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Abstract. In nucleus-nucleus collisions, new particles are produced mainly through strong interactions
among the constituents of the QCD medium. The search of a uniﬁed phenomenological model to understand
this production mechanism is one of the main motivation behind the heavy ion experiments. A vast
variety of data coming from nucleus-nucleus collision experiments put a stringent constraint on the particle
production models. A uniﬁed and proper model must satisfy the various data regarding pseudorapidity
distributions, transverse energy density distributions, transverse momentum distributions with respect to
control parameters in diﬀerent types of collisions at various energies simultaneously. Recently we proposed
a new version of wounded quark model (WQM) which actually satisﬁes many points of this criteria.
However, these kind of static initial model conditions have problem in calculating the transverse momentum
distributions of charged hadrons. In this article, we have used the important ingredients of WQM like
number of wounded quarks and number of quark-quark collisions to ﬁt the transverse momentum spectra
of charged hadrons. Based on the assumption of diﬀerent mechanisms at diﬀerent regions, i.e. diﬀerent
mechanisms for soft pT and hard momentum part, we have proposed a parameterization made of two
functions to calculate the transverse momentum spectra in diﬀerent collisions at diﬀerent energies ranging
from higher RHIC to LHC. We hope that this study along with our recent work on WQM will become
a more suitable choice as uniﬁed model for particle production in strong interaction, instead of wounded
nucleon model.

1 Introduction
The study of particle production in nucleus-nucleus collisions is crucial to understand the properties and behaviour
of quantum chromodynamics (QCD) [1–3]. Further this
study is able to conﬁrm the existence of various theoretically stated phases of the QCD matter. We know that
the particle production process in these collisions is nonperturbative at low momenta and therefore it is theoretically diﬃcult to obtain this soft hadron production directly from perturbative QCD. On the other side perturbative methods have shown their ability at large momenta
to calculate the hadron production in nucleus-nucleus collisions. There are limitations on lattice methods to calculate the particle production in soft regime due to its
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non-perturbative feature. Thus, a lot of eﬀorts have been
made to construct a phenomenological model to calculate
various distributions of charged hadrons and which eﬃciently matched with the experimental data.
Transverse momentum of charged hadrons is an important tool to understand the magnitude of temperature
of the collision zone from where they have been created [4,
5]. Further transverse momentum spectra (pT -spectra)
are useful to understand the evolution dynamics of the
medium [6,7]. This observable help us to ﬁnd the collective ﬂow of the medium formed during the heavy-ion collisions. In hadronic collisions, the invariant cross-section for
charged hadron production
with respect to pT and center√
of-mass energy ( sN N ) has a characteristic shape. At low
pT , the shape is exponential and almost independent of
√
sN N . This region is known as soft physics region where
hadrons are fragments of “beam jets” [8,9]. At higher pT
side, this distribution
has a power-law tail which strongly
√
depends on sN N . This is hard-scattering region where
the charged hadrons are basically produced from high
momentum QCD jets. Further the inclusive pT -spectrum
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in nucleus-nucleus collisions can be aﬀected by many aspects of collision dynamics. The pT -distribution function
in nucleus-nucleus collisions includes soft parton scattering followed by longitudinal or “string” fragmentation and
hard parton scattering followed by transverse fragmentation. Therefore the structure of pT spectrum in nucleusnucleus collisions which strongly depends on the particle
production mechanism, becomes complex interplay of various physical mechanisms.
A lot of eﬀort has been put forward to unfold and interpret the structure of pT distribution function of charged
hadrons in nucleus-nucleus collisions. Earlier it was supposed that due to thermalization of the QCD medium,
the pT -spectra of the produced particles will follow an
exponential distribution with respect to pT [10,11]. Later,
the data from nucleus-nucleus collision experiments shows
that exponential function is unable to accommodate the
charged hadrons with high pT . Based on some recent
works, practitioners in this ﬁeld have suggested that the
particle production mechanism in diﬀerent pT region is different and thus pT -distribution changes its nature from exponential at low pT to power-law at large pT [12]. In other
works, it has been shown that the pT -spectra of charged
hadrons satisfy the Tsallis distribution function [13–18].
Tsallis function assumes that this behaviour of pT -spectra
is due to the intrinsic, non-statistical ﬂuctuations [19,20].
Tsallis function ﬁts the pT -spectra of charged hadron quite
well but with some shortcomings. To ﬁt the invariant yield
using Tsallis function, we need 3 parameters for 200 GeV
data, 4 parameters for 2.76 TeV data [21] and Tsallis function is not able to ﬁt the 5.02 TeV data [22]. Thus we cannot use Tsallis function with deﬁnite set of parameters
to ﬁt the invariant yield data at each collision energies
simultaneously. Further the physical signiﬁcance of these
parameters are not quite well understood. There are other
eﬀorts as well however one can see that there exist a lot
of open questions in this ﬁeld. For example, we know that
hard parton scattering is expected to dominate the spectrum at larger pT at high energies but how does hard scattering contribute at smaller pT and how does it interact
with thermal or “soft” particle production [23–25]. The
answers of these questions are still not known. Keeping
these questions in mind and based on inputs from some recent studies, we have constructed an expression by blending exponential function at low pT and power law at high
pT to calculate the pT -spectra of charged hadrons. The
new and interesting feature of our work is that we have
used the number of wounded quarks (NqAB ) and mean
number of quark collisions (νqAB ) from our wounded quark
model (WQM) [26–33] in these functions. Some of the recent experimental and theoretical works favour wounded
quark picture over wounded nucleon picture. The authors
in ref. [34] have shown that the charged particle multiplicity density at mid-rapidity in Au + Au collisions scales linearly with the number of participating constituent quarks.
Further, same behaviour has been observed by wounded
quark model for Au+Au collisions at 200 GeV and Pb+Pb
collisions at 2.76 TeV [28]. WQM also predicts scaling with
constituent quarks for U+U collisions at 193 GeV [32]. The
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PHENIX Collaboration results [35] support the model results and conﬁrms that mid-rapidity multiplicity data is
better described by scaling with the number of constituent
quark participants than scaling with the number of participants. Further, the PHENIX Collaboration results [35,
36] show that the transverse energy distribution at midrapidity also scales with the number of constituent quark
participants. The authors in ref. [32] have shown the scaling behaviour of transverse energy density with participating quarks for U + U collisions at 193 GeV. Apart from
scaling of mid-rapidity data with the number of participating quarks, STAR Collaboration [37] have reported that
elliptic ﬂow as a function of transverse momentum scales
with the number of constituent quarks. Further, the scaling of elliptic ﬂow with number of constituent quarks has
been also observed for diﬀerent collision systems and particle species [38–40]. Recently, Bożek and Broniowski [41]
reported the results on transverse momentum ﬂuctuations
in p + Pb and Pb + Pb collisions by combining wounded
quarks with viscous hydrodynamics. They found a signiﬁcantly better agreement with the experimental data in
the model with wounded quarks than with nucleon participants. The result further favours the use of sub-nucleonic
degrees of freedom in the early dynamics of the system
formed in ultrarelativistic nuclear collisions. Thus, in this
paper we have used WQM where quark-quark interaction is used as the basic ingredient for particle production
mechanism. We used this wounded quark picture to ﬁt
the invariant yield of charged hadrons produced in various heavy ion collisions.
The rest of the paper is organized as follows: in sect. 2,
we start with a brief discussion about the calculation of
number of participating quarks, mean number of quark
collisions and pseudorapidity density of charged hadrons
in WQM. Then we discuss about the parametrization for
transverse momentum distribution of charged hadrons using inputs from WQM. In sect. 3 we will discuss the results consisting transverse momentum spectra of charged
hadrons in diﬀerent collisions at various collision energies.
At last we will summarize our present work.

2 Model formalism
2.1 Wounded quark model
Recently, we have proposed a new version of wounded
quark model based on the phenomena of gluon exchange
between the projectile and target quarks with a simple
assumption that all the quark collisions are independent
and their eﬀects are coherently superimposed. We have
used two component model of pseudorapidity distribution
in nucleus-nucleus collisions in the wounded quark scenario. We assume that the hard component scales with the
number of quark-quark collisions (NqAB νqAB ) and the soft
component scales with the number of participating quarks
(NqAB ). Thus, the expression for pseudorapidity density at
midrapidity in A − B collisions can be parameterized in
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terms of p − p rapidity density [26,27] as:


dnch
dη

AB


=

η=0

dnch
dη

pp



(1 − x) NqAB + xNqAB νqAB .

η=0

(1)
Here, x quantiﬁes the relative contributions of hard and
soft components. Within the framework of Additive Quark
Model [42–46], the mean number of inelastic quark collision (νqAB ) and the mean number of participating quarks
(NqAB ) can be expressed, respectively, as
in
in
AσqN
BσqN
·
,
in
in
σqA
σqB


in
in
NA σqB
1 NB σqA
.
=
+
in
in
2
σAB
σAB

νqAB = νqA νqB =
NqAB

(2)
(3)

in
Here, quark-nucleus inelastic cross-section (σqA
) is determined by using Glauber’s approximation [47,48] and
in
) can be exnucleus-nucleus inelastic cross-section (σAB
pressed as

2
c
in
= πr2 A1/3 + B 1/3 − 1/3
,
(4)
σAB
A + B 1/3

where the constant c has a ﬁxed value for nucleus-nucleus
collisions and is related with the mean free path of a nucleon inside a nucleus.

Further, we have extended our model to ﬁt the transverse momentum spectrum of charged hadrons in nucleusnucleus collisions based on the assumptions of WQM [27].
In the low pT region, the relation for invariant yield for
charged hadrons can be expressed as


m2T NqAB
P3
P1
d3 N
exp −
+
,
E 3 =
dp
2πp2T
mT
P2 (νqAB sa )1/2
pT ≤ pth

(8)

and by a power law function in high pT region as
1
d3 N
E 3 =
dp
2πp2T

m2T NqAB
P4 (νqAB sa )1/2

−P5

,

pT > pth , (9)

where P1 , P2 , P3 , P4 , and P5 are the ﬁtting parameters,
mT (= p2T + m2 ) is the transverse mass
√ of the particles
produced in nucleus-nucleus collisions, sa is the available
center of mass energy in nucleus-nucleus collisions.

2.2 Parameterization of transverse momentum
distribution
Our parameterization of transverse momentum spectrum
for charged hadrons is based on the idea of modiﬁed multipomeron exchange model [49–55]. In the modiﬁed multipomeron exchange model with string fusion for p − p collisions, the expression of transverse spectrum for charged
hadrons from one string is as follows [56]:
−π(p2T + m2 )
d2 Nch
,
∼
exp
dp2T
t

respectively. Based on these assumptions, our new parameterization for the pT -spectrum of charged hadrons in low
pT region for p − p collisions are as follows:



d3 N
m2T
P3
P1
E 3 =
exp
−
+
, pT ≤ pth
√
dp
2πp2T
P2 sa
mT
(6)
and in high pT region, the relation can be given by a power
law function as follows:

−P5
d3 N
m2T
1
E 3 =
, pT > pth .
(7)
√
dp
2πp2T P4 sa

(5)

where t measures the color string tension. According to
this multi-pomeron exchange model, increase in collision
energy causes a general growth in the number of multipomerons exchange in nucleon-nucleon collisions.
We have assumed a similar kind of situation where
a color string has been formed due to exchange of gluons between quarks in p − p collisions and as the collision
energy increases the number of exchanged gluons also increases. Consequently, the number of strings will increase
and they start to overlap causing a higher string tension
according to string fusion model. However, we are diﬀerent from multi-pomeron exchange model as we have taken
two diﬀerent functions in two pT regions. In this study, we
have parameterized the pT -spectra of produced charged
hadrons by blending exponential and power law functions
in low pT region (pT ≤ pth ) and high pT region (pT > pth ),

3 Results and discussions
3.1 Transverse momentum distributions
In this section we have shown the experimental data
for invariant yield of charged hadrons in proton-proton
and nucleus-nucleus collisions with respect to pT and ﬁtted these experimental data using respective parameterizations. Before presenting the model results, we want
to show the intermediate pT point where soft and hard
part meets. For this exercise, we have plotted ﬁg. 1.
In ﬁg. 1, we have shown the invariant yield of charged
hadrons
produced in most central Pb + Pb collisons at
√
sN N = 2.76 TeV and 5.02 TeV. We have ﬁtted the low
pT region with exponential function as given by eq. (8) and
high pT data with power law as given by eq. (9). We deﬁne pth as the intersection point of exponential and power
law ﬁtting functions. In ﬁg. 2, we have demonstrated the
variation of normalized transverse momentum
spectrum of
√
charged hadrons in p + p collisions at sN N = 200 GeV,
2.76 TeV and 5.02 TeV with respect to pT . We have ﬁtted
the experimental data [57–59] using our parameterization
in eqs. (6) and (7). One can see that as the energy increases, the range of pT distribution increases from 10 GeV

(1/Nevt)(d2nch/2 π pT dpT dη) (GeV)-2
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Fig. 1. (Color online) Experimental data of invariant yield of
charged hadrons for Pb + Pb collisions at 2.76 and 5.02 TeV
with respect to pT . Violet line shows the exponential ﬁt and
pink line shows the power law ﬁt.
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Fig. 2. (Color online) Variation of invariant yield of charged
hadrons produced in p + p collisions at three diﬀerent energies
i.e., 200 GeV, 2.76 TeV and 5.02 TeV with respect to transverse
momentum (pT ). The experimental data used here are taken
from refs. [57–59].

to 300 GeV, which means that the charged hadrons having
higher and higher pT are started to produce. Our parameterization ﬁts the data at each energies simultaneously.
The parameters are shown in table 1.
In ﬁg. 3, we have plotted the variation of normalized
transverse momentum
√ spectrum of charged hadrons in
Cu + Cu collisions at sN N = 200 GeV with pT . We have
ﬁtted the experimental data [60] with exponential function at lower pT and power law at larger pT as given by
eqs. (8) and (9), respectively. We have ﬁxed the higher
limit of pT for exponential or lowest limit of pT for power
law by simply observing the value of pT at which these
two functions joined smoothly. This region of transverse
momentum can be called as intermediate pT where both
hard and soft part contribute. We have done the ﬁtting for
diﬀerent centrality class and found that our parameterization ﬁts the data for diﬀerent centrality classes with minimal number of parameters. It is important here to state
that the other parameterizations which was used in earlier

literature has used atleast 8–10 parameters if they have to
ﬁt the data ranging from 200 GeV to 5.02 TeV simultaneously. However, using the inputs from WQM we are able
to minimize the parameter numbers to 5. In ﬁg. 3, one
can see that the intermediate pT is around 2 GeV. Above
2 GeV, the region is populated by hard particle production
from high pT QCD jets.
Figure 4 shows the data of normalized yield of charged
hadrons in Au + Au collisions at 200 GeV for various centrality classes. We have ﬁtted the experimental data [57]
with our new parameterization using WQM inputs with
minimal set of parameters. Here, we again ﬁnd that the intermediate pT values where both the hard and soft regions
meet is around 2 GeV. Thus the value of intermediate pT
is independent of size of the colliding nucleus and is ﬁxed
for a given collision energy.
In ﬁg. 5, we have plotted the experimental data [61] for
normalized invariant yield of charged hadrons in Pb + Pb
collisions at 2.76 TeV with respect to pT . We have shown
these data for seven centrality classes starting from central
(0–5%) to peripheral (50–60%) collisions. Further, we have
used new parameterization to ﬁt this invariant yield. The
value of parameters obtained are shown in table 1. Here an
important observation is that the value of intermediate pT
is around 3.4 GeV which is higher than the intermediate
pT value at 200 GeV. Therefore, this intermediate pT value
where both hard and soft regions meet is collision energy
dependent and increases with increase in collision energy.
Figure 6 shows the data of normalized yield of charged
hadrons in Pb + Pb collision experiment at 5.02 TeV collision energy for various centrality classes. This is the experimental data [59] which forces the practitioner in this
ﬁeld to use a parametrization based on two functions.
However, we assumes in our work that these two diﬀerent functions are related with two diﬀerent production
mechanisms which exists even on RHIC energies. Only
the region of soft production is small in comparison to
LHC energies which can be seen by our intermediate pT
value. At 5.02 TeV, this value is around 5 GeV. Thus the
region for thermal (soft) hadron production is 0 to 2 GeV
at RHIC energy and it expands 0 to 5 GeV at highest
LHC energy. Of course, the region of hard production increases rapidly with collision energy in comparison to soft
production region.

3.2 Physical signiﬁcance of parameters
In these types of parameterization, there are two things
which one should keep in mind while proposing any parameterization. First, the parameters should be minimal
and second thing is that the parameters used in the parameterization should have physical signiﬁcance if possible. In this subsection, we have plotted all the ﬁve parameters used in our parameterization with centrality at
various collisional energies for diﬀerent colliding species.
In ﬁg. 7, we have plotted the parameter P1 with centrality. Here, one can see that for a given collision energy P1
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Table 1. The ﬁtting parameter values for charged hadrons in diﬀerent colliding systems at diﬀerent collision energies.
System

√

sN N (GeV)

Centrality (%)

P1

P2

P3 (GeV)

P4

P5

p+p

200

–

2.43341

0.00229

−0.00175

0.00539

5.41013

p+p

2760

–

4.96390

0.00024

0.00902

0.00064

4.50828

p+p

5020

–

3.85940

0.00015

0.00870

0.00039

4.40272

0–6

158.119

0.45448

−0.13056

1.44688

5.83805

Cu + Cu

Au + Au

Pb + Pb

Pb + Pb

200

200

2760

5020

6–15

118.157

0.23156

−0.12774

0.70896

5.77789

15–25

81.8937

0.11402

−0.12400

0.33179

5.64349

25–35

54.0697

0.05008

−0.11846

0.13746

5.59300

35–45

34.6186

0.01993

−0.11188

0.05061

5.41243

0–5

560.254

1.29140

−0.13076

4.95668

6.38872

5–10

445.353

0.84994

−0.12936

3.16174

6.27365

10–20

336.988

0.19685

−0.12978

0.70968

6.14995

20–30

225.396

0.07763

−0.12679

0.26466

6.04455

30–40

149.751

0.02005

−0.12254

0.06540

5.90898

40–60

72.0393

0.00829

−0.10744

0.02451

5.69480

0–5

1710.78

0.11925

−0.11409

0.64593

4.00928

5–10

1388.67

0.07813

−0.11566

0.41210

4.07194

10–20

1033.29

0.04354

−0.11574

0.21948

4.06272

20–30

680.660

0.01946

−0.11324

0.09224

4.07689

30–40

427.735

0.00825

−0.10756

0.03662

4.15926

40–50

251.099

0.00296

−0.09806

0.01215

4.18388

50–60

135.559

0.00096

−0.08565

0.00357

4.20178

0–5

24557.5

0.05521

−0.00435

0.82774

3.82009

5–10

5749.31

0.03753

−0.00466

0.39028

3.87244

10–30

1181.44

0.01438

−0.00323

0.10552

3.96879

30–50

478.153

0.00250

0.00064

0.01619

4.07663

50–70

144.145

0.00028

0.00487

0.00144

4.16490

decreases with centrality and for a given centrality P1 increases with energy. As we know that this parameter is
acting like a normalization constant and related with the
multiplicity of charged hadrons thus its variation with energy and centrality is trivial.
Parameter P2 is basically related with the number of
exchanged gluons among the quarks. In ﬁg. 8, we have
plotted variation of P2 with respect to centrality at different energies. Here, we see that for a given energy the
magnitude of P2 decreases with centrality as the number
of exchanged gluons decreases in peripheral collisions in
comparison to central collisions. For a given centrality, P2
weakly depends on collision energy (please keep in mind
that we have plotted the graph in log scale) and slightly
decreases with increasing energy. The eﬀect of initial collision geometry, i.e., the size of ﬁreball have an eﬀect on P2 .
It can be understood in two ways: ﬁrst going from central
to peripheral events the size of ﬁreball decreases and thus
the P2 decreases drastically. Second in central collisions,

one can see that at 200 GeV, the size of ﬁreball is larger
in Au + Au collisions than Cu + Cu collisions and thus the
value of P2 is larger in Au + Au collisions than in Cu + Cu
collisions. However in peripheral collisions, we know that
the size of the ﬁreball is the same whether it is Au + Au
collisions or Cu + Cu collisions and thus the value of P2 is
same for both cases.
In ﬁg. 9, we have plotted the parameter P3 with respect
to centrality for diﬀerent collision energies. P3 indirectly
maps the collective eﬀects of the medium. Here, one can
observe that as we move from central to peripheral events
the magnitude of P3 increases and it is evident for each
energy. However, as we move to 5.02 TeV, this parameter behaves abruptly and it comes close to zero values in
central events and further becomes positive in peripheral
events. This behaviour of P3 at 5.02 TeV in Pb + Pb collision is similar to the P3 values in p + p collision at 2.76
and 5.02 TeV.
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Fig. 3. (Color online) Variation of invariant yield of charged
hadrons produced in Cu+Cu collisions at 200 GeV with respect
to transverse momentum (pT ) in diﬀerent centrality classes.
The experimental data used here are taken from ref. [60].
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The experimental data used here are taken from ref. [57].
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Fig. 7. (Color online) Variation of parameter P1 with respect
to centrality at three diﬀerent energies 200 GeV, 2.76 TeV and
5.02 TeV. At 200 GeV we have shown the variation of P1 for
two diﬀerent types of collisions, i.e., Au + Au and Cu + Cu.
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hadrons produced in Pb+Pb collisions at 2.76 TeV with respect
to transverse momentum (pT ) in diﬀerent centrality classes.
Experimental data are taken from ref. [61].

Fig. 8. (Color online) Variation of parameter P2 with respect
to centrality at three diﬀerent energies 200 GeV, 2.76 TeV and
5.02 TeV. At 200 GeV we have shown the variation of P2 for
two diﬀerent types of collisions, i.e., Au + Au and Cu + Cu.
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Fig. 9. (Color online) Variation of parameter P3 with respect
to centrality at three diﬀerent energies 200 GeV, 2.76 TeV and
5.02 TeV. At 200 GeV we have shown the variation of P3 for
two diﬀerent types of collisions, i.e., Au + Au and Cu + Cu.

Fig. 11. (Color online) Variation of parameter P5 with respect
to centrality at three diﬀerent energies 200 GeV, 2.76 TeV and
5.02 TeV. At 200 GeV, we have shown the variation of P5 for
two diﬀerent types of collisions, i.e., Au + Au and Cu + Cu.
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Fig. 10. (Color online) Variation of parameter P4 with respect
to centrality at three diﬀerent energies 200 GeV, 2.76 TeV and
5.02 TeV. At 200 GeV we have shown the variation of P4 for
two diﬀerent types of collisions, i.e., Au + Au and Cu + Cu.

Figure 10 shows the variation of parameter P4 with
respect to centrality at diﬀerent energies. P4 has the same
role as the parameter P2 and thus one can understand its
variation with centrality and energy accordingly. Further
we have shown the variation of P5 in ﬁg. 11 with centrality and collision energy. Here, one can see that parameter
P5 is weakly dependent on centrality. However, it strongly
depends on the collision energy. This parameter is basically related with the equilibrium of the QCD medium
formed during the collisions. As its value increases from 1
to higher values, the degree of non-equilibrium increases.
Thus from this ﬁgure, one can see that as we increases the
collision energy, the value of P5 decreases and tends towards 1 and thus provides a hint that the system formed
during the collision is more towards equilibrium in comparison to lower energies.
In summary, we have constructed a parameterization
based on the concept of two diﬀerent production mechanisms in two diﬀerent pT regimes. We have started with
the invariant yield distribution of charged hadrons in p+p

collisions using the help of modiﬁed multipomeron exchange model. We have used two diﬀerent functions, i.e.,
exponential for low pT region and power law for high pT
region, respectively. Further, we have extended our parameterization to suitably describe the invariant yield in
nucleus-nucleus collisions. For this, we have used NqAB
and νqAB from our wounded quark model and put them
into the parameterization to reduce the number of free
parameters from 8 (as used in the previous two functions
study) to 5. We have shown the ﬁtting of invariant yield
data in p + p collisions at diﬀerent energies. After that
we have ﬁtted the experimental data of invariant yield
in various nucleus-nucleus collisions at diﬀerent energies,
i.e., Cu + Cu and Au + Au at 200 GeV, Pb + Pb at 2.76
and 5.02 TeV. Our parameterization based on WQM has
ﬁtted all the data simultaneously with minimal number of
parameters. Finally, we have plotted the variation of different parameters with respect to centrality for diﬀerent
collisions and tried to ﬁnd out their physical signiﬁcance
and their behaviour with various control parameters of
collisions. In this study, we have sincerely tried to provide
a parameterization which is based on quark-quark interactions with the minimal number of free parameters. We
have also shown the diﬀerent pT regions, i.e., low, high and
intermediate and how these regions extend as we increase
the collision energies.
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