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1 INTRODUCTION

The production of strange particles in neutrino interactions is of interest for many
reasons. The decays of neutral strange particles such as K — n¥7~, A — pr~ and
A — prrt can be reliably identified in contrast to most other hadrons using the V°-
like signature of their decays. Therefore, they could provide a testing ground for
the quark-parton as well as hadronization models. It is noteworthy that all previous
investigations of strange particle production by neutrinos have come from bubble
chamber experiments [3-22]. No other technique has so far yielded results on this
subject. However, previous bubble chamber experiments with (anti)neutrino beams
suffered from low statistics of their V° samples.

The NOMAD experiment [23] collected a large number of neutrino interactions with
a reconstruction quality similar to bubble chamber experiments. The order of mag-
nitude increase in statistics can be used to improve our knowledge of strange particle
production in neutrino interactions. In this paper we present our measurements of
the integral and differential production rates of neutral strange particles (K%’s, A’s
and A’s), as well as the yields of K**, ¥** =~ %0 These results are compared to
the predictions of the default NOMAD Monte Carlo simulation program.

The results of the present analysis could be used:

(i) to tune the parameters of the Monte Carlo (MC) simulation program in order to
reproduce correctly the production of strange particles in neutrino interactions;

(ii) to take into account the contribution from strange resonances and heavy hy-
perons decaying into A and A for a quantitative theoretical interpretation of
the A and A polarization measurements in v, CC DIS reported in our previous
articles [1,2].

2 EXPERIMENTAL PROCEDURE
2.1 The NOMAD ezperiment

The main goal of the NOMAD experiment [23] was the search for v, — v, oscillations
in a wide-band neutrino beam from the CERN SPS. The main characteristics of
the beam are given in Table 1. This search uses kinematic criteria to identify v,
charged current (CC) interactions [24] and requires a very good quality of event
reconstruction similar to that of bubble chamber experiments. This has indeed been
achieved by the NOMAD detector, and, moreover, the large data sample collected
during four years of data taking (1995-1998) allows for a detailed study of neutrino
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interactions. A full data sample from the NOMAD experiment is used in the present
analysis. The data are compared to the results of a Monte Carlo simulation based
on LEPTO 6.1 [25] and JETSET 7.4 [26] generators for neutrino interactions and
on a GEANT [27] based program for the detector response. To define the parton
content of the nucleon for the cross-section calculation we have used the GRV-HO
parametrization [28] of the parton density functions available in PDFLIB [29]. For
the analysis reported below we used a MC sample consisting of 2.3 millions events
that passed our selection criteria. This is about a factor of 3 more statistics than in
the data sample.

Table 1
The CERN SPS neutrino beam composition (as predicted by the beam simulation pro-
gram [30]).

Neutrino Flux CC interactions in NOMAD

flavours | < E, > [GeV] | rel.abund. | < B, > [GeV] | rel.abund.
v 24.0 1 45.5 1
7, 17.0 0.0700 40.9 0.0245
v, 36.4 0.0102 57.4 0.0153
2, 28.1 0.0026 50.5 0.0015

2.2 The NOMAD detector

For a study of strange particle production the tracking capabilities of a detector
are of paramount importance. The NOMAD detector (see Fig. 1) is especially well
suited to this aim. It consists of an active target of 44 drift chambers, with a total
fiducial mass of 2.7 tons, located in a 0.4 Tesla dipole magnetic field. The drift
chambers (DC) [31], made of low Z material (mainly Carbon) serve the double role
of a (nearly isoscalar) target for neutrino interactions and of the tracking medium.
The average density of the drift chamber volume is 0.1 g/cm® very close to that
of liquid hydrogen. These drift chambers provide an overall efficiency for charged
track reconstruction of better than 95% and a momentum resolution which can be

parametrized as
o, -0.05 0.008-p

p VIOV
where the track lenght L is in meters and the track momentum p is in GeV/c.
This amounts to approximately 3.5% in the momentum range of interest (less than
10 GeV/c). Reconstructed tracks are used to determine the event topology (the
assignment of tracks to vertices), to reconstruct the vertex position and the track
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Fig. 1. A sideview of the NOMAD detector.

parameters at each vertex and, finally, to identify the vertex type (primary, sec-
ondary, V°, etc.). A lead-glass electromagnetic calorimeter [32] located downstream
of the tracking region provides an energy resolution of 3.2%/+/E[GeV]®1% for elec-
tromagnetic showers and is essential to measure the total energy flow in neutrino
interactions. In addition, an iron absorber and a set of muon chambers located after
the electromagnetic calorimeter are used for muon identification, providing a muon
detection efficiency of 97% for momenta greater than 5 GeV/c.

The large statistics of the data combined with the good quality of event reconstruction
in the NOMAD detector allows to perform a detailed study of strange particle
production in neutrino interactions.

2.3 Event selection and V° identification procedure

The NOMAD experiment has collected 1.3 x 10° v, CC events and has observed
an unprecedented number of neutral strange particle decays. Such a decay appears
in the detector as a V-like vertex: two tracks of opposite charge emerging from a
common vertex separated from the primary neutrino interaction vertex (see Fig. 2).
The V°-like signature is expected also for photon conversions.

The selection procedure for the v, CC event sample used in this analysis has been
described in [1].



T T

Fig. 2. A reconstructed data event containing 8 V° vertices identified as KO decays by our

identification procedure. The scale on this plot is given by the size of the vertex bozes (3 x 3
2

em*).

Since the NOMAD detector is unable to distinguish (anti)protons from pions in the
momentum range relevant to this analysis, our V° identification procedure relies on
the kinematic properties of a V° decay.

For the V0 identification a kinematic fit method has been used as described in [1,33].
This fit has been performed for three decay hypotheses: K¢ — nt7n=, A — pr~,
A — prt and for the hypothesis of a photon conversion v — ete~. The output of
the kinematic fits applied to a given V° vertex consists of four x%,. The different
regions in the four-dimensional x%, space populated by particles identified as K2, A
and A have been selected. Identified V%’s are of two types:

— uniquely identified Vs, which, in the four-dimensional x%, space described above,
populate regions corresponding to the decay of different particles;

— ambiguously identified V°’s, which populate overlapping kinematic regions in
which the decays of different particles are present.

The treatment of ambiguities aims at selecting a given V° decay with the highest ef-
ficiency and the lowest background contamination from other V° types. An optimum
compromise between high statistics of the identified 1° sample and well understood
background contamination is the aim of our identification strategy which consists of
two steps:

1) we select a subsample of uniquely identified V%’s with high purity (98% for K{’s,
97% for A’s, 90% for A’s).

2) then we add a subsample of ambiguously identified V*’s amounting to at most
10% of the total final sample resolving the ambiguities between A/K? and A/K?
in favour of maximal efficiency and maximal purity of each V° category.
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Table 2

Efficiency and purity for each selected VO category. Numbers of identified neutral strange
particles in the data are also shown in the last column.

VOl e (%) P (%) | Data
KO [22.14£0.1|97.240.1 | 15074
A |16.44+0.1|959+0.1| 8087

A | 18.6+0.5(89.7+£0.7| 649
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Fig. 3. Top plots: Invariant mass distributions for identified KQ’s (left), A’s (center) and
A’s (right) in v, CC DIS events. Bottom plots: the corresponding efficiency corrected ct
distributions for KO’ (left), A’s (center) and A’s (right).

The MC simulation program has been used to study the purity of the K2, A and A
samples obtained by our selection criteria in v, CC interactions. The corresponding
results are reported in Table 2 which also gives the number of neutral strange parti-
cles selected in the data by our identification procedure. The total V° sample in our
data contains 15074 identified K?, 8087 identified A and 649 identified A decays, rep-
resenting significantly larger numbers than in previous (anti)neutrino experiments
performed with bubble chambers [3-22]. Fig. 3 shows the invariant mass and cr
distributions for identified K0’s, A’s and A’s. Measured invariant mass and the life
time of identified neutral strange particles are in agreement with [34].

In what follows we will present always efficiency corrected distributions.
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3 YIELDS OF NEUTRAL STRANGE PARTICLES

We have studied first the production rates of the neutral strange particles (K2, A,
A) in v, CC interactions. The particles can be produced both at the primary vertex
and from the secondary interactions of primary produced particles with the detector
material. Neutral strange particles produced via resonance or heavier hyperon decays
are classified as primary V%’s. We applied a MC correction to the yields of neutral

strange particles in the data to extract the yields at the primary vertex.

3.1 Integral yields of neutral strange particles

The measured yield per v, CC interaction for each V° type is defined as:

Nv()

Tyo =€ (1)

b
Ny,cc

where Ny o is the number of reconstructed and identified V°’s in the number Ny.cc
of reconstructed v, CC events and ¢ - is a correction factor calculated as:

¢ = Pyro X €y,c0
 eyo X Br(V® — hthm)’

where €,,cc = (85.30 £ 0.02)% is the reconstruction and identification efficiency
of v, CC events in the fiducial volume, and €po is the global VO efficiency which
takes into account a contribution from a fraction of particles produced in the fiducial
volume, but decaying outside of it. Py is the purity of the final V° sample, and
Br(V® — h*h™) is the branching ratio for a given V° type decaying into a pair of
charged hadrons.

Table 3

Integral yields of primary VO’s in v, CC interactions in both real data and default MC
simulation.

VO type | TOA™ (%) | TG (%) | Ty /TOA™
K¢ |6.7640.06 | 9.50 4 0.02 | 1.40 £ 0.01
A 5.04 +0.06 | 8.10 £0.02 | 1.61 +0.02
A 0.37 4+ 0.02 | 0.60 4 0.01 | 1.6240.03

Table 3 shows the overall inclusive production rates for K¢, A and A in v, CC
interactions compared to the MC predictions. As one can easily notice the production
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rates in the default MC simulation program is by a factor of 1.4 <+ 1.6 higher than
in real data. This could be explained in part by the choice of LEPTO [25] and
JETSET [26] parameters in the NOMAD event generator. We have to emphasize
that the so-called s5 suppression factor (PARJ(2) parameter in JETSET) - defined
as the ratio of the probability 75 of producing an s3 pair to the probability 7, (y4) of
producing u@ (dd) pair in the fragmentation chain - was set to its default value of 0.3
in the official NOMAD MC production. However, this parameter was measured to be
about 0.2 in previous bubble chamber experiments: for example, the values obtained
by BEBC [35] in a neutrino beam similar to ours are 0.200+0.022(stat) +0.010(sys)
for 7p and 0.207£0.018(stat) £0.020(sys) for vp interactions. Moreover, later results
from OPAL (0.245) [36], DELPHI (0.23) [37], E665 (0.2) [38], ZEUS [39] and H1 [40]
collaborations support the value closer to 0.2 for this parameter.

Table 4
Numbers of v, CC events with a specified combination of observed neutral strange particle

decays for both MC and data. X indicates any hadronic system not containing observed
K?, A or A.

Number of observed events
Channel | MC Data MC/DATA
AX 11686 7778 1.50 £ 0.02
KX 18971 14228 1.33 £ 0.01
AX 831 594 1.40 £ 0.07
KOKOX | 485 284 17401
AKX 617 247 2.5+0.2
AAX 98 40 254+04
KAX 24 15 1.6 £0.5
AAX 19 10 1.9+£0.7
AKIKYX | 7 2 3.4+26
KOKOKOX | 2 4 0.6+ 0.4

A new version of the NOMAD event generator has been tuned to better reproduce
the fragmentation process and contains PARJ(2)=0.21. However, the problem of
the wrong description of neutral strange particle production in our MC is more
complicated. As a confirmation in Table 4 we give the observed numbers of v, CC
events for 10 specific multi-V° channels in the data compared to the MC predictions.
The number of MC events in Table 4 is renormalized to the same number of v, CC
events as in the data. From this comparison one can conclude that it is not possible
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to rescale just a single parameter (the s§ suppression factor) in order to describe
the neutral strange particle production observed in the data. The discrepancy is
rather due to a combination of several parameters which describe the probabilities
that s(3)-quark appears as a meson/baryon(antibaryon), the probabilities that a
strange meson/baryon (antibaryon) will appear electrically neutral, etc. A tuning of
the JETSET parameters to reproduce the yields of neutral strange particles observed
in the NOMAD data is a subject of an independent analysis currently in progress.

The integral yields reported in Table 3 could be compared to previous measurements
summarized in Table 5. The K rates from Table 3 have been transformed into
K%= K° + K°) rates multiplying by a factor of 2.

Let us note the discrepancies between the integral yields reported by previous exper-
iments. These discrepancies could be either due to some additional kinematical cuts
which are left out of tables summarizing VO rates from different experiments (cuts
on the muon momentum, hadronic energy, W2, etc.) or due to a contribution from
non-prompt production of neutral strange particles (V°’s originating from secondary
interactions). Unlike most other experiments our data sample has no explicit cuts
on kinematic variables. For the purspose of the comparison with the rates reported
by previous experiments we have also recalculated the integral overall yields taking
into account contributions from both primary and secondary V%’s. These results are
given in Table 3 and denoted by a star (x). Our overall yields are consistent with the
results of the v-Ne experiment [18] performed in a similar neutrino beam. However,
our primary yields of K’s and A’s are 30+-35% lower and ~20% lower for A’s.

In the next section we present differential production rates of neutral strange parti-
cles as functions of relevant kinematic variables.

3.2 Differential production rates of neutral strange particles

To investigate neutral strange particle production mechanisms we have measured
the average K, A and A multiplicities as functions of the neutrino energy E,, the
invariant square of the hadronic system’s effective mass W2, the invariant square of
the four-momentum transfer from the neutrino to the muon @2, and the Bjorken
scaling variable zg;.

The differential production rates for K’s, A’s and A’s are shown in Fig. 4. The
differential A production rate shows a behaviour which is almost independent of E,,,
W2, Q? after a sharp initial rise. It drops at large values of zg;. On the contrary,
the production of K? rises steadily with E, and W2, it reaches a plateau at large
@? and falls with increasing zg;. Similar observations have been made by previous
experiments, but with larger statistical uncertainties. The differential A production
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Table 5

Inclusive production rates of neutral strange particles in v, N CC interactions measured
in this analysis and in previous bubble chamber ezperiments. Nk, Ny and Ny are the
observed numbers of KO’s, A’s and A’s, respectively, while the rates are fully corrected (the
errors on the rates are taken from the original publications). K° stands for K° + K°.

Reaction | < E, > NKg KO rate NA= A rate Ni A rate
[Ref] (GeV) (%) (%) (%)

NOMAD 46 15075 13.52 £ 0.12 8087 5.04 4+ 0.06 649 0.37 £ 0.02
NOMAD* 18.22 +0.16 6.66 £+ 0.08 0.45 £+ 0.02
v - Ne [18] 46 2279 16,8+ 1.2 | 1843 | 6.5+0.5 93 | 0.46 + 0.08
v-pl2]] 51 831 19.0+ 0.9 491 5.2+0.3 27 | 0.34 +0.07
v - Ne [22] 150 502 40.8 + 4.8 285 | 12714 | 27 1.6%+0.5
v-p[l12] 43 359 17.56 £ 0.9 180 4.5+0.4 13 0.3+0.1
v-Ne[13]| 103 | 203 | 23.0+17 | 98 | 57+07

v -n [14] 62 234 20.8+1.6 157 71+0.7

v-p [14] 62 154 177+ 1.6 77 43+£0.6

v-n[i6] | 62 205+ 1.1 6.6+0.7

v -p[16] 62 174412 4.4+£0.5

v-pli1] ~45 23 1544

v - p [15] ~50 70408

v-n15] | ~50 7012

rates are measured for the first time in a neutrino experiment. In general they show
a behaviour similar to the K? one. However, as expected, clear W? and E,, thresholds
are present in the A production.

The ratios of differential production rates for K¢/A and A/A are presented in Fig. 5.

3.8  Comparison with LUND model predictions

The measured differential distributions of events containing identified K2, A, A par-
ticles in data are compared to the corresponding MC distributions in Figs. 6, 7,
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4 PRODUCTION PROPERTIES

We have also performed a detailed analysis of kinematic quantities describing the
behaviour of neutral strange particles (K¢, A and A) inside the hadronic jet. This
study allows an investigation of the dynamics of fragmentation. The differences in
the production properties of K9’s, A’s and A’s are seen most clearly here. The follow-
ing distributions could be of interest: zr = 2p} /W (Feynman-z is the longitudinal
momentum fraction in the hadronic center of mass system), the transverse momen-
tum squared, p%, of a particle with respect to the current (hadronic jet) direction,
the fraction z = Ejq(V°)/Eias(all hadrons) of the total hadronic energy carried away
by the neutral strange particle in the laboratory system.

There are different mechanisms responsible for K%, A and A production in vN CC
DIS process which are expected to give different zr and z distributions of these
particles.

- zp distribution of K mesons produced promptly in W*d — u process that re-
quires at least two quark-antiquark pairs to be created (dd and s3) is expected
to be central. A contribution from heavier strange particle decays (mainly from
K**) produced from the struck u quark fragmentation can result in a forward
zp distribution of K? mesons. Also K? mesons from a fragmentation of the struck
(anti)quark in W+d — ¢ — s and W+a — d processes are expected to be pro-
duced in the forward zp region and to carry a larger fraction of the jet energy.

— A hyperons can be produced from the fragmentation of the nucleon di-quark rem-
nant promptly and via decays of heavier strange baryons at zr < 0. A hyperons
can be produced also at zz > 0 from the u quark fragmentation.

— A production of A hyperons in the neutrino scattering on a valence quark requires
three quark-antiquark pairs to be created (u, dd and s5) that is expected to give
a central z distribution. There could also be a contribution from the struck sea
antiquark fragmentation into A hyperon (in the W*a@ — d — A process) which
can produce these baryons in the forward zp region.

4.1 xp distributions

The efficiency corrected zy distributions observed in real data for neutral strange
particles are shown in Fig. 9. The ¢y distributions indicate that A’s are produced
mainly in the target fragmentation region, while K{’s are peaked in the central region
with an asymmetry in the forward direction as expected for particles produced in the
current fragmentation region. A’s are produced in the central zr region (|zr| < 0.5).
One way to quantify differences in the zp distributions is to define an asymmetry
parameter A = (Ngp — Np)/(Nr + Np), where Np and Np are the numbers of
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Fig. 9. Efficiency corrected zp distributions for KO (left), A (centre) and A (right).

particles going forward and backward, respectively, in the hadronic center of mass.
The asymmetry parameters A and mean values of zy in both data and MC can be
found in Table 6.

Table 6
Asymmetry parameters A and mean values of xp distributions for KO, A, A in both MC

and _data.
Vo MC DATA
(zr) A (zr) A
K? | 0.055 =+ 0.001 0.152 4 0.002 0.064 £ 0.001 0.256 4 0.004
A | —0.296 +0.001 | —0.649 + 0.002 | —0.295 £ 0.002 | —0.589 =+ 0.004
A | 0.006 £ 0.002 —0.03 £0.01 0.04 £ 0.004 0.18 £0.02

4.2z distributions

Efficiency corrected z distributions for K? (left), A (centre) and A (right) are shown
in Fig. 10. A turn-over at small values of z can be seen for A hyperons, while for
K? and A this effect is less evident. The effect of turn-over at small values of z for
K? and A was observed in some of the previous neutrino experiments [9,12,14,19)
and was not observed in others [11,13]. It is important to note that uncorrected z
distributions show such a turn-over for all V%’s in our experiment as well due to less
efficient reconstruction of particles at small momenta.

Below we separately study z distributions of neutral strange particles produced at
zp <0 (see § 4.2.1) and at zr > 0 (see § 4.2.2).
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Fig. 10. Efficiency corrected z distributions for K (left), A (centre) and A (right).

Table 7
Mean values of z distributions for KO, A, A measured for the full sample and for zp <0
and xp > 0 selections in both MC and data.

Vo full sample zr <0 xp >0
K? MC | 0.218 +£0.001 | 0.092 £ 0.001 | 0.312 £ 0.001
DATA | 0.226 £ 0.001 | 0.105 £ 0.001 | 0.299 =+ 0.001
A MC | 0.227 +£0.001 | 0.179 £ 0.001 | 0.462 £ 0.003
DATA | 0.250 £ 0.002 | 0.206 £ 0.001 | 0.434 &+ 0.005
i MC | 0.215+0.003 | 0.139 £ 0.002 | 0.296 =+ 0.004
DATA | 0.242 £+ 0.005 | 0.147 £ 0.005 | 0.308 % 0.008

4.2.1 z distributions in the target fragmentation region

The efficiency corrected z distributions of K%, A and A measured in the target
fragmentation region are shown in Fig. 11. One can see that the z distribution of
K? mesons has a maximum at z — 0 and decreases faster at larger z (compared
with Fig. 10) and that the K? mesons produced in the target fragmentation region
carry in general a small fraction of the hadronic jet energy. A hyperons are believed
to be produced mostly from the remnant di-quark fragmentation and the shape of
z distribution is similar to that displayed in Fig. 10. The turn-over in z distribution
is observed for A hyperons produced in the target fragmentation region.

4.2.2  z distributions in the current fragmentation region

The efficiency corrected z distributions of K, A and A measured in the current
fragmentation region are shown in Fig. 12. This kinematical region is interesting
because of the u or d (anti)quark fragmentation into A or A hyperons. All three
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Fig. 11. Efficiency corrected z distributions for xp < 0 for KO (left), A (centre) and A
(right).

z distributions show similar behaviour but with different mean values of z. The z
distribution of A hyperons at zr > 0 is drastically different from that in the target
fragmentation region. This is an evidence for the struck u quark fragmentation into
A hyperon. In fact, z distribution of A in the current fragmentation region is a
measure of the D2 (z) fragmentation function with a unitary normalization. The z
distribution of A hyperons is sensitive to the Dé:‘(z) fragmentation function with a
possible contribution from the D2(2) process. One can see that it is slightly harder
than the one in the target fragmentation region.
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Fig. 12. Efficiency corrected z distributions for g > 0 for KO (left), A (centre) and A
(right).

4.3 p3 distributions
The efficiency corrected p2 distributions of K2, A and A in the data are shown in
Fig. 13.

The p2 distributions of neutral strange particles show an exponential behaviour of
the form a - exp(—B - p%) in the region 0 < p}(GeV?/c*) < 0.5. We measured the

18



Arbitrary units

L s L L s
02 04 06 08 1

i
12

p_lGe e

Arbitrary units

T T T D TR
02 04 06 08 1 12 14
p:, Ge‘/"/cz

Arbitrary units

++Jr+

L L L ' L L N
02 04 06 08 1 12 ]

pﬁGe '1e*

Fig. 13. Efficiency corrected p% distributions for KO (left), A (centre) and A (right).

slope parameter for each V0 category separately in kinematic regions with no cut
on zp, and for zr < 0 and 2 > 0 selections. The slope parameter B after the fit
for K2, A, A in both MC and data can be found in Table 8. The values of the slope
parameter found in different 25 regions are consistent with each other, except for A
hyperons.

Table 8

The slope parameter B(GeV/c)™2 of p2 distribution for KO, A, A measured separately for
the full sample and for zr < 0 and g > 0 selections in both MC and data.

& MC DATA

full sample zp <0 zp >0 full sample zp <0 zp >0
Kg 5.72+0.03 | 5.61 £0.04 | 5.79 £0.03 | 5.21 £ 0.10 | 5.40 £ 0.21 | 5.15 £ 0.11
A | 4.35+0.03 | 4.30 +0.03 | 4.58 £0.06 | 4.12 +0.13 | 4.18 £ 0.15 | 4.07 = 0.27
A |3.8940.10 | 4.10+0.13 | 3.70 £0.14 | 4.42 +£0.47 | 6.59 &+ 0.74 | 3.30 & 0.64
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5 STRANGE RESONANCES AND HEAVIER HYPERONS

A study of the production of resonances and heavy hyperons?® is of great importance

for both tuning of the LUND model predictions in the MC simulation program
and for the theoretical interpretation of the A and A polarization measurements
reported in our previous articles [1,2]. It is essential because A’s originating from
the decays ©* — Aw, £° — Ay and £ — A7 have the polarization inherited from
the polarization of the parent particles and this polarization is different from the
one of the directly produced A’s. Information about (£°, Z) (%"’), (=*, 2% (-g—+),
and K* (17) yields can be obtained via an analysis of their decays into channels
with identified neutral strange particles [33,41].

Previous bubble chamber experiments with (anti)neutrino beams suffered from a
lack of statistics. For example, BEBC [21] reported the observation of 149 + 29 of
K**, 42+ 19 of K*~, 134 £ 19 of ¥** and < 10 of ¥*~ in v,p CC interactions,
while Fermilab 15-ft bubble chamber [18] found 94 4 25 of £° and 4 =~ in v,Ne CC
events.

5.1 A procedure for the signal extraction

Our aim was to extract a fraction of neutral strange particles which are decay prod-
ucts of resonances and heavier hyperons from the corresponding invariant mass
(M,es) distributions. To construct the M,e, distribution we combine the neutral
strange particle with all possible charged tracks (of appropriate sign) emerging from
the primary vertex except for those identified as muons or electrons. We have also
studied the (A ) combinations, where photons are identified as conversions in the
detector fiducial volume via our V? identification procedure. The resulting distri-
butions are fitted by a theoretical function describing both the combinatorial back-
ground and the resonance signal.

The combinatorial background (BG) can be approximated by any function of the
form:

BG = Pn(Mres - Mthreshold) . Tail(Mres)) (2)
where P,(M,es — Mipreshoa) is & polynomial of the order n vanishing at M, =
Minreshotd (Mihreshotd is the mass threshold, e.g. Mireshoid = Myo+m,), and Tail(Mres)

is any function vanishing at M,.s — oo faster than P, increases.

1 Tn this section notation A applies to both A and A under the assumption that particles
are replaced by existing antiparticles.
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We have chosen the following BG parametrization:
BG = a, A% e (004 (3)
where A = Mres - Mthreshold-

For a resonance signal the Breit-Wigner (BW) function [42] is used:

Lo % (4)
(MZ, — Mg)? + M3T§ g0’

res

BW(Mres) =

where My, T'g, qo are the resonance mass, width, and the momentum of the decay
product in the resonance rest frame.

Finally, the invariant mass distributions are fitted with:

% = (1+ asBW (M,.,)) BG(A), ()

for all combinations except (A 7~), where two peaks due to ¥*~ — A7~ and 2~ —
A7~ decays are expected. This invariant mass distribution is fitted with

dN
% = (1 -+ a5BW);*—(Mres) + asBWE— (Mres))BG(A), (6)

where for the width T'y in the Breit-Wigner function corresponding to the =~ decay
a reconstructed resolution on the invariant mass is used.

In the above formulae a; to ag are free parameters of the fit.

5.1.1 Getting the number of signal events with the error

After the fit one can estimate the number of resonance signal events as:

Ns=1/h~/m

mi

2
asBW(m)BG(m - Mthreshold)dm> (7)

where h is the bin-width and my,ms are the (left,right) bounds of the fitted his-
togram.

Since this procedure is not a direct measurement of the signal, the errors Aa; on the
parameters a; are translated into the error on Ny as (neglecting possible correlations):
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=3 (g [7 ) ©

i m dm

where %X is the fitting function in Eq. 5 or Eq. 6 which depends on the vector of

dm
parameters a = (ay, ..., ag).

5.1.2 Another approach to the signal extraction

A different method to extract the number of signal events with the error which
takes into account possible correlations with the other free parameters has been
used. Namely, we have fitted the invariant mass distributions by:

dN
S = BG'(&) + G;BW'(M,..) )

where the Breit-Wigner function BW’(M,s) has been normalized to the unit area.

Similarly,

N
Z—m = BG'(A) + &sBWh— (Myes) + dy BWL (M) (10)

In such a case using the HESSE and MINOS procedures of MINUIT [43], the pa-
rameter af(ag) gives the number of signal events with the corresponding error which
takes into account possible correlations between different parameters.

The results obtained using these two approaches were found to be similar. In what
follows we present our results using the second method.

The yields of resonances and heavy hyperons have been studied in different kinematic
regions and for neutrino interactions on different target nucleons.

5.1.8 The type of target nucleon

In NOMAD it is possible to separate neutrino interactions on neutron and proton
imposing a cut on the sum of charges (Q4) of all the outgoing tracks at the primary
neutrino interaction vertex.

We select vp events requiring Qi > 1. According to the MC simulation, the corre-
sponding sample of proton-like events contains about 76% of true vp interactions.

22



The vn events are selected by the requirement Q;,; < 0. The purity of the corre-
sponding neutron-like sample is about 85%.

5.1.4 Fragmentation region

Since different production mechanisms of hadrons are expected in the target and in
the current fragmentation regions it is important to study separately the yields of
resonances and heavy hyperons at zr < 0 and zr > 0. Also such a study is necessary
for a correct theoretical interpretation of A(A) polarization measurements reported
in our previous papers [1,2].

5.2 Studied resonances and heavier hyperons

In what follows we present the number of resonance and heavier hyperon decays
found in the data. We give also the MC prediction, denoted as MC(pred.), for the
number of studied heavy strange particles and the same quantity extracted from the
MC sample using our procedure, denoted as MC(meas.), both of them normalized
to the same number of v, CC events as in the data.

The following resonances and heavier hyperons have been studied in the present
analysis.

5.2.1 K**

The fitted (K? 7%) invariant mass distributions are shown in Fig. 14 for both Monte
Carlo and data samples. A detailed information on the number of extracted K**
events and the K**/K? ratio is given in Tables 9 and 10. For the K** mass and
width we have used 891.66 MeV and 50.8 MeV. The go value is 291 MeV [34].

It is interesting to note a more abundant K** production in v,N DIS compared
to K*~ one. This can be explained by the fact that the struck quark u could be
fragmenting directly into a K**, while both @ and s quarks needed to produce a
K*~ meson have to be created in the fragmentation process.

One can see that there is an important difference between K** yields in the default
MC simulation and the NOMAD data (up to a factor of 2).

23



2500 - 700

600
2000 -

500

1500 - 400

--------- 300

1000

200

500 -
100

0 L ! L — L
06 07 08 09 1 11 12 13 14 15

M(K’x*) (GeV/c?)

0

1200

1000

800 -

600 -

400 -

200 -

M(K’r) (GeV/c?)

L L !
06 07 08 09

1i1 1:2 1:3 114 1.5
M(K’r?) (GeV/c)

0 L 1 1 L L 0 I I !
06 07 08 09 1 11 12 13 14 15 06 07 08 09

111 112 1{3 114 1.5
M(K’r) (GeV/c®)

Fig. 14. K07+ (top) and K07~ (bottom) invariant mass distributions for both MC (left)
and data (right). The MC plots show the expected signal peaks.

5.2.2

The fitted invariant mass distributions for (A 7%) combinations in both Monte Carlo
and data samples are shown in Fig. 15. A detailed summary of the number of
extracted £** events and the £**/A ratio is given in Tables 11 and 12. For the
¥** mass and width we have taken the values from [34]: m(Z**)=1382.8 MeV,
[(2**)=35.8 MeV, m(2*7)=1387.2 MeV, TI'(X*7)=39.4 MeV. The ¢y value is 208

MeV.

A striking difference between Y** yields in the default MC simulation and the
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Table 9
K* — K07t summary

N(K*) full sample | K? fragmentation region | type of target nucleon
T <0 zp >0 vp vn
DATA 2036 +£121 | 315+£56 | 1731+108 | 1006 + 87 | 1032 4 84
MC(meas:) | 53734104 | 726 £47 | 4744+93 | 1963 £67 | 3516 =80
MC(pred.) 5953 886 5067 2206 3748
N(K**)/N(KJ)
DATA (%) 13.5+08 | 9.7+1.7 | 146+0.9 |15.7£1.4|11.9+1.0
MC (%) 27.34+0.5 [1454+09| 31.6+0.6 |29.0+1.0]26.5+0.6
Table 10
K*~ — Ko7~ summary
N(K*7) full sample | K? fragmentation region | type of target nucleon
Tp <0 zp >0 vp vn
DATA 1146 £89 | 288 +£44 865 £ 78 377T+52 | 77573
MC(meas.) 2304+74 | 639+£38 | 1664+63 | 729+39 | 1576 £ 63
MC(pred.) 2467 723 1743 734 1733
N(K*7)/N(KQ)
DATA (%) 76+06 | 89+1.3 7.3+£0.7 59+0.8 | 89+0.8
MC (%) 11.5+04 | 12.7+08 | 11.1+04 |10.8+£0.6|11.9+0.5

NOMAD data (a factor of about 3 or even larger) is observed.

The bottom plots in Fig. 15 show evidence for the =~ — A7n~ decays. A detailed
summary of the number of extracted E~ events and the Z~/A ratio is given in
Table 13. For the =~ mass we have used 1321.32 MeV [34], for the width the exper-
imental resolution of 10 MeV has been taken. The gy value is 139 MeV.
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Fig. 15. Art (top) and An~ (bottom) invariant mass distributions for both MC (left) and
data (right). The MC plots show the exzpected signal peaks.

5.2.4 X0

Fig. 16 shows the fitted invariant mass distributions for (A 7) combinations in both
Monte Carlo and data samples. The corresponding photons have been reconstructed
as conversions in the DC fiducial volume and identified by our V? identification pro-
cedure. To illustrate the quality of the photon reconstruction we show also the (y7)
invariant mass distributions for both MC and data with a clear peak corresponding
to the 7° signal (see Fig. 17).

A summary of the number of extracted £° events and the £°/A ratio is given in
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Table 11
ot 5 Art summary

N(Z*t) full sample | A fragmentation region | type of target nucleon
zp <0 zrp >0 vp vn

DATA 416 +80 | 358 £65 63 + 47 297 £61 | 120+ 51

MC(meas.) 2070 £ 68 | 1427 £ 57 | 649+ 37 | 1321449 | 754 £ 46
MC(pred.) 1783 1254 529 1150 634

N(E=)/NA)
DATA (%) 524+1.0 | 64+12 | 25+19 | 86+18 | 26£1.1
MC (%) 170+06 | 159+06| 206+1.2 |326+1.2| 9.3+£0.6

Table 12
¥*7 — An~ summary
N(=Z*7) full sample | A fragmentation region | type of target nucleon
zrp <0 zp >0 vp vn
DATA 206 £63 | 121 +£51 93 +£ 37 10035 | 111452
MC(meas.) 551 £48 | 410+ 42 145 + 25 18 £22 528 £+ 43
MC(pred.) 489 362 126 33 456

N(=*7)/N(A)

DATA (%) 2608 |22£09| 3.7+15 [29+10]| 24+1.1
MC (%) 45+04 |46+05| 46+08 [04=£05| 65£05

Table 14. For the ©° mass we have taken the value from [34]: m(X°)=1192.6 MeV,
while for the width the experimental resolution of 9 MeV has been used. The g
value is 74 MeV.

The ©° peak has been fitted by a Gaussian function.

5.8 Yields of strange resonances and heavy hyperons

We compute integral yields of strange resonances and heavy hyperons produced in
v, CC using information on the ratios resonance/V° and V? yields in v, CC MC
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Table 13
27 = An~ summary

N(E7) full sample | A fragmentation region | type of target nucleon
zrp <0 zp >0 vp vn
DATA 42 + 30 21+ 24 18+ 17 54 + 18 —-11+24
MC(meas.) 43 +18 33+£15 13+9 9+£38 36 4+ 16
MC(pred.) 60 47 15 14 47

N(=T)/NA)
DATA (%) | 05+£04 |04£04| 07£07 |[1.6+05| —02+£05
MC (%) | 04£02 |04£02| 04£03 |[02£02| 04£0.2
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01.1 1.115 122 1.I25 113 1.55 114 1.:15 1.5
M(A"Y) (GeV/S) M(A") (GeV/c)

Fig. 16. Ay invariant mass distributions for both MC (left) and data (right). The MC plot
shows the expected signal peak and reflections from Z0 — An® and %0 — A7® decays.

events as follows:
(N:zze) _ (N:::’) , (N:zze) / (N:::) a1
Ntrue Nrec Ntrue Tec
VO / data V) data V0 / mc V°/ mc

The corresponding results are given in Table 15.
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Fig. 17. vy invariant mass distributions for MC (left) and data (right). Both photons have
been reconstructed as conversions in the DC fiducial volume and identified by our VO iden-
tification procedure. A clear peak corresponding to 7° signal is visible in both distributions.
The parameters Ps and P; show the mass and the width of the Gaussian function after

the fit.
Table 14
0 - Ay summar
N(Z9) full sample | A fragmentation region | type of target nucleon
zp <0 zp >0 vp vn
DATA 29+ 10 17+9 167 16+7 13+£7
MC(meas.) 82+ 12 50+9 37+ 8 19+ 7 61410
MC(pred.) 80 57 22 22 57
N(=°)/N(A)
DATA (%) 0.4+0.1 [0.3+0.2 0.7+0.3 0.5+0.2| 03£0.2
MC (%) 0.7+0.1 [0.6+0.1 1.2+0.3 0.5+0.2| 0840.1

5.4  Discussion

The results of our study confirm discrepancies reported earlier [14] in the description
of the strange resonances and heavy hyperons production in neutrino interactions by
the LUND model with default parameters [25,26]. These results could be potentially
used to tune the MC parameters responsible for the fragmentation into strange
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Table 15
Corrected yields of strange resonances and heavy hyperons in the data (in %).

yields Kt K*~ Tt T 50
Nyes/Nyo | 155409 | 87407 | 58+£1.1 26408 |7.3+£24|1.9+1.7

[1]

particles. Moreover, an additional analysis of events with multiple production of
neutral strange particles could be very useful in this respect. Such analysis for v,
CC events is currently in progress.

6 CONCLUSION

We reported the results of the study of strange particle production in v, CC inter-
actions using the data from the NOMAD experiment. Our analysis is based on a
sample of ~ 1.3 x 10° v, CC events, containing 15074 identified K?, 8087 identified
A and 649 identified A decays. This V° sample represents at least a factor of 5 in-
crease in statistics compared to previous (anti)neutrino experiments performed with
bubble chambers. Both integral and differential production rates of neutral strange
particles (K2, A, A) have been measured in this analysis. The differential A produc-
tion rates are measured for the first time in a neutrino experiment. The decay modes
of resonances and heavy hyperons with identified V%’s in the final state have been
analyzed. Clear signals corresponding to K**, ¥** 2~ and X° have been observed.
This study, being potentially interesting for tuning of the Monte Carlo simulation
program, is also of special importance for quantitative theoretical interpretation of
the A and A polarization measurements reported earlier [1,2].
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Haymos [1.B., ITonos B.A. E1-2001-139
HccnenoBaHue poXneHUs CTPaHHBIX YacCTHIL B V), -B3aMOIEHCTBUAX
[0 KaHaTy 3apsKE€HHOTO TOKa B ®KCIIEpUMEHTE KIOMAD

C uCnonb30BaHUEM YHHKATBHBIX SKCHEPUMEHTATbHBIX JAHHBIX, HAKOIUICHHBIX COTPYI-
HnyectBoM NOMAD, BBINOMHEHO HCCIIENOBaHHE MPOLECCOB POXIEHUS CTPAHHBIX YACTHI
B HEHTPUHHBIX B3aUMOIEHCTBUAX. AHaIM3 ~13x10 B3aumoneiicrauii vy, 10 KaHaiy 3aps-
KEHHOTO TOKa C HCIONb30BaHUEM pa3pabOTaHHOH NpoLERypbl MACHTU(HKALMM pacHamoB
una V0 nossosun sesBaTs 15074 K s 8087 A- u 649 A-xanmunaros. TTonyyeHHbIH HaGOP
coObITHi GoJiee YeM B 5 pa3 NpPeBOCXOOUT MaKCHMAJIbHYI) CTATHMCTHKY HPENIIEeCTBYIOLIMX

(aHTH)HEATPUHHBIX SKCHEPHUMEHTOB Ha Iy3bIPKOBBIX Kamepax.
H3MepeHb! Kak MHTErpanbHble, Tak H AU QepeHIraTbHbIe BRIXOAbl HEUTPAIBHBIX CTPaH-

meix vactui: K, A, A. H3ydeHa 3aBUCHMOCTb JuhepeHIMATEHBIX BHIXONOB OT OCHOBHBIX

KHMHEMaTUYECKUX NepEeMEHHbIX B HEUTPUMHHOM B3auMozeicTsuu (E,,, w2, QZ) U OT IIOBEJie-

HUS YaCTULBI BHYTPU apOHHOM CTpyH (XF, Z, p%),

HccnenoBaHbl BO3MOXHbIE MObI PacafioB PE30HAHCOB M TAXENBIX THIIEPOHOB ¢ 00pa3o-
BaHHEM HEHTPAIbHBIX CTPAHHBIX YaCTHI] B KOHEYHOM cocTOsHUHM. OOHapyXeHb! cienyolue
vactumpr: K*¥%, %% 2~ u 39,

Pe3synbTarhl JaHHOTO MCCIIENOBAHHS BaXXHbI 1 TEOPETHYECKON HHTEPIIPETALIMY U3Mepe-
HUI MONIpU3aluu AA)- -THIIEPOHOB, BBIIONIHEHHBIX paHee. OHM TaKXXe MpPEACTaBISIOT HHTe-
pec i Gonee NpaBWIbHOTO MOIEIBHOIO ONHUCAHUS MPOLIECCOB POXIEHHS CTPaHHBIX YaCTHI
B HEUTPUHHBIX B3aUMOIACHCTBHSIX.

Pa6ora BrinonHeHa B JlaGoparopuu simepHbix npo6nem uMm. B.I1Ixenenosa OMAU.
Coobienne OGbeINHEHHOTO HHCTHTYTA SAEPHBIX HccienoBanuit. ly6Ha, 2001

Naumov D.V., Popov B.A. E1-2001-139
A Study of St.range Particle Production in v, Charged Current Interactions
in the NOMAD Experiment

A study of strange particle production in v, charged current interactions has been per-
formed using the data from the NOMAD experiment. The analysis is based on a sample

of ~13x10° vy, CC events, containing 15074 identified K’ s» 8087 identified A and 649 identi-

fied A decays This V° sample represents at least a factor of 5 increase in statistics compared
to previous (anti)neutrino experiments performed with bubble chambers. Both integral

and differential production rates of neutral strange particles (K s» A, A) have been measured.
Mean multiplicities are reported as a function of the event kinematic variables E,,, w?

and Q2 as well as the variables describing particle behaviour in a hadronic jet: xz, z and p% .

The decay modes of resonances and heavy hyperons with identified Vs (Kg, A, A)

in the final state have been analyzed. Clear signals corresponding to K**, =** =~ and x0
have been observed. This study, being potentially interesting for tuning of the Monte Carlo
simulation program, is also of special importance for quantitative theoretical interpretation
of the A and A polarization measurements reported earlier.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear Prob-
lems, JINR.
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