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Transverse momentum and transverse mass

distributions of charged hadrons produced in
Au–Au collisions at high energies∗
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The transverse momentum distribution and the transverse mass distribution of charged hadrons produced in

nucleus–nucleus collisions at high energies are described by using a two-cylinder model. The results calculated by the

model are compared and found to be in agreement with the experimental data of the STAR and E895 Collaborations,

measured in Au–Au collisions at the relativistic heavy ion collider (RHIC) and alternating-gradient synchrotron (AGS)

energies, respectively. In the energy range concerned, the excitation degree of emission source close to the central axis

of cylinders increases obviously with the collision centrality and incident energy increasing, but it does not show any

obvious change with the increase of the (pseudo)rapidity in central collisions. The excitation degree of emission source

close to the side-surface of cylinders does not show any obvious change with the collision centrality, the (pseudo)rapidity,

and the incident energy increasing.
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1. Introduction

In nucleus–nucleus collisions at high energies,[1−5]

many particles and fragments are emitted.[6−10] The
majority of particles emitted from such collisions are
pions.[11−15] The measured pion and other hadron dis-
tributions retain information about the production
process and allow the amount of energy available for
particle production to be determined.[16]

In the past 20–30 years, many theoretical and
experimental studies have been carried out. Dif-
ferent phenomenological mechanisms of initial coher-
ent multiple interactions and particle transport were
proposed.[17−19] According to the fireball model[20]

and the string model,[21] we suggested a thermal-
ized cylinder model[22−25] and developed the model
into a two-cylinder model.[26−28] It is known that
the two-cylinder model is successful in describing
(pseudo)rapidity distributions of charged particles
produced in nucleus–nucleus collisions in an energy
range from 400A MeV to 100A TeV,[29] where A de-
notes the nucleon number in a nucleus, 1MeV = 106eV
(electron volt), and 1TeV = 1012eV. In the description

of transverse momentum and transverse mass distribu-
tions of charged particles, the model needs developing
and testing.

In this paper, we will use and develop the two-
cylinder model to describe the transverse momentum
and transverse mass distributions of charged pions and
other hadrons produced in nucleus–nucleus collisions
at high energies and compare our calculated results
with the experimental data of the STAR and E895
Collaborations, measured in Au–Au collisions at the
relativistic heavy ion collider (RHIC) and alternating-
gradient synchrotron (AGS) energies, respectively. In
Section 2, the two-cylinder model is described. A com-
parison between calculated results and experimental
data is shown in Section 3. Finally, discussion and
conclusions are given in Section 4.

2. The model

According to the two-cylinder model,[26−28] we as-
sume that a projectile cylinder and a target cylinder
are formed in nucleus–nucleus collisions at intermedi-
ate, high, or ultra-high energies. At intermediate ener-
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gies, the two cylinders overlap each other totally, and
the interacting system, in fact, may be described by a
single cylinder model. At high energies, the two cylin-
ders overlap each other partly. At ultra-high energies,
there is a gap appearing between the two cylinders.

In the rapidity space, the projectile cylinder
and target cylinder are assumed to lie in the
rapidity ranges [yP min, yP max] and [yT min, yT max]
respectively.[26−28] The centre rapidity of the interact-
ing system is denoted by yC (or ycm). Let ∆y denote
the rapidity shift of the projectile and target cylinder
centres, and let Dy denote that of the leading pro-
jectile and target protons, from the centre-of-mass of
collisions. The lengths of the two cylinders are the
same, and can be defined as 2δy ≡ (yP max−yP min) =
(yT max − yT min). Using the parameters ∆y, δy, and
Dy, as well as the contributions of leading protons, we
can describe pseudorapidity distributions of charged
particles produced in nucleus–nucleus collisions in an
energy range from 400A MeV to 100A TeV.[29]

In the description of transverse momentum and
transverse mass distributions, we need to use the ex-
citation degree of emission source. Along the beam
direction, the emission points with the same rapidity
in the cylinder cut region form an emission plane in the
rapidity space. In the same emission plane, the exci-
tation degree decreases along the transverse direction.
The emission points with the same excitation degree in
the same emission plane form an emission circle in the
transverse momentum space. In the two cylinders, the
emission circles with the same excitation degree form
an emission source. The emission source is in fact
the side-surface of a subcylinder, where the subcylin-
der is a cylinder shaped iso-‘excitation-degree’ surface.
This would correspond to an iso-potential surface in
ordinary electromagnetism language. The excitation
degree of emission source close to the central axis is
greater than that of emission source close to the side-
surface of the two cylinders.

Let the beam be directed along the oz axis and
the reaction plane lie in the xoz plane. In an emis-
sion source concerned, in the different rest frames of
different emission circles, we assume that the three
momentum components p∗x, p∗y, and p∗z obey the Gaus-
sian distributions having the same width σ. On the
central axis and the side-surface of two cylinders, the
momentum distribution widths are denoted by σc and
σs respectively. From central axis to side-surface, the
contribution of emission source is assumed to increase
linearly with σ decreasing. It is easy to know that the

transverse momentum p∗T =
√

p∗2x + p∗2y = pT, which
has the same distribution form in different reference
frames, obeys the Rayleigh distribution

f(p∗T) =
p∗T
σ2

exp
(
− p∗2T

2σ2

)

=
pT

σ2
exp

(
− p2

T

2σ2

)
= f(pT). (1)

The above distribution describes the transverse
momentum distribution of particles produced in the
side-surface of sub-cylinder with a given excitation de-
gree. The transverse momentum distribution of par-
ticles produced in the two cylinders is the sum of con-
tributions of all sub-cylinders. We have

fPT(pT) =C

∫ σc

σs

(σc − σ)f(pT)dσ

=C

∫ σc

σs

(σc − σ)
pT

σ2

× exp
(
− p2

T

2σ2

)
dσ, (2)

where C is the normalization constant. Similarly, the
distribution of transverse mass mT =

√
p2
T + m2

0 is
given by

fmT(mT) =C

∫ σc

σs

(σc − σ)
mT

σ2

× exp
(
−m2

T −m2
0

2σ2

)
dσ, (3)

where m0 is the rest mass of a relevant particle. For
a given particle, for example for a pion, we use mπ

instead of m0.
In the above discussion, there are two free pa-

rameters σs and σc involved in the calculations of
transverse momentum and transverse mass distribu-
tions. The values of σs and σc indicated the momen-
tum distribution widths of particles produced on the
side-surface and the central axis of two cylinders re-
spectively. The excitation degree of emission source
can be described by σs or σc. A greater σ (σs or σc)
corresponds to a higher degree of excitation.

3. Comparison between calcula-

tions and measurements

The transverse momentum distributions,
(1/pT)d2N/dpTdη, of positively and negatively
charged hadrons produced in Au–Au collisions at
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the centre-of-mass energy
√

s=130A GeV (the RHIC
energy, 1 GeV = 109 eV), for nine classes of mul-
tiplicity (centrality) in the pseudorapidity interval
|η| < 0.5, are presented in Figs.1 and 2 respectively.
The circles denote the experimental data of the STAR
Collaboration[30] and the curves represent our calcu-
lated results from expression (2). From 0–5% to
70–80%, the spectra are scaled by successive powers

Fig.1. Transverse momentum distributions, (1/pT)d2N/

dpTdη, of positively charged hadrons produced in Au–Au

collisions at
√

s=130A GeV for nine classes of multiplic-

ity (centrality) in the pseudorapidity interval |η| < 0.5.

The circles denote the experimental data of the STAR

Collaboration[30] and the curves represent our calculated

results. From 0–5% to 70–80%, the spectra are scaled by

successive powers of 2 as indicated.

Fig.2. The caption is the same as that for Fig.1, but

showing distributions of negatively charged hadrons.

of 2 as indicated. The values of σs and σc obtained
by fitting the experimental data are shown in Table
1, where c in GeV/c in the table denotes the velocity
of light in a vacuum. In the selection of parameter
values, the method of χ2-testing is used. One can

see that expression (2) describes the transverse mo-
mentum distributions of charged hadrons produced in
Au–Au collisions at the RHIC energies in the pseudo-
rapidity interval |η| < 0.5. The values of σs do not
change obviously and the values of σc increase with
multiplicity (centrality) increasing.

Table 1. Parameter values of σs − σc in GeV/c for

curves in Figs.1–4.

Centrality Fig.1 Fig.2 Fig.3 Fig.4

0–5% 0.15–0.98 0.15–0.98 0.11–0.86 0.11–0.86

5–10% 0.15–0.98 0.15–0.98 0.11–0.84 0.11–0.84

10–20% 0.15–0.98 0.15–0.96 0.11–0.85 0.10–0.85

20–30% 0.15–0.97 0.15–0.96 0.11–0.84 0.10–0.83

30–40% 0.15–0.96 0.15–0.95 0.10–0.83 0.10–0.83

40–50% 0.15–0.95 0.15–0.93 0.10–0.82 0.10–0.82

50–60% 0.15–0.93 0.14–0.92 0.09–0.78 0.09–0.78

60–70% 0.14–0.90 0.13–0.90 0.09–0.74 0.09–0.72

70–80% 0.14–0.86 0.14–0.87 0.09–0.70 0.09–0.70

The transverse momentum distributions,
(1/pT)d2N/dpTdy, of positively and negatively
charged pions produced in Au–Au collisions at√

s=130A GeV, for nine classes of multiplicity (cen-
trality) in the rapidity interval |y| < 0.5, are shown
in Figs.3 and 4 respectively. The circles denote the
experimental data of the STAR Collaboration[30] and

Fig.3. Transverse momentum distributions, (1/pT)d2N/

dpTdy, of positively charged pions produced in Au–Au

collisions at
√

s=130A GeV for nine classes of multi-

plicity (centrality) in the rapidity interval |y| < 0.5.

The circles denote the experimental data of the STAR

Collaboration[30] and the curves represent our calculated

results. From 0–5% to 70–80%, the spectra are scaled by

successive powers of 2 as indicated.

the curves represent our calculated results from ex-
pression (2). From 0–5% to 70–80%, the spectra are
scaled by successive powers of 2 as indicated. The
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values of σs and σc obtained by fitting the experimen-
tal data are shown in Table 1. The same conclusion
from Figs.3 and 4 as from Figs.1 and 2 can be ob-
tained. Expression (2) describes the transverse mo-
mentum distributions of charged pions produced in
Au–Au collisions at the RHIC energy in the rapidity
interval |y| < 0.5. The values of σs do not change ob-
viously but the values of σc increase with multiplicity
(centrality) increasing.

Fig.4. The caption is the same as that for Fig.3, but

showing distributions of negatively charged pions.

In Figs.5 and 6, the transverse momentum dis-
tributions, (1/pT)d2N/dpTdη, of positively and nega-
tively charged hadrons produced in Au–Au collisions
at
√

s=130A GeV, for twenty classes of pseudorapidity
in the 5% most central events, are given respectively.
The circles denote the experimental data of the STAR

Fig.5. Transverse momentum distributions, (1/pT)d2N/

dpTdη, of positively charged hadrons produced in Au–

Au collisions at
√

s=130A GeV for twenty classes of

pseudorapidity classes in the 5% most central events.

The circles denote the experimental data of the STAR

Collaboration[30] and the curves represent our calculated

results. From η = −0.95 to η = 0.95, the spectra are

scaled by successive powers of 2 as indicated.

Fig.6. The caption is the same as that for Fig.6, but

showing distributions of negatively charged hadrons.

Collaboration[30] and the curves represent our calcu-
lated results from expression (2). From η = −0.95 to
η = 0.95, the spectra are scaled by successive powers
of 2 as indicated. The values of σs and σc obtained
by fitting the experimental data are shown in Table
2. In the selection of parameter values, the method
of χ2-testing is used. One can see that expression
(2) describes the transverse momentum distributions
of charged hadrons produced in Au–Au collisions at
the RHIC energy in the 5% most central events. The
values of σs and σc do not change obviously with pseu-
dorapidity increasing.

Table 2. Parameter values of σs − σc in GeV/c for

curves in Figs.5–8.

η or y Fig. 5 Fig. 6 Fig. 7 Fig. 8

−0.95 0.14–0.95 0.15–0.95 0.11–0.86 0.10–0.86

−0.85 0.14–0.95 0.15–0.96 0.11–0.86 0.11–0.86

−0.75 0.14–0.95 0.15–0.96 0.11–0.86 0.11–0.86

−0.65 0.14–0.95 0.15–0.97 0.11–0.86 0.11–0.86

−0.55 0.15–0.95 0.15–0.97 0.11–0.86 0.11–0.86

−0.45 0.15–0.95 0.15–0.97 0.11–0.85 0.11–0.85

−0.35 0.15–0.95 0.15–0.97 0.11–0.86 0.11–0.86

−0.25 0.15–0.96 0.15–0.98 0.10–0.82 0.10–0.82

−0.15 0.15–0.96 0.15–0.97 0.11–0.85 0.11–0.85

−0.05 0.15–0.96 0.15–0.97 0.10–0.85 0.10–0.85

0.05 0.15–0.96 0.15–0.97 0.10–0.85 0.10–0.85

0.15 0.15–0.96 0.15–0.97 0.10–0.85 0.10–0.85

0.25 0.15–0.96 0.15–0.97 0.09–0.82 0.09–0.83

0.35 0.15–0.95 0.15–0.97 0.10–0.81 0.11–0.82

0.45 0.15–0.95 0.15–0.97 0.11–0.85 0.11–0.85

0.55 0.14–0.95 0.15–0.97 0.10–0.84 0.10–0.84

0.65 0.15–0.95 0.15–0.96 0.11–0.86 0.11–0.86

0.75 0.14–0.96 0.15–0.97 0.10–0.86 0.10–0.86

0.85 0.15–0.95 0.15–0.96 0.10–0.86 0.10–0.86

0.95 0.14–0.95 0.14–0.97 0.09–0.81 0.09–0.81
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In Figs.7 and 8, the transverse momentum dis-
tributions, (1/pT)d2N/dpTdy, of positively and neg-
atively charged pions produced in Au–Au collisions
at
√

s=130A GeV, for twenty classes of rapidity in
the 5% most central events, are given respectively.
The circles denote the experimental data of the STAR
Collaboration[30] and the curves represent our calcu-
lated results from expression (2). From y = −0.95 to
y = 0.95, the spectra are scaled by successive powers
of 2 as indicated. The values of σs and σc obtained
by fitting the experimental data are shown in Table 2.
The same conclusion from Figs.7 and 8 as from Figs.5

Fig.7. Transverse momentum distributions, (1/pT)d2N/

dpTdy, of positively charged pions produced in Au–Au

collisions at
√

s=130A GeV for twenty classes of rapid-

ity in the 5% most central events. The circles denote the

experimental data of the STAR Collaboration[30] and the

curves represent our calculated results. From y = −0.95

to y = 0.95, the spectra are scaled by successive powers of

2 as indicated.

Fig.8. The caption is the same as for that Fig.7, but

showing distributions of negatively charged pions.

and 6 can be obtained. Expression (2) describes the
transverse momentum distributions of charged pions
produced in Au–Au collisions at the RHIC energy in
the 5% most central events. The values of σs and σc

do not change obviously with rapidity increasing.
The transverse mass distributions, (1/2πmT)d2N/

dmTdy, of positively and negatively charged pions
produced in Au–Au collisions at the AGS energies,
in the rapidity interval |y − ycm| < 0.05, are given in
Figs.9 and 10 respectively. The circles denote the ex-
perimental data of the E895 Collaboration[31] and the
curves represent our calculated results from expres-
sion (3). From 2A to 8A GeV, the spectra are scaled
by successive powers of 10 as indicated. In Fig.9, for
incident energies 2A, 4A, 6A, and 8A GeV,

Fig.9. Transverse mass distributions, (1/2πmT)d2N/

dmTdy, of positively charged pions produced in Au–Au

collisions at the AGS energies in the rapidity interval

|y−ycm| < 0.05. The circles denote the experimental data

of the E895 Collaboration[31] and the curves represent our

calculated results. From 2A to 8A GeV, the spectra are

scaled by successive powers of 10 as indicated.

Fig.10. The caption is the same as that for Fig.9, but

showing distributions of negatively charged pions.
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the values of parameters in the form of σs − σc

obtained by fitting the experimental data are 0.09–
0.42, 0.09–0.54, 0.10–0.57, and 0.10–0.57GeV/c, re-
spectively. In Fig.10, the parameter values are 0.06–
0.39, 0.06–0.49, 0.07–0.56, and 0.07–0.57GeV/c, re-
spectively. In the selection of parameter values, the
method of χ2-testing is used. One can see that expres-
sion (3) describes the transverse mass distributions
of charged pions produced in Au–Au collisions at the
AGS energies in the rapidity interval |y−ycm| < 0.05.
The values of σs do not show an obvious change from
2A to 8A GeV, and the values of σc increase with
incident energy increasing.

In above comparison, the experimental data are
fitted to the extract parameters σs and σc. We
present two large tables with very similar (but not
exactly the same) values of these parameters. In
some cases, the results for positive and negative parti-
cles differ from each other at the same centrality and
(pseudo)rapidity. We believe that the statistical fluc-
tuation would be responsible for the difference in pa-
rameter value between positive and negative particles.
In Figs.1–8, we have analysed the experimental data
of the STAR Collaboration.[31] The experimental data
are similar in some cases. This leads the figures to be
similar, too.

The experimental data are obtained to be 7–10
decades in number. It is difficult to see how good the
fits are in figures. To see the quality of the fits, we have
calculated the values of χ2/degree of freedom (dof) for
all fits. It is shown that the maximum value of χ2/dof
is 1.26 corresponding to the last fit in Fig.10, and the
minimum value of χ2/dof is 0.21 corresponding to the
second fit in Fig.7.

4. Discussion and conclusions

The term ‘excitation degree’ has been used sev-
eral times above. The excitation degree may be un-
derstood to be the value of σs or σc. A greater value
of σ (σs or σc) corresponds to a higher degree of exci-
tation. As indicated by a Boltzmann distribution, the
‘temperature’ of emission source seems to be able to
be given by σ2/m, where m is the mass of a particle
concerned. According to Tables 1 and 2, the ‘tem-

peratures’ in the side-surface region of cylinders are
estimated to be in a range of 60–90MeV. The ‘tem-
peratures’ of the central axis region of cylinders in
central collisions are estimated to be in a range of
4700–5200MeV, and the ‘temperature’ in peripheral
collisions is estimated to be 3500 MeV. If we consider
the maximum Lorentz factor (∼ 1.5) in the rapidity
interval concerned, the three ‘temperatures’ are esti-
mated to be in ranges of 40–60MeV, 3100–3500MeV,
and 2300MeV, respectively.

One can see that the estimated ‘temperature’ in
the central axis region is too high. It should be pointed
out that what we do for expressions (2) and (3) is only
fitting to the transverse momentum and the transverse
mass. As this is not based on a thermodynamic equi-
librium or a local thermodynamic equilibrium, the cor-
responding inverse slope used in the present work can-
not be called temperature in the conventional sense.
Therefore it cannot be compared directly with the
temperature obtained from others. We would rather
regard the inverse slope used in the present work as a
common parameter.

In summary, the transverse momentum and trans-
verse mass distributions of charged hadrons produced
in Au–Au collisions at the RHIC and AGS energies
have been studied by the two-cylinder model; a sim-
ple formula which describes the transverse momentum
distributions is obtained; with the relationship be-
tween the transverse momentum and transverse mass
considered, another formula which describes the trans-
verse mass distributions is obtained; the two formulas
have the same free parameters; the model is shown to
be successful in describing of charged hadron trans-
verse momentum and transverse mass distributions at
the energy range concerned.

In addition, the parameters σs and σc describe the
excitation degrees of emission sources close to the side-
surface and the central axis of cylinders respectively.
The values of σs do not show any obvious change with
collision centrality, (pseudo)rapidity, and incident en-
ergy increasing. The values of σc increase obviously
with the collision centrality and incident energy in-
creasing, but they do not show any obvious change
with the increase of the (pseudo)rapidity in central
nucleus–nucleus collisions.
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