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Abstract: The production of 7°, #, and ¢ in the most central (0%—5%) Xe+Xe collisions at +/syy = 5.44 TeV is
investigated in the framework of the perturbative QCD (pQCD) improved parton model at an accuracy of next-to-

leading order (NLO). The jet quenching effect is effectively incorporated by medium-modified fragmentation func-

tions via the higher-twist approach. Predictions of the nuclear modification factors of 7°, #, and ¢ as functions of the

transverse momentum pt are made with the jet transport parameter §g, which is extracted from the available experi-
mental data of charged hadrons provided by ALICE and CMS. The particle ratios /7°, ¢/7° as functions of pr in
Xe+Xe collisions at +/syy = 5.44 TeV as well as in 0%—5% Pb + Pb collisions at /syy = 5.02 TeV are also
presented. The numerical simulations of the scaled ratios of charged hadron production in the Xe+Xe 5.44 TeV sys-
tem over those in the Pb+Pb 5.02 TeV system give a good description of the CMS data, and the scaled ratios of 7°,

n, and ¢ production coincide with the curve of charged hadron production.

Keywords: quark-gluon plasma, jet quenching, leading particle production

DOI: 10.1088/1674-1137/ac7b75

I. INTRODUCTION

In ultra-relativistic heavy-ion collisions (HIC) at the
Relativistic Heavy-lon Collider (RHIC) at Brookhaven
National Laboratory (BNL) and the Large Hadron Col-
lider (LHC) at the European Organization for Nuclear
Research (CERN), strongly coupled QCD matter known
as quark-gluon plasma (QGP) is created, which exhibits
many intriguing properties. QCD partons produced from
early stage collisions may traverse through QGP, and its
interactions with other partons in the QGP may lead to
the attenuation of its energy, that is, jet quenching [1-6].
Among the convincing evidence of jet quenching effects
is the strong suppression of inclusive hadron spectra at
high transverse momentum (pr) [2]. Abundant experi-
mental data from the RHIC and LHC on identified-had-
ron yields help us better understand the processes of jet-
medium interactions and are well described within the

next-to-leading order (NLO) perturbative QCD (pQCD)
improved parton model incorporated with the higher-
twist approach [6—11, 13]. Studies on the medium modi-
fication effect on different final-state hadron production
in various collision systems are therefore essential for
constraining our understanding of hadron suppression
patterns [14—17].

Suppression represented by the nuclear modification
factor Ry of different final-state hadrons, 7%, #, and ¢, at
large pr [18-20] provides useful information in many re-
spects, such as extracting the jet transport coefficient §
[21]. Moreover, the particle ratios 1/x°, p°/x°, and ¢/n°
can help better understand energy-loss patterns. In our
previous research on the production of different final-
state hadrons in HIC [14—17], we concluded that the lead-
ing hadron productions in HIC are the combined results
of three factors: the initial hard parton-jet spectrum, the
parton energy loss mechanism, and parton fragmentation
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functions (FFs) to the hadron in vacuum. For instance, the
derived yield ratios n/2° and p°/2° in p+p and A+A4 colli-
sions coincide at large py. This is due to the fact that
n, 70, pO are all dominated by quark fragmentation contri-
butions at very large pr in p+p collisions, and the jet
quenching effect will enhance the quark fragmentation
contribution fraction (with a relatively weak pr and gz,
dependence on their quark FFs, where z, denotes the mo-
mentum fraction of the hadron / fragmented from a
scattered quark or gluon). Therefore, at very large pr in
A+A collisions, the relative contribution of quark and
gluon fragmentations is small, and the particle ratios
n/7°, p°/n° in A+A4 collisions will mainly be determined
by the ratios of quark FFs to the different final-state had-
rons, which is the same as that in p+p collisions. For the
mesons ¢ and w, gluon fragmentation contributions dom-
inate at large pr in p+p collisions, and the particle ratios
#/n° and w/n° in A+A4 collisions vary from those in p+p
collisions. The magnitude of this variation can help ex-
pose the difference between quark and gluon energy loss.
Hence, in this study, we choose the 7%, 5, and ¢ mesons
as benchmarks to display final-state hadron yields in HIC.
To achieve this, it is important to first investigate the
amount of this variation in different nuclear-nuclear colli-
sion systems, which will introduce different energy dens-
ities and path lengths in the QGP medium. The emer-
gence of experimental measurements in Xe+Xe colli-
sions at +/syy =5.44 TeV can facilitate such investiga-
tions [23] because they are conducted at similar colliding
energies with Pb+Pb collisions at +/syy = 5.02 TeV but
have an intermediate-size collision system between previ-
ous proton-proton (p+p), p+Pb, and Pb+Pb collisions [27,
28].

The rest of this paper is organized as follows. The
theoretical framework for leading hadron production in
p+p collisions is presented in Sec. I, and the p+p spec-
tra of charged hadron, n°, , and ¢ production are plotted.
In Sec. III, we deliberate on the nuclear modifications of
leading hadron yields due to the jet quenching effect in
A+A collisions. We subsequently investigate the nuclear
modification factor R4y of charged hadrons and #°, 7,
and ¢ mesons as well as their yield ratios in Xe+Xe colli-
sions at +/syy = 5.44 TeV. In Sec. IV, the scaled ratios of
different final-state hadron production in the Xe+Xe 5.44
TeV system over those in the Pb+Pb 5.02 TeV system,
denoted as RX¢, is demonstrated. A brief summary is giv-

: Pb>
enin Sec. V.

II. LEADING HADRON YIELDS IN p+p
COLLISIONS

Within the pQCD improved parton model at NLO
[13], the inclusive cross section of single hadron produc-
tion in p+p collisions is determined by two factors: the

initial hard parton-jet spectrum F,.(pr/z;) and the par-
ton FFs to final-state hadrons in vacuum, Dy g—,4(zx, 0%).

1d d
_ﬂ‘f Fq(li_,f)'%h@h,Qz) N

prdpr =

dz
+ f Fg(ﬂ).DgMZh,Qz)% W
Zh z,

where F,,(pr/z;) is the convolution of initial parton dis-
tribution functions (PDFs) and partonic scattering cross
sections, in which gz, is the momentum fraction carried by
the final hadron of its parent parton at the fragmentation
scale Q. In this study, the factorization, renormalization,
and fragmentation scales are taken to be equal and pro-
portional to the final-state pr of the leading hadron.
CT14 parametrization [39] is employed for proton PDFs.
KKP FFs [33] are utilized for both 7 and charged had-
ron production, AESSS FFs [35] are used for # mesons,
and NLO Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) evolved FFs parametrized at the initial energy
scale Q2 =1.5 GeV? by a broken SU(3) model are used
for ¢ mesons [29-31].

Note that KKP parametrizations are chosen because,
during our calculations, we find that the NLO theoretical
results of n° production using the AKKO08 [32], KKP
[33], or KRE [34] FFs cannot simultaneously describe the
experimental data from relatively low collision energies,
such as 200 GeV, at the RHIC to very high collisions en-
ergies, such as 13 TeV, at the LHC. This predicament is
also pointed out in Refs. [36—38], and the same occurs in
the charged hadron and # calculations. However, when
we focus on LHC energies, KKP parametrizations can ef-
fectively describe the experimental data for charged had-
ron production. KKP parametrizations are also able to de-
scribe 7° production at all collision energies within a
margin of error with a re-scale factor K. The same meth-
od is applied to AESSS parametrizations in # FFs to
provide decent p+p baselines at all collision energies
with a K factor.

In Fig. 1, we present the numerical results of the fi-
nal-state yields of charged hadrons, 7°, 5, and ¢ at 2.76
TeV to 13 TeV and their comparison with all available
experimental data [27, 41-50]. For charged hadron pro-
duction, our calculation results agree well with experi-
mental data [27, 45, 46] at all available energies in the
margin of error when we fix the scales at
p=pys=p,=10 pr. For the n° yields [41-44], we utilize
KKP parametrizations of FFs in vacuum with K, =0.5
and scales of u = 1.0 pr. For the 5 yields [41-44], AESSS
FFs with the rescale factor K; = 0.6 are utilized when fix-
ing u=1.0 pr. ¢ production with u=1.0 pr also gives a
decent description of the ALICE measurements [47—50]
as the collision energy reaches 13 TeV.
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(color online) Final-state calculations of charged hadrons (upper left), z° (upper right), # (bottom left), and ¢ (bottom right) in

p+p collisions over a wide range of LHC energy scales compared with available experimental data [27, 41-50].

III. Ryx AND PARTICLE RATIOS IN Xe+Xe
COLLISIONS

To facilitate the parton energy loss mechanism of fi-
nal-state hadron production in HIC, we factorize the pro-
cess into two steps. A fast parton first loses energy ow-
ing to multiple scatterings with other partons in the hot
and dense medium. It then fragments into final-state had-
rons in vacuum. The total energy loss is carried away by
radiated gluons and embodied in medium-modified quark
FFs with the higher-twist approach [6—11],

(Y (¢ d6
21 0 E

1

dz Z
xf ?[quqqg(z,x,XL,@)DZ(;h,Q2)

Zn

D}(z5, Q%) =Dli(z4. Q) +

Z
+ My GO0 (2.2 @

where ¢7 is the transverse momentum of the radiated
gluons. Gluon radiation is then induced by the scattering
of the quark with another gluon carrying a finite mo-
mentum fraction x. x; denotes the longitudinal mo-
mentum fraction, z is the momentum fraction carried by
the final quark, and Ay, g(z.x,x2,63) and Ay, g,
(2, X, X1, 2) = AYqge(1 = 2,x,x1,£2) are the medium modi-
fied splitting functions [6, 7, 10, 11] which depend on the
twist-four quark-gluon correlations inside the medium

TA (x,x1),

AYgqg(2, X, XL, f%)

1+22 4
= —7T,,(x,x1)+6(1 -
1o, LX)+ -2)
2na,C
x AT (x, xL)}—z A 3)
ErNefg (%)
NYgor0(@ % X1 67) = ANy gosgg(1 = 2, %, 31, €7). (4)

where «; is the strong coupling constant, f;‘(x) is the ini-
tial hard parton-jet spectrum, and

N2-11 02
=—F° +Zfdy_Zsin Y
4rna,Cr 2 4Ez(1 -2)

X [qr(E, x1,y) + c(x,x1)4r(E,0,y)].

TA (x,x1)

ALY

is proportional to jet transport parameter ggr(E,y) when
assuming x> x7, xy [6—12]. The medium-modified FFs
are averaged over the initial production position and jet
propagation direction as follows [8, 9] :

1
[ drta(itp(b - 7)

(Dl(zn, Q*,E, b)) =
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x D'(zy, O* E,r,$,b). (6)

x f 9 vty (P15 - 7)

where the impact parameter » and nuclear thickness func-
tion t4 p are provided by the Glauber Model [54]. Then,
we assume the total energy loss is the energy carried
away by the radiated gluon.

AE 2N.a; 1+72
i f dy~dzd(2 —=
T

E o
1 -2\ . ) y_f%
X(] —T)q(E,y)sm l:m}, (7)

which is also proportional to the jet transport parameter
gr(E,y). The jet transport parameter gz(E,y) depends on
the space-time evolution of the QCD medium, and in our
study, it is described by a (3+1)D viscous hydrodynamic
model CLVisc [51-53]. To take the initial-state cold nuc-
lear matter effects into consideration, EPPS16 NLO nuc-
lear PDFs (nPDFs) [40] are employed. Therefore, lead-
ing hadron production in 4+4 collisions at NLO can be
obtained in a similar way as in p+p collisions so that
NLO partonic cross sections are convoluted with NLO
nuclear PDFs and are then convoluted with the effective
medium-modified fragmentaion functions D/ (z;, 0%).

The nuclear modification factor Rq4 for single had-
ron production is defined as the ratio of cross sections in
A+A collisions over that in p+p collisions scaled by the
averaged number of binary N+N collisions at a certain
impact parameter b,

dO-ZB/dyde

(NAB(b)ydoh, /dydpr

R p(pr.y) = ®)

where (Ng2(b)) is calculated using the optical Glauber
method with a deformed Fermi distribution [54, 55],

R=1.1A"3-0.656A"""3 fm, )
_ Po

Al ) = = Ra@)a’ (10)

R4(0) = R[1 +B2Y20(0) +B4Y40(0)] (11)

in which for '*Xe, 4 =129, a = 0.68 fm, 8, = 0.162, and
Bs=-0.003, and Y9 and Y4 are spherical harmonics [54].
The theoretical results of Ras for 1, p°, ¢, w, K produc-
tion in central Pb + Pb collisions at /syy =2.76 TeV are
in good agreement with experimental data [14-17].

In the upper panel of Fig. 2, the nuclear modification
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Fig. 2.  (color online) Upper: Nuclear modification factor

Raa of charged hadrons as a function of pr compared with
both CMS [27] (blue stars) and ALICE [28] (green dots) data
in 0%—5% Xe+Xe collisions at /syy = 5.44 TeV. The best
value of gy = 1.0 GeV?/fm is shown by the red solid line. Bot-
tom: y2/d.o.f calculations between theoretical results and both
CMS [27] and ALICE [28] data of R44 for charged hadrons in
Xet+Xe collisions at +/syy =5.44 TeV.

factor Rss of charged hadrons as a function of pr in the
most central (0%—5%) Xe+Xe collisions at +/syy = 5.44
TeV is plotted with gy =0.7—1.5 GeV?/fm, which is ex-
tracted from the y?/d.o.f fit in the bottom panel. The the-
oretical plots of §o=1.0GeV?/fm effectively describe
both CMS [27] and ALICE [28] data. The bottom panel
of Fig. 2 shows the y?/d.o.f fit of charged hadrons R4y to
compare the theoretical results at various values of g
with both CMS [27] and ALICE [28] data in Xe+Xe col-
lisions at +/syy = 5.44 TeV, and the best value of the jet
transport coefficient is gy = 1.0 GeV?/fm. Within the un-
certainty of g = 0.7 1.5 GeV?/fm, the theoretical results
exhibit a relatively small deviation from experimental
data and are thus considered to be in a reasonable range.
It is noted that this y? fit is performed at a fixed scale, u =
1.0 pr, and theoretical uncertainties in nPDFs and FFs as
well as from scale variations are not considered. System-
atic and statistical uncertainties provided by the LHC are
treated equally in our calculations.

Now, we predict the Ras of n° (upper), # (middle),
and ¢ (bottom) as a function of pr in Xe+Xe collisions at
\Syy = 5.44 TeV with §o=0.7-1.5 GeV?/fm. The res-
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Fig. 3. (color online) Nuclear modification factor Ras of 7°
(upper), n (middle), and ¢ (bottom) as a function of pr in
0% —5% Xet+Xe collisions at +syv = 5.44 TeV.
Go = 1.0 GeV?/fm is represented by the red solid line.

ults are given in Fig. 3. The trends in the pr dependence
of different final-state hadron species are similar, and we
can naturally predict the particle ratios in Xe+Xe colli-
sions. In Fig. 4, the particle yield ratios n/2° (up) and
¢/7° (down) as functions of pr in Xe+Xe collisions at
\Vsvy = 5.44 TeV with the p+p reference (red solid line)
are demonstrated. In the upper panel, the n/2° ratios in
p+p collisions are almost independent of pr and remain
constant at ~ 0.5, which is exactly the case at 200 GeV
and 2.76 TeV calculated in our previous study [14].

The particle ratios n/7° (up) and ¢/2° (down) as
functions of pr in Pb+Pb collisions at /syy = 5.02 TeV
are plotted in Fig. 5 as a supplement. We find that 5/2° in
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Fig. 4. (color online) Particle yield ratios /2° (up) and ¢/x°

(down) in 0%—5% Xe+Xe collisions at +/syy = 5.44 TeV with
p+p reference (red solid line).

A+A collisions coincides with that in p+p collisions at
larger pr, reaching a constant of 0.5 in Au+Au 200 GeV,
Pb+Pb 2.76 TeV, Pb+Pb 5.02 TeV, and Xe+Xe 5.44 TeV
collisions. This ratio is not affected by different choices
of go at higher pr. This is the result of the # and #° yields
being dominated by quark fragmentation contributions at
large pr in p+p collisions. The jet quenching effect will
enhance the quark contribution fraction so that the ratio in
A+A collisions remains the same as that in p+p colli-
sions, which can be described by the ratio of the corres-
ponding FFs in vacuum [14].

In the bottom panel of Fig. 4 and Fig. 5, the ¢/n° ra-
tio in p+p collisions is approximately constant at ~ 0.1 as
the final-state pr increases. However, in A+A4 collisions,
the ratio ¢/n° slightly decreases with increasing pr, and
the curves for A+A4 collisions are lower than those for
p+p collisions. By comprehensively comparing the modi-
fications of ¢/7° induced by the hot and dense medium
created at different collision energies from relatively
lower collision energies of 200 GeV in Au+Au collisions
at the RHIC and 2.76 TeV in Pb+Pb collisions at the
LHC [16] to higher energies of 5.02 TeV in Pb+Pb colli-
sions and 5.44 TeV in Xe+Xe collisions, the deviation
between the two curves in p+p and A+A4 collisions is
found to decrease with increasing collision energy in the
intermediate and larger region of pr. The mechanism be-
hind these deviations is as follows: ¢ production at large
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Fig. 5. (color online) Particle yield ratios /2% (up) and ¢/x°

(down) in 0%—5% Pb+Pb collisions at +/syy = 5.02 TeV with
p+p reference (red solid line).

pr is dominated by the gluon fragmentation contribution,
whereas 7° production is dominated by quarks in p+p
collisions. The energy loss effect will depress the gluon
contribution fraction and enhance the quark fraction ow-
ing to the larger energy loss of gluons than quarks [16].

IV. SYSTEM SIZE DEPENDENCE OF HADRON
PRODUCTION SUPPRESSION

Path-length dependence is a fundamental characterist-
ic of the jet quenching theory, which describes how the
energy loss depends on the length of a parton traversing
the QCD medium. In October 2017, '2°Xe+ 12°Xe colli-
sions at +/syx = 5.44 TeV were measured by the LHC in
addition to 28Pb + 208Pb collisions. At comparable colli-
sion energies (5.02 and 5.44 TeV), the system size was
the main difference between Pb+Pb and Xe+Xe colli-
sions. It is interesting to directly compare the medium
modifications of inclusive hadron production in Pb+Pb
5.02 TeV and in Xe+Xe 5.44 TeV systems. Because the
p+p reference of the nuclear modification factors in both
systems can be assumed to be approximately equal, a
scaled ratio between the final-state hadron spectra in
Xe+Xe and Pb+Pb collisions is proposed [27].

dN*Xe /dpr Tpppy

. 12
dNPPPP /dpr Txexe (12)

RXE(pr) =

where dNPPPO-XeXe /qp are the final-state hadron yields in
Pb+Pb (Xe+Xe) collisions, which are scaled by the nucle-
ar overlap function Tppppxexe = (Ncon)/o?’ obtained
through the Glauber Model. The total cross sections are
oth,=(684+0.5) mb and off =(67.6+0.6) mb. The
radii of the 2’Pb and '*Xe nuclei are ~ 6.62 and 5.36
fm, respectively [54]. With comparable collision ener-
gies (5.02 TeV and 5.44 TeV) and initial temperatures
(502 MeV and 484 MeV, estimated by the (3+1)D vis-
cous hydrodynamic model CLVisc), this observable has
been proven by the CMS [27] to be able to experiment-
ally expose the system size (path length) dependence of
the jet quenching effect in hadron production in A+4 col-
lisions. We can see from Eq. (12) that to calculate
Ri,‘g(m), final-state leading hadron spectra in Pb+Pb col-
lisions at +/syny = 5.02 TeV are required.

In Fig. 6, we plot R44 distributions as a function of fi-
nal-state pr for charged hadrons, 7°, #, and ¢ in Pb+Pb
collisions at +/syy = 5.02 TeV compared with LHC data
[42, 46, 48, 56]. In the upper left plots, we present the
case of charged hadrons; the theoretical plots within the
uncertainty of gy =1.2—2.0 GeV?/fm can describe both
ALICE [56] and CMS [46] data well, with a best value of
go = 1.5 GeV?/fm. The same theoretical uncertainty in §o
is utilized to describe the R44 distributions of #°, 5, and ¢
in the other plots of Fig. 6, where we find that the results
of 7° and ¢ can describe ALICE data [42, 48]. This value
is higher than gy = 1.0 GeV?/fm in Xe+Xe collisions at
\swy = 5.44 TeV, corresponding §/T> range with an ini-
tial temperature 7o = 502 MeV at initial time 79 =0.6
fm/c, and the central position is 1.6 ~ 2.8 in Pb+Pb colli-
sions at +/syy =5.02 TeV. This value in Xe+Xe colli-
sions at +/syy = 5.44 TeV is 1.8 ~ 2.6 with an initial tem-
perature Ty =484 MeV. We note that the JET Collabora-
tion found that §/T° has a dependence on the medium
temperature 7 [21], and the baryon chemical potential up
dependence of § as well as jet properties such as the mo-
mentum of jet partons, mass, flavor, and the strong coup-
ling constant is investigated in Refs. [25, 26]. Therefore,
at different collision energies, initial temperatures, and
nucleus radii, the extracted best value of g is expected to
differ. More experimental data will help us better con-
strain such an extraction, especially in Xe+Xe collisions.

By comparing the results in Fig. 3 and Fig. 6, we find
that the R4, distributions of all four final-state hadrons in
Xet+Xe 5.44 TeV collisions are slightly less suppressed
than those in Pb+Pb 5.02 TeV collisions, which agrees
with the experimental observation of charged hadron R4,
measurements by ALICE [28] and CMS [27].

Now, we are able to demonstrate the scaled ratios Rl’)(g
of charged hadrons, n°, , and ¢ as functions of pr in
0%—5%, the most central collisions in Fig. 7, with the ex-
perimental data points of charged hadron production
provided by CMS [27], and the ratio of the p+p refer-
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(color online) Scaled ratio Rffg of charged hadron,

ence at 5.44 TeV over that at 5.02 TeV, (dggf“ %”—i‘;z), is
also plotted as the "scaled p+p reference" (dotted line),
which represents contributions from the differences in
collision energies. The scaled ratios of all four final-state
hadrons are found at the best value of gy in both the
XetXe and Pb+Pb systems. The calculation results for
charged hadrons agree with the experimental data within
the margin of error. The predictions for 7%, 5, and ¢ al-
most coincide with the charged hadron curve. The devi-
ation of Ry from the p+p reference ratio suggests that
production suppression in Xe+Xe collisions is smaller
than that in Pb+Pb collisions and shows that a larger sys-

tem size contributes more suppression to the nuclear
modification factor, which is consistent with the compar-
ison of Rs4 in these two systems. We note that although
cold nuclear matter (CNM) effects from nPDFs may im-
pact particle yields at large pr in A+A collisions, their
contributions to Ri,(g are negligible with the understand-
ing that CNM effects largely cancel each other out where
the scaled ratio is concerned.

V. SUMMARY

In this study, we predict 7°, #, and ¢ yields in Xe+Xe
collisions at +/syy = 5.44 TeV within the NLO pQCD
improved parton model by considering the jet quenching
effect with the higher-twist approach. The jet transport
coefficient gy is extracted by fitting the R44 of charged
hadron production with both ALICE and CMS data. The
nuclear modification factors of 7°, 5, and ¢ as functions
of pr are then predicted. Cases involving Pb+Pb colli-
sions at +/syy =5.02 TeV are also provided for compar-
ison. In all systems, we study from Au+Au at 200 GeV to
Pb+Pb at 2.76 TeV and 5.02 TeV to Xe+Xe at 5.44 TeV.
The curves of 1/ in p+p and A+A4 collisions coincide at
a constant of 0.5 and show little dependence on pr;
however, the 4+4 curves of ¢/’ consistently deviate
from their p+p references, and only the deviations exhib-
it a slight dependence on the collision energies. The nuc-
lear modification factors of 7°, , ¢, and charged hadrons
in Xe+tXe 5.44 TeV collisions are slightly less sup-
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pressed than those in Pb+Pb 5.02 TeV collisions. The
theoretical results of the scaled ratio R;‘g of final-state 79,
n, and ¢ coincide with the curve of charged hadron pro-
duction, which can describe the CMS data within the
margin of error, indicating that the path-length effect is
independent of the species of final-state hadrons.
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