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The transverse momentum and transverse mass distributions of negative hadrons and
protons produced in high-energy nucleus-nudeus collisions are studied by a multisource ideal
gas model. The calculated results are compared and found to be in good agreement with the
NA49 experimental data of central Pb-Pb collisions at 158A GeV.

PACS. 25.75.-q — Relativistic heavy-ion callisions.
PACS. 25.75.Dw — Partide and resonance production.
PACS. 24.10.Pa — Thermal and statistical models.

|. Introduction

Theam of high-energy nudeus-nudeus collisions, epecially at the Brookhaven Alternating
Gradient Synchrotron (AGS) and the CERN Super Proton Synchrotron (SPS), is to investigate
nuclear matter under extreme conditions i:e:, high temperature and high densty [1]. The therma
character of such interacting sysems is an exciting prospect. Rapidity digributions of produced
particlesin high-energy nucleus-nucleus collisionsreflect the longitudind motion of the interacting
gystem, while transverse momentum and transverse mass distributions reflect a transverse excitation
of the interacting sysem. In the res frame of the emission source of the produced particles, the
transverse excitation degree of the interacting system isin fact the excitation degree of the emission
ource.

Several dynamica microscopic models [2-13] have been used to describe high-energy
nucleus-nucleus callisons Mog of them describe the early prehadronic phase and hadroniza
tion in terms of the dring picture for the high-energy hadronic interactions [2-10]. Some of them
are based on the concept that the colliding nuclel can be decomposed into their parton substructure
[11-13].

In contrast to microscopic models, thermal modds have been employed due to ther sim-
plicity [14-17]. Here the hot and dense system is assumed to be in loca thermal and chemica
equilibrium a the time of freeze-out. Thermd modes gate nothing about the higory of the fire-
bdl, whether it was created by a pure hadronic system or a quark-gluon plasma. Nevertheless,
thermal models are attrective, because they predict all of the partide abundances in terms of
only three parameters, the temperature (or the momentum distribution width), the baryochemica
potentid and the volume of the fireball.

The simplest thermd model is Maxwdl’s ided gas modd which can be found in any
textbook of classical physics. Based on the ided gas modd, we can explain some experimentd
results of high-energy nudeus-nudeus collisions. For example, the emisson angular distribution
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of light nuclear fragments|[ 18] and the pseudorgpidity (angular) distribution of relativistic particles
[19-21] can be explaned in fact by a multisource ided gas model. That isto say that we can
trest the two-source emisson picturefor light nuclear fragments [18] and the thermaized cylinder
model for reativigic particles [19-21] as aresult of the multisource ided gas modd.

In this paper, we use the multisource idedl gas modd to describe the transverse momentum
and transverse mass distributions of negative hadrons and protons produced in central Pb-Pb
collisions a 158A GeV. The cdculaed results are compared with the experimentd data of the
NA49 Callaboration [22].

II. The model

It is expected that a thermalized cylinder is formed in high-energy nucleus-nucleus colli-
gons dong the incoming direction of the projectile [19-21]. Many emisson sources exist in the
thermalized cylinder. In the laboratory reference frame, the rapidities of the two endpoints of the
thermalized cylinder are ymin and ymax. The emission sources stay & different rapidities in the
range from ymin t0 Ymax [19-21]. As in the ideal gas modd, in the rest frame of the emission
source i, we assume that the three components of particle momentum obey a Gaussian digribution
and have the same gandard deviation (distribution width) %;. According to our discussion, the
different emission sources have different rapidities and may stay in different excitation degrees.

The transverse momentum Pt obeys the Rayleigh digribution

pr M p2 !
A . T .
It isa normalized distribution. We may sdect different rgpidity windows to study the Pt distri-
bution of the produced partides For a given rapidity window, the particles are contributed by
many emission sources with different probabilities.

In the repidity window y =y, i V, if the firg emission source contributes A4, the second

emission source contributes Ao, :::, and the last emission source contributes An, then the find
Pt distribution can be written as

X
fo, (Pr) = Aifp, (Pr; ¥%); ]
i=1

where ¥%; isthe Pt distribution width corregponding to the ith emission source. A simple Monte
Carlo cdculation can give the Py distribution for a given rapidity window in the case of different
%;i [21]. However, EQ. (1) can describe directly the Pt distribution for a given rapidity window
in the case of the same %;. For the laer case, the same %; isin fact the Pt distribution width of

particles in a given rapidity window. q
The distribution of transverse mass (mr = P£+mj) of paticles produced in the
emission source i is given by
L
m m2 i m
fne (MT3%) = 5eXp | —L 5 | 3
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where mg is the rest mass of a produced partice. The find my distribution, contributed by all n
emisson sources, is

X

froe (M) = A, (M %) @

i=1

Let y; denote the rgpidity of emission source i in the laboratory reference frame. In the
case of different %;, the rdationship between %; and vy; is not essily determined. If we regard
the %; as free parameters, then there are too many free parameters introduced in the model. For
the purpose of convenience, we divide the thermalized cylinder into three parts. The excitation
degrees of emission sources saying in the same part are regarded as the same.

Genedly speaking, the central region around midrapidity Yo = (Ymin + Ymax)=2 in the
thermalized cylinder stays at a high excitation state. The regions around the two endpoints in the
thermalized cylinder stay & a low excitation state. While the residual regions gay a& a middle
excitation state. If the rgpidity shift of projectile or target nucleus with respect to the midrapidity
is3y, then £y = (Ymax i Ymin)=6: The first part with high excitation degree stays in the rapidity
range from y; j ty toy; +zy. The second part with middle excitation degree says in the rapidity
regions from ymin + £y toyc i ty and yc + zy t0 Ymax i ty. Thethird part with low excitation
degree stays in the rapidity range from ymin t0 Ymin + 2y and Ymax i *y t0 Ymax-.

For a given rapidity window, the Pt or my didribution of particles is contributed by the
three parts in the thermdized cylinder. We can use the sum of three distributions described by
Eg. () or (3) to give afit for the experimenta daa. In the final state, the contributions of the
three parts are the same if the concerned rapidity window is wide enough. For a narrow rapidity
window, we treat the contributions of the three parts as free parameters in our calculation. Let
%, ¥%m and % denote the momentum distributi on widths of particles produced in the three parts
regpectively. The Pt and mt digributions can be written as

for P1) = Anfe (Pr:i %) + AmTer (Pr;%m) + ALTer (Pr;%0); (5)
and
foor (M) = ApTme (Mr; %1) + Ap Fne (M5 %) + AL T (M5 %); (6)

regoectively, where A, Am and A denote the contributions of the threeparts. In the calculation,
the vaues of ymin and ymax do not need to be known because we trea the contributions of the
three parts as free paraneters

[11. Comparison with experimental data

Figure 1 presents the Pt digributions of negaive hadrons (hi) in two different rapidity
windows,y = 3.7 39 (@ andy = 4:7j 4:9 (b) in central Pb-Pb collisons at 158A GeV. The
ardes are the NA49 experimentd data [22]. The curves are our calculated results using Eqg. (5).
In the caculation, we take % = 0:90 GeV/c, %m = 0:50 GeV/c, and % = 0:22 GeV/c for the
different rgpidity windows. The values of Ay, Am, and AL for Fig. 1(a ae 0.20, 0.44, and
0.36, and for Fig. 1(b) they are 0.10, 0.40, and 0.50, respectively. The calculated curve is scded
to the experimental data for a given rapidity window. The values of parameters are obtained by
fitting the experimental data, and the method of A2 testing is used.
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FIG. 1. Negative hadron Pt spectrain two different rapidity windows, y = 3:7j 3:9 (@ andy = 4:7j 4:9
(b), in central Pb-Pb collisions at 158A GeV. The circles are the experimental data of the NA49
Cadllaboration [22]. The curves are our calculated results.

Figure2 issimilar to Fig. 1, but it showsthe mt distributions of hi in the rapidity windows
y=37j 39@andy =47 4:9 (b) in central Pb-Pb collisions a 158A GeV. The cirdes
are the NA49 experimental daia [22]. The curves are our calculated results usng Eqg. (6). In
the cdculation, we have used the same parameter values as those for Fig. 1. All of the negative
hadrons are trested as %i . The caculated curve is scaded to the experimentd data for a given
rgpidity window.

The vdues of Ay, Ay, and A for Figs. 1 and 2 reflect the contributions of the high exci-
tation part, middle excitation part, and low excitation part in the concemed thermdized cylinder,
respectively. In centra Pb-Pb collisions a 158A GeV, we see that the middle excitation pat has
the most contribution in the rapidity window y = 3:7 j 3:9, and the low exditation pat has the
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FIG. 2. Asfor Fig. 1, but showing the negative hadron mt spectra.

mog contribution in the rapidity window y = 4:7 j 4:9. Our recent work [23] shows tha
Ve = 2:91, Ymin = 1:21, Ymax = 4:61, and ty = 0:57 for the concerned colliding sysem. In
rapidity space, the high excitation part, middle excitaion part, and low excitation part should be
in2:34j 3:48,1:78j 2:34and 3:48 4:04, and 1:21; 1:78 and 4:04 4.61, respectivey. We can
see that the rapidity window y = 3:7 j 3:9 is close to the middlie excitation part, and the rgpidity
window y = 4:7 j 4:9 is close to the low excitation part. This renders the middle excitation part
as having the biggest contribution in the rapidity window y = 3:7 j 3:9 and the low excitation
part as having the biggest contribution in the rapidity window y = 4:7 j 4:9.

The Pt distributions of net protons (p) in three different rapidity windowsy = 3.0 j 3:2
@,y=40j 4:2(b),andy =5:0j 5:2 (c) in centrd Pb-Pb collisons at 158A GeV ae given
inFig. 3. Thecirdes are the NA49 experimenta data [22]. The curves are our calculated results
usdng Eq. (5). In the calculation, we teke %4 = 1:20 GeV/c, %p = 0:90 GeV/c, and ¥ = 0:60
GeV/c for the different rapidity windows. The vdues of Ay, Am, and AL for Fig. 3(a) are 0.30,
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FIG. 3. Net proton Pt spectrain three different rapidity windows, y = 3:0j 3:2 (a),y = 4:0j 4:2 (b),
andy = 5:0j 5:2, in central Pb-Pb callisions a& 158A GeV. The circles are the experimental data
of the NA49 Collaboration [22]. The curves are our cdculated results.
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0.60, and 0.10, for Fig. 3(b) they are 0.15, 0.72, and 0.13, and for Fig. 3(c) they are 0.00, 0.45,
and 0.55, regpectively. The caculated curve isscded to the experimenta data for agiven rapidity
window. The vaues of the parameters are obtained by fitting the experimental daa, and the
method of A2 testing is used.

Figure 4 is similar to Fig. 3, but it shows the mt distributions of p in the rapidity windows
y=30j 32@,y=4.0j 42 (b),andy =50 5:2 (c) in central Pb-Pb collisions a 158A
GeV. Thecirdesare the NA49 experimental data[22]. The curves are our cadculated results using
Eg. (6). In the cdculation, we have used the same parameter values as those for Fig. 3. The
calcul ated curve is scaded to the experimentd data for a given rapidity window.

We can explain the ggnificances of An, Am, and A for Figs. 3 and 4 as compared to
those for Figs 1 and 2. The difference is that the values of Ymin, Ymax, @d £y for protons are
different from those for negaive hadrons. Meanwhile, the effect of leading protons has to be
condgdered. The contribution of leading protons isin the low and high repidity regions i:e:, the
leading protons are in the low and middle excitation parts in the concerned thermdized cylinder.
This renders the middle excitation part as having the biggest contribution in the rapidity windows
y=30j 3:2andy =4:0 4:2 and the low excitation part as having the biggest contribution in
the rapidity window y = 5:0 j 5:2. Egecially, the high exciation part has no contribution in the
rgpidity window y =5:0 j 5:2 because the part is s0 far from the window.

The momentum digribution width reflects the temperature of the emission source. Our
results show that the momentum distribution width is bigger for protons than for negetive hadrons.
This indicatesthat the source temperature is greaer for emitting protonsthan for emitting negative
hadrons. We can say that the protons are emitted early and the negative hadrons are emitted | ate
in the thermdized cylinder.

In the cdculation of the Pt digribution, we do not need to cond der mg. In the calculation
of the my distribution, we treat dl the negative hadrons as¥%i . If some of the negative hadrons
were kaons or other parttides the vdue of mg should be changed. We have used the same
parameter values for cdculaing both the Pt and my distributions. The corresponding results
between the experimentd data [22] and our caculaion show tha the contributions of kaons or
other particles can be neglected in the invedigation of the negative hadron mt digribution in the
concerned colliding system.

From Figs. 1-4 one can see that the multisource ided gas model is successful in the
descriptions of Pt and my distributions for hi and p produced in central Pb-Pb collisions a
158A GeV. Qur previousworks [18-21] have studied the emissions of light nuclear fragments and
rdaividic particles. The two-source emisson picture [18] and the thermalized cylinder modd
[19-21] can be contained in fact in the frame of the multisource ided gas modd.

V. Conclusion

We have invegigaed the Pt and mt distributions of negative hadrons and net protons
produced in high-energy nucleus-nucleus collisons Based on the multisource ided gas model,
the caculated results are in good agreement with the experimentd data of the NA49 Collabo-
raiion. The transverse spectra show a multisource emission of produced paticles. The hot and
dense sysem formed in high-energy nudeus-nucl eus callisions is esimated to be in local therma
equilibrium at the time of freeze-out.
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