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Role of net baryon density on rapidity width of identified particles from the lowest energies
available at the CERN Super Proton Synchrotron to those at the BNL Relativistic Heavy Ion
Collider and at the CERN Large Hadron Collider
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Widths of the rapidity distributions of various identified hadrons generated with the UrQMD-3.4 event
generator at all the Super Proton Synchrotron (SPS) energies have been presented and compared with the
existing experimental results. An increase in the width of the rapidity distribution of A could be seen with both
Monte Carlo (MC) and experimental data for the studied energies. Using MC data, the study has been extended to
Relativistic Heavy lon Collider (RHIC) and Large Hadron Collider (LHC) energies. A similar jump, as observed
in the plot of rapidity width versus rest mass at Alternating Gradient Synchrotron (AGS) and all SPS energies,
persists even at RHIC and LHC energies, confirming its universal nature from AGS to the highest LHC energies.
Such observation indicates that pair production may not be the only mechanism of particle production at the
highest LHC energies. However, with MC data, the separate mass scaling for mesons and baryons is found to

exist even at the top LHC energy.
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I. INTRODUCTION

Widths of the rapidity distributions of particles are con-
sidered to be a measure of their final-state rescattering and
are found to follow a mass ordering [1,2]. In addition to the
final-state rescattering, the rapidity width is also sensitive to a
number of other parameters such as longitudinal dynamics, the
velocity of sound, etc [3,4]. Recently, in Ref. [5], it has been
shown that the width of the rapidity distribution of a particle, in
addition to its mass dependence, also depends on the nature of
its quark content. In that report, from a study on ultrarelativistic
quantum molecular dynamics (UrQMD)-generated Au+Au
data at 10, 20, 30, and 40A GeV and its comparison with
NA49 experimental results, it has been shown that the width
of the rapidity distribution of a particle like A (uds), containing
leading quarks, exhibits an additional dependence on net
baryon density distribution, whereas particles not containing
leading quarks, such as A (id5s), do not exhibit any such
dependence on net baryon density distribution. In rapidity
space, the A distribution is shown to reflect the pattern of
net baryon density distribution, whereas A does not. Since the
net baryon density distribution depends on the transparency
of collision, evolution of rapidity width of identified particles
with energies from the lowest Super Proton Synchrotron (SPS)
energy to the highest Relativistic Heavy Ion Collider (RHIC)
and Large Hadron collider (LHC) energies is expected to
provide some important information about the role of net
baryon density distribution on rapidity width at different
energy densities and temperatures and as such on the particle
production mechanism itself. In this paper, an attempt has
therefore been made to trace this signature of net baryon
density distribution on rapidity width over the entire SPS
energies such as 20, 30, 40, 80, and 158A GeV with UrQMD-
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3.4-generated and available experimental data and to extend
the study with Monte Carlo (MC) data to RHIC and LHC
energies. The ultimate motivation of the present investigation
is to check if this dependence of rapidity width on net baryon
density distribution is a general characteristic of the rapidity
distribution of the produced particles of heavy ion collisions.

II. RESULTS

The ultrarelativistic quantum molecular dynamics
(UrQMD) event generator is a many-body microscopic
Monte Carlo model for generating events of pp, p-A, and
A-A collisions at relativistic and ultrarelativistic energies.
The recent versions of UrQMD models include PYTHIA to
incorporate hard perturbative QCD effects [6,7]. The UrQMD
model is based on mesonic and baryonic degrees of freedom
associated with constituent quarks, diquarks, and covariant
propagation of color strings [8]. It also includes the excitation
and fragmentation of color strings, formation and decay of
hadronic resonances, and rescattering of particles. UrQMD
could be applied successfully via fragmentation of strings and
hard scattering to explore heavy ion reactions from AGS to
SPS energies (Ej, = 20A to 158A GeV) and the full RHIC
energies (/syy = 19.6 to 200 GeV) [9,10]. In Ref. [8], from
a comparison on UrQMD calculations with experimental
results of p 4+ p, Pb + Pb, and Au + Au collisions from
17.3 GeV at the SPS to 1.8 TeV at Fermilab, it has been
shown that UrQMD has a valid basis for further extrapolation
in energy to make predictions at LHC energies. Therefore,
to start with, events were generated using the latest version,
UrQMD-3.4, for Pb-Pb collisions at all the beam energies
of SPS at E;, = 20,30,40,80, and 158A GeV. The event
statistics of generated data for minimum biased events is
shown in the Table 1.

Rapidity distributions of 77,K~,¢, and A with generated
data of central Pb-Pb collisions at all the SPS energies from
En = 20A to 158A GeV are shown in Fig. 1 and compared
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TABLE 1. Event statistics of UrQMD-3.4-generated data for various SPS energies.

System Energy Events 7~ x 108 K~ x 10° ¢ x 10° A x 107 E- x 10° Q™ x 103
(A GeV) (million)
Pb-Pb 20 1.49 1.040 4.05 2.173 6.94 2.74 3.60
30 1.25 1.06 4.92 2.81 6.60 2.85 5.07
40 1.30 1.27 6.46 3.79 7.42 3.40 7.21
80 0.40 0.59 3.55 2.26 2.98 1.56 4.86
158 0.76 1.27 8.61 5.86 5.62 3.32 13.89

with the NA49 results [1,11-14]. While the rapidity distribu-
tion of 7~ meson of UrQMD-generated events are found to be
in good agreement with experimental results of all the studied
energies, the model-generated rapidity distributions of K ~ are
found to agree well with experimental results only up to 80A
GeV. The model somewhat underestimates the experimental
values around midrapidity at the highest SPS energy, i.e., 1584
GeV. Since the experimental A has a contribution from the
decay of X0, UrQMD-generated A + %° is compared with
the experimental rapidity distribution of A. At all the SPS
energies, the MC values of A + X are found to be less than the
experimental A values. However, the disagreement decreases

with the increase of energy. In the case of the ¢ meson,
UrQMD underestimates the experimental values significantly
at all energies and the disagreement is more at higher
energies.

The experimental rapidity spectra of various identified
particles have also been compared with the prediction of
other event generators such as AMPT (string melting) at all
the SPS energies and UrQMD (Hydro) at 1584 GeV (as the
disagreement in the rapidity spectra of ¢ is maximum at this
energy for UrQMD-generated and experimental data). It is
readily evident from Fig. 1 that the disagreement with the
experimental values is even more for data generated by both
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FIG. 1. Comparison of experimental (NA49) rapidity distributions of w =, K ~,¢, and A in Pb-Pb collisions with UrQMD-3.4, AMPT (string
melting) generated data at £, = 20,30,40,80, and 1584 GeV and UrQMD (Hydro) at 1584 GeV [1,11-14]. The blue open circular symbols
represent the experimental results of NA49, whereas the blue solid, black dotted, and red dashed curves denote the results of UrQMD-3.4,
UrQMD-3.4 (Hydro), and AMPT (string melting) data respectively. The magenta solid and dotted curves represent the rapidity distributions of

A + %0 using UrQMD-3.4 and UrQMD-3.4 (Hydro) data.
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TABLE II. Widths of the rapidity distributions of all the studied hadrons as estimated using Eq. (1) for UrQMD-3.4-model-generated data
and experimental data. While the experimental values of widths (r.m.s.) of 77,K~,¢, and Q™ are taken from Ref. [1] and A,A, and B~ are

taken from Ref. [12].

Particles 20A GeV 30A GeV 40A GeV 80A GeV 1584 GeV
T 1.063 £ 0.00098 1.133 £ 0.0012 1.185 £ 0.0014 1.317 £ 0.0047 1.441 £ 0.0065
(0.991 + 0.01) (data) (1.068 = 0.01) (1.123 + 0.01) 1.288 £ 0.01 (1.432 = 0.01)
K- 0.816 £+ 0.0027 0.890 £+ 0.0038 0.944 £ 0.0045 1.062 £ 0.0067 1.167 £ 0.0036
(0.727 + 0.034) (0.798 £+ 0.009) (0.852 + 0.069) (0.9711 £ 0.01) (1.087 + 0.01)
¢ 0.670 £ 0.0044 0.751 £ 0.0051 0.805 £ 0.0049 0.937 £+ 0.0079 1.062 £ 0.0065
(0.565 £+ 0.040) (0.710 £+ 0.095) (0.815 + 0.0701) (0.851 £+ 0.127) (1.190 + 0.176)
A 0.806 £ 0.0024 0.907 £+ 0.0039 0.977 £ 0.0047 1.133 £ 0.0049 1.327 £ 0.0065
(0.70 £ 0.01) (0.89 £+ 0.02) (1.11 £ 0.08) (1.28 £+ 0.02) (1.97 £ 0.35)
A+X° 0.810 £ 0.02020 0.910 £+ 0.0032 0.984 £ 0.0040 1.143 £ 0.0042 1.343 £ 0.0029
A 0.722 £ 0.0202 0.824 £ 0.038 0.935 £ 0.0417 1.108 £ 0.0023 1.083 £ 0.0854
(0.62 £+ 0.14) (0.69 £ 0.05) (0.77 £ 0.05) (0.83 £+ 0.05) (1.00 £ 0.03)
E- 0.671 £ 0.0050 0.754 £+ 0.0075 0.808 £ 0.0085 0.946 £+ 0.012 1.073 £ 0.0094
(0.64 £ 0.08) (0.73 £ 0.08) (0.94 £ 0.13) (0.98 £ 0.25) (1.18 £ 0.18)
Q- 0.577 £+ 0.0380 0.637 + 0.024 0.664 £ 0.032 0.800 £ 0.033 0.919 £+ 0.0550

(0.596 £ 0.09) (1.200 £ 0.396)

these models and hence they have not been considered for
further analysis.

Rapidity distributions of UrQMD-generated and experi-
mental 77, K~,¢,A,E7, and 2~ at all SPS energies are
parameterized by the following double Gaussian function
[5.12]:

0=3? _ oy’

(e7 202 4 e 22 ),

6]

where the symbols have their usual significance. Widths of the
rapidity distributions of all the studied hadrons, both generated
and experimental, are listed in Table I and plotted as a function
of their rest mass in Fig. 2.

It could be readily seen from Fig. 2 that, as reported in
Ref. [5] for AGS and low SPS energies, a jump in the widths
of A does exist even at higher SPS energies (Ej,, > 80A GeV)
for both generated and experimental data.

Because of the obvious reason of limited detector accep-
tance, no report on rapidity distribution of identified particles
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at RHIC and LHC energies could be found in the literature and
hence the possible existence of the bumps in the experimental
data of rapidity width of A at these energies could not be
ascertained. In the following, an attempt is made with MC data
to examine if this behavior persists at RHIC and LHC energies
too. It may be mentioned here that there are results of PHOBOS
and ALICE experiments on pseudorapidity distributions of all
charged particles at various RHIC and LHC energies. Both
these experimental results on pseudorapidity distributions of
unidentified charged particles excluded all contributions from
the weak decays. To check how far the UrQMD-3.4 model is
successful in describing the phase space evolution of particles
produced in such heavy ion collisions at RHIC and LHC
energies, two additional sets of central collision events have
been generated for all the studied RHIC and LHC energies
using UrQMD-3.4 event generator with default mode as well
as by switching off all such weak decays. The model predicted
pseudorapidity distributions of all charged particles in Au-Au
collisions at ./syy = 19.6,62.4,130, and 200 GeV and in

(’Bz.sk“‘ LA DAL L N L L L LI LI LI LI
= I o 20A GeV ]
- of o 30A GeV NA49 1
B r a 40A GeV i
= L v 80A GeV B
150 = 158A GeV ]
1= .
0.5 .
L K O A = o
Lo v b b b v b v b e b b b
%~ 02 04 06 08 1 12 14 16 18

FIG. 2. Width of the rapidity distribution as a function of masses of 7 =,K~,¢,A,E™, and Q~ in Pb-Pb collisions at all the SPS energies
using UrQMD-3.4-generated events (left panel) and NA49 results (right panel) [1,12].

024903-3



NUR HUSSAIN AND BUDDHADEB BHATTACHARIJEE

216 1400F
"|§ 1200]
1000F-

800

o PHOBOS
— UrQMD: Decay stopped
---UrQMD: Default

Vs~

- vSNN: 62.4 GeV |

19.6 GeV

N A A O N e
A

Pseudorapidity (1)

FIG. 3. Pseudorapidity distributions of all charged particles in
Au-Au collisions at different RHIC energies /syy = 19.6,62.4,130,
and 200 GeV (3% central) and compared with existing experimental
results of PHOBOS [15]. The red open circular symbols represent the
experimental results of PHOBOS, whereas the magenta dotted and
blue solid curves denote the UrQMD-3.4-generated data with default
mode and switching off the weak decay channels.

Pb-Pb collisions for 2.76 TeV and 5.02 TeV are compared
with the existing results of PHOBOS and ALICE experiments
[8,16] and are shown in Figs. 3 and 4 respectively.

Even though the default mode is found to overestimate
the experimental values of pseudorapidity distribution signifi-
cantly over the entire pseudorapidity range, the pseudorapidity
spectra of generated events, excluding weak decays, are found
to be in good agreement with the experimental results of
both RHIC and LHC energies. The agreement between the
UrQMD-3.4-model-generated data and experimental data is
found to be much better than the earlier works of Refs. [8] and
[16]. The right panel of Fig. 4 shows the pseudorapidity spectra
of all charged particles at 5.02 TeV for Pb-Pb collisions with
model generated data only; no published result at this energy
is available with experimental data thus far.

Using MC data with weak decay switched off, rapidity
spectra of various identified particles are drawn for various
RHIC and LHC energies and the widths of the rapidity
distribution of each of the studied hadron are estimated as the
r.m.s. values of the fitting function (1); the values are tabulated
in the Table III.

The UrQMD-3.4 model predicted rapidity widths as func-
tions of masses of the studied mesons and baryons in Au-Au
and Pb-Pb collisions at RHIC and LHC energies are shown
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FIG. 4. Pseudorapidity distributions of all charged particles in
Pb-Pb collisions at LHC energies, /syy = 2.76 (left panel) and
5.02 TeV (right panel) for 0-5% centrality and compared with
existing experimental results of ALICE at 2.76 TeV[16]. The red
open circular symbols represent the experimental results of ALICE,
whereas the magenta dotted and blue solid curves denote the UrQMD-
3.4-generated data with default mode and switching off the weak
decay channels.

in Fig. 5. As seen at AGS and SPS energies, a clear jump in
the width of the rapidity distribution of A could be seen at
all the RHIC and LHC energies. Such observation confirms
that the enhanced width of rapidity distribution of A is a
characteristic feature of heavy ion collision data from AGS
[5] and SPS to RHIC and highest available LHC energies.
For E~ (dss) containing only one leading quark, the rapidity
width is seen to be more or less equal to the rapidity width of
¢ (Fig. 6), compensating for the broadening due to net baryon
density effect by the mass-dependent kinematic narrowing
effect. However, the separate mass ordering for the studied
mesons and baryons are seen to exist even at RHIC and LHC
energies.

III. SUMMARY

From the study on the width of the rapidity distribution
of identified particles such as 77, K ~,¢,A,E7, and Q7 in
Pb-Pb collisions at all the SPS energies using UrQMD-3.4-
model-generated data and experimental data, it is readily seen
that an increase in the width of the rapidity distribution of A
does exist at all the SPS energies from 20 to 1584 GeV.

UrQMD-3.4-model-generated data, with weak decays
stopped, could be seen to describe well the experimental
pseudorapidity spectra both at RHIC and LHC energies. With
generated data, the jump in the rapidity width of A could

TABLE III. Widths of the rapidity distributions of all the studied hadrons with UrQMD-3.4-generated events at RHIC and LHC energies.

Particles 19.6 GeV 62.4 GeV 130 GeV 200 GeV 2.76 TeV 5.02 TeV

T 1.431 £ 0.00297 1.855 £ 0.0001 2.127 £ 0.0036 2.349 £ 0.0022 3.603 £ 0.0010 4.026 4+ 0.0072
K- 1.191 £ 0.0038 1.637 £ 0.0050 1.971 £ 0.0086 2.207 £ 0.0067 3.399 + 0.0036 3.735 £+ 0.0100
1) 1.1087 £ 0.013 1.509 £ 0.0176 1.832 4 0.0342 2.05 + 0.0220 3.240 £+ 0.02010 3.460 £ 0.0480
A 1.297 £ 0.0043 1.955 £ 0.00943 2.487 £+ 0.021 2.866 £ 0.0380 3.807 £ 0.0094 4.247 + 0.0313
E- 1.097 + 0.013 1.614 £+ 0.0148 1.949 + 0.0320 2.170 £+ 0.0230 3.320 £ 0.0340 3.509 £ 0.0456
Q- 0.894 £+ 0.062 1.421 £ 0.092 1.877 +£ 0.279 1.958 £+ 0.0780 3.053 £ 0.0340 3.241 £ 0.0878
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FIG. 5. Width of the rapidity distribution of various produced
particles as a function of their masses for Pb-Pb collisions at RHIC
and LHC energies using UrQMD-3.4-generated events. The solid
lines with different colors correspond to various beam energies.

be seen at all the RHIC and LHC energies as well, thereby
indicating its universal nature from the AGS and SPS to
RHIC and highest LHC energies. To check if the rapidity
distribution of A (and A) is still dependent on the net baryon
density distribution even at RHIC and LHC energies, the
distributions of B — B, A, and A over the rapidity space
at these energies are plotted in Figs. 7 and 8 respectively
using UrQMD-3.4-generated events. It could be readily seen
from these figures that just like at AGS and SPS energies [5],
the rapidity distribution of A (uds), but not A (iids), takes
the shape of net baryon density distribution even at RHIC
and LHC energies. It is known that in heavy ion collision, a
strange hadron like A is produced either through associated
strangeness production in NN collisions of incoming and
produced hadrons or through pair production [17,18]. While
the associated strangeness production is dominant at relatively
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FIG. 6. Variation of the width of the rapidity distribution of
various produced particles as a function of collision energy for Pb-Pb
collisions at all the SPS energies for both NA49 and UrQMD-3.4-
generated events. The solid lines and different marker symbols with
different colors respectively denote the UrQMD-3.4-generated data
and experimental results of various identified particles.
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FIG. 7. Distributions of B — B, A, and A over the rapidity space
at RHIC energies using UrQMD-3.4-generated events. The filled
circular symbols denote the B — B rapidity distributions, whereas
the filled squares and open circular symbols respectively represent
the rapidity distributions of A and A.

lower incident beam energies, the pair production mechanism
is considered dominant at higher incident beam energies.
With the increase of transparency of collision, the net baryon
number tends to populate the extreme rapidity regions, thereby
increasing the population of baryons (like A) over antibaryons
(like A) at higher rapidity regions, which in turn increases
the width of the rapidity distribution of particles [containing
leading quark(s)] over antiparticles [containing produced
quark(s) only]. Thus, such dependence of rapidity width of A
atRHIC and LHC energies, as seen from Figs. 7 and 8, suggests
that pair production may not be the only mechanism of particle
production in heavy ion collisions even at the highest LHC
energy. However, with MC data, over the entire studied energy
range, no sign of violation of separate mass ordering of the
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FIG. 8. Distributions of B — B, A, and A over the rapidity space
at /syy = 2.76 and 5.02 TeV using UrQMD-3.4-generated events.
The filled circular symbols denote the B — B rapidity distributions,
whereas the filled squares and open circular symbols respectively
represent the rapidity distributions of A and A.
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width of rapidity distribution of mesons and baryons could be
seen for the studied hadrons.
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