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Abstract: In this paper, the nuclear modification factors, RxA, are investigated for pion production in
small system collisions, measured by PHENIX experiment at RHIC (Relativistic Heavy Ion Collider).
The theoretical framework is the parton transverse momentum kT-factorization formalism for hard
processes at small momentum fraction, x. Evidence for collective expansion and thermal effects for
pions, produced at equilibrium, is studied based on phenomenological parametrization of blast-wave
type in the relaxation time approximation. The dependencies on the centrality and on the projectile
species are discussed in terms of the behavior of Cronin peak and the suppression of RxA at large
transverse momentum, pT . The multiplicity of produced particles, which is sensitive to the soft sector
of the spectra, is also included in the present analysis.

Keywords: kT-factorization approach; parton saturation phenomenon; geometric scaling in
hadron–hadron collisions; high-energy collisions; multiparticle production; transverse momen-
tum distribution

1. Introduction

The transverse momentum (pT) spectra of charged and neutral particles have been
experimentally studied in proton–proton (pp), proton–nucleus (pA), and nucleus–nucleus
(AA) collisions from different perspectives. First of all, the role played by this observable is
highlighted as a measure of the partonic interactions in the perturbative quantum chromo-
dynamics (pQCD) regime. One can extract from the particle spectra relevant information
about the initial state dynamics of the colliding system. On the other hand, the pT spectrum
has been used as a probe of the collective behavior developed by the hydrodynamic expan-
sion of the hot environment created in heavy ion collisions. A key aspect of the problem
is the emergence of thermal behavior observed even in small systems such as pp and
pA collisions [1–6]. The nuclear effects are quantified by the nuclear modification factor,
RxA, which is obtained by the ratio between the multiplicity of produced particles in the
collision of a projectile X off a nucleus A and the scaling on the number Ncoll of binary col-
lisions, Ncoll(d3Npp/d3 p), with Npp being the yield in pp collisions. The latter is expected
in the case of an absence of final state nuclear medium effects. From the experimental
point of view, the nuclear modification factor for small systems presents a suppression
in the small transverse momentum region (pT∼1 GeV), followed by an enhancement in
the intermediate momentum region (pT∼2–5 GeV), and it finally goes to unity at large
pT . This behavior is known as the Cronin effect [7], which has been explained by different
theoretical models [8–18].

The scenario of hadron production from the decay of minijets described by kT-
factorization formalism, where kT denotes the parton transverse momentum, considers that
the cold matter nuclear (CNM) effects originate in the hard interaction of the nuclei at initial
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states of the collision. However, the particle production in those systems undergoes a hydro-
dynamics evolution to freeze-out, which modifies the corresponding spectrum. In [19–21],
it is argued that the pT spectrum can be described by performing a temporal separation in
the relaxation time approximation (RTA) of the Boltzmann transport equation [22]. The time
separation corresponds to the hadrons produced in initial state hard collision and those pro-
duced in the equilibrium situation. Moreover, two-component models (thermal+hard) have
been successful in describing experimental measurements [23–25]. In these approaches,
the spectrum is decomposed into two parts: one related to the Boltzmann statistics and a
second one characterized by the typical power-law behavior from pQCD. Nevertheless,
the thermal nature of the spectrum has been posed in [26–28], where the two-component
model takes into account a soft contribution coming from the longitudinal dissociation
projectile-nucleus and a hard contribution due to the transverse production of jets. This
seems to be enough to explain the data available without invoking collective flow. In a
previous study [29], this approach has been considered to describe the spectra of produced
pions in lead–lead (PbPb) collisions at the Large Hadron Collider (LHC). It was shown
that the thermal parametrization can be substantially modified by taking into account the
nuclear effects present in the gluon distribution function.

In this paper, thermal effects are investigated in the nuclear modification factor, RxA,
for neutral pion production, which has been measured by the PHENIX Collaboration at the
Relativistic Heavy Ion Collider (RHIC) [30], in small system collisions. A salient feature of
RxA in these systems is that the Cronin peak tends to grow for smaller projectiles, which is
in contradiction to the expected behavior from pQCD. In particular, the interface between
the hard process described within the QCD kT-factorization formalism and the thermal
sector is investigated, which can play an important role in more central collisions. To this
end, both the hard part of the spectrum and the multiplicity, dN/dy, determined by the soft
part, are studied. One important issue regards the separation region where the collective
effects are needed for the spectrum description. In [31], an analysis of the high multiplicity
distribution of particles in pp collisions was performed, and it was argued that the bulk
part of spectra (pT . 2.5 GeV) can be described by a distribution-like blast-wave. In [32],
an approach based on a blast-wave parametrization that incorporates Tsallis statistics was
also considered in order to study the collective flow effects in pp collisions as a function
of the center-of-mass energy,

√
s. Evidence of collective expansion in high energies was

shown. This suggests a dependence of the radial flow as the multiplicity or collision energy
increase. Such effects also become important with the increasing number of constituents of
a projectile/nuclear target. Therefore, it is fundamental to analyze the produced spectrum
for distinct projectiles in order to relate the emergence of thermal behavior in terms of
dN/dy,

√
s and the geometric parameters of the colliding system such Ncoll and Npart, the

number of participants.
This paper is organized as follows. In Section 2.1, the predictions of pQCD for the

nuclear modification factor, RxA, is discussed in different approaches. The main theoretical
expressions for computing this observable are presented in the context of the pQCD
kT-factorization formalism. The main physical input is the nuclear unintegrated gluon
distribution (nUGD). Following [29], the Moriggi–Peccini–Machado (MPM) analytical
parametrization for the nuclear UGD is considered. It describes correctly the spectra of
particles produced in pp collisions, as well as the nuclear modification factors in pPb
collisions at the LHC. In Section 2.2, it is determined how the thermal corrections can be
included in the spectrum is determined by using a blast–wave model. The focus is on
pion production in p + Al, p + Au, d + Au, and He + Au collisions. It is demonstrated
that the Cronin peak decreases for larger projectiles, in opposition to what is expected, as
only cold nuclear matter effects are considered. It is verified that RxA presents a behavior
almost independent of projectile species at pT∼10 GeV. The same occurs for the thermal
parameters of the system, such as the relaxation time, tr, and temperature, T, which could
suggest a correlation between the energy loss at large pT and the production of a thermal
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system of particles. These results and corresponding discussions are presented in Section 3.
Conclusions are summarized in Section 4.

2. Theoretical Framework and Main Predictions
2.1. Nuclear Effects in the Gluon Distribution in a Nucleus

In the collinear factorization formalism of pQCD, the XA cross-section can be ex-
pressed as the convolution of the parton distribution functions (PDFs) of the small projectile
(labeled here as X) and the nucleus A with the hard parton level cross-section. In this
context, the nuclear modification factor is described in terms of the modification of the
parton distribution within a nucleus compared to the ones in a free nucleon. These modifi-
cations give rise to the shadowing/anti-shadowing effects observed in the nuclear structure
functions probed in deep-inelastic-scattering (DIS) events [33–37]. Moreover, the multiple
interactions among nucleons can be described in the Glauber model, where the nuclear
cross-section is expected to scale with Ncoll. Corrections to the collinear factorization ap-
proach can take into account an intrinsic transverse momentum, 〈kT〉, of partons at initial
state. This effect increases with Ncoll, which leads to an enhancement of RxA with respect
to centrality [8,38,39].

An important aspect that appears in RHIC data [30] is that the Cronin peak tends to
increase for smaller projectiles species in agreement with the ordering R3 He+Au < Rd+Au
< Rp+Au. However, the collinear approach with cold nuclear matter effects predicts the
following: R3 HeAu > Rd+Au > Rp+Au > Rp+Al . This prediction is in agreement with what
is observed with respect to the nuclear structure functions. There, the shadowing/anti-
shadowing contributions are intensified due to the atomic mass number, A. Another
essential aspect presented by these data is that for more central collisions (0–5%), the factor
R3 He+Au presents a suppression that is not seen for smaller projectiles. Moreover, it is
worth mentioning that R3 He+Au increases for more peripheral collisions, while the factors
Rp(d)A decrease. In the multiple scattering model, it is expected that the average transverse
momentum, 〈kT〉, acquired by partons from the projectile as a result of interaction with the
nuclear target is larger in more central collisions. Therefore, this effect raises the Cronin
peak, and a decrease of RxA is consequently anticipated in more peripheral reactions.

In the context of parton saturation approaches, like the color glass condensate (CGC)
effective theory, the nuclear modification factor can be associated to the saturation of the
nuclear UGD in the region of small pT . This saturation is more intense in more central
collisions and for large nuclei (dense color system). In those approaches, through the
Glauber–Mueller formalism [40,41], the multiple interactions of colored partons in the
projectile with the color field of the nuclear target modifies the transverse momentum of
the gluons in target, and the Cronin peak is reproduced. One can find that the evolution in
the rapidity of the nUGD and the nuclear geometry should influence the behavior of RpA in
terms of pT [11,15,42]. The saturation approach has been used in different studies [43–48]
in order to describe the pT-spectrum and the ratio RpA for dAu reaction at RHIC and pPb
ones at the LHC. In AA collisions, the saturation approach has been utilized in [49–56].

In this study, we consider the kT-factorization formalism in contrast to the collinear one.
The main advantage is that the initial partons already present non-zero transverse momenta
and the effects of parton saturation can be easily implemented. Now, the pT-spectrum is
given by the convolution of the unintegrated gluon distributions of the colliding nuclei,
φA,B, and the production cross-section at the parton level. The nUGD depends on the
impact parameter,~b, of the reaction. In particular, the gluon production in A + B collisions
at very high energies is given by the following invariant cross section:

E
d3N(b)

dp3

AB→g+X

=
2αs

CF

1
p2

T

∫
d2~s d2~kT φA(xA, k2

T ,~s)φB(xB, (~pT −~kT)
2,~b−~s), (1)

where xA,B = (pT/
√

s)e±y are the longitudinal momentum fraction of incoming partons in
projectile A and target B, respectively. The quantity~s is the transverse coordinate of the
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produced gluon. The strong coupling constant is αs, and CF = (N2
c − 1)/2Nc is the QCD

Casimir color factor with Nc being the color number. Here, some remarks are in order. The
processes initiated by quarks, q f + g→ q f and g + q f → q f , are important in the fragmen-
tation region and under large enough pT [57,58]. Here, g and q f denote the gluon and the
fragmenting quark of flavour f , respectively. The data from PHENIX Collaboration [30]
correspond to midrapidities (η < 0.35) and not so large transverse momentum. This is the
reason for disregarding the quark contribution in the numerical calculations here.

The unintegrated gluon distribution depends on the transverse momentum kT and
longitudinal momentum fraction x. Here, in the numerical calculation, we use the MPM
analytical parametrization [59] for the UGD. It is determined from the analysis of available
data for light hadron production in pp( p̄) collisions. It presents scaling on the variable
τ = k2

T/Q2
s (x), based on the geometric scaling property associated to the parton saturation

formalism [60,61]. The characteristic momentum scale giving the transition between a dilute
and a dense parton system is set by the saturation scale, Qs. It is defined in terms of the
longitudinal momentum fraction in the form Q2

s (x) = (x0/x)λ. The MPM parametrization
for a proton is written as follows:

φp(x, kT) = φp(τ) =
3σ0(1 + δn)

4π2αs

τ

(1 + τ)(2+δn)
, (2)

where δn = aτb, and λ = 0.33 is fixed [62,63]. The parameters σ0, x0, a, and b have
been fitted from DESY-HERA (Deutsches Elektronen-Synchrotron, Hadron-Electron Ring
Accelerator) data for proton structure function (see discussion in [59]). For central rapidity,
y∼0, the x variable can be expressed as x = pT/

√
s.

The incorporation of the nuclear effects in the gluon distribution is given by the
Glauber–Gribov approach for multiple scattering. The main ingredients are the nuclear
thickness function, TA(b), and the color dipole cross-section. The last quantity describes
the multiple interactions of the leading Fock state of the projectile parton with the nucle-
ons. The Woods–Saxon parametrization for the nuclear density has been considered for
a large nucleus [64,65], and the thickness function has the normalization

∫
d2~bTA(b) = A.

For deuteron, the Hulthén form was used [66], and for helium, the parametrization, pre-
sented in [67], is considered. Following the previous study [29], the nuclear UGD is given
as follows:

φA(x, k2
T , b) =

3
4π2αs

k2
T∇2

kH0

{
1− Sqq̄A(x, r, b)

r2

}
, (3)

where H0{ f (r)} =
∫

rdrJ0(kTr) f (r) is the Hankel transform of order 0. The quantity
∇2

k is the two-dimensional (2-D) Laplacian in momentum space. The key quantity is the
dipole scattering matrix in configuration space, Sqq̄A(x, r, b). It can be determined from the
cross-section for dipole scattering off a proton, σdip(x, r), in the following way:

Sqq̄A(x, r, b) = exp
[
−1

2
TA(b)σdip(x, r)

]
, (4)

σMPM
dip (x, r) = σ0

1−
2
[(

rQs(x))
2

)1+δn
K1+δn(rQs(x))

]
Γ(1 + δn)

, (5)

where, the last line gives the corresponding expression for the dipole-proton cross-section in
the MPM model. In particular, it scales with rQs(x), as is usual in geometric-scaling-based
models. Here, K is the modified Bessel function of second kind and Γ is the Gamma function.
The calculation is made straightforward by including any other phenomenological model
for this quantity.
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Considering only CNM effects, it is found that Equation (1) predicts only small changes
in RxA in collisions of gold nucleus Au with deuteron d or helium He. Essentially, the nu-
clear modification is driven by the large nucleus in a similar way as occurs in the collinear
factorization formalism. Namely, the nuclear effects in the gluon distribution for small
nuclei is tiny. In Section 3, the need for corrections to the initial distribution is discussed
once the experimental measurements present a large difference as the projectile changes.
The nuclear modification factor, RxA, based on the discussion above, can be determined by
using the Glauber model:

RxA =

d3 NXA
dp3

Ncoll
d3 Npp

dp3

, (6)

where d3NXA/dp3 is obtained by using Equations (1), (3), and (4).
The nuclear gluon distribution in Equation (3) is characterized by two main quantities:

the saturation scale, Qs∼x−0.33, which determines the increasing of the spectrum in terms of
the collision energy,

√
s; and a power index δn that reproduces the power-like behavior on

pT in the large transverse momentum limit. In Ref. [59], the investigation into the spectrum
was restricted to the region, where geometric scaling is expected. For RHIC data at 200 GeV,
this is valid only at small pT . In order to achieve a good description at large pT , in the
present paper, the parameter δn was modified as δn = 1.2, corresponding to the effective
slope observed in the spectrum in pp collisions at RHIC. On the other hand, in order to keep
the point of maximum in the UGD at the same place, the saturation scale has to be modified
as Q2

s (x)→ (1 + δn)Q2
s (x). The fragmentation process is described in a simplified way by

taking the hadron transverse momentum in the approximate form pTh = 〈z〉pTg. Here, pTg
is the transverse momentum of the produced gluon, with 〈z〉 = 0.75. The spectrum deter-
mination contains uncertainties, such as the appropriated description of the fragmentation
process, the contribution of processes initiated by quarks at large pT , and the determination
of the mass of the gluon jet. However, in the ratio RxA, these uncertainties are reasonably
canceled, and the nuclear modification factor essentially provides the ratio of the UGDs in
the nucleus and in the nucleon, φA(x, pT , b)/φp(x, pT), at a given centrality.

Having determined the basic parameters and the formalism to compute the uninte-
grated gluon distribution in both nucleons and nuclei in the initial hard process, in the next
Section, we present how the thermal effects are incorporated in the analysis.

2.2. Collective Expansion and the Blast-Wave Model

In [19–21], it has been argued that the pT spectrum can be described by doing a time
separation in the RTA of the Boltzmann transport equation [22]. In order to include the
thermal corrections to the spectrum, predicted by Equation (1), We assume that the final
state distribution ffin can be expressed in the RTA,

ffin = feq + ( fin − feq)e−t f /tr , (7)

where t f /tr is the ratio of the freeze-out and relaxation times, with fin given by Equation (1)
and feq being the equilibrium distribution of the thermal system.

One way of investigating the collective properties on the spectrum is based in phe-
nomenological models of blast-wave type [68], developed in order to capture the essential
aspects of the thermal and hydrodynamic description of AA collisions. These models
have been applied to heavy-ion collisions at RHIC [69–71], LHC [72–75] and CERN/SPS
(European Organizationfor Nuclear Research/Super Proton Synchrotron) [76]. The velocity
profile of the expanding medium is parametrized in the following way:

ρ = tanh−1(βT) = tanh−1
[( r

R

)m
βs

]
, (8)
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where βT is the transverse expansion velocity, m is the velocity profile’s exponent, and βs is
the transverse expansion velocity at the surface. The average speed is 〈β〉 = 2

2+m βs, r is the
radial distance in the transverse plane from the centre of the fireball, and R is the fireballs
radius. Here, a linear profile is considered, that is, m = 1. The spectrum of produced
particles is given by the following:

feq ∝ mT

∫ R

0
rdrK1

(
mT cosh(ρ))

T

)
I0

(
pT sinh(ρ))

T

)
, (9)

where I0 ard K1 are the modified Bessel functions of the first and second kind, respectively,
and T is the kinetic freeze-out temperature, Tkin, in the context of the Boltzmann-Gibbs
blast-wave (BGBW) approach. In the RTA, considered here, T = Teq is the temperature
characterizing the Boltzmann local equilibrium distribution, feq. It has been shown in [21]
that for a given centrality, the temperature Teq is larger than the kinetic one. This is
consistent with the idea that the temperature decreases with the evolution of the system
from the local equilibrium to the kinetic freeze-out. The spectrum is determined by the
parameters 〈β〉 and T, which are adjusted from the experimental measurements.

As an exploratory study, the fitted parameters are presented in Table 1. A further
study on possible constraints for the parameter ranges and discussion of data statistics
is deserved. The expansion average velocity varies very little for the different systems.
One obtains 〈β〉∼0.55, which is closer to the values determined in paper [29] for pions in
PbPb collisions in

√
s = 2.76 TeV at the LHC. It is also noticed that in [31], the obtained

values are 〈β〉∼0.65 in pp collisions, independently of the multiplicity. The temperature
follows a trend similar to that observed for RxA at large pT (i.e., almost independent of
the projectile species). This could suggest a relation between the energy loss in the large
transverse momentum region and the equilibrium temperature of the system.

Table 1. Adjusted parameters’ equilibrium temperature, T = Teq, which characterizes the Boltzmann
local equilibrium distribution; the average speed, 〈β〉; and the ratio of the freeze-out and relaxation
times, t f /tr. Results are presented for three classes of centrality.

(0–5)% (0–20)%

p + Al p + Au He + Au p + Al p + Au d + Au He + Au
T (GeV) 0.054 0.055 0.041 0.043 0.046 0.045 0.035
〈β〉 0.579 0.587 0.620 0.558 0.588 0.601 0.608

t f /tr 0.223 0.301 0.528 0.223 0.223 0.288 0.357

(20–40)%

p + Al p + Au d + Au He + Au
T (GeV) 0.032 0.028 0.045 0.034
〈β〉 0.457 0.508 0.557 0.473

t f /tr 0.105 0.105 0.105 0.105

3. Results and Discussions

Our analysis is restricted to more central collisions (0–5, 0–20, 20–40)%, where the
nuclear effects are more prominent. The average values of geometric parameters such as
〈Ncoll〉 and 〈Npart〉 are calculated using a Glauber MC simulation, and they are explicitly
presented in the PHENIX Collaboration papers (see Table II of [30] and page 6 of [77]).
In Figure 1, the nuclear modification factor RxA is shown for different systems, namely
p + Al, p + Au, d + Au, and He + Au. For semi-central collisions such as (20–40)%, RxA is
close to unity at large pT . This indicates the absence of relevant nuclear effects, which is
independent of the projectile species. On the other hand, for the most central collisions,
(0–5)%, there exists a suppression of RxA at large pT for all projectiles. This implies that
the underlying mechanism of suppression does not depend on the colliding nucleus and
has a strong dependence on centrality. In the figure, the lines represent the result obtained
from Equations (6)–(9), including the thermal effects. In the relaxation time approximation,
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RxA∼e−t f /tr , the initial distribution scales with Ncoll. This indicates that the relaxation
time diminishes for more central collisions for any projectile. This can be understood
supposing that the time should be inversely proportional to the energy density, which
varies little for different colliding systems. For more peripheral reactions, the predicted
Cronin peak is larger than that experimentally observed in the xAu collisions, which is
related to the impact parameter dependence of the nuclear UGD. It decreases more slowly
with the impact parameter than in case of the aluminium nucleus. In the small pT region,
it is observed a suppression due to the nuclear shadowing in the nUGD, followed by an
enhancement near the maximum of the nUGD. In the initial distribution, an enhancement in
the peak and a stronger shadowing effect are expected for the He nucleus. However, it was
verified that the thermal contribution at small pT contributes to diminishing these effects.
A similar phenomenon occurs in heavy-ion collisions, as the produced particles in thermal
equilibrium compensate the expected suppression due to strong nuclear shadowing from
the nuclear UGD. In the case of small systems that are investigated here, the contribution of
this piece, feq, to the spectrum is found to be small,∼10%. This contribution is made clear if
one looks at Figure 2, where the small pT region of the spectrum is shown. There, the yield
dNxA/d2 pTdy has been divided by Ncoll and presented as a function of the transverse
momentum. The dot-dashed lines represent the contribution of the particle produced
in thermal equilibrium, and the solid line corresponds to the sum given by Equation (7).
For less central collisions, where RxA tends to unity at large pT , such a contribution is small,
and it is higher in more central collisions.

0.6

0.8

1

1.2

1.4
0—5%

pAl

pT(GeV)

RxA 0—20% 20—40%

0.6

0.8

1

1.2

1.4
0—5%

pAu

0—20% 20—40%

0.6

0.8

1

1.2

1.4
0—5%

dAu

0—20% 20—40%

0.6

0.8

1

1.2

1.4

2 4 6 8 10 12 14

0—5%

HeAu
2 4 6 8 10 12 14

0—20%

2 4 6 8 10 12 14

20—40%

Figure 1. The nuclear modification factor, RxA(pT), computed using Equations (6)–(9), with inclusion
of thermal effects and comparison to data from PHENIX Collaboration [30]. Different projectile
species and three more central classes of centrality are presented.

Each part of the spectrum has a distinct behavior in terms of the geometric parameter of
the nuclear collision. The RxA is analyzed in three different regions as a function of Ncoll, as
presented in Figure 3. At pT = 1.25 GeV, where RxA < 1, the dot-dashed lines correspond to
the expected result by considering only fin, which is determined by the nuclear shadowing
present in the nuclear UGD. We draw attention to the fact that the contribution to RxA
from fin presents fewer theoretical uncertainties compared to the absolute spectrum, as
they are canceled in the ratio. In this limit, RxA basically resembles the behavior of the
ratio φA/φp at a given centrality class. For Ncoll & 10, data present the expected behavior,
with a stronger suppression for increasing Ncoll. However, in the case of Ncoll . 10, the
ratio RxA is almost flat. For instance, in the case of p + Al, reaction RxA increases for more
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central collisions compared to the peripheral ones. At pT = 4.25 GeV, near the Cronin peak,
the expected behavior is peak enhancement as Ncoll increases. However, for Ncoll & 10, the
observed behavior is the opposite; namely, the peak diminishes as the number of collisions
increases. An interesting case is the nuclear modification factor at large pT . The value
pT = 9.75 GeV is considered, where RxA∼1 is expected due to the Ncoll-scaling predicted by
pQCD. However, the nuclear modification factor is substantially smaller than unity for the
two more central classes of centrality. The most intriguing fact is that RxA is independent of
the projectile species and practically the same for each centrality. This suggests that RxA in
the large pT region is testing observables, which have a poor dependence on the projectile
or collision geometry, such as the multiplicity or transverse energy density. In [78], it was
demonstrated that the obtained temperature in the Tsallis-blast-wave model scales with
dN/η for pp, pA, and AA collisions but presents an intense reliance on the size of the
colliding system.

10-8

10-6

10-4

10-2 0—5%

pT(GeV)

dN
xA
/(
d2
p T
dy
)/
N
co
ll

0—20% 20—40%

10-8

10-6

10-4

10-2 0—5% 0—20% 20—40%

10-8

10-6

10-4

10-2 0—5% 0—20% 20—40%

10-8

10-6

10-4

10-2

1 2 4 6 8

0—5%

1 2 4 6 8

0—20%

1 2 4 6 8

20—40%

Figure 2. The yield dNxA/d2 pTdy for xA collisions divided by the number of binary collisions, Ncoll,
as a function of transverse momentum. Data from PHENIX Collaboration [30] at small transverse
momentum region. Different projectile species and three more central classes of centrality are
presented. The dot-dashed lines represent the contribution of the particle produced in thermal
equilibrium, and the solid lines correspond to the sum given by Equation (7). See text for details.

Finally, the quantity dNch/dη is studied, assuming that the charged hadron multiplicity
(Nch) is given predominantly by pions. Accordingly, the integrated pion spectra (after
transformation y → η) can be compared to the measured multiplicities. A comparison
between predictions and the PHENIX data [77] is presented in Figure 4. In the figures,
the black “×” symbols represent the results, and for better viewing, the dot-dashed lines
correspond to their linear regression for each projectile species. For Ncoll & 10, the ratio
dNch/dη/Ncoll follows the same pattern observed for RxA at small pT ; namely, there is a
scaling that is less steep on Ncoll. In the intermediate region, dNch/dη/Ncoll is practically
constant in terms of Ncoll . In [79], an analysis of the energy loss parameter, δpT , for different
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systems in AA collisions at RHIC and LHC (200 GeV) demonstrates that the energy loss
imposed by the nuclear medium does not scale with the geometric parameters of the
system (Ncoll, Npart), but scales with quantities related to the system energy density and
the multiplicity dNch/dη.
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Figure 3. Nuclear modification factor as a function of the number of binary collisions for three values
of transverse momentum, pT . Dot-dashed lines represent the calculation without thermal effects by
using only fin. The black “×” symbols correspond to the full calculation given by Equations (6)–(9).
Data from PHENIX Collaboration [30].
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4. Summary and Conclusions

In this paper, the relevance of the thermal effects is investigated in collisions of small
systems based on the analysis of the transverse momentum spectra of neutral pions mea-
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sured at RHIC (Relativistice Heavy Ion Collider. The Boltzmann equation in the relaxation
time approximation has been considered. It was shown that the hard part contribution
attributed to an initial production computed within the kT-factorization formalism in
pQCD (perturbative quantum chromodynamics) presents a different behavior from the one
experimentally observed, even at large transverse momentum, pT . The deviation can be
understood in terms of enhancement/suppression of particles produced in the collective
expansion of the thermal system. In particular, the Cronin peak tends to decrease in the case
of larger-size projectiles, in opposition to what is expected, due to considering cold nuclear
matter effects only. It is verified that the nuclear modification factor, RxA, at pT∼10 GeV
does not depend on the projectile species. The same occurs for the thermal parameters of
the system such as the relaxation time, tr and temperature, T, which suggests a correlation
between the energy loss at large pT and the production of a thermal system of particles.
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