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We discuss the conditions for QGP formation under the Color String Percolation Model (CSPM). Since the observables in the percolation
theory are sensitive to the system size, we expect that the finite size effects make a relevant contribution to the estimation of the CSPM
phenomenology, such as the transition temperature or the center of mass energy needed for the QGP formation. We observe that pp collisior
(small systems) require around 20 times bigger center of mass energy than heavy ion collisions. Our results are consistent with the energy o
those experiments in which the QGP has been observed.
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1. Introduction ® P 2%

° o, 000 £ eve
In high energy physics experiments, such as those performec. =~ @ P Yo @ 2 e Noe
at RHIC [1-3] and LHC [4-6], two projectiles (protons or s : .' Py . Pals
heavy nuclei) moving at velocities close to the speed of light =~ @ °® L ) o .} '0e 0
collide. Moments before the collision, due to the Lorentz a) ) b) - Og & ‘. :

contraction, these projectiles resemble two thin disks from
which color flux tubes emanate. On the transverse planefiGure 1. a) Isolated color strings, b) clusters formation, c)
these objects can be modeled as randomly distributed disksnerge of the spanning cluster associated to the QGP formation.
of radiusrg ~ 0.2 — 0.3 fm, called color strings.
The fundamental interaction between the color strings is ) o i
The rest of this manuscript is organized as follows. In

given by their overlapping promoting the formation of clus- . h | p i th f
ters in the transverse plane, in a similar picture as the twoS¢C- 2 We discuss the observables defined in the CSPM, for

dimensional continuum percolation theory. As the center€x@mple, the multiplicity, the average of the transverse mo-

of-mass energy/s or the number of nucleons of the pro- mentum squared, and temperature, among others. Section 3

jectiles increases, the number of color strings in the Sys(_:ontains the discussion of the simulation method and data
’ In Sec. 4, we discuss the finite size effects on the

tem raises until reaching a critical density, as we depicted ir[?malys's' ol e th inimal ‘
Fig. 1. At this point, a giant cluster of color strings emerges,CSPM' In particular, we derive the minimal center of mass

as Fig. 1c) shown. In the percolation context, it is possi_energy required for QGP formation as a function of the nu-

ble to associate the formation of the percolating cluster witrf!€US number. We summarize our findings in a phase diagram
the quarks confined-unconfined state, called Quark-Gluof1at describes the QGP formation together with different pp
Plasma (QGP), which has been experimentally observed iﬂnd AA'coII|S|on experiments. Finally, Sec. 5 contains our
AuAu collisions at RHIC and PbPb at LHC. conclusions.

This phenomenon can be well described by the Color
String Percolation Model (CSPM) [7-10], which is the im- 2.  Observables in the CSPM
plementation of the two-dimensional continuous percolation
model with disks and the theory of quantum chromodynam-The interaction of the color strings through their overlap
ics. gives rise to several color sources with different color field
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strengths [11, 12], which must satisfy the vectorial sum ofmomentum, which in the CSPM are given by
color charges. For example, in a clustenafolor strings, we

can identify the color source with aré4” wherei counts the p=NmFE(mn), (6)
number of strings that overlap there. Thus, in such region, the (p2.)

00 _ Jio. (S i divi (p}) = SL5 @)
color charge iy, = ViQ, g & because the individual T F(n)’
color strings may be arbitrarily oriented with respect to each

other. Note that the resulting color charge is lower than therespecﬂvely.

linear squrposition of the color fieI¢Q1 [13—15]. 'B'ecause 2.1. Temperature in the CSPM

of that, it is expected a reduction in the multiplicity of the

particles produced, and an increase of the mean transversg the Color String Percolation Model, it is possible to de-

momentum due to an increase in the string tension [11, 12fine a temperature for the color string systems through the

Therefore, for a cluster of color strings Schwinger mechanism, which dictates the transverse mo-
mentum distribution, given by

InS,
n = —_— , 1 2,2
H S Hr (1) d7N ~ e~ TPT/T 7 (8)

dp7
03) = /L @

pr) = S, (7)1, where (z?) is the mean tension string. In Ref. [17] it is as-

) _ sumed that such tension fluctuates according to a Gaussian
where S,, is the area covered by the cluster. Notice thatyjstribution

Egs. @) and R) are between the extreme cases of minimal G(z) = 1 67#22) )

and maximum overlap [16]. This means that foistrings 2m{x?) '

touching only at their borders,, = nS5;, then the total  The convolution of @) with the Gaussian fluctuations trans-

multiplicity and average transverse momentum squared argms the Schwinger mechanism into a thermal distribution
pn = npy and (pg) = (p7)1, respectively. On the other s follows

hand, when the strings totally overlags,, = S;, and hence daN- . (10)
pn = /nuy and{pz) = /n(p%)1. In any case, the multipli- dp?. ’
cation of both quantities can be understood as a conservation, 5 i o
law [17, 18]. with 6 = , /ﬁ. Notice the similarity of/10) to the Boltz-

In the CSPM, it is assumed tha{ color Strings are Mmann distribution,where we directly identiiS/: 1/ﬁ as the

uniformly distributed in the transverse plane to the colli-temperature of color string systems. This temperature can
sion. In this way, the fluctuations of the string density be extracted from the analysis of the transverse momentum

n = NS,/S are described by a Poisson distribution with Spectra, but its fundamental role is to connect the CSPM with
average). Therefore, in the thermodynamic limit, the frac- experimental data.

tion of covered area by the color strings /S corresponds Therefore, by calculatingp7,) through the normalized
to [19, 20] Schwinger mechanism and comparing with Ef).i{ is pos-
Z Poisson = 1 — e ". (3) sible to define a temperature
n=1 2
Thus, by considering the fluctuations in the number of T= <];T>1 , (11)
color strings at a fixed value of Eq.(1) weighted by, be- 2F(n)
comes for the CSPM that we can relate toand the cluster forma-
PRV - oA
- S=N 7 (4)  tion.
o S n

where(,/n)/n is a damping factor on multiplicity between 0

and 1[15,17]. Then, in the thermodynamic limit approxima—3' Methodology

tion, it is found It is well-accepted that the emergence of the spanning clus-
ter of color strings marks the onset of the QGP formation

Fy) = (Vn) _ [L—e (5) [8.10,21,22]. Thus, it is necessary to analyze the behavior

n n of the CSPM observables at the percolation threshold, which

can be done by computer simulation. For this purpose, we
Since the purpose of this work is to measure the finite sizgqopt the Mertens-Moore simulation scheme [23]. In our im-
effects on the observables of the CSPM, we will hold the defpjementation, disks are added one by one and uniformly ran-
inition F'(n) = %”), where¢(n) is the area covered by the domly placed on a square of sideuntil the spanning cluster
color strings [20]. emerges. At this step, the number of disks added is stored.
Finally, through the color suppression factB(n), itis  Using the data obtained fron® simulations, we compute
possible to estimate the multiplicity and the mean transversthe probabilitiesf,, and 7. (n) = >, _, fx of observing the
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emergence of the spanning cluster after adding exactly and at
mostn disks, respectively. Then, the percolation probability tap ¢ |. critical values and exponents of the scaling |&8)(for

Pp(n) is estimated as following the observables of interest.
Pu(n) =Y F1(n)POISSONA),, (12) Observablex X. Y
n=0 n 1.1279(1) -1.5
where Poisson distribution with = L2 /7r3 describes the p 0.6757(7) 2
spatial allocation of the disks’ centers and its fluctuations I 0.7742(1) 13
when a system is filled with a fixed density. Notice that in
Eq. (12) the calculation of:! for large values of: can bring M 0.8731(6) -1.66
numerical difficulties, so the quotient€' /n! are replacing P 1.29017(2) -1.33
by Poisson weightv,,, which are estimated with the recur- T 0.80365(8) -1.32
sive form discussed in Ref. [23].
Thus, percolation probability is rewritten as where M is a dimensionless multiplicity densitg, is a di-
Ninix Ninaix mensionless mean transverse momentumianis a dimen-
Pr(n) =e? Z Fr(N)w, Z w,, (13) sionless temperature, respectively. In Etf)( M = u/L?,
= Noo NN andM; = u;/L? is a constant.

where the upper and lower limit of summation has been By analyzing the behavior of all the observables at the
bounded by using théc criterion. It is observed that the percolation threshold as a function bf we found that they
simulation data exhibit a sigmoid shape transition, which cargcale in the forms of power-laws as follows

be fitted by the function

1 — Ne XCL - Xc o8 LYa (20)

Pr(n) =~ <1+tanh <’7 "L>), (14)
2 Ap

wherer., is the estimated percolation threshold for a systemvhere X, is the estimation of the observable as a function

of size L, and A, corresponds to the width of the transition Of L, X. is the corresponding estimation in the thermody-

region in which the percolation probability goes from 0 to amic limit, andY” is an exponent. In Table |, we summarize

1 [18,20]. We found the following scaling relations fqr, ~ the value of the parameters. (determination of the criti-
andA cal value in the thermodynamic limit) and its corresponding

exponenty” of Eq. (20) for each observable.

Ap o< L7V, (15)
NeL — Ne X L_2/V7 (16)

wherev = 4/3 is the critical exponent associated with the 4. Results

length correlation. Notice that Egs!15) and ([L6) are in

agreement with those scaling relations reported in the lit4.1. Finite Size Effects
erature for percolation systems [24]. Moreover, by fitting

Eq. (16) our estimation of the percolation threshold in the |, he cSPM are expected finite size effects since simula-
thermodynamic limit isj. = 1.1279(1), which is in good  i5ns on percolation theory depend on the system size. This
agreement with the most precise determinatiomoffor —jnplies perceptible differences in the CSPM observables for
2D-continuum percolation systems of fully overlapped disksy, cojiisions than AA ones. To describe a symmetric central

[23]. . _ ) collision in terms of the model we enclose the impact surface
The observables of interest in CSPM can be estimated, i, 5 square of side

atn.z, by using Eq./13), where its estimations after adding
exactn-color strings are required. To avoid divergence and

1/3 4
dependence on undetermined parameters on the multiplicity, L= Ra — AM/T 7”0’ (21)
mean transverse momentum and temperature, it is convenient To To
to define the following quantities
M whereR 4 is the atomic radius4 ,, the nucleon number, and
M=—=NF(n), (A7) r5 = 1.25 fm a constant. Then, by substituting E21) in
My the scaling relation20), the observables can be related to a
p_ wr) _ 1 (18) specific projectiles through(,, — X, o 54%/%. In Fig. 2
()1 F(n)’ we show the estimations of the transition temperafires-
() 1 sociated to the QGP formation for pp and AA collisions. No-
T = = , (19) tice thatT™ is higher for small systems, which implies higher
V) V2F(@n) center-of-mass energys.
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FIGURE 3. Phase diagram of the Quark-Gluon Plasma formation,
where figures correspond to collisions at different center-of-mass
FIGURE 2. Dimensionless transition temperature for pp and AA €nergies.

collisions. Figures are simulation data.

4.3. QGP phase diagram

4.2. String density and center-of-mass energy The most important result presented in this work is the QGP

phase diagram in the space parametgts- A,;, where

/s =200 GeV is the RHIC energy. In Fig. 3 solid line rep-
resents the critical curve for minimal center-of-mass energy
then finite size effects are taking account, splitting the re-
gions where QGP may (red shaded region) or may not (blue
shaded region) be observed. Dashed line correspond to the

It is possible to relate) and /s for a particular system by
determining the number of produced color strings in the col
lision [25], which can be rewritten as a filling factor by mul-
tiplying by the ratio between the area of a single string an
the surface of the transverse area. Thus, we obtain [26]

. ro \2 NG 2) /s minimal values when we assume that the spanning clus-
PP (V's) = % + <R> () 1 ) (22)  ter of color strings in each collision emerges at the perco-
P My lation threshold in the thermodynamic limjt. Purple and

green regions are related to the errors in such estimations.
Notice that the obtained estimations are consistent with
AA a(v/3) the data experiment, in particular for AuAy§ = 200 GeV)
(V) = (V) Ay (23) and PbPb /s = 2.76 TeV) collisions at RHIC and LHC re-
spectively, in which QGP signatures has been affirmed [27].
Also, pp collision performed af/s = 5.02 TeV in LHC is in
agreement with our estimatiogis,, = 3.7 TeV.

for pp collisions, and

for AA collisions, with

a(V3) = & [1 ! L@

- 1+1In(y/s/so+1)

5. Conclusions

where R, is the proton radiusm, the proton mass, and

V50 = 245(29) GeV found in the fit of experimental data The Color String Percolation Model exhibits finite size ef-

[25, 26]. fects in its observables that need to be taken into account,
The minimal center-of-mass energy required for QGpand that can be expresseq.in terms of the nuclegn num_ber

formation is estimated by solving the equatiph® = 7., A In particular, the transition temperature associated with

since the onset of the QGP formation is associated with thé® QGP formation is higher for small systems than for large

emergence of the spanning cluster. By usipg instead of ones. This implies that small systems like pp collisions re-

e, We assure to take into account the finite size effects on thguire higher energy or higher multiplicity. Notice that our

percolation threshold. Figure 3 we show our results on th@stimations of minima{/s for QGP formation are consistent

estimation of the minimal center of mass required for QGPWVith those reported in the literature.

formation as a function of the nucleon number (solid line).
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