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Transverse mass distributions of protons produced in

heavy-ion collisions at high energies *
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Abstract The transverse mass distributions of protons produced in Au-Au collisions at 8 A GeV and Pb-Pb

collisions at 158 A GeV are calculated by using the Monte Carlo method in the framework of the multisource

ideal gas model. It is found that our calculated results are in agreement with the experimental data in nucleus-

nucleus collisions at high energies.
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1 Introduction

The major character of high-energy heavy-ion col-

lisions is to make nuclear matter to be at sufficiently

high matter density and energy density in a short

time [1–4]. We can use the heavy-ion beam which

produces the nuclear matter at different densities to

explore the equation of state and phase transition.

Quantum chromodynamics (QCD) predicts that the

excited nuclear matter at adequately high energy den-

sity and temperature will undergo a phase transition

into a system of deconfined quarks and gluons (quark-

gluon plasma, QGP) [5–11].

A great number of experimental data of heavy-

ion collisions at high energies have been reported by

now [12–22]. Meanwhile, many theoretical models are

supposed to explain these data [23–30]. Explanation

of transverse mass spectra of particles produced in

collisions of heavy nuclei turns out to be one of the

most difficult missions [31–33].

In this paper, we focus on the analysis of trans-

verse mass spectra for protons produced in Au-

Au collisions at 8 A GeV and Pb-Pb collisions at

158 A GeV based on the multisource ideal gas model

[34–38]. To avoid the complex calculation in the an-

alytic method, we will use the Monte Carlo method

to calculate the transverse mass spectra and compare

our calculated results with the experimental data of

the E917 Collaboration [39–40] and the NA49 Col-

laboration [41].

2 The model

The multisource ideal gas model can be found in

Refs. [34–38]. To give a whole presentation of this

work, we introduce briefly the model as follows.

We establish a three-dimensional rectangular co-

ordinate system and let the beam direction and the

impact parameter be the Oz axis and Ox axis, re-

spectively. Then, the xOz plane is the reaction plane.

In high-energy heavy-ion collisions, a lot of emission

sources of particles are assumed to form and many

particles are emitted in each emission source. We

suppose that the particles are isotropically emitted

in the rest frame of the emission source.

According to the model [34–38], the three com-

ponents p∗

x
, p∗

y
and p∗

z
of particle momentum in the

source rest system are assumed to obey a Gaus-

sian distribution with the same standard deviation

σ. Considering the expansion of emission source and

interactions among emission sources, the particle mo-

mentum components px, py and pz in the final state

in the laboratory reference frame are respectively dif-

ferent from the particle momentum components p∗

x
,

p∗

y
and p∗

z
in the source rest frame. In line with the

model [34–38], the relations between px and p∗

x
, py

Received 11 January 2010

* Supported by National Natural Science Foundation of China (10975095, 10675077) and Natural Science Foundation of Shanxi

Province (2007011005)

1)E-mail:wenjiexie@yeah.net
©2010 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute

of Modern Physics of the Chinese Academy of Sciences and IOP Publishing Ltd



1718 Chinese Physics C (HEP & NP) Vol. 34

and p∗

y
, as well as pz and p∗

z
are linear. We have

px = axp
∗

x
+bxσ, (1)

py = ayp
∗

y
+byσ, (2)

and

pz = azp
∗

z
+bzσ, (3)

where ax, bx, ay, by, az, and bz are free coefficients,

and σ is the parameter that denotes the width of

the momentum distribution in the source rest system.

In the final state, the transverse momentum and the

transverse mass are defined by

pT =
√

p2
x
+p2

y
(4)

and

mT =
√

p2
T +m2

0 (5)

respectively, where m0 is the rest mass of a particle.

In the Monte Carlo calculations, let R1, R2, R3,

and R4 stand for even random variables distributed

in [0, 1]. We have

p∗

x
=

√

−2lnR1 cos(2πR2)σ (6)

and

p∗

y
=

√

−2lnR3 cos(2πR4)σ. (7)

There is no longitudinal component of particle mo-

mentum because we do not need to take into account

the longitudinal component in the investigation of

transverse mass distribution. Considering Eqs. (1),

(2), (4–7), the transverse mass can be written as

mT = σ

√

[

ax

√

−2lnR1 cos(2πR2)+bx

]2

+
[

ay

√

−2lnR3 cos(2πR4)+by

]2

+m2
0 . (8)

In the above discussions, we can use Eq. (8)

to calculate the transverse mass distributions by

the Monte Carlo method, and five parameters can

be obtained. The transverse mass distributions,

(1/2πmT)d2N/dmTdy and (1/mT)d2N/dmTdy, are

finally obtained by the statistical method, where N

and y denote the particle number and rapidity, re-

spectively.

3 Comparison with experimental re-

sults

In Fig. 1, the transverse mass distributions,

(1/2πmT)d2N/dmTdy, of protons produced in Au-Au

collisions at 8 A GeV, for the ten rapidity intervals

and in the 0–5% central events, are indicated. The

full circles denote the experimental data of the E917

Collaboration [39] and the curves represent our cal-

culated results based on Eq. (8) by using the Monte

Carlo method in the framework of a multisource ideal

gas model [34–38]. From the top to bottom in Fig. 1,

the spectra are multiplied by a factor of 10 for clarity.

The parameter values of ax, bx, ay, by and σ obtained

by fitting the experimental data are shown in Table 1,

and the method of χ2-testing is used in the selection

of parameter values. We see that our calculated re-

sults are in agreement with the experimental data of

the E917 Collaboration [39].

The (1/2πmT)d2N/dmTdy distributions of pro-

tons produced in Au-Au collisions at 8 A GeV, for

the ten rapidity intervals and in the 5%–12% central

events, are denoted in Fig. 2. The full circles repre-

sent the experimental data of the E917 Collaboration

[39] and the curves denote our calculated results from

Eq. (8) by the Monte Carlo method. As for Fig. 1, the

spectra are multiplied by a factor of 10 from the top

to the bottom for clarity and the parameter values for

the curves in Fig. 2 are shown in Table 1. In the se-

lection of parameter values, the method of χ2-testing

is used. We see again that our calculated results are

in agreement with the experimental data of the E917

Collaboration [39].

Fig. 1. The transverse mass distributions of pro-

tons produced in Au-Au collisions at 8 A GeV,

for the ten rapidity intervals and in the 0–5%

central events. The full circles denote the ex-

perimental data of the E917 Collaboration [39]

and the curves represent our results.

In Figs. 3–5, the transverse mass distributions,

(1/2πmT)d2N/dmTdy, of protons produced in Au-

Au collisions at 8 A GeV, for the ten rapidity inter-

vals and the three classes of centrality, are given. The
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Fig. 2. As for Fig. 1, but displaying the results

in the 5%–12% central events.

Fig. 3. As for Fig.1, but displaying the results

in the 12%–23% central events.

Fig. 4. As for Fig.1, but displaying the results

in the 23%–39% central events.

Fig. 5. As for Fig. 1, but displaying the results

in the 39%–81% central events.

full circles denote the experimental data of the E917

Collaboration [39] and the curves represent our cal-

culated results from the Monte Carlo method. From

0.5 < y < 0.6 to 1.4 < y < 1.5, the transverse mass

spectra are scaled by successive powers of 10 as in-

dicated, and the parameter values obtained by fit-

ting the experimental data are shown in Table 1.

Once more, the model results describe the experi-

mental data.

The transverse mass distributions, (1/mT)d2N/

dmTdy, of protons produced in Pb-Pb collisions at

158 A GeV, for the six classes of centrality in the ra-

pidity interval 2.4 < y < 2.8, are indicated in Fig. 6.

The full circles show the experimental data of the

NA49 Collaboration [41] and the curves represent our

calculated results from Eq. (8) by using the Monte

Carlo

Fig. 6. The transverse mass spectra of protons

produced in Pb-Pb collisions at 158 A GeV,

for the six centrality classes and in the rapidity

interval 2.4 < y < 2.8. The full circles represent

the experimental data of the NA49 Collabora-

tion [41] and the curves show our results.
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Table 1. Parameter values for curves in Figs. 1–5.

centrality rapidity intervals ax bx ay by σ

0–5% 0.5 < y < 0.6 1.20 −0.05 1.25 −0.05 0.39

0.6 < y < 0.7 1.25 −0.05 1.35 −0.05 0.41

0.7 < y < 0.8 1.45 −0.05 1.35 −0.05 0.40

0.8 < y < 0.9 1.35 −0.05 1.35 −0.05 0.42

0.9 < y < 1.0 1.35 −0.05 1.42 −0.05 0.42

1.0 < y < 1.1 1.50 −0.05 1.30 −0.05 0.43

1.1 < y < 1.2 1.30 −0.05 1.45 −0.05 0.435

1.2 < y < 1.3 1.30 −0.05 1.25 −0.05 0.45

1.3 < y < 1.4 1.45 −0.05 1.40 −0.05 0.45

1.4 < y < 1.5 1.50 −0.05 1.20 −0.05 0.46

5%–12% 0.5 < y < 0.6 1.20 −0.05 1.30 −0.05 0.38

0.6 < y < 0.7 1.275 −0.05 1.25 −0.05 0.42

0.7 < y < 0.8 1.40 −0.05 1.35 −0.05 0.40

0.8 < y < 0.9 1.40 −0.05 1.35 −0.05 0.41

0.9 < y < 1.0 1.43 −0.05 1.35 −0.05 0.42

1.0 < y < 1.1 1.40 −0.05 1.35 −0.05 0.43

1.1 < y < 1.2 1.40 −0.05 1.35 −0.05 0.435

1.2 < y < 1.3 1.35 −0.05 1.25 −0.05 0.45

1.3 < y < 1.4 1.30 −0.05 1.40 −0.05 0.45

1.4 < y < 1.5 1.35 −0.05 1.20 −0.05 0.46

12%–23% 0.5 < y < 0.6 1.50 −0.05 1.40 −0.05 0.33

0.6 < y < 0.7 1.20 −0.05 1.445 −0.05 0.38

0.7 < y < 0.8 1.45 −0.1 1.23 −0.05 0.395

0.8 < y < 0.9 1.44 −0.05 1.35 −0.05 0.40

0.9 < y < 1.0 1.43 −0.05 1.30 −0.05 0.42

1.0 < y < 1.1 1.42 −0.05 1.35 −0.05 0.42

1.1 < y < 1.2 1.38 −0.05 1.35 −0.05 0.43

1.2 < y < 1.3 1.35 −0.05 1.30 −0.05 0.435

1.3 < y < 1.4 1.30 −0.05 1.35 −0.05 0.44

1.4 < y < 1.5 1.35 −0.05 1.20 −0.05 0.44

23%–39% 0.5 < y < 0.6 1.35 −0.05 1.20 −0.05 0.36

0.6 < y < 0.7 1.20 −0.05 1.45 −0.05 0.38

0.7 < y < 0.8 1.24 −0.5 1.15 −0.05 0.40

0.8 < y < 0.9 1.35 −0.05 1.40 −0.05 0.40

0.9 < y < 1.0 1.30 −0.5 1.35 −0.5 0.38

1.0 < y < 1.1 1.28 −0.05 1.30 −0.05 0.42

1.1 < y < 1.2 1.37 −0.05 1.17 −0.05 0.44

1.2 < y < 1.3 1.25 −0.05 1.30 −0.05 0.43

1.3 < y < 1.4 1.35 −0.05 1.10 −0.05 0.44

1.4 < y < 1.5 1.15 −0.05 1.10 −0.05 0.45

39%–81% 0.5 < y < 0.6 1.25 −0.05 1.20 −0.05 0.33

0.6 < y < 0.7 1.25 −0.05 1.50 −0.05 0.33

0.7 < y < 0.8 1.35 −0.05 1.20 −0.05 0.358

0.8 < y < 0.9 1.38 −0.05 1.40 −0.05 0.37

0.9 < y < 1.0 1.30 −0.05 1.30 −0.05 0.39

1.0 < y < 1.1 1.40 −0.05 1.35 −0.05 0.38

1.1 < y < 1.2 1.38 −0.05 1.33 −0.05 0.383

1.2 < y < 1.3 1.25 −0.05 1.37 −0.05 0.387

1.3 < y < 1.4 1.10 −0.05 1.35 −0.05 0.392

1.4 < y < 1.5 1.30 −0.05 1.20 −0.05 0.387
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method based on the multisource ideal gas model [34–

38]. From 0–5% to 43%–100%, the transverse mass

spectra are scaled by successive powers of 10, as indi-

cated. The parameter values obtained by fitting the

experimental data are shown in Table 2 and the χ2-

testing is used in the selection of parameter values.

One can see that our calculated results by the Monte

Carlo method are in agreement with the experimental

data of protons produced in Pb-Pb collisions at high

energy.

According to the multisource ideal gas model [34–

38], a lot of emission sources are formed in heavy-ion

collisions at high energies. We assume that there is

a thermal equilibrium, or a local equilibrium among

these emission sources in the final state. Then, we

can give the mT inverse slope parameter (T ) by the

following formula [42],

σ =
√

γm0T , (9)

where γ is the Lorentz factor.

In Fig. 7, the correlations between inverse slope

parameter and rapidity for protons in Au-Au colli-

sions at 8 A GeV are given. The full circles indicate

the experimental data of the E917 Collaboration [40]

and the hollow circles denote our calculated results.

In the calculations, we have taken γ ≈ 1. We can see

that our calculated results by Eq. (9) are in agree-

ment with the mean trend of the experimental data

in Au-Au collisions at 8 A GeV. In the case of tak-

ing a great Lorentz factor, a lower mT inverse slope

will be obtained. It is difficult for us to give a pre-

cise Lorentz factor for the produced particles in the

present work.

Table 2. Parameter values for curves in Fig. 6.

rapidity interval centrality ax bx ay by σ

2.4 <y < 2.8 0–5% 1.30 −0.01 1.25 −0.01 0.53

5%–12% 1.35 −0.01 1.25 −0.01 0.53

12%–23% 1.25 −0.01 1.25 −0.01 0.51

23%–33% 1.25 −0.01 1.25 −0.01 0.51

33%–43% 1.25 −0.01 1.25 −0.01 0.48

43%–100% 1.15 −0.01 1.15 −0.01 0.45

Fig. 7. The mT inverse slope parameters of protons produced in Au-Au collisions at 8 A GeV as a function

of rapidity. The percentage denotes the centrality. The full circles represent the experimental data of the

E917 Collaboration [40] and the hollow circles display our calculated results.
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Table 3. Inverse slope parameters of protons produced in Pb-Pb collisions at 158 A GeV, for the six classes

of centralities in the rapidity interval 2.4 <y < 2.8. The first line is our calculated results and the second line

is the experimental data of NA49 Collaboration [41]. The statistical errors are shown in the experimental

data.

0–5% 5%–12% 12%–23% 23%–33% 33%–43% 43%–100%

299 299 277 277 246 216

308±9 308±9 276±9 273±10 245±10 216±10

The mT inverse slope parameters of protons pro-

duced in Pb-Pb collisions at 158 A GeV, for the six

classes of centralities in the rapidity interval 2.4 <

y < 2.8, are shown in Table 3. The first line denotes

the experimental data of the NA49 Collaboration [41]

and the second line represents our results based on

Eq. (9). In the calculations, we have taken γ ≈ 1. One

can see that our results are in line with the experi-

mental data of protons produced in Pb-Pb collisions

at 158 A GeV within the errors.

4 Conclusions and discussions

The transverse mass distributions, (1/2πmT)d2N/

dmTdy, of protons produced in Au-Au collisions at

8 A GeV, for the five classes of centralities and the

ten rapidity intervals, and the transverse mass dis-

tributions, (1/mT)d2N/dmTdy, of protons produced

in Pb-Pb collisions at 158 A GeV, for the six classes

of centralities in the rapidity interval 2.4 < y < 2.8,

have been studied by us in the framework of the mul-

tisource ideal gas model [34–38]. We have used the

Monte Carlo method to calculate the transverse mass

distributions and our calculations describe well the

experimental data of the E917 Collaboration [39–40]

and the NA49 Collaboration [41].

In Eq. (8), the parameters ax and ay denote an ex-

pansion of emission source along the Ox and Oy axes,

and the parameters bx and by can be used to describe

a movement of the center of emission source in the

Ox and Oy axes, respectively. From Table 1, we can

see an expansion of the emission source along the pos-

itive x and positive y directions and a movement of

the center of emission source along the negative x and

negative y directions, respectively.

To understand the excitation degree of emission

sources formed in heavy-ion collisions at high ener-

gies, we have calculated approximately the mT inverse

slope parameter of protons by Eq. (9) and found that

our calculated results are in agreement with the mean

trend of the experimental data of the E917 Collabo-

ration [40] and the NA49 Collaboration [41].

The multisource ideal gas model is a reasonable

picture in the description of high-energy heavy-ion

collisions. A recent work [43] shows that the previous

work of Liu et al. on the thermalized (two-)cylinder

model [44–48] can be included in the framework of

the multisource ideal gas model. However, the mul-

tisource ideal gas model has not considered the rel-

ativistic and/or quantum effects in many cases. For

example, Eqs. (1)–(3) in Section 2 give only the mean

relations between the two reference frames, but not

a real reflection of the relativistic effect. We hope to

improve the model in the frameworks of relativistic

and quantum effects in our future work.
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