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ELEMENTARY PARTICLES AND FIELDS
Experiment

Centrality Dependence of Rapidity Spectra of Negative Pions
in 12C+1212C+1212C+12C and 12C+18112C+18112C+181Ta Collisions at 4.2 GeV/c Per Nucleon∗

Kh. K. Olimov1), 2)**, Sayyed A. Hadi3), and Mahnaz Q. Haseeb1)***

Received July 19, 2013

Abstract—The centrality dependences of the experimental rapidity as well as transverse momentum versus
rapidity spectra of negative pions were analyzed quantitatively in 12C+12C and 12C+181Ta collisions at
4.2 GeV/c per nucleon using fitting the pion spectra by Gaussian distribution function. The experimental
results were compared systematically with the predictions of the Quark–Gluon–String Model (QGSM)
adapted to intermediate energies.

DOI: 10.1134/S1063778814050159

INTRODUCTION

A large number of pions are produced in rela-
tivistic hadron–nucleus and nucleus–nucleus colli-
sions. Therefore these pions may carry important
information on dynamics of a nuclear collision. It
should be mentioned that the negatively charged pi-
ons can be unambiguously separated from the other
particles produced in nuclear collisions. The pi-
ons are the particles produced predominantly at the
energies of Dubna synchrophasotron. Production
of a large fraction of pions in hadron–nucleus and
nucleus–nucleus collisions at the energies of the or-
der of few GeV/nucleon was shown to be due to exci-
tation of baryon resonances, which finally decay into
nucleons and pions. In [1–9] it was estimated that
the significant fraction of pions produced in bubble
chamber experiments of Joint Institute for Nuclear
Research (JINR, Dubna, Russia) came from decay of
Δ resonances.

The rapidity distributions of pions in relativistic
nuclear collisions were studied earlier in [10–13]. The
momentum, transverse momentum, and rapidity dis-
tributions of negative pions produced in Mg + Mg
collisions at 4.3 GeV/c per nucleon were analyzed in
[13]. It was observed [13] that the rapidity distribu-
tions of pions followed a Gaussian shape. Analysis of
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pion rapidity distribution showed that the central ra-
pidity region was occupied with pions of larger trans-
verse momentum as compared to the fragmentation
region of interacting nuclei. The experimental re-
sults could be described satisfactorily by the Quark–
Gluon–String Model (QGSM) [14–17]. The rapid-
ity distributions of negative pions in (p, d, α, C)C
and (d, α, C)Ta collisions at 4.2 GeV/c per nucleon
were analyzed in various intervals of transverse mo-
mentum of π− mesons in [11, 12]. With increas-
ing the transverse momentum of negative pions, the
fraction of π− mesons in the central rapidity region
increased, whereas the corresponding fraction in the
fragmentation region of colliding nuclei decreased
[11, 12]. The centrality dependence of pion rapidity
spectra in minimum bias 12C+12C and 12C+181Ta
collisions at a momentum of 4.2 GeV/c per nucleon
was partly studied in early work [10] on statistics of
7900 12C+12C and 2000 12C+181Ta collision events.
It was shown [10] that the pion rapidity spectrum was
Gaussian in shape regardless of the target mass num-
ber and collision centrality. The QGSM could re-
produce quite satisfactorily the main features of pion
rapidity as well as transverse momentum spectra [10].

This work is a continuation of our recent papers
[18, 19] devoted to analysis of various characteris-
tics of negative pions produced in nucleus–nucleus
collisions at 4.2 GeV/c per nucleon. The aim of
this work is to study the dependences of experimental
rapidity distributions of negative pions produced in
12C+12C and 12C+181Ta collisions at a momentum
of 4.2 GeV/c per nucleon on the mass of target nu-
cleus and collision centrality. Also the dependence
of the transverse-momentum-versus-rapidity spectra
of negative pions on the mass of target nucleus and
collision centrality will be investigated. In order to
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Table 1. Mean multiplicities per event of negative pions and participant protons and the average values of rapidity and
transverse momentum of π− mesons in 12C+12C and 12C+181Ta collisions at 4.2 GeV/c per nucleon. (The mean
rapidities are calculated in cms of nucleon–nucleon collisions at 4.2 GeV/c.)

Type 〈n(π−)〉 〈npart.prot〉 〈ycm〉 〈pt(π−)〉, GeV/c

12C+12C Exper. 1.45 ± 0.01 4.35 ± 0.02 −0.016 ± 0.005 0.242± 0.001

QGSM 1.59 ± 0.01 4.00 ± 0.02 0.007 ± 0.005 0.219± 0.001

12C+181Ta Exper. 3.50 ± 0.10 13.3 ± 0.2 −0.34 ± 0.01 0.217± 0.002

QGSM 5.16 ± 0.09 14.4 ± 0.2 −0.38 ± 0.01 0.191± 0.001

perform quantitative analysis, the widths and centers
of rapidity as well as the 〈pt〉 versus ycm spectra of
negative pions in 12C+12C and 12C+181Ta collisions
will be extracted from fitting these spectra with Gaus-
sian distribution function. The experimental results
will be compared systematically with the correspond-
ing results calculated using QGSM [14–17].

In the present work, we use QGSM devel-
oped to describe hadron–nucleus and nucleus–
nucleus collisions at intermediate and relativistic
energies [14–17]. In the QGSM, hadron produc-
tion takes place via formation and decay of quark
gluon strings. In the present analysis, we use
the version of QGSM [15] adapted to the range of
intermediate energies (

√
snn � 4 GeV). The inci-

dent momentum of 4.2 GeV/c per nucleon for the
collisions analyzed in the present paper corresponds
to incident kinetic energy 3.37 GeV per nucleon
and nucleon–nucleon center-of-mass system (cms)
energy

√
snn = 3.14 GeV. The QGSM is based on

the Regge and string phenomenology of particle
production in inelastic binary hadron collisions. To
describe the evolution of the hadron and quark–
gluon phases, a coupled system of Boltzmann-like
kinetic equations was used in the model. The model
accounted for the rescattering of hadrons as well as
resonance production and decay processes. The time
of hadron formation was taken into account in the
QGSM. At nucleon–nucleon c.m. energy

√
snn =

3.14 GeV the masses of strings are smaller than
2 GeV, and these strings fragment predominantly
(∼90%) through two-particle decay channel.

EXPERIMENTAL PROCEDURES
AND ANALYSIS

The experimental data analyzed in the present
work were obtained using 2-m propane (C3H8) bub-
ble chamber of Laboratory of High Energies of JINR
(Dubna, Russia). The 2-m propane bubble chamber
was placed in a magnetic field of strength 1.5 T [10,

20–26]. Three tantalum 181Ta foils were also placed
inside the propane bubble chamber. Thickness of
each tantalum foil was 1 mm, and the separation dis-
tance between foils was 93 mm. The bubble chamber
was then irradiated with beams of 12C nuclei accel-
erated to a momentum of 4.2 GeV/c per nucleon at
Dubna synchrophasotron. The 12C nuclei were made
to interact with the carbon nuclei and protons of the
propane molecules and the tantalum 181Ta foils placed
in the propane bubble chamber [10]. Methods of se-
lection of inelastic 12C+12C and 12C+181Ta collision
events in this experiment were explained in detail in
[10, 22, 24–26].

Threshold for detection of negative pions was
70 MeV/c for 12C+12C collisions, whereas for
12C+181Ta collisions it was 80 MeV/c. In some
momentum and angular intervals, the particles could
not be detected with 100% efficiency. To account
for the loss of particles emitted under large angles to
object plane of the camera as well as for the particles
absorbed by tantalum foils, the relevant corrections
were introduced [10, 24–26]. The average uncer-
tainty in measurement of emission angle of negative
pions was 0.8◦. The mean relative uncertainty of
momentum measurement of π− mesons from the
curvature of their tracks in propane bubble chamber
was about 6%. All the negatively charged particles,
except identified electrons, were considered to be
π− mesons. Admixtures of unidentified electrons
and negative strange particles among π− mesons
did not exceed 5% and 1%, respectively. Statistics
of the experimental data consist of 20528 and 2420
12C+12C and 12C+181Ta minimum-bias collision
events, respectively, with practically all the secondary
particles detected under 4π solid angle. For sake
of comparison with the experimental data, 30000
and 6000 minimum-bias 12C+12C and 12C+181Ta
collision events at 4.2 A GeV/c, respectively, were
simulated using the QGSM.
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Fig. 1. The experimental rapidity distributions of negative pions in 12C+12C (•) and 12C+181Ta (◦) collisions at 4.2 A GeV/c.
The corresponding QGSM spectra (a) and fits by Gaussian function (b) are given by the solid curves. The spectra are obtained
in cms of nucleon–nucleon collisions at 4.2 GeV/c. The distributions are normalized by the total number Nev of corresponding
inelastic events.

In our experiment, the spectator protons are the
protons with momenta p > 3 GeV/c and emission
angle θ < 4◦ (projectile spectators), and protons with
momenta p < 0.3 GeV/c (target spectators) [10, 24–
26]. The participant protons are the protons remain-
ing after elimination of spectator protons. Compari-
son of the mean multiplicities per event of negative pi-
ons and participant protons and of the average values
of rapidity and transverse momentum of π− mesons in
12C+12C and 12C+181Ta collisions at 4.2 GeV/c per
nucleon both in the experiment and QGSM is shown
in Table 1.

Comparison of the experimental and QGSM ra-
pidity distributions of negative pions in 12C+12C and
12C+181Ta collisions at a momentum of 4.2 GeV/c
per nucleon is presented in Fig. 1a. All the spectra in
Fig. 1 and the figures that follow are obtained in cms
of nucleon–nucleon collisions at 4.2 GeV/c (ycm ≈
1.1 at this incident momentum). As observed from
Fig. 1a, the rapidity distribution of negative pions
in 12C+12C collisions is symmetric with respect to
midrapidity ycm = 0, as expected for a symmetric sys-
tem with identical projectile and target nuclei. It can
be seen from Fig. 1a that with an increase of the target
nucleus mass the height of rapidity distributions of
π− (multiplicity of π− mesons) increases. Rapidity
distribution of π− shifts towards lower rapidity values,
as is evident from Fig. 1a, or more towards target
fragmentation region, as the mass of the target nu-
cleus increases in going from 12C+12C to 12C+181Ta
collisions. This is because the effective number of

target participant nucleons and the number of π−

mesons produced in target fragmentation region in-
crease as the mass of target nucleus increases. As
seen from Fig. 1a, the QGSM describes satisfacto-
rily the experimental rapidity distributions of negative
pions in 12C+12C and 12C+181Ta collisions. Figure
1b shows that the experimental rapidity spectra of
negative pions in 12C+12C and 12C+181Ta collisions
can be fitted well by Gaussian distribution function
given by

F (y) =
A0

σ
exp

(
−(y − y0)2

2σ2

)
, (1)

where σ is the standard deviation, referred to as a
width of the distribution in the present analysis, y0

is the centre of Gaussian distribution, and A0 is the
fitting constant. Parameters extracted from fitting
the rapidity spectra of negative pions in 12C+12C and
12C+181Ta collisions at 4.2 GeV/c per nucleon by
Gaussian function in Eq. (1) are given in Table 2.
As seen from Table 2, the width of rapidity distri-
bution of π− mesons is slightly lower in 12C+181Ta
collisions as compared to 12C+12C collisions both
in the experiment and QGSM. The widths of exper-
imental rapidity spectra of negative pions (σC+C =
0.793 ± 0.003 and σC+Ta = 0.75 ± 0.01) obtained in
the present analysis proved to be slightly lower than
the corresponding widths (σC+C ≈ 0.82 and σC+Ta ≈
0.79) estimated in [10] for 12C+12C and 12C+181Ta
collision events at 4.2 GeV/c on a significantly lower
experimental statistics. It is seen from Table 2 that
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Table 2. Parameters obtained from fitting the rapidity spectra of negative pions in 12C+12C and 12C+181Ta collisions at
4.2 GeV/c per nucleon by Gaussian function

Type A0 σ y0 χ2/n.d.f. R2 value

12C+12C Exper. 0.575 ± 0.004 0.793 ± 0.003 −0.016 ± 0.005 8.93 0.992

QGSM 0.624 ± 0.004 0.786 ± 0.003 0.009 ± 0.005 14.21 0.983

12C+181Ta Exper. 1.36 ± 0.02 0.75 ± 0.01 −0.33 ± 0.01 7.66 0.971

QGSM 1.78 ± 0.02 0.71 ± 0.01 −0.30 ± 0.01 53.43 0.878

the locations of centers (y0) of π− rapidity spectra
extracted from fitting by Gaussian function proved to
be equal within the uncertainties to the corresponding
mean rapidities of negative pions given in Table 1.
As follows from Table 2, the QGSM describes sat-
isfactorily the widths as well as the locations y0 of
rapidity distributions of negative pions in 12C+12C
and 12C+181Ta collisions at 4.2 GeV/c per nucleon.

It is of interest to analyze quantitatively the change
of shape of rapidity spectra of negative pions with
increasing the collision centrality, which corresponds
to decrease in impact parameter of collision. Since
impact parameter cannot be measured directly in the
experiment, we use the number of participant protons
Np to characterize the collision centrality. We follow
the works [10, 27] to define the peripheral collision
events as those in which Np �

〈
npart.prot

〉
, and the

central collisions as the collision events with Np �
2
〈
npart.prot

〉
, where

〈
npart.prot

〉
is the mean multiplic-

ity per event of participant protons. It was shown
in early work [27] that the central 12C+181Ta colli-
sions at 4.2 A GeV/c selected using the above crite-
rion were characterized by complete projectile stop-
ping, because in these collisions the average num-
ber 〈νp〉 of interacting projectile nucleons was very
close to the total number of nucleons in projectile
carbon. Fractions of central and peripheral 12C+12C

Table 3. Fractions of central and peripheral 12C+12C and
12C+181Ta collisions at 4.2 GeV/c per nucleon relative to
the total inelastic cross section (σin)

Type
Central collisions, % Peripheral collisions, %

Experiment QGSM Experiment QGSM

12C+12C 11 ± 1 8 ± 1 58 ± 1 62 ± 1

12C+181Ta 16 ± 1 15 ± 1 60 ± 2 56 ± 1

and 12C+181Ta collision events, relative to the total
inelastic cross section (σin), obtained in the present
analysis for both the experimental and QGSM data
are given in Table 3. As can be seen from Table 3,
the experimental and corresponding model fractions
of central and peripheral 12C+12C and 12C+181Ta
collision events coincide with each other within two
standard errors. As seen from Table 3, the cen-
tral interactions constitute approximately 10% and
15% in 12C+12C and 12C+181Ta collisions, respec-
tively, whereas the fraction of peripheral collisions is
roughly 60% in both collision types. These results for
12C+12C and 12C+181Ta collisions coincide with the
estimated fractions of central and peripheral collision
events obtained in [10] on a significantly lower statis-
tics of 12C+12C and 12C+181Ta collisions as com-
pared to the statistics used in the present analysis.

In Figs. 2 and 3 the rapidity distributions of neg-
ative pions are compared for central and peripheral
12C+12C and 12C+181Ta collision events in the ex-
periment and QGSM, respectively. All the spectra
in Figs. 2 and 3 were fitted by Gaussian function
given in relation (1). The corresponding parameters
obtained from fitting the experimental and QGSM
spectra for central and peripheral collisions are given
in Table 4. As can be seen from Figs. 2 and 3 and
Table 4, on the whole, all the spectra are fitted quite
satisfactorily by Gaussian function. However, as seen
from χ2/n.d.f. and R2 values, the experimental rapid-
ity spectra are fitted significantly better by Gaussian
function as compared to the QGSM spectra. As fol-
lows from Table 4, the widths of the experimental ra-
pidity spectra of negative pions decrease by (5 ± 1)%
and (16 ± 2)% in going from the peripheral to central
12C+12C and 12C+181Ta collisions, respectively. The
similar decrease in the estimated widths of the rapidity
spectra of negative pions was observed in [10] while
going from the peripheral to central 12C+12C and
12C+181Ta collisions at 4.2 A GeV/c. The widths
estimated for the peripheral and central 12C+12C
and 12C+181Ta collisions (σC+C

periph ≈ 0.85 and σC+C
centr ≈
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Fig. 2. The experimental rapidity distributions of neg-
ative pions in central (•) and peripheral (◦) collision
events in 12C+12C (a) and 12C+181Ta (b) collisions
at 4.2 A GeV/c. The corresponding fits by Gaussian
function are given by the solid curves. The spectra
are obtained in cms of nucleon–nucleon collisions at
4.2 GeV/c.

0.78, σC+Ta
periph ≈ 0.87 and σC+Ta

centr ≈ 0.74) in [10] proved

to be slightly larger as compared to the corresponding
widths of the experimental rapidity spectra shown in
Table 4. The σ values obtained in the present analysis
agree with the results of the early work [28], where
the width of pseudorapidity distribution for shower
particles varied from 0.74 for most central to 0.94 for
most peripheral collisions. As seen from Fig. 2b and
Table 4, the center y0 of rapidity distribution of π−

mesons shifts towards target fragmentation region
by –0.44 ± 0.02 units while going from peripheral to
central 12C+181Ta collisions. In case of correspond-
ing QGSM spectra, as seen from Fig. 3b and Table 4,
the center of rapidity distribution of negative pions
also shifts towards target fragmentation region
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Fig. 3. Rapidity distributions of negative pions calculated
using QGSM in central (•) and peripheral (◦) collision
events in 12C+12C (a) and 12C+181Ta (b) collisions
at 4.2 A GeV/c. The corresponding fits by Gaussian
function are given by the solid curves. The spectra
are obtained in cms of nucleon–nucleon collisions at
4.2 GeV/c.

by –0.39 ± 0.02 units in going from peripheral to
central 12C+181Ta collisions. Such shift of peak of
rapidity spectrum of π− mesons in 12C+181Ta colli-
sions is caused by an increase of rescattering effects
in target nucleus, which is much heavier than the
projectile nucleus. As a result of this, the numbers
of target participant nucleons and pions produced
in target fragmentation region increase substantially
with increasing the collision centrality. As seen from
Figs. 2a and 3a and Table 4, we do not observe
such shift with increasing the collision centrality in
case of rapidity spectra of negative pions in 12C+12C
collisions in both the experiment and QGSM. This
is due to symmetry of the colliding 12C+12C system,
in which the effective numbers of participant nucle-
ons from target and projectile 12C nuclei (and the
numbers of pions produced in target and projectile

PHYSICS OF ATOMIC NUCLEI Vol. 77 No. 5 2014
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Table 4. Parameters obtained from fitting the rapidity spectra of negative pions in central and peripheral 12C+12C and
12C+181Ta collisions at 4.2 GeV/c per nucleon by Gaussian function

Type A0 σ y0 χ2/n.d.f. R2 value

12C+12C Exper. 1.44 ± 0.02 0.774 ± 0.006 –0.021 ± 0.009 2.52 0.990

Central QGSM 1.63 ± 0.02 0.794 ± 0.006 0.009 ± 0.009 2.97 0.989

12C+12C Exper. 0.274 ± 0.003 0.813 ± 0.006 –0.008 ± 0.009 2.76 0.991

Peripheral QGSM 0.289 ± 0.004 0.797 ± 0.006 –0.006 ± 0.009 7.32 0.972

12C+181Ta Exper. 3.10 ± 0.07 0.68 ± 0.01 –0.52 ± 0.01 3.63 0.958

Central QGSM 4.02 ± 0.09 0.66 ± 0.01 –0.48 ± 0.01 21.06 0.837

12C+181Ta Exper. 0.59 ± 0.01 0.81 ± 0.01 –0.08 ± 0.02 2.82 0.967

Peripheral QGSM 0.70 ± 0.01 0.78 ± 0.01 –0.09 ± 0.02 7.19 0.937

fragmentation regions) remain practically the same in
both central and peripheral collisions. Therefore in
12C+12C collisions the rapidity distribution of neg-
ative pions remains symmetric around ycm = 0 with
increase in the collision centrality. As observed from
Figs. 2 and 3 and Table 4, the center y0 of rapidity
spectra of π− mesons in peripheral 12C+181Ta col-
lisions proved to be close to ycm = 0. This can be
due to that in case of peripheral collisions the effective
volumes of interacting regions in both the target and
projectile nuclei (and thus the corresponding num-
bers of interacting nucleons) are close to each other.

Figure 4a shows the comparison of dependences
of the experimental mean transverse momenta of neg-
ative pions on their nucleon–nucleon cms rapidities
in 12C+12C and 12C+181Ta collisions at 4.2 GeV/c
per nucleon. It is observed from Fig. 4a that high-
pt π− mesons are produced in central rapidity region,
whereas projectile and target fragmentation regions
are occupied by the low-pt negative pions. It can
be seen from Fig. 4a that the height of peak of 〈pt〉-
versus-rapidity spectrum decreases with an increase
of the target nucleus mass. As seen from Fig. 4a,
the values of mean transverse momenta of π− mesons
are smaller in target fragmentation region ycm < 0 in
12C+181Ta collisions as compared to 12C+12C col-
lisions. This is because in case of 12C+181Ta col-
lisions the projectile nucleons have to undergo more
collisions (interactions) with more nucleons of heavy
181Ta target as compared to 12C+12C collisions at

the same incident momentum per nucleon. Therefore
the energy transferred during the collision is shared
among the greater number of participant nucleons
(and the larger number of produced pions) in case of
12C+181Ta collisions as compared to 12C+12C colli-
sions.

The corresponding to Fig. 4a dependences calcu-
lated using QGSM are presented in Fig. 4b. As seen
from Fig. 4b, the model spectra describe quite well the
behavior of the corresponding experimental spectra
given in Fig. 4a. As can be seen from Fig. 4b, the
height of peak of the model spectrum as well as the
values of 〈pt〉 in target fragmentation region ycm < 0
are smaller in case of 12C+181Ta collisions as com-
pared to 12C+12C collisions. The similar behavior
was observed for the experimental spectra given in
Fig. 4a.

The experimental 〈pt〉-versus-ycm spectra of neg-
ative pions in 12C+12C and 12C+181Ta collisions
at 4.2 A GeV/c along with the corresponding fits
by Gaussian function are presented in Figs. 4c and
4d. The corresponding parameters obtained from
fitting the 〈pt〉-versus-ycm spectra of negative pions
in 12C+12C and 12C+181Ta collisions at 4.2 GeV/c
per nucleon by Gaussian function in Eq. (1) are
presented in Table 5. As observed from Figs. 4c and
4d and Table 5, all the spectra are fitted quite well by
Gaussian function. The values of extracted widths,
as seen from Table 5, are compatible with each
other and with the corresponding QGSM results in

PHYSICS OF ATOMIC NUCLEI Vol. 77 No. 5 2014



CENTRALITY DEPENDENCE OF RAPIDITY SPECTRA 619
 

–1

 

y

 

cm

 

2

 

×

 

10

 

–1

 

1

 

×

 

10

 

–1

 

–3 1 3

(

 

c

 

)3

 

×

 

10

 

–1

 

–1

2

 

×

 

10

 

–1

 

1

 

×

 

10

 

–1

 

–3 1 3

(

 

d

 

)

2

 

×

 

10

 

–1

 

1

 

×

 

10

 

–1

 

(

 

a

 

)3

 

×

 

10

 

–1

 

2

 

×

 

10

 

–1

 

1

 

×

 

10

 

–1

 

(

 

b

 

)3

 

×

 

10

 

–1

 
〈

 
p

 

t

 
〉

 
, GeV/

 
c

 
〈

 
p

 

t

 
〉

 
, GeV/

 
c

Fig. 4. (a) The experimental 〈pt〉-versus-rapidity spectra of negative pions in 12C+12C (•) and 12C+181Ta (◦) collisions
at 4.2 A GeV/c; (b) The same as in (a) for QGSM spectra; (c) The experimental 〈pt〉-versus-rapidity spectra of negative
pions in 12C+12C (•) collisions at 4.2 A GeV/c along with the corresponding fit (solid curve) by Gaussian function; (d) The
experimental 〈pt〉-versus-rapidity spectra of negative pions in 12C+181Ta (◦) collisions at 4.2 A GeV/c along with the
corresponding fit (solid curve) by Gaussian function. All the spectra are obtained in cms of nucleon–nucleon collisions at
4.2 GeV/c.

12C+12C and 12C+181Ta collisions. It is also seen
that the centers y0 of 〈pt〉-versus-ycm spectra of
negative pions in 12C+12C and 12C+181Ta collisions
are located very close to midrapidity ycm = 0 and do
not depend on the mass of target nucleus.

Furthermore we analyzed the dependences of 〈pt〉-
versus-ycm spectra of negative pions in 12C+12C and
12C+181Ta collisions on the collision centrality. The
experimental 〈pt〉-versus-ycm spectra of negative pi-
ons in central and peripheral 12C+12C and 12C+181Ta
collisions at 4.2 A GeV/c along with the correspond-
ing fits by Gaussian function are presented in Fig. 5.
The corresponding parameters extracted from fitting
the 〈pt〉-versus-ycm spectra of negative pions in cen-
tral and peripheral 12C+12C and 12C+181Ta collisions
at 4.2 GeV/c per nucleon by Gaussian function in
the experiment and QGSM are displayed in Table 6.
As observed from Fig. 5, all the spectra are described

satisfactorily by Gaussian function. For both collision
types, as seen from Fig. 5, the corresponding spec-
tra coincide within the uncertainties for central and
peripheral collisions. Table 6 shows that the widths
extracted for the central and peripheral 12C+12C and
12C+181Ta collisions are compatible within the un-
certainties with each other and with the correspond-
ing QGSM results. As seen from Table 6, the lo-
cations of centers y0 of 〈pt〉-versus-ycm spectra of
negative pions in the central and peripheral 12C+12C
and 12C+181Ta collisions are very close to ycm = 0
and do not depend within the uncertainties on the
collision centrality.

SUMMARY AND CONCLUSIONS

The experimental rapidity as well as 〈pt〉-versus-
ycm spectra of negative pions in 12C+12C and
12C+181Ta collisions at a momentum of 4.2 GeV/c
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Table 5. Parameters obtained from fitting the 〈pt〉-versus-ycm spectra of negative pions in 12C+12C and 12C+181Ta
collisions at 4.2 GeV/c per nucleon by Gaussian function

Type A0 σ y0 χ2/n.d.f. R2 value

12C+12C Exper. 0.416 ± 0.004 1.51 ± 0.02 –0.09± 0.01 1.05 0.996

QGSM 0.376 ± 0.003 1.50 ± 0.02 –0.03± 0.01 0.79 0.998

12C+181Ta Exper. 0.40 ± 0.01 1.63 ± 0.04 –0.01± 0.03 2.09 0.967

QGSM 0.354 ± 0.006 1.64 ± 0.03 0.08 ± 0.02 10.63 0.937

per nucleon were investigated. The experimental
results were compared systematically with the cor-
responding spectra calculated using QGSM. The
rapidity as well as 〈pt〉-versus-rapidity spectra of
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Fig. 5. The experimental 〈pt〉-versus-rapidity spectra of
negative pions in central (•) and peripheral (◦) collision
events in 12C+12C (a) and 12C+181Ta (b) collisions at
4.2 A GeV/c. The corresponding fits by Gaussian func-
tion for central and peripheral collisions are given by the
solid and dashed curves, respectively. All the spectra
are obtained in cms of nucleon–nucleon collisions at
4.2 GeV/c.

negative pions in the analyzed collisions possessed
Gaussian shape and could be fitted well by Gaussian
distribution function. The locations of centers y0

extracted from fitting the rapidity spectra of π−

mesons by Gaussian function proved to be equal
within the uncertainties to the corresponding mean
rapidities of negative pions in the analyzed collisions.
The width (σ) of rapidity distribution of π− mesons in
12C+12C collisions was slightly larger as compared
to the corresponding σ in 12C+181Ta collisions both
in the experiment and QGSM.

The widths of the experimental rapidity spec-
tra of negative pions decreased by (5 ± 1)% and
(16 ± 2)% in going from the peripheral to central
12C+12C and 12C+181Ta collisions, respectively. The
center y0 of experimental rapidity distribution of π−

mesons shifted towards target fragmentation region
by –0.44 ± 0.02 units in going from peripheral to cen-
tral 12C+181Ta collisions. This shift in y0 of rapidity
spectrum of π− mesons in 12C+181Ta collisions could
be due to increase of rescattering effects in target
nucleus, which is heavier than projectile nucleus,
and a subsequent increase of the numbers of target
participant nucleons and pions produced in target
fragmentation region with increase in the collision
centrality.

The values of σ of 〈pt〉-versus-ycm spectra of
negative pions in 12C+12C and 12C+181Ta collisions
proved to be compatible with each other and with
the corresponding QGSM results. The centers y0 of
〈pt〉-versus-ycm spectra of negative pions in 12C+12C
and 12C+181Ta collisions were located very close to
midrapidity ycm = 0 and did not depend within the
uncertainties on the mass of target nucleus.

The extracted widths of 〈pt〉-versus-ycm spectra
of negative pions in central and peripheral 12C+12C
and 12C+181Ta collisions were compatible within the
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Table 6. Parameters obtained from fitting the 〈pt〉-versus-ycm spectra of negative pions in central and peripheral
12C+12C and 12C+181Ta collisions at 4.2 GeV/c per nucleon by Gaussian function

Type A0 σ y0 χ2/n.d.f. R2 value

12C+12C Exper. 0.42 ± 0.01 1.52 ± 0.03 –0.03 ± 0.02 2.10 0.980

Central QGSM 0.382 ± 0.005 1.54 ± 0.03 –0.04 ± 0.02 1.19 0.990

12C+12C Exper. 0.40 ± 0.01 1.49 ± 0.04 –0.08 ± 0.03 0.34 0.993

Peripheral QGSM 0.371 ± 0.005 1.48 ± 0.03 –0.02 ± 0.02 0.97 0.992

12C+181Ta Exper. 0.38 ± 0.01 1.61 ± 0.04 –0.12 ± 0.04 1.68 0.987

Central QGSM 0.34 ± 0.02 1.70 ± 0.08 0.03 ± 0.07 5.97 0.903

12C+181Ta Exper. 0.38 ± 0.01 1.48 ± 0.06 –0.01 ± 0.04 1.19 0.955

Peripheral QGSM 0.371 ± 0.005 1.48 ± 0.03 –0.02 ± 0.02 0.97 0.992

uncertainties with each other and with the corre-
sponding QGSM results, and hence did not depend
on the collision centrality. Similarly, the locations
of centers y0 of 〈pt〉-versus-ycm spectra of negative
pions in the analyzed central and peripheral collisions
were very close to ycm = 0.
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