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Abstract The transverse momentum distributions of final-state particles produced in collisions at high en-

ergies are studied by using a two-component Rayleigh-like distribution. This representation is based on Liu’s

multisource ideal gas model which describes protons and fragments in high energy nucleus-nucleus collisions.

The calculated results are in good agreement with the experimental data of Au-Au, Cu-Cu, d-Au, and pp

collisions at the relativistic heavy ion collider energies. The experimental particle momentum distributions of
p-Be collisions at 6.4, 12.3, and 17.5 GeV/c, as well as Au-Au collisions at 1.5 AGeV are well described by a
model based on a single Rayleigh-like distribution of particle transverse momenta.
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1 Introduction

In high energy collisions [1-4], the measured par-
ticle distributions [5-9] retain information about the
production process and allow the degree of source ex-
citation to be determined [10]. To explain the abun-
dant experimental data [11-14], different phenomeno-
logical mechanisms of initial coherent multiple inter-
actions and particle transports were proposed [15-18].
In a recent workshop [19] held at the CERN Theory
Institute, many models have reported their last re-
sults.

The transverse momentum (transverse mass) dis-
tributions of identified hadrons produced in Au-Au
collisions at the relativistic heavy ion collider (RHIC)
and alternating gradient synchrotron (AGS) energies
have been discussed in one of Liu’s recent works
[20]. It is shown in that reference that a single com-
ponent distribution describes well the experimental
data. However, Liu has shown in another work [21]
that the transverse momentum distributions of iden-
tified hadrons produced in Cu-Cu, d-Au, and pp colli-
sions at RHIC energy cannot be described by a single
component distribution and that a two-component
distribution has to be considered in the description
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of transverse momentum distributions.

In this article in order to give a further investig-
ation on the transverse momentum distributions, we
propose another formula, namely the (two-compon-
ent) Rayleigh-like distribution, to describe the ex-
perimental transverse momentum distributions. The
second section describes the model. The third section
shows comparisons between the calculated results and
experimental data. Finally, conclusions and discus-
sions are given in the last section.

2 The model

For comparison with the present model, we intro-
duce shortly the two-component semi-empirical for-
mula introduced in Ref. [21]. In the framework of the
thermalized cylinder picture, according to the single
component distribution [20], the transverse momen-
tum distribution of final-state particles is described
by

oc p p2
Fong 00000 =C [ (0= B exp (3% Yo (1)

s

where o, and og denote the momentum distribution
widths of particles produced in the central axis and
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side-surface regions respectively, o is an integral vari-
able denoting the momentum distribution width of
particles produced in a given region of the cylinder,
and C' is the normalization constant. The value of C
depends on the choice of o, and o.

For the two-component distribution, we have

fl (pT) = kflpT (pTao-lcao-ls) +
(1_k)f1PT (pT7020702s)7 (2)

where k(1 —k) gives the relative contribution of the
first (second) term, oy, (02.) and oy, (0o) are the
momentum distribution widths of particles produced
in the central axis and side-surface regions of the first
(second) term respectively. In Eq. (2), there are five
free parameters k, 0., 015, O2c, and oy. Generally
speaking, we choose 0. < 03, and g1, < 05. The con-
tribution of the first term in Eq. (2) covers the region
from low to high p, and the second term in Eq. (2)
dominates at higher p,..

The present model is a revised and extended ver-
sion of Liu’s multisource ideal gas model [22, 23]
which describes well protons and fragments emitted
in high energy collisions. According to Liu’s mul-
tisource ideal gas model, many emission sources are
assumed to form in the collisions. In the rest frame of
a considered source, we assume that the particles and
fragments are isotropically emitted, and the momen-
tum components have a Gaussian distribution with
the same width. The interactions among different
emission sources will cause the emission sources to
have different expansions and displacements [22, 23].
As a result, the measured momentum components p,
and p, of the final-state products have different dis-
tribution widths and mean values. This means that
the transverse momentum p.. = p,i+p,J in Liu’s mul-
tisource ideal gas model is not a real Rayleigh distri-
bution, but a Rayleigh-like distribution. Because of
the anisotropic p, and p, distributions, elliptic (vs)
and directed (v,) flows are observed in experiments.

Considering the interactions among different
emission sources [22, 23], p, and p, can be assumed to
obey Gaussian distributions having different widths
(0, and o,) and different mean values ((p,.) and (p,)).
Generally speaking, we can choose a satisfactory co-
ordinate system and have (p,) = (p,) =0. According
to probability theory, the single component distribu-
tion of particle transverse momenta is given by

—_Pr
f2pT (pTvazvay) - 27TUzUy

27 2 2 202

P COS Sin
J exp{_ 2T< o fﬂd% ¥
0 0z Uy

where ¢ is an integration variable denoting the az-
imuthal angle of the final-state particle. In the case
of the zoz plane being the reaction plane, we have
0. > 0,. Eq. (3) can be called a Rayleigh-like distri-
bution. Especially, Eq. (3) will be a Rayleigh distri-
bution, i.e. fa, = (p./0?)exp(—p2/20?), in the case
of o,=0,=0.

The two-component Rayleigh-like distribution can
be given by

fo(py) = Kfop (P 010,01) +
(1_K)f2pT (pT702z702y)7 (4)

where K(1—K) and 04,1, (024,2,) gives the relative
contribution and distribution widths of the first (sec-
ond) term respectively. In Eq. (4), there are also five
free parameters K, 0i,, 014, 02, and o,,. Generally
speaking, we choose 0y, < 02, and oy, < 02,. As in
Eq. (2), the contribution of the first term in Eq. (4)
covers the region from low to high p,. and the second
term dominates at higher p.,..

As a natural extension of Maxwell’s ideal gas
model, the Rayleigh distribution is a special Rayleigh-
like distribution in the case of o, =0, = 0. For a given
event sample, the parameter K denotes the fraction
of particles described by the first term in Eq. (4).
Naturally, the fraction of particles described by the
second term is 1 — K. The parameters o, and oy,
denote respectively the distribution widths of p, and
p, of the particles described by the first term; and
the parameters o, and o3, denote respectively those
of the particles described by the second term.

To describe easily the momentum distributions,
we may also use the Monte Carlo method. Consider-
ing the expressions for random variables with Gaus-
sian distributions, we have

Py =00y —2I0 Ry 3¢08(27Ry 4) + (Pay)s  (5)

where R,, Ry, R3, and R, denote random numbers in
[0,1]. p, is given by

Dy = {[%\/Tancos(%th)—i-(px)r_y
[Uy\/TrleCOS(QﬂR4)—|—<py>:|2}1/2' (6)

The total momentum of the particle is related to p..
by the relation p = p./sind, where ¢ is the emis-
sion polar angle. In the case of 0, = 0, = 0 and
(p.) = (py) =0, one obtains that p, has a Rayleigh
distribution, i.e. p, =ov/—2InRs, where R5 denotes
random numbers in [0,1].

In the above discussions the distribution width
0y (O1y,24) is related to the degree of excitation of
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the emission sources, and the ratio o, /oy > 1 de-
notes the strength of the interactions among different
emission sources or the expansion coefficient of the
emission source along the or axis. In the framework
of Maxwell’s ideal gas model we have o, = vmT,
where m and T denote the mass of the considered
particle and the temperature of the emission source
respectively. It is expected that the temperature of
the emission source, and then with it the distribution
width of particle momenta increases with increasing
incident (center-of-mass) energy and the system size
if other factors are fixed. The distribution width of
the particle momenta increases also with the particle
mass for a given interaction system. It is observed
that the fraction K of the first term decreases with
increasing center-of-mass energy.

3 Comparison with experimental data

The transverse momentum distributions of ¢ par-
ticles, (1/2mp..)d>N/dp,dy, produced in Au-Au col-
lisions at a nucleon-nucleon center-of-mass energy of
VSxnw = 200 GeV is presented in Fig. 1. The cir-
cles and squares represent the experimental data of
the STAR Collaboration [24] for different centrality
cuts as marked in the figure. The dotted and dashed
curves are our results calculated using Egs. (2) and
(4) respectively. The values of k, 01, 015, Tac, and oo
obtained by fitting the experimental data are given in
Table 1 with the resulting x? per degree of freedom
(dof). The values of K, 014, 01y, 02,, and oy, ob-
tained by fitting the experimental data are given in
Table 2. In the tables, the values of o,. and o1 (02
and o,,) are given in terms of o;.-01, (02c-02s), and
the values of oy, and oy, (02, and oy,) are given in
terms of 01,-01, (02,-09,). One can see that not only
Eq. (2) but also Eq. (4) describe well the p,. distribu-
tions of the ¢ particles produced in Au-Au collisions
at the maximum RHIC energy.

Similar results for the reaction Cu-Cu at /s =
22.5 GeV are shown in Fig. 2. The symbols repre-
sent the experimental data of the PHENIX Collab-
oration [25] for different centrality cuts as marked
in the figure. The J/1{ invariant yield versus p,.
in d-Au collisions at /5. = 200 GeV are given
in Fig. 3. The results are shown for three rapid-
ity ranges with different Global Scale Uncertainties
(GSUs). The circles and squares represent the ex-
perimental data of the PHENIX Collaboration [26].
Fig. 4 presents the transverse momentum distribu-
tions, (1/27p,.)Bd%c/dp,dy, of J/{ particles pro-
duced in pp collisions at /s = 200 GeV, where

o and B denote the cross section and the di-lepton
branching ratio respectively. The results are shown
for two rapidity ranges with different GSUs. The cir-
cles and squares represent the experimental data of
the PHENIX Collaboration [27, 28]. In Figs. 2—4 the
dotted curves are Liu’s previous results [21] calculated
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Fig. 1. Transverse momentum distributions of

¢ produced in Au-Au collisions at /5 = 200
GeV. The circles and squares represent the ex-
perimental data of the STAR Collaboration
[24]. The dotted and dashed curves are our
calculated results by Eqgs. (2) and (4) respec-

tively.
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Fig. 2. Transverse momentum distributions of

p produced in Cu-Cu collisions at /5y =
22.5 GeV. The symbols represent the exper-
imental data of the PHENIX Collaboration
[25]. The dotted and dashed curves are Liu’s
previous [21] and our present results calcu-
lated by Egs. (2) and (4) respectively.
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Fig. 3. J/1¥ invariant yield versus transverse

momentum in d-Au collisions at /sy = 200
GeV. The circles and squares represent the ex-
perimental data of the PHENIX Collaboration
[26]. The dotted and dashed curves are Liu’s
previous [21] and our present results, calcu-
lated with Eqs. (2) and (4) respectively.

using Eq. (2), and the dashed curves are our results
calculated using Eq. (4). The parameter values ob-
tained by fitting the experimental data are given in
Tables 1 and 2. The comparisons show that Eq. (4)
gives a good description of the p,. data.

The momentum distributions, d?c/dpdf2, of 7+
and 71~ mesons produced in p-Be collisions at 6.4,
12.3, and 17.5 GeV/c are shown in Fig. 5. The cir-
cles and squares represent the experimental data of
Chemakin et al. [29] for different emission angles,
scaled by the amount indicated in the legend. The
curves are our calculated results using Eq. (6). The
values of o, and o, are given in Table 3. In the fitting
for " at ¥ = 71 mrad, we have (p,) = 0.02 GeV/c
and (p,) = 0.05 GeV/c. In the fitting for = as-
suming ¢ = 353 mrad, we have (p,) = 0.08 GeV/c
and (p,) = 0.05 GeV/c. In other fittings, we have
(pz) = {py) =0. One can see that the model describes
well the experimental data of p-Be collisions.

The momentum distributions, do/dpdf2, of 7~
mesons produced in Au-Au collisions at 1.5 AGeV are
presented in Fig. 6. The symbols represent the exper-
imental data of the FOPI and KaoS Collaborations
[30] for two emission angles, scaled by the amount
indicated in the legend. The curves are our calcu-
lated results. In the fitting for ¢ =40°, we have o, =
0.184 GeV/e, 0,=0.038 GeV/c, (p,) =0.070 GeV/c,
and (p,) = 0.080 GeV/c with x?/dof=0.12. In the

fitting assuming ¢ = 60°, we have o, =0.195 GeV/c,
o, = 0.041 GeV/c, (p,) = 0.078 GeV/c, and (p,) =
0.086 GeV/c with x?/dof=0.13. One can see that
our simple model describes very well the experimen-
tal data of Au-Au collisions at 1.5 AGeV.
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Fig. 4. J/\y differential cross section times di-
lepton branching ratio versus transverse mo-
mentum in pp collisions at /5, =200 GeV.
The circles represent the experimental data
of the PHENIX Collaboration [27, 28]. The
dotted and dashed curves are Liu’s previous
[21] and our present results, calculated with
Eqgs. (2) and (4) respectively.

4 Conclusions and discussions

To conclude, the p, distributions of final-state
particles produced in Au-Au, Cu-Cu, d-Au, and pp
collisions at the RHIC energies are studied using a
two-component Rayleigh-like distribution. This rep-
resentation with a single component distribution is
a natural extension of Liu’s multisource ideal gas
model, and the two-component distribution is ob-
tained by a semi-empirical consideration. It is shown
that the model is successful in the description of p.,
distributions of final-state particles produced in high
energy collisions. From Table 2 we see that the dis-
tribution width (Figs. 3 and 4) has a relatively large
value in the large interaction system.

As in Eq. (2), the contribution of the second term
in Eq. (4) is very small; in some cases, the second term
contributes zero (Fig. 3). The distribution width of
the first term does not show a change in central and
semi-central collisions, and the concerned quantity
has a small decrease in peripheral collisions. The dis-
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tribution width of the second term does not show a
change with decreasing centrality (Fig. 1) or has a
small change in peripheral collisions (Fig. 2).

A single Rayleigh-like distribution is used to give
a description of the particle transverse momenta in
fixed target experiments. The momentum distribu-
tion of particles with a given emission angle is easily

obtained. The calculated results of the particle mo-
mentum distributions are compared and found to be
in good agreement with the experimental data of p-Be
and Au-Au collisions at the low-end of high energies.
From Table 3 we see that the mean value of the dis-
tribution widths increases slightly with the incident
energy in the considered energy range.

Table 1. Values of the parameters k, o1c-01s, and o2c-02s for the dotted curves in Figs. 1-4. The units of o,
O1s, O2¢, and oas are GeV/c.
figure cut condition k(%) 01c-O1s 02c-09s x2/dof
Fig. 1 0%—5% 99.90 1.40-0.50 2.40-1.60 0.45
0%—-10% 99.90 1.40-0.50 2.40-1.60 0.79
10%—-20% 99.70 1.40-0.50 2.40-1.60 1.07
20%-30% 99.60 1.40-0.50 2.40-1.60 0.33
30%—-40% 99.70 1.40-0.50 2.40-1.60 0.74
40%-50% 99.70 1.40-0.50 2.40-1.60 0.32
50%—-60% 99.60 1.40-0.50 2.40-1.60 0.55
60%—70% 99.60 1.40-0.40 2.40-1.60 0.58
70%-80% 99.70 1.30-0.40 2.40-1.60 0.94
Fig. 2* Min. Bias 99.70 0.90-0.30 1.30-1.08 0.62
0%-10% 99.40 0.90-0.30 1.30-1.08 1.14
10%—-30% 99.50 0.90-0.30 1.30-1.08 0.68
30%—-60% 99.90 0.90-0.30 1.30-1.08 1.33
60%—-100% 100.00 0.78-0.25 - 1.35
Fig. 3* —22<y<—12 100.00 2.40-1.00 — 0.23
ly] < 0.35 100.00 2.40-1.00 - 0.82
12<y<2.2 100.00 2.40-1.00 — 0.24
Fig. 4* 1.2< |yl <2.2 99.00 2.00-1.00 3.60-2.40 0.67
ly| <0.35 98.00 2.00-1.00 3.60-2.40 0.80

* The parameter values and corresponding dotted curves are taken from Ref. [21] for comparison.

Table 2. Values of the parameters K, 01,-01y, and o2;-02y for the dashed curves in Figs. 1-4. The units of
O1z, 01y, 02z, and o2y are GeV/c.
figure cut condition K(%) 01201y 024-02y x?/dof
Fig. 1 0%—5% 98.80 1.06-0.47 1.90-1.40 0.46
0%-10% 98.80 1.06-0.47 1.90-1.40 0.71
10%—20% 98.00 1.06-0.47 1.90-1.40 1.00
20%-30% 97.60 1.06-0.47 1.90-1.40 0.36
30%—-40% 97.80 1.06-0.47 1.90-1.40 0.55
40%-50% 97.80 1.06-0.47 1.90-1.40 0.38
50%—60% 97.60 1.06-0.47 1.90-1.40 0.65
60%—70% 97.20 1.03-0.35 1.90-1.40 0.94
70%-80% 98.00 0.96-0.30 1.90-1.40 1.18
Fig. 2 Min. Bias 98.92 0.69-0.26 1.47-0.86 0.41
0%—-10% 98.15 0.69-0.26 1.47-0.86 1.11
10%-30% 98.60 0.69-0.26 1.47-0.86 0.39
30%—-60% 99.40 0.69-0.26 1.47-0.86 0.87
60%—-100% 99.60 0.58-0.22 1.20-0.90 1.62
Fig. 3 —22<y<—12 100.00 1.88-1.00 - 0.22
ly| <0.35 100.00 1.88-1.00 - 0.82
12<y<2.2 100.00 1.88-1.00 — 0.24
Fig. 4 1.2< |yl <2.2 97.30 1.60-1.00 3.00-2.50 0.63
ly| <0.35 94.80 1.60-1.00 3.00-2.50 0.88
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Table 3. Values of the parameters o, and o, for the curves in Fig. 5.
type 9¥/mrad oz/(GeV/c) oy /(GeV/c) x?/dof vy (> or =0)
6.4 GeV/c, mt 71 0.10 0.08 0.21 >0
158 0.16 0.16 0.87 =0
255 0.21 0.21 0.83 =0
353 0.40 0.15 1.22 >0
6.4 GeV/c, m™ 71 0.12 0.05 0.39 >0
158 0.25 0.06 1.21 >0
255 0.35 0.10 1.33 >0
353 0.34 0.12 0.86 >0
12.3 GeV/e, Tt 42 0.09 0.09 0.14 =0
95 0.23 0.12 0.21 >0
153 0.31 0.12 0.27 >0
212 0.33 0.12 1.04 >0
272 0.33 0.14 1.40 >0
331 0.37 0.14 0.64 >0
12.3 GeV/e, m~ 42 0.12 0.05 0.38 >0
95 0.20 0.11 0.35 >0
153 0.26 0.14 1.50 >0
212 0.27 0.14 0.83 >0
272 0.37 0.13 0.60 >0
331 0.33 0.14 0.54 >0
17.5 GeV/e, it 42 0.11 0.11 0.28 =0
95 0.26 0.12 0.16 >0
153 0.34 0.14 0.22 >0
212 0.37 0.13 0.43 >0
272 0.35 0.14 1.17 >0
331 0.35 0.16 0.66 >0
17.5 GeV/e, m~ 42 0.15 0.06 0.34 >0
95 0.25 0.11 0.16 >0
153 0.30 0.13 0.53 >0
212 0.33 0.14 0.80 >0
272 0.34 0.14 0.57 >0
331 0.35 0.14 0.72 >0

In discussions, Eq. (4) with K =1 describes the
experimental data (Fig. 3). This does not mean that
we neglect any pQCD contribution at p, as high as
5 GeV/c. The traditional pQCD contributions at
high p. are partly included in the first term of Eq. (4).
In fact, the first term describes the particles in a
P regime which covers “hydrodynamically-inspired”
ansétze at low p,. and a part of pQCD-calculated dis-
tribution at high p_; and the second term describes
the particles in a wider p.. regime in which the pQCD
has much more contributions.

In the Rayleigh-like distribution we have different
distribution widths for different momentum compo-
nents. Generally speaking, we choose o, > 0,. In
the case of extracting temperature information from
the (transverse) momentum distribution, we may use
o,. The identification of elliptic flow is mainly given

by the ratio of ¢,/0,. Our results render a positive
(in-plane) elliptic flow (o, > 0,) in most cases. In
a few cases, there is no elliptic flow (o, = 0,). As
examples, the detailed identifications of elliptic flows
for Figs. 5-10 are given in Table 3.

According to the definitions of v, = (cos(2¢)) and
¢ =arctan(p,/p.), as well as Eq. (5), we know that v,
is a complex function of o, and o,. We would like to
regard this function as an alternative description of
v,. Although the function expression is complex, the
calculation process of v, is easy using the Monte Carlo
method. In a further work [31], Liu et al. reported
a detailed investigation on v, in terms of o,/0, and
o,. The calculated results are in agreement with the
available STAR [24, 32] and PHENIX [33] experimen-
tal data of the dependence of v, on p_ for identified
particles.
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Fig. 5. Momentum distributions of charged pions produced in p-Be collisions at 6.4, 12.3, and 17.5 GeV/c.

The circles and squares represent the experimental data of Chemakin et al. [29] for different emission angles.

The curves are our results, calculated with Eq. (6).

Although many physically unmotivated models
a mixture of

power-law and exponential tails, can be chosen in a
way as to reproduce the qualitative features of the
data, the present work is not a simple physically
unmotivated model. In fact, the present work is
based on Liu’s multisource ideal gas model which de-
scribes the angular distribution and correction [22],
flow effects [23, 31] and transverse structure of the
emission source [34], as well as the multiplicity and
multiplicity-like distributions [35, 36]. We choose the
Rayleigh-like distribution because it is a natural ex-
tension of Liu’s multisource ideal gas model. Our
modelling result does not mean that a Rayleigh-like
tail is better than a power-law spectrum. One can
also use the more usual “hydrodynamically-inspired”
ansétze at low p,., a pQCD-calculated distribution at

high p,, and coalescence interpolating between the
regimes, to describe the p,. distributions. The present
work provides only a new attempt in the description
of p.. distributions.

Hydrodynamical ansdtze achieve a comparable, if
not better, statistical significance at low p, and are
well physically motivated. The present work also has
a physical significance in the framework of the mul-
tisource ideal gas model. The difference between the
two models is that the former one focuses its atten-
tion on the dynamical characteristics and space-time
evolvement of the reaction process and the present
work concerns itself with the statistical properties
and freeze-out result of the final-state products. It
is difficult for us to suggest a way of differentiating
experimentally between the two models in the present
work.
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an extension of Liu’s multisource ideal gas model.
1.5 AGeV Au-Au, n~ . . 5 e
16 The latter one is an extension of the Maxwell’s ideal

1 & O o FOPI
* x  KaoS

(do/dpd Q)/(mb(MeV/c) ™)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

p/(GeVlic)
Fig. 6. Momentum distributions of negative pi-

ons produced in Au-Au collisions at 1.5 AGeV.
The symbols represent the experimental data
of the FOPI and KaoS Collaborations [30] for
two emission angles. The curves are our re-
sults, calculated with Eq. (6).

Finally, we here summarize the physical signif-
icance of the present work. The (two-component)
Rayleigh-like distribution of transverse momenta is
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