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Abstract. The paper presents the results of calculating the nuclear modification factors of =’
mesons as a function of their transverse momentum and azimuthal angle at different collision
centralities of Cu+Au at an energy of 200 GeV and U+U at 193 GeV. As a result of the
analysis of the obtained data, it was established that the azimuthal dependence of the nuclear
modification factors of n° mesons in both collision systems demonstrated universality in the
considered range of transverse momentum and could be explained by the dependence of parton
energy losses on the length of their path in the quark-gluon plasma (QGP). It is advisable to use
these azimuthal dependences of nuclear modification factors for clarification of the parameters
in theoretical models describing the energy losses of partons in the QGP formed in collisions
of deformed nuclei or in asymmetric collision systems.
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AnnHoranud. B pabore nipencraBieHbl pe3yabTaThl pacueTa (paKTOPOB sIAepHO MOAUPUKALUNA
n°-ME30HOB KaK (DYHKIIMU OT MX IOIEPEYHOr0 MMIIYJIbCa U a3UMYTaJIbHOIO YIjla B pa3IMYHbIX
LEHTPAJbHOCTSAX CTOJKHOBEHUN peasaTuBucTckux saep Cu+Au npu sHepruu 200 I'>B u U+U
npu 193 I'2B. B pe3yabrare aHaiu3a MOJYyYEHHBIX JaHHBIX ObUIO YCTAHOBJIEHO, YTO XapaKTep
a3UMYTJIBHOI 3aBUCUMOCTU (haKTOPOB SiAepHON MoauprKauy n’~-Me30HOB B 00EMX CUCTEMAaX
CTOJKHOBEHUII YHUBEPCAJCH B pacCMaTpUBAeMOM AMANa30HE IO IOIIePEYHOMY MMITYJIbCY U
MOXET OBITh OOBSICHEH 3aBUCUMOCTBIO MTOTEPb Y9HEPTUM MAPTOHOB OT JUIMHBI UX MYTU B KBapK-
rmooHHoi mnasme (KI'TI). AsumMyTanbHble 3aBUCMMOCTU (DPAKTOPOB siIepHON MoauduKaluu
n°-Me30HOB, pacCUMTaHHbIe B JAHHOI padoTe, 11eeco00pa3HO UCIOIb30BaTh ISl YTOUHEHUS
MapaMeTpoB TEOPETUUYECKUX MOJIeiell, OMUCHIBAIOIIMX TOTepu 3Hepruu maptoHoB B KITI,
o0pasyrolieiicss B CTOJKHOBEHUSIX Ae(OPMUPOBAHHBIX SIIEP WJIM B aCUMMETPUYHBIX CUCTEMAaX
CTOJIKHOBEHUM.
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Introduction

In the Iate 20th century, quantum chromodynamics predicted that matter could transition into
a special state at extreme energy densities and/or temperatures, where its fundamental constitu-
ents, i.e., partons (quarks and gluons), become asymptotically free [1]. This state of matter was
named the quark-gluon plasma (QGP). Subsequently, collider experiments showed that QGP can
form in collisions of relativistic heavy ions [2].

Understanding the properties of the QGP is a pressing problem in high-energy physics; how-
ever, a major challenge in research is that the QGP lifetime is very short (~10 fm/c [3]), making
direct experimental observation impossible. Experimental approaches to studying the formation
and properties of the QGP in relativistic ion collisions are based on measuring the yields of pro-
duced particles and their angular characteristics.

The goal of this study was to measure the azimuthal dependences of hadron suppression at high
transverse momenta (p, > 5 GeV/c) [4].

© bannukos E. B., bepauukos f. A., Jlapuonosa /. M., Koros [I. O., bacupos K. H., bopucos U. U., 2026. U3natenb:
Cankr-IleTepOyprckuii moauTexHudeckuii yaupepcuteT [letpa Bemmkoro.
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Problem statement

One of the main facilities used for collisions of relativistic heavy ions is the Relativistic
Heavy Ion Collider (RHIC). The PHENIX experiment [3] at RHIC discovered that the
production of hadrons with high transverse momenta p, in heavy-ion collisions (e.g.,
Au+Au) is suppressed compared to their production in proton—proton (p+p) collisions
[5]. Hadron production at high p, occurs predominantly through fragmentation of jets
formed by high-energy partons [6]. As these high-energy partons traverse the dense QGP
medium formed in heavy-ion collisions, they interact with it and lose energy, mainly via
gluon bremsstrahlung [6]. The energy loss of the parent partons leads to a weakening of the
hadronic jets, consequently reducing the transverse momentum of the hadrons in these jets
(the jet quenching effect).

Thus, the observed suppression of hadron production at high p, was interpreted as evidence for
QGP formation in heavy-ion collisions [3].

The suppression of hadron production at high p.is typically quantified using the nuclear mod-
ification factors R,, (NMFs), defined as the ratio of hadron yields in nucleus—nucleus collisions
to those in p+p collisions:

1 d’N,,/dp,dy
N.,) d’N,, | dp.dy

coll

R,;(pr)= <

where (N_ ) is the average number of binary inelastic nucleon—nucleon collisions; &N, ,/dp.,.dy
is the p, differential yield of the particles considered in (A+B) collisions; a’sz p/a’pTdy is the
pdifferential yield in p+p collisions; y is the rapidity.

The suppression of hadron production in nucleus—nucleus collisions due to the energy loss of
high-energy partons causes the R, ,(p,) values to fall below unity at p,. > 5 GeV/c.

Previously measured R, ,(p,) of hadrons at p,. > 5 GeV/c in relativistic heavy-ion collisions were
described by theoretical models that account for parton energy loss in the QGP medium [6—8].
One of the key parameters in these models is the transport coefficient ¢, which characterizes
the average squared transverse momentum exchanged between a high-energy parton and the
QGP medium per unit path length.

The main difficulty with the theoretical models used to describe parton energy loss in the QGP
is that different models yield different values of the transport coefficient ¢ and different estimates
of the path-length dependence of the energy loss [6]. Such differences make it impossible to
unambiguously and accurately describe the measured R, (p,) dependences of hadrons and their
azimuthal anisotropy (experimentally quantified by the elliptic flow v,).

While existing models accurately describe the R, (p,) dependence of hadrons at p, >
5 GeV/e, they systematically underestimate v, [9]. A simultaneous description of R, (p,) and
v, requires both accounting for the more complex initial collision geometry (which increases
v, in model calculations) and adopting more sophisticated approaches, such as AdS/CFT
[6]. However, these approaches require further separate investigation [9, 10]. Despite recent
advances in modeling the interactions of hadronic jets with the QGP medium [11], this prob-
lem remains unresolved.

Thus, to gain a clearer understanding of parton energy loss processes, it is necessary to
experimentally measure quantities that are more sensitive to the path length of partons in the
QGP medium.

A more detailed analysis of the path-length dependence of parton energy loss in the QGP
can be performed by varying the collision systems and measuring the R, (p,) function of hadrons
at p, > 5 GeV/c for different centrality classes. It is convenient to use n” mesons as probe had-
rons, since they can be identified over a wide range of transverse momenta with relatively small
measurement uncertainties.

This approach made it possible to measure the R, (p,) dependences for n” mesons up to
about 20 GeV/c for different centrality bins in Au+Au [12], Cu+Au [13], and U+U [14] col-
lisions. In particular, the measurements showed that the suppression pattern of n° mesons at
Py > 5 GeV/c does not depend on the initial collision geometry for similar values of Np .. (the
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number of participants characterizing the collision centrality and the volume of the QGP pro-
duced) [13, 14].

The overlap region of heavy nuclei generally has an ellipsoidal shape; therefore, the aver-
age path length traversed by a parent parton in the QGP depends on the azimuthal angle of its
emission relative to the reaction plane A¢ (the plane formed by the beam axis and the impact
parameter vector). The degree of hadron suppression depends on the average path length of the
parent partons in the QGP, so the suppression of hadron production is azimuthally anisotropic
within a given centrality bin. This azimuthal anisotropy in momentum space is quantified by the
elliptic flow.

The relationship between hadron suppression and the path length of parent partons in the
QGP cannot be studied directly from the R, (p,) dependences, as the R, (p,) function is inte-
grated over the azimuthal angle Agp. However, the azimuthal functions R, (p,,A¢), which have
high sensitivity to the parton path length in the QGP, can be estimated by simultaneously using
the measured NMFs and elliptic flows of hadrons as a function of p,.

Such R, , dependences on the two kinematic variables p, and Ag have already been studied for
7’ mesons 1n different centrality bins of Au+Au collisions at \/_ = 200 GeV in [10, 12], where
it was found that the degree of n° meson suppression for the same value of N .. (or in the same
centrality bin) can differ by nearly a factor of two depending on the azimuthal angle relative to
the reaction plane.

In this work, we consider two heavy-ion collision systems: copper—gold (Cu+Au) and ura-
nium—uranium (U+U). Unlike collisions of symmetric gold nuclei, these collision systems have
additional anisotropy of the nuclear overlap region relative to the reaction plane. Such anisotropy
in CutAu collisions arises from the difference in the sizes of the copper and gold nuclei, leading
to complete overlap of the copper nucleus in central collisions. Uranium nuclei are prolate-de-
formed; therefore, depending on their spatial orientation, the shape of the nuclear overlap region
can differ even within the same centrality bin.

Thus, our paper is aimed at measuring the azimuthally dependentR\,}ggT,A(p) values for n° mesons
in CutAu collisions at \s,, = 200 GeV and in U+U collisions at s,, = 193 GeV.

The results are expected to clarify the role of the initial collision geometry in the path-length
dependence of parton energy loss in the QGP, and provide new bounds on the parameter values
in theoretical models describing parton energy loss.

Methodology

The azimuthal anisotropy of the n’ meson suppression can be calculated directly from
the NMFs [10]:

AN(pT’A(pz)
Ry (

R, (pTeA(P,) pT >
*Zl -1 pT:A(Pi)

where AN(p,,Ag) is the yield of n° mesons in the ith azimuthal bin Ag, at transverse
momentum p,.

Summation in the denominator is performed over all ith angular bins (their number is k). For
the calculations, we used the R z(p7) values for n° mesons in Cu+Au collisions at \/_ 200 GeV
and in U+U colhslons at \/_ = 193 GeV from [13, 14]. The second factor in thlS expression
characterizes the azimuthal dependence of the n° meson yields: it is the ratio of the yield in the
Ag, bin to the average yield over all bins at a given p,. However, the measured AN(p,,A¢,) values
for n° mesons in different azimuthal bins in Cu+Au and U+U collisions have not been previ-
ously published, so we had to use an alternative approach to estimate the azimuthal anisotropy
of particle production.

The inclusive (azimuthally integrated) R, (p,) dependences for 7’ mesons are measured exper-
imentally as the ratio (normalized by (N _)) of the pT differential yields of n° mesons in nuclear
collisions to those in proton—proton collisions. To determine the azimuthal dependence of par-
ticle production, R, ,(p,,A¢), the total invariant differential yield E*d*N/d’p can be expanded into
a Fourier series in the azimuthal angle relative to the reaction plane [15]:
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3 2 ©
Ed3N _ 1 _dN (1"‘22"" cos[n((p—‘PRP)]],
d p 2n ppoTdy

n=1

where ¢ is the particle azimuthal angle, y is the rapidity, v _are the Fourier coefficients (anisotro-
pic flow), W*? is the azimuthal angle of the reaction plane.

Thus, the azimuthal anisotropy of the transverse momentum distribution is characterized by
the coefficients of anisotropic flow, where the elliptic flow v, (the second Fourier coefficient)
dominates. The analytical representation of the expression for calculating R, (p,,A¢) as a contin-
uous function (for k — o, AN(p,,Ap) — dN/dA¢) then takes the following form:

Ry (pr.A9) =R, (pr) I:l +2v,(p;)cos (2A(P)] )

where the azimuthal dependence of the 7’ meson yields is parameterized by the v,(p,) values, and
the angle A¢ can take arbitrary values in the range 0 < A¢ < x/2.

We took the v,(p,) values from [16]. With these, all quantities necessary for calculating

R, (p,»Ap) are available.

We calculated the R, (pT,A(p) values for n° mesons in four (or three) p, bins in the range
5 < p,.< 10 GeV/e and in four (or three) centrality bins for Cu+Au (or U+U) collisions.
The choice of the p, bins and centrality bins was guided by the previously measured R, ,(p,) and
v,(p,) values. We considered the azimuthal dependence of n° meson NMFs in six A bins in the
range 0 < Ag < /2.

Measurement results

Fig. 1 shows the calculated R, ,(p,,A9) values for n” mesons in four transverse momentum bins
within 5 < p,< 10 GeV/c and in four centrality bins of Cu+Au collisions at s,y = 200 GeV.
The calculated R, (p,»A¢) values are shown in Fig. 1,d only for three centrality bins of Cu+Au colli-
sions, because the v,(p,) values for n” mesons in the range 8 < p,.< 10 GeV/c for the 40—60% central-
ity bin are not available.
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Fig. 1. R, (p,»A¢) dependences for n° mesons calculated for four p, bins (a—d) in the range
5 < p,< 10 GeV/c and for four centrality bins of Cu+Au collisions at \/—_ =200 GeV
Centrality bins, %: 0—10, 10—20, 20—40 and 40—60. Inclusive R, (p,) Values
are shown by points at Ap = n/4 (0.785 rad)

The solid symbols in Fig. 1 correspond to R, (p,,A9) values, the open symbols correspond to
R, ,(p,) values. The uncertainties of the R, ,(p,,A¢) values were obtained by propagating the uncer-
tainties from the v,(p,) values. The systematic uncertainties of the R, (p,,A¢) values are shown
in Fig. 1 as shaded bands whose width represents the magnitude of the systematic uncertainty.
The systematic uncertainties from the inclusive R, (p,) values are shown in Fig. 1 as solid boxes
A¢ = /4 and apply to all R ,(p,,Ae) values of the corresponding series.
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The azimuthal anisotropy of NMFs for n’ mesons increases with increasing centrality, lead-
ing to a difference of about a factor of 1.7 between the R, (p,,A¢) values in the reaction plane
(0 < Ap < ©/12) and perpendicular to it (57/12 < A¢ < =/2) in peripheral Cu+Au collisions
(40—60%). The observed azimuthal anisotropy of the R, ,(p,,A¢) values indicates that the degree
of n° meson suppression depends on the emission angle. A high-energy parent parton emitted
in the direction of the reaction plane traverses, on average, a shorter path in the QGP than a
parton emitted perpendicular to it. The shorter path length in the QGP leads, on average, to
weaker interactions of the parton with the strongly interacting medium and, consequently, to
smaller energy losses. As a result, the hadronic jet formed by the high-energy parton is quenched
to a lesser extent, and the transverse momentum of the n° mesons produced by its fragmentation
is larger.

Thus, the observed azimuthal dependence of the n° meson suppression can be explained by
the path-length dependence of the parent parton energy loss in the QGP before fragmentation.

Fig. 1 also shows that the inclusive and azimuthally dependent NMFs of n° mesons decrease
from peripheral (40—60%) to central (0—10%) collisions. This observation indicates that the
degree of n° meson suppression increases with the size of the QGP formed in Cu+Au collisions,
as previously noted in [13].

The observed trends in the R, ,(p,,A¢) dependence for n” mesons in Cu+Au collisions are uni-
versal across all four transverse momentum bins in the range 5 < p, < 10 GeV/c. This suggests that
the mechanism of parton energy loss in the QGP is similar over the entire transverse momentum
range considered.

Fig. 2 shows the calculated R, (p,,Ae) values for 7’ mesons in three transverse momentum bins
in the range 5 < p,< 10 GeV/c and in three centrality bins of U+U collisions at W =193 GeV.
Fig. 2,c shows the calculated R, (p,,A¢) values only for two centrality bins of U+U collisions,
because the v,(p,) values for n° mesons in the range 8 < p, < 10 GeV/c for the 40—60% central-
ity bin are not available. The notations for the NMFs differ between the two collision systems:
(A+B, R,,) is used for collisions of different nuclei (Cu+Au), while (4 + 4, R,) is used for col-
lisions of identical nuclei (U+U). The uncertainties of the R, (p,,Ap) and R, (p,) values in Fig. 2
are shown similarly to Fig. 1.
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Fig. 2. R, (p,,A¢) dependences for n” mesons, similar to those shown in Fig. 1,
but for U+U collisions at M: 193 GeV, calculated for three p, bins (a—c)
in the same range and for three centrality bins: 0—20%, 20—40%, and 40—60%
The inclusive R, (p,) values are shown by points at A¢ = n/4

The observations made for the R, (p,,Ap) values for n° mesons in Cu+Au collisions also apply
to the similar values in U+U collisions. It is worth noting that the ratio of the R, (p,,A¢) values
for n° mesons in the reaction plane and perpendicular to it reaches about 1.5 in the U+ U system,
which is smaller than in Cu+Au collisions. This difference is most likely due to non-flow effects
(e.g., jet correlations [17, 18]). Such effects can bias the measured v,(p,) values for 7’ mesons in
peripheral Cu+Au collisions [16], leading to an overestimation of elliptic flow.
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Conclusion

We calculated the azimuthally dependent nuclear modification factors of n° mesons for dif-
ferent transverse momentum bins within 5 < p, < 10 GeV/c and for different centrality bins in
Cu+Au collisions at Vs,, = 200 GeV and U+U collisions at Vs, = 193 GeV.

It was found that the azimuthally dependent nuclear modlﬁcatlon factors of n° mesons in
Cu+Au collisions are systematically larger than those in U+U collisions. This is explained by the
larger volume of the QGP produced in U+U collisions. The trends observed in the R, (p,,A)
dependence of n° mesons in these collisions are universal across all transverse momentum ranges
within 5 < p, < 10 GeV/c: the azimuthal anisotropy of the n° meson nuclear modification factors
is larger in peripheral collisions than in central collisions, while the degree of hadron suppression
is smaller. The observed behavior of the calculated R, (pT,A(p) values for n° mesons in Cu+Au and
U+U collisions is consistent with the path-length dependence of parton energy loss in the QGP.

The ratio of R, ,(p,,Ag) values for n” mesons in the reaction plane and perpendicular to it
reaches about 1.5 in the U+U system and 1.7 in Cu+Au collisions One possible reason for this
difference could be non-flow effects, whose influence on the measured v,(p,) values for n° mesons
in peripheral Cu+Au collisions [16] leads to an overestimation of elliptic flow values.

The calculated R, ,(p,,A) values for n° mesons can be used to refine the parameters of theo-
retical models describing parton energy loss in the quark-gluon plasma produced in collisions of
deformed nuclei or in asymmetric collision systems.
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