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1. INTRODUCTION

The study of single particle inclusive processes [1] remains one of the simplest and
effective tools for the investigation of multiple production of secondaries at high energies.
The consequences of the limiting fragmentation hypothesis [2] and those of the parton
model [3] and the principle of automodelity for strong interactions [4] have been formulated
in this way.

At high energies, different dynamical mechanisms contribute to the spectra of sec-
ondaries. Among them, “pionization” and fragmentation mechanisms have been widely
discussed. “Pionization” means the existence of secondary pions with relatively low mo-
menta and a flat (almost isotropic) angular distribution in the center-of-mass frame of
colliding objects. The fragmentation component has a sharply anisotropic angular distri-
bution in the center-of-mass frame. One of the principal problems in this direction is the
separation of these two components. Up to now, there exits no unique way to separate
these mechanisms. Different authors propose different ways and none of them seems to be
satisfactory. It will be shown that the presentation of inclusive spectra in terms of light
front variables provides a unique possibility to separate these two components.

An important role in establishing the properties of multiple particle production plays
the choice of kinematic variables in terms of which the observable quantities are presented
(see e.g. [5,6,7]).

In this paper, we continue the study of 7 mesons produced in relativistic nucleus-
nucleus collisions in terms of light front variables. The choice of light front variables is
due to the fact that these variables seem to be more sensitive to the interaction dynamics
as compared to the well-known Feynman variables zr and rapidity y.

The light front analysis of 7~ mesons produced in He(Li,C), CNe, CCu, CPb and
MgMg collisions at a momentum of 4.5 GeV/c per nucleon has been performed in the
previous publications [8,9]. The data were obtained on the SKM-200-GIBS facility of the
Joint Institute for Nuclear Research in Dubna. On the basis of this analysis, we were
able to separate the phase space region, where thermal equilibrium seems to be achieved.
The same analysis was performed on a part of inelastic CC and CTa collisions at a
momentum of 4.2 GeV/c per nucleon registered in the 2 meter Propane Bubble Chamber
of JINR [10]. In this paper, the spectra of pions from semicentral CC and CTa collisions
at a momentum of 4.2 GeV/c per nucleon are studied in terms of light front variables.
Semicentral collisions were separated from the whole ensemble of inelastic CC and CTa
interactions identified unambiguously.



2. EXPERIMENT

The data were obtained on the 2 m Propane Bubble Chamber of JINR. The chamber
was placed in a magnetic field of 1.5 T. Three Ta plates (140x70x1) mm? in size mounted
into the fiducial volume of the chamber at a distance of 93 mm from each other served
as a nuclear target. The separation method of CC collisions in propane, data processing,
identification of particles and discussion of corrections are described in detail in [11]. Apart
from the unambiguously identified CC collisions with the we probability equal one, the
experimental data contain also the sample of CC events with we = 0.21. When studying
the inclusive characteristics of CC collisions, the distributions are obtained for the whole
ensemble of CC collisions taking into account the weight factor we.

’ The sub-sample of “semicentral” events with the number of participant protons Npare >4
were selected for the analysis from the whole ensemble of CC and CTa collisions. With this
aim, the target fragments (p < 0.3 GeV/c for CC and p < 0.2 GeV/c for CTa), projectile
stripping (p > 3 GeV/c and angle § < 4°) fragments and also light projectile fragments
with Z > 1 (3He,*He) identified by ionization visually and = mesons were excluded from
the whole ensemble of secondary particles.

An additional identification of 7+ mesons was performed [12] in order to separate
participant protons since 7t mesons were identified in a narrow interval of momenta up
to 0.5 GeV/c in the propane chamber. For the particles with p > 0.5 GeV/c in all CC
collisions special statistical weights were introduced for 7+ meson and proton hypothesis
separately. The separation of the group of CC collisions with we = 1 and the necessity of
unambiguous separation of protons and 7+ mesons led to the difference in the momentum
distributions of 7~ and m* mesons. To remove this difference, the correction of 7t meson
identification was made. The procedure was performed for CC and CTa events statistically
with the assumption that the distributions of 7~ and 7+ mesons must be similar.

In consequence, the group of semicentral 9500 (20477 7=~ mesons) CC and 1620 CTa
(11318 m* mesons) collisions was separated from inelastic 15965 CC (25409 7~ mesons)
and 2469 CTa ( 12160 m* mesons) collisions.

3. LIGHT FRONT PRESENTATION OF INCLUSIVE DISTRIBUTIONS

Here, we propose unified scale invariant variables for the presentation of single particle
inclusive distributions, the properties of which are described below.



Consider an arbitrary 4-momentum p”(po,ﬁ) and introduce light front combinations
(13]:

Py =Py £ 3. (1)

If the 4-momentum p,, is on the mass shell (p? = m?), the combinations p,., p (where
P = (py, ;) define the so-called horospherical coordinate system (see, e.g. [14]) on the
corresponding mass shell hyperboloid p2 — 52 = m2.

Let us construct the scale invariant variables [15]:

+ P
&== (2
Pt + 1% )
in terms of the 4-momenta pj, pf,, p;, of particles a, b, c, entering from the inclusive
reaction a + b — ¢+ X. The z-axis is taken to be the collision axis, i.e. p, = ps = pr.
Particles a and b can be hadrons, heavy ions, leptons. The light front variables % in the
center- of-mass frame are defined as follows [15]:

¢ = JEEp LB |p:|
Vs Vs

where s is the usual Mandelstam variable, E = 1/p2 + p% + m? and p, are the energy and

the z - component of the momentum of produced particle. The upper sign in Eq. (3) is

used for the right-hand side hemisphere and the lower sign for the left-hand side one. It

®3)

is also convenient to introduce the variables
¢* = Fln|¢*| (4)

in order to enlarge the scale in the region of small £&*. The invariant differential cross
section in terms of these variables looks as follows:
pie || _do__1_do_
dp 7w dé*dpf  m d(*dp}
In the limits of high p, (|p.| > pr) and high pr (pr > |p.|), the £* variables go
over to the well-known variables z = 2p,/+/s and zr = 2pr/\/s, respectively, which
are intensively used in high energy physics. The £*-variables are related to zp, zr and
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rapidity y as follows:

y = r=1/PR+m? . (7



This variables are widely used in the treatment of many theoretical problems (see, e.g.
original and review papers [16-21]).

4. THE ANALYSIS OF PION DISTRIBUTIONS IN TERMS OF LIGHT
FRONT VARIABLES

The analysis in CC collisions has been carried out for the 7~ mesons. To increase
small statistics of CTa collisions, the data on 7~ and n+ mesons have been combined.
Figure 1 presents the £&* — distributions of 7~ mesons in CC and 7~ and 7+ mesons in CTa
interactions. The principal differences of the £* distributions and zr — distributions (Fig.
2) are the following: (1) the existence of a forbidden region around the point § *=0; (2)
the existence of maxima at some £¥ in the region of relatively small |¢£]; (3) the existence
of the limits for [£*| < m/+/s.

The experimental data for the invariant distributions (1/7) - dN/d¢* are shown in
Fig. 3. As the £ and ¢ distributions for CC collisions are symmetric, the data have been
analyzed over the whole range (€%, (*) of the £ and ¢ variables. The CTa data have been
analyzed only in the forward hemisphere (€%, ¢*). The maxima at C* are also observed
in the invariant distributions (1/7) - dN/d¢*. However, the region [¢*| > |€*| goes over
to the region |¢*| < |¢*| and vice versa (see Eqs. (3) and (4)). Maxima are observed at
¢* =1.95+ 0.05 for CC and (} = 2.00 + 0.05 for CTa. The (% is the function of energy
(see Egs. (3), (4)) and does not depend on the projectile (Ap) and target (Ar) masses.

In order to study the nature of these maxima we have divided the phase space into
two regions |¢¥*| > |(*| and |¢*| < |{*| and studied the p} and angular distributions of 7
mesons in these regions separately. For example, the number of pions in CTa interactions
in the region ¢* > (* is equal to — 2770 and 3904 in ¢t < (t. The angular and p2
distributions of 7 mesons from CC and CTa interactions in different regions of (* are
presented in Figs. 4 and 5.

From Figs. 4 and 5, one can see that the angular and p?. distributions of pions in
CC and CTa differ significantly in the |¢¥| > |C¥| and |(*| < |¢*| regions. The angular
distribution of pions in the region |¢(*| < |C}| (Figs. 4.a and 4.b) is sharply anisotropic in
contrast to an almost flat distribution in the region |¢*] > |¢¥| (Figs. 4.2 and 4.b). A flat
behavior of the angular distribution allows one to think that a partial thermal equilibrium
is observed in the region |¢*| > |¢¥| (|€*] < |€|) of phase space. The slopes of the p7



- distributions differ greatly in different regions of ¢* (Figs. 5.a and 5.b). Thus, the
values of (* are the boundaries of two regions with significantly different characteristics
of pions. The validity of this statement can be seen from the momentum distributions of
7~ mesons in the laboratory frame. Figure 6 presents the momentum distribution of pions
from CC (Fig 6.2) and CTa (Fig 6.b) collisions in the laboratory frame. The shaded area
corresponds to the region — ¢(* > ¢+ and the non-shaded one to the region - 0 < (* < C+.
As can be seen from Fig. 6, these two regions almost do not overlap in the momentum
space. Pions from the region— ¢(* > ¢* have a small momentum, up to 0.5 GeV/c. The
pions from ¢+ < ¢+ region have the momentum from ~ 0.5 GeV/c to 3 GeV/c. Figure
7 presents the < p >, dependence on ,y, for both pairs of nuclei in the ¢* > C~+ and
¢* < ¢+ regions. The shapes of these dependencies are different. It is necessary to say,
that with the increasing of Ap, Ar — < p >}, decreases and < @ >y, increases.

To describe the spectra in the region — ¢(* > (*, the Boltzmann f(E) ~ e F/T -
distribution has been used.

The 1/7 - dN/d¢*, dN/dp%, dN/dcosf distributions in this region look as follows :

2
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where:
p’%‘,maz = (é:i\/‘g)z - m12r
Pzmez = [pF +m? — (E}\/E)2]/(——2§~i\/§)

Pmaz = (—€%/5c080 + \/(E}\/E)2 — m2sin20)/sin?0

The experimental distributions in the region (* > ¢* have been fitted by expressions
(8), (9), (10), respectively. The results of the fit of the dN/dcosf, dN/dp%, 1/m - dN/d(*
distributions are given in Table 1 and Figs. 4, 5. They show a good agreement with ex-
periment. The values of the parameter T obtained by fitting the data with the Boltzmann

distribution are presented in Table 1 .
The spectra of 7~ mesons in the region ¢(* > (i are satisfactorily described by the
formulae which follow from thermal equilibrium. The same formulae, extrapolated to the



region (% < C*, deviate significantly from the data. Therefore, in the region (* < ¥,
the pZ — distributions have been fitted by the formula:

% ~o-e PR 4 (1- ). e PPt (12)
and the ¢(* - distributions by the formula:

1 dN —lct\n

cogE =g = (13)

The latter is an analogue of the (1 — zr)™ dependence — the result of the well-known
quark-parton model consideration (see e.g. [22]) which gives n=3 for 7~ mesons. The
dependence (1 — e‘|<t|)" is in good agreement with experiment in the region {* < ¢* and
deviates from it in the region (¥ > C}. The results of the fit are given in Table 2 and
Fig. 5.

Thus, in the ¢* (¢%) distributions we have singled out points C* (€%) which separate
in the phase space on two regions with significantly different characteristics. There are
no such points in the zr and y - distributions.

In this paper the Quark Gluon String Model (QGSM) [23] is used for comparison with
the experimental data.

A detailed description and comparison of the QGSM with experimental data over a
wide energy range can be found in [8,9,24]. The model yields a generally good overall fit
to most experimental data [24,25].

We have generated CC and CTa interactions using the Monte-Carlo generator COLLI
(26] based on the QGSM.

In the COLLI generator, there are two possibilities to generate events: 1) at unfixed
impact parameter b and 2) at fixed b.

At the first step, the version of the generation program with unfixed impact parameter
b has been used. 50000 CC and 10000 CTa inelastic collisions at a momentum of 4.2 GeV/c
have been generated. Then similarly as for the experimental data, the selection criteria
of participant protons have been applied on these events, namely the target fragments
(p < 0.3 GeV/c for CC and p < 0.2 GeV/c for CTa) and the projectile strippings (p > 3
GeV/c and angle § < 4°) have been excluded. From the analysis of generated events
the protons with deep angles greater than 60° have been excluded additionally, because
such vertical tracks are registered with less efficiency in the experiment. After selection of
events with the number of participant protons not less than 4, for the analysis remains the
group of semicentral collisions. For this events from the impact parameter distribution,
the mean values of (b) = 2.65+0.02 fm for CC and (b) = 5.65 £ 0.03 for CTa semicentral
interactions have been obtained.



Table 1. The results of fitting the distributions of pions in the region ¢t > (} by
Eqgs. (8), (9) and (10)-

Reaction ¢ Type of T (MeV)
event | 1/m-dN/d(* | dN/dcosd | dN/dP2
Exp. 86+2 67+3 79+1
CC —-m" +X |1.95+0.05
QGSM 88+1 62+1 81+1
Exp. 63+2 5915 6412
CTa — m* + X | 2.004:0.05
QGSM 66+1 66+2 7041




Table 2. The results of the fit of the distributions of 7~ mesons in the region (* < (~+
by Egs. (12) and (13)-

Reaction Type of dN/dp2. 1/mxdN/d¢*
event

o B [ n
(GeV/e)™2 | (GeV/e)™2

Exp. 0.71 +£0.06 | 16.2 1.4 | 59+ 0.5 3.4+0.6
CC—-rn+X

QGSM | 0.69 £+ 0.03 | 24.0 £3.0| 87+ 0.1 41+0.1

Exp. 0.76 £ 0.03 | 246 2.0 | 7.1+ 04 28 +£0.1
CTa—-7mt+X

QGSM | 0.66 +£0.10 | 22.5 £ 3.0 | 81 £0.2 25 %03
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Figure 1; The &* - distribution of pions from a) CC collisions, b) CTa collisions : o -
experimental data, ¥ — QGSM data. The curves are the result of spline approximation of
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At the second step 50000 CC and 10000 CTa semicentral collisions have been generated
at a fixed impact parameter equal (b). The average physical characteristics and analyzing
distributions generated for fixed and unfixed impact parameter are coincide within the
errors.

The experimental results have been compared with the QGSM generated events for
values of (b). Figures 1 and 3 present the &% and (* - distributions of m mesons from the
QGSM calculations together with the experimental ones for CC and CTa interactions.
One can see that the QGSM reproduces experimental distributions well. The QGSM also
reproduces the zp, cosf and p% distributions (Figs. 2, 4 and 5). The QGSM data show
similar characteristics in different regions of { as experimental ones: sharply anisotropic
angular distributions in the region (¥ < (} and almost flat distribution in the region
¢* > (¥; the slopes of the p2 — distributions differ greatly in different regions of (*; the
momentum distributions of pions in the laboratory frame in different regions of (* have
a similarly different shape of spectra as the experimental ones (Fig 6). The momentum
distributions of the QGSM data reproduce the corresponding experimental spectra in
both regions of ¢*. The distributions obtained by the QGSM in the region (* > C* have
been fitted by expressions (8), (9), (10). The results of the fit are given in Table 1 and
Figs. 4 and 5. In the region ¢* < (¥, the p2 and (* - distributions have been fitted by
formulae (12) and (13), respectively. The results of the fit are given in Table 2 and Fig.
5. One can see from Table 1, that the values of T extracted from the experimental and
QGSM data agree within the errors for CC and CTa collisions.

Figure 8 shows the dependence of the parameter T' from Table 1 on (Ap * Ar)
obtained from the experimental and QGSM data together with our previous results [8,9]
for He(Li,C), CNe, CCu, MgMg, and OPb interactions obtained on the SKM-200-GIBS
set-up and pC and HeC obtained by the Propane Collaboration in [10]. One can see
that T decreases linearly with increasing (Ap * Ar)'/?, i.e with increasing the number
of participating nucleons. A similar behavior is predicted by the QGSM. It is worth to
mention that the values of T obtained for semicentral CC and CTa collisions in this paper,
agree within the errors with the results for inelastic CC and CTa obtained in [10]. Thus,
the values of T seem to depend on the centrality degree very slightly.

1/2

5. CONCLUSIONS

The inclusive spectra of pions produced in CC and CTa collisions at a momentum of
4.2 GeV/c per nucleon are analyzed in terms of light front variables § and (.

57—



1. The results of this paper confirm the conclusions of "the previous publications [8,9] that
the phase space of secondary 7 mesons is divided into two regions with respect to maxima
value of (* (£%).

The angular and momentum distributions of pions in this regions are very different.

2. In one of this kinematical region (¥ > ¢*, the dN/dcos8, dN/dp%, 1/m - dN/d(* dis-
tributions are fitted by statistical model predictions. Thus, thermal equilibrium seems to
be reached and corresponding temperatures were obtained.

3. The T dependence on (Ap * Ar)'/? is studied. The temperature decreases with in-
creasing (Ap * Ap)*/2.

4. The experimental results are compared with the QGSM. The model seems to be in a
good agreement with the data.
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Uxaunze JI. B. u np. E1-2003-67
AHaH3 CEKTPOB T -ME30HOB B NOJyLeHTpanbHeIx CC-

u CTa-coymapenusx ¢ umnyiscoM 4,2 I'sB/c Ha HyKJIOH

B IIEpEMEHHBIX CBETOBOTO ¢(hpoHTa

HHKMI03MBHBIE CIEKTPI MMOHOB, 06pa3oBaHHbix B CC- u CTa-coynapenusax c¢
uMnynscoM 4,2 T'sB/c Ha HYKIIOH, MPOAHAIH3UPOBAHBI B NIEPEMEHHBIX CBETOBOTO
dponra & u {. ®azosblii 06beM BTOPUYHBIX ITHOHOB Pa3/ieeH Ha JBe o6nacTu C cy-
IIECTBEHHO Pa3MYAlOLIMMHUCS YITIOBBIMH M MMITYJICHBIMM paclpeieneHusMu. B
ONHOM M3 9THX O00JacTedl NPEANONOXKEHHE O TEPMOOMHAMMYECKOM DaBHOBECHH,
HO-BHAMMOMY, XOpOHIO corilacyercs ¢ AaHHbIMH. H3ydeHa 3aBHCHMOCTb TeMIlepa-

1/2 " A 1/2
typet T ot (Ap* Ar)"'“. T nuHeiiHo yOpiBaer ¢ poctoM (Ap* Ar)''“. Pesynbrarsl

CPaBHHBAIOTCS € MNpeACKa3aHHEM KBAapK-IIIOOHHOM CTpYyHHOH monend. Mopens
YIOBJIETBOPHTENBHO BOCIIPOM3BONMT SKCIIEPUMEHTAJIbHBIE TaHHBIC.
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Chkhaidze L. V. et al. E1-2003-67
The Analysis of n”-Meson Spectra in Semicentral CC and CTa

Collisions at a Momentum of 4.2 GeV/c per Nucleon in Terms

of Light Front Variables

The inclusive spectra of pions produced in CC and CTa collisions at a momen-
tum of 4.2 GeV/c per nucleon are analyzed in terms of light front variables § and .
The phase space of the secondary pions is divided into two parts with very differ-
ent angular and momentum distributions. In one of this part the thermal equilibri-
um assumption seems to be in good agreement with the data. Corresponding tem-
peratures T are extracted, and their dependence on (Ap* Ap)V? is studied. T de-

creases linearly with increasing (Ap* AT)” 2, The results are compared with the

predictions of the Quark-Gluon String Model (QGSM). The QGSM satisfactorily
reproduces the experimental data.

The investigation has been performed at the Veksler—Baldin Laboratory
of High Energies, JINR and at the High Energy Physics Institute, Tbilisi State
University (Georgia).
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