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Experimental results related to charged particle and 7° suppression obtained at the Relativistic Heavy Ion
Collider (RHIC) at Brookhaven for Au-Au (Cu-Cu) collisions and at the Large Hadron Collider (LHC) at CERN
for Pb-Pb (Xe-Xe) collisions are compiled in terms of the usual nuclear modification factors, Rs4 and Rcp, and of
the newly introduced R}, and RY; as a function of (Npy) and (dNew/dn). The RY, and RY, are calculated as the
ratios of the py spectra in each centrality bin, to the spectrum in proton-proton minimum bias collisions, or to the
spectrum in a peripheral bin, respectively, each of them normalized to the corresponding charged particle density.
The studies are focused on a pr range in the region of maximum suppression evidenced in the experiments.
The Ry scaling as a function of (Ny) and (dNe,/dn) is discussed. The core contribution to Ry is presented.
The difference in R4y relative to the difference in particle density per unit of rapidity and unit of overlapping
area ((dN/dy)/S.) and the Bjorken energy density times the interaction time (eg;7) between top RHIC and
LHC energies indicate a suppression saturation at LHC energies. Considerations on the missing suppression in
high charged particle multiplicity events for pp collisions at 7 TeV are presented. RY, for the same systems
and energies shows a linear scaling as a function of (Ny.). While (1 — Ry4)/(dN/dy) shows an exponential
decrease with ((dN/dy)/S.)'3, (1 — RY,)/{dN/dy) is independent on ({(dN/dy)/S,)'/? for ({(dN/dy)/S.)'/* >
2.1 particles/fm*. The trends of Rcp and RY, for charged particles as a function of /Snw, measured at RHIC
in Au-Au collisions and at LHC in Pb-Pb collisions, show a suppression that becomes larger from /syy =
39 GeV up to /syy = 200 GeV, followed by a saturation up to the highest energy of /syy = 5.02 TeV in
Pb-Pb collisions. The ,/syy dependencies of RXX and (RY, Y in the same pr ranges and for the very central
collisions show the same trend. A clear change in the dependence of (1 — RXZ )/{dN/dy) for the most central

collisions as a function of collision energy is evidenced in the region of ,/syy = 62.4—130 GeV.
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I. INTRODUCTION

Detailed studies of different observables in heavy-ion col-
lisions at the Relativistic Heavy Ion Collider (RHIC) [1-6]
support theoretical predictions pioneered more than 40 years
ago [7-10] that at large densities and temperatures of the
fireballs produced at these energies, the matter is deconfined
into its basic constituents, quarks and gluons. Obviously, such
studies are rather difficult given that the produced fireballs
are highly nonhomogeneous, have a small size and are highly
unstable, since their dynamical evolution plays an important
role. One of the powerful tools used to diagnose the prop-
erties of such a deconfined object is the study of the energy
loss of partons traversing the deconfined matter [11]. Within
QCD-based models, the energy loss of a parton traversing
deconfined matter is due to collisional or radiative processes.
Collisional energy loss due to elastic parton collisions is ex-
pected to scale linearly with the path length [12]. Radiative
energy loss occurs via inelastic processes where a hard par-
ton radiates a gluon. Soft interactions of partons with the
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deconfined medium can also induce gluon radiation [13].
Radiative energy loss is expected to grow quadratically with
the path length [14]. There are quite a few theoretical ap-
proaches to describe the parton energy loss in expanding
deconfined matter [15-24]. However, a proper description
of the parton energy loss in the nonequilibrium expanding
deconfined matter for the intermediate pr range remains a
challenging task. The predicted suppression at LHC energies
turned out to be overestimated, once the experimental infor-
mation became available. A comprehensive analysis within
the CUJET/CIBJET framework recently published [25], in-
dicates, similar to the results of the JET Collaboration [22],
a maximum in §/7> as a function of temperature around
the critical temperature (7;), followed by a decrease toward
temperatures reached at Large Hadron Collider (LHC) en-
ergies. Some considerations on the charged particle and 7°
suppression at RHIC and LHC energies are presented in
this paper. Section II is a short presentation of the quan-
tities estimated in the Glauber Monte Carlo (MC) model
used in the next sections. A review of the charged particle
suppression dependence on (Npat) and (dNew/dn), the core-
corona effect and the dependence on particle density per unit
of rapidity and unit of overlapping area ((dN/dy)/S.), a
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measure of the entropy density and thus of temperature [26]
and the Bjorken energy density times the interaction time
(epjt) for Cu-Cu and Au-Au at the top RHIC energy and
for Xe-Xe and Pb-Pb at LHC energies, are presented in
Sec. III. Section IV is dedicated to similar studies, using
(dNen/dn)* /{dNen /dn)PP instead of (MNyyn) in a model-
independent estimation of suppression, namely RY,, defined
later in this section [27]. In Sec. V, similar considerations
for the corresponding relative suppression, Rcp and RY, are
presented. (1 — Rqa)/(dN/dy) and (1 —R%,)/(dN/dy) de-
pendencies as a function of ((dN/dy)/S.)"/? are presented
in Sec. VL. The collision energy dependence of Rcp, RN, for
charged particles and R4, Rﬁ’ 4 for 79 is discussed in Sec. VII.
Conclusions are presented in Sec. VIII.

II. GLAUBER MONTE CARLO ESTIMATES

The Glauber MC model [28-31] was used to estimate in a
unitary manner various quantities characteristic to the initial
state in A-A collisions: number of participants, number of
collisions, number of nucleons undergoing a single collision,
and the transverse overlapping areas in centrality bins. In a
core-corona picture [31], the core quantities were estimated
for wounded nucleons suffering more than a single collision.
The calculations have been done in the hard sphere wounding
prescription [31]. For the nuclear density profile of the collid-
ing nuclei, a Woods-Saxon distribution was considered:

1

1+ exp(=2)

a

with a = 0.535 fm, ry = 6.5 fm for the Au nucleus [32], a =
0.546 fm, ry = 6.62 fm for the Pb nucleus [33] a = 0.57 fm,
ro = 5.42 fm for the Xe nucleus [34] and a = 0.596 fm,
ro = 4.2 fm for the Cu nucleus [34]. Within the hard sphere
approach, the nucleons are considered to collide if the relative

p(r) = ey

transverse distance d < ./ Z2. The nucleon-nucleon inelastic

T

TABLE I. The percentage of nucleons that suffer more than a
single collision (f.qe), the overlapping surface of the colliding nuclei
(81", and the overlapping surface corresponding to the core con-
tribution [($}*)°"] for Cu-Cu and Xe-Xe colliding systems at the
corresponding collision energies and centralities.

System /syy  Cen. Foore Sy (gyaryeore
GeV) (%) (fm?) (fm?)

0-10 0.81+000 679405 51.84+04

10-30 0.69+0.00 534404 36.1+03

Cu-Cu 200 50 50 0554000 383403 233402
50-70 0.38+0.01 247402 13240.1

0-5 0934000 124.1+0.6 1053+0.5

5-10 0.89+0.00 1149406 913405

1020 0.84+0.00 1006405 749404

20-30 0784000 83.7+05 57.9+40.3

Xe-Xe 5440 30-40 0.72+000 693+04 447402
40-50 0.6540.00 571403  342+02

50-60 0.574+0.00 459403 255-+0.1

60-70 0.47+0.01 354402 18240.1

70-80 0364001 248402  10.9+0.1
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FIG. 1. The average number of participating nucleons (Ny..) as
a function of centrality for Cu-Cu and Au-Au collisions at ,/syy =
200 GeV, for Xe-Xe at ,/syy = 5.44 TeV, and for Pb-Pb at /syy =
2.76 and 5.02 TeV.

cross section, opp, at a given collision energy, was taken as
specified in Refs. [32,33,35,36]. The centrality dependence of
the overlapping area, SY*, is considered to be proportional to

2 2

the quantity S oc | /(02)(0?) — (o). o;, o are the variances,

and oy, is the covariance of the participant distributions in
the transverse plane, per event [37]. They were averaged over
many events. The centrality-dependent values were rescaled
in such a way as to equalize the geometrical area (calculated
as in Refs. [38,39]) and S1* in the case of the complete overlap
of the nuclei (b =0 fm). After generating a large number
of events for the minimum bias (MB) collisions, they were
sorted in centrality classes according to the impact parameter
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FIG. 2. Ratio of the average number of nucleons undergoing
single collisions to the average number of participating nucleons

({Nsc)/ (Npart)), as a function of the average number of participating
nucleons ((Npar)) estimated within the Glauber MC model.
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FIG. 3. The overlapping area (S*) as a function of (M) corre-
sponding to total (full symbols) and core (open symbols) wounded
nucleons.

distribution. Calculations of the quantities of interest have
been done in each centrality class. The results of the calcu-
lations for various systems and energies were presented in
Refs. [38,39] and Table I of this paper. The obtained number
of participants and number of collisions are in good agree-
ment, within the error bars, with the same quantities listed
in different experimental publications. In Fig. 1, the average
number of participating nucleons ({Npart)) [36,38,40-42] as
a function of centrality obtained within the Glauber MC ap-
proach is shown. As can be seen, the difference in (Npyy) at
a given centrality, for colliding systems with different sizes
and incident energies, is increasing from peripheral toward
central collisions. Figure 2 shows the average number of
nucleons undergoing single collisions relative to the average
number of participating nucleons ({Ns:)/ (Npart))- As expected,
(Nsc)/ (Npart) has large values at low (Npar), the system size
and collision energy dependence being rather small. With
increasing (Npa) toward very central collisions, although
the percentage of nucleons undergoing single collisions de-
creases, the difference between the various systems becomes
significant.

Figure 3 shows the overlapping area, S1*, as a function of
{(Npart) for the total and core contribution. In this paper we
decided to use S, similarly to what was used to estimate the
Bjorken energy density at LHC energies [43]. It will be simply
written S in the rest of the paper.

III. Rss (5 < pr < 8 GeV/c): (Npart) DEPENDENCE

Usually, the comparisons among different systems and dif-
ferent collision energies in terms of the nuclear modification
factor, R4, are done as a function of collision centrality. R4
is defined as:

( 42N )cen
Ry = dndpr )

d2N \pp-MB”’
(Nbin) (dndpr)

where the transverse momentum distribution of a certain par-
ticle measured in A-A collisions for a given centrality (cen) is
divided by the pp MB pr distribution of that particle at the
same energy, multiplied by the number of binary collisions
calculated based on the Glauber MC model. Because of the
(Npart) dependence on centrality in Fig. 1, a study of the
suppression phenomena in relativistic heavy-ion collisions as
a function of system size and collision energy is better done
in terms of (Npar), instead of centrality. At /syy = 200 GeV,
the same values of charged particle R44 as a function of (Npar)
for different bins in py, for two very different colliding sym-
metric systems Au-Au [44] and Cu-Cu [40], were evidenced.
A similar scaling was also observed for a lower collision
energy, i.e., \/sSyv = 62.4 GeV [45]. Such a dependence was
studied for pions and protons, for 5 < py < 8 GeV/cand 5 <
pr < 6 GeV/c, respectively, in Cu-Cu and Au-Au collisions
at /syv = 200 GeV, by the STAR Collaboration [46], where

a good scaling of R}, 77 as a function of (N (Npart) for the two
systems was seen. The PHENIX Collaboration has shown that
in Au-Au collisions at /syy = 62.4 GeV and 200 GeV, the
Ryy of 0 for pr > 6 GeV/c has the same value as a function
of (Npart) [47]. At the LHC energies, the CMS Collaboration
presented a similar scaling for Xe-Xe at /syy = 5.44 TeV
and Pb-Pb at /syy = 5.02 TeV [48] with the remark that
the R4 for Xe-Xe was obtained using the pr spectrum from
MB pp collisions at /s = 5.02 TeV. Aside from Cu-Cu at
J/Svnv = 200 GeV, where the pr spectra were obtained for the
0.2 < n < 1.4 pseudorapidity range, all the other results were
obtained for a symmetric cut relative to n = 0.

Suppression studies at LHC energies up to very large pr
values [49-51], for charged particles, evidence a maximum
suppression in the 5—-8 GeV /c pr range, for a given centrality.
While the absolute value of the maximum suppression de-
pends on centrality, its position is in the same region of py.
Although at RHIC energies the measured pr range is much
smaller than the region where the R4, starts to increase, based
on the larger range in pr for 79 [47], one could conclude
that the maximum suppression for different centralities is in
the same range of pr, i.e., 5-8 GeV/c. This is the main
reason to focus the present considerations on the suppression
phenomena in this p7 range.

Using the latest results obtained at RHIC for Cu-Cu and
Au-Au collisions at \/syy = 200 GeV [40,41,44] and at LHC
for Xe-Xe at /syy = 5.44 TeV [42] and Pb-Pb at /syy =
2.76 and 5.02 TeV [52], we obtained the mean values of
Rua, averaged over the 5 < pr < 8 GeV/c region, presented
in Fig. 4(a). Rqs scales as a function of (Nyy) at RHIC
(/svv =200 GeV) and LHC energies, separately, as it was
shown in the above-mentioned papers. Within the error bars, a
small difference, i.e., a slightly larger suppression is observed
for central Cu-Cu and Xe-Xe collisions relative to Au-Au and
Pb-Pb respectively, at the same (Npar). The highlighted areas
represent the systematic uncertainties, while the error bars are
the statistical uncertainties, for the cases where they have been
reported separately [Pb-Pb at ./syy =2.76 and 5.02 TeV,
Xe-Xe at \/syy = 5.44 TeV, Au-Au (PHENIX), and Cu-Cu at
/Snvnv = 200 GeV], while in the case of Au-Au (STAR) the er-
ror bars represent the square root of statistical and systematic
uncertainties added in quadrature. Another aspect worth being
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FIG. 4. Ry inthe 5 < pr < 8 GeV/c region as a function of the average number of nucleons (N,.) for charged particles; (a) experimental

values and (b) core contribution, see the text.

considered is the so-called core-corona effect [53—-64] on the
suppression estimate. The contribution to the pr spectra in
A-A collisions from a nucleon suffering a single collision is
similar with the spectra from pp MB collisions at the same
energy. Therefore, one should first correct the experimental
spectra of A-A collisions with the contribution coming from
single binary collisions (corona) in order to obtain the spectra
of the core:

( dzN )CCH,CO[’Q
dndpr
dz N cen,measured
B (d ndpr )
dzN pp,MB, measured <N )cen
- S (v )
dndpr 2
where fot = (Npar )" / (Npar)*". The suppression due to the

core of the ﬁreball R:

J2N \cen,core
Rf&re = (dnde ) @)
cen MB’
(Voo™ (i)™
where
piy” = o - 20

is presented in Fig. 4(b) as a function of (Ng;rrf). In the simple
image of a net core-corona separation, the figure shows the
core contribution extracted from the experimental data for the
different centrality classes.

The suppression is increased in peripheral collisions by
~10-20% and the values for the most central Cu-Cu and
Xe-Xe collisions are the same as for Au-Au and Pb-Pb col-
lisions, respectively, for the same (Ny;;). The suppression for
Cu-Cu and Au-Au is the same at the same collision energy
(y/svy =200 GeV). At the LHC energies, the suppression
in Pb-Pb collisions at ,/syy =2.76 TeV is the same as at
svv =5.02 TeV, as well as for Xe-Xe at /syy = 5.44

TeV, where the latter energies are almost twice as high. The
small deviation evidenced in Xe-Xe collisions at low values
of (Npart) could be due to the way in which the correlation
between centrality and (Np) is estimated in the standard
Glauber MC approach [65]. For consistency reasons, for Au-
Au collisions (,/syy = 200 GeV) we have used both the data
published by STAR and PHENIX Collaborations. As one can
observe in Fig. 4(a), there is very good agreement between
these two datasets. In order to avoid overloaded figures as
much as possible, from now on only the dataset measured by
the STAR Collaboration will be used.

The (Nyan) dependence of the suppression has the advan-
tage that at a given (Npar), the fireball transverse area S, is
the same for the colliding systems and collision energies in
question [66], with small deviations observed at very central
collisions in Cu-Cu and Xe-Xe relative to Au-Au and Pb-
Pb [38], where the fireball shapes are closer to a circular
geometry, qualitatively represented in Fig. 5. At LHC ener-
gies, with a slight change in the offset (210 fm?) the linear
dependence of S| on (Nyu) has the same slope as at the
RHIC energy (Fig. 3). As it is known, all theoretical mod-
els predict a greater suppression with increasing path length
and energy density or temperature of the deconfined medium
traversed by a parton [15-24]. In Fig. 6, the suppression in
terms of (1 — Ryu) in the 5 < pr < 8 GeV/c region for the
colliding systems and energies under consideration, compared
with the particle density per unit of rapidity and unit of over-
lapping area ((dN/dy) /S, ), which is a measure of the entropy
density and thus of the temperature [26], as a function of
(Npart), is represented. The dN/dy values were estimated as
in Refs. [38,39].

In the case of Cu-Cu and Au-Au at \/syy = 200 GeV, for
the same average number of participants and (dN/dy) /S, the
suppression has the same value, increasing with (dN/dy) /S|
and with the size of the overlapping area. Since the sup-
pression in central Cu-Cu collisions is the same as in
Au-Au collisions at the corresponding (Npar), it appears that
the fireball shape plays a minor role, for the same size
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FIG. 5. The same as Fig. 4(a) with the shape of the overlapping
area S, atdifferent values of (Np,) estimated within the Glauber MC
approach.

of the overlapping area, on the azimuthally averaged Raa
values. For (Npat) = 200, the differences in (dN/dy)/S1
for Pb-Pb at ,/syy =2.76, 5.02 TeV and for Xe-Xe at
/Svv = 5.44 TeV, relative to Au-Au at /syy = 200 GeV,
are 525+ 1, 6.77+1, and 7.89 £ 1 (particles/fmz) while
the differences in (1 — Ry4) are 0.10 £ 0.03,0.11 £ 0.03, and
0.11 £ 0.03. This suggests a suppression saturation at LHC
energies. For central Au-Au collisions, i.e., (Npar) = 350, the
difference in (dN/dy)/S, between Pb-Pb at /syy = 2.76
TeV and Au-Au at \/syy = 200 GeV is 7 £ 1 (particles/fm?)
while the difference in (1 — Rq4) is 0.08 £ 0.03.
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FIG. 6. (1 — R4a) [full symbols (left scale)] and (dN/dy)/S.
[open symbols (right scale)] as a function of (Np.). The abscissa
is the same as in Fig. 5 and consequently, at a given (Nyay), the full
and open symbols correspond to the same fireball shape.

TABLE IL (“Y/2)153, () [38], and (I —Ru)™" for the
0-5% collision centrality for Au-Au at ./syy =39 GeV and
200 GeV [47,73] and for Pb-Pb at ./syny = 2.76 TeV [74].

System syn Cen. (%)”3 (Br) (1= Ry
(GeV) (%) (fm=2/3)

1.724+£0.03 0.49£0.04 0.58+£0.02
2.07+0.03 0.59+£0.05 0.81+0.06
2.57+0.04 0.65+£0.06 0.87+0.08

Au-Au 39 0-5
Au-Au 200 0-5
Pb-Pb 2760  0-5

Using the phenomenological “abc” parton energy loss ap-
proach [67], where the fractional energy loss is as follows:

AE
? X TaLb (6)

and the approximation from Ref. [68], one obtains:
(1 — Rap) o ETOLP, @)

where L is the average path length and T is the average
temperature. With the assumption that L? oc S, the entropy
density s o< (dN/dy)/S. and T? o (dN/dy)/S, [26], one
could estimate £ for three values of the parameters a and b,
used by different models in order to reproduce the experi-
mental results related to the suppression: (i) a =1, b = 2;
(i) a=1,b=1[68,069]; and (iii) a = 3, b = 2 [67]. Using
the experimental values of (1 — Ry4) for Au-Au at \/syy =
200 GeV and Pb-Pb at /syy = 2.76 TeV at (Npa) = 350,
corresponding to the most central collisions for Au-Au at
/Snvv = 200 GeV, one obtains: (i) & LHC — 0.86(2-0.03)&RHIC,
(i) EYHC = 0.88(£0.03)&RHIC) and (iii) £MC = 0.58(%
0.04)ERHIC - Although theoretically not compelling, as men-
tioned in Ref. [23], we used ansatz (iii) based on their results
on relative success and failure of different models (Tables 2
and 3 in the same paper). Previous studies [70-72] have shown
that the running coupling alters the jet-energy dependence of
energy loss and % is approximatively independent on E.
Obviously, the hydrodynamic expansion of the deconfined
matter traversed by the parton plays a role in the estimated
final suppression. Using the /(dN/dy)/S. scaling of the av-
erage transverse flow velocity, (Br), reported in Ref. [38], for
the geometrical scaling variable corresponding to the particle
densities used before for the £MHC /gRHIC egtimation, a ratio
(Br)HHC /(B7)RHIC ~ 1,09 4 0.08 is obtained. This could be
one of the reasons leading to lower values of the jet-medium
coupling in Pb-Pb central collision at /syy = 2.76 TeV en-
ergy relative to Au-Au central collision at ,/syy = 200 GeV.
In Table IT ((dN/dy)/S.1)"/> ~ T, (Br) and (1 — Rys)™ for
the 0—5% collision centrality for Au-Au at \/syy = 39 GeV
and 200 GeV and for Pb-Pb at /syy = 2.76 TeV are listed. A
comparison between 39 GeV and 200 GeV for Au-Au colli-
sions shows an increase of 39.7% relative to /syy = 39 GeV
in the suppression, while the increase in ((dN/dy)/S.)"/? and
(Br) i1s 20.3% and 20.4%, respectively. The increase in the
suppression from ,/syy = 200 GeV (Au-Au) to . /syy = 2.76
TeV (Pb-Pb) is 7.4% relative to /syy = 200 GeV, while the
increase in ((dN/dy)/S.)"/* and (Br) is 24.2% and 10.2%,
respectively. In this case, a &4 times smaller difference in the

034903-5



M. PETROVICI A. LINDNER, AND A. POP

PHYSICAL REVIEW C 103, 034903 (2021)

10

1
[ <& Cu-Cu: sy =200 GeV

0.8—_._ Au-Au: Y5 =200 Ge[\:/] o= (a) o
0.6 o

E]E]
0.4 - 4

(l_R )Pb-Pb: 5.02 TeV - A-A

AA
[—]

"ty Megiisa

-...|...|...|...|..._|_...
=

i
................ | 'l IS ST Swae| 2

<dN/dy>/S-LPb-Pb: 5.02 TeV - A-A (fm'z)

Q
N

0 50 100150200 250 300 350 400_
<N

part

105
Pb-Pb: s\ =2.76 TeV 1 NE
« [t Xe-Xe: VSan =544 TeV b)) 1 =
< 0.8 48
S %
= J <
g 1 <
T 1, @
4 o L
2 &
~ o
: 2 3
% 2
) 10 £
PH
020 50 100 150 200 250 300 350 400 2 "
<N
part

FIG. 7. The difference between the suppression in Pb-Pb at ,/syy = 5.02 TeV and the suppression in Pb-Pb at ,/syy = 2.76 TeV, Xe-Xe
at \/syv = 5.44 TeV, and Au-Au and Cu-Cu at /syy = 200 GeV (full symbols). The corresponding differences in terms of particle density
per unit of rapidity and unit of overlapping area (dN/dy)/S, [Fig. 7(a), open symbols] and of Bjorken energy density times the interaction
time €g;7 [Fig. 7(b). open symbols] at the corresponding collision energies can be followed using the scales on the right sides.

suppression, for a larger difference in ((dN/dy)/S.)'/? and a

smaller difference in the expansion velocity, can be observed.

This supports the assumption that the main contribution to
the observed evolution of (1 — R44) as a function of colli-
sion energy, i.e., a strong increase followed by a weakening
dependence, is due to the energy density (temperature) depen-
dence of the parton energy loss in the deconfined medium.
In Fig. 7, the relative differences between the suppression in
Pb-Pb at /syy =5.02 TeV and the suppression in Au-Au
and Cu-Cu collisions at ,/syy = 200 GeV, Pb-Pb collisions at
J/Svn = 2.76 TeV, and Xe-Xe collisions at \/syy = 5.44 TeV
are shown. The corresponding differences in particle density
per unit of rapidity and unit of overlapping area, (dN/dy)/S1
[Fig. 7(a)] and Bjorken energy density times the interaction
time, ep;T [Fig. 7(b)], are also shown with the corresponding
scales on the right side of the figures.
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The Bjorken energy density times the interaction time is
estimated based on [75]:

dEr 1

=, 8
dy S, ®)

€B;T =

where Er is the total transverse energy and S, represents the
overlapping area of the colliding nuclei. The total transverse
energy per unit of rapidity can be estimated as follows:

(a) RHIC ~/SNN = 200 GeV:

o), 2]
ay  2\""\ay]).. "Nay|) e, s

9
o I
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FIG. 8. R4, as a function of charged particle density per unit of pseudorapidity, (dN.,/dn), for the same systems and collision energies as
in Fig. 4; (a) experimental values and (b) the core contribution to Ras and (dNy,/dn).
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FIG. 9. The same as Fig. 8(a), with the shapes of the overlapping
area S at different values of (dN.,/dn).

(b) LHC energies:
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The input data used in the estimation of the Bjorken
energy density times the interaction time are reported in
Refs. [32,38,76-82] and Table I.
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FIG. 10. (a) The Bjorken energy density times the interaction
time €p;7; (b) particle density per unit of rapidity and unit of over-
lapping area (dN/dy)/S., both as a function of the average charged
particle density per unit of pseudorapidity (dN.,/dn).

A \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\\\\\t
_sé‘ 20004 Cu-Cu: sy, =200 GeV
= 1800 - Au-Au: sy, =200 GeV
% 1600 Pb-Pb: sy =2.76 TeV
Y ~@ Pb-Pb: s =5.02 TeV
1400 % Xe-Xe: |syy =5.44 TeV
1200
1000

oo b b b b b b B By a B |

0 50 100 150 200 250 300 350 400

<Npart>

FIG. 11. The average charged particle density per unit of pseudo-
rapidity (dN.,/dn) as a function of the average value of participating
nucleons (Npar).

Within the error bars, the suppression in Pb-Pb collisions
at /syy =2.76 TeV is the same with the one correspond-
ing to /syy = 5.02 TeV for all values of (Np.), although
the difference in (dN/dy)/S, and in ep;T increases from
0.88 & 0.33 particles/fm?> to 1.95 4 0.54 particles/fm* and
from 0.71 & 0.32 GeV/(fm? ¢) to 2.44 £+ 0.81 GeV/(fm?¢),
respectively, from the low ((Npar) = 50) to the highest value
of (Npart) ({Npart) = 350). The difference between the suppres-
sion in Pb-Pb at /syy = 5.02 TeV and Au-Au at /syy =
200 GeV decreases from 0.27 £ 0.25 to 0.08 £ 0.02 with
{(Npart)» while the differences in (dN/dy)/S . and ep;T increase
from 2.63 £ 0.29 particles/fm? and 2.13 & 0.28 GeV/(fm> ¢)
to 8.940.43 particles/fm®> and 8.2+ 0.8 GeV/(fm?c),
respectively.

An alternative representation of R44 could be done as a
function of the average charged particle density per unit of
pseudorapidity [42]. The (dN.,/dn) experimental data for
heavy-ion collisions are taken from Refs. [32,36,42,76,83].
The Ra4 as a function of (dN.,/dn) is presented in Fig. 8(a)
for the same systems and collision energies as in Fig. 4. In
such a representation, all systems at all energies scale as a
function of (dN.,/dn). The same representation in terms of
RO° and (dNg,/dn)° [Fig. 8(b)] shows a larger deviation
between RHIC and LHC energies for (dNq/dn) < 200. Rel-
ative to the (Npa) dependence, the difference in the shapes
of the overlapping areas of different systems for a given
(dNeh/dn) is larger, as it can be seen in Fig. 9. If we look
at the dependence of eg;T or (dN/dy)/S, respectively as a
function of charged particle density [Figs. 10(a) and 10(b)], a
difference between the collision energies which increases with
(dNeh/dn) is seen.

Therefore, with several contributions playing a role in the
observed scaling in (dN./dn), it is rather difficult to unravel
the importance of each one of them. The difference between
the two representations is explained by the correlation be-
tween (dNy/dn) and (Npa), presented in Fig. 11. While
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the overlapping area depends little on the system size and
collision energy for a given (Npa) [38], (dNeh/dn) com-
bines the contribution of both collision energy and system
size.

IV. WHY RY,?

Rua, as a measure of the suppression in heavy-ion col-
lisions, is based on the estimate of the number of binary
collisions (Npj,) within the Glauber MC approach using
straight trajectories as a hypothesis. The dependence on the
collision energy is introduced by the nucleon-nucleon cross
section and the oversimplified assumption that every nucleon-
nucleon collision takes place at the same energy, +/s, and
consequently the same cross section, o,,. In Fig. 12, the
correlation between the number of binary collisions (N, ) and
(Npart) estimated within the standard Glauber MC approach is
represented.

An alternative approach, where the energy and o, change
after each collision [84], has shown that in Pb-Pb collisions
at ./syy = 2.76 TeV, the average number of binary collisions
(Nbin) 1s significantly lower than the values estimated by the
standard Glauber model with the difference increasing toward
central collisions. The difference in (Npa) is negligible at
peripheral and central collisions. For mid-central collisions it
is about 18%.

{Noin) /[(dNen/dn)** / (dNen /dn)PPMP] has to be unity if
only single collisions take place. A very good correlation
between (Ny;,) estimated within the standard Glauber model
and experimental values of (dN.,/dn)**4 /(dNe/dn)PPMB is
evidenced in Fig. 13. However, their ratio as a function of
(Npart) shows an increase from close to 1 for the lowest
values of (Npar), up to (Nparr) ~ 150, followed by a ten-
dency toward a saturation at ~3.5 for the largest (Npar)
values (Fig. 14). All systems at all investigated energies
overlap in this representation. In the case of pp collisions,
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FIG. 12. Correlation between the average number of binary colli-
sions (Npin) and the average number of participating nucleons (Npar)
estimated using the Glauber MC approach.
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FIG. 13. Correlation between the average number of binary col-
lisions (Nyi,) and experimental (dNc,/d 44 /(d Ny, /dn)PP.

(dN.,/dn)PPMB corresponding to the selection of inelastic
collisions and the parametrisation given in Ref. [85] had been
used.

Based on these, we will also analyze the model-
independent quantity, namely RY,, obtained as a ratio of the
pr spectra in A-A collisions to the one in MB pp collisions
at the same energy, with each of them normalized to the
corresponding charged particle densities, for all the available
centralities in A-A collisions [Eq. (11)]. This observable was
used in a previous paper for comparing the behavior of pr
spectra in pp, p-Pb and Pb-Pb collisions as a function of

r 7‘ TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT { |
A4k 5
=y r ]
= r [ ]
5 3.5 l w = —
v r ]

~
< C J
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2 |
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FIG. 14. (Npin)/[(dNe/dn)44/(dNs,/dn)PP] as a function of
(Nparl)-
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FIG. 15. R 44 s a function of (Npa).

charged particle multiplicity and centrality, respectively [27],

(G- /()

RV — dndpr dn

AA T ( &N (dzv_ch))pp,MB'
dndpr dn

1)

In Fig. 15, RY, as a function of (Npy) for the systems
discussed in the previous section is presented. The system
size scaling for each energy domain, i.e., the highest energy
at RHIC and LHC energies remains. R}, has a close to linear
dependence as a function of (Npa) and at larger values of the
average number of participating nucleons, the suppression is
reduced compared to Rs4. As it is observed in Fig. 16, the
scaling of RY, has not the same quality as Ru4 as a function
of (dN./dn) [see Fig. 8(a)] for the two collision energy do-
mains. However, the scaling at LHC energies remains, a close
to linear dependence being evidenced in this representation as

o 24T e T "
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5 18f JWl Pb-Pb: (syy =502 TeV
F . =¥ Xe-Xe: (s =544TeV ]

o L6p E
VvV 14f =
T oaf |
< E 1
Zm< 1F =
0.8 =
0.6 E
0.4 =
0.2f =

) N O IS IR

0 500 1000 1500 2000
<dN_/dn>

FIG. 16. RY, as a function of (dNe/dn).

well. The same considerations as in Sec. III can be used in or-
der to estimate the expected suppression [1 — Rg [SHM)] for pp
collisions at /s = 7 TeV and very high charged particle mul-
tiplicity (HM) events. The geometrical scaling [38] shows that
for the highest charged particle multiplicity in pp collisions at
/s = 7TeV,inthe case of a« = 1, \/(dN/dy)/S| = 3.3 £0.1
particles/fm, (Br) in pp and Pb-Pb at /syy = 2.76 TeV is
the same. Therefore, the contribution of the hydrodynamic
expansion to the suppression should play a similar role. For
this value of /(dN/dy)/S1, S (¢ = 1) = 7.43 £0.48 fm?
and SP*F° =70 £ 0.4 fm? (corresponding to (Nyar) = 125).

Assuming the same jet-medium coupling, [1 — RYM™]/[1 —
R, (Npart) = 125)] st M g7 Mol =12 — 0,11 4 0,01.

This could explain why in pp collisions at LHC, in high
charged particle multiplicity events, in the limit of current
experimental uncertainties, no suppression was observed, al-
though similarities to Pb-Pb collisions for other observables
were evidenced.

V. RELATIVE SUPPRESSION IN TERMS OF R¢p

For energies where the pr spectra in pp collisions were not
measured, the suppression was studied in terms of Rcp, i.e.,
the ratio of charged particle pr spectra at a given centrality to
the pr spectrum in peripheral collisions, each of them divided
by the corresponding average number of the binary collisions:

BN cen BN peripheral
dndpr dndpr
Rcp = / —_— (12)
< (Nbin) ) (Nbin)

for each centrality in A-A collisions.

For a better comparison of the Rcp values as a function of
{(Npart)» the peripheral collision of reference was chosen to be
the same for all systems and all energies, i.e., (Npar) = 30.
The Rcp estimated in this way is represented in Fig. 17 for the

~~
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FIG. 17. Rcp for Au-Au and Cu-Cu at /syy = 200 GeV, Pb-Pb
at /syv = 2.76 TeV and 5.02 TeV and Xe-Xe at \/synv = 5.44 TeV,
as a function of (Npur).
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same systems and energies. As in the case of R44, due to the
same reasons, using experimental data, we estimated the RYp:

42N cen 2N peripheral

N __ [ dndpr dndpr

RCP_(("”—“)) / (<—de>) W
dn dn

The Rgp suppression as a function of (Np) (Fig. 18) is
the same at all values of (Npa) for all the heavy systems,
Au-Au, Xe-Xe, and Pb-Pb, although the difference in the
collision energies is &~ 14-27 times higher at LHC than at
RHIC and between the LHC energies is a factor of ~2. The
linear dependence as a function of (Np,y) follows the linear
dependence observed in RY,.

VL. (1 - Ry4)/{dN/dy) AND (1 — R},)/(dN/dy)
DEPENDENCE ON ((dN/dy)/S1)'?

Based on Eq. (7) and ansatz (iii) from Sec. III and taking
S, o< L%, £, which is a rough estimate of the jet-coupling
constant, turns out to be proportional to (1 — Ry4)/ (dN/dy).
A qualitative temperature dependence of £ can be obtained
from experimental data, as T ~ ((dN/dy)/S.)"3.

As can be seen in Fig. 19, (1 — Rq4)/{dN/dy) shows an
exponential decrease as a function of ((dN/dy)/S,)"/3. The
hatched line is the result of the fit with the following expres-
sion:

1 — Ryq
(dN/dy)

Such a temperature dependence of the jet-medium coupling
was considered in Ref. [23] in order to reproduce the nu-
clear modification factors at RHIC and LHC energies. A
similar representation for RY, instead of Ra4 is presented
in Fig. 20. In this case, (1 — RY,)/(dN/dy) is constant as
a function of ((dN/dy)/S.)'/3, for ((dN/dy)/S.)'/? > 2.1
particles/fm?/3, independent of the size of the colliding sys-

— gt —BUAN/dY)/S1)' (14)
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FIG. 19. (1 — Rax)/ (dN/dy) dependence on ((dN/dy)/S.)">.
The line is the result of the fit with the expression (14).

tems and collision energy. An impact parameter independence
of the jet quenching parameter was claimed in a series of
theoretical estimates [86—88].

VIL THE ./sxy DEPENDENCE OF Rcp, RY,, RT;,
AND (RY, ™

As it is well known, within the Beam Energy Scan program
at RHIC, valuable data were obtained relative to the behavior
of different observables in Au-Au collisions, starting from
svv = 7.7 GeV, up to 39 GeV. Since the pr spectra for
charged particles in pp collisions at these energies were not
measured, the STAR Collaboration studied the pr dependence
of Rcp [(0-5%)/(60-80%)] for different collision energies, for
Au-Au collisions [89]. In order to include as much as possible
the lower energies, where the published data are in a lower
pr range, we had to change the pr range from 5 < pr <

-3
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FIG. 20. (1 — RY,)/{dN/dy) dependence on ((dN/dy)/S.)'/.
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FIG. 21. (a) Rcp and (b) R’gp for 4 < pr < 6 GeV/c, as a func-
tion of /syy for 0-5% centrality relative to 60-80%, for charged
particles in Au-Au and Pb-Pb collisions. On the right scales, the ratio
of particle densities per unit of rapidity and unit of overlapping area
for the same centralities is given.

8 GeV/c, used in previous sections, to 4 < pr < 6 GeV/c,
for the study of the charged particle suppression dependence
on the collision energy. These results, together with the values
obtained in Pb-Pb collisions at ,/syy = 2.76 and 5.02 TeV,
for the most central collisions, are presented in Fig. 21(a).
Following the arguments from the previous section, RY, as
a function of the collision energy is presented in Fig. 21(b). In
both plots is evidenced a decrease of Rcp or Rfé'], from \/syny =
19.6 GeV up to /syy = 200 GeV, while the relative ratios of
particle densities per unit of rapidity and unit of overlapping
area are constant, within the error bars. Beyond the RHIC
energies, Rcp and Rgp remain constant. Since R4y for charged
particles at lower RHIC energies are not reported, in order
to confirm the above observations, we used the Ry of 7
published by the PHENIX collaboration at ,/syy = 39, 62.4,
and 200 GeV [47,73] and by the ALICE Collaboration [74,90]
at LHC energies.

In order to have an estimate on RX/[; corresponding to 0-
10% centrality for the collision energies where it was not
published, we applied the procedure described below. The
+/snn dependence of Rep [Fig. 21(a)] was fit with the follow-
ing empirical expression:

b
Rcp a+ — + c/syn (15)
SNN

with a, b, and c as free parameters, the result being presented
in Fig. 22(a). A similar expression was used in order to fit
the measured experimental data of the RX:W /sy dependence

C -o- Experimental data
1.8 -&- Interpolated/extrapolated data
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FIG. 22. (a) The same as Fig. 21(a). (b) Ry4 for °, correspond-
ing to the same range in pr as (a), for experimental values (full
symbols) and interpolated/extrapolated results (open symbols) for
0-10% centrality. In both plots the continuous line is the fit with
Eq. (15).

=
e
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[Fig. 22(b), full symbols], leaving the parameters free. The
result was used for estimating RXZ at the missing collision
energies, i.e., 19.6, 27, and 130 GeV [Fig. 22(b), open sym-
bols]. Measured, interpolated and extrapolated RXX values as a
function of ,/syx are presented in Fig. 23, for both pr ranges
used in this paper, namely 4-6 GeV/c (open symbols) and
5-8 GeV/c (full symbols).

The RX:\ dependence as a function of ,/syy is qualita-
tively similar with the one evidenced for Rcp corresponding
to charged particles presented in Fig. 21(a). The suppression
starts around ,/syy = 27 GeV, becomes more significant up to
the top RHIC energy and remains constant up to the LHC en-
ergies. The ratios relative to (dN/dy) as a function of collision
energy are presented in Fig. 24, namely: (1 — RX;)/ (dN/dy)
[Fig. 24(a)] and [1 — (RXA)”O]/(dN/dy) [Fig. 24(b)].

These ratios show a maximum around the top RHIC en-
ergies (in the region of ,/syy = 62.4-130 GeV), decreasing
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FIG. 23. 7° Ry, for the two p; ranges: 4-6 GeV/c (open sym-
bols) and 5-8 GeV /¢ (full symbols) for 0-10% centrality.
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FIG. 24. (a) (1 — RZE)/ (dN/dy) as a function of collision en-
ergy; (b) (1 — (R’AYA)”U)/(dN/dy> as a function of collision energy
(bullets)(left scale) and ((dN/dy)/S.) (stars)(right scales) for the
0-10% centrality.

toward LHC energies, in qualitative agreement with theoreti-
cal predictions [22,25,91]. To what extent such a trend is due
to a transition from a magnetic plasma of light monopoles
near the critical temperature region [91] to a deconfined matter
dominated by quarks and gluons [25] remains an open ques-
tion. However, the trends in the experimental data suggest a
change in the properties of the deconfined matter from RHIC
to LHC energies.

VIII. CONCLUSIONS

The present paper is mainly based on published experimen-
tal data obtained at RHIC and LHC. The motivation of this
was to study possible scaling or distinctive features between
the two energy regimes. Without claiming precise calcula-
tions that are extremely laborious, we tried to rely mainly
on experimental considerations. Based on the experimental
results obtained at RHIC for Au-Au, Cu-Cu, and at LHC for
Pb-Pb and Xe-Xe collisions, a detailed analysis of the charged
particle suppression in the region of transverse momentum
corresponding to the maximum suppression is presented.

In order to draw conclusions independent of estimates of
the number of binary collisions used in the definitions of Ryx
and Rcp, we define the quantities RY, and RY, in which the
ratios of pr spectra are normalized to charged particle density
(dN.h/dn) before they are then divided by the relevant pp or
peripheral pr spectra, again normalized by charged particle
density in pp or peripheral collision.

While R4 scales as a function of (dN./dn) for the top
RHIC and all LHC energies, it scales separately as a function

of (Nparr) for RHIC and LHC energies, for all the corre-
sponding measured colliding systems. However, given that
(dNch/dn) depends on the collision energy and on the overlap-
ping area of the colliding systems, their relative contribution
to suppression is rather difficult to unravel. This is the main
reason why the considerations on the suppression phenomena
as a function of collision geometry and collision energy are
mainly based on the (N,,) dependence.

The influence of the corona contribution on the exper-
imental R, is presented. As expected, the main corona
contribution is at low values of (Np) where the core sup-
pression relative to the experimental value is larger.

Based on (1 — Ras) and (dN/dy)/S, ~ T3 dependencies
on (Npart), one could conclude that a saturation of suppression
at LHC energies takes place. At (Np) = 350, corresponding
to the most central Au-Au collisions at ,/syy = 200 GeV, if
one considers the parton energy loss proportional with the
squared path length and with the particle density per unit of
rapidity and unit of overlapping area, the proportionality fac-
tor £ is approximately two times lower at LHC than at RHIC.
The difference in the hydrodynamic expansion extracted from
the (Br) scaling as a function of \/(dN/dy) /S, cannot explain
this difference. Such considerations, applied to the highest
charged particle multiplicity measured in pp collisions at
7 TeV could explain why no suppression is evidenced in
such events, in the limit of current experimental uncertainties,
while there are similarities to Pb-Pb with respect to other ob-
servables. RXA as a function of (M) shows similar separate
scaling for RHIC and LHC energies, with a linear dependence
being evidenced. RY, shows a very good scaling as a function
of (Npart) for the heavy systems at all collision energies. The
ratio (1 — R44)/(dN/dy) shows an exponential decrease with
((dN/dy)/S.)'3 while (1 — RY,)/(dN/dy) is independent on
((dN/dy)/S.)'/3 for ((dN/dy)/S.)'/? > 2.1 particles/fm?/?,
the value being the same for all the heavy systems at all the
collision energies, showing the possible dependence of the
jet-medium coupling as a function of temperature. For the
most central collisions, Rcp, Rgp for charged particles and
RXZ, (RQ’A)”0 ford < pr <6GeV/cand5 < pr < 8GeV/c,
measured at RHIC in Au-Au collisions and at LHC in Pb-Pb
collisions, evidence, as a function of the collision energy,
an increase of the suppression from ,/syx = 39 GeV up to
200 GeV, followed by a saturation up to the highest energy,
A/Svv = 5.02 TeV for Pb-Pb collisions. (1 — Rﬁ)/(dN/dy)

and [1 — (RXA )”0] /(dN/dy) for the 0-10% centrality evidence
a maximum around the largest RHIC energies, in qualitative
agreement with models predictions. To what extent this pat-
tern is a signature of a transition in the deconfined matter
properties from the top RHIC energy to LHC energies has to
be further confirmed by theoretical models.
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