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1 Introduction

The transverse momentum (pr) spectrum of charged particles is a well-studied observable
for examining the hot, dense quark-gluon plasma (QGP) created in high-energy heavy ion
collisions. As scattered partons traverse this medium, they experience a loss of energy due
to quantum chromodynamics processes such as gluon emission and parton splitting [1]. Be-
cause high-pt charged particles are produced through parton fragmentation and subsequent
hadronization, their yields are sensitive to the strength of QGP-induced energy loss [2, 3].
In contrast, production of charged particles having pr less than a few GeV is particularly
sensitive to initial parton densities and hydrodynamic expansion of the medium [4-7].

Modification of charged-particle yields can be quantified by forming a ratio of the
spectra in nucleus-nucleus (AA) and pp collisions, where the latter are multiplied by the
average number of binary nucleon-nucleon collisions per AA event, (N.o1). This observable
is known as the nuclear modification factor, Raa, and is given by

1 dN2A/dpy
Neon) ANPP/dpp

Here dNA2/dpp (ANPP/dpr) is the charged-particle yield in AA (pp) collisions. An
equivalent definition replaces dNPP/dpr with the differential charged-particle cross sec-

Raa(pr) = < (1.1)

tion in inelastic pp collisions, doPP/dpr, and (N.o) with the nuclear overlap function,

Tan = <Ncoll>/0'pp:
1 dNAA/dpy

TaA dO’pp/de ’
Both (Ncon) and Tha can be obtained using a Glauber model of nuclear collisions [8].

Raa(pr) = (1.2)



Charged-particle pt spectra and their associated nuclear modification have been ex-
plored at the BNL RHIC [9-12] in gold-gold collisions at a center-of-mass energy per nucleon
pair (v/Syy) of up to 200 GeV. These analyses found Raa to be strongly suppressed in
head-on collisions, with minima around pr = 5GeV. Measurements made at the CERN
LHC by the ALICE [13, 14], ATLAS [15], and CMS [16, 17] Collaborations have explored
the same observables in lead-lead (PbPb) collisions at /sy, = 2.76 and 5.02 TeV. These
studies found minima of Raa around 0.15 at ppr = 8 GeV. They also indicate that Raa
increases to values around 0.7 at pr = 100 GeV. Complementary measurements of the
nuclear modification factor in proton-lead (pPb) collisions at /sy, = 5.02TeV indicate
that high-pt charged-particle yields are not strongly modified in this smaller colliding sys-
tem, ruling out effects related to the initial-state conditions of the lead nucleus as a cause
of the high-pr suppression seen in PbPb collisions [14, 17, 18]. Together, these observa-
tions indicate strong pr-dependent energy loss due to the presence of the QGP in heavy
ion collisions.

In 2017, the LHC collided ?*Xe nuclei at /s = 5.44 TeV. The LHC had previously
only provided proton-proton (pp), pPb, and PbPb collisions. Therefore, the xenon-xenon
(XeXe) data provide a unique opportunity to explore the properties of the QGP using an
intermediate size collision system at LHC energies. Xenon collisions also provide an op-
portunity to test the system size dependence of parton energy loss. The radii of xenon and
lead nuclei are ~5.4 and ~6.6 fm, respectively [19]. Assuming the energy loss of a parton
is linearly (quadratically) related to only its path length through the QGP would imply
an average reduction in energy loss of 17 (31)% in head-on XeXe collisions as compared to
PbPb collisions. This difference could manifest itself in comparisons of the charged-particle
spectra between the two systems. Recent results from the ALICE Collaboration indicate
this is the case, with the Raa of head-on XeXe collisions being less suppressed than that
of PbPb collisions [20]. Comparisons of copper-copper and gold-gold collisions at RHIC
have also motivated similar conclusions [21-24].

To facilitate comparison of these two collision systems, a scaled ratio between the XeXe
and PbPb charged-particle spectra is defined as

dNXeXe/de T
X _ PbPb
RPg(pT) - dNPbe/de TXeXe . (13)

Here the AA notation is replaced with the names of the appropriate ion species. Unlike
Rap, this ratio does not depend on pp reference data. Because the PbPb data were
gathered at /s = 5.02TeV, the two collision systems compared in this paper have
different center-of-mass energies. A deviation of R%,(f) from expected values, after taking
this energy difference into account, would indicate a different spectral modification between
XeXe and PbPb collisions.

In this paper, pr spectra are reported for charged particles with pseudorapidity |n| < 1
in XeXe collisions at /sy, = 5.44TeV. A pp reference spectrum at a center-of-mass
energy (1/s) of 5.44 TeV is constructed by extrapolating from an existing measurement at
Vs = 5.02TeV [17]. This reference is used to estimate the nuclear modification factor R} ,,



where the asterisk denotes the use of an extrapolated reference. The results for R} , are
compared to theoretical calculations, and potential implications are discussed.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal
diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon
pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass
and scintillator hadron calorimeter, each composed of a barrel and two endcap sections.
Forward calorimeters extend the n coverage provided by the barrel and endcap detectors.
Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke
outside the solenoid.

The silicon tracker measures charged particles within the range |n| < 2.5. It consists
of 1856 silicon pixel and 15 148 silicon strip detector modules. For nonisolated particles of
1 < pr < 10GeV and |n| < 1.4, the track resolutions are typically 25-90 (45-150) ym in
the transverse (longitudinal) impact parameter [25].

The hadron forward (HF) calorimeter uses steel as an absorber and quartz fibers as
the sensitive material. The two halves of the HF are located 11.2m from the interaction
region, one on each end, and together they provide coverage in the range 3.0 < |n| < 5.2.

Events of interest are selected using a two-tiered trigger system [26]. During XeXe
operation the first level trigger (L1), composed of custom hardware processors, uses in-
formation from the calorimeters to select events at a rate of around 4kHz within a time
interval of less than 4 us. The second level, known as the high-level trigger (HLT'), consists
of a farm of processors running a version of the full event reconstruction software optimized
for fast processing, and reduces the event rate to around 2 kHz before data storage.

A more detailed description of the CMS detector, together with a definition of the
coordinate system used and the relevant kinematic variables, can be found in ref. [27].

3 Event samples and selections

This measurement uses XeXe data collected at /s, = 5.44TeV in 2017. During the
six-hour data-taking period approximately 19 million minimum-bias (MB) events were
gathered, corresponding to an integrated luminosity of 3.42 ub~!. Events containing mul-
tiple XeXe collisions have a negligible effect on the measurement, as the average number
of interactions per bunch crossing was less than 0.018. Events selected by the L1 trigger
system were required to have a signal above the noise threshold in at least one of the two
HF calorimeters. The HLT chose events having an energy deposit above approximately
1 GeV in the HF, as well as having at least one group of three pixel hits that is compatible
with the trajectory of a charged particle originating from the luminous region. Every event
passing these MB trigger conditions was recorded.

Samples of simulated XeXe Monte Carlo (MC) events are used to evaluate the detec-
tor performance and reconstruction efficiencies. Both MB EPOs [28] tune LHC [29] and
HYDJET tuned with /s, = 5.02TeV PbPb MB events [30] are employed. An additional



(Npart) (Noon) Taa [mb~]

Centrality XeXe PbPb XeXe PbPb XeXe PbPb
0-5%  236.1+1.3 384.3735 930+£51 1820115 13.60+£0.74  26.0753
5-10% 206.3+1.7 333.3730 732444 1430110 10.70£0.65  20.5753
10-30% 141.2+1.8 226.7132 407430 805123 5.9440.44  11.5703
30-50%  68.5+2.2 109.2773 135+15 26773 1.97+0.22  3.82%02
50-70%  27.2+1.6 42.2739 35.344.8 654708 0.517+£0.071 0.934709%
70-80% 10.55+0.78  — 9.8+1.4 — 0.14340.020 —
70-90% — 1.1+ — 107117 — 0.15275051
0-10% 221.2+1.5 358.873% 83147 1630115 12.10£0.69  23.2757

Table 1. The values of (Npart), (Neon), Taa, and their uncertainties, for /s, = 5.44 TeV XeXe
collisions and 5.02 TeV PbPb collisions in the centrality ranges used here.

set of HYDJET-embedded PYTHIA 8.230 [31] events (MB HYDJET events containing an ad-
ditional hard scattering generated by PYTHIA tune CUETP8M1 [32]) is used to examine
the reconstruction performance and pr resolution for high-pr charged particles.

A heavy ion collision centrality quantifies the amount of overlap between the two
colliding ions. For both data and MC events, the centrality is estimated from the sum of
the transverse energy deposited in both HF detectors. In this work, centrality selections
are expressed as percentage ranges of the total hadronic inelastic cross section. Lower
percentiles indicate a larger degree of overlap between the two nuclei. Thus, the 0-5%
centrality range selects the most head-on XeXe collisions in the sample.

An event centrality is closely related to the number of participating nucleons, Npart,
and the number of binary nucleon-nucleon collisions, Ngop, in the event. The (Npar),
(Neon), and corresponding Ty s for a given centrality range are calculated with a Glauber
model of the nucleons contained in each ion [8]. For the purposes of this model, the nucleon-
nucleon inelastic cross section ol is taken as 68.4 = 0.5mb [33]. The nuclear radius and
skin depth are set as 5.36 £ 0.1 fm and 0.59 £ 0.07 fm, respectively [19]. Additionally, the
nuclear deformation parameter of the xenon nucleus is taken to be Sy = 0.18 £ 0.02 [34].
Simulated EPOS events are used to account for bin-to-bin smearing in centrality caused by
fluctuations and the energy resolution of the HF calorimeters [8]. The resulting values and
uncertainties are given in table 1 for XeXe collisions at /s = 5.44TeV. For the purpose
of calculating Rf)(ﬁ, the same quantities in PbPb collisions at 5.02 TeV are also given. The
procedure for calculating the PbPb values is described in ref. [17]. The uncertainties
in the PbPb values include a component related to the uncertainty in the PbPb event
selection efficiency. However, the effect of the XeXe event selection efficiency uncertainty
is much larger than in PbPb collisions. Therefore, this component is not propagated to the
uncertainty in the XeXe values and is accounted for with a separate systematic uncertainty.
In this paper, the definition of Ras containing Taa, given in eq. (1.2), is used.

In the offline analysis, events are required to have a reconstructed primary vertex that
is formed from at least two tracks and is within 15 cm of the detector center. This rejects



background processes such as beam-gas collisions. The events must also have at least
three detector elements containing energy deposits of at least 3 GeV in each of the two
HF subdetectors. Finally, at least 25% of the tracks in an event must pass a track-quality
selection [25]. These conditions, along with the MB trigger requirements, are estimated to
select (95 £ 3)% of the total inelastic cross section. This efficiency also includes potential
contributions from ultraperipheral electromagnetic interactions contaminating the selected
sample and was calculated using samples of EPOS, HYDJET, and STARLIGHT v2.2 [35]. In
the 0-80% centrality range used for this analysis, the event selection is fully efficient and
any remaining electromagnetic contamination is negligible.

4 Track reconstruction and corrections

The spectra measured here are for primary charged particles, defined as having an average
proper lifetime greater than 1cm. Daughters originating from secondary decays are not
considered primary unless the mother particle has an average proper lifetime under 1 cm.
The rate at which these nonprimary tracks contaminate the sample is estimated to be less
than 0.3%. Particles coming from interactions with detector components are not included
in the primary-particle definition.

Tracks and primary vertices are reconstructed using the procedures described in
ref. [25]. Small modifications to these algorithms are made to facilitate the reconstruc-
tion of XeXe events having large track multiplicities. Tracks are required to be in the
range |n| < 1. Poor-quality tracks are removed from the sample by applying strict track
selections identical to the ones described for PbPb collisions in ref. [17]. Notably, these
selections require each track with pt > 20 GeV to be associated with a calorimeter energy
deposit [36] of at least half the track’s momentum. They also reject tracks having a sig-
nificance of the distance of closest approach (DCA) to the primary vertex in the z-y plane
that is greater than 3 standard deviations.

The tracking performance is evaluated using simulated HYDJET-embedded PYTHIA
events and is found to be similar to the performance in PbPb collisions having similar
detector occupancy. The track pr resolution is <1.5% for the full pr range of this study.
The tracking efficiency, defined as the fraction of primary charged particles successfully
reconstructed after track quality selections, is shown in figure 1. The shaded bands around
each line show statistical uncertainties. The efficiency has a fairly constant value around
70% (76%) in the range 3 < pr < 100 GeV for central (peripheral) events. Because of the
stringent track selection criteria, the efficiency decreases to a value of 13% at pr = 0.5 GeV
in the 0-5% centrality range, and to 30% in the 70-80% centrality range. The rate at
which erroneous tracks not associated with a charged particle are generated, or the mis-
reconstruction rate, is less than 1% for most of the pr range studied. However, it does
increase quickly for tracks having pr < 0.7 GeV in the 0-5% centrality range, reaching a
maximum value of 34% at pr = 0.5 GeV. The effects of tracking inefficiency, misrecon-
struction, and nonprimary contamination are all corrected for by applying a weight to each
track. This correction is parameterized as a function of the track pr and event centrality.
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Figure 1. The XeXe tracking efficiency for six centrality selections. The tracking efficiency at
low-pr values decreases because of the strict track quality requirements used. Above pr = 3 GeV
the efficiency for central events is rather flat around 70%. The shaded bands show the statistical
uncertainties.

The tracking efficiency for a charged particle at a given pp depends on its species.
Additionally, some charged particles, notably the strange baryons, are more likely to decay
into secondary particles which then contaminate the sample. These effects lead to a model
dependence of the total tracking correction, because different MC event generators predict
dissimilar relative fractions of each type of charged particle. Notably, PYTHIA tends to
underpredict strange hadron production in pp collisions [14], while EPOS is found to over-
estimate the production of many strange hadrons in central PbPb collisions [37]. Thus,
the fraction of strange baryons in data is expected to be bounded by that of EPOS and of
the embedded particles in a HYDJET-embedded PYTHIA sample. Following the procedure
detailed in ref. [17], a working point is chosen that lies halfway between the tracking cor-
rections produced by these two generators. The deviation between the estimated tracking
corrections from the two generators reaches a maximum of 8% around pr = 4 GeV but is
less than 3% for pr > 10 GeV.

5 Reference spectrum

A reference spectrum from pp collisions at an appropriate center-of-mass energy is re-
quired to construct Raa. Although no measurements exist at /s = 5.44 TeV, the CMS
Collaboration has measured pr spectra for collisions at /s = 5.02 TeV [17] and 7 TeV [38].
An MC-based extrapolation procedure is applied to the 5.02 TeV spectrum because of its
close proximity in energy to 5.44TeV. The pp reference cross section used for the R},



calculation is

df’grjm d0§34 dag%z dag%z
dp ~\dpr / Tdp dp | (5-1)
pT Extrap. pT pT MC pT Data

For most of the pr range studied here, the charged-particle spectra for pp collisions pro-
duced by pPYTHIA 8.223 tune CUETP8M1 were found to match data at /s = 5.02 and
7TeV within the experimental uncertainties. Differences between the data and simulation
for pr < 1GeV and around pp = 10 GeV are similar at both center-of-mass energies and
are expected to largely cancel in a ratio. Therefore, this generator is used for the reference
reported here. The extrapolation factor is extracted by fitting a polynomial of the form
ao + a1z + azx? + azx® + aqx?, with = In(pr/1 GeV), to the ratio of spectra at the two
different center-of-mass energies. The fit parameters are ag = 1.04, a; = 2.56 x 1072,
as =1.27x1072, a3 = —4.72x 1073, and a4 = 4.80 x 10~%. This functional form is chosen
to give a good empirical description of the simulated data, as seen in figure 2, and is not
guaranteed to be valid outside the range 0.5 < pr < 100 GeV. The extrapolation factor
spans the range from 1.03 at pr = 0.5GeV to 1.18 at pr = 100 GeV. For most of this pr
range, the fit’s statistical uncertainty is smaller than the thickness of the red line in figure 2.
The extrapolation procedure is checked at low-pr using EPOS tune LHC, which is found to
be within 1% of PYTHIA until around pr = 10 GeV. At higher pr, a fit to HERWIG++[39]
tune EE5C [32] deviates from the PYTHIA result by no more than 2%. Other functional
forms including sigmoid functions and ratios of Tsallis distributions [40] are found to agree
with the nominal fit to within 1%.

Alternative methods of calculating a reference spectrum were attempted. A similar
extrapolation starting from data at /s = 7TeV is found to yield a reference spectrum
within 5% of the one constructed using 5.02 TeV data. This difference is well within the
experimental uncertainties of the 5.02 and 7TeV data. The spectra produced by “rela-
tive placement” and zp interpolation procedures [41] are tightly constrained by the exist-
ing 5.02 TeV measurement and are within 2% of the extrapolated reference cross section
used here.

6 Systematic uncertainties

A breakdown of the systematic uncertainties related to measurements of the XeXe charged-
particle pt spectra, R}, , and Rfj(g is given in table 2. Systematic uncertainties that are fully
correlated between points in a given centrality range are grouped together as normalization
uncertainties and are not combined with other uncertainties. The ranges reported cover the
span of each uncertainty across the pr and centrality range of the measurement. A detailed
discussion of each component of the systematic uncertainty is given below. References to
the uncertainties in PbPb and pp collisions concern the measurements described in ref. [17].

e Fraction of misreconstructed tracks. The misreconstruction rate is evaluated in sim-
ulated events. To account for potential deviations from this value in data, the dis-
tribution of the significance of the tracks” DCA to the primary vertex in the z-y
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Figure 2. The ratio of charged-particle spectra in pp collisions at /s = 5.44 and 5.02 TeV for three
different MC generators. A fit to the PYTHIA ratio is shown by the red line.

Sources Uncertainty [%]

XeXe Spectra R}, R%(f)
Fraction of misreconstructed tracks 0.1-16 0.1-16  0.1-5
Particle species composition 0.5-8 0.5-8 1-8
Track selection 3-6 3-6 57
MC/data tracking efficiency difference 5 2.0-6.4 —
Tracking corrections 0.5-2 0.5-2 1-5
pr resolution 0.5 0.5 —
Extrapolated pp reference — 4-9 —
Trigger combination — — 1
Combined uncertainty 7-18 6-18 6-11
XeXe event selection efficiency 0.3-26 0.3-26 0.3-26
Glauber model uncertainty (Taa) — 5-14 6-21
pp reference luminosity — 2.3 —
Combined normalization uncertainty 0.3-26 6-30 6-33

Table 2. The systematic uncertainties related to the measurements reported here. The values
quoted cover the centrality and pr dependence of each uncertainty. They are separated into nor-
malization uncertainties and all other systematic uncertainties.



plane is examined. The relative contribution of misreconstructed tracks to this dis-
tribution is scaled in simulated events to match data in a sideband region having a
DCA significance between 25 and 30 standard deviations. Tracks in this region are
almost entirely misreconstructed tracks, and therefore give an estimate of the differ-
ence in the misreconstruction effect between data and simulation. After this scaling
procedure, the relative change of the misreconstruction rate in the signal region (less
than 3 standard deviations) is taken as the systematic uncertainty. This is < 2% for
most of the data in this analysis. For tracks having pt < 0.7 GeV in central events,
however, it quickly grows to a value of 16%.

Particle species composition. The correction applied to account for the model-
dependence of the tracking correction assumes the particle composition of data lies
somewhere between PYTHIA and EPOS. To cover the range spanned by both of these
models, the difference between the two tracking corrections produced by these models
is taken as an approximate estimate of the uncertainty. This uncertainty strongly
peaks around 4 GeV, where the difference in particle composition is the largest for
the two generators. At pr > 10 GeV, where the two generators converge, a system-
atic uncertainty of 3% is assigned. No cancellation of this uncertainty is assumed for
R}, 5. The uncertainties are correlated in PbPb and XeXe collisions and are partially
canceled for R%g.

Track selection. Differences between data and MC track distributions cause the same
track selections to remove slightly different numbers of particles. The sensitivity of the
analysis to this effect is checked by varying the strictness of the track selection criteria.
An uncertainty of 6% is assigned for this effect under pr = 20 GeV. For higher pr
values the uncertainty is only 3%. This uncertainty is conservatively assumed to
not cancel in the ratios measured, and a similar uncertainty for PbPb collisions is
included for R>P<§.

MC/data tracking efficiency difference. An uncertainty of 5% is assigned for ad-
ditional differences in the tracking efficiency not related to the particle fractions
modeled in MC events. These differences could be related to small variations in the
detector conditions or slight inaccuracies in the simulation of the detector. This un-
certainty is estimated using measurements of the relative tracking efficiency in decays
of D* mesons in pp collisions, along with studies of the relative tracking efficiency’s
occupancy-dependence in PbPb collisions. For R}, this systematic uncertainty is
conservatively assumed to cancel as much as it did for previous analyses in PbPb col-
lisions [17], giving an uncertainty of 2.0 (6.4)% for peripheral (central) events. This
uncertainty largely cancels in R%ﬁ, where the occupancies of the two systems in the
ratio are more similar than in R} ,.

Tracking corrections. The statistical uncertainty in the tracking corrections, caused
by the finite size of the XeXe MC samples used, is accounted for as a systematic
uncertainty in the final results. This uncertainty is between 0.5% and 2.0%. A



similar uncertainty covering MC sample size and tracking correction procedures in
PbPb collisions is added in quadrature to this uncertainty for R%g.

e Transverse momentum resolution. The distortion of the pr spectra caused by detector
resolution was evaluated with simulated events. A systematic uncertainty of 0.5%
accounts for potential changes in the yield of any given pr bin. Because of the
similarity in shape of the XeXe and PbPb spectra, this uncertainty cancels for Réﬁ.

e Extrapolated pp reference. The total uncertainty in the extrapolated pp reference
cross section at 5.44 TeV is dominated by the 7-10% uncertainty in the original mea-
surement at 5.02 TeV. This uncertainty includes a fully correlated 2.3% uncertainty
in the total integrated luminosity [42] that is included as a normalization uncertainty
in figures displaying R} ,. For the purposes of calculating R} ,, the MC/data track
efficiency difference and pt resolution components of this uncertainty, which partially
cancel with XeXe uncertainties, are removed from the pp reference data uncertainty
and included elsewhere to avoid double counting. An additional 1% uncertainty is in-
cluded to account for variations in the functional form used to fit the simulation-based

extrapolation factor.

e Trigger combination. The XeXe data used in this analysis were collected with only
one MB trigger, so there is no uncertainty related to using multiple triggers to select
XeXe events. However, the trigger scheme used to measure the PbPb spectra used
in the R%(g calculation has a 1% uncertainty associated with it.

e XeXe event selection efficiency. The 3% uncertainty on the total XeXe event selection
efficiency is propagated to the results by repeating the analysis after appropriately
varying the centrality calibration. These variations each cause a shift in the centrality
values of the entire data sample, with peripheral centralities being altered significantly
more than central ones. Therefore, this uncertainty is small for central events but
grows with the collision centrality. In the 70-80% centrality range it reaches values
of 26%. The uncertainty is fully correlated across all pt values in a given centrality
selection.

e Glauber model uncertainty. The uncertainty in Taa for XeXe collisions ranges
from 5% to 14%. This uncertainty is calculated by propagating uncertainties in
the Glauber model’s input parameters, which are detailed in section 3. The uncer-
tainty in the XeXe collision event selection efficiency is not included because it is
accounted for with a separate systematic uncertainty. The uncertainty in the quan-
tity Tpppb/TXexXe, used in Réﬁ, is determined by adding in quadrature the relative
uncertainties in Tha for each collision system.

7 Results

Charged-particle pt spectra in XeXe collisions at /sy, = 5.44 TeV are shown in figure 3
for six centrality ranges. The data are reported as per-event invariant differential yields.
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Figure 3. (Upper panel) The charged-particle pr spectra in six classes of XeXe centrality and the
pp reference spectrum after being extrapolated to /s = 5.44 TeV. The statistical uncertainties are
smaller than the markers for many of the points. To facilitate direct comparison, the pp points
are converted to per-event yields using a constant factor of 70 mb. (Lower panel) The systematic
uncertainties for central and peripheral XeXe collisions, as well as for the pp reference data.

To improve visual clarity, the spectra for the 0-5% and 5-10% centrality ranges have been
scaled by ten and three, respectively. The extrapolated pp reference data for the same
center-of-mass energy is also reported. The reference used for R}, is a differential cross
section, but has been converted to a per-event yield using a constant factor of 70 mb to
allow for direct comparison in figure 3. The data points represent the average charged-
particle yield in each pt bin, not the charged-particle yield at the bin center where the point
is placed. The statistical uncertainties of the measurement are smaller than the markers
for most of the data points. The pp reference spectrum has a shape similar to that of a
Tsallis distribution, including a power law behavior at large pt values. This is consistent
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with earlier observations that this functional form is able to describe charged-particle pr
spectra at LHC energies [40]. The lower panel of figure 3 shows the systematic uncertainties
for the most central and peripheral XeXe collisions, and for the extrapolated pp reference
data. A few values of the systematic uncertainties in the normalization of the spectra are
also listed.

The resulting R} 4 values for primary charged particles in XeXe collisions are shown in
figure 4. The pink boxes represent all systematic uncertainties other than the uncertainty
in the overall normalization, which is shown by the dark red box around unity. The error
bars give the statistical uncertainty of the measurement. For comparison, the Raa in
PbPDb collisions at /sy, = 5.02TeV [17] is shown by the hollow blue points. The blue
boxes represent the systematic uncertainties of the PbPb data. The most central events
show a strong modification that is most pronounced in the range 5 < pt < 30GeV. A
similar oscillatory shape is observed in both XeXe and PbPb collisions, indicating that
hot medium effects seen in PbPb collisions are also present in XeXe collisions. At low
pr, these effects include contributions from the nuclear parton distribution function [43],
radial flow [44], and the Cronin effect [45]. At higher pr, parton energy loss also becomes a
significant effect. Generally, Raa and R} 4 agree with each other in the range pr < 4 GeV.
However, the data may indicate a slight difference in suppression levels at higher pt. As the
centrality range examined becomes more peripheral, the oscillating shape of R} , becomes
less pronounced. In the most peripheral collisions examined, the XeXe data are relatively
flat, indicating that the spectral shape for peripheral centrality ranges is similar to that of
pp collisions. Although there is a large normalization uncertainty, the R} , is significantly
below unity in this centrality range. Such a suppression in peripheral events is not expected
to be caused by strong energy loss effects, but might be related to correlations between
the charged-particle yields in the mid-rapidity region with event activity in the range
3 < |n| < 5.2 that is used to determine the event centrality [46]. Recent measurements
of Raa in peripheral PbPb collisions by the ALICE Collaboration show a similar effect
that has been interpreted as a bias caused by event selection and collision geometry [47].
Studies in MB HYDJET indicate this bias could be as large as 50% at high pr in the
70-80% centrality range, but is expected to be less than 10% for more central events.
This peripheral suppression could also be caused by a bias in Taa values if the spatial
distribution of hard partons inside each nucleus is narrower than expected [48].

The difference in the suppression between Raa for PbPb collisions and R} , in XeXe
collisions can be directly compared with the ratio R%g. Using the PbPb charged-particle
spectra from ref. [17], this quantity is determined for five centrality ranges and shown in
figure 5. The dark red box around unity shows the relative normalization uncertainty in
the results. The MC-based pp extrapolation factor used in the construction of R}, is
represented by the blue line, and shows the expected deviation of R%(f;‘ from unity resulting
from the different center-of-mass energies of the two collision systems. In central events,
the data for charged particles having pr < 4GeV are consistent with this expectation.
However, there is a sudden rise in Ré{;‘ in the range of 5 < pp < 10GeV, up to a value of
1.45. This excess does not appear to be caused by the center-of-mass energy dependence and
is located in the pt region where R}, , is the most suppressed. This suggests a difference
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Figure 4. The charged-particle R}, for XeXe collisions at /sy, = 5.44TeV in six centrality
ranges. A previous measurement of Raa in PbPb collisions at 5.02TeV is also shown [17]. The
solid pink and open blue boxes represent the systematic uncertainties of the XeXe and PbPb data,
respectively.

~13 -



404 pb™ (5. 02 TeV PbPb), 3.42 pb™ (5 44 TeV XeXe) 404 pb (5. 02 TeV PbPb), 3.42 b’ (5 44 TeV XeXe)

] T
187 CMS 1 18 CMS =
1.61 E 1.61 E
1.45 g 1.45 .
1.2 - 1.2 -

[G)fe) r el C ]

o H " E
0.8 108 E
0.6 <1 4 0.6F mi<1 -

- ENormalization uncertainty ] - ENormalization uncertainty B
0.4/~ —Expectation from |s difference E 0.4~ —Expectation from sy, difference =
02F 0-5% 1 02" 5-10% E

Eoul ‘ Ll N Eo ‘ Ll T

0 10 2 O 10 102
P, (GeV) P, (GeV)

404 ub” (5.02 TeV PbPb), 3.42 ub” (5.44 TeV XeXe) 404 ub" (5.02 TeV PbPb), 3.42 ub” (5.44 TeV XeXe)

e e ; R T — e
18- CMS 1 18 CMS =
1.61 E B =
14- 114 :
1.2 - 25 -

(C)fe) C . C ]

= : 1 g
0.8- 4 08 E
0.6 Ml<t 4 oef i<t =

- ENormalization uncertainty 3 - ENormalization uncertainty ]
0.4~ —Expectation from |/s difference E 0.4~ =—Expectation from sy, difference =
02 10- 30% 4 02- 30- 50% E

Eoul L] N Eod Ll T

0 10 2 O 10 102
p, (GeV) p, (GeV)

404 ub” (5.02 TeV PbPb), 3.42 ub (5.44 TeV XeXe)
e e e
185 CMS =
1.6 E
1.4 E
A
e} C ]
T 1] E
0.8f E
0.6 Mi<1 =
- HNormalization uncertainty E
0.4~ —Expectation from sy, difference E
0.2 50- 70% E
Euil L] L

0 10 102

p; (GeV)

Figure 5. The measurement of RES in five centrality classes using the results of this analysis
and data from ref. [17]. The blue line represents the expected deviation from unity caused by the
different center-of-mass energies of the two collision systems. The solid pink boxes represent the
systematic uncertainties.

— 14 —



27.4 pb™” (pp), 404 ub™ (PbPb), 3.42 ub™ (XeXe)
T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T

1.27 i
- CMS %] 5.44 TeV XeXe R*,, 1
1 [ 0 ]5.02TeVPbPbR,, ]
i nl <1 i
< 08¢ 6.4<p.<72GeV |
L T _
o i i
z 06 QH —
% i ]
o L i
0.4 1 @ B
i ° ]
0.2 * 5% 0 -
i o
07‘ 1 1 ‘ 1 1 ‘ 1 1 ‘ 1 1 ‘ \7

0 100 200 300 400

part
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collisions at 5.02 TeV, as a function of (Npar). The solid pink and open blue boxes represent the
total systematic uncertainties in the XeXe and PbPb data, respectively.

in the strength of energy loss in the two collision systems, which could be caused by
the difference in the system size. As the pr increases towards 100 GeV, the data slowly
converge towards the values expected from the difference in the center-of-mass energy. As
the centrality range examined becomes more peripheral, the excess seen around 5 to 10 GeV
decreases in strength. In the most peripheral bins, R%g is consistent with the difference
expected because of the center-of-mass energies throughout the entire pr range.

Because xenon ions are smaller than lead ions, collisions at the same centrality will
contain a different numbers of participating nucleons. To compare XeXe and PbPb col-
lisions having a similar number of colliding nucleons, the values of Ran and R}, for
6.4 < pr < 7.2GeV are shown as a function of (Npar) in figure 6. The chosen pr range
corresponds to the minima of Raa and R} ,. The boxes surrounding the data points show
the total systematic uncertainties in the measurements. The Raa and R}, values seem
to follow a similar trend versus (Npart). In particular, the values of Rya and R}, around
(Npart) = 220 are compatible within the uncertainties.

Measurements of ng(g that compare data having similar (Npart), rather than centrality,
are shown in figure 7. The left panel compares 0-5% XeXe collisions with 10-30% PbPb
collisions, which have (Npay) values of 236.1+1.3 and 226.71“2%, respectively. In this case,
the Réﬁ values are slightly below the expectation from the different center-of-mass energies
for pr < 20 GeV, but are compatible with the expectation at higher pr. In the pr range of
3-8 GeV, this ratio exhibits a slightly decreasing trend instead of the sharp rise seen when
comparing similar centrality bins, reinforcing the conclusion that such a rise is due to a
difference in the system size. The right plot compares 70-80% XeXe events with 70-90%
PbPb events. In these centrality ranges, the (Npar) value is 10.5540.78 for XeXe collisions
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Figure 7. Measurements of Rfé comparing centrality ranges having similar values of (Npayt)-
The blue line represents the expected deviation from unity caused by the different center-of-mass
energies of the two collision systems. The solid pink boxes represent the systematic uncertainties.

and 11.1*_‘%:% for PbPb events. The measurement has a large normalization uncertainty, but
the shape of the distribution is very similar to the trend given by the center-of-mass energy
difference of the two systems.

The R}, values in the 0-10% and 30-50% ranges are compared to various theoretical
models in figure 8. A ratio of each model to the data is provided in the bottom panels of the
figure. The green lines show the predictions of a linear Boltzmann transport (LBT) model of
jet quenching, which uses the CLV 43¢ hydrodynamics model for medium evolution [49, 50].
This model predicts a quadratic path-length dependence of energy loss in a static medium.
It lies on the upper edge of the systematic uncertainty of the 0-10% measurement in the
range 20 < pp < 60 GeV, but otherwise agrees with the data well. The orange band is a
model by Djordjevic that uses a dynamical energy loss formalism [51, 52]. For this model,
the medium undergoes Bjorken expansion, and the path-length dependence of energy loss
is expected to be between linear and quadratic. The prediction is compatible with the
data in both centrality ranges except around pt = 5GeV, where it is slightly below the
data. The magenta region represents the prediction from CUJET3.1/CIBJET model, which
incorporates two components [53, 54]. The first is a jet quenching model (CUJET3.1)
that includes the suppression of quark and gluon degrees of freedom and the emergence
of chromo-magnetic monopole degrees of freedom. The second component, the CIBJET
framework, calculates the dependence of correlations between soft and hard azimuthal flow
harmonics on an event-by-event basis. This model describes the 0-10% data well, but lies
on the lower edge of the data’s uncertainty in the 30-50% centrality range. The red line
shows a prediction of Andrés et al. that uses a ‘quenching weights’ formalism to estimate
the behavior of the medium transport coefficient, ¢ [55]. The evolution of the medium
in this model is done with EKRT event-by-event hydrodynamics. The prediction tends
to agree with the top edge of the data’s uncertainty range in the 0-10% centrality range.
The light blue band shows a prediction from soft-collinear effective theory with Glauber
gluons (SCETq) [56, 57]. The evolution of the background medium is modeled with the
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Figure 8. A comparison of the charged-particle R} , for XeXe collisions at /s, = 5.44 TeV with
theoretical predictions from refs. [49-57] for 0-10% (left) and 30-50% (right) centrality classes. The
hollow black boxes represent the systematic uncertainties of the XeXe data. Ratios are shown in
the bottom panels, where the gray band represents the total uncertainty in the measurement.

IEBE hydrodynamics package. In this model, Raa is found to scale roughly as Npért For
central events, it slightly underestimates the R} , around 5 GeV, but generally agrees with
the data.

8 Summary

The transverse momentum, pr, spectra of charged particles in the pseudorapidity range
In| < 1 are measured in several ranges of collision centrality for xenon-xenon (XeXe)
collisions at a center-of-mass energy per nucleon pair of 5.44 TeV. A proton-proton (pp)
reference spectrum for the same energy is extrapolated from an existing measurement at
Vs = 5.02TeV using a scaling function calculated from simulated PYTHIA events. The
nuclear modification factor with extrapolated reference, R} ,, is constructed from these
spectra. In central events, R}, has a value of 0.17 in the pt range of 6-8 GeV, before
increasing to a value of around 0.7 at 100 GeV. This suppression is less than what has
been observed in a matching centrality range of lead-lead (PbPb) collisions at a center-
of-mass energy per nucleon pair of 5.02 TeV, even when accounting for the difference in
collision energy. In contrast, charged-particle production in XeXe collisions is found to be
slightly more suppressed than in PbPb collisions that have a similar number of participating
nucleons rather than a similar centrality. Taken together, these observations illustrate the
importance that collision system size and geometry have on the strength of parton energy
loss. Predictions from the Djordjevic, SCETg and CUJET3.1/CIBJET models are found
to agree with the measured R} ,. The model of Andrés et al. lies on the upper edge
of the systematic uncertainties of R}, for central events. Finally, calculations using a
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linear Boltzmann transport model also agree with the data, except for the kinematic range
15 < pr < 40GeV in central events, where they follow the upper edge of the data’s
uncertainty. These measurements help elucidate the nature of parton energy loss in XeXe
collisions and constrain the system size dependence of hot nuclear medium effects.
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