track reconstruc-
tion, or for losses due to multi-vertex and accidental 5.1. Test of chiral perturbation theory
activity since these also applied to the signal channel.

To estimate the systematic uncertainty, the cuts usedto  Chiral Perturbation Theory (ChPT) can be used to
reject accidental activity ahextra clusters were var-  predict the branching ratio fats — 7%*¢~ and the
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Table 4
Overall acceptance as a function of the dilepton mas&for> 70t~ andKg — 70T e [1]
Kg— 7% tu~ Kg— 7% te™
myu (GeV/e?) Acceptance Mee (GeV/c?) Acceptance
0.21-023 007579593 0.000-00365 00809+ 0.0015
0.23-025 0072733 0.0365-0073 Q0877 0.0009
0.25-027 0088352 0.073-01095 00910+ 0.0007
0.27-029 00835953 0.1095-0146 Q0872+ 0.0007
0.29-031 008470508 0.146-01825 00785 0.0006
0.31-033 009779593 0.1825-0219 Q0755+ 0.0006
0.33-035 Q079° 3023 0.219-02555 00703 0.0007
0.35-037 001773352 0.2555-0292 Q0664 0.0008
0.292-03285 00560: 0.0010
0.3285-0365 0430+ 0.0020

corresponding dilepton mass spectruimg. The mea-

Within the VMD model, the value of the parame-

surement presented here tests these predictions ander |as| can be obtained from the measurement of

constrains the parameters of the model.
The Kg — 79 *¢~ branching ratios can be ex-
pressed as a function of two parameters,and by

[6]:
B(KS — noe+e_)

=[0.01— 0.76a5 — 0.21b5 + 46.5a3

+12.9asbs + 1.44b3] x 1071, (5)
B(KS — no,uﬂf)
= [0.07— 4.52a5 — 1.50b5 + 98.7a3
+57.7asbs + 8.95b3] x 1071, (6)

where the total form factor i$s(z) = Gpmi(as +
bsz) + Wi (2), z=m?,/m%, mk is the kaon mass,
mye 1S the invariant mass of the two leptons, and
WS (z) is expected to be small. Assuming VMD,
which predictshg = 0.4ay [6], the value of the para-
meter|ag| can be obtained from the measurement of
the individualK s — 7%¢*¢~ branching ratios via the
relations[9]

B(KS — noe+ef) ~52x lOﬁgag,
B(KS — no,uﬂf) ~12x lOﬁgaL%.

@)
®)

The VMD model gives an estimate of the ratio of the
muon to electron branching ratios of 0.5, while
the ratio predicted with a unit form factor is 0.p10].

B(Ks — n%u* ™) using Eq(8):
|aS|ML = 1541_832 + 0.06.

This value is in agreement with the same quantity ex-
tracted from the study ok s — 7% *e~ in Ref.[1]:

|aslee = 1.067338+0.07.

The ratio B(Ks — 7%t u")/B(Ks — n%Te™) is
found to be 0497335+ 0.08, in reasonable agreement
with the VMD model prediction of 23.

Theas andbg parameters can be obtained from a
combined analysis ®#(Ks — n%Te™) andB(Ks —
7%t ™) using Eqs(5) and (6)and taking into ac-
count the change in overall acceptance as a function of
bs/as shown inFig. 6. The 68% confidence level con-
tours in the(ag, bs) plane derived from the measured
decay rates are shown Kig. 7(a). The VMD predic-
tion bs/as = 0.4 falls within both sets of contours.

The constraints ong andbg from the two branch-
ing ratio measurements v been combined using a
maximum likelihood method, as shown fig. 7(b).
Two regionsin theds, bs) plane are preferred, namely

as=-16"72%  ps=108"37 )
as=19138  bhg=-11388 (10)

The limited statistics do not allow a significant de-
termination ofbg or an assessment of the linear de-
pendence of the form factor an Table 4shows the
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(a)

Fig. 7. (a) Allowed regions ofig andbg determined from the observed numberfo§ — 7%t~ andKg — 70T e~ events separately.
The region between the inner and outer solid (dashed) elliptical contours is the allowed regﬁyﬁomopﬁ'u‘ (Ks — 70Te™) at 68%
CL. (b) Allowed regions ofig andbg for the Kg — 7%+~ andKg — 70T e~ channels combined. The inner (outer) contour of each pair
delimits the & (20) allowed region from the combined log-likelihood. The dashed straight line in both plots correspdnds-0.4ag, as

predicted by the VMD model.

80T o
o o (b)as>0
; o=
x
- 40 ,;40- -
: S
e } |
; 4o
;; . oo
1::20 ;;20- _____________________________________ g
5 S
; @
] m
... .
0 05 1 15 2 25 3 35
Im(:,) x 10° ey

Fig. 8. Predicted CPV component of ttg — 79T~ (solid curves) and; — 7% te~ (dashed curves) branching ratios as a function
of Im(i;) assuming the VMD model with (a)s < 0 and (b)ag > 0. Each pair of curves delimits the allowed range derived fromithe
measured values ¢ég|. The vertical shaded band shows the world average value @f Jrwith its uncertainty{12].

acceptance as a function of dilepton mass to facilitate 7% x.~, to be predicted as a function of (i) to
the comparison of the two decay channels. within a sign ambiguity11]:

5.2. CPV component &g — n°utpu~ B(Kp, — 7%t i) gpy x 1012
2
The measured branching ratio for the deday— — Cux L C ('WM)) n (lm(kt)>
7%~ allows the CPV contribution to the branch- MIX NT\ 7102 PIR\ 7104 ) °
(11)

ing ratio of the correspondin&’; decay, K; —
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where

Cvix =3.1x 109B(K5 — nOMJer)’

CiNT = 4.6 X 104\/B(KS — 70utu~),
Cpr=1.0.

Within the VMD model, Cpmix = 3.7]as|?, CinT =
1.6]ag| and the plus (minus) sign in E¢l1) corre-
sponds toas < 0 (as > 0). CnT is the coefficient
for the term due to the interference between the di-
rect (Cpir) and indirect Ciix ) CPV components, and
A= VgV

Taking the central valueféhe measured branching
ratio B(Ks — 7%t ™) and Im;) = 1.36 x 104
[12] gives:

B(KL — no,uﬂf)cpv x 1012
~ 8~8mixing =+ 3.3interferencet 1.8direct (12)

Assuming VMD, the predicted dependenceR(K,
— 7%t ™) on Im(x,) is shown inFig. 8 The pre-
dicted dependence for theete~ channel is also
shown inFig. 8.

The CP conserving (CPC) component &f —

79 *¢~ decays can be constrained using measure-
ments of the decay; — 7%y [13,14] A recent
analysis based on ChPT obtained the prediotiob+

1.6) x 1012 [11].

Combining the CPV and the CPC components, the
central value for the totak; — 7% "~ branching
ratio is estimated to be 191012 or 13x 10712, de-
pending on the sign of the interference term between
the direct and the indirect (mixing) amplitudes. This
estimate is consistent with the present experimental
upper limit on B(K; — 7%t ™) of 3.8 x 10710
(90% CL) [15]. The corresponding central value for
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the totalk; — 7% Te~ branching ratio was estimated
to be 32x 102 or 13x 10712 [1].
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