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Abstract

A study of strange particle production in, charged current interactions has been performed
using the data from the NOMAD experiment. Yields of neutral strange part{b’lgsA, A) have
been measured. Mean multiplicities are reported as a function of the event kinematic variables
w2 and 02 as well as of the variables describing particle behaviour within a hadronig jetz
and p%. Decays of resonances and heavy hyperons with identifgbdridA in the final state have
been analyzed. Clear signals corresponding®6,kc*®, £~ and =° have been observed. 2002
Elsevier Science B.V. All rights reserved.

Keywords:Neutrino interactions; Strange particle production

1. Introduction

The production of strange particles in neutrino interactions can provide a testing ground
for the quark—parton as well as for hadronization models. Neutral strange particles can be

E-mail addresspopov@nusun.jinr.dubna.su (B. Popov).
1 Now at University of Perugia and INFN, Perugia, Italy.
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reliably identified using the/°-like signature of their decays & 7 7=, A — pr~

and A — pzt) in contrast to most other hadrons which require particle identification
hardware. It is noteworthy that all previous investigations of strange particle production
by neutrinos have come from bubble chamber experiments [1-25]. No other technique has
so far yielded results on this subject. However, previous bubble chamber experiments with
(anti)neutrino beams suffered from the low statistics of thisamples.

The NOMAD experiment [26] has collected a large number of neutrino interactions
with a reconstruction quality similar to that of bubble chamber experiments. The order of
magnitude increase in statistics can be used to improve our knowledge of strange particle
production in neutrino interactions. In this paper we present measurements of the yields of
neutral strange particles fKA andA), as well as the yields of &, =**, 2~ andx? in
v, charged current (CC) interactions. These results are compared to the predictions of the
NOMAD Monte Carlo (MC) simulation program.

The results of the present analysis are the measurements of:

(1) the production properties of neutral strange particles,irCC interactions. This
study will allow tuning of the parameters of the MC simulation programs in order
to correctly reproduce the production of strange particles by neutrinos;

(2) the contribution of strange resonances and heavy hyperons to the total number of
observed B, A and A. This will allow a quantitative theoretical interpretation of
the A and A polarization measurements i, CC deep inelastic scattering (DIS)
reported in our previous articles [27,28].

2. Experimental procedure
2.1. The NOMAD experiment

The main goal of the NOMAD experiment [26] was the searchfor> 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 identiyC interactions [29]
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,

Table 1
The CERN SPS neutrino beam composition at the position of the NOMAD detector (as predicted by
the beam simulation program [35])

Neutrino Flux CC interactions in NOMAD
flavours (Ey) (GeV) Rel. abund. (Ey) (GeV) Rel. abund.
vy 24.2 1 45.3 1
Uy 18.5 Q0637 40.9 0244
Ve 36.6 Q0102 57.1 0153

Ve 28.7 00025 49.9 0015
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the large data sample collected during four years of data taking (1995-1998) allows
for a detailed study of neutrino interactions. The full data sample from the NOMAD
experiment corresponding to about 1.3 millipn CC interactions in the detector fiducial
volume is used in the present analysis. The data are compared to the results of a Monte
Carlo simulation based on modified versions of LEPTO 6.1 [30] and JETSET 7.4 [31]
generators for neutrino interactions (wigi? and W2 cutoff parameters removed) and on

a GEANT [32] based program for the detector response. Strange particle production is
described by the set of default parameters in JETSET. To define the parton content of the
nucleon for the cross-section calculation we have used the GRV-HO parametrization [33]
of the parton density functions available in PDFLIB [34]. The above description of the MC
will be referred to as the default MC. For the analysis reported below we used a MC sample
consisting of about 3 million events.

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 (Fig. 1) is especially well suited for this.
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) [36], made of low
Z material (mainly carbon) serve the dual 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 gcm®, very close to that of liquid hydrogen. These drift chambers provide an
overall efficiency for charged particle reconstruction of better than 95% and a momentum

Muon

h
Dipole Magnet Chambers

Front ®@B= 0 4T TRD
Calorimeter Modules Preshower

V8
Neutrino l
Beam |
y | .
X
z

AL

Veto planes Trigger Planes LI
1 meter Hieck G Hadvon
. ectromagnetic adronic
Drift Chambers Calorimeter Calorimeter

v

Fig. 1. A sideview of the NOMAD detector.
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resolution which can be parametrized as
op, 005 0.008-p

p VL Vi
where the track length is in meters and the track momentynis in GeV/c. This amounts
to a resolution of 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 parameters at each
vertex and, finally, to identify the vertex type (primary, second&®, etc.). A transition
radiation detector [37] is used for electron identification. The pion rejection achieved
for isolated tracks is 0 with a 90% electron identification efficiency. A lead-glass
electromagnetic calorimeter [38] located downstream of the tracking region provides an
energy resolution of 2%/./E [GeV] & 1% for electromagnetic 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/e.

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

2.3. Event selection and® identification procedure

The NOMAD experiment has collected3lx 10° v, CC events and has observed an
unprecedented number of neutral strange particle decays. Such a decay appears in the
detector as & *-like vertex: two tracks of opposite charge emerging from a common vertex
separated from the primary neutrino interaction vertex (Fig. 2). Whéike signature is
expected also for photon conversions.

The selection procedure for thg, CC event sample used in this analysis has been
described in [27].

Fig. 2. A reconstructed data event containingV§ vertices identified as gdecays by our
identification procedure. The scale on this plot is given by the size of the vertex boxe ¢87).
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Since the NOMAD detector is unable to distinguish (anti)protons from pions in the
momentum range relevant to this analysis, ®dridentification procedure relies on the
kinematic properties of &° decay.

For theV? identification a kinematic fit method has been used as described in [27,39].
This fit has been performed for three decay hypothesés:—%ﬁn*, A—pr ,A—
prT and for the hypothesis of a photon conversionta®e The output of the kinematic
fits applied to a giverv? vertex consists of four values o(f‘z/o describing the goodness
of these fits. Different regions in the four—dimensiom%l) space populated by particles
identified as B, A andA have been selected. Identifigd are of two types:

o uniquelyidentified VO, which, in the four—dimensionay{é0 space described above,
populate regions in which decays of only a single particle type are present;

o ambiguouslyidentified V°, which populate regions in which decays of different
particle types are present.

The treatment of ambiguities aims at selecting a giv@mlecay with the highest efficiency
and the lowest background contamination from ottirtypes. An optimum compromise
between high statistics of the identifidd® sample and well understood background
contamination is the aim of our identification strategy. The MC simulation program has
been used to define the criteria for the kinematftselection and to determine the purity

of the final K2, A and A samples. We selected a sample consisting of more than 90% of
uniquely identifiedv°. Results are reported in Table 2.

The total VO sample in our data contains 15074 identified, 18087 identified A
and 649 identifiedA decays, representing significantly larger numbers than in previous
(anti)neutrino experiments performed with bubble chambers [1-25].

Fig. 3 shows the invariant mass and distributions for identified K, A andA. The
measured mass and the lifetime of identified neutral strange particles are in agreement
with the world averages [40]. The corresponding results are given in Tables 3 and 4.

The efficiencies and purities reported in Table 2 are momentum dependent. However,
we have checked that they are applicable to the data because the momenta distributions of
identified V° and of their decay products are very similar in the data and MC simulation.

In the rest of this paper we will always present efficiency corrected distributions.

Table 2
Efficiency ) and purity (P) for each selected’© category. Numbers of identified neutral strange
particles in the data are also shown in the last column

y0 € (%) P (%) Data
K2 221401 972+0.1 15074
A 16440.1 959+0.1 8087
A 186+0.5 897+0.7 649
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Fig. 3. Invariant mass distributions and efficiency correetediistributions for identified Ig (top),
A (center) andA (bottom) inv, CC DIS events for both data (points with error bars) and MC
(histogram).
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Table 3
MeasuredV’? mass and resolution (in MeNz) for both MC and data

y0 MC Data PDG[40]

Mass Resolution Mass Resolution Mass
Kg 4979+0.1 110+0.1 4979+0.1 113+0.1 497672+ 0.031
A 11157+0.02 40+ 0.03 11160+ 0.05 4454 0.05 1115683+ 0.006
A 11160+0.1 41+01 11163+0.1 48+0.2 1115683+ 0.006
Table 4

Measured:t (in cm) for a givenVO type for both MC and data

y0 MC Data PDG [40]
K2 2.60+ 0.01 2.72+0.03 26786
A 7.91+0.02 8.07+ 0.12 789

A 7.82+ 0.06 7.33 0.33 789

3. Yieldsof neutral strange particles

We have studied the production rates of neutral strange partic&s\(w_\) inv, CC
interactions. The particles can be produced at the primary vertex and also from secondary
interactions of primary particles with the detector material. Neutral strange particles
produced via resonance or heavier hyperon decays are classified as pffinerg applied
a correction obtained from the Monte Carlo to the yields of neutral strange particles in the
data in order to extract the yields at the primary vertex.

3.1. Integral yields of neutral strange particles

The measured yield pey, CC interaction for eachr© type is defined as:
NVo
Ny,cc’

Tvo == s . (1)
where N0 is the number of reconstructed and identifigd in the numbern,, cc of
reconstructeat,, CC events and is a correction factor calculated as:

_ Pyo x €v,CC
5= €yo x Br(VO— hth—)’
wheree,, cc = (85.30+ 0.02% is the efficiency (reconstruction and identification) of
v, CC events in the fiducial volume, ang. is the globalv? efficiency which takes
into account the contribution from particles produced in the fiducial volume, but decaying
outside.Pyo is the purity of the finalv® sample, and3r(V° — h*h™) is the branching
ratio for a givenv? type decaying to a pair of charged hadrons.
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Table 5
Integral yields of primaryVO in v, CC interactions in both the data and in the default MC. The
errors are only statistical

vOtype Too ™™ (%) Ty (%) T/ Te™
Kg 6.76+ 0.06 950+ 0.02 140+ 0.01
A 5.04+0.06 810+ 0.02 161+0.02
A 0.37+£0.02 060+ 0.01 162+ 0.03

Table 5 shows the overall inclusive production rates f@ K and A in v, CC
interactions compared to the MC predictions. Note that the production rates in the default
MC are a factor of 1.4 to 1.6 higher than in the data. This could be explained in part by the
choice of the LEPTO [30] and JETSET [31] parameters in the NOMAD event generator.
We have to emphasize that the so-callédsuppression factor (PARJ(2) parameter in
JETSET)—defined as the ratio of the probability of producing anss pair to the
probability y, (y4) of producing auii (dd) pair in the fragmentation chain—was set to
its default value of 0.3 in the default NOMAD MC productidrHowever, this parameter
was measured to be about 0.2 in previous bubble chamber experiments: for example, the
values obtained by the BEBC WA21 Collaboration [41] in a heutrino beam similar to ours
are 02004 0.022(stap &= 0.010(sys for vp and 0207+ 0.018(stay + 0.020(sys for vp
interactions. Moreover, later results from OPAL (0.245) [42], DELPHI (0.23) [43], E665
(0.2) [44], ZEUS [45] and H1 [46] Collaborations support a value close to 0.2 for this
parameter.

However, the problem of the inaccurate description of neutral strange particle production
inthe MC is a more complex one. This is illustrated in Table 6, where we give the observed
numbers ofv, CC events for 10 exclusive mulii® channels in the data compared
to the default MC predictions. The number of MC events in Table 6 is renormalized
to the same number of, CC events as in the data. From this comparison one can
conclude that it is not possible to rescale just a single parametergtiseppression
factor) in order to describe the neutral strange particle production observed in the data.
Rather, the discrepancy is due to a combination of several parameters which describe
the probability that an(5)-quark appears as a meson/baryon(antibaryon), the probability
that a strange meson/baryon(antibaryon) appears 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 analysis currently in progress.

The integral yields reported in Table 5 can be compared to previous measurements
summarized in Table 7. TheJ¢ates from Table 5 have been converted iktd(= K° +
K9 rates by multiplying by a factor of 2.

For completeness we have recalculated the integral overall yields taking into account
contributions from both primary and secondafy. These results are given in Table 7

2The value 0.3 has been suggested by the authors of JETSET as the default for this parameter.
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Table 6
Numbers ofv;, CC events with a specified combination of observed neutral strange particle decays

for both the default MC and data indicates the hadronic system accompanying the obsérfed

Number of observed events

Channel MC Data MC/DATA
AX 11686 7778 B50+0.02
K9x 18971 14228 B3+0.01
AX 831 594 140+ 0.07
Kk Ix 485 284 17+01
AKIxX 617 247 25+0.2
AAX 98 40 25+0.4
KA X 24 15 16+05
AAX 19 10 19+0.7
AKIKIx 7 2 34+26
KKK Ix 2 4 06+0.4
Table 7

Inclusive yields of neutral strange particlesiip CC interactions measured in this analysis and in
previous bubble chamber experimentg, Np andN[-\ are the observed numbers o@,KA andA,
respectiverK0 stands fork 0 + K0. See text for explanation of a sta)

Reaction  (E,) Ng KOrate Na A rate Nx A rate
[Ref] (Gev) (%) (%) (%)
NOMAD 45 15075 1F2+0.12 8087 504+£0.06 649  03740.02
NOMAD* 45 15075 1824016 8087 666+0.08 649  045+0.02
v—Ne [19] 46 2279 1B+12 1843 65405 93 046+0.08
v—p [24] 51 831 1M+09 491  52+0.3 27 034+0.07

v—Ne [25] 150 502  4B+4.8 285  127+14 27 15405
v—p [11] 43 359 15409 180 45404 13 03401

v—Ne [12] 103 203 2D+17 98 57407
v—n [14] 62 234  2B+16 157 71407
v—p [14] 62 154  177+16 77 43406
v-n [17] 62 205+1.1 6.6-£0.7
v—p [17] 62 174+1.2 44405
v—A [21] ~10 82  71+08 76  31+04
v—p [10] ~45 23 15+4

v—p [15] ~50 70+0.8
v—n [15] ~50 70+1.2

and denoted by a stak)( Our overall yields are consistent with the results of th&e
experiment [19] performed in a similar neutrino beam. However, our primary yieldg of K
andA are about 30% lower and the primary yield/&fis ~20% lower.
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3.2. Yields of neutral strange particles as a function of kinematic variables

To investigate neutral strange particle production mechanisms we have measured the
average K, A andA yields as a function of the neutrino energy, the invariant effective
mass squaredy? of the hadronic system, the invariant square of the four-momentum
transfer from the neutrino to the targef, and the Bjorken scaling variahig;.

The yields of IQ A andA are shown in Fig. 4. Tha yield shows a behaviour which is
almost independent af,, W2 and Q2 after a sharp initial rise. It drops at large values
of xgj. On the other hand, the yield ongrises steadily withE, and W2, reaches a
plateau at largg? and falls with increasinggj. Similar observations have been made by
previous experiments, but with larger statistical uncertainties. Alyéelds as a function
of kinematic variables are measured for the first time in a neutrino experiment. In general
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Fig. 4. Measured yields of the]X A andA as a function of,, W2, 02 andxg;.
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they show a behaviour similar to that of th§.|4-|owever, as expected, cledf? andE,
thresholds are present in theproduction.
The ratios of yields for /A andA /A are presented in Fig. 5.

3.3. Comparison with LUND model predictions

The measured yields of3,< A and A particles are compared in Figs. 6-8 to the
predictions of the default NOMAD MC simulation (see Section 2.1). A reasonable
agreement in shapes is observed, while the discrepancy in the overall normalization is
about a factor of 1.3 to 1.5.

The kinematic variableg,, W2, 02 and xgj are not independent. So, for example,
discrepancies between the data and MC at hitthare reflected in discrepancies at low

XBj.
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4. Production properties

We have also performed a detailed analysis of kinematic quantities describing the
behaviour of neutral strange particlesg(m and A) inside the hadronic jet. This study
allows an investigation of the dynamics of fragmentation. The differences in the production
properties of @ A and A are seen most clearly here. The following distributions are of
interestx = 2p7 /W (Feynmanx is the longitudinal momentum fraction in the hadronic
center of mass system), the transverse momentum squﬁradf, a particle with respect to
the current (hadronic jet) direction and the fractiog Ejan(V°)/Ejap (all hadrons) of the
total hadronic energy carried away by the neutral strange particle in the laboratory system.
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4.1. x distributions

The efficiency corrected s distributions observed in the data for neutral strange
particles are shown in Figs. 9-11. These distributions indicatertfaat produced mainly
in the target fragmentation region£ < 0), while Kg are peaked in the central region
with an asymmetry in the forward directiom. are produced in the central- region
(Jxr| < 0.5). One way to quantify differences in the- distributions is to define an
asymmetry parameter = (Ny — Np)/(NFr + Np), whereNy andNp are the numbers of
particles produced forward and backward, respectively, in the hadronic center of mass.
The asymmetry parameters and mean values aofy in both data and MC are listed
in Table 8. They are consistent with previous measurements [11,12,14,19,23-25]. The
observed disagreement between data and MC is probably due to the fact that the MC
simulation does not properly describe the relative contributions of différ€mroduction
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mechanisms.
4.2. z distributions

Efficiency corrected distributions for K, A and A are shown in Figs. 12-14. A turn-
over at small values of can be seen fon hyperons, but not for gand A. A turn-
over at small values of for K and A was observed in some of the previous neutrino
experiments [8,11,14,21] and was not observed in others [10,12]. We note that uncorrected
z distributions show such a turn-over for &P types in our experiment as well, due to a
less efficientV? reconstruction at low momenta.

Below we study separatefdistributions of neutral strange particles producedak 0
(see Section 4.2.1) and af > 0 (see Section 4.2.2). Detailed information on the mean
values ofz distributions for both data and MC is given in Table 9.



RAPID COMMUNICATION

18

Arbitrary units

Fig. 9. Efficiency corrected ¢ distribution for

NOMAD Collaboration / Nuclear Physics B 621 (2002) 3—-34

~
0.3 - = t
S ol
- [ _+_
) [
L S 0.16 -
0.25 ‘E t _+_ _+_
L ouaf
= 0.
-+ ~ < [
02 ¢ 012 | + +
0.1 -
0.15 [
[ -
0.08 - +
01 - . 0.06 |- +
0.04 [
- -
0.05 - . r
0.02 [ o
o - r -
0 1 L L 1 0 | 1 L 1 [ S
-1.5 -1 -0.5 0 0.5 1 1.5 1.5 1 0.5 0 0.5 1 1.5
X P

F

Fig. 10. Efficiency correctedr distribution for

K2 mesons. A hyperons.
§ 0.3 - +
s
S 0251 +
<
0.2 +
0.15 |-
0.1 +_
+
0.05 - -+-
o +
0-1.5 ‘1 -(;.5 6 0i5 ‘; 1.5
xF
Fig. 11. Efficiency corrected distribution for A hyperons.
Table 8 }
Mean values(xy) and asymmetry parametessof the xy distributions for kg A, A in both MC
and data
vO MC DATA
(xF) A (xF) A
Kg 0.055+0.001 0152+ 0.002 0064+ 0.001 0256+ 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+0.01 004+0.004 018+0.02
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Table 9

Mean values of distributions for kg A, A measured for the full sample and fof < 0 andxyp > 0

regions in both MC and data

y0 Full sample xp <0 xp >0

Kg MC 0.218+ 0.001 Q092+ 0.001 0312+ 0.001
DATA 0.226+ 0.001 Q1054 0.001 Q299+ 0.001

A MC 0.2274+0.001 Q179+ 0.001 Q462+ 0.003
DATA 0.250+ 0.002 Q206+ 0.001 Q434+ 0.005

A MC 0.215+0.003 Q139+ 0.002 Q296+ 0.004
DATA 0.242+40.005 Q1474 0.005 Q3084 0.008
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4.2.1. 7 distributions in the target fragmentation region

The efficiency corrected distributions of IQ A and A measured in the target
fragmentation region are shown in Fig. 15 (left). One can see thatdisribution of Kg
mesons has a maximumzat> 0 and decreases faster at largécompared with Fig. 12)
and that the Igmesons produced in the target fragmentation region carry in general a small
fraction of the hadronic jet energy hyperons are believed to be produced mostly from
the remnant di-quark fragmentation and the shape of; tistribution is similar to that
shown in Fig. 13. The turn-over in thedistribution is observed foA hyperons produced
in the target fragmentation region.

4.2.2. z distributions in the current fragmentation region

The efficiency corrected distributions of K, A and A measured in the current
fragmentation region are shown in Fig. 15 (right). This kinematical region is interesting
because of the: or d (anti)quark fragmentation inte\ or A hyperons. All threez
distributions show similar behaviour but with different mean values ®hez distribution
of A hyperonsatr > 0 is drastically different from that in the target fragmentation region.
This is evidence for the fragmentation of the outgainguark into aA hyperon. In fact,
the z distribution of A in the current fragmentation region is a measure of Eje(z)
fragmentation function (normalized to unity in Fig. 15). Thdistribution ofA hyperonsis
sensitive to theD(‘j\ (z) fragmentation function with a possible contribution from mé(z)
process. One can see that it is harder than the one measured in the target fragmentation
region.

4.3. Discussion

There are different mechanisms responsible fgr& and A production in the neutrino
CC DIS process which are expected to give differeatand z distributions for these
particles.

— Thexp distribution of Kg mesons produced promptly in thé+d — u process that
requires at least two quark—antiquark pairs to be creatédandss) is expected to
be central. A contribution from heavier strange particle decays (mainly &drr)
produced from the fragmentation of the outgoinquark can result in a forwardg
distribution for IQ mesons. Also @ mesons from a fragmentation of the outgoing
(anti)quark inW*d — ¢ — s andW+ii — d processes are expected to be produced
in the forwardxr region and to carry a larger fraction of the jet energy.

— A hyperons can be produced from the fragmentation of the nucleon di-quark remnant
promptly and via the decay of heavier strange baryongat 0. A hyperons can be
produced also atr > 0 from the outgoing: quark fragmentation.

— The production ofA hyperons in neutrino scattering from a valence quark requires
three quark—antiquark pairs to be created, (/d andss) and is expected to populate
the central region of they distribution. There could also be a contribution from the
outgoing antiquark fragmentation intadahyperon (in thew+ii — d — A process)
which can produce these baryons in the forwegdegion.
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4.4. p2 distributions

The efficiency correcteqb% distributions of IQ A and A in the data are presented in
Figs. 16—18. They show an exponential behaviour of the form GeRp p%) in the region
p2 < 0.5 (GeV?/c?) and a deviation from this dependence at high&r We measured
the slope paramete? in the region 0< p2 < 0.5 Ge\?/c? for eachV° category in three
kinematic regions: alt 7, xp < 0 andxr > 0. The results are listed in Table 10. The values
of the slope parameter found in different regions are similar, except fax hyperons.
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Fig. 18. Efficiency correcteﬂ% distribution forA.
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Table 10
The slope paramete® (GeV/c)_2 of thep% distribution for Kg A, A measured separately for the
full sample and foxr < 0 andxy > 0 regions in both MC and data

y0 MC DATA
Full sample xp <0 xp >0 Full sample xp <0 xp >0

Kg 572+003 561+0.04 579+0.03 521+0.10 5404+0.21 5154+0.11
A 4354+ 003 430+0.03 458+0.06 41240.13 418+0.15 407+0.27
A 3.89+010 410+013 370+0.14 4424047 659+0.74 330+0.64
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Fig. 19. Efficiency correctedp?) versusxr  Fig. 20. Efficiency correctedp?) versusxp
distribution for Kg in data (points with error distribution for A in data (points with error
bars) and MC (histogram). bars) and MC (histogram).

4.5. (p2) versusxp distributions

We have also studied the dependence of the ave(rpé)a on xp for Kg, A and A
(see Figs. 19-21). For the first time in a neutrino experiment the good quality of event
reconstruction combined with the large statistics of the data collected allows the study
of these distributions for neutral strange particle§he observed discrepancy between
the data and simulated events in the regign> 0.3 could be attributed to the absence
of QCD effects in our Monte Carlo simulation program: the so-called soft-gluon effect
could change the leading particle{ — 1) behaviour inside the hadronic jet since the
forward scattered quark is strongly accelerated and is therefore expected to radiate gluons,
thus broadening the forwarﬂ% distribution. It has also been verified that there is no
accumulation of misidentified© in the region where the disagreement between the MC
simulation and the data is observed.

3 Similar distributions obtained for charged particles in bubble chamber neutrino experiments [47] have been
used to tune Monte Carlo simulation programs.
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5. Strangeresonances and heavier hyperons

Apart from many good physics reasons a study of the production of resonances and
heavy hyperons is also of great importance for tuning the LUND model parameters and
for the theoretical interpretation of tieand A polarization measurements reported in our
previous articles [27,28]. This is essential becatide/perons originating from the decays
¥* — Ax, £% — Ay and E — Ax inherit a polarization from the parent particles and
this polarization is different from that of a directly producad Information aboutz?,

E, ¥*, E* and K* yields can be obtained from an analysis of their decays into channels
containing identified neutral strange particles [39,48].

Previous bubble chamber experiments with (anti)neutrino beams suffered from a lack
of statistics. For example, the BEBC WA21 Collaboration [24] reported the observation of
149+ 29 K*+, 42+ 19 K*~, 1344+ 19 ¥** and less than 18*~ in v, p CC interactions,
while the Fermilab 15 ft bubble chamber E380 Collaboration [19] found: @5 »° and
4 27 in v, Ne CC events.

5.1. A procedure for signal extraction

Our aim was to extract the fraction of neutral strange particles which are decay
products of resonances and heavier hyperons from the corresponding invariant mass
distributions. To construct such distributions we combine the neutral strange particle with
all possible charged tracks (of appropriate sign) emerging from the primary vertex except
those identified as muons or electrons. We have also studiedathe) (combinations,
where photons are identified as conversions in the detector fiducial volume vigur
identification procedure. The resulting distributions are fitted by a function describing both
the combinatorial background and the resonance signal.

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

BG = P,(m — My,) - Tail(m), (2)
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where P, (m — My) is a polynomial of ordern vanishing ain = M, Mih = Myo + my,
and Tailm) is any function vanishing at — oo faster thanp, increases.
We have chosen the following BG parametrization:

BG = ayA%e (@34 +aad’) €)

whereA =m — Mi.
For a resonance signal the standard relativistic Breit—Wigner (BW) function [49] is used:

r . M
BW(m) = , . <T> with I = ro<i)—°, ()
(m2 — M&2+ M52\ q qo/) m
where My, I'p are the resonance mass and width, respectivelygaadhe momentum of
the decay product in the resonance rest fragge¢rresponds td/o).
Finally, we have fitted the invariant mass distributions by:

d—N =BG(A) + asBW'(m), (5)
dm

for all combinations exceptX = ~), where two peaks due t8*~ — Anx~ andE~ —
An~ decays are expected. Here BW) is the Breit-Wigner function of Eq. (4)
normalized to unity. Such a fit is valid in all cases when the experimental mass resolution
is small compared with the natural width of the resonance.

Similarly, for the (A =) case we have used

2—2\; =BG(A) + asBWy,._ (m) + agBW_(m), (6)
where the invariant mass resolution is used for the widin the Breit—Wigner function
corresponding to th&~ decay. In the above formulag to ag are parameters of the fit.

In such an approach using the HESSE and MINOS procedures of MINUIT [50], the
parameteus(ag) gives the number of signal events with the corresponding error which
takes into account possible correlations between different parameters.

As a consistency check we have also tried an alternative approach which was to fit the
invariant mass distributions with:

dN

= (14 asBW(m))BG(4), (7
and, similarly, with

dN

= (14 asBWys(m) + agBWz- (m))BG(4), (8)

and extracted the corresponding number of signal events.
The results obtained using these two approaches were found to be similar. In what
follows we present our results using the first method.

5.2. Results

The yields of resonances and heavy hyperons have been studied in different kinematic
regions and for neutrino interactions on different target nucleons.
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In NOMAD it is to some extent possible to separate neutrino interactions on the neutrons
and protons by imposing a cut on the sum of charghig) of all the outgoing tracks at the
primary neutrino interaction vertex.

We selectp events requiringiot > 1. According to the MC simulation, in this proton-
like sample 76% of the events are true interactions. Then events are selected by the
requiremenDiot < 0. The purity of the corresponding neutron-like sample is about 85%.

Since the hadron production mechanisms in the target and in the current fragmentation
regions are expected to be different, it is important to study separately the yields of
resonances and heavy hyperonscat< 0 andxg > 0. Such a study is also necessary
for a correct theoretical interpretation of the(A) polarization measurements reported in
our previous papers [27,28].

In the following we denote as MC(pred.) the true number of heavy strange particles
reconstructed in the MC, and MC(meas.) the number of heavy strange particles extracted
from the MC sample using our fitting procedure. Both quantities are normalized to the
number ofv, CC events in the data.

Note that MC(pred.) and MC(meas.) can be slightly different due to limitations of
the signal extraction procedure described in Section 5.1. The threshold and smearing
effects in the invariant mass distributions are at the origin of this discrepancy. The ratio
MC(pred)/MC(meas) will therefore be used to correct the yields of heavy strange
particles extracted from the data (see Section 5.3).

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

5.2.1. K**

The fitted (IQ %) invariant mass distributions are shown in Fig. 22 for both MC and
data samples. Detailed information on the number of extractédeients and the K /K
ratio is given in Tables 11 and 12. For th&"Kmass and width we have used 891.66 MeV
and 50.8 MeV, respectively. Thg value is 291 MeVc [40].

Table 11
K*+ — K27+ summary

N(K*T) Full sample @ fragmentation region Type of target nucleon
xp <0 xp >0 vp vn
DATA 2036+ 121 315+ 56 1731+ 108 1006+ 87 1032+ 84
MC(meas.) 537% 104 726+ 47 4744+ 93 1963+t 67 3516+ 80
MC(pred.) 5953 886 5067 2206 3748
N(K*T)/N(K) Uncorrected
DATA (%) 135+0.8 9717 146+0.9 157+1.4 119+1.0

MC (%) 27.3+£0.5 1454+09 316+0.6 290+ 1.0 265+0.6
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Table 12
K*~ — K27~ summary

N(K*™) Full sample PQ fragmentation region Type of target nucleon
xp <0 xgp >0 vp vn
DATA 1146+ 89 288+ 444 865+ 78 377+ 52 775+ 73
MC(meas.) 230474 639+ 38 1664+ 63 729+ 39 1576+ 63
MC(pred.) 2467 723 1743 734 1733
N(K*)/N(K) Uncorrected
DATA (%) 7.6+0.6 89+13 7.3+0.7 59+0.8 89+0.8
MC (%) 115+ 04 127+0.8 111+ 04 108+ 0.6 119+ 05
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Fig. 22. K07+ (top) and Kz~ (bottom) invariant mass distributions for both MC (left) and data
(right). The solid lines are the results of the fit, while the dotted lines describe the background term.
In the MC plots the additional histograms refer to the reconstructed true heavy strange particles.
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It is interesting to note a more abundaatt than K*~ production inv,, CC DIS. This
can be explained by the fact that the outgoinguark can fragment directly into E**,
while bothi ands quarks needed to produce&~ meson have to be created in the
fragmentation process.

One can see that there is a significant difference betwéérnyl€lds in the default MC
simulation and the NOMAD data (about a factor of 2).

5.2.2. **

For the £** mass and width we have taken the values from [408]X*T) =
13828 MeV, I'(2**) = 35.8 MeV, m(X*~) = 13872 MeV, I'(X*7) = 39.4 MeV. The
qo value is 208 MeVYe.

The fitted invariant mass distributions foA£*) combinations in both MC and data
samples are shown in Fig. 23. Detailed information on the number of extrac¢tedvents
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Fig. 23. Azt (top) and Az~ (bottom) invariant mass distributions for both MC (left) and data
(right). The solid lines are the results of the fit, while the dotted lines describe the background term.
In the MC plots the additional histograms refer to the reconstructed true heavy strange patrticles.



RAPID COMMUNICATION

NOMAD Collaboration / Nuclear Physics B 621 (2002) 3—-34 29

Table 13
>**t —» Axt summary

N(Z*T) Full sample A fragmentation region Type of target nucleon
xp <0 x>0 vp vn
DATA 416+80 358+ 65 63+47 297+ 61 120+ 51
MC(meas.) 207668 142457 649437 13214+49 754+ 46
MC(pred.) 1783 1254 529 1150 634
N(Z*)/N(A) Uncorrected
DATA (%) 52+1.0 64+12 25+19 86+1.8 26+11
MC (%) 17.0+0.6 159+0.6 206+1.2 326+1.2 9.3+0.6
Table 14

=* — Az~ summary

N(Z*7) Full sample A fragmentation region Type of target nucleon
xgp <0 xgp >0 vp vn
DATA 206 + 63 121+ 51 93+ 37 100+ 35 111+ 52
MC(meas.) 55148 410+ 42 145+ 25 18+ 22 528+ 43
MC(pred.) 489 362 126 33 456
N(Z*7)/N(A) Uncorrected

DATA (%) 2.6+0.8 22+09 37+15 29+10 24+1.1
MC (%) 45+0.4 46+0.5 46+0.8 04+0.5 6.5+ 0.5

and thex** /A ratio is given in Tables 13 and 14.
A striking difference between thE** yields in the default MC simulation and in the
NOMAD data (a factor of about 3 or even larger) is observed.

5.2.3. 8~

For the E~ mass we have used 1321.32 MeV [40], for the width the experimental
resolution of 10 MeV has been taken. Tfwevalue is 139 MeVYe.

The bottom plots in Fig. 23 show evidence tor — Ax~ decays. Detailed information
on the number of extracted™ events and th&~ /A ratio is given in Table 15.

5.2.4. 20

For the 2% mass we have taken the value from [4@x%) = 11926 MeV, while for
the width the experimental resolution of 9 MeV has been usedggkealue is 74 MeVc.
The =0 peak has been fitted by a Gaussian function.
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Table 15

-

E7 = Amr~ summary

N(E™) Full sample A fragmentation region Type of target nucleon
xp <0 xp >0 vp vn
DATA 42 + 30 21+ 24 18+ 17 54418 —11+24
MC(meas.) 43t 18 33+ 15 13+9 9+8 36+ 16
MC(pred.) 60 47 15 14 47
N(E7)/N(A) Uncorrected
DATA (%) 0.5+04 04+04 0.7+0.7 16+05 —-0.2+05
MC (%) 04+0.2 04+0.2 04+0.3 02+0.2 04+0.2

250
50 -
200 |-
40 [
150

30 -

100
20 -

ey 1T 10 -

""" T s 0 1 1 1 1 L 1 1
5 13 135 14 5 15 11 115 12 125 13 135 14 145 15

M(A™y) (GeVIcY) M(A") (GeV/c®)

by i
01.1 115 1.2 1.2

Fig. 24. Ay invariant mass distributions for both MC (left) and data (right). The MC plot shows the
expected signal peak and background contributions fB%a> Az° and=*0 — Az decays with
only one reconstructed photon.

Fig. 24 shows the fitted invariant mass distributions fary) combinations in both
Monte Carlo and data samples. The corresponding photons have been reconstructed as
conversions in the DC fiducial volume and identified by &% identification procedure.
The quality of the photon reconstruction is illustrated by the ) invariant mass
distributions shown in Fig. 25 for both MC and data: a peak corresponding tcd’thignal
is evident.

A summary of the number of extractet® events and the?/A ratio is given in
Table 16.

5.3. Yields of strange resonances and heavy hyperons

The integral yields of strange resonances and heavy hyperons produgedi@d are
computed multiplying the results of the fits by the ratio ipeed)/MC(meas).
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Fig. 25. yy invariant mass distributions for MC (left) and data (right). Both photons have been
reconstructed as conversions in the DC fiducial volume and identified byVBLidentification
procedure. A clear peak corresponding to @ signal is visible in both distributions. The
parameter®g and P; show the mass and the width of the Gaussian function after the fit.

Table 16
0 Ay summary
N(z0) Full sample A fragmentation region Type of target nucleon
xp <0 x>0 vp vn
DATA 29+ 10 17+9 16+7 16+ 7 13+7
MC(meas.) 82t 12 50+ 9 3718 1947 61+ 10
MC(pred.) 80 57 22 22 57
N(Z%/N(A) Uncorrected
DATA (%) 0.4+0.1 03+0.2 0.7+0.3 05+0.2 03+0.2
MC (%) 07+0.1 06+0.1 12+0.3 05+0.2 08+0.1
Table 17

Corrected fractions (in %) of observecg knd A decays that originate from the decays of strange
resonances and heavy hyperons in the NOMAD data compared to the default MC predictions

K > K&t K~ > K&~ =*t 5 Ant 2 5 An” 205 Ay 87— An™

DATA 15.5+0.9 87x0.7 58+11 26+0.8 7.3+24 19417
MC 314 131 166 39 127 15




RAPID COMMUNICATION

32 NOMAD Collaboration / Nuclear Physics B 621 (2002) 3—-34

The results are presented in Table 17 as fraction¥ 9fproduced by heavy strange
particles and resonances.

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 [30,31]. These results could be potentially used to
tune the MC parameters responsible for the fragmentation into strange particles. Moreover,
an additional analysis of events with multiple production of neutral strange particles could
be very useful in this respect. Such an analysis is currently in progress.

6. Conclusion

We have reported the results of a study of strange particle production i€C
interactions using the data from the NOMAD experiment. Our analysis is based on a
sample ofv, CC events containing 15074 identifiec} K8087 identifiedA and 649
identified A decays. Thig’© sample represents at least a factor of 5 increase in statistics
compared to previous (anti)neutrino experiments performed with bubble chambers. Yields
of neutral strange particles EKA A) have been measured in this analysis as a function of
kinematic variables. Fak production such measurements are performed for the first time
in a neutrino experiment. The decays of resonances and heavy hyperons with ide@tified K
andA in the final state have been analyzed. Clear signals correspondirg (&Kt 5~
and £° have been observed. This study is potentially interesting for the tuning of Monte
Carlo simulation programs and is also of special importance for a quantitative theoretical
interpretation of the\ and A polarization measurements reported earlier [27,28].
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