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A brief review of the string percolation model and its results are presented together with the comparison to experimental data. First, an
introduction to the quark-gluon phase diagram and the lattice results concerning the confinement and the percolation center domains is done
The interaction of the strings produced in nucleus-nucleus and proton-proton collisions is studied, showing how the string percolation arises.
The main consequences of the string percolation, concerning the dependence on the energy and centrality, on the multiplicities and the mea
transverse momentum, are obtained comparing with experimental data. the non-abelian character of the color field of the strings forming
the cluster is emphasized to reproduce the rise of the transverse momentum with multiplicity and the relative suppression of multiplicities.
It is also studied different observables like multiplicity and transverse momentum distributions, dependence with multiplicity and transverse
momentum correlations, forward-backward correlations, the strength of the Bose-Einstein correlations, dependence on the multiplicity of
J/ ¥ production and its possible suppression in p+p collisions at high multiplicity, strangeness enhancement, elliptic flow, and ridge structure
are also studied. The comparison with the data shows an overall agreement. The thermodynamical properties of the extended cluster forme
in the collision are discussed computing its energy and entropy density, shear viscosity over entropy density ratio, bulk viscosity, sound speec
and trace anomaly as a function of temperature, showing a remarkable agreement with lattice QCD evaluations. The string percolation car
be regarded as the initial frame able to describe the collective behavior produced in AA and p+p collisions.
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1. Introduction over entropy density ratig/ s, indicating strongly interacting
matter. In addition, the jet quenching was observed, indicat-
More than four decades ago, the possibility of distributing"g that this strongly interacting matter was very opaque [13-
high energy over a large volume to restore broken symmetriey]- The above mentioned ratio enhanced the attention to the
of the physical vacuum creating abnormal states of nucleafdS/CFT correspondence due to the regyilt = 1/4r [18].
matter was raised [1]. Very early, it was pointed out that thel '® LHC experiments [19-21] have extended the study of the
asymptotic freedom property of QCD implies the existencee".'pt'c flow to all the .harmonlcs [22,23] confirming the ob_—
of a high-density matter formed by deconfined quarks and@ined strong mteractmg_quark and gluon matter and sh_owmg
gluons [2], and the exponential increase of the hadron Hagé-hat the collective bghawor and the ridge structure previously
dorn spectrum was connected with the existence of a differerfPserved at RHIC in Au-Au and Cu-Cu collisions [24,25];
phase [3]. The thermalized phase of quarks and gluons w&dS0 occurs in pPb [26-28] and p+p collisions at high multi-

called Quark Gluon Plasma (QGP) [4], and the evaluations of!ICity [29]. The collective behavior of p+p and pPb interac-
the required high density showed that it could be reached ifjons are a challenge to the hydrodynamics descriptions, and

relativistic heavy ion collisions [5,6] and several signaturestneY raise the question whether the main experimental data
of QGP were proposed. Quarkonium suppression [7], the exc@n be explained by final state interactions or on the contrary,
cess of photons and jet quenching [8,9] were some of thenthe initial state configuration should describe them.

At this time, it was pointed out the relevance of percolationin g the other hand, the data on quarkonium confirm the
the study of the phase transitions of hadronic matter [10'11]validity of combined picture of a subsequent melting of the
From the experimental side, there were large facilities tadifferent resonances, together the recombination of heavy
study the properties of large density matter starting by theuarks and antiquarks at high energy [30-32]. The departure
AGS and ISR, experiments later followed by SPS, RHIC,of linear dependence on the multiplicity of thgW¥ produc-
and LHC. At SPS already several signatures hinted the ortion has been observed in p+p and pPb collisions [33,34],
set of QGP formation [12]. The RHIC data show a collec-indicating multiparton interactions or multiplicity saturation
tive elliptic flow which pointed out a very low shear viscosity [35]. Detailed studies on the jet quenching for identified par-
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ticles have been done [36] showing features related to the lowolliding objects, the number of strings grows and the strings
of coherence of the gluons edited in the jet due to the highstart to overlap forming clusters similarly than the continuum
density medium. Finally, let us mention that at RHIC haspercolation theory [54]. At a given critical density, a macro-
been observed recently that the fluid produced by heavy ionscopical cluster appears crossing the collision surface, which
is the most vortical system ever observed [37]. marks the percolation phase transition. Therefore, the nature
On the theoretical side, in addition to the hydrodynamicsof this transition is geometrical.
studies, the Color Glass Condensate (CGC) approach [38- In string percolation, the basic ingredients are the strings,
42] gives a good description of most of the experimental datand it is necessary to know its number, rapidity extension,
and is derived directly from QCD. In QCD, the gluon density fragmentation and number distribution. All that requires a
xG(x, Q) rises rapidly as a function of the decreasing frac-model and therefore, string percolation is model dependent.
tional momentumy or increasing the resolutiof. So, the  However, most of the QCD inspired models give similar re-
gluons showers generate more gluon showers producing aults for most of the observables in such a way that the pre-
exponential increasing toward small As the transverse size dictions are, by a large measure, independent of the model
of the hadron or the nucleus rises slowly at high energy, theised.
number of gluons and its density per unit of area and rapid-  The string percolation and the Glasma are related to each
ity increase rapidly as decreases. However, there will be other [55]: in the limit of high density, there is a correspon-
the fusion of gluons leading to a limited transverse densitydence between the physical quantities of both approaches.
of gluons at some fixed momentum resolutigi, the gluon  The number of color flux tubes in Glasma pictucg? R?,
saturation [43]. The low: gluons are closely packed, the has the same dependence on the energy and centrality of the
distance between them is very small. Hence, the interactiopollisions that the number of effective clusters of strings in
coupling is smalk, < 1. In a given collision, the multiplic-  string percolation. In both approaches, the negative binomial
ity should be proportional to the number of gluons, which atdistribution is obtained as the multiplicity distribution, where

the saturation momentury; is [44,45]: the parametek;, that controls the width of this distribution
AN 1 has the same energy and centrality dependence. The role of
o~ a0 )QiRQ. (1)  the occupation number/«, in CGC is played by the fraction

of the collision surface covered by strings. The randomness
This dense system, called CGC, has a very high occupatiodf the color field in CGC gives rise to a reduction of the mul-
numberl/a,, and corresponds to a highly coherent state oftiplicity. Similarly, the randomness in color space of the color
strong color fields. The high gluons can be considered as field of then strings of the cluster originates that the intensity
the sources of the low gluons. The independence of the cut- of the color field of the cluster is net times the individual
off used to separate the highgluons from the lowz ones,  color field of each string buy/n. This reduction implies also
gives rise to a kind of evolution equation. a reduction of the multiplicity of particle production and an
In high energy physics experiments, the colliding objectsincrease of the transverse momentum with the multiplicity.
move at velocities close to the speed of light. Due to theDue to these similarities, the predictions of both approaches
Lorentz contraction, the collision of two nuclei can be seenare similar for many observables. The string percolation is
as a that of two sheet of colored glass where the color fieldble to explore also the region where the high-density limit
in each point of the sheets is randomly directed. Taking thesbas not been reached.
field as initial conditions, one finds that between the sheets, The observed densities of our world have large dif-
longitudinal color electrical and magnetic fields are formed.ferences which expand over many orders of magnitude,
The number of these color flux tubes between the two collidfrom 10~% nucleongcm® in average in the Universe to
ing nuclei is forming the called Glasma [46], which has been103® nucleongcm? inside a nucleus anth3® nucleongcm?
extensively compared with the experimental data. in a neutron star. The study of the high-density linnig,,
Another approach to the initial state is the percolation ofthe study of de-confinement of quarks and gluons can be re-
strings [47-51] which is not so popular as the CGC becausegarded as the place where high energy collision of two bod-
cannot be derived directly from QCD although it is inspiredies probes the short distances and meets the thermodynamics
in it, and most of its results, are a direct consequence of progimany body) of this short distance limit [56]. The lattices
erties of QCD. In this approach, the multi-particle productionstudies have shown that at low chemical potential= 0,
is described in terms of older strings stretched between theolor confinement and chiral symmetry restoration coincide
partons of the projectile and target. These strings decay intand the phase transition is a crossover. Hence, in a medium
q — ¢ pairs and subsequently hadronize producing the obef low baryon density, the mass of the constituent quark van-
served hadrons. Due to the confinement, the color of thesishes at the deconfined poift, and the screening radius of
strings is confined to a small ar€a= 773, withrg = 0.2fm  the gluon cloud vanishes. At lo& and highy there is no
in the transverse space. The value 0.2-0.25 fm is obtained ireason to expect similar behavior, and probably there will
lattice studies [52] and also considering bilocal correlationse an intermediate region of massive dressed quarks between
[53]. It corresponds to the correlation length of the QCD vac-the hadronic phase and the deconfined and chiral restoration
uum. With increasing energy and/or size and centrality of thgphase. However, other possibilities could exist as quarkonia
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In finite T lattice QCD, the de-confinement order pa- 3 /T4 Tr
rameter is provided by the vacuum expectation value of the 8 | (&-3p) 0
Polyakov loopL(Z) defined in Euclidean space: 71
; ﬁ'ﬁ
T tad: N.=8 —e—
=Tr [ | A4(Z, t). 2 6t asqiad. N
gIEC) @) go » ]
5t X =0 —8—
Note thatZ(Z) is the ordered product of the SU(3) tempo- ; af pt NT °
ral gauge variabled,(Z,t) at a fixed spatial position, where 4 ' 6
N is the number of lattice points in time direction and Tr 3l
denotes the trace over color indices. The Polyakov loop cor-
responds to a static quark source and its vacuum expectatior 5 | ; b
value is related to the free energy for a single quark: .! a2
1t
; F, T [MeV]
L(.T) ~ exp (-T) . (3) 0 ' ! ! 1

" . 100 200 300 400 500 600
Below the critical temperaturg, quarks are confined arfg,

is infinite implying (L()) = 0. In a de-confined medium £ gure 2. The energy density and the pressure as the function of

color screening among the gluons makgdinite, hence for  temperature (up). The energy density shows a sharp rise in the tem-
T > T., (L(Z)) # 0. The phase transition of chiral symme- perature region 170-200 MeV. The interaction measure calculated
try is controlled by the chiral condensate: using different staggered fermion actions (bottom) [58].

o(T) = (Pp) ~ My, (4)  asharp transition but without discontinuity. The quoted value
is 155+9 MeV [56-58].

The energy densities resulting from lattice QCD are
shown in Fig. 2 (up), indicating that even f@r > 37T, its
value are far from the energy density of free gas quarks and

which measures the constituent quark masses obtained from
a Lagrangian with massless quarks. At high temperature this
mass melts, therefore:

#0 if T<T,, gluons, namely:
U(T){ —0 if T>T,. ©)
7T2 4
Here, T, defines another critical temperature. The corre- €=30 |9 + g(gq +97)| T7, (6)

sponding derivatives, the susceptibilities, have been studied

in lattice QCD at vanishing baryon number, showing a sharpvhereg,, g, andg; are the degeneracy numbers of the glu-
peak that defines respectively andT,. The two tempera- ons, quarks and antiquarks. This fact indicates that the de-
tures, within errors, coincide. Also, is seen a crossover, confined phase is interacting strongly for a rather large range
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of temperatures. This is also seen in the interaction measur@. Percolation model

€e—3P
Moreover, the trace of the energy momentum tensor:
1y = B0 G 4 140t @)

is ¢ — 3P and even for masses quarky # 0 as a conse-

Let us distribute small discs of arear? randomly on a
large surface, allowing overlap between them. As the num-
ber of discs increases, clusters of overlapping discs start to
be formed. If we regard the disc as small drops of water, how
many drops are needed to form a puddle crossing the con-
sidered surface? GiveN disc, the disc density 5= N/S,

where S is the surface area. The average cluster size increases
with &, and at a certain critical valug, the cluster spans the

quence of the introduction of a scale in the renormalization,,gle surface. as is shown in Fig. 3.

process bearing the conformal symmetry (trace anomaly). In - thg gritical density for the onset of continuum percola-
Fig. 2 (bottom) the results of the lattice QCD are shown. Not&;,n, is determined by numerical and Monte Carlo simula-

that A decreases witl’ very slowly, even less thaty 7.

Isolated Disks

Clusters

Percolation

tions, which in the 2-dimensional case gives:

113

e = 9)

mrd’
In the thermodynamical limitN" — oo keeping¢ fixed, the
distribution of overlaps of the disc is Poissonian with a mean
valuep = ¢ [59,60]:
_
Pn - exp(—p). (10)
n:
It also gives the total fraction of the plane covered by discs
in 1 — exp(—p) [60]. The number 1.13 is obtained in case
of discs uniformly distributed [51,61,62]. However, in cases
when the discs are not uniformly distributed, this number
changes. For instance, in the cases of circular surfaces with
Gaussian or Wood-Saxon profiles, the number is 1.5 and the
fraction of the area covered by strings is closer to the func-
tion:
1

1+ aexp(—(p— pe)/b)’
wherep. = 1.5 and the parameters andb depend on the
profile function,b that controls the ratio between the width
of the border of the profilé27 R) and the total arear R2),
and therefore is proportional t/ R [63]. In the collisions
of two hadrons or two nuclei, the surface where the discs are
distributed is rather an ellipse or a circle, what gives rise to
smaller values of the critical density [64]. For small systems
where the number of discs is not large (far from the ther-
modynamical limit) the critical density is smaller than above
values, being 0.8 for high eccentricities [64].

In SU(3) Gauge theory, spatial clusters can be identified
as those where the local Polyakov logdg %)) have values
close to some element of the center. The elements of the cen-
ter groupZs, are a set of three phasg@s 27 /3, —2x/3) [65].
Below T, ((L(Z)) = 0), the values of L(Z)) are grouped
around there three phases, show three pronounced peaks lo-
cated at the center phases. Abdlie ((L(Z)) # 0), the
distribution changes: one of the peaks grows and the other
two shrink. A spontaneous breaking symmetry occurs, which

(11)

FIGURE 3. Up panel: Disconnected discs, Middle: Cluster forma- |€ads to a non-vanishind.(z)), as is shownin Fig. 4. Spatial
tion, Bottom panel: Over-lapping discs forming a spanning clus- clusters can be defined grouping the sites with a very similar

ter [56].

value of (L(Z)). The weight of the largest cluster increa-
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FIGURE 4. Histograms for the distributions of the phasr) of the local loopsL(Z)). Left side shows the distribution beldiv and right
side shows the de-confined phase [65,164].

ses sharply &' = T, indicating that the cluster percolates.
Therefore, in the pure SU(3) theory, the de-confinement tran- ANPP 1
sition is a percolation phase transition (of second order).

In high energy collisions, we expect that color strings _
were formed between the projectile and target partons. These + N (s,y) + (26 =2)NETY, 0 (12)

color fields must have a small transverse size due to confine-

ment. In this way, the strings, in the transverse plane, argvhereN,‘jq_‘q andN,‘g“’q are the inclusive specira of hadrpns
small discs in the surface of the collisions. As the number Oproduced in the strings stretched between a valence diguark

strings grows with energy and centrality degree of the coIIi-Of the projectile (target) and a quark of the target (projectile)

-7 . . X i
sion, the strings start to overlap forming clusters which evenf’mde are the inclusive spectra of the strings stretched be

tually percolate. The phenomenological consequences in rdween sea quarks and antiquarks. A schematic representation

lation to SPS, RHIC, and LHC, p+p, pA and AA data are theof this process is shown in Fig. 5<'_;1). In this figure are shown
main subject of this brief review. A more extended version/©Ur chains, two between quark-diquark and two correspond-

can be found in Ref. [66]. -

= S alN(s)

ing to quark-antiquark. Each chain corresponds to the frag-
mentation intog — ¢ pairs of one string, stretched between
the quark (diquark) of the projectile and the diquark (quark)

3. String percolation of the target or from the quark and diquark from the sea. The
leading term corresponds to two strings stretched between a
3.1. String models valence quark (diquark) and a valence diquark (quark). Via

unitarity, the modulus square of the leading diagram corre-
The basic ingredient of the string percolation are the stringssponds to the pomeron as is shown in Fig. 5b). In this fig-
Despite differences, most of them coincide in basic postulategre is shown a net of gluons which are accompanying to
as the number of strings and its dependence on energy aiide quarks, which can be seen in this picture as constituent
centrality, which is taken from the Glauber-Gribov Model. quarks. In Fig. 5b) is also shown that the pomeron corre-
We will concentrate in models with color exchange betweersponds to a cylinder topology. The single particle of each
projectile and target as the Dual Parton Model (DPM) [67-string can be obtained by folding the momentum distribution
69], Quark Gluon String Model (QGSM) [70], Venus and of the partons at the end of the string with the fragmentation
EPOS [71]. They are based on th&V. QCD expansion and function of the string:
its terms are in correspondence with the ones of the Gribov-

1 1
Reggeon calculus. They have been extensively compared to _
the experimental data ISR, SPS, and Fermilab obtaining an N (s, y) = _/dxl /dm?pk(ml)
overall agreement [67]. In DPM or QGS, the multiplicity dis- 0 0
tribution dN/dy of p+p collisions is given by fragmentation AN9—4 ~
of 2k strings X Pk<x2>Ty(y —4ss), (13
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FIGURE5. a) Two cut Pomeron diagram (four chain) for proton-proton collisions. b) Single Pomeron exchange and its underlying cylindrical
topology. This is a dominant contribution to proton-proton elastic scattering at high energies [67].

where,/s; is the invariant mass of the string = sx;x2 and
x1 andx, are the light cone momentum fractions of the par-

tons of the end of the string\ is the rapidity shift necessary _ = - _z -1
to go from the p+p center of mass to the center of mass of Tt = exp(Ay) ;OHCXZ: 0 ( 2)
one string: =0 l=Fk,l>
8mg g1 (1
_ 1 1 \l—kol—1
X

The momentum distribution used for the valence quarks, v
lence diquarks, sea quarks and antiquarks:aré?, z—! and
x3/2  respectively. In general, the distribution2f partons
in the proton is:

@The rise ofdN/dy with energy is due mainly to the short
strings, whose number grows with energy. On the other hand,
outside the central rapidity region, there is not contribution of
short strings and the rise with energy is slower, giving rise to

pr(x1, Top, T2, T3, 23, . .., J;Qk_l):(jg’xl—w the approximate limiting behavior. Assuming a Poisson dis-

o tribution for cuttingk pomerons:
_ — 1/2 1/2
Xyt .x2k171x2,/€ 3721/@ o (1 - Z%) : (15)
i=1

where CY is obtained by normalizing;, to unity. Due to

these distributions tha/?~? and N;!” %% are long in rapidity ~ where N is the mean muiltiplicity production when cutting
extension and centered at a point shifted with respect to thene pomeron, therefore, the multiplicity distribution is:
center of mass and thg~? string are short and centered at

the center of mass. For the fragmentation functions differ- Py(n) = Zwkpk(n% (20)

ent ways are used, in string percolation, the strings fragment &

according the Schwinger mechanism, such as in the Lund

string. In Eq. (12)o} is the cross section for producirtg ~ wherew;, = o /o. Usually,(n) P(n) is plotted as a function
strings resulting from cuttingg pomerons. As the pomeron of n(n). When the result is independent of energy, one has
has the topology of the cylinder, its cutting give rise to two the known Kobe-Nielsen-Olsen scaling (KNO), which is vio-
strings (See Fig. 5b)). Using the AGK cutting rules [72], thelated at SPS Fermilab, RHIC and LHC. The reason for that in

Putm) = F ey, (19)

cross section is calculated as follows: DPM is due to the contribution of the short strings that they
87g exp(Ay) k=1 cpntribute_ rr_1(_)stly _at high m_ulti_plic_ities pushi_ng upward_s the
o) = ki 1 —exp(—=z) Z '] , (16)  high multiplicity tail of the distributions. The increase with
o 1=0 " of the short strings contributions is due to the increase of the
where: invariant mass of the short strings, formed between quarks
L= 29C eXp(Ay)’ 17) and antiquarks of the sea, and to thelependence of the

R? + o'y weights. DPM can be generalized to hA and AA collisions
and g is the coupling of the pomeron to the protar,and in the following way [73], consider a collision witlv 4 par-
1+ A are the slope and the interception of the pomeron traticipants nucleons of AN participant nucleons of B and a
jectory, respectively, an@' is a parameter describing the in- total number ofN, collisions. In this configuration are pro-
elastic diffractive states. Summing overwe obtain the total duced2N., strings, of thes@ N4 are stretched between va-
cross section. lence quarks and valence diquarkg - q¢?) and gq —¢?).
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The remainingVp — N4 valence quarks and diquarks of B @f""‘*;‘ " Q.,\
have no valence partner of A and have to fdfiz — 2N 4 AlHinntnan
strings with sea quarks and antiquarks of & (~ ¢¢?) and X R
(@ — ¢P). The remainin@ N, — 2N strings are formed \‘ T
between sea quarks and antiquarks of A ang.B«q.): N W \
RS 3
ANAP 1 AB IR TITHM
=—— Y oM nenO(N5 —Na) nnt \ '
dy OAB n . ‘N N, N A
x [N (o= () 4 N () Al
N\, RN R g
+ (Np — Na) (N@A*Qf (y) + N —aa’ (y)) SRS
A_-B A_ B FIGURE 6. Projections of two overlapping strings onto the trans-
+ (N. — NB) (Nqs % (y) + N9 4 (3/)) } verse plane.
+sym(N4 < Np), (21)  aresult, the cluster is split in domains with different color

strength. One may assume that emissioggpairs in the

AB ; i i i
whelre UNA,J\IIB,NC 'S”_”_‘e CTOSSI section Loj'ifvc mellastlc domains proceeds independently, governed by the strength
hucleon-nucleon collisions involving’,y and N nucleons oy cojor field (string tension) of the corresponding do-

of A and B, respectively. This cross section has been studs, i, Evidently, these new formed strings domains have not

ied extenswply [74,75]. The m_cluswe spectra, as n the p+9)nly different color strength. Other assumption that one may
case, are given by a convolution of momentum dlstrlbutlondo is that emission afg pairs in the domains proceeds inde-

and fra_gmenta.ition functions. In the case of A=B, we haVependently, governed by the strength of the color field (string
approximately; tension) of the corresponding domain. Evidently, these new

dNAA B formed string domains have not only different color field, but
a (Na) 2N (y) + (2(k) — 2)N= " (y)) also different transverse area. As an example, let us consider
B a cluster of two partially overlapping string as it is shown in
+ ((Ne) — (Na))2(k) N7 (y), (22)  Fig. 6. In this scenario, a simple string with transverse area

. . ) S emits partons with transverse momentum distribution:
where we have introduced the possibility of havingultiple

scattering in the individual nucleon-nucleon collisions, which do e B m#(pr) (24)
was neglected in Eq. (21). Notice that there is not any reason dyd?p ’
to assume that the term proportionalXp is due to hard col- . . .

prop © wheret; is the tension aneh? = m + p%, beingpr andm

lisions. There are many soft collisions included in this term. h 4 th £ th itted
In the central rapidity region we ha@éVk strings which for the transverse momentum and the mass of the emitted par-
fon. The tension, according to the Schwinger mechanism,

heavy nuclei collisions and high energy is very large number, . )
y g 9y yarg proportional to the field, and thus to the color charge of

even larger than 1500. Due to that, we expect interaction ds of th ing [76-801. which q h
between them and they will not fragment in an independeni € ends of the string [76-80], which we denoted@y. The
mean transverse momentum squarepis); = t; and pro-

way. : L
In the case of pA collisions, the Egs. (21) and (22) transport'onaII tc_)QO' We Qenote the_ mean r.ngltlphcny.of pro-
form into: duced particles by string per unit of rapidity as which is
also proportional to the color charge. In Fig. 6, we have the
dNPA B overlapping of two strings which partially overlap in the area

1 pA qq” —q; a5 —qq”
dy — opa ;UNA { (N () +N (y)) S®) (region 2 in the figure), so th&()) = §; — S®) is the
4 area in each string not overlapping with the other, whgre
+(Na—1) (ng,q;\ (y) + N —aa” (y)) }, (23) is the transverse area of a single string. The color density of
a simple string is; = Qo/S1. Then, the color in each of the
whereN 4 matches with the number of collisions. non overlapping areas will be:

1 1
3.2. String fusion and percolation Q1 = g5 = QoS /s, (25)

As we have said before, at large energy we expect that th@nd in the overlapping area each string will have color:

strings_, overlap in the transverse_plane: The trangverse space Oy = q8® = QOS(Z)/Sla (26)
occupied by a cluster of overlapping strings splits into a num-

ber of areas with different number of strings overlap, includ-The total color in the overlap area will be a vector sum of
ing areas where no overlapping takes place. In each area coltire two overlapping colorgS,. In this summation, the to-
field coming from the overlapping strings add together. Astal color charge should be conserved [50,51]. THs =
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(Qow + @)%, where@,, and@’, are the two vector col- covered by strings will bé — exp(—p). Note that the multi-

ov

ors in the overlap area. Since the colors in the two stringplicity in Eq. (31) is damped by a factor:
may generally be oriented in arbitrary directions respective

to one another, the average @f,,@,, is zero, thenQ3 = Flp) = P = Vi |1—exp(—p) (34)
2 4 Q'?, which leads to: PP=Nm ™ 5 P ‘
Q2 = V2¢S® = v/2Q,5?® /5. (27)  Finally, we can write for the mean values:
Notice that due to the vector nature, the color in the overlap p=NF(p)u1, (35)
is less than the sum of the two overlapping colors. This ef- (p2) = (p2)1/F(p). (36)

fect has important consequences concerning the saturation of
multiplicities and the rise of the mean transverse momentuni the rest of this review, these last equations will be used
with multiplicity, which we will study in the next section. extensively.
Thus, assuming independent emission from the three regions
of Fig. 6, we obtain for the multiplicity weighted by the mul- 3.3. Quenching of the lowp partons
tiplicity for a single string [11):
The pr distribution of the partons from the decay of a clus-
w/pn =2(SY /81 +v2(S@/8y), (28) ter of strings is given by Eq. (24), where the tension is now
scaled byl/F(p), then it is computed as= ¢, /F(p). The
and for the mean transverse momentum squares (we dividgarton will be emitted in different azimuthal direction and
the total transverse momentum squared by the multiplicity): have to travel paths of different longitudes before they of out
and are observed. Parton going through the overlap meet

(p7) _ 2(SM/S1) +v2v2(8?/S1) stronger field than those going only through the field of a
(PF)1 2(SM/81) +/2(S@/8)) simple string. In this way, the partons loose their energy
9 passing through the field and the observed distribution will

= ) (29)  depend on their azimuthal angle, even if initially they were
1 2

2(SW/81) + V25 /51) emitted isotropically. Radiative energy loss has been exten-
sively studied in QCD for a parton passing through a quark
gluon plasma medium [81,82]. In our case, the situation is
different and is more similar to a charge particle moving in
B (4) an external electromagnetic field. The corresponding force
— = (S /51), 30 R
M1 XZ: Vr(ST/5) (30) causes a loss of energy, which is given by [83]:

where we have used the propef{") + S = S,. Gener-
alizing to any numbelN of overlapping strings, we have:

r) _  X(8Y/8) N W) ) 1962 (e Bp(x))¥? (37)
L= = ——. (31) 4 (@)™,
prh 22 Vma(SW/S1) 3, (S /Sh) v

o i whereF is the external electric field. This equation leads to
where the sum runs over all individual overlapsgfstrings the quenching formula:
having areas"). We have used the identily, S) = NS;. '
These equations are not easy to apply because we have to . —1/3,2/3\3
identify all individuals overlaps of any number of strings with Po(p) =P (1 TP f ) ’ (38)

their areas. However, one can avoid these difficulties realiz\'/vhereeE/w — t, can be identified as the longitude of the

ing that one can combine all terms with a given number ofya, travelled by the parton. The quenching coefficient is

overlapping strings;; = n into a single term, which sSums oy in QED (is very small), but in our case has to be ad-

all such overlaps into a total area of exacthyoverlapping  jsteq to the experimental data and it turns out to be very

stringsS;, ©*. Then, one can write: small of the order ofil0—2. Retaining the first term of the
equation, we obtain:

N
= VA 81), (32) 2/3,2/3
n=1 1 >

Po—p =3P (39)

(r3) N (33) which will be used to compute the harmonic of the dis-
(p2)1 Zg_l(s;l;ot/sl)' tribution. Notice that due to the smallness of the quenching
- parameter, the effect of the quenching is only felt in the az-

The total area can be easily computed in the thermodynamienuthal distribution, not in the distribution, once the az-
limit. One finds that the distribution of overlap strings overimuthal anglr is integrated. The use of QED formulas for
the total surfaces in the variablen is Poissonian with mean the QCD case may raise some doubts. However, it has been
p = NS;/S, which corresponds to the filling factor in the shown that at least itV = 4 SUSY Yang Mills case, the
percolation context. Therefore, the fraction of the total areaxpression is essentially the same [84].
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3.4. Multiplicity distributions _ 1"
515
The multiplicity distributions in the DPM of QGSM in p+p =™
and AA collisions are given by Egs. (12)-(13) and Egs. (21)-
(22), respectively. However, as the energy or centrality of
the collision increases one expects interaction among strings
As discussed before, due to the randomness of the color fielc
in color space non-abelian field the resulting color field in a
cluster ofn overlapping strings is only/n times the strength
of the color field of a single string, giving rise to a suppres-
sion of the multiplicity of particles produced by the cluster.
The same reason lies at the origin of the enhancement of the o T
meanpr. According to Eq. (34), the multiplicity distribution 10? 10° 10t
in p+p collisions in the central rapidity region is given by:

8

6

4

‘TII]\T![IIT‘TII'\TT

\s

FIGURE 7. Comparison of the evolution of the mid-rapidity mul-
ANPP . tiplicity with energy from the CSPM and data for p+p and A-A
dy = F(Pp)Nth (40) collisions. Lines are from the model for p+p (gray), Cu-Cu (blue)
and red lines for Au-Au/Pb-Pb [85-89].

where N, is the number of string in the central rapidity re-
gion. In AA collisions, the number of strings stretched be-Where:

tween the sea quark and antiquarks in the central rapidity re- S

. . . 4/3 L. _ NQ(\/E)JFl 1 (45)
gion is proportional taV '~ — N4, which is the total number PNa = Ppi¥Na Sn.
of nucleon-nucleon collisions. Hence, the total number of 4
strings in a central heavy ion collisions is very large. How- Pp = N5i7 (46)
ever, each string must have a minimum of energy to be pro- PSp

duced and decay subsequently into particles. On the other . -
hand, the total energy available in the collision growsas andSy, is the transverse area of the collision formed when

whereas the number of strings 44/2 in the central colli- there areV, participant nucleons of the projectile and,

sions. Therefore, at not very high energy (for instance RHICpart'C'%aRt nucleons of the target. Note tSat, depends on
energies), the energy is not sufficient to produce such hug‘é]“ andA. o )
number of strings. In order to take into account this energy Moreover, the dependence of the multiplicity Qf is

conservation effect, one may reduce the number of sea quarkd!l SPecified, once the average number of strings a p+p
and antiquarks changing [85]: collision is known. At low energies it is 2, growing as:

2 2\
Ni/S - N;La(\/g), (42) Ni=2+4 (TO> <\/§> ) (47)
Ry mp
where: Notice that here a single paramededescribes the rise of the
1 1 multiplicity with energy for both p+p and AA, even though
alys) == ( — > (42)  in central AA collision the multiplicity increase faster than
3 L+1n(y/s/s0 + 1) in p+p collisions due to the energy dependent faotoaris-

ing from energy conservation. A fit to p+p collisions data
in the range53 < /s < 7000 GeV and to AA colli-

sions (Au-Au, Cu-Cu and Pb-Pb) at different centralities for
19.6 < /s < 2760 GeV has been done. The values obtained

Here, the parametes, marks the energy squared above
which energy conservation effects become small@anrd 3.
One thus can write:

ANAA a(3) ANPP for the two parameters arg’s; = 245 GeV and\ = 0.201.
" Na(Ny Y = 1)@- (43)  Figure 7 shows a comparison of the energy dependence re-

sults with data for p+p [85-87] and central Cu-Cu [88] and
Taking into account the interaction of strings, we can writefor Au-Au and Pb-Pb [89]. The results of the dependence of
a closed formula for the multiplicity distribution in AA in the the multiplicity per participant nucleon on the number of
terms of the multiplicity distribution of p+p, namely [85]: participants is shown in Fig. 8 together with the experimental
data Cu-Cu, Au-Au and Pb-Pb at different energies.

The evolution outside the central rapidity region has been
studied extensively, extending Eg. (43) to all rapidities [90-
95]. The limiting fragmentation property is not satisfied ex-
% <1+F(pNA)(NZW5) _ 1)) . (44) actly. InFig. 9, we show the results together with the experi-

F(pp) mental data for p+p collisions at all rapidities at different

1 dN dNPP

Nady|,_, dy

y=0
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FIGURE 10. Comparison of results from the evolution @f/dn

with dependence on pseudorapidity for (a) Cu-Cu at 200 GeV, (b)
FIGURE 9. Comparison of results from the evolution@f_, /dn ~ Au-Au 200 GeV. Plot (c) showdn.r. /n)(1/(Npar/2)) for Pb-Pb

with dependence on pseudorapidity for p+p collisions at different collisions at 2.76 TeV.

energies (lines).

so that, the same behavior than in percolation. There is an

energies [94,95] and in Fig. 10 the results for Cu-Cu, Au-gxira energy dependence in CGC dud fer,, which corre-
Au [96] and Pb-Pb [97] together the experimental data. Insponds in percolation again to the factor exp(—p). Since
Fig. 11, we compare the results [95-98] for d-Au collisions poth are measure of the fraction occupied area by color fields,
together the experimental data. A good description of all et js not surprising the correspondence betwéén,, the oc-
perimental data is obtained. cupying number of gluons, arid— exp(—p , ).

The behavior ofiN/dy in p+p and AA collisions is very
similar to the Glasma picture of CGC expressed in Eq. (1)35.  Multiplicity and transverse momentum distribu-
In fact as the saturation momentum squagdbehaves like tions
N3, andR2 asN?/®, the multiplicity per participant is al-
most independent a¥ 4 and only a weak dependence arisesLet us start considering a set of overlapping strings, which de-
from the logarithmic dependence of the running couplingpend both on the number of strings and the overlapping area,
constantas(Qs) ~ 1/log(N4). In percolation, the multi- which combine to give an average multiplicily. We may
plicity per participant is also almost independent"of and  characterize the different overlaps just by the average multi-
the only dependence arises from the factor exp(—p), plicity that combines both the number of collisions and the
which also grows weakly withiv4. Concerning the energy area. With a lot of overlapping strings will change practi-
dependence, this is given b2, which behaves likes*, cally continuously. We can introduce a probabilify( V)
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Transformations of this type were studied long time ago by

- (d) ggQ”Gev Jona Lasinio in connection with the renormalization group in
LSt . 020% probabilistic theory [102], showing that the only probability
20 . . D distribution functionP(z) which is stable under such trans-
1 &3 o 60-80% formation are the generalized gamma functions, among them

80-100 % the simplest one is the gamma function which has one param-
eter less. We point out that transformation of type (52) has
been used previously to study the probability associated with
some special event which are shadowed by themselves and
not for the total of events [103-107]. We will come back to
& this point, studying the underlying events when one high
v o~ .Y particle is triggered. Notice th&¥’ (V) satisfy KNO scaling,
W o N o 2 ® B namely the productN IV (NV) is only a function of N/(N),
n if the parametek of Eq. (52) is energy independent. This

FIGURE 11. Comparison of results from the evolution éf./dn property is a consequence of the invariance of the gamma

with dependence on pseudorapidity at different centralities for functions under the transformation of type Eq. (51) [107]. Let

d+Au collisions at 200 GeV. us discuss now the transverse momentum distribution (TDM)
f(pr). As in the case of multiplicity distribution, we con-

to have overlaps with siz& in a collision and write the total ~sider a cluster which decay in the same way that a single

multiplicity distribution as: string with the only difference of its “size;

P(n) = /dNW(N)P(N, n), (48) f(pr, ) = exp(—zp}). (53)
Actually, 2 denotes the inverse of the color field in the cluster,
where P(N, n) is the multiplicity distribution of the overlap which depends not only on the size but also on the degree of
of a given N, which we take Poissonian with the averageoverlapping strings inside the cluster. Assuming thaaries

multiplicity N: continuously, one can write the total TMD, similarly to the
N multiplicity distribution case as:
P(N,n) = —-exp(—N). (49)
n! £or) = [ daWy(a)s (. ). (54)
The normalization conditions)’ P(n) = 1, and
S nP(n) = N lead to the following relations: We must realize the normalization condition:
dp? = (n), 55
[avwin =1, 500 [ vt sor) = ) (55)
which gives the relation:
(n) = (N) = /dNNW(N). (50b) (n) = /dxxaQW(ax). (56)
For the weight function we assume the gamma distributior)comparing the latter with Eq. (50b), we can make the iden-
[99-101]: tification W, (z) = (ax)*W (ax) if we take the gamma dis-
_ tribution in Eq. (51) forlW (), thenW,,(z) turns out up to a
W(N) = G(N,kny, P o
() ( N, TN) factor to be also the gamma distribution with differéreind
= r(T/iV v N lexp(onyN), - (81) T givenby:
N
, W,(z) = LG(.’L k+2,1r), (57)
wherety = kn/(N). There are several reasons for this Tp

choice. The growth of the centrality can be seen as a transgjth r, = ar. So, at the end, both the multiplicity distri-
formation of the cluster size distribution. It start with a set of pytion and the TMD are given by a convolution of the clus-
single strings with a few clusters formed of a few overlappinger distribution and its TMD with the size probability’ (x)
strings. As the centrality increases, there appear more stringghich in both cases can be taken the gamma distributions al-

and more clusters composed of more strings. This chang@ough with different parameters. Introducing Eq. (51) into
can be considered as substitution of strings in a cluster by thegs. (48) and (54), we obtain:

new formed clusters, defined by a névcorresponding to a o
higher color field in the cluster. This transformation, similar 1 B /dx exp(—p2a)
to the block transformation of Wilson type, can be seen as a (14 p2./r)k - PP

transformation of the cluster size probability of the type:

P<$> L kalzx(,f; G2 x <F(k)> (ra)* expl(=ra), - (58)

(=)

P(z) -«
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and: becomes:xp(—F(p)p%/(p%)1) very similar to the behavior
, atp — 0. From Eq. (63) we have:
T(n+ k) ¥ _/dNeNN”
Tn+ DT(E) L+ r)F (n+ k) nl dinf _ =2F(p)  py
J - . (66)
lepT (1 + ( ) ) <pT>1'L
,r,/ < T>
exp(—7'N). (59)

X ! / k'—1
L(k)(r'N) At p2. — 0, the latter reduces te 2F (p)p2-/(p>)1; and van-

The mean value and the dispersion of the distributions (58jshes ap7. = 0. On the other hand, &97) 1~ < (P7)1x <
and (59) are: (p%)1p, the absolute value of Eq. (66) is larger for pions than

for kaons than for protons, this is the well known hierarchy

(z) = k(@) —(2)? 1 (60) thatoften itis advocated in favor of a hydrodynamic picture
r’ ()2 k hadronic interactions. However, we describe very well the
K (N?) — (N)? 1 data as it is seen in Fig. 12, where we show our regglts to-
(n) = <N>7’ W = (61)  gether the PHOBOS data [103] for central Au-Au collisions.
Let us now discuss the interplay of low and hjgh. One
(n?) = (n)? l I 1 (62) defines the ratio between central and peripheral collisions as:
(n)? ko (N)
The distribution (59) is a negative binomial distribution Rep(pr) = fpr.y = 0)/Neo (67)
' f(pr,y = 0)/Neon

Egs. (58) and (59) are superposition of clusters Bfidand
1/k" control the transverse momentum fluctuations and therhe normalization on the number of collisions in the latter,
fluctuations on the number of string in the cluster. At smallessentially eliminatesv, from dN/dY, this is true at mid

density there are no strings overlapped, &nand &’ go to rapidity. From Eq. (54) and (63) we obtain:
infinity. When the density increases, the strings start to over-

lap forming clusters, and therefore thé decreases. Their (K —1)/k) (p) 2
minimum is reached when the fluctuations in the number of Rep(pr) = 1/ (F )
; ) . ke ((k—1)/k) (»)
strings per cluster reach their maximum. Above this point,
increasing the string density, these fluctuations decrease and (1 + F(p)w) )
thek’ increases. Now, if we take into account that the mean k(p7)1i RIS YTV, (68)
multiplicity and transverse momentum given by Egs. (35) and (1 + ’S(PQ)pT )
(36), the Egs. (58) and (59) become: (P
AN  dNk-1 Here k and k' are values of the parametérfor TMD for
flpr,y) = dpZdy dy Ay k peripheral and central collisions. In the limi§ — 0, as
T F(p') < F(p) we have:
F(p) 1
* (PTh F(p)p2 \*’ (63) D F
T T 5 [
(1 + k(p%‘r)l) 5:; 103
and: C il
K s f
K’ o
_ TI'(n+k) (Wﬂ@) =
POt ey ®
(*mmwﬂ ;
We observe that: =" F
ko {pth b
_ 2\ __ T
() = FONun), 3) = o5 gy (69) o
Egs. (63) and (64) give the distributions for any projectile, k
target, energy and degree of centrality and are universal func-
tions which depend of only two parametefs); and(n), 107

the average transverse momentum and multiplicity of parti- T T Ty 9
cles produced by one string. In case of identified secondary o
particles, it should be used the corresponding quantities foficure 12. Experimental PHOBOS data on low pt distributions

each identified particlegp?.)1; and (n);;. Sometimes in-  for pions, kaons and protons along with our results for central Au-
stancepr is usedmr. At p — oo andk — oo the TMD  Au collisions at,/s = 200 GeV.
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F(o)\?
F(p) > <

RCPZ(

which is independent df andk’. As p’/p increases the ratio
Rop decreases, in agreement with experimental datan;As

increases, we have:

F(p)p3

1+ k(pZ.)1i
F(p")p3
k' (P%)u

Rep(pr) ~

andR¢p increases. At larggr:

Rop(pr) ~ F(p’)ka

F(p)k' 2(k—k')

(69)

(70)

(71)

thus a further suppression occurs in agreement with experi-
mental data [108]. The results for the TMD fot, £+ andp

in Au-Au at /s = 200 GeV are in good agreement with the
Phenix data [109]. In Fig. 13, we show the ratios kaons/pion,
and proton/pion as a function ¢f- at the two extreme cen-
tralities. The obtained values &fas a function of the string
density increase as it was expected.

The experimental data on p+p in the range =23, 200,
630 GeV and 1.38, 7 TeV can also be described by the dis-
tribution of Eq. (63) [110]. In this case, the valueskofie-
creases with energy as expected. At higher energy and high
multiplicity & should increase [66].

Even though the parametrization (63) describes well the
data up to 5-10 GeV/c, most of the considerations concerning

At low density in the region where decreases with the stringhe string fragmentation are only valid for low and interme-

densityk’ < k and Rep(pr) > 1. Itis the Cronin ef-
As p'/p increases, the rati®cp increases.
the growth of the energy of the collision, the energy den-
sity increases reaching the region whéracreases. Now
atp’ > pandk’ > k, there will be a suppression pf-. In

fect.

diatepr. In order to include the highr part of the spectrum

Wwith more refined study is necessary.

The differences between the baryon and meson spec-
trum are not only due to the mass differences, which results
(p2)10 < (p%)1p. This effect only causes a shift in the max-

the forward rapidity region, the normalization of Eq. (67), imum of the nuclear modified factadg, but keeps the height
does not canceN, from dN/dy, since in this regionV;

is proportional toN 4 instead ofN.,;. Now, an additional
factor (N, /N. ,;)/(Na/Ncou) appears inRcp(pr). As

at the maximum, contrary to the data. In the fragmentation
of a cluster formed of the overlapping of several strings, the
flavor properties follow from the corresponding properties of

N’ ., — N4 for central collisions is larger, than for peripheral the flavor of the valence partons of the end of the individual

coll

collisions, we haveRcp(pr,y = 3) < Rop(pr,y = 0),

strings, and hence the resulting flavor of the clugtes the
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FIGURE 14. Scaling behavior of the charged hadron pt spectra presente@)rin p+p collisions and (b)p collisions with different energy
scales. The inset is the distribution of the ratio between the experimental data and the fitted results [116].

flavor composition of the individual stringé as well as the where(z?) = 7 (p2)1/F(p). The temperature is expressed
color composition. The clusters have higher color and dif-as [112,114]:
ferent flavor ends. The fragmentation of a cluster will be by (p2)
means of the creation of a paitF’, whereF and F' denote (p) = 2F(p)’ (74)
the sets of flavor quarks and antiquarks of the end of the clus- P
ter. After the decay, the two nefF strings will be treated in -~ Now the total TMD is changed and instance of the gamma
the same way decaying into maF&" strings until they come  distribution in Eq (57) a Tsallis type distribution is obtained,
to objects with mass comparable to hadron masses, whiohamely: .
we identified with .the ob_se.rvable hadrons b)_/ combining the VI)pr
produced flavor with statistical weights. In this way, the pro- flor) =1+ Tk
duction of baryons and antibaryons will be enhanced with P
the number of strings of the cluster. The additional quarksThere are several scaling properties found in TMD related to
(antiquarks) required to form a baryon (antibaryon) are prostring percolation. The experimental data for p+p collisions
vided by the quarks (antiquarks) of the overlapping stringsexhibit a universal behavior in a suitable variable= p/B
that form the cluster. [115,116]. Indeed, the TMD of p+p ang at all energies are

In some sense, the coalescence picture of particle prét the same curve as it is shown in Fig. 14. The parameter
duction is incorporated in a natural way. An effective way B is found proportional td /F'(p) and therefore increasing
of taking into account these flavor considerations can be see#ith energy. A similar scaling is found in Au-Au collisions
in Ref. [111]. Very often, it is used an exponential instead[117] at different centralities.
of a gaussian for the decay of one string. Indeed, the ten- The experimental data on the mega as a function of
sion of a cluster fluctuates around its mean value because tlige multiplicity show that in p+p, pA and AA collisions all
chromo-electric field is not constant. Such fluctuations leadf them grow, being larger in p+p than in pA and in AA col-

to a Gaussian distribution of the string tension [109-113]:  lisions. In PbPb the rise of mean- with multiplicity is flat-
tened above a certain low multiplicity. The same occurs at

dn 7 2 o pPb although in this case is flattened at higher multiplicity.

dpr ~ /div exp (-2<x2>) exp(—Apr/z7), (72)  This behavior is understood as a consequence of Eq (63). In
fact, the factor / F'(p) is responsible of the rise @pr) with
multiplicity because grows with multiplicity. The flattening

(75)

which give rise to the thermal distribution: of PbPb and pPb is due to the dependence of the string
density. In PbPb for most of the multiplicities, the corre-
dn. ~ exp (—pT 27T> (73) sponding string densities are above the percolation threshold.
dpr (x2) |7 In this regionk grows withp, and according to Eq. (63), the
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rise is lowered. In the case of p+p collisions, on the contraryand the correlation between the transverse momemtum:
the corresponding string densities lie below the critical den-
sity. In this region,k is a decreasing function of, hence (Apri, Aprj)
there is not flattening. We expect that at higher energy, larger 9 2

3 e ; =C,, ~2F - N), 77
than 14 TeV, the critical density will be reached, even in p+p pel{pr) = 7))/ {7 ){N) (77)

collisions. whereApr; = (pri — (pri)). And:
3.6. Transverse momentum fluctuations 1 New,m Nacek

. . . M(pr) = < Pri, (78)
The event by event fluctuations of thermodynamical quanti- ket Nacek = =

ties as the temperature were proposed as a probe for the de- _
confined phase. Due to that, the study of the fluctuations o@nd C,../M (pr). The last observable is used because sup-
the mearnpy is very interesting_ These fluctuations are mea-Presses the statistical fluctuations in String percolation. The

sured using the observables: observable,,., using Eq. (77) is given by [118]:
_ PR -
FpT _ Wdata wrandmn’ W — <pT> <pT> ’ (76)
Wrandom <pT>

o | Nelpr)tm — 2N pr) s fpr)i + NS (5012 pr) 2 79)
" (N §5)2(pr)} = 2ANs §)Y4pr) {pr) + (pr)?

In Fig. 15, we show the result f@r,,, in Pb-Pb collisions
together the ALICE data. In Figs. 15 and 16, we show the relin the number of elementary scatterings [50,119-124]. Let us
sults forF,., Crn, v/Ci /{pr) for p+p collisions at 0.9, 2.76 consider symmetrié’ and B intervals and havingV strings
and 7 TeV together the CMS data. In Fig. 16, we show thewvhich decay intqu; particles. Then, the slogecan be split
results for\/C,,,/M (pr)m as a function of the multiplicity into short range (SR) and long range (LR) correlations [121]:
for p+p at different energies with the experimental data. It

Op

is observed a change in the slope at high multiplicities that b = b°% 4+ pLF = AyrB)

is reproduced in the string percolation, but not for the usual

Monte Carlo code models. In string percolation, the change Op (82)
of slope arises naturally due to the formation of a large cluster 14 dppmlwn + A0)]

above a critical density (corresponding to a high multiplicity) wherew is diven by:

and therefore, suppression of the fluctuations. Wy 1S9 y:

3.7. Forward-backward correlations WN = (N2

The width of the KNO scaling shape is related to the fluc-A(yrp) and 6z are the correlation function of one string
tuations on the number of strings or the number of cluswith rapidity separationyrg = yr — yp and the accep-

ters (independent color sources). This width is also relatethnce of theF' or B rapidities, respectively. We also take
to the forward-backwardH-B) correlations. These correla- 6 = Ayr = Ayg. For large rapidity window gap between

tions can be described by a linear approximation: the F and B intervals, there are not long range correlations in
a single string, the = 0 andb becomes:
(np) =a+bnr, (80) 1
wherenr is the number of particles observed in the forward b= [ — (84)
(backward) rapidity window and the slopeneasures the cor- Or N
relation forward-backward: At low energy, there are not fluctuations in the number of
- (neng) — (np)(ng) o1 str|ngs,|r.]e., wny — 0, ar:wd accortlj_lng :oth. (ﬁ@,—» 0
= 2y = (np)? (81) _Ast e energy or the centrality of the collisions increases,
F F w increases as well ds This behavior can be turned as a

Usually, theF' and B rapidity intervals are taken separated consequence of the formation of a large cluster of overlap-
by a central rapidity windowyy| < y. in such a way that the ping strings and consequently, a decreasing of the number of
short range correlations are eliminated € 0.5) because its  independent color sources. Notice that if we fix the multiplic-
range is less than unit of rapidity. In any multiple scatteringity, we eliminate many of the possible string fluctuations and
model, the origin of long range correlations is the fluctuationghereforep will be smaller. In CGC, the main contribution to
long range correlations comes from the diagram of Fig. 17,
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FT ~E C ML B B LR IR R
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S 0.14f 3
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3= o 0.9 TeV pp £ . ]
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25 0.08F =
C 0.06F 3
2:_ ''d 0.04f =
sb- 0-02;— ni<0.8, 0.15<p. <2 GeV/c g
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1 I ! Ml EPEEE B B (th/dn)
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dN/d
c FIGURE 16. Preliminary results for/C,,/M (pr) as a function
= of the multiplicity for p+p at different energies as well as Pb-Pb
s F collisions at 2.76 TeV together with the experimental data.
- —e—7 TeV pp
028 -e-2.76 TeV pp
0.26 :._ & 09 TeV pp X
0.24 )
C X
0.22—
02f
0.16
0141
L PR R PR PR PR B
s ; T
dN/dn
E
- 7 TeV ALICE
& o014
li r 2.76 TeV ALICE O
[§) L
S b 0.9 TeV ALICE O
r —e— 7 TeV SPM
il —e— 276 TeV SPM FIGURE 17. The leading orden diagram which induces long range
r —e— 0.9 TeV SPM correlations in rapidity. The source of one nucleus is given bythe
008l and the other by the. The produced gluon is denoted by the curled
B line.
0‘067— ) . ) ) )
r very similar to the one described above for string percolation.
ooa : . . \ : The analysis of'- B correlations has been extended not only
0

o 20 8 40 80 to two rapidity separated windows, but also to different az-
imuthal windows which help to separate short and long range

FIGURE 15. Scaling behavior of the charged hadrpn spectra  correlations [121]. In this case, the coefficiéns given by:

presented iz (@) in p+p collisions and (b)gpcollisions with differ-

ent energy scales. The inset is the distribution of the ratio between

: ) b=k + pLs — OF i1
the experimental data and the fitted results. B

14 ppmwn + A(0,0)]

AyrB, drB)

which only contributes to short range correlations in such a + OFp (86)
way that for a large rapidity gap betweéhand B intervals 1+ 0ppfwny +A(0,0))

we have [125-127]:
[ ] where nowdr is the product of the acceptance on rapidity

(85) and an azimuthal angléf = AyrAér = AypAdp),
A(yrB, ¢rp) is the correlation function of the single string
wherec is a constant independent on the energy and centrakt rapidities and azimuthal angles separatiping = yr —
ity degree. As the strong coupling constant, decreases yp,andgprg = ¢r—¢p. In Fig. 18, itis shown the results of
with energy and with centrality, increases. This behavior is a separation azimuthal angle of,345° and 135 for p+p

_ 1
 1+ca?’
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FIGURE 18. The forward-backwardK- B) correlation coefficient in p+p collisions at 7 TeV from reference [121].

collisions together the ALICE data at 7 TeV. The agreement

P R S BN B
ALIéEPreIlmlnary

IQ:_ - C LA L L B L L )
i i} 5 0.2<p_<2.0 GeV/c
is good also at 0.9 and 2.76 TeV [121]. THéB cqrrela K8 0141 Pb-Pb |5, = 2.76 TeV 208, 6m04
tions have been studied not only for multiplicities in the F 7 I s oap ]
B intervals, but also for transverse momentum-multiplicity 0.12~ -* AR 2R . 7
(pr — n) and transverse momentum correlatidps — p). 0.1 8 . E
In the (pr — pr) case, the asymptotic equation for the slope F 2 1
coefficient is: oo 0.081- . E
b= —PrF 87 0.06- . . _ ¢ =
prF + 167\/ﬁ’ ( ) o centrallty estimators: ® .
_ 0.04 * VOM =
where: © ¢ ZDCvsZEM ]
D, D, 002 < oL centrality class width 5% |

=Z° = PT (88) . ]

Wo ) Y 5 o S N N I U I I B
() () 0 10 20 30 40 50 60 70 80

) . Centrality percentile
D, and D, are the string density and transverse momen-

tum dispersions respectivelyy is the multiplicity of one of ~ FIGURE 19. Dependence ofc;,.” on centrality clases 5% width

the symmetric intervals, andis a dimensionless coefficient ?(:eée{;négfzd by the V0, ZDCvsZEM and CL1 estimators from AL-
which depends only of the form of the distribution. For a '

Tsallis shape distribution; takes the valu¢k — 1) /2(k —4),

which is related to the width of the distribution. In the case3 g, underlying event of highps particles and KNO

of a thermal distribution its value is 1/2. In Fig. 19, is shown scaling

the ALICE preliminary data for Pb-Pb collisions at 2.76 TeV

as a function of the centrality for a rapidity gap of 0.8 and aThe study of the underlying effect can be useful to under-
rapidity width of 0.4. The data are in qualitative agreementstand the particle production mechanism. It has been shown
with the string percolation model [128,129] which predictedthat selecting events of determinate highparticle and look-

a rise ofb with centrality up to around 30% decreasing aboveing at the particles that are in the azimuthal range angles, say
this centrality value. /3 < |A¢| < 27/3, the associated multiplicity distribution
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satisfy approximately KNO [130]. Let us show that this is aa decrease of with multiplicity [135-137]. As the number
rather general property which is satisfied by events of a deef collisions increases no longer decreases, even it increases
termined class of scatterings, for instance diffractive and nomeaching values of 0.6-0.7. At SPS energies, the values of
diffractive or inelastic and elastic or soft and hard scatteringsA are larger at forward than at central rapidity. Notice that
In a multiple scattering approach, there will be events that ishe particle multiplicity is larger at central than in forward
sufficient to have one elementary scattering of being of thigapidity. All these trends of data can be understood in the
class to be the final result of this class. The non diffractive framework of percolation of strings [138,139]. The strings
the inelastic and the hard events satisfy this requirement. It isf the Lund type fragmentation according to totally chaotic
said that these events are only shadowed by themselves aadurces)\ = 1, and usually is assumed that there is not BEC
in fact, the evaluation of the cross section for these selectefilom particles emitted from different strings [140]. Under
events only appears the cross section of the elementary cross assumptions one can write:

section of these events, not the elementary cross section of all

kind of events [131]. Concerning the associated multiplicity A =ng/np, (92)
distribution to these events, it is shown that in terms of mul-

tiple scatterings, the original distribution and the new one ar&vheren, is the number of identical particles pairs produced
related for a factofV which translate into a multiplicative from the same string andr is the total number of identical

factorn in the multiplicity in such a way that [103-107]: pairs produced in the same kinetic rangepgfandy. The
number of identical pairs produced by each cluster is:

Pe(n) = nP(n)/(n). (89)
Ns
. . . 1 2 apnSy
If we go on the process of the selection of hjgh particles, s = 5H1 <Z 5 > ’ (92)
we will have the chain: n=1

P(2) — 2P(@)/(z) — -« — ka(:c)/<xk>. (90) f':md the total number of pairs of identical particles produced

is:
2
In a similar way than the one in Sec. 3.5, the only stable o — 1, i anA/1Sy, (93)
distributions under these transformation are the generalized T 5k = 5 ’

gamma function, being the gamma function the most simple

of them (see Eq. (51)). This function satisfies KNO scalingWherea, is the number of clusters with strings. The nu-
if % is independent of energy. We have seen above kthat Merical results of the Monte-Carlo simulation that includes

increases with the energy for p+p collisions in the studiec®nergy confservation to different engrgies and Coll_isions type
range, ad /k controls the width ofn) P(n), this distribution ~ Shows the right change of the behavior and approximate to the
should be narrow as the energy increases as the experimengg@ling ofA for string densities around ~ 0.8 — 1, which

data show. is in agreement with the experimental data, as is shown in
Fig. 20 [138].
3.9. Bose-Einstein Correlations The three body BEC have been also studied in percola-

tion [139], predicting the strength of the three particle BEC,
The Bose-Einstein Correlations (BEC) are very interestingvhich is in good overall agreement with data [141].
in order to determinate the extension of the source of multi-
particle production, as well as to know the degree of coher-
ence of the emitted particles. The correlation strength is char-
acterized by the parametar which can also be interpreted ' e
as a measure of the chaotically of the degree of coherence of 0.6 -
the collisions [132-134]. In this interpretation= 1 means %”
totally chaotic emission, whereds= 0 means radiationina ~ * 0-5 b
coherent way. This interpretation should be taken with cau- 0.4 j
tion, because ikTe~, A = 1 at energies where there are ’ 4
not production of more than two jets and higher energles, 0.3 by X
decreases with increasing multiplicity. These facts would ap- a2 ¢
parent indicate a systematic increase of the coherence from
ete™ to p+p collisions, which does not seem reasonable. The n
e?(perimental (_jata ph have been in d_ifferent kiner_natip CON" £y6uRe 20. Dependence ok on , for different nucleus-nucleus
ditions assuming different e_x'FrapoIatlonS, nor_mallza_tlons ancEollisions in the percolating strings framework taking into account
corrections which makes difficult the comparison with mod-he energy-momentum of the strings. Each point represents a spe-
els, however, the ISR, SPS, RHIC and LHC data allow Us tQsific type of nucleus-nucleus collisions. Correlations are calculated
distinguish some trends. First, for a not very large number obetween identical pions fogicm = y2em = 0.5 andmp =
collisions, the data of SPS with p and O as a projectiles shownrs = 0.35 GeVic? [138].

0.8
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3.10. J/¥ production dependence on the multiplicity

The ALICE collaboration has found a departure from linear-
ity on the dependence of/¥ production on the multiplic-
ity at very high multiplicity. This departure is larger at cen-

tral than a forward rapidity region. This behavior can be ex-

plained in the frameworks of string percolation [142]. In fact

assuming that as in any hard process, the number of producec

J/W is proportional to the number of elementary collisions,
N,, we have:

nyje N
)~ %)
From Eq. (35) we can write:
dN/dy —  NsF(p)
ANJdy) ~ NSF((p)’ (5)
thus:
dN/dy _ ( /v )1/2
(dN/dy) — \ (nj/w)
1 — exp(—nw(p)/(nse)\"*
( T exp(—{p)) ) - (99)

At low multiplicities, N, is small and the above equation
gives rise to a linear dependence:

dN/d
. ©7)
(nyw)  (dN/dy)
A
>10
]
g
Z_J
5 |
Y 8f
’_g. |
>
=z [
T 6
41
2,
L | S S S S N1
00 4 5 6
(dN,/dn)/<(dN_,/dn)>

FIGURE 21. Results for p+p collisions in the centrp}] < 0.9
rapidity range (dashed line) and forwa2d < y < 2.4 (dotted
line), together with the experimental data for the central (circles)
and forward (squares) rapidly regions from the ALICE Collabora-
tion. The linear behavior (solid line) and the prediction for pPb
collisions (dashed-dotted line) at 7 TeV are also plotted [142].
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FIGURE 22. Results without and withy/¥ suppression together
therefore:

the experimental data.
2
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<nJ/\IJ> <dN/dy>

Note that the linear behavior changes to quadratic at high
multiplicities. In Fig. 21, we show the results together with
the experimental data [33], as well as the results for the for-
ward rapidity region together with the experimental data. In
the forward rapidity region we have less number of strings,
and as a consequence, the departure from the linear behavior
starts at higher multiplicity. In both cases, central and for-
ward rapidity region, a good agreement is obtained.

Notice that only there are two assumptions, namely, the
J/W is produced by a hard mechanism and the attenuation
(saturation) of the increase of the multiplicity wifk,. At
low multiplicity behaves proportional t&y,, but at high mul-
tiplicities goes likey/N,. The departure of the linear behav-
ior is a consequence of this attenuation (saturation). At 14
TeV there is some possibility thaly ¢ melts [7], due to the
high density reached. In this case, there are not nuclear sup-
pression effects, then we assume that the suppression is pro-
portional to the collision area covered by strings. In Fig. 22
we show the results without and with/ ¥ suppression to-
gether the experimental data. THg¥ suppression could be
clearly seen by looking at the dependence on the multiplicity
of the ratio between thd/¥ production and events with a
high pr particle (thus with a linear dependence di and
consequently on the multiplicity). The result for this ratio is
shown in Fig. 23.

(98)

3.11. IncoherentJ/¥ photoproduction

The incoherent photo production 0/ ¥ has been studied
experimentally [143,144] and theoretically [145]. The cross
section ofPbp — PbJ/¥X probes the fluctuations on the
number of elementary scattering of the dipgle(obtained
from the virtual photon) on the partons of the proton via the
reactiony(¢®)p — J/¥X. The increase of these fluctuations
givesrise to an increase of the cross section in agreement with
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FIGURE 23. Scale ratio of//¥ production over the total charged
particle production.
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FIGURE 24. Comparison of the multiplicity dependence of the rel-
ative yield of(2, © andA baryons normalized to pion multiplicity
for p+p and pPb collisions for the model (up) and experimental data

(bottom) [146].

data, but as the energy increases, the number of elementary
collisions increases and, assuming that these collisions have
a transverse size around 0.3fm, they start to overlap forming
clusters of these hot spots. Above a critical point, the num-
ber of independent sources decreases, and so the fluctuations,

3.12. Strangeness enhancement

The overlapping of the strings modify the strength of the
color field, and hence the string tension of the formed cluster.
Due to this, the decay of these clusters produced naturally an
enhancement of the strangeness [146-148]. In addition to this
effect, as the clusters have at their extremes complex flavor
andF formed from the individual flavors of the single strings,
the decay will produce more baryons and anti-baryons than
in the fragmentation of single strings. There is not any quan-
titative evaluation of this effect in the production of strange
baryons. In the case of the strangeness enhancement with
multiplicity seen in p+p collisions [149], a simplified model
of string percolation which taken into account only the dif-
ferent string tension of the cluster is able to describe qualita-
tively the data [146]. In Fig. 24 are shown the model results
(up) and the experimental data (bottom).

4. Azimuthal dependence of the momentum
distributions

4.1. Collective flow and ridge structure

The clusters formed by the strings have an asymmetric form
in the transverse plane and acquires dimensions comparable
to the nuclear overlap. This azimuthal asymmetry is at the
origin of the elliptic flow in string percolation. The partons
emitted at some point inside the cluster have to pass through
the strong color field before appearing in the surface. The
energy loss by the parton is proportional to the length, and
therefore, thepr is of the particle will depend on the di-
rection of the emission as shown in Fig. 25. Monte-Carlo
simulation has been done taking into account this energy loss
[150]. The results of this simulation for the different harmon-
ics [150,151]

and therefore the cross section. Above a critical percolation
energy (around 500 GeV), the cross section starts to decreasecure 25. Scheme of the azimuthal dependence modify by the
This prediction can be tested at LHC experiments.

escape probability of a parton on the nuclear overlap [152].
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FIGURE 26. Comparison between the prediction of percolation r,;re 27. Correlation coefficienC(¢) for p+p collisions at 7
model (red stars and blue squares) and the experimental data (errofay/ \yith triple multiplicity [156].

bars in green and pink) fof/s = 200 GeV andy/s = 2.76 TeV

(centralities 10%-20%) [153].

are in reasonable agreement with experimental data on the
pr and centrality dependence. The azimuthal dependence in
this way is very similar to evaluate the probability to escape
a parton of the nuclear overlap from the initial clusters loca-
tion. One way of doing that is defining:

0.15

0.1

C(¢)-const

_ Rasin(¢ — ) B . ) [ Y
Ry = — omg ) @ aresin SR sing |, (99) oos | /- N , r \
where b is the impact parameter. We also defipg = ol
p(R/R,)?, and substituting in ther distribution, we obtain:
f(F(/hz:),P%) ~ f(F(P),p%) oo -50 ) 50 Mdegree:o 150 200 250

2
X {1 + M@}%)(RZ — RQ)} . (100) FIGURE 28. Correlation_ c_oefficienC(cb) for p-Pb collisions at
OR 5.02 TeV for central collisions compared to the data (ZYAM pro-
. cedure) [156].
Thus, the elliptic flow can be computed as follows: ure) [156]

of string. In this way, there appears long range correlations

/2 ) S : .
5 2 in rapidity. However, passing to the azimuthal dependence,
va(pr) = p / dg cos(2¢) if the emission of strings is isotropic, the correlations due
0 to their distribution in different events will be also isotropic.
dln f(F(p), R?) Also in the central rapidity region, the inclusive cross section
X [1 + T(Ri —R*)|. (101) s approximately independent of rapidity. This generates a

plateau in they — ¢ distribution rather than a ridge, with only

Note that the latter is an analytical close expression for alh peak at smally and due to short range correlations. This
energies, centralities, projectiles, and targets. conclusion is also valid if one averages the inclusive cross

The transverse momentum dependencesofvas com-  sections over all events with the resulting loss of azimuthal
puted using Eqg. (101) for Pb-Pb at 2.76 TeV and Au-Au atangle dependence. So, the ridge can only be obtained in an
200 GeV for 10 - 20% centrality is shown in Fig. 26 togetherevent by event basis. In this way we performed our evalua-
the experimental data. A good agreement is also obtained &bns [154].
all centralities and rapidities [152-154], as well as the hierar-  In Fig. 27, we show the results [156] f6(¢12) for event
chy onvs of 7, k andp. The ridge structure was seen first at with triple multiplicity than minimum bias in p+p collisions
RHIC in Au-Au and later at LHC in Pb-Pb collisions. This at 7 TeV compared to the experimental data. In Fig. 28, we
structure has been also observed in p+p and pA collisions ahow the results for central pPb at 5.02 TeV compared to the
high multiplicity at LHC, as it was anticipated by string per- data and in Fig. 29, the results for Au-Au 0%-10% of cen-
colation [155]. trality at 200 GeV and its comparison with experimental data

In string percolation correlations can arise from the su{156]. An overall agreement is obtained in spite of the ap-
perposition of many events with different number and typeproximations done in the computation.
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fit to data
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A i i Pb-Pb 2.76 TeV ALICE 20-30%
}d" 4 Pb-Pb 2.76 TeV ALICE 30-40%

u* Cle)
o
o
T
°
e

\ J ',:f & Pb-Pb 2,76 TeV ALICE 40-50%
+ & 4 ¥ T Au-Au 200 GeV PHENIX 10-20%
ol +/ ] 002§ 4 Au-Au 200 GeV PHENIX 20-30%

"\, ,, f ¢+ Au-Au 200 GeV PHENIX 30-40%
r | ¢ Au-Au 200 GeV PHENIX 40-50%

N . |
05 | A g o 0.0 02 0.4 - 06 0.8 1.0

+ A T
r o I 1 FIGURE 30. v, scaled bye; Q2 L for 10-20%, 20-30%, 30-40%
st L+ 1 and 40-50% Au-Au collisions at 200 GeV and Pb-Pb collisions at
» ‘ , Lttt . ‘ , ‘ 2.76 TeV vsr. The dashed black line is a fit to data according to
0 2 “© & & 100 10 Mo e 180 at® with a = 0.126 =+ 0.0076 andb = 0.404 = 0.025, solid blue
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line corresponds te'/® [157].
FIGURE 29. Correlation coefficienC(¢) for Au-Au at 200 GeV

for 10% of the most central events against the experimental\wWe will take proportional to the product of the eccentricity of
data [156]. the overlap area anbl, which is the length independent of the
eccentricity that we will take proportional 1@ — N+/*)/2,

the number of collisions of a parton with a nucleus. We define
She eccentricity as:

In the case of p+p collisions, to obtain the ridge structure
we need to consider high multiplicity events (three times th
minimum bias multiplicity shown in Fig. 29). This is due
to the fluctuations needed to have sizable long correlations 9 n
which are only obtained for these events. These fluctuations €= — / d¢ cos2¢
are also crucial to describe the higher harmonics of the az- g 0
imuthal distributions. o )

We can conclude that string percolation is able to describ&/e expect that the elliptic flow were proportional to the
the ridge structure seen in p+p, pA and AA collisions. TheStrength of the quenching, so:
ridge is obtained from the superposition of many events with 2/3m1/3] 104
different number and types of clusters of strings. There is not V2~ Pr € (104)
any essential difference between high multiplicity p+p for pA Using the dependence @f, on the energy and centrality

collisions and_ AA cpllisions. The collective flow is obtained [154] and takingT" proportional toQ),, we have that [157]:
from the configuration of the initial state as clusters of over-

lapping clusters and the interaction of the produced partons vy <pT>2/3

2 p2
R — Ry (103)
Rz

with the color field of the clusters. This interaction could be oiz "~ \o. =713, (105)
interpreted as final state interaction, but as far as the parton * ‘

have these interactions before hadronization, it should be revhere we have choice, the scaling variable- p/Q?. In
garded as well as initial state interaction. In the productiorFig. 30, the experimental data of Phenix [158] and ALICE
of heavy particles, due to their short formation time, they car{159] at different centralities are shown versus the scaling
be formed before than the parton get out the surface collisiofunction7!/3. Also, the best fit of the forn’ is shown, giv-
area. This is certainly true for central heavy ion collisions. Ining a value ofb=0.404, which is not very different from 1/3.
this case, the energy loss by the parton would be smaller, anthking into account the crude approximations done in deriv-
thus the elliptic flow. As the elliptic flow for central collisions ing the scaling formula Eq. (104), the result is very remark-
is small, the effect is difficult to be observed. able, confirming the quenching of partons inside the overlap

surface of the colliding objects.
4.2. Elliptic flow scaling and energy loss

In Sec. 3.3, we discussed the quenching of jgwpartons. A 5. Thermodynamics of string percolation
parton emitted from the decay of a cluster with tengiamd
momentunp due to the energy loss in its way to get out the
overlap collision area, obeys the distribution:

The thermodynamics of the string percolation can be ad-
dressed by extracting the temperature from the transverse
] momentum distribution. We also can extract the suppression
P(pr,$) = Cexp(—pr/T) eXp(—Sp?F/STl/gl(qb)). (102)  factor F(p), and hence, the local initial temperature, as well

Here the temperaturd, is proportional to the squared root as the Bjorken initial energy density which are given by

of the string tensiort. The departure from the thermal dis- [113,112]:

tribution is due to the quenching formula in Eq. (38). The (p2) 3 (my) AN

lengthi(¢) is the length of the path needed by the parton to T = Prii - _ 2\ —_— (106)
getout. 2F(p) 2 St, dy
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FIGURE 31. Energy density/T* vsT/T.. FIGURE 32. A yp, T and ., ¢, T as functions of the percolation
density parametes.
whereS is the overlap area ang is the production time, that
we taker, = 2.4h/(my) [160]. N B o e L By
In F|g 31, we p|0t the Obta'ned energy denSIty O%r 14__ oCo]or string perco'ation mode| __
as a function of'/T. together the lattice result. Notice that - ]
T, which characterizes the percolation clusters, measures the 1.2~ Au-Au200GeV RHIC |
initial temperature of the system, since the clusters cover r o]
most of the area of the collision; this local temperature be- 1 Pb-Pb 2.76 TeV LHC WaGP__s—
comes a global temperature. In this way, the critical string r ////’/ ]
1 1+ N/ 1 - o —
d_ens_|ty corresponds tp the critical temperatur_e. In_relat|V|st|c 20-8_ o MesonGas .~ P ]
kinetic theory, the ratio between the shear viscosity and the & [ P .
entropy density is give by [161]: 08 | |~ P .
= 7 _
n T)\mfp B I’/ // B
- =" (207) 041~ - 7
S 5 - .V/ m
where the mean free path }s,;, ~ 1/no., beingn the 0.2 " AGSCFT -
number density of a free gas of quarks and gluons,apd B ud ]
the transport cross section. In string percolation, the density 0 ; = 5 = :; — ‘,‘;‘ = 5‘ — ('5 =
numbers is the effective number of sources per unit of vol- T,

ume isn = Nsourced 5L [55], where L is the longitudinal

string length~1 fm. The effective number of sources is the FIGURE 33. Shear viscosity ratig/s vsT/T..

area covered by string$—exp(—p))S divided by the area of

one effective string”(p)S;. On the other hand, the transport the relatively decreasing of,, ¢, is compensated by the ris-
cross section is the area of the effective string. Collecting allng of temperature, resulting in a smooth increase ofjthe

these, we have: The behavior of)/s is governed by the fractional are covered
" TI by strings, what is not surprising becaug& is the ability to
- = (108) transport momenta at large distances and that has to do with
s 5(1—exp(=p)) the density of voids in the matter. Notice that the values of

In Fig. 32, we show the behavior &f,, s,, T and X, s, 7" as  the ratio for highl” values approach the weak coupling limit.
a function of the string density. In Fig. 33, we show the ratio  Moreover, the mean value of the trace of the energy mo-
n/s as a function of the temperature. In the same figure arenentum tensoff! = ¢ — 3P is a measure of the deviation
plotted evaluations in the case of weak QGP and string quarkf the conformal behavior, and thus, identifies the interaction
gluon plasma (sQGP), as well as AAS/CFT result [18]. still present in the medium. In a classical theory with mass-
The arrows marks are the result of string percolation foless quarks vanishes, but in any quantum field theory is not
Au-Au and Pb-Pb at RHIC and LHC energies. Belpwas zero, because the scale needed to be renormalized, breaking
the temperature becomes closeTig the string density in- the conformal symmetry. It is the well known trace anomaly.
creases and the area is filled rapidly angly, andn/s de-  We find that the reciprocal of/ s is in quantitative agreement
crease sharply. AbovEe, the area is not covered as fast and with the trace anomaly over a wide range of temperatures.

Rev. Mex. Fis65(2019) 197-223



220 I. BAUTISTA, C. PAJARES, AND J. E. RANREZ

5_ T T T T | T T T T T T T T T T T I T T ] 0-4_ T ‘ T LI ‘ L ‘ LI T | T 1 T | T T T T 1 T T 1 T ]
B i | Color string percolation model ® ]
5 1 + ] 035 Limiting value ]
- + . g <
4= ¥ * ' + * - 03[ s —— 0 0
- * D + : ¥ oL Ve ]
1 * f ' + ¢ ¢ i =288 .
E b ¢ 0.25— =288 4 ]
g r # ¥ n ] C { ]
N , imi " i ]
2r *Q B HiSQ:HotQCD profiminary ;lg ] 02l o] Latiice QCD simulation ]
L 'g ® CSPM - C 2+ flavor — —_
N RN . 1
1ﬁ* ¥ Stout:Wuppertal Coll. — C o/ ]
L i 0.15_— / ]
oile|x\1|11||‘1||\||\1|||1ﬁ el 1 el L e ]
150 200 250 300 350 0.6 0.8 1 1.2 14 1.6 18 2
Temperature (MeV) me .
FIGURE 34. Comparison between the trace anomaly of the energy Figure 35. Squared sound speed as a functiof gt
momentum tensor and inverse of thés ratio. Note that both vari-
ables have a maximum value at the same temperature point.
N _ 2 7 ¥ pp (s=09TeV
Thg minimum cqrresponds to the maximum(ef— 3P)/T oosk- A pp \5=2.76TeV
asitisseeninFig. 34. . _ : #— pp (5=TTeV
On the other hand, itis possm_)Ie to determm_e the s_peed of b —¢— pPb |5=5.02TeV
sound,c,, by assuming the 1D Bjorken expansion, using the .
energy density, the initial temperature, and the trace anomaly o4
given by the string percolation. Starting from the equations: F
0.03
1dT 2 dl'de T E
=, = = —, 109 o
T dr T dedr T (109) 0.02
wherer is the proper time and, is the sound speed. Since ooib-
s=(e+ P)/T andA = (e — 3P)/T*, one gets: TE
T 2 | R R H S S S RS S -
df _ 075 (110) %,95 1 1.05 1.1 1.15 I,
de s

From the above equations, it is possible writen terms of FIGURE 36. Ratio between the bulk viscosity and the entropy den-
p in the following way: sity as a function of"/T.

2= 1 <€Xp(—ﬂ) _ 1) Note that this last expression depends on the sound speed,
s 3\ F(p)? trace anomaly and entropy density, which has already been
A exp(—p) 1 computed in the string percolation context. In Fig. 36, we
+0.0191 | — — , (111)  plot the bulk viscosity over the entropy density as a function
(3 ) ( pF(p)* pF(p)2>

of the temperature, which has a maximum closg to
where F'(p) is the scaling function in Eq. (34). In Fig. 35,
we showe, as a function of the temperature. It is observed a

very good agreement with lattice calculations. 6. Summary
Another interesting thermodynamic variable which can . . )
be determined is the bulk viscosity. Starting from [162]: The_ string percolgtlon descrlbes_ successfully most of the ex-
perimental data in the soft region, namely, rapidity distri-
. _ (1 _ cz) (e+P) - 9(6 —3P) (112) butions, probability distributions of multiplicities and trans-
i 3 7 ' verse momentum, strength of BE correlations as a function

of multiplicities, forward-backward multiplicities as cor-

wherery; is the corresponding relaxation time. Substituting . o i
éelatlons, strangeness enhancement, elliptic flow and ridge

the entropy density and the trace anomaly in the latter, w

found that: structure.
. The string percolation, although is not derived directly
o (1 _ 02) r_ 2 AT ) (113) from QCD, has a clean physical ground and it has the funda-
s 3 ° 9 s mental QCD feature. The non abelian character is reflected
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in the coherent sum of the color fields which gives rise to anfand a maximum in the bulk viscosity). The inverse of this
enhancement of the mean and a suppression of the multi- ratio is very close to the trace anomaly, including it smooth
plicity. The confinement of the fields is reflected in the smalldecreasing with temperature. The behavior of the speed of
transverse size of the strings, as well as the transverse caeund with temperature is also in agreement with lattice QCD
relations length. The scaling observed in the transverse maalculations. It is remarkable that string percolation repro-
mentum distribution is a consequence of the invariance undetuce the behavior of the main thermodynamics magnitudes
the size of the clustersof strings. as functions of the temperature.

The collective behavior of the multiparticle production
has its origin in the cluster configuration formed in the ini-
tial state of the collisions, followed by the interactions be-Acknowledgments
tween the produced partons with the color fields, giving rise
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