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In the Color String Percolation Model, the QGP formation is associated with the emergence
of the spanning cluster of color strings. Then, the estimation in the thermodynamic limit of
phenomenological observables is suitable for heavy ion collisions, where a large number of
particles are produced. In order to extrapolate these estimations to small systems, such as pp
collision, finite size effects are studied by considering the nucleon number of the projectiles. In
particular, we found that the transition temperature of the QGP formation is greater for small
systems than for large ones. Under this scheme, we estimated

√
𝑠 =3.7(5) TeV,

√
𝑠 =185(15) GeV,

and
√
𝑠 =182(15) GeV as the minimal center of mass energy required for QGP formation in pp

minimum bias, AuAu, and PbPb collisions, respectively. These estimations are consistent with
the energies at which the QGP has been experimentally observed. Predictions on OO collisions
for QGP formation are also reported.
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1. Introduction

During the processes of ultrarelativistic (pp, pA or AA) collisions the formation of color flux
tubs stretched between partons occurs, which projection onto the transverse plane is modeled by
the Color String Percolation Model (CSPM) as small disks (color strings) of radius 𝑟0 ∼ 0.2 − 0.3
fm [1]. The fundamental interaction between color strings is given through their overlap where at
a critical density 𝜂𝑐 the spanning cluster of color strings is associated to the Quark-Gluon Plasma
(QGP) formation [1]. The CSPM has successfully explained important results such as the QGP
formation experimentally observed in AuAu and PbPb collisions at RHIC and LHC, respectively
[1]. Since the CSPM is based on percolation theory it is suitable to describe AuAu and PbPb
collisions, which can be assumed as systems in the thermodynamic limit [2]. The aim of this
manuscript is to include the collision size effects into the CSPM observables by taking into account
the number of nucleons between the atomic nuclei.

2. Dimensionless transition temperature

CSPM defines the temperature 𝑇 (𝜂) =
√︃
⟨𝑝2

𝑇
⟩1/(2𝐹 (𝜂)) as the one associated to the thermal

distribution [2]. In this quantity, ⟨𝑝2
𝑇
⟩1 is the mean squared transverse momentum of a single string,

and 𝐹 (𝜂) is the color suppression factor that reflects the effects of the overlapping strings. As
string density increases, the dimensionless transition temperature can be defined as the evaluation
of the temperature at the percolation threshold i.e., 𝑇∗

𝑐 = 𝑇∗(𝜂𝑐) = 𝑇 (𝜂)⟨𝑝2
𝑇
⟩−1/2
1 = (2𝐹 (𝜂))−1/2.

Then, by introducing the nucleon number we can analyze the collision size effects on the transition
temperature through 𝑇∗

𝑐 − 𝑇∗
𝑐𝐿

∝ 𝐴−0.44
𝑀

. We found noticeable differences between large and small
systems, the latter reaching higher values (color boxes in Fig. 1 a)). In consequence, the color
strings systems produced in pp and pA collisions require higher string density values, which can be
reached by increasing the center of mass energy or having very high multiplicities [2].

3. Minimal center of mass energy required for the QGP formation

One of the main results of our work is the estimation of the minimal center of mass energy
needed for the QGP formation for pp and AA collisions. To do this, we express the string

density as 𝜂𝑝𝑝 (
√
𝑠) = 𝜋

25

[
2 + 4

(
𝑟0
𝑅𝑝

)2 ( √
𝑠

𝑚𝑝

)2𝜆
]

and 𝜂𝐴𝐴(
√
𝑠) = 𝜂𝑝𝑝 (

√
𝑠)𝐴𝛼(

√
𝑠)

𝑀
, with 𝛼(𝜂) =

1
3

[
1 − 1

1+ln (
√
𝑠/𝑠0+1)

]
, 𝑅𝑝 = 0.84 − 0.87 fm, 𝑚𝑝 = 938 MeV/𝑐2, 𝜆 = 245(29) GeV, and √

𝑠0 =

0.201(3) (both found by fitting the experimental data). Then, we estimate the critical √𝑠𝑐 by
solving 𝜂𝐴𝐴(

√
𝑠) = 𝜂𝐴𝐴

𝑐𝐿
, i.e., we solve for the condition of percolation for each specific type of

collision. In the phase diagram shown in Fig. 1 b), we plot the critical curves for the estimations
performed in the thermodynamic limit (dashed line), and those distinguishing between collisions
(continuous line). Such critical curves split the space into two regions: one where the QGP
formation is expected (shaded in pink) and the one where it is not expected (shaded in blue). Note
that for small values of 𝐴𝑀 the difference between both estimations is around 50%, however as the
number of nucleons increases the estimations including the collision’s size are very similar to those
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Figure 1: a) Dimensionless transition temperature. b)
√
𝑠 − 𝐴𝑀 phase diagram to the predict the QGP

formation.

performed in the thermodynamic limit. In particular, for pp collisions we found that the minimal
center of mass needed for the QGP formation is √

𝑠𝑐 = 3.7(2) TeV, which is in good agreement
with experimental results at

√
𝑠 = 5.02 TeV in LHC. On the other hand, we estimate √𝑠𝑐 = 184(15)

GeV for AuAu collisions (𝐴𝑀 = 197), for which it has been claimed QGP signatures. In addition,
for PbPb collisions our estimation of √𝑠𝑐 = 182(15) GeV explains why QGP formation is obtained
at LHC energies (

√
𝑠 = 2.76 TeV). For the case of OO collisions the critical energy estimated is√

𝑠 = 420 GeV, then in collisions carried out above this value the QGP should form. It is worth to
mention that the estimations presented in this manuscript considers baryon chemical potential close
to zero 𝜇𝐵 ∼ 0 since it include the midrapidity region.

4. Conclusions

In this work we show that CSPM has finite size effects that can be expressed as scaling laws
in terms of the nucleon number 𝐴𝑀 . In particular, the analysis of the transition temperature of the
QGP formation shows that small systems, like pp or pA collisions, require higher energy or very
high multiplicities in order to reach high temperature values. Also, we present a phase diagram
to estimate the minimal center of mass energy needed for the QGP formation, from which we
found that pp collisions demand about 20 times more center of mass energy than AuAu and PbPb
collisions in order to reach the QGP onset. This diagram could be very useful to the prediction
of QGP formation in several types of collisions such as OO or XeXe in experiments like LHC or
RHIC, where 𝜇𝐵 ∼ 0.
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