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Abstract

Kaon production in one prong tau decays has been studied using data collected with the DELPHI detector at the LEP
coliider Charged kaons were identified over a large momentum range by the DELPHI barrel Ring Imaging Cherenkov detector.
The following branching ratios have been determined: BR(7 — Kv;) = (0.85 £+ 0.18) %, BR(7 — K, > 0 neutrals) =
(1.54 £ 0.24)%, BR(7 — Kv: > 1 neutrals) = (0.69 + 0.25)%. The result for the exclusive branching ratio 1s consistent
with the Standard Model prediction based on 7 — u — e universality. In addition, tau decay into K*~ was studied in the
channel K*~ — K~ 7. The result BR(7 — K*~»;) x BR(K*~ — K~ #°) = (0.57 £ 0.23)% was obtained.

1. Introduction

Kaon production in single prong 7 decays has
been measured using a data sample corresponding to
392000 hadronic Z° events recorded with the DEL-
PHI detector at LEP in 1992. The 7 decays involving
kaons probe the W coupling to the weak hadronic
current. While these decays are strongly suppressed

by the Cabibbo angle in weak interactions, this is
generally not expected for new superweak interac-
tions. The branching ratio BR(7 — Kv,) would be
sensitive to extensions of the Standard Model that
violate lepton universality.

The present measurements exploit the charged
kaon identification capability of the Ring Imaging
Cherenkov (RICH) detector over a large momentum
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range. The exclusive decay rate 7 — Ky, was mea-
sured by tagging events with well identified isolated
kaons, and the high granularity of the electromagnetic
calorimeter was then used to reject decays with neutral
pions in the final state. The inclusive kaon production
T — Kv; > 0 neutrals was measured by separating
kaons on a statistical basis from pions and muons.

After a short description of the DELPHI detector in
Section 2, and of the event selection in Section 3, the
performance of the RICH detector and the procedure
for kaon identification are discussed in Section 4. Sec-
tion 5 reports the analysis of the exclusive decay chan-
nel. The measurement of the kaon fraction in inclusive
7 decays and the determination of inclusive branch-
ing ratios from these data are described in Section 6.
Finally, the results are discussed and summarized in
Section 7.

2. The DELPHI detector

The DELPHI detector has been described in detail
elsewhere [1]. In the barrel region, charged particle
tracks were reconstructed by a set of cylindrical track-
ing detectors whose axes are parallel to the 1.23 T
solenoidal magnetic field and to the beam direction.
The Time Projection Chamber (TPC) is the device
providing the main tracking information. Track seg-
ments closer to the beam pipe were measured by the
Inner Detector (ID), which is a cylindrical drift cham-
ber, and by the microvertex detector (VD), which con-
sists of three concentric layers of silicon microstrip de-
tectors located between the beam pipe and the ID. The
barrel Ring Imaging Cherenkov (barrel RICH) detec-
tor surrounds the TPC. Track measurements outside
the barrel RICH were provided by the Outer Detector
(OD), located between the barrel RICH and the elec-
tromagnetic calorimeter. The momentum resolution
was measured to be o7, /p = 0.0008 x p(GeV/c).

The charged hadrons are identified by the
Cherenkov angle measurement in the barrel RICH de-
tector [2], which covers polar angles to the electron
beam direction, 8, between 40° and 140°. A support
wall divides the 3.5 m long cylindrical detector into
two halves. Each side is subdivided into 12 azimuthal
sectors. A sector contains two adjacent 1 cm thick
CeFi4 liquid radiators, 12 cm in front of a pair of drift
tubes. The 40 cm deep gas radiator volume behind

the drift tubes is filled with CsFj,. Sets of parabolic
mirrors (six per drift tube) focus Cherenkov pho-
tons from the gas radiator onto the drift tubes. The
projection has the form of a ring with a diameter pro-
portional to the Cherenkov angle. In the drift tubes,
photons of wavelengths between 160 and 220 nm are
converted into electrons by a photosensitive gas ad-
ditive, TMAE (Tetrakis diMethyl Amino Ethylene).
These photo-electrons are drifted towards a multiwire
proportional chamber (MWPC) whose signals define
the location of the photon conversion points with an
accuracy of about 1 mm in all directions. Almost all
particles passing through the radiators also traverse a
drift tube. This leads to large ionization signals, since
the MWPCs were operated at high gain for efficient
single photo-electron detection.

Electromagnetic showers were reconstructed in the
High Density Projection Chamber (HPC) in the barrel
region. This detector covers the polar angular range be-
tween 41° and 139°. The gas sampling technique used
in the HPC provides a three-dimensional charge distri-
bution measurement with high granularity. The energy
resolution was studied using electromagnetic showers
from Bhabha events, Compton electrons and utu ™y
radiative events. The measured energy resolution for
photons of energy E is og/E = 0.29//E(GeV) &
0.04.

Muon identification was based on the barrel Muon
Chambers consisting of two layers of drift tubes,
the first one inside, the second outside the hadron
calorimeter, which surrounds the coil of the magnet.

3. Event selection

The sample of Z® — 77~ candidates was selected
by requiring a single particle in one hemisphere, and
up to five particles in the opposite hemisphere. Hemi-
spheres were defined by the plane perpendicular to the
event thrust axis. Only charged particles with momenta
larger than 0.2 GeV /c , with a distance of closest ap-
proach to the interaction region less than 1.5 cm in
the plane perpendicular to the beam and less than 4.5
cm along the beam direction, were considered. Events
were accepted if one of the single prong tracks was
within a polar angle acceptance of 45° < 6 < 135°
where 6 is the polar angle to the electron beam direc-
tion.
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For the inclusive measurement, the event selection
was similar to that of Ref. [3]. The isolation angle,
defined as the angle between the single prong particle
and the nearest particle in the opposite hemisphere,
was required to be greater than 160°. This condition
rejected most of the hadronic events. The two pho-
ton background was suppressed by requiring at least
8 GeV of visible energy and a total event transverse
momentum larger than 0.4 GeV/c. The Z° — utu~
and Z° — e*e~ background was removed by the fol-
lowing three cuts. The acollinearity between the two
jets was required to be greater than 0.5°. The elec-
tron pair background was suppressed by requiring the
quantity v/E? + E3 to be less than Epean , Where E)
and E; are the electromagnetic energy in a 30° cone
around the thrust axis in each hemisphere and Epeam
is the beam energy. The muon pair background was
suppressed by requiring the corresponding momentum
variable \/p? + p3 to be less than Epeam/c, where p;
and p, are the momenta of the most energetic particles
in each hemisphere. From a detailed simulation of the
detector and using the KORALZ event generator [4],
the efficiency of this selection of 7 pairs inside the ac-
ceptance was measured to be (81.6 + 0.7)% with a
background of (1.9 + 0.4)% from other Z° decays.

For the exclusive measurement, the event selection
was adapted to the kinematical conditions for kaon
identification in the RICH. As explained in the fol-
lowing section, kaons in the fiducial volume of the
barrel RICH with momentum between 4 GeV /c and
20 GeV /¢ can be identified unambiguously. The first
step in the event selection was to require a single
charged particle meeting these conditions. This al-
ready resulted in a clean sample of 717 events, since
Z° decays into u* u~ and e*e™ were rejected by the
upper momentum cut at 20 GeV/c, and Z° hadronic
decays by the requirement of only one charged par-
ticle in one hemisphere. The minimal momentum of
4 GeV /¢ effectively reduces the number of two-photon
events in the sample. In order to reject remaining
hadronic and two-photon events, it was required that
the number of charged particles in the opposite hemi-
sphere be at most three, with at least a total momen-
tum of 1 GeV/c. Further, the isolation angle was re-
quired to be larger than 165°. Events were rejected
when more than 1 GeV energy from charged particles
plus electromagnetic showers was observed outside a
cone of 25° around the thrust axis.

The final step in the exclusive event selection was to
remove 7 decays with electrons or 7% in the final state,
using the total energy deposit in the electromagnetic
calorimeter. A single prong candidate was rejected if
it met any of the following criteria:

- The energy and the longitudinal profile of the
shower in the HPC associated with the track
were consistent with the electron hypothesis.

- The total electromagnetic energy in a cone of
25° around the thrust axis was larger than the
momentum of the single prong track.

— The neutral electromagnetic energy Ey in the
decay was higher than 1 GeV, where Ey was the
summed energy of all showers in the 25° cone
excluding the shower associated to the track.

The efficiency for passing the event selection cuts
was 91.4% for 7 decays into 7 or K, where the hadron
meets the kinematical and geometrical conditions for
particle identification in the barrel RICH.

The composition of the exclusive event sample was
studied by comparing it with a corresponding sample
of KORALZ [4] simulated events. No significant dif-
ferences were found. The main contribution to the se-
lected sample of single prong decays comes from the
decay 7 — uwv v, where (64.5 & 1.8) % of the tracks
were identified as muons, by using the muon cham-
bers, in data and (66.3 & 0.6) % in Monte Carlo. The
charged multiplicity N, in the unbiased opposite hemi-
sphere was checked. The background sources lead ei-
ther to N, = 1 (leptonic Z° decays, two-photon events,
cosmics) or to high multiplicities (hadronic Z° de-
cays). The observed fractions of events with N, = 2
and 3 agree with the expectation from pure 7 decays
within the statistical errors of 1%. From these com-
parisons it is concluded that the composition of the
final sample is reproduced by the 7t7~ Monte Carlo
simulation to better than 2%.

4. Kaon identification and performance of the
RICH detector

Kaons produced in 7 decays at the Z° energy have
momenta above 3.5 GeV/c. The Cherenkov angle in
the liquid radiator is already saturated at its maximum
value in this momentum region. Therefore, only the
data from the gas radiator are used.

Two different techniques were used for kaon iden-
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tification in the gas radiator. Between 4 GeV/c¢ and
~9 GeV /¢, kaons were below the threshold for pro-
ducing Cherenkov photons, while pions and muons
yield nearly saturated angles. In this momentum range
kaons were identified by “veto identification”, i.e. by
requiring that no photo-electrons were associated to
the particle. Below 4 GeV /c the Cherenkov angle for
pions and the number of radiated photons decreases,
and no attempt was made to identify kaons. Above the
kaon threshold of ~9 GeV/c the Cherenkov angle
was determined from the detected Cherenkov photons.
This is called “ring identification” and, as explained
below, it allows kaon identification up to 20 GeV /c.
Together the two kaon identification methods cover a
large part of the phase space available in 7 decays at
LEP.

Cuts were developed to ensure that only tracks
with reliable RICH and tracking information would
be included in the analysis. These cuts were stud-
ied with muons from Z° — u*u~ events, electrons
from Z° — ete™ events, and selected tracks from
single prong 7 decays. Tracks had to be contained
in the fully efficient fiducial volume of the RICH:
47° < @ < 86° and 94° < @ < 133°, The region
around the midwall at 90° had a reduced efficiency
and was therefore cut out.

The location and the direction of a particle passing
through the radiator were used to calculate the corre-
sponding Cherenkov angle from the measured position
of each detected photon. Tracking a particle through
the RICH radiator was done by interpolation between
the track elements measured in the TPC and in the
Outer Detector. In the inclusive measurement 15% of
the candidate tracks were rejected because the track
fit had less than 40 degrees of freedom or a y? per de-
gree of freedom greater than three. On average, a track
had 51 degrees of freedom. Less stringent cuts for the
exclusive measurement rejected 5% of the tracks. The
resolution o, on the angle of a single photo-electron
depends on the parameters of the track and on the po-
sition of the photo-electron in the RICH detector [2].
It was measured with dimuon events and was found
to be 4.5 mrad on average, consistent with expecta-
tion. The saturated Cherenkov angle in the gas 8, )
was found to be 61 mrad and this value was constant
through the entire data taking period.

Veto identification

In the veto identification region it is important to
ensure on a track-by-track basis that the RICH is fully
active. For this reason at least three ionization hits were
required along the particle track in the drift tube. With
this requirement about 12% of the tracks were lost.
This loss was mainly due to a longitudinal gap between
adjacent drift tubes. A particle passing through one
of these gaps cannot produce ionization electrons, al-
though the focussing mirrors guarantee full efficiency
for detection of Cherenkov photons for these tracks.

For reliable veto identification the yield of photo-
electrons had to be well understood. The number of
associated photo-electrons was defined as the number
of detected photo-electrons in a window around 8 ,.)
of width £2.50, (£5.00) in the exclusive (inclu-
sive) measurement. The expected number of photo-
electrons was calculated for each track [2]. It de-
pends on the mass and the momentum of the particle
and its position in the RICH, since the length of ra-
diator traversed by a particle increases with decreas-
ing polar angle. The distribution of the number n of
photo-electrons per track in dimuon events is shown
in Fig. 1a. It has a mean value of 7.9. The measured
and expected photo-electron distributions are in good
agreement. This includes the bin with zero photo-
electrons, which was used for the veto identification.
In Figs. 1b and lc the same distributions are shown for
tracks from single prong 7 decays. In Fig. 1b the parti-
cles have momenta between 20 GeV /¢ and 35 GeV /c,
where the mean expected number of photo-electrons
is near its saturation value for all particles. Fig. 1c
shows the distribution for particles selected for the
exclusive analysis with momenta in the veto identi-
fication region. Here the expected number of photo-
electrons was normalized to particles with observed
photo-electrons. Almost all particles without photo-
electrons are expected to be kaons with momenta be-
low the Cherenkov threshold. The distribution of ob-
served photo-electrons was identical, within statistical
errors, for the three samples. The momentum depen-
dence of the observed number of photons was studied
on muons and pions from one prong 7 decays and was
found to be in agreement with expectation.

Since in veto mode a particle was identified as
a kaon if no associated photo-electrons were ob-
served, the misidentification rate was the probability
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Fig 1 Observed and expected number of photo-electrons per particle: (a) Z — ut ™ events; (b) high momentum particles from single
prong 7 decay, (c) particles from single prong 7 decay n the veto region of kaon identification The expected distribution (c) is for
muons and pions only The observed excess in the data at zero photo-electrons 1s due to kaons.

of observing no photo-electrons for a muon or pion.
From dimuon events and high momentum particles,
the misidentification rates were found to be compat-
ible with Poisson statistics for the expected number
of photo-electrons. It was estimated for each track,
taking into account the slight decrease of the num-
ber of photo-electrons at low momentum. The result
was (0.15 £ 0.04)% for the exclusive sample, and
(0.25+0.09) % in the inclusive analysis. This higher
value is due to the remaining electron tracks and
interacting hadrons in the inclusive sample.

The inefficiency for kaon identification in veto mode
was given by the probability of finding a noise hit in
the window around 6, .. This probability was cal-
culated from the final samples of kaon candidates in
veto identification. All photo-electrons were counted
in the large area corresponding to 120 mrad around the
tracks where the pattern recognition program searches
for photon candidates. From scaling of the areas it was
concluded that the efficiency for kaon veto identifica-
tion is larger than 99% and (98+£1) % in the exclusive
and inclusive measurements, respectively.

Ring identification

Kaons with momenta above the threshold of
~9 GeV/c and up to 20 GeV/c were identified by
measuring the Cherenkov angle. For the determination
of the average Cherenkov angle 8. for each track, the
detected photo-electrons were grouped into clusters
of similar angle. For each cluster an angle 6. was cal-

culated as the weighted average of all photo-electrons
in the cluster, with a weight equal to 1/a2. Photo-
electrons with an individual Cherenkov angle within
a £2.5 o, window around 6. were kept in the cluster.
A cluster had to contain at least two photo-electrons.
An iterative procedure used the X 2.5 o, criterion
to remove background hits and to allow inclusion of
new photo-electrons into the clusters. The probability
that the photons belong to the same ring was deter-
mined using the expected errors a,. If the probability
was less than 3% the procedure for dropping back-
ground hits was started again. Only tracks with one
final cluster were kept for the analysis. Tracks with
more than 35% of the photo-electrons in the bands
between 2.5 oy and 5.0 o, above and below the mean
value were excluded. The efficiency of the procedure
was studied with a dedicated simulation program and
with muon candidates from one prong 7 decays. Sim-
ulation and data showed good agreement both in the
asymptotic value of the efficiency and in its momen-
tum behaviour near threshold. For tracks well above
threshold, an efficiency of 91% was thus determined
for the procedure of Cherenkov angle determination
in the inclusive measurement. An efficiency of 96%
was obtained for the exclusive analysis, as the fact that
7°s have been removed allows the cuts on the ring
probability to be avoided. Fig. 2 shows the measured
Cherenkov angle as a function of particle momentum
for the data sample used in the inclusive study. Also
shown are the expected angles for K and (7, u). A
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Fig 2 Measured Cherenkov angle versus momentum for single
prong 7 decays The expected angle for X, 7 and u are also shown

kaon population around the expected line is clearly
observed.

From the errors o, of the individual photo-
electrons, the expected value oy of the uncertainty
on 8, was calculated. It varied from track to track
between 0.5 mrad and 4 mrad, with an average of
1.6 mrad. This variation was mainly due to statistical
fluctuations in the number of photo-electrons. The
resolution function of 6., defined as the difference
between the measured and the expected Cherenkov
angle divided by the expected error, is shown for
Z% — u*u~ events in Fig. 3. The distribution is
well described by a fit to the sum of two Gaussian
distributions. The main Gaussian had a standard de-
viation of 1.01, indicating that in most cases the
measured Cherenkov angle agrees with the expected
value within the calculated error, independent of the
number of observed photons. The tails in the distri-
bution are mainly due to background photo-electrons
and misalignments of mirrors; they were accounted
for with a second Gaussian with a relative amplitude
of 0.10 and standard deviation of 1.96.

7002— 79 W
600
500 |
400 |
300 |
200 |

100 |

P B

10 -8 -6 -4 -2 0 2 4 6 8 10
(8, - <8,>)/0,

Fig. 3 Distrbution of the difference between the measured and
expected Cherenkov angle for Z — ut ™ events, in units of the
expected error. The solid line 1s the result of a two-Gaussian fit
described 1n the text.

5. Measurement of the branching ratio v — Kv,

In this section an analysis is described which was
optimized for the exclusive decay 7 — Kv,. Due to
the low branching ratio the measurement was limited
by the available statistics. Therefore, a high efficiency
was important, and a specially adapted event selection
was used. Kaons were tagged on a track by track ba-
sis in conditions where their RICH response was well
separated from the pion response. The cuts were opti-
mized to minimize the systematic effects in kaon iden-
tification, most of which cancel in the ratio of kaons
to (m, u).

A particle was identified as a kaon in veto mode,
or in ring mode if the measured Cherenkov angle was
compatible with the kaon hypothesis within & 2.5 g
and incompatible with the (7, ) hypothesis, i.e.
more than nep gy below 8y, ). From the resolution
function of the Cherenkov angle (Fig. 3) the value
nep = 4.0 was chosen. Similarly, a particle was ac-
cepted in the (ar, ) class if the observed Cherenkov
angle was compatible with 6, ,) and incompatible
with the expected kaon angle 6. Using these cuts the
identification efficiency was similar for both classes.
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The efficiency for particle identification at the four
standard deviation level was around 83 to 91% for
momenta ranging from 4 to 15 GeV/c . A 5% inef-
ficiency due to track quality cuts and a geometrical
inefficiency of 12% for the detection of ionization sig-
nals in veto identification have been discussed in Sec-
tion 4. In ring identification 4% of the particles were
rejected because the Cherenkov angle was not well
determined. At momenta above 15 GeV/c the bands
around the K and the (7, #) hypotheses overlap, and
the separation cut rejected an increasing number of
tracks. At 20 GeV/c good K — 7 separation on a
track by track basis was still possible for ~10% of the
cases. Just above the kaon threshold both veto and ring
identification were used. In this momentum region, a
kaon radiates a small number of photons allowing the
Cherenkov angle to be measured. In addition, this an-
gle is small and no photon was emitted in the 2.5 o
band around 8, ,). Therefore, the kaon would also be
properly identified in veto mode. Although both meth-
ods could be applied in this region, neither was fully
efficient. The inefficiencies of the two methods were
complementary and the efficiency for particle identi-
fication had no gap in the transition region between
the two methods. The systematic uncertainty in the
identification efficiency due to the low photon yield
of kaons near threshold was estimated to be 0.3%.

The kaon fraction in the single prong 7 sample was
calculated from the number of events with an unam-
biguously identified kaon, relative to the number of
events in the (7,u) class. The branching ratio of the
decay 7 — Ky, was obtained from this measured frac-
tion and from the results of the Monte Carlo simula-
tion. The different steps are outlined in Table 1. The
first line gives the number of kaon candidates. The
analysis was repeated for the veto and ring methods
separately. Since both methods were applied to parti-
cles between about 8 GeV/c and 10 GeV//c, the split-
ting of the samples was done on a statistical basis. For
this reason, the number of observed particles in the K
and (7, i) class are not integers.

The misidentification probability and inefficiency in
veto mode were discussed in Section 4. The ring iden-
tification depends critically on the resolution function,
shown in Fig. 3. The method of individually tagging
kaons to 4 standard deviations allows good control of
the systematic uncertainties in the momentum region
where the kaon band partially overlaps with the (7, 1)

one. These systematic effects were estimated from the
sample itself. The misidentification probability was
calculated by integrating the tails of the resolution
function measured with dimuon events. To estimate
the systematic uncertainties, the minimal separation
nep 0g Was varied. By increasing ng, the background
due to misidentification decreases, but the identifica-
tion efficiency becomes lower. The K/(ar, u) ratio
was stable within 2% for ne, > 4, but starts to de-
crease at lower values, due to a difference in the tails
of the resolution function between high momentum
muons and particles from 7 decay. In Table 1 a 2%
relative systematic error on the number of identified
kaons was used for the ring misidentification subtrac-
tion.

The number of background  — K*», decays pass-
ing the cuts was taken from the simulation. Other de-
cays to K*m, K*K and KK° give a negligible contri-
bution. The quoted uncertainty corresponds to twice
the experimental error on the branching ratios [5] and
amounts to 25% of the correction. The event selection
described in Section 3 resulted in a non-7 background
of less than 2%, however only about 2% of the charged
particles in the sample were kaons. To exclude an un-
expected accumulation of background, each of the 30
tagged kaon candidate events was inspected, paying
special attention to the unbiased hemisphere opposite
to the kaon. Kaons are frequently produced in two-
photon events. Such events always contain two kaons
with momenta below 20 GeV /¢. In none of the candi-
date events was any particle in the opposite hemisphere
compatible with the kaon hypothesis. The background
from hadronic Z° decays was estimated by scaling the
prediction of the JETSET Monte Carlo program [6]
to the number of selected events with charged multi-
plicity N.=4 and 5 that did not pass the HPC cuts. The
probability to have a hadronic event in the kaon can-
didate sample was lower than 2% and was neglected.

The contribution from each 7 decay mode to the
(7, u) class had to be known to calculate the branch-
ing ratio from the number of particles in the back-
ground subtracted K sample and in the (7, ) class.
The KORALZ [4] simulation was used to determine
these contributions. The momentum dependent effi-
ciency for RICH identification was applied to all par-
ticles in the simulated sample that passed the event se-
lection cuts. This yielded a conversion factor f = 2.39
from the ratio of events to the branching ratio.
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Table 1

Determination of BR (7 — Kv;). In the lower part, the systematic errors are listed (see text).

Combined Veto Ring
K Candidates 3000 + 5.48 10.15 £ 3.19 19.85 + 4.46
Misidentifications 204 + 042 080+ 023 124 £ 035
Kk* Background 122 + 031 017 £ 004 1.06 £ 026
K Signal 2674 + 549 9.18 + 3.19 17.56 + 4.48
(7, ) Signal 1316. 55520 760 80
Sample Composition + 0017 + 0017 + 0017
Efficiency + 0.005 + 0.007 + 0.003
Asymm. Resolution + 0.027 + 0.047
BR (7 — Kv;)[%] 085+ 018 073 £025 0.94 £+ 0.25

The remaining systematic uncertainties in the mea-
sured branching ratio due to kaon identification and
other sources are listed in the lower part of Table 1.
They were much smaller than the statistical ones, since
most effects cancel in the ratio of kaons to (7, u) .
As stated in Section 3 , the uncertainty on the conver-
sion factor f due to the sample composition was found
to be 2% . The uncertainty on the veto identification
efficiency was found in Section 4 to be 1% and it was
seen above that it was 0.3% for the ring identification
efficiency.

The largest systematic error in ring identification
arises from the asymmetry of the resolution function.
More background photo-electrons are detected on the
outside of the Cherenkov ring than on the inside be-
cause of the increased area. The measured Cherenkov
angle was therefore slightly biased towards large val-
ues. As a consequence the identification efficiencies
for kaons and (7, u) tracks were different. The re-
quirement of good separation between kaons and pions
rejects a fraction of the tracks in the momentum region
where the bands of Cherenkov angles for kaons and
pions partially overlap. For the rejected kaons the mea-
sured Cherenkov angle was larger than the expected
one, whereas for the rejected pions it was smaller. The
bias introduced by this effect was estimated from the
data in a special analysis to be 5%, which was taken
as the systematic error. It was small compared to the
statistical errors, since in exclusive 7 decays the photo-
electron background is low. For comparison, the bias
caused by the asymmetry was < 1% for dimuon tracks,
where the background was lower.

The branching ratio determined from the selected

kaon sample is
BR (7 — Kv;) = (0.85+0.18)%,

where the error includes the statistical error and the
systematic uncertainties listed in Table 1. As can be
seen in Table 1, it is in good agreement with the
branching ratios from the veto and ring methods sep-
arately.

6. Inclusive kaon production

The kaon fraction in inclusive one prong 7 decays
was measured in the veto identification region from
4.0 t0 9.0 GeV/c, and in the ring identification re-
gion from 9.0 to 20.0 GeV/c. These measurements
were used to determine the inclusive branching ratio
BR (7 — Kv, > 0 neutrals), and to extract the non-
exclusive branching ratio BR (7 — Kv, > 1 neutrals)
using the measurement of the exclusive branching ra-
tio BR (7 — Kv;) reported in the previous section.

After applying the track and RICH quality cuts, 7
decays into an electron were removed. Electrons were
identified by combining the track and ionization en-
ergy loss measured in the TPC with the electromag-
netic shower information from the HPC. The probabil-
ity of the electron hypothesis was computed by com-
paring the track parameters and momentum with the
shower position and energy, in combination with the
measured ionization loss and the shower longitudinal
development. This selected 1143 one prong 7 candi-
dates in the veto identification region between 4.0 and
9.0 GeV/e.
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The fraction of tracks without associated Cherenkov
photons was measured to be (1.66 + 0.38)% (19
events). From this number the misidentification rate
of (0.25 £ 0.09)% was subtracted, and the rate was
corrected for the veto efficiency of (98 £ 1)%. The
number of kaons, divided by the total number of tracks
in the sample, was in this way measured to be:

Ryeio = (1.45 £ 0.40) %,

where the error includes the statistical and the system-
atic uncertainties. Using the KORALZ [4] 7 gener-
ator and passing the events through the full detector
simulation, the relation between the measured quan-
tity Ryeto and the exclusive and non-exclusive branch-
ing ratios was determined to be:

Ryeo = a1 BR (7 — Ky, > 1 neutrals)
+a; BR(7 — Kv,), (D

with the kinematical factors a; = 0.77 + 0.08 and
a; = 1.14 + 0.09, where the uncertainties were due
to finite Monte Carlo statistics. The values of a; and
a, reflect the different momentum spectra of the two
decay modes.

Several additional sources of systematic uncertainty
were investigated. The number of kaons from ¢g back-
ground was estimated using Monte Carlo simulation
and normalized to the observed number of events pass-
ing all selections but the isolation criteria. This back-
ground gave a 3% error. Discrepancies between data
and Monte Carlo for the rejection of electrons from 7
decays introduced a 2% systematic error. The system-
atic error on the efficiency for kaon veto identification
was 1%, as discussed in Section 4. Other systematic
errors were negligible. The respective relative errors
are given in Table 2.

The selected inclusive sample of one prong decays
in the ring identification region of 9.0-20.0 GeV/c
contained 1815 tracks. The kaon content was obtained
by fitting the percentage of kaon candidates in the
sample. An unbinned Maximum Likelihood technique
was used. This method is sensitive to the kaon con-
tribution also in the kinematical region where there
was partial overlap with the band of Cherenkov angles
from lighter particles (see Fig. 2).

The likelihood function L per event was defined as
follows:

Table 2
Summary of relative systematic errors on the measured rates Ryeto
and Rpyg

Source Veto Ring
Background gg — K 0.03 001
Electron rejection 0.02 0.02
Efficiency 0.01 002
Parameterization - 005
Total 0.04 0.06

L= )" Re(p)S(p)F,

=e,u,m,K

where R is the particle fraction, €(p) the efficiency,
S(p) the momentum spectrum, and F the resolution
function for the u, 7 and K hypotheses and the re-
maining electrons. The likelihood function is normal-
ized to one. The resolution function F was parameter-
ized as a double Gaussian function with a mean value
corresponding to the expected value for the Cherenkov
angle @, for that hypothesis. The width of the Gaus-
sians was based on the expected error on .. The e,
w, 7 and K momentum spectra S(p) were extracted
from KORALZ [4] Monte Carlo including full detec-
tor simulation. The particle identification efficiency of
the RICH as a function of momentum e(p), was ob-
tained from a dedicated Monte Carlo simulation. The
fit had five free parameters: the kaon fraction Rg, the
central value of the two Gaussian distributions, their
amplitude ratio and two scaling terms for the width
of the Gaussians. The fitting program was extensively
tested on selected muon candidates and on simulated
data. The systematic error on the kaon branching ra-
tio due to uncertainties in the efficiency e(p) was 2%
(see Table 2).

The five parameter fit gave the following result for
the inclusive fraction of kaons in the momentum range
studied with ring identification:

Rrng = Rx = (1.59 £ 0.31)%,

where the error includes the statistical and the system-
atic uncertainties. The result of the fit was found to be
stable to variations of the momentum interval for the
fit. As a further check, a one parameter fit was per-
formed with the scaling parameters of the widths fixed
at the values obtained from high momentum (20.0-
30.0 GeV/c ) one prong 7 events. The result of this fit
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in the momentum region 9-20 GeV/c agreed within
2% with the result of the five parameter fit applied to
the same momentum region, which demonstrates that
the kaon fraction remained constant if the scaling pa-
rameters were determined in the high momentum re-
gion. As in the exclusive analysis, the largest system-
atic error was due to background photons which cre-
ate an asymmetry between the tails of the distribution.
This asymmetric resolution error on the quantity Rng
was obtained from detailed simulation and amounted
to less than 5%. In Table 2 it was included in a total
systematic error of 5% due to parameterization.

Using detector simulation as before, the measured
quantity Rnqe was related to the exclusive and non-
exclusive branching ratios:

Rung = b1 BR (7 — Kv; > 1 neutrals)
+ b, BR(7 — Kv,), (2)

with by = 1.26 £ 0.08 and b, = 0.84 £ 0.04, where
the uncertainties were due to the finite statistics of the
simulation.

The branching ratio BR (7 — Kv, > 1 neutrals)
was determined from Egs. (1) and (2) by a simultane-
ous fit to the measured quantities BR (7 — Kv;), Ryeto
and Ry, with proper account of their errors. The sta-
tistical errors on the coefficients ay, a;, by and b, were
taken into account in the fit. The quoted results assume
that the kaon spectrum for r — Kv, > 1 neutrals
is given by the decay mode 7 — K*~(892) ;. De-
cays proceeding through K*7, K*K and KK? lead to
a softer kaon spectrum. No attempt was made to apply
corrections for these decays. Their effect was propa-
gated as an error into the fit result, assuming they con-
tribute with a branching ratio of 0.21%, as obtained
from the estimate below. It leads, for instance, to a sys-
tematic error of less than 3% on the inclusive branch-
ing ratio. Taking into account that, due to different
selection criteria, 60% of the exclusive kaon sample
was in common with the inclusive sample, the result
of the fit was:

BR (7 — Kv, > 1 neutrals) = (0.69 + 0.25)%.

The statistical and systematic errors have been com-
bined. The correlation coefficient with the exclusive
branching ratio is —0.26. The result for the inclusive
measurement was:

Table 3
Relative systematic errors for the ratio of 7 decay rates into K* v
and p~ vy, with K*~ — K~ 7°

Source Error
M.C. statistics 007
Efficiency 002
Asymm resolution 010
7% reconstruction 0.05
Background K*~ + neutrals 0.10
Total 0.17

BR (7 — Ky, > 0 neutrals) = (1.54+0.24)%,

with a correlation coefficient with the exclusive
branching ratio of 0.22.

Subtracting from BR (7 — Ky, > 1 neutrals) the
contribution from K*~ (892) v, with a branching ratio
[5] of (1.43 40.17) %, the remaining fraction of de-
cay modes not proceeding through the K*~ v, mode
is BRyon k*», (7 — Kv, > 1 neutrals) = (0.21 +
0.26) %.

In addition, a measurement was made of the produc-
tion rate of charged kaons in the decay 7 — K*“ vy,
where K*~ — K~ #°. Kaon candidates were selected
in both the veto and ring identification regions up to
a momentum of 25 GeV/c. In the latter region kaons
were individually tagged, similarly to the procedure
described in Section 5 for the measurement of the
branching ratio 7 — Kw,, but with looser identifica-
tion criteria: the Cherenkov angle was required to be
within 2.5 times its error from the expected value for a
kaon and to differ by more than 2 times its error from
the value for a pion. The 7%’s were reconstructed ei-
ther using one photon with an energy above 5 GeV,
or using two photons both with an energy less than
10 GeV, having an invariant mass below 500 MeV/c?
and an energy greater than 2 GeV similarly to Ref.
[3]. No additional photon candidates were allowed in
that hemisphere. The resulting K~#° invariant mass
distribution is shown in Fig. 4 and exhibits a clear
peak at the expected K*~ mass position. The number
of signal events was fitted to be 15 £ 5 events. The
background is mainly due to pions that were misiden-
tified as kaons.

Similarly, charged pions were selected and com-
bined with a #° candidate to reconstruct p mesons.
A total of 484 + 36 p events was obtained. From
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these data the ratio BR (r — K*~»,) x BR(K*™ —
K~7°)/BR(7 — p~v,;) was determined. This ra-
tio is largely independent of the overall efficiencies
for particle tagging and #° reconstruction. The resid-
ual efficiency correction due to differences in K/
tagging and 7° momentum spectra was obtained by
Monte Carlo. A value of the ratio of 0.025 + 0.009
was obtained. Using the value of BR (7 — p7v;) =
(22.4 + 1.5)% measured by DELPHI [3], the re-
sult corresponds to BR (7 — K*~v;) x BR(K*™ —
K~ 7%) = (0.57+0.23)%.

Several sources of systematic errors were investi-
gated. The most important ones are summarized in
Table 3: Monte Carlo statistics, uncertainties in the ef-
ficiency of the kaon identification, asymmetry of the
resolution function and uncertainties in the energy and
efficiency for the #° reconstruction. There was also
a small contribution from background arising from
charged kaons plus neutrals giving invariant masses in
the K*~ mass range. No correction was made for the
contributions from K*7r and K*K decays. A system-
atic error of 10%, based on the measured branching
ratios [5], was assigned.
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7. Discussion and summary

Kaon production in single prong 7 decays was stud-
ied using the particle identification capabilities of the
DELPHI RICH detector. A data sample corresponding
to 392000 hadronic Z° events from 1992 was used.
The uncertainties were dominated by statistics. The
results are:

BR (7 — Kv,) = (0.85 + 0.18)%
BR (7 — Kv, > 0 neutrals) = (1.54 £ 0.24)%
BR (7 — Kv, > 1 neutrals) = (0.69 +0.25)%

The measurement of the branching ratio for in-
clusive kaon production in single prong 7 decays is
consistent with the Particle Data Group average [5]
of (1.68 £ 0.24)% and has a similar accuracy. The
present determination of the non-exclusive branching
ratio is more precise than the earlier measurement [7]
of 1.2792. The main contribution to this channel
comes from the decay 7 — K*“», > 0 neutrals. The
exclusive 7 decay into K*~ was studied in the chan-
nel K*~ — K~#°. The result BR(7r — K*"v,;) X
BR(K*~ — K~ #°) = (0.57 & 0.23) % was obtained.

The 7 — Kv, exclusive branching ratio has been
measured earlier by DELCO at PEP [8] and MARK2
at SPEAR [9] to be (0.67 £ 0.23)% [S]. The
present result substantially reduces the uncertainty. In
the Standard Model, the decays 7 — Kv; and K —
uv,, proceed by the same mechanism and the width
I'(7 — Kv,;) computed from the K decay involves
only kinematical factors. The result of this calculation
predicts a branching ratio of (0.73 £ 0.01)% where
the error reflects the experimental uncertainties on the
7 lifetime, the K lifetime, the branching ratio of the
decay K — pwv, and the radiative corrections [10].
The present result is in excellent agreement with the
theoretical prediction.

A similar study using a statistical identification of
kaons from their specific energy loss has been recently
published by the Aleph collaboration [11].

Acknowledgements

We are greatly indebted to our technical collabora-
tors and to the funding agencies for their support in
building and operating the DELPHI detector, and to



DELPHI Collaboration / Physics Letters B 334 (1994) 435449 449

the members of the CERN-SL Division for the excel- [6] T. Sjostrand, "PYTHIA 5.6 JETSET 7.3 Physics and
lent performance of the LEP collider. Manual”, preprint CERN-TH 6488/92 (1992)
[7] TPC Collab, H Aihara et al, Phys. Rev. D 35 (1987) 1553
[8] DELCO Collab, G B Mills et al , Phys. Rev Lett. 52 (1984)
1944.
{91 MARK2 Collab., C. Blocker et al, Phys Rev Lett 48
(1982) 1586.
[10] R Decker and M. Finkemeier, Umversity of Karlsruhe
preprint TTP94-5, 1994,

References

[1] DELPHI Collab, P Aarnio et al., Nucl Instr and Meth A
303 (1991) 233

[2] }3351Anassontzis et al, Nucl Instr. and Meth A 323 (1992) WJ Marciano and A Sirlm, Phys Rev. Lett. 71 (1993)
3629

[3] DELPHI Collab, P. Abreu et al., Z. Phys C 55 (1992) 555 [11] ALEPH Collab, D Buskuhc et al, CERN-PPE/94-58

{4] S. Jadach, BFL. Ward and Z Was, Comput Phys (1994)

Commun.66 (1991) 276.
[5] Review of Particle Properties, Phys Rev. Lett D 45 (1992).



