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We studied the dependences of the experimental transverse momentum spectra of the
negative pions, produced in minimum bias 2C+181Ta collisions at a momentum of
4.2 GeV/c per nucleon, on the collision centrality and the pion rapidity range. To exam-
ine quantitatively, the change in the shape of the p; spectra of 7~ mesons with the change
of collision centrality and the pion rapidity range, all the extracted p: spectra were fit-
ted by the four different functions commonly used for describing the hadron spectra.
The extracted values of the spectral temperatures 77 and Th were consistently larger
for the p; spectra of m~ mesons coming from midrapidity range as compared to those
of the negative pions generated in the target and projectile fragmentation regions. The
spectral temperatures of the negative pions coming from projectile fragmentation region
proved to be larger than the respective temperatures of the negative pions coming from
target fragmentation region. The extracted spectral temperatures 77 and T of the p¢
spectra of 7~ mesons were compatible within the uncertainties for the peripheral, semi-
central and central 12C+181Ta collision events, selected using the number of participant
protons. It was observed that Hagedorn and Boltzmann functions are more appropriate
for describing the transverse momentum spectra of the negative pions as contrasted to
Simple Exponential and Gaussian functions.

Keywords: Relativistic nucleus—nucleus collisions; pions; spectral temperatures of
hadrons; transverse momentum distribution of hadrons; Hagedorn thermodynamic
model; Boltzmann function.

PACS Number(s): 14.40.Be, 25.75.Dw

1. Introduction

In relativistic nucleus—nucleus collisions, the temperature and density of nuclear
matter are amongst the main parameters of the nuclear equation of the state (EOS).
To estimate the spectral temperatures of the secondary hadrons, the slopes of the
energy or transverse momentum spectra of these hadrons are usually analyzed.
Most of the energy spent on particle production during relativistic nuclear colli-
sion is used for pion production. Therefore, the investigation of the properties of
pions, produced most abundantly in relativistic nuclear collisions, is necessary to
understand the dynamics of the nuclear collisions. The negatively-charged pions are
produced predominantly at the energies of the Dubna synchrophasotron and can be
unambiguously separated from the other particles formed in nuclear collisions. The
excitation and decay of baryon resonances are believed to be the main processes
responsible for pion production in relativistic nuclear collisions. It was shown in
Refs. 1-9 that significant fraction of pions produced in experiments on 2 m propane
and 1m hydrogen bubble chambers of Joint Institute for Nuclear Research (JINR,
Dubna, Russia) originated from decay of A resonances. The decay kinematics of
A resonances was shown to be responsible for low transverse momentum enhance-
ment of pion spectra in hadron—nucleus and nucleus—nucleus collisions at incident
beam energies from 1 GeV to 15 GeV per nucleon.” ! It was found that pions com-
ing from A decay populated mainly the low transverse momentum part of the p;
spectra of pions.? 11

In Ref. 12, the spectral temperatures of 7~ mesons produced in d+'2C, *He+'2C
and 12C+'2C collisions at 4.2 A GeV/c were obtained by fitting the noninvariant
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center-of-mass (cms) energy spectra of 7~ mesons with Maxwell-Boltzmann dis-
tribution function. Analysis of rapidity and angular dependences of the spectral
temperatures of the negative pions produced in 2C+12C collisions at 4.24 GeV/c
was done in Ref. 13. The temperatures of the negative pions have been extracted
and analyzed for collisions of different sets of nuclei at various energies in the
past.!21418 Analysis of transverse momentum as well as transverse mass distri-
butions is preferred for estimating the hadron temperatures, due to their Lorentz
invariance with respect to longitudinal boosts.'417:19:20 Hence, transverse momen-
tum distributions have much lesser likelihood of getting affected by the longitudinal
collective motion as contrasted to the energy spectra of hadrons.

The present work continues the analyses of our recent papers'®2°-22 devoted to
investigation of various characteristics of 7~ mesons produced in nucleus—nucleus
collisions at 4.2 GeV/c per nucleon. The main aim of the present paper is to study
the dependences of the experimental transverse momentum spectra of the negative
pions, produced in 12C+!¥1Ta collisions at a momentum of 4.2 GeV /¢ per nucleon,
on the collision centrality as well as on the pion rapidity range. To examine quantita-
tively, the change in the shape of the p; spectra of #~mesons in '2C+418Ta collisions
with the change of the collision centrality and pion rapidity range, all the extracted
pe spectra were fitted by four different functions commonly used for describing the
hadron spectra. It is also of interest to check which of these commonly used func-
tions would be more appropriate for fitting the transverse momentum spectra of the
negative pions. It is necessary to mention that the similar analysis of the transverse
momentum spectra of the negative pions produced in symmetric '2C+'2C collisions
at 4.2A GeV/c for different collision centralities and various pion rapidity ranges
was also done in our recent paper.??

2. Experimental Procedures and Analysis

The data analyzed in the present work were obtained using 2m propane (CsHg)
bubble chamber of the Laboratory of High Energies of JINR (Dubna, Russia). The
2m propane bubble chamber was in a magnetic field of strength 1.5T23 39 and
three tantalum (*®1Ta) foils were placed in the experimental setup of the cham-
ber. Thickness of each foil was 1 mm and the separation distance between the foils
was 93mm. The bubble chamber was then irradiated with beams of 2C nuclei
accelerated to a momentum of 4.2 GeV /¢ per nucleon at Dubna synchrophasotron.
Methods of selection of inelastic *2C+'81Ta collision events in this experiment were
given in detail in Refs. 23-30. Threshold for detection of 7~ mesons produced in
1204181 Ta, collisions was about 80 MeV /c. In some momentum and angular inter-
vals, the particles could not be detected with 100% efficiency. To account for small
losses of particles emitted under large angles to object plane of the camera and
due to tantalum foils, the relevant corrections were introduced as discussed in
Refs. 23-30. The average uncertainty in measurement of emission angle of the neg-
ative pions was 0.8°. The mean relative uncertainty of momentum measurement of
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7~ mesons from the curvature of their tracks in propane bubble chamber was 6%.
All the negative particles, except those identified as electrons, were considered to
be m~mesons. Admixtures of unidentified electrons and negative strange particles
among them were less than 5%. In our experiment, the spectator protons are pro-
tons with momenta p > 3 GeV/c and emission angle § < 4° (projectile spectators),
and protons with momenta p > 0.3 GeV/c (target spectators) in the laboratory
frame.?? 30 These criteria are based on the fact that, having spin-1/2, nucleons in
nuclei posses Fermi momentum. Thus, practically all the spectator nucleons have
momenta p,, < ph_ ., where pf_is the maximum Fermi momentum in the nucleus
rest frame, which is around 0.2-0.3 GeV/c for carbon and tantalum nuclei, taking
into account the mean relative uncertainty of momentum measurement of protons
(%) ~ 11% in the present experiment. Hence, the participant protons are the
protons which remain after elimination of the spectator protons. Statistics of the
experimental data analyzed in the present work consist of 2420 '2C+'81Ta mini-
mum bias inelastic collision events with almost all the secondary-charged particles
detected and measured with 47 acceptance.

Comparison of the mean multiplicities per event of the negative pions and par-
ticipant protons and the average values of rapidity and transverse momentum of
7~ mesons in 12C+¥1Ta collisions at 4.2 GeV/c per nucleon, both in the experi-
ment and Quark-Gluon-String-Model (QGSM)3! 734 is presented in Table 1. QGSM
was developed to describe hadron—nucleus and nucleus—nucleus collisions at high
energies. In the QGSM, hadron production occurs via formation and decay of
quark—gluon strings. This model is used as a basic process for generation of hadron—
hadron collisions. In the present work, the version of QGSM?2 adapted to the range
of intermediate energies (\/snn, < 4GeV) was used. The incident momentum of
4.2 GeV/c per nucleon for the collisions analyzed in the present work corresponds
to incident kinetic energy 3.37 GeV per nucleon and nucleon-nucleon cms energy
V/Snn = 3.14GeV.

The QGSM is based on 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 nuclear collisions were treated as a superposition of independent
interactions of the projectile and target nucleons, stable hadrons and short lived res-
onances. Resonant reactions like 7+ N — A, pion absorption by NN quasi-deuteron

Table 1. Mean multiplicities per event of the negative pions and partici-
pant protons and the average values of rapidity and transverse momentum
of 7~ mesons in 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.
Only statistical errors are given here and at tables that follow.

Type (n(ﬂ'_» <npart.prot.> (yc.m.(ﬂ'_)) (pt(ﬂ'_», GeV/c
Exper 3.50 £ 0.10 13.34+0.2 —0.34 +0.01 0.217 4+ 0.002
QGSM 5.16 £ 0.09 14.44+0.2 —0.38 £ 0.01 0.191 + 0.001
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pairs and also ™+ 7 — p were taken into account in this model. The time of forma-
tion of hadrons were also included in QGSM. The masses of strings at intermediate
energies are very small. At cms energy /sp, = 3.14 GeV the masses of strings are
smaller than 2GeV, and these strings fragment predominantly (~90%) through
two-particle decay channel.

The nucleon coordinates in the colliding nuclei were generated, according to
the realistic nuclear matter density. The sphere of the nucleus was filled with the
nucleons subject to the condition that the distance between nucleons was greater
than 0.8 fm. The Fermi motion of the nucleons inside the nucleus was taken into
account in the model. The nucleon momenta py were distributed in the range
0 < pn < pp, where pp is the maximum Fermi momentum of a nucleon for a given
nucleus, determined by its nuclear density. The procedure of generation of a colli-
sion event in QGSM consisted of three steps: (i) defining the configurations of the
colliding nucleons; (ii) production of quark-gluon strings; (iii) the breakup (frag-
mentation) of strings into observed hadrons. For simulating the nucleon—nucleon
and pion—nucleon interactions in QGSM, the binary, “undeveloped” cylindrical,
diffractive, cylindrical and planar topological quark diagrams were used.?3 26 The
binary processes give the main contribution to QGSM and correspond to a quark
rearrangement (in interacting pair of nucleons) without direct particle emission in
the string decay. This process mainly results in resonance production (for example,
inreactions p+n —=p+ A’ p+p—=n+Att n+n—-p+A - n+n—n+A°
etc), and the resonances are the main source of pion production in QGSM.

The transverse momenta of pions produced in quark—gluon string fragmentation
processes are the product of two factors: (i) string motion on the whole as a result of
transverse motion of constituent quarks and (ii) ¢g-pair production from breakup of
the string. Transverse motion of quarks inside hadrons was described by the Gaus-
sian distribution with variance o2 s 0.3 (GeV/c)?. The transverse momentum kp
of produced ¢q quark pairs in the cms of the string was defined according to a dis-
tribution W (ky) = ﬂ(%;’k%)“ where b = 0.34 (GeV/c)~2. For hadron interactions,
the cross-sections were taken from the experimental data. Isotopic invariance and
predictions of the additive quark model (for meson—meson cross-sections, etc.) were
used to avoid data deficiency. The resonance interaction cross-sections were taken
to be equal to the interaction cross-sections of stable particles with the same quark
content. The decay of excited recoil nuclear fragments and coupling of nucleons
inside the nucleus were not taken into account in QGSM.

The total transverse momentum and rapidity distributions of the negative pions
in minimum bias 12C+181Ta collisions at a momentum of 4.2 GeV /¢ per nucleon are
shown in Fig. 1. As seen from Fig. 1(a), the experimental transverse momentum
spectrum of 7~ mesons is described satisfactorily by the QGSM calculations. The
rapidity spectrum in Fig. 1(b) is plotted in cms of nucleon—nucleon collisions at
4.2GeV/c (the rapidity of the cms of nucleon—nucleon collision is yems =~ 1.1 at
this incident momentum). Figure 1(a) also shows that the QGSM slightly under-
estimates the experimental p; spectrum of 7~ mesons in region p; > 0.8 GeV/ec.
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Fig. 1. The experimental transverse momentum (a) and rapidity (b) spectra of negative pions
produced in minimum bias "2C+181Ta (e) collisions at 4.2 GeV /¢ per nucleon. The corresponding
calculated QGSM spectra are given by the solid lines. All the spectra are normalized per one
inelastic collision event.

It is worth mentioning that another model — Modified FRITIOF model,2435-37
specifically designed for describing the nucleus—nucleus collisions at incident ener-
gies of the order of a few GeV per nucleon, also underestimates this high p; part
of the pion spectra.2%3® It was observed earlier?? that the fitting of the p; spec-
trum of 7~ in d+'2C, *He+'2C and '2C+'2C collisions at 4.2A4 GeV/c with the
two-temperature Hagedorn function resulted in the lower spectral temperatures T
and Ty for both QGSM and Modified FRITIOF model spectra as compared to
the experimental ones. As seen from Fig. 1(b), QGSM describes satisfactorily the
experimental rapidity spectrum of 7~ mesons in 2C+'81Ta collisions.

However, as can be seen from Fig. 1(b), the double peak structure is observed
in QGSM rapidity spectrum of the negative pions in 2C+'¥1Ta collisions. The
appearance of this structure in the model is likely due to separation of heavy tar-
get fragmentation region from the central rapidity region in '2C+'#1Ta collisions,
whereas the central rapidity and projectile fragmentation regions overlap with each
other due to their relative closeness in the rapidity space. The absence of such a
structure in the experimental rapidity distribution is obviously due to the exper-
imental broadening caused by the experimental resolution of the rapidity spec-
trum. Therefore, the target fragmentation and central rapidity regions overlap in
the experimental rapidity distribution of the negative pions. As seen from Fig. 1(a),
the kink structure is observed in the region p; ~ 0.9-1.0 GeV/c of the QGSM trans-
verse momentum spectrum of the negative pions. The appearance of this structure
is most probably due to the statistical fluctuations caused by the fact that, in the
model only very few pions are produced in the region p; > 0.9-1.0 GeV/c and
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the QGSM spectrum ends at the lower p; values compared to the experimental
transverse momentum spectrum of the negative pions.

In the present analysis, we fitted the transverse momentum spectra of 7~ mesons
produced in 12C+81Ta collisions at a momentum of 4.2 GeV /c per nucleon by four
different functions commonly used for describing the p; spectra of hadrons. The
Hagedorn Thermodynamic Model'?39 allows for a set of fireballs displaced from
each other in rapidity. In this model, particles with different momenta freeze out
within a volume that is of universal magnitude when assessed in the rest frame for
any given momentum, being the distribution in transverse momentum of the shape
dN /dp, = const.-p;-my-K1(my/T) = const.-p; - (my-T)"/?-exp(—my/T), where K,
is the MacDonald function, m; = y/m? + p? is the transverse mass, T is the spec-
tral temperature. The above approximation is valid for m; > T. Thus, Hagedorn
Thermodynamic Model*3? predicts that the normalized transverse momentum (p;)
distribution of hadrons can be described using the expression (assuming m; > T))

dN
Np,dp,

= A+ (meT) 2 exp (— 7). (1)
T

where N (depending on the choice of normalization) is either the total number of

inelastic events or the total number of the respective hadrons and A is the fitting

constant. This relation (1) will be referred to as the one-temperature Hagedorn

function throughout the present paper. Correspondingly, in case of two tempera-

tures, 77 and 75, the above formula is modified as

dN
Np,dp,

—%) + Az - (myTo)Y? exp <_%)7 (2)

1 2

= A - (mtT1)1/2 exp (

referred to as the two-temperature Hagedorn function in this work.
The Boltzmann Model assumes that the transverse momentum spectra of
hadrons can be fitted using m; Boltzmann distribution function given by

dN
Np,dp,

= Amyexp (—%), (3)

referred as the one-temperature Boltzmann function in the present paper. In case
of two temperatures, 77 and T5, the above formula is modified as

dN my myg
=A; - —— As - —— . 4
Np,dp, L < T > oD < ) @

The spectra of pions can also be described using the Simple Exponential function
as follows for the one-temperature and two-temperature scenarios, respectively:

aN - bt
Np,dp; Aexp( T) (5)
and
dN Pt Pt
— A - _Pey g, _be)
Npydp, eXp( Tl>+ : eXp( Tz) )
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Another possibility for describing the transverse momentum spectra of hadrons
could be the Gaussian function given below for the one-temperature and the two-
temperature cases as

dN p?
=A —t 7
Np,dp, P ( TQ) @)
and
dN p2 p2
= A - _2t As - _2t
o, = o0 () oo () ®
respectively.

We fitted the total transverse momentum spectra of the negative pions in the
whole range of p; in 2C+18'Ta collisions at 4.24 GeV/c by the two-temperature
and the one-temperature Hagedorn and Boltzmann functions. The experimental
transverse momentum spectra of the negative pions produced in minimum bias
12041817, collisions at 4.2A4 GeV /¢ per nucleon and the corresponding fits in the
whole p; range by the one-temperature and the two-temperature Hagedorn func-
tions are given in Fig. 2. As can be seen from Fig. 2, the two-temperature Hagedorn
function fits the total p; spectra of the negative pions very well as compared to the
one-temperature fit. Parameters extracted from fitting the total transverse momen-
tum spectra of the negative pions in the whole range of p; in *2C+'81Ta collisions at
4.2A GeV/c by the two-temperature and the one-temperature Hagedorn and Boltz-
mann functions are given in Table 2. It is necessary to mention that R? factor in
Table 2 is defined as R? =1 — gg—i, where SSp =Y, (y5* — yfit)? is the sum of

" and yfi* are

squared errors, SSt = > i (y P —9)? is the total sum of squares, y; "

K2

ev

dNI(N_, dp, p). (GeV/c)*

0.0 0.4 0.8 1.2 1.6
p, GeVic

Fig. 2. The experimental transverse momentum spectra (e) of the negative pions produced in
minimum bias 22C+181Ta collisions at 4.2 GeV/c per nucleon and the corresponding fits in the
whole p; range by the one-temperature (dashed line) and the two-temperature (solid line) Hage-
dorn functions. All the spectra are normalized per one inelastic collision event.
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Table 2. The parameters extracted from fitting the total transverse momentum spectra of nega-
tive pions in the whole range of p; in 12C+181Ta collisions at 4.2A4 GeV/c by the two-temperature
and the one-temperature Hagedorn and Boltzmann functions.

Ay T Az T, R?
Fitting function (Gev)~t (MeV) (GeV)™!  (MeV) x2/n.d.f. factor
Two temperature Hagedorn 21,71544335 57+3 494+149 128+6 0.93 0.99
One temperature Hagedorn 5040 £ 391 88+£1 — — 7.79 0.92
Two temperature Boltzmann 19,069 +3229 5042 385+ 98 116 £5 1.02 0.99
One temperature Boltzmann 4296 4 322 78+1 — — 10.03 0.89

the original (experimental) and fit (model) data, respectively, and § = L 37" | 7P
is the mean value of the experimental data. As the deviation between the exper-
imental and fit data gets smaller, R? factor approaches to 1. Thus, the closer R?
factor value to 1, the better is the fit quality. As can be seen from comparison
of x2/n.d.f. and R? factor values in Table 2, the two-temperature Hagedorn and
the two-temperature Boltzmann function fits describe the experimental spectra
much better as compared to the one-temperature fits. This is in agreement with
our recent papers'®2° and earlier works,!21416,17
as well as energy spectra of pions, produced in relativistic nuclear collisions, were
characterized by the two-temperature shapes. In early work,' the two-temperature
shape of cm kinetic energy spectra of the negative pions in Ar+KCl collisions at
1.8 GeV /nucleon was obtained. In this work the occurrence of two temperatures,
T, and T3, was interpreted as due to two channels of pion production: pions com-
ing from A resonance decay (77) and directly produced pions (73). In Ref. 16, the
two-temperature shape of kinetic energy spectrum of pions emitted at 90° in cms
of central La+La collisions at 1.35GeV /nucleon was interpreted as due to differ-
ent contributions of deltas originated from the early and later stages of heavy-ion
reactions. The two-temperature behavior was also observed for cm energy as well
as p; spectra of 7~ mesons produced in Mg+Mg collisions'? at incident momentum
of 4.2-4.3AGeV/c.

It would be oversimplified to believe that the origin of pions in a minimum bias
sample of 12C+'81Ta collisions could be described by two thermal sources. The
phenomenon of collective flow has become the well-established and an important
feature of relativistic heavy-ion collisions. Inverse slope parameter, T', or an appar-
ent temperature of the emitting source, of transverse mass spectra of hadrons was
shown to consist of two components: a thermal part, Tipermal and a second part
resembling the collective expansion with an average transverse velocity (3;).% It
is necessary to mention that the collective flow of protons and negative pions was
also observed experimentally in He+C, C4+C, C+Ne, C+Cu and C+Ta collisions
within the momentum range of 4.2-4.54 GeV/c.2741:42 Hence, the observed two-
temperature shape of the transverse momentum spectrum of the negative pions
produced in *2C+!¥1Ta collisions at 4.24 GeV/c could also be interpreted by the
collective flow effects.

where the transverse momentum
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Table 3. The spectral temperatures (T') of the negative pions in 12041817y, collisions at
4.2A GeV /c and their relative contributions (R) extracted in the present work from fitting
their total transverse momentum spectra in the whole range of p; by the two-temperature
Hagedorn and Boltzmann functions compared to the corresponding values obtained in Ref. 12
from fitting the noninvariant cm energy spectra of the negative pions by Maxwell-Boltzmann
distribution function for 2C+'81Ta collisions at 4.2A GeV /c.

Fitting function T1 (MeV) R1% To MeV)  Re%  x2/n.df.  R? factor
Hagedorn 57+3 80 £ 22 128 + 6 207 0.92 0.99
Boltzmann 50£2 83 £ 20 116 £5 17+£5 1.02 0.99

Maxwell-Boltzmann 66 + 2 88+3 159 £ 6 12+3 0.58 —

The spectral temperatures (T7,T2) of 7~ mesons in 2C+!¥1Ta collisions at
42AGeV/c and their relative contributions (Rp, Ry) extracted in the present
work from fitting the p; spectra by the two-temperature Hagedorn and the two-
temperature Boltzmann functions are presented in Table 3. The corresponding
results obtained in Ref. 12 from fitting the noninvariant cm energy spectra of
the negative pions in 12C+!¥1Ta collisions at the same initial momentum using
two-temperature Maxwell-Boltzmann distribution function are also shown for a
comparison in this table. The relative contributions, R, of the different tempera-
tures to the total negative pion multiplicity were calculated over the total transverse
momentum interval (R; = ¢;/(c1+c2), where ¢; = A; - [(m,T;)1/2 exp(— 3t )dp; and
¢ =Ai [my exp(—’jri—;)dpt (1 = 1,2) are for the case of Hagedorn and Boltzmann
function fits, respectively). It should be mentioned that the statistics of 12C+181Ta
collisions used in Ref. 12 was 1989 inelastic collisions, which is about 20% lesser
compared to the statistics used in the present analysis. As seen from Table 3, the
values of the spectral temperatures (77,7%) extracted in the present work from
fitting the p; spectra by the two-temperature Hagedorn and the two-temperature
Boltzmann functions proved to be noticeably lower compared to the correspond-
ing values obtained in Ref. 12 from fitting the noninvariant cm energy spectra
of negative pions by Maxwell-Boltzmann distribution for '2C+'#1Ta collisions at
4.2A GeV/c. Especially, the value of T» obtained in Ref. 12 seems to be quite high
for such relatively small collision energy. This is likely due to the influence of longi-
tudinal motion on the energy spectra of 7~ mesons, whereas p; spectra are Lorentz
invariant with respect to longitudinal boosts. As seen from Table 3, the dominant
contribution (R; ~ 80-83%) to the total 7~ multiplicity in 2C+'81Ta collisions
is given by Ty ~ (50-57) £ 3MeV, which is compatible within the uncertainties
with the results of the Ref. 12. It is worth mentioning that the fits by Boltzmann
function give slightly lower values of the spectral temperatures compared to those
by Hagedorn function.

It is evident from Fig. 2 that the p; spectrum of the negative pions with
pr < 1.2GeV/c is characterized by a good enough statistics of 7~ and therefore by
sufficiently low statistical errors. Due to the lower momentum threshold of detection
of pions pihresh &~ 80 MeV /¢, it is natural to fit the transverse momentum spectra of
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the pions in the range p; = 0.1-1.2 GeV /¢, where pions are detected and measured
with almost 100% efficiency. We fitted the transverse momentum spectra of 7~
in this p; range in minimum bias 12C+18'Ta collisions at 4.24 GeV/c by different
two-temperature functions given in expressions (2), (4), (6) and (8). Parameters
extracted from fitting the total transverse momentum spectra of the negative pions
in the range p; = 0.1-1.2GeV/c in 2C+'81Ta collisions at 4.24 GeV/c by dif-
ferent two-temperature functions are presented in Table 4. As seen from Tables 2
and 4, the values of T} and 75 obtained from fitting the p; spectra of the nega-
tive pions in the range p; = 0.1-1.2 GeV/c by the two-temperature Hagedorn and
Boltzmann functions are compatible within the uncertainties with the correspond-
ing temperature values extracted from fitting in the whole p; range. It is observed
from Table 4 that the fits by Hagedorn and Boltzmann functions give reasonably
acceptable values for T; and Ty with quite small values of x?/n.d.f. The fitting
with Simple Exponential function leads to significantly higher values of T7 and T3
compared to the fits with Hagedorn and Boltzmann functions. Moreover, the fitting
with Gaussian function results in too large and unphysical values of T7 and T with
quite high value of x?/n.d.f.

The experimental transverse momentum spectrum of the negative pions pro-
duced in minimum bias ?C+!¥1Ta collisions at 4.2 GeV/c per nucleon and the
corresponding fits in the range p; = 0.1-1.2 GeV/c by the two-temperature Hage-
dorn and the two-temperature Boltzmann functions are presented in Fig. 3. As seen
from Fig. 3, the two-temperature Hagedorn and the two-temperature Boltzmann
functions fit very well the p; spectrum of the negative pions in '2C4-'81Ta collisions.

It is of interest to analyze quantitatively the change in the shape of transverse
momentum spectra of the pions with increase in the collision centrality, which cor-
responds to decrease of the impact parameter of collision. Since impact parameter
is not directly measurable, we use the number of participant protons to characterize
the collision centrality. We follow Refs. 20, 23, 43 and 44 to define the peripheral col-
lision events to be those in which N, < (npart.prot), and the central collisions as the
collision events with N, > 2(Npart.prot), Where (Npare.prot) is the mean multiplicity
per event of participant protons and the semicentral collisions come in between

Table 4. The parameters extracted from fitting the total transverse momentum spectra of the
negative pions in the range ps = 0.1-1.2 GeV /c in 12C+181Ta collisions at 4.24 GeV /c by various
two-temperature functions. (The units of Ay and Ay are (GeV)™! in case of Hagedorn and
Boltzmann function fits and dimensionless in case of Simple exponential and Gaussian function
fits wherever appropriate in the tables that follow.)

T T, R?
Fitting function Aq (MeV) Az (MeV) x2/n.d.f.  factor
Hagedorn 28,3124+10,614 53+5 641 +204 123+6 0.91 0.99
Boltzmann 21,121 + 6359 4943 449+127 11345 1.02 0.99
Simple exponential 417+ 72 76 £10 67+ 35 144 + 12 0.73 0.99
Gaussian 8+1 436 £11 121410 196 + 6 3.03 0.97
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Fig. 3. The experimental transverse momentum spectrum of the negative pions produced in
minimum bias 12C+181Ta (e) collisions at 4.2 GeV /c per nucleon and the corresponding fits in the
range p; = 0.1-1.2 GeV /¢ by the two-temperature Hagedorn (solid line) and the two-temperature
Boltzmann (dashed line) functions. All the spectra are normalized per one inelastic collision event.

these two multiplicity regions. It was shown in Ref. 43 that the central 2C+'81Ta
collisions at 4.2A4 GeV/c selected using the above criterion were characterized by
complete projectile stopping, because in these collisions the average number of
interacting projectile nucleons (the average number of participant nucleons from
projectile nucleus) was very close to the total number of nucleons in projectile car-
bon. Fractions of central, semicentral and peripheral '2C+'81Ta collision events,
relative to the total inelastic cross-section, obtained for both experimental and
QGSM data are presented in Table 5. As seen from Table 5, the experimental and
corresponding model fractions of peripheral and central *2C+'¥1Ta collision events
coincide with each other within the two standard errors. However, the fraction of
semicentral 12C+181Ta collisions is slightly overestimated by QGSM.

We fitted the p; spectra of the negative pions in peripheral, semicentral and
central 12C+181Ta collision events in the range p; = 0.1-1.2GeV/c by the above
two-temperature functions given in expressions (2), (4), (6) and (8). The parame-
ters extracted from fitting the transverse momentum spectra of the negative pions
in the range p; = 0.1-1.2 GeV/c in peripheral, semicentral and central 2C+181Ta

Table 5. Fractions of central, semicentral and peripheral 12C+181Ta collisions at 4.2 GeV/e
per nucleon relative to the total inelastic cross-section.

Peripheral collisions (%)  Semicentral collisions (%)  Central collisions (%)

Type Experiment QGSM Experiment QGSM Experiment QGSM

1204181, 60 + 2 56 + 1 2441 20+ 1 16+ 1 15+1
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Table 6. The parameters extracted from fitting the transverse momentum spectra of the negative
pions in the range p; = 0.1-1.2 GeV/c in peripheral, semicentral and central 12C 4181y collisions
at 4.2A GeV/c by various two-temperature functions.

Fitting Collision T Ty R2

function centrality Aq (MeV) Az (MeV) x2/n.d.f. factor

Hagedorn Peripheral 6214 42326 6317 138 £101 139+16 0.85 0.99
Semicentral 74,329 +£53,202 46+7 1766+629 11246 0.50 0.99
Central 93,566 £49,847 49+6 1624 £740 119+£8 1.11 0.98

Boltzmann Peripheral 5465 + 1785 56 £5 120471 123+12 0.93 0.98
Semicentral 50,087 £27,017 44+5 11964398 104+£5 0.49 0.99

Central 67,136 +£28,885 46+4 1138+£468 109+£7 1.17 0.98

Simple Peripheral 146 +19 95+10 6+10 193+£58 0.65 0.99
exponential Semicentral 714 + 364 60+18 220£90 126+9 0.55 0.99
Central 1146 £ 285 71+12  159+£108 140416 1.01 0.98

Gaussian Peripheral 4+1 441 4+ 22 48+5 202+9 2.04 0.97
Semicentral 20+3 404£13 213+25 180+£8 0.86 0.99

Central 22+4 4144+17 326+£38 18248 2.27 0.96

collisions at 4.2A GeV/c by various two-temperature functions are given in Table 6.
As seen from Table 6, the fits of the p; spectra by the two-temperature Hagedorn
and the two-temperature Boltzmann functions are compatible with each other
within the errors for peripheral, semicentral and central '2C+'81Ta collisions. How-
ever the values of T7 and T, extracted from fitting by Simple Exponential and
Gaussian functions are significantly larger as compared to those obtained from
fitting by the two-temperature Hagedorn and the two-temperature Boltzmann func-
tions. As observed from Table 6, the absolute values of T} and Ty extracted for
peripheral collisions proved to be noticeably higher compared to those for semi-
central and central collisions, though these temperatures are compatible within
two standard errors for peripheral, semicentral and central collisions. This result
could be understood if we recall that the temperature is the measure of the mean
kinetic energy of particles and that we have highly asymmetric collision system
with the target tantalum nuclei much heavier than light projectile carbon nuclei
(Aproj < Atarget). In case of central 12C 4181 Ty, collisions, each of incoming pro-
jectile nucleons invokes at least several nucleon—nucleon collisions (interactions)
with heavy target nucleons, which results in significantly higher multiplicity of
pions produced on tantalum nuclei in central 2C+'¥1Ta collisions as compared
to peripheral 2C+'81Ta collisions, where significantly lesser pions are produced,
mostly in the first single collisions (interactions) of projectile nucleons with tar-
get nucleons. Indeed, as was shown in Fig. 1(b), the significantly larger number of
pions is produced in heavy target fragmentation region as compared to light pro-
jectile fragmentation region. Thus, in case of central '2C+18'Ta collisions, the col-
lision energy is distributed among significantly larger number of pions compared to
peripheral '2C+'81Ta collisions, which results in lower mean kinetic energies of the
negative pions in central '2C+18'Ta collisions as compared to the peripheral ones.
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The experimental transverse momentum spectra of the negative pions produced in
peripheral, semicentral and central 2C+181Ta collisions at 4.2 GeV /c per nucleon
and the corresponding fits in the range p; =0.1-1.2 GeV /¢ by the two-temperature
Boltzmann function are given in Fig. 4.

As observed from Fig. 4(a), the p; spectra of the negative pions for the cen-
tral and semicentral 2C+181Ta collisions are located considerably above the cor-
responding spectrum for the peripheral *2C+'81Ta collisions. This is obviously due
to the known fact that, with an increase in the collision centrality, the number of
nucleon—nucleon collisions and, hence, the number of the participant nucleons and
produced pions increase. As can be seen from Fig. 4, the two-temperature Boltz-
mann function again fits very well the p; spectra of the negative pions in peripheral,
semicentral and central *2C+181Ta collisions.

It seems interesting also to analyze quantitatively the change in the shape of
transverse momentum spectra of the negative pions with the change in the pion
rapidity range. Therefore, we extracted and fitted, using the above two-temperature
functions, the transverse momentum spectra of the negative pions for three different
rapidity intervals in the nucleon-nucleon cms at 4.2 GeV/¢: Yo < —0.3, [Yem.| < 0.3
and yep,. > 0.3, which can roughly be classified as target fragmentation, midrapidity
and projectile fragmentation regions, respectively. The parameters extracted from
fitting the transverse momentum spectra of the negative pions in the range p; =
0.1-1.2GeV/c in 2C+'¥1Ta collisions at 4.24 GeV/c by various two-temperature
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Fig. 4. The experimental transverse momentum spectra of the negative pions produced in periph-
eral (o) ((a) and (b)), semicentral (A) ((a) and (c)) and central (W) ((a) and (d)) 2C+'81Ta
collisions at 4.2 GeV/c per nucleon and the corresponding fits in the range p; = 0.1-1.2GeV/c
by the two-temperature Boltzmann function (solid lines). All the spectra are normalized per one
inelastic collision event.
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Fig. 4. (Continued)

Table 7. Parameters extracted from fitting the transverse momentum spectra of the negative
pions in the range p; = 0.1-1.2 GeV /c in "2C+181Ta collisions at 4.2A4 GeV/c by various two-tem-
perature functions for different pion rapidity intervals.

Fitting Rapidity T Ty R?

function range Aq (MeV) Az (MeV)  x2/n.d.f. factor
Hagedorn Yem. < —0.3 18,533 £7825 48+4 2474+96 11947 1.46 0.98
|yem.| <0.3 5556 £3859 56+11 3374162 12249 0.62 0.99

Yem. > 0.3 9183 +£6549 53+£11 415+303 111+£12 0.76 0.99

Boltzmann Yem. < —0.3 13,521 £4778 444+3 183+64 108+6 1.58 0.98
|yem.| <0.3 4478 £2210 527 229498 11347 0.61 0.99

Yem. > 0.3 7475 £4182 48+7 2964185 102+10 0.77 0.99

Simple Yem. < —0.3 211+36 73+£8 17+£11  150£17 1.16 0.99
exponential  |yem.| <0.3 65 +27 80+43 46£40 137+18 0.68 0.99
Yem. > 0.3 121 £37 85+26 27£56 136140 0.76 0.99

Gaussian Yem. < —0.3 4+1 391+13 62+6 171£6 3.31 0.96
|yem.| <0.3 4+1 442 £17  36+£4 20410 0.90 0.99

Yem. > 0.3 6+1 373+£18 49+6 178 £11 1.16 0.98

functions for different pion rapidity intervals are displayed in Table 7. As can be seen
from Table 7, the absolute values of 17 and T3 proved to be consistently larger for
the midrapidity region compared to the target and projectile fragmentation regions
in case of all the fitting functions used here, except for the Simple Exponential
function. However, as observed from Table 7, the extracted values of T} and T5 are
compatible with each other within the errors for the analyzed three rapidity regions
of the negative pion spectra. It can be noticed once again that the fitting by the
Gaussian function results in unphysically large values of the spectral temperatures.
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The experimental transverse momentum spectra of the negative pions for the
analyzed three rapidity ranges in '2C+'81Ta collisions at 4.2 GeV/c per nucleon
and the corresponding fits in the range p; = 0.1-1.2 GeV /¢ by the two-temperature
Hagedorn function are shown in Fig. 5. It is important to note that the p; spec-
tra of the negative pions for different rapidity ranges were normalized per one
pion, because pions produced in one collision event may belong to different rapid-
ity regions, i.e., the same collision event may contribute to the p; spectra of the
negative pions from different rapidity intervals. As can be seen from Fig. 5, the
p¢ spectra of the negative pions in peripheral, semicentral and central 12C+!¥1Ta
collisions are fitted very well by the two-temperature Hagedorn function.

To check the influence of the fitting range of p; on the extracted spectral tem-
peratures 77 and T5, the total p; spectra of the negative pions and the respective
spectra of 7~ mesons for different 12C+'81Ta collision centralities and three rapidity
regions considered in this analysis were also fitted in the range p; = 0.1-0.7 GeV /c.
It is necessary to mention that a similar analysis was done in our recent paper,2?
where the centrality and rapidity dependences of transverse momentum spectra of
the negative pions produced in *2C+12C collisions at 4.24 GeV/c were investigated.
While comparing fit results for p; = 0.1-0.7 and p; = 0.1-1.2 GeV /¢ ranges, it was
observed?? that high p; (p; > 0.7GeV/c) and high temperature part of the pion
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Fig. 5. The experimental transverse momentum spectra of the negative pions for rapidity range
Yem < —0.3 (o) ((a) and (b)), for rapidity range |yem.| < 0.3 (A) ((a) and (c)), and for rapidity
range Yem. > 0.3 (W) ((a) and (d)) in 2C+'81Ta collisions at 4.2 GeV/c per nucleon and the
corresponding fits in the range p; = 0.1-1.2 GeV/c by the two-temperature Hagedorn function
(solid lines). All the spectra are normalized per one negative pion.
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Table 8. Parameters extracted from fitting the total transverse momentum spectra of the neg-
ative pions in the range p; = 0.1-0.7 GeV/c in 2C+181Ta collisions at 4.2A GeV/c by various
two-temperature functions.

i3l Ty R?
Fitting function Aq (MeV) Az (MeV) x2/n.d.f.  factor
Hagedorn 60,366 + 48,300 4448 1401 +667 108+9 1.01 0.99
Boltzmann 42,464 + 26,279 41+6 1038 + 436 98+7 1.04 0.99
Simple exponential 438 + 126 67+ 23 111 4+£112 131 £26 0.99 0.99
Gaussian 2243 353 +12 154 £18 161 £8 1.83 0.99

spectra with quite large statistical errors influences significantly the extracted values
of T1 and T5, masking and suppressing the centrality dependence of the spectral
temperatures. The parameters extracted from fitting the total transverse momen-
tum spectra of the negative pions in the range p; = 0.1-0.7GeV/c in 12C+181Ta
collisions at 4.2A4 GeV/c by the considered two-temperature functions are given in
Table 8. From comparison of Tables 4 and 8, one can deduce that the values of
the spectral temperatures 77 and 75 are consistently lower for the fitting range
pt = 0.1-0.7GeV/c compared to the fitting interval p, = 0.1-1.2GeV/c. A simi-
lar trend was also observed in our recent work.?? This could be likely due to the
reason that the p; spectra in the former transverse momentum fitting range are
lesser affected by the high temperature tail of the pion spectra as compared to
the latter fitting range. As expected, Table 8 shows that the values of 77 and T3
extracted from fitting with the two-temperature Hagedorn and the two-temperature
Boltzmann functions are compatible with each other within the uncertainties.
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Table 9. The parameters extracted from fitting the transverse momentum spectra of negative
pions in the range ps = 0.1-0.7 GeV/c in peripheral, semicentral and central 12C 41817y, collisions
at 4.2A GeV /¢ by various two-temperature functions.

Fitting Collision T Ty x2/ R?

function centrality Aq (MeV) Ao (MeV) n.d.f. factor

Hagedorn Peripheral 38,798 + 71,350 38+14 982£506 1009 0.85 0.99
Semicentral 79,014 + 65,917 45+8 1899+915 111+9 0.54 0.99
Central 262,592 +£329,768 39+9 4224+2391 101+10 1.45 0.99

Boltzmann Peripheral 24,118 £+ 31,482 3610 7174348 91+8 0.84 0.99
Semicentral 54,634 4 34,661 43+6 1341+£585 102+7 0.51  0.99

Central 169,975 +165,624 377 3094+£1590 924+8 1.46 0.99

Simple Peripheral 156 £ 288 49451 93+51 116 £14 0.91  0.99
exponential Semicentral 702 + 361 61+23 215+£136 126+15 0.61 0.99
Central 1352+ 931 55+27 3624303 119420 1.49 0.99

Gaussian Peripheral 13+3 335+ 15 62411 153+13 1.01 0.99
Semicentral 25+5 382+15 222428 173+9  0.58 0.99

Central 57+11 333+14 415469 150+£11 1.77  0.98

The parameters extracted from fitting the transverse momentum spectra of the
negative pions in the range p; = 0.1-0.7 GeV/c in peripheral, semicentral and cen-
tral 12C+'81Ta collisions at 4.24 GeV/c by the above considered two-temperature
functions are shown in Table 9. As can be seen from Table 9, the extracted values
of the spectral temperatures 77 and 75 coincided within the errors for peripheral,
semicentral and central '2C+'81Ta collisions when fitted by the two-temperature
Hagedorn, Boltzmann and Simple Exponential functions. It is observed from com-
parison of Tables 6 and 9, that in general the absolute values of 77 and T5 are notice-
ably lower in case of fitting in the range p; = 0.1-0.7 GeV/c as compared to the
fitting interval p; = 0.1-1.2 GeV/c. The largest reduction in the extracted spectral
temperatures 77 and 75 is observed for the p; spectra of 7~ in peripheral collisions
when going from fitting in the range p, = 0.1-1.2GeV/c to p; = 0.1-0.7GeV/c.
This is likely due to the influence of the high temperature p; part of 7~ spectra to
the extracted values of Ty and T in case of the fitting range p; = 0.1-1.2GeV/c
compared to the fitting interval p; = 0.1-0.7 GeV/c.

Table 10 displays the parameters extracted from fitting the transverse momen-
tum spectra of the negative pions in the range p; = 0.1-0.7GeV/c in 2C+181Ta
collisions at 4.24 GeV/c by the same two-temperature functions for different pion
rapidity intervals. As can be seen from Table 10, the extracted values of the spectral
temperatures 77 and T5 are consistently larger for the p; spectra of 7~ mesons com-
ing from midrapidity range (|yem.| < 0.3) as compared to the transverse momentum
spectra of the negative pions generated in the target (yem. < —0.3) and projec-
tile (yem. > 0.3) fragmentation regions. As observed from Table 10, the absolute
values of the spectral temperatures 77 of the negative pions coming from projec-
tile fragmentation region (yem. > 0.3) proved to be consistently larger than the
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Table 10. The parameters extracted from fitting the transverse momentum spectra of the neg-
ative pions in the range p; = 0.1-0.7GeV/c in 2C+'81Ta collisions at 4.2A GeV/c by various
two-temperature functions for different pion rapidity intervals.

Fitting Rapidity T T R?
function range Aq (MeV) Az (MeV)  x2/n.d.f. factor
Hagedorn Yem. < —0.3 50,595+£44,736 397 627+£303 102+8 1.44 0.99

|yem.| <0.3 6199 £ 7228 54+21 445+£496 117+£22 0.51 0.99
Yem. > 0.3 12,410 £14,196  48+£15 593£599 105+17 1.06 0.99

Boltzmann Yem. < —0.3 32,851 £23,205 365 465+£202 93+7 1.49 0.99
|yem.| <0.3 5395 4574 49£13 341£302 106=+16 0.50 0.99
Yem. > 0.3 9756 £ 8301 444+10 429+364 96=£13 1.05 0.99

Simple Yem. < —0.3 266 + 101 59+£17 45+38 126+£22 1.37 0.99
exponential |yem.| <0.3 91£128 102+82 14+158 166+ 334 0.57 0.99
Yem. > 0.3 1114+105 76 £68 48+166 125+69 1.13 0.99

Gaussian Yem. < —0.3 9+2 33412 77£10 148+8 2.41 0.98
|yem.| <0.3 942 368+22 40£6 176 + 16 0.54 0.99

Yem. > 0.3 942 350£21 52+£7 169+ 13 1.04 0.99

respective temperatures of the negative pions coming from target fragmentation
region (Yem. < —0.3). This is, as was already mentioned above, due to the high
asymmetry of collision system (Aproj < Atarget) and that pions coming from pro-
jectile fragmentation region are produced in first single collisions (interactions) of
projectile nucleons with target nucleons, whereas pions coming from target fragmen-
tation are produced mostly at lesser energy transfers in secondary nucleon—nucleon
collisions in heavy tantalum nuclei. As seen from comparison of Tables 7 and 10, the
extracted absolute values of T} and 75 are generally lower in case of fitting in the
range p; = 0.1-0.7 GeV/c as compared to the fitting interval p; = 0.1-1.2 GeV/c.
The differences in the spectral temperatures extracted in these two fitting ranges
are quite small in case of fitting by the two-temperature Hagedorn and the two-
temperature Boltzmann functions, as observed from Tables 7 and 10. As was noticed
earlier, the fitting of the p; spectra of the negative pions with the Gaussian function
gives unphysically large values of T7 and T5.

3. Summary and Conclusions

The transverse momentum spectra of the negative pions produced in minimum bias
1204181 Tq collisions at 4.2A4 GeV/c were analyzed by fitting with the four different
commonly used functions: Hagedorn, Boltzmann, Simple Exponential and Gaus-
sian functions. It was observed that the p; spectra of 7~ mesons are fitted much
better using the two-temperature Hagedorn and Boltzmann functions as compared
to the fitting done by the one-temperature functions, which is in agreement with
the earlier works.!2 14:16:17.20 Oyt of the above four fitting functions, Hagedorn and
Boltzmann functions provide better fits of the experimental p; spectra giving the
physically acceptable values of the spectral temperatures, compared to the other
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two functions. The fitting of the p; spectra of pions with Boltzmann function gives
noticeably lower values of the spectral temperatures compared to that by Hagedorn
function. It was observed that the fitting of the pion spectra by Gaussian function
is not appropriate, since it gives unphysically large values of 77 and T5. The above
conclusions confirm the similar findings of our recent paper.?2 The spectral tem-
peratures (71, T%) of 7~ mesons in 12C+1¥1Ta collisions at 4.24 GeV/c and their
relative contributions (R1, R2) were extracted from fitting the total p; spectra in the
whole p; range of 7~ by the two-temperature Hagedorn and the two-temperature
Boltzmann functions. The dominant contribution (R; ~ 80-83%) to the total 7~
multiplicity in *2C+181Ta collisions at 4.2A4 GeV/c is given by the spectral temper-
ature T ~ (50-57) + 3 MeV, which is compatible within the uncertainties with the
results of Ref. 12. The values of the spectral temperatures (77, T») extracted in the
present work from fitting the p; spectra by the two-temperature Hagedorn and
the two-temperature Boltzmann functions proved to be noticeably lower compared
to the corresponding values obtained in Ref. 12 from fitting the noninvariant cm
energy spectra of the negative pions by Maxwell-Boltzmann distribution function
in 12C+!81Ta collisions at 4.24 GeV/c.

We extracted and fitted the p; spectra of the negative pions for peripheral,
semicentral and central 2C+18'Ta collisions as well as for three rapidity regions
of 7~ in the fitting ranges p; = 0.1-1.2GeV/c and p; = 0.1-0.7GeV/c. In gen-
eral, the absolute values of T7 and T» were lower in case of fitting in the range
pr = 0.1-0.7GeV/c as compared to the fitting interval p, = 0.1-1.2 GeV/c. The
extracted values of the spectral temperatures 77 and 75 were consistently larger
for the p; spectra of 7~ mesons coming from midrapidity range (|yem.| < 0.3) as
compared to those of transverse momentum spectra of the negative pions gener-
ated in the target (yem. < —0.3) and projectile (yem. > 0.3) fragmentation regions.
The spectral temperatures of the negative pions coming from projectile fragmen-
tation region (yem. > 0.3) proved to be consistently larger compared to the respec-
tive temperatures of the negative pions coming from target fragmentation region
(Yem. < —0.3). The extracted spectral temperatures 77 and T» of the p; spectra of
7~ mesons were compatible within the uncertainties for the group of peripheral,
semicentral and central 2C+'81Ta collision events, selected using the number of
participant protons in collision events.
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