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Rapidity distributions of both E895 proton data at AGS energies and NA49 net proton data at SPS energies can be described
reasonably well with a potential version of the UrQMD in which mean-field potentials for both pre-formed hadrons and confined
baryons are considered, with the help of a traditional coalescence afterburner in which one parameter set for both relative distance
Ry and relative momentum Py, (3.8 fm, 0.3 GeV/c), is used. Because of the large cancellation between the expansion in Ry and the
shrinkage in P, through the Lorentz transformation, the relativistic effect in clusters has little effect on the rapidity distribution of
free (net) protons. Using a Woods-Saxon-like function instead of a pure logarithmic function as seen by FOPI collaboration at SIS
energies, one can fit well both the data at SIS energies and the UrQMD calculation results at AGS and SPS energies. Further, it
is found that for central Au+Au or Pb+Pb collisions at top SIS, SPS and RHIC energies, the proton fractions in clusters are about

33%, 10%, and 0.7%, respectively.
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1 Introduction and model settings

Mainly in order to explore the possible (order of) phase tran-
sition from the hadron gas (HG) to the quark-gluon plasma
(QGP), people are paying more attention to heavy ion colli-
sions (HICs) in the beam energy region from several to sev-
eral tens GeV/nucleon which are currently experimentally
covered by BNL Alternating Gradient Synchrotron (AGS),
CERN Super Proton Synchrotron (SPS), as well as the Beam
Energy Scan (BES) program of BNL Relativistic Heavy Ion
Collider (RHIC). Meanwhile, quite a few probes, such as
charmonium suppression [1], strangeness enhancement [2],
directed flow [3], elliptic flow (as well as its difference be-
tween particles and its anti-partners) [4-7], and Hanbuary-
Brown-Twiss (HBT) two-particle correlation [8-11], have
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been suggested as signals to detect the possible (phase) tran-
sition. Among them, the experimental observables related
to protons should be theoretically investigated and described
well firstly since nucleons are initial particles and heavily in-
fluenced by the whole dynamical evolution process and all
other newly produced particles come directly or indirectly
from the collisions between nucleons. However, it is no-
ticed that even the yields of free (net) protons emitted from
HICs at AGS and SPS energies [12] are not well described in
the framework of microscopic transport models such as the
Ultra-relativistic Quantum Molecular Dynamics (UrQMD)
model [13] (using the cascade mode, and called UrQMD/C),
which will be focused in this paper. In the FOPI experimental
article of ref. [14] when checking some global characteristics
of central Au+Au collisions as a function of beam energy, it
was found that the percentage of protons in clusters is still
about one third of the available charge at the beam energy
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E;, = 1.5 GeV/nucleon. Therefore, the percentage of clus-
tered protons at higher beam energies such AGS and even
SPS deserves attention as well.

It is known that, at GSI Schwerionen Synchrotron (SIS)
energies, a conventional phase-space coalescence model
[15-17] is successfully incorporated with transport models
(mainly the QMD-like models) after a proper reaction time
foy in order to describe multiplicities of clusters. In this af-
terburner the nucleons with relative momenta 6p < Py and
relative distances or < Ry will be considered to belong to
one cluster. Effects of binding energy, isospin, etc., could
be taken into account [18, 19] but are ignored in the current
work for simplicity. And, baryons other than nucleons could
be treated in a similar way. In the past calculations, the values
for the parameter set (Ry, Py) might be chosen in the range
of (2.8-3.5 fm, 0.25-0.3 GeV/c¢) in order to better reproduce
experimental data. Currently, the values should be enlarged
slightly due to a much higher excitation energy for clusters
from HICS at AGS and SPS energies. It will be found that
only one set of parameters, (3.8 fm, 0.3 GeV/c), can describe
the rapidity distribution of free (net) protons from central
Au+Au collisions at AGS and Pb+Pb collisions at SPS en-
ergies fairly well, with the help of a mean-field potential ver-
sion of UrQMD (called UrQMD/M, and see refs. [9, 10, 20]
for details). In addition, for each reaction, more than 10
thousand events are calculated in the transport program and
stopped at 7y = 50 fm/c.

To calculate 6r and dp between two baryons in the coales-
cence afterburner, the relativistic effect should be taken into
account by the well-known Lorentz transformation (LT) from
the computational two-nucleus center-of-mass system to the
local rest frame of two particles, which is examined in this
work for both quantities and shown in Figure 1, taking the
rapidity y (= élog(iﬁ:fi;;), where E., and p,, are the en-
ergy and longitudinal momentum of the (anti-)proton in the
center-of-mass system, respectively) distribution of net pro-
tons (p — p) from central (< 5% of the total cross section
or) Pb+Pb collisions at £, = 80 GeV/nucleon as an ex-
ample. Besides the cases without (dash-dot-dotted line) and
with (solid line) the consideration of the relativistic effect on
both quantities, the effect on each quantity is shown by dash-
dotted (for o) and dashed (for dp) lines, respectively. It is
seen clearly that, due to the coordinate-spatial expansion and
the momentum-spatial shrinkage by the LT, the net proton
yield is visibly enhanced (suppressed) when comparing the
dash-dotted (dashed) line to the dash-dot-dotted line, respec-
tively. As a result, the cancellation of the relativistic effect
on both quantities is large and makes the final distribution
close to that without considering LT for 6r and ép in the af-
terburner.

2 Proton yields from UrQMD calculations

This situation is also true for HICs at other energies. In Fig-
ure 2 we further show the rapidity distribution of protons (top
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plots) and net-protons (bottom plots) from central (o/or <
5%) Au+Au reactions at AGS energies 2 and 8 GeV /nucleon,
and Pb+Pb reactions at 20 and 80 GeV/nucleon, respec-
tively. UrQMD calculation results (different lines) are com-
pared with the experimental E895 [21] and NA49 [22, 23]
data (stars). First of all, it is seen that the LT in the after-
burner modifies the proton yield a little in all plots because
of the reason discussed for Figure 1. Second, the mean-
field potential modifications for both “pre-formed” hadrons
and formed baryons in UrQMD/M widen the rapidity distri-
butions (as a result, to reduce the yields at mid-rapidity) es-
pecially for HICs at higher beam energies, which had been
found in the previous calculations [9, 13]. The additional
pressure (and stopping) at the early compression stage leads
to, however, less two-body collisions at the later expansion
stage and earlier freeze-outs, which results in as a whole
weaker stopping power. Finally, it is interesting to see that
calculations with potentials describe both E895 and NA49
data fairly well using only one parameter set of (R, Py)=(3.8
fm, 0.3 GeV/c) in the coalescence, regardless of the consid-
eration of LT effect, except for those at mid-rapidities and at
SPS energies. The discrepancy between UrQMD/M calcula-
tions and experimental data at SPS energies leaves a space for
a more systematic description of the dynamical evolution of
the new phase created at the early stage, such as the stiffness
of EoS [7,9,24] and modifications of cross sections [7,25,26].

In ref. [14] it was found that, if the proton fraction in clus-
ters to all protons produced from Au+Au collisions at SIS
energies and at reduced impact parameters (by < 0.15, where
by is defined by b/byax and byax 1s the sum of both projectile
and target sizes) is plotted as a function of beam energy, and
the abscissa is set to be logarithmic, the excitation function
shows a nicely linear dependence in the energy range from
0.2 to 1.5 GeV/nucleon, which is also shown in the left side
of Figure 3 with scattered star symbols. However, if we extr-
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Figure 1 (Color online) Rapidity distribution of net protons from central

Pb+Pb collisions at £, = 80 GeV/nucleon. The 6r and dp in the coales-
cence afterburner are calculated with or without considering LT (see text for
details).
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Figure 2 (Color online) Top two plots: Rapidity distribution of protons
from central Au+Au reactions at AGS energies 2 and 8 GeV/nucleon, re-
spectively. Bottom two plots: Rapidity distribution of net protons from
Pb+Pb reactions at SPS energies 20 and 80 GeV/nucleon, respectively.
Free (net) protons from UrQMD/M after the coalescence burner without
and with LT are shown with dashed and dash-dotted lines, while those
from UrQMD/C without the LT in the afterburner are shown by solid lines.
The E895 data are taken from ref. [21]. The NA49 data are taken from
refs. [22,23].

apolate the fitted line (solid) to higher energies, it would be
found that there is no clusters any more at the beam en-
ergy around 6.5 GeV/nucleon, which is obviously not sup-
ported by our UrQMD/M calculations (shown in the right
side of Figure 3 with scattered circle symbols). For example,
at £, = 80 GeV/nucleon the proton percentage in clusters
keeps still on the order of 10. Therefore, a Woods-Saxon-like
function (dotted line) is used to fit simultaneously both ex-
perimental data at SIS and UrQMD/M calculations at AGS
and SPS energies, and the fitting result is satisfying with an
adjusted coefficient of determination (adj. R square ) of 0.99.
It is interesting to see that if we extrapolate the dotted fit-
ting line to RHIC such as the nucleon-nucleon center-of-mass
energy +/syn=200 GeV (correspondingly, E, =~ 2.1 x 10*
GeV/nucleon), there are still about 0.7% of total protons in
clusters, which is on the order of the prediction by RQMD
calculations with the help of a Wigner function approach
[27] and measured by STAR and BRAHMS collaborations of
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Figure 3  (Color online) Excitation function of the clustered proton frac-

tion (in %). At SIS energies, the FOPI data (stars) are fitted with a func-
tion a + blogio (Ep) (solid line), while both experimental data at SIS and
UrQMD/M calculations at AGS and SPS energies are fitted with a Woods-
Saxon-like function (dotted line).

RHIC [28,29].

3 Summary

To summarize, with a potential version of the UrQMD in
which mean-field potentials for both pre-formed hadrons and
confined baryons are considered, and a traditional coales-
cence model in which one parameter set of (Ry,Py)=(3.8 fm,
0.3 GeV/c) is used, both E895 proton data at AGS energies
and NA49 net proton data at SPS energies can be described
reasonably well. And, because of the large cancellation be-
tween the expansion in relative distance and the shrinkage
in relative momentum through the Lorentz transformation in
the coalescence model, the relativistic effect in clusters has
little effect on the rapidity distribution of free (net) protons.
The calculated excitation function of the proton fraction ex-
isting in clusters deviates from a pure logarithmic function as
seen by FOPI collaboration at SIS energies. Using a Woods-
Saxon-like function, one can fit well both the data at SIS ener-
gies and the UrQMD calculation results at AGS and SPS en-
ergies. Further, it is found that for central Au+Au or Pb+Pb
collisions at top SIS, SPS and RHIC energies, the proton frac-
tions in clusters are about 33%, 10%, and 0.7%, respectively.
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