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The pseudorapidity distributions of shower particles produced in neutrino-emulsion col-
lisons & high energy are studied by the thermalized cylinder model. It is shown that a
thermdized cylinder is formed in neutrino-emulsion callisions. The calculated results arein
agreement with the experimental data over an energy range from 3 to 210 GeV.

PACS. 13.15.+g — Neutrino interactions.
PACS. 13.85.Hd — Inelastic scattering: many-particle final staes.
PACS. 24.10.Pa — Thermal and statistical models.

Multiparti cle production is an important experimental phenomenon in high-energy nudear
collisions. Since neutral |eptons interact only through the wesk interaction, they have very small
cross sections. This renders experiments more difficult. 1t dso explains why there are a amaller
number of studies of multiparticle production of neutrd lepton-induced reactions with nudei than
dudies of hadron-induced reactions. Recently, we have studied the multiparticde production of
shower particles (relativistic singly charged partides) in high-energy neutrino-emulsion collisions
[1, 2]. The pseudorgpidity didributions of shower particles have been obtained for three types of
target nucle H, C/N/O and Ag/Br in emulsion.

It is convenient for us to study the production process of shower particles by the pseudora
pidity distribution. Based on the one-dimensional string model [3] and the firebal model [4], we
have devd oped a thermalized cylinder modd [5-7] and described the pseudorapidity (or rapidity)
digributions of rdativistic sngly charged particles in nucleus-nucleus collisons at high energy.

In this paper, we use the thermdized cylinder modd [5-7] to describe the pseudorapid-
ity distribution of shower particles produced in high-energy neutrino-emulson collisions. The
caculated results are compared with our previous experimental data [2].

Let us consider the simplest pictures of the one-dimensona string modd [3] and the
firebdl modd [4]. In a high-energy nudeon-nucleon collision, a gring is formed consisting
of two endpoints acting as energy reservoirs and the interior with congant energy per length.
Because of the asymmetry of the mechanism, the string will break into many substrings along
the direction of the incident beam. The distribution length of substrings will define the width of
the pseudorapidity digribution. According to the firebadl model, the incident nucleon penetrates
through the target nucleon, then afirestreak is formed dong the direction of theincident beam. The
length of the firestreak will define the width of the pseudorapidity distribution. In high-energy
nucleus-nucleus collisons, many grings or firestreaks are formed adong the incident direction.
Findly, a thermalized cylinder is formed. In the case of neutrino-emulsion collisions, we think
that athin thermdized cylinder (or a firedreak) is formed.
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In the laboratory reference frame, we assume that the thermdized cylinder formed in col-
lisions is in the rapidity range [Ymin, Ymax]. The emission points with the same rapidity, yx, in
the thermalized cylinder form a emission source in rapidity space. Under the assumption that
the particles are emitted isotropically in the res frame of the emission source, we know that the
pseudorapidity distri bution of the particles produced in the emission source with rapidity yx in the
laboratory reference frame is
L
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where % = 0:91 is the standard devidion, as Ref. [8] pointed out that the pseudorapidity digrib-
ution of the partides produced in an isotropic emission source obeys Gaussian distribution. The
pseudorapidity digribution of shower partices in neutrino-emulsion collisons can be written as
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Le y. denote the rapidity of the thermalized cylinder center. Generally spesking, Ve
is the rapidity of the center-of-mass system of collisons the peak podtion of particle rapidity
distribution, or the mean value of partidle rapidities. Let 2¢ y denote the thermdized cylinder
length in rgpidity space. We have

Ymin =Yci CV; 3

and

Ymax =Yc + ¢ y: (4)

In our calculation, y. and ¢ y are regarded as two parameters and can be obtained by fitting the
experimental data.

We have two methods to obtain the pseudorgpidity distribution: adirect cdculaion and a
Monte Carlo simulation. We have used the Monte Carlo method in this paper.

In our simulaion, the emisson source is randomly distributed in [Ymin, Ymax]- Partides
are isotropicaly emitted in the emisson source. We have

Yx = R1i(Ymax i Ymin) + Ymin; (5
and
. _ P
= j2InRzcos(2¥%R3)¥% + yx; (6)

where R, R, and Rz are random variablesin [0, 1].

Figure 1 presents the pseudorapidity distribution of shower particles produced in neutrino-
emulsion (°-Em) callisions over an energy range from 3 to 210 GeV. The histograms with error
bars are the experimenta data [2]. The number of events, the mean multiplicity of shower particles
and the average number of target fragments are 325, 5.518§ 0.14 and 4.48§ 0.29, reyectively.
The black cirdesin the figure are our Monte Carlo calculated results with ¢ y = 1:0. In our
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FIG. 1. Pseudorapidity distribution of shower
particles produced in °-Em calisions
ove an energy range from 3 to 210
GeV. The histograms are the experimen-
td data[2]. Thewhite and black circles
are our Monte Carlo calculated results
with ¢ y = 0:0 and 1.0, respectively.
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FIG.2. Asfor Fig. 1, but showing theresult for
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©-H collisions.
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FIG. 4. Asfor Fig. 1, but showing theresult for

©-Ag/Br callisions.

cdculation, yc = 2:3, the Smulated partice number is 1 £ 10°. The values of A?/degree of
freedom (DOF) is 0.39. For the purpose of comparison, the result with ¢ y = 0:0, i.e the result
of an isotropic emission fireball, is given in the figure by the white circles with A2/DOF=3.34.

It should be noted that there is no energy dependence of physical effects in ©-Em collisions
to be investigated in this paper. The neutrinos produced in the FNAL accderator were so-cdled



246 EMISSION OF SHOWER PARTICLES IN ¢¢¢ VOL. 39

“wide band beam” neutrinos with energies from 3 to 210 GeV, amog probable energy of 20 GeV
and mean enegy of 43.5 GeV. The effects sudied in this paper are averaged over this energy
range, without the posgbility of studying their energy dependence.

Figures 2-4 presents the pseudorapidity didributions of shower partices produced in in-
teractions of neutrinos with target nude H, C/N/O and Ag/Br in emulson, respectively. The
histograms with error bars are the experimental data [2]. The event numbers corresponding to
target nude H, C/N/O and Ag/Br are 79, 164 and 82, respectively. The black circes in the figures
are our Monte Carlo cdculated results with ¢ y = 1:0. In our calculation, the Smulated particle
number for each type of target is 1£ 10°. The values of y. for target nude H, C/N/O and Ag/Br
ae 25, 24 and 2.0, respectivdy. The values of A2/DOF for the above three targets are 0.84,
0.56 and 1.14, regpectivey. For the purpose of comparison, the results of an isotropic emission
fireball for the three targets are plotted in Figs 2-4 by the white circles with A2/DOF=1.84, 2.21
and 6.04, rexpectivey.

We have to point out that the division into three subsats (H, C/N/O and Ag/Br) was done
using the number N, of fragments emitted from the gruck target nucle. We consider all events
with N, = 0 as ©-H interactions, with 1 - Np - 6 as ©-C/N/O cdllisions and all events with
Nn ., 7 as collisons with Ag/Br. Of course, such criteria are very raw. It has to be sressed
that interactions characterized by Ny, = 0 contain interactions with hydrogen as well as peripherd
collisions with C/N/O and Ag/Br. Interactionswith1 - Ny, - 6 contain collisions with C/N/O but
aso peripheral callisions with Ag/Br. Interactions with N, . 7 contain semicentrd and centrd
collisions with Ag/Br [2]. We can also divide ©-Em calligons into two groups. the firg group
characterized by Ny, - 7 which includes interactions with hydrogen, C/N/O nudlei, and peripherd
collisions with Ag/Br nucle, and the second group characterized by N > 7 which contains
semicentrd and central ©-Ag/Br collisions [1]. In fact, there is no perfect method of dassifying
events due to the limitation of the emulsion technique. The vadue of Ny is also a measurement
of the impact parameter. Figures 2-4 can be dso regarded as the dependence of pseudorapidity
distribution on target fragment multiplicity.

From Figs. 1-4 one can see that the thermalized cylinder modd gives a good description of
the pseudorapidity distribution of shower particles produced in neutrino-emulson collisions over
an energy range from 3 to 210 GeV. An isotropic emission firebdl gives a narrower and higher
distribution in the concerned energy range. It is possible to describe the data by an isotropic
emission firebd| with flows [9].

We see different y. for different target nucdei. The heavy target nucle (Ag/Br) have a
andl y. and the light target nucle (H, C/N/O) have a large y.. This means that the effect of
secondary collisions in heavy target nude is greaer than that in light target nude. Secondary
collisions between shower particles and spectator nucleons, as well as shower particles and shower
particles, in neutrino-emulson collisions lead to an increasng emission angle and decressing
pseudorapidity. This effect displays the extension of the pseudorgpidity distribution towards the
target fragmentation region (low-" region).

Thevduesof ¢ y for the three types of target nud @ are the same. Thisreflectsthat the three
types of target nucle have the same stopping power, i.e the same participant nuceon number for
the given incident neutrinos. We can say only one nudeon joins the interaction directly. Other
nucleons in the target are the goectators in which the secondary collisions had happened.

In neutrino-induced reactions, there is no contribution of leading hadrons. The shower
particle pseudoragpidity distribution is quditatively symmetrical. In hadron-induced reactions, the
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leading hadrons contribute in a higher pseudorapidity region. The pseudorapidity distribution has
a peak or along tal in the high pseudorapidity region [6]. The pseudorapidity didribution of
shower particles in neutrino-emulsion callisions is goproximately of the Gaussian type [2]. If the
contributions of leading hadrons can be neglected over a similar energy range, the experimentd
results show tha the pseudorgpidity didributions of shower partides in pion-emulson, proton-
emulsion, and nudeus-emulson collisions are goproximatey of the Gaussan type aswell [10-12].
The thermalized cylinder modd can describe the pseudorgpidity digribution of the Gaussan type
[6].

We can describe quditatively the thickness of the thermdized cylinder. The geometricd
cross section of the participant is regarded as the transverse sSze of the cylinder. In high-energy
nucleus-nucleus collisions, a thick thermaized cylinder is formed because many firestreaks are
formed dong the direction of the incident beam. In hadron-induced reactions, a thin thermalized
cylinder is formed because a few hadrons participate in the collisions. In neutrino-induced re-
actions, a thinner thermalized cylinder is formed because the participants are only the incident
neutrino and the target nucleon. The length of the thermaized cylinder can be described by 2¢ y.
The width of the pseudorgpidity distribution can be described by % + 2¢ y. In the neutrino-
emulsion collisions, the thermdized cylinder length is 2.0, and the pseudorapidity distribution
width is about 2.9.

In concluson, the thermalized cylinder modd gives agood description of the pseudorapidity
digributions of shower particles produced in neutrino-emulsion collisons over an energy range
from 3 to 210 GeV. An isotropic emission fireball gives a narrower and higher distribution for
the reaction system. The effect of secondary collisonsin heavy target nudel is greater than that
in light target nuclei. The three types of target nucle in emulson have the same stopping power
for the given incident neutrinos
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