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The PHENIX experiment reports systematic measurements at the Relativistic Heavy Ion Collider of ¢-meson
production in asymmetric Cu + Au collisions at ,/syy = 200 GeV and in U + U collisions at ,/syy = 193 GeV.
Measurements were performed via the ¢ — KK~ decay channel at midrapidity || < 0.35. Features of ¢-
meson production measured in Cu + Cu, Cu + Au, Au + Au, and U + U collisions were found to not depend
on the collision geometry, which was expected because the yields are averaged over the azimuthal angle and
follow the expected scaling with nuclear-overlap size. The elliptic flow of the ¢ meson in Cu + Au, Au +
Au, and U + U collisions scales with second-order-participant eccentricity and the length scale of the nuclear-
overlap region (estimated with the number of participating nucleons). At moderate pr, ¢-meson production
measured in Cu 4+ Au and U + U collisions is consistent with coalescence-model predictions, whereas at high
pr the production is in agreement with expectations for in-medium energy loss of parent partons prior to their
fragmentation. The elliptic flow for ¢ mesons measured in Cu 4 Au and U 4+ U collisions is well described by a

PHYSICAL REVIEW C 107, 014907 (2023)

(241)-dimensional viscous-hydrodynamic model with specific-shear viscosity /s = 1/4m.

DOLI: 10.1103/PhysRevC.107.014907

I. INTRODUCTION

The formation of the quark-gluon plasma (QGP) has been
established by experiments at the Relativistic Heavy Ion Col-
lider (RHIC) [1-5] and later at the Large Hadron Collider
(LHC) [6-9]. Since then, one of the main goals of high-energy
nuclear physics, including the PHENIX experiment [10], is to
quantify and characterize the properties of the QGP. Measure-
ments of light-hadron production in collision systems with
different geometries are commonly used for the systematic
experimental study of the evolution of the medium created in
high-energy nuclear collisions, including the QGP phase.

The processes of QGP formation and evolution depend
on the initial conditions. These include the collision-system
energy, the nuclear-overlap size and shape, and nuclear mod-
ification of the parton-distribution functions [11]. In the most
central Cu + Au collisions, the Cu ion is fully occluded by
the Au ion, which might lead to significantly larger sup-

pression of particle yields than for symmetric systems like
Cu + Cu and Au + Au [12]. Collisions of uranium nuclei,
which are highly deformed, provide different collision config-
urations depending on their orientation relative to the reaction
plane. On average, comparing to symmetric systems, the
nuclear-overlap region in Cu 4 Au and U + U collisions has
additional asymmetry along the impact-parameter orientation.
In addition to different nuclear thicknesses, this leads to initial
conditions that are different from those of symmetric sys-
tems. Thus, comparison of particle production measured in
Cu + Au and U+ U collision and symmetric systems is a
useful tool to study the influence of initial conditions on the
evolution of heavy ion collisions.

Measurements of light-hadron transverse-momentum (pr)
spectra provide probes of QGP effects, such as jet
quenching [13] and strangeness enhancement [14]. Jet
quenching manifests as a suppression of high-py hadron
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FIG. 1. The PHENIX detector configuration for data taking in 2012.

yields, due to parton energy losses in the hot and dense
medium. Strangeness enhancement can be observed as the
increase of strange and hidden-strange hadron yields in
nucleus-nucleus collisions relative to p+p collision scaled
by the appropriate number of binary nucleon-nucleon colli-
sions. Hadronization via the parton-coalescence (recombina-
tion) mechanism [15-17] should be considered to quantify
the strangeness-enhancement effect. Because the degree of
strangeness saturation and parton energy loss are sensi-
tive to initial conditions [13,14], measurements of strange

and hidden-strange hadron production can shed light on the
physics of the initial conditions.

The investigation of elliptic-flow coefficients (v;) can
provide insight on how the initial transverse coordinate-
space anisotropy of heavy ion collisions is converted to a
momentum-space anisotropy in the transverse plane [18]. Pre-
vious studies of v, at RHIC in symmetric collision systems
(Au + Au, Cu + Cu) show that v, values for light hadrons
depend on the number of valence quarks in the hadron (n,),
the second-order-participant eccentricity (&,), and the number
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TABLE 1. Values of (Neu) and (Npy) for MB and centrality
ranges in Cu + Au collisions at ,/syy = 200 GeV and U + U col-
lisions at ,/syy = 193 GeV.

TABLE III. Values of the second-order event-plane resolution
Res(W¥;) in Cu+ Au collisions at ,/syy =200 GeV and U+ U
collisions at /syy = 193 GeV.

Collisions Glauber Centrality (Neont) (Npart) Collisions Centrality Res(W¥,)
Cu+ Au Glauber MB 108 £ 11 61.1 + 2.7 Cu+ Au 0%—-20% 0.374
Ref. [29] 0%—-20% 313 + 28 154 £ 4 20%—40% 0.404
20%-40% 129 £ 12 804 + 3.3 40%-60% 0.304
40%-60% 41.8 £ 5.3 349 £ 2.8 20%-60% 0.357
20%-60%  85.6 = 8.9 577 £ 3.1 U+U 0%—-50% 0.495
60%-80% 10.1 = 2.0 121 £ 1.9
U+Uu Glauber 1 0%—-80% 342 + 30 143 £ 5
Ref. [30] 2%%;__2“%?/ ggg i 22 i’ig i 2 ues for ¢ mesons to non-OZI suppressed w* mesons and
o o (anti)protons can indicate a role of hadronization stage in v,
GOS0 17835 11siaa devlopment
U4U Glauber 2 0%-80% 375 4 42 144 + 5 . The PHENIX experiment has .m.easured ¢-meson produc-
Ref.[31]  0%-20% 999 + 114 330 + 6 tion in asymmetric Cu + Au collisions at Svn = 200 GeV
20%-40% 375 + 46 161 + 7 and in the largest collision system at RHIC, U+ U at
40%-60% 110 + 15 65.8 + 5.8 /Svv = 193 GeV. The influence of initial conditions on
60%—-80% 19.8 + 4.4 182 + 3.2

of nucleons participating in the interaction ({Npar)) [19,20].
The comparison of obtained results to the hydrodynamic
model predictions suggests that the QGP has properties of
a nearly perfect fluid [21]. Therefore, hadronic elliptic flow
is sensitive to the shape and the size of the nuclear-overlap
region. Measurements of v, for light hadrons in Cu + Au and
U + U collisions can reveal underlying physics mechanisms
of its development.

The ¢ meson is considered to be a clean probe of QGP
properties. It has an Okubo-Zweig-lizuka (OZI) suppressed-
interaction cross section with nonstrange hadrons and a
lifetime (42 fm/c [22]) longer than that of the fireball
before freeze-out (=10-20 fm/c [23-25]). Therefore, ¢
mesons mostly decay outside the fireball, and along with
their daughter particles rescatter less frequently in the
posthadronization phase. Consequently, the kinematic prop-
erties are primarily controlled by conditions in the early
partonic phase and less affected in the hadronization stage.
The ¢ vector meson is the nearly pure lightest bound state
of s5 quarks. Accordingly, measurements of the ¢-meson
pr spectra in various collision systems can contribute to
the understanding of strangeness enhancement, along with
energy loss and coalescence. The comparison of v, val-

TABLE II. Values of &, for Cu + Au collisions at ./syy = 200
GeV and U + U collisions at ./syy = 193 GeV.

Collisions Glauber Centrality &

Cu+ Au Glauber [29] 0%-20% 0.171 £+ 0.009
20%—-40% 0.318 £+ 0.009
40%—-60% 0.480 + 0.016
20%—-60% 0.399 £+ 0.012

U+U Glauber 1 [30] 0%—-50% 0.310 = 0.024

U+U Glauber 2 [31] 0%—-50% 0.366 + 0.013
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FIG. 2. Shown are three examples of invariant-mass distributions
for the KTK~ pairs in 20%—-60% Cu + Au collisions at A/Svy = 200
GeV at 2.0 < pr < 3.0 GeV/c and 7 /12 < A¢ < 7 /6 rad. The
distributions contain (a) no PID, (b) one-kaon PID, and (c) two-
kaons PID methods after subtraction of the uncorrelated background
estimated using the event-mixing technique. Spectra are fitted to
the sum of a Voigt function and a polynomial of the third order,
which describe the ¢-meson signal and the residual background,
respectively.
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TABLE IV. Values of systematic uncertainties (%) for ¢-meson v, measured in Cu + Au collisions at ,/syy = 200 GeV and U + U

collisions at /syy = 193 GeV.

Cu + Au U+U
Uncertainty 0%—-20% 20%—40% 40%—-60% 20%—-60% 0%—-50%
Reaction plane 7.0 2.0 3.0 1.0 3.0
Acceptance 3.0 3.0 3.0 3.0 3.0
Yield extraction 9.8-12.5 11.4-17.3 12.2-14.1 8.4-14.0 10.9-13.2
Total 12.8-14.9 12.3-17.9 13.3-15.1 9.4-14.7 12.1-14.2

¢-meson production is investigated by measuring invariant
pr spectra, Ryp, and v, in Cu+ Au and U + U collisions.
The obtained results are compared to theoretical calculations
based on viscous hydrodynamics (IEBE-VISHNU [25]), a mul-
tiphase transport model (AMPT [24]), and a leading-order
(LO) perturbative quantum chromodynamics (pQCD) model
(PYTHIA/ANGANTYR [26]).

II. DATA ANALYSIS

A. Data sets and event selection

The ¢-meson production analyses are based on data sets
collected from Cu + Au collisions at ,/syy = 200 GeV and
U + U collisions at /syy = 193 GeV by the PHENIX de-
tector during the 2012 running period. Figure 1 shows the
relevant experimental setup [10].

The PHENIX detector has two beam-beam counters
(BBCs) [27] located at =144 cm from the nominal interaction
point, each of which covers 0 < ¢ < 27 in azimuthal angle
and 3.1 < |n| < 3.9 in pseudorapidity. The minimum-bias
(MB) trigger requires at least two phototubes on each side of
the BBC to have a signal above the noise threshold. The MB
definition is satisfied by 93 + 2% of the inelastic Cu + Au
and U+ U cross section. The online z vertex of the event
is determined by the time difference between signals from

TABLE V. Summary of systematic uncertainties (%) on the ¢-
meson invariant yields in Cu 4 Au collisions at ,/syy = 200 GeV.

pr (GeV/c)
Uncertainty 1.45 3.45 7.00
Acceptance 4.5 3.0 3.0
Peak extraction 0%—93% 6.2 8.5 12.6
Peak extraction 0%—-20% 7.6 10.7 16.2
Peak extraction 20%—40% 7.9 10.1 14.1
Peak extraction 40%-60% 9.6 11.2 14.0
Peak extraction 60%—80% 8.3 12.5 19.9
Reconstruction efficiency 3.0 3.0 3.0
Momentum scale 0.6 3.0 5.0
Branching ratio 1.2 1.2 1.2
Total 0%-93% 7.9 10.2 14.4
Total 0%—20% 9.0 12.1 17.6
Total 20%—-40% 9.3 11.6 15.7
Total 40%—-60% 10.8 12.6 15.6
Total 60%—-80% 9.6 13.7 21.1

the north and south arms of the BBC, and is required to be
within £30 c¢cm from the center of the detector. The recorded
luminosity of Cu 4+ Au and U 4 U collisions is 27.0 nb~! and
736 ub~!, respectively.

B. Centrality and event-plane azimuthal angle

The event centrality class in Cu 4+ Au and U 4 U collisions
is determined as a percentile of the absolute values of the
total charge measured in the north and south BBCs [28].
Glauber model Monte Carlo simulations [29] that include
the responses of the BBC are used to estimate the average
values of the number of participating nucleons (Npa), the
number of binary nucleon-nucleon collisions (Ncy), and the
second-harmonic eccentricity &, for each centrality class. Two
parametrizations of the deformed Woods-Saxon distribution
for uranium nuclei are considered because there is no single
universally accepted parameterization of the U nucleus. Two
Monte Carlo simulations were produced to provide two sets,
Glauber 1 [30] and Glauber 2 [31], of the collision geometry
parameters. The (Npart), (Neont), and &, values for Cu + Au and
U + U collisions are presented in Tables I and II.

The azimuthal angle of the event plane W, is determined
using the forward silicon-vertex detector (FVTX) [32] in
Cu + Au collisions and the muon-piston calorimeter (MPC)
[33] in U+ U collisions. The W, obtained with the BBC
detector is used to estimate systematic uncertainties in both
collision systems. The FVTX is a silicon detector designed

TABLE VI. Summary of systematic uncertainties (%) on the ¢-
meson invariant yields in U 4 U collisions at \/syy = 193 GeV.

pr (GeV/c)
Uncertainty 1.10 3.45 7.00
Acceptance 4.0 3.0 3.0
Peak extraction 0%—20% 10.8 7.2 18.5
Peak extraction 20%—40% 11.3 8.1 16.9
Peak extraction 40%—60% 13.6 7.1 15.8
Peak extraction 60%—80% 9.7 20.5
Reconstruction efficiency 2.5 2.0 2.0
Momentum scale 0.5 3.6 5.0
Branching ratio 1.2 1.2 1.2
Total 0%—20% 11.8 8.6 19.7
Total 20%—-40% 12.2 9.4 18.1
Total 40%—-60% 14.4 8.5 16.0
Total 60%—-80% 10.8 21.0
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FIG. 3. The invariant transverse momentum spectra measured for ¢ mesons in (a) Cu + Au at ,/syy = 200 GeV and (b) U + U collisions
at ./syy = 193 GeV at midrapidity. The statistical uncertainties are represented by vertical lines (hidden by the markers) while the systematic
uncertainties are represented by rectangles around the points. Panels (c) and (d) show data-to-fit ratios.

to provide precise tracking for charged particles entering the
muon spectrometer before undergoing multiple scattering in
the hadron absorber. The FVTX comprises two arms, north
and south, covering a large pseudorapidity interval 1 < || <
3. The MPC is a lead-tungstate calorimeter equipped with
PbWO, crystal scintillator towers. The north arm of the
MPC has 220 towers spanning pseudorapidities 3.1 < n <
3.9, while the south MPC has 196 towers spanning —3.7 <
n < —3.1. The MPC covers almost the same 1 range as the
BBC, but has finer granularity and detects both charged and
neutral particles, and hence provides better event-plane reso-
lution. The event-plane angle is determined by the event flow
vector O, [34]. The Q vectors are recentered according to
the procedure described in [34]. The raw event-plane angle
is estimated by

n,x

n\Il,]faW = arctan ,
n,y

ey

where O, , and Q, , are the x and y projections of the flow
vector. The flattening procedure described in [34,35] is ap-

plied to the WX distributions to remove detector acceptance
effects. The resolution Res(W,) values are evaluated using the
three-subevent method [34] correlating independent measure-
ments made in the FVTX or MPC, BBC, and the central arms
(CNTs) and are presented in Table III.

C. The ¢-meson raw yield extraction

The yields of ¢ mesons (N¢) are extracted by invariant-
mass analysis via decay into oppositely charged kaons (¢ —
K*K™). For ¢ — KTK™~ decay, the Particle Data Group [36]
values are

(i) mass = 1019.455 4 0.020 MeV/c?,
(i) width (T") = 4.26 4 0.04 MeV, and
(iii) branching ratio =48.9 £ 0.5 %.

The analysis method follows a consolidated technique de-
scribed extensively in Refs. [37—41].

The measurements use two PHENIX central arms, each
covering |n| < 0.35 in pseudorapidity and 90° in azimuthal
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FIG. 4. The ¢-meson nuclear-modification factors R4z measured
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Au collisions at /syy = 200 GeV and (e) to (h) U + U collisions
at /syny = 193 GeV at midrapidity |n| < 0.35. The normalization
uncertainty from p+p of about 9.7% is not shown. Here and below
the type C uncertainties are shown as boxes near unity.

angle. The central arms include a tracking system [42], which
comprises drift chambers and pad chambers. The tracking sys-
tem is used for three-momentum-components determination
for every track with a typical resolution of dp/p = 0.7% @
1.1% x p (GeV/c). The time of flight (r;) for hadrons is
measured using the east-arm time-of-flight detector (TOFE)
[43,44] and the BBC. Information from the tracking system
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FIG. 5. The ¢-meson integrated nuclear-modification factors
(R4p) measured as a function of (M) in Cu+ Au, Au + Au,
and Cu + Cu collisions at ,/syy = 200 GeV and U + U collisions
at \/syv = 193 GeV integrated in (a) 2.2 < pr < 5.0 GeV/c and
(b) pr > 5.0 GeV/c at midrapidity |n| < 0.35. The tilted bars repre-
sent correlated uncertainties from Glauber—Monte Carlo simulation.
The Au + Au and Cu + Cu results are taken from Ref. [38].

and 7y allows for clear 7w /K separation for 0.3 < pr < 2.2
GeV/c [37].

In each event, all tracks of opposite charge that pass the
selection criteria [37,38] are paired to form the invariant-
mass distribution (mgg) in the selected ¢-meson py and
event-centrality ranges. To maximize the statistical signifi-
cance and the pr reach of the measurements, three different
pair-combination techniques are used. The first (“no PID”)
does not require identification of charged tracks in the fi-
nal state and assumes that all tracks are kaons. The second
(“one-kaon PID”) requires identification of only one kaon
in the TOFE subsystem. The third technique (“two-kaons
PID”) identifies both kaons in the TOFE. Each technique has
advantages and disadvantages described in Ref. [38]. Both
approaches with kaon identification have a more favorable
signal-to-background ratio compared to the “no PID” tech-
nique, but, due to the small acceptance of the TOFE detector
and its limited capability of identifying kaons at pr > 2.2
GeV/c, these techniques have a limited pr reach. The “no
PID” approach allows the measurements to be extended to-
wards higher pr as it has substantially larger acceptance and
a phase-space volume available for daughter kaons. All men-
tioned analysis techniques have a significant overlap in pr
and different sources of systematic uncertainties, providing a
valuable consistency check. The results obtained with differ-
ent methods cannot be directly averaged [38]. Therefore, to
obtain the smallest statistical uncertainties for measurements
of ¢-meson pr spectra and v, values, the “no PID” approach
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FIG. 6. The comparison of ¢-meson R, values to %- and n-meson R4 values measured as a function of pr in different centrality intervals
of (a) to (d) Cu + Au collisions at ./syy = 200 GeV and (e) to (h) U + U collisions at \/syy = 193 GeV at midrapidity. The R,p values for
7%- and n-meson R,z in Cu + Au and U + U collisions are from [12,51].

is used at pr > 2.2 and 2.0 GeV/c respectively, the “one-kaon
PID” is used at lower pr values, and the “two-kaon PID” is
used for cross-check and to estimate systematic uncertainties.
Figure 2 shows a typical invariant-mass distribution obtained
using each of the three PID methods.

A large background that comes from random combinations
of uncorrelated hadrons affects the invariant-mass spectrum.
To estimate this background, a mixed-event technique [37] is
applied that uses unlike-sign kaon tracks taken from different
events with similar characteristics (i.e., centrality and z ver-
tex). After subtraction, distributions are fitted with the sum
of a Breit-Wigner mass-distribution function and a polyno-
mial of the third order, which describe the ¢-meson signal
and the residual background, respectively. The ¢-meson raw
yields are obtained as the integral of the mass distribution in a

window of £9 MeV /c? (2T [45]) around the ¢-meson mass
after subtracting the residual background.

D. Invariant spectra and nuclear-modification factors

The pr-differential yields are corrected for the ¢-meson
reconstruction efficiency and acceptance of the detector, as
described in [37,38], using GEANT3 [46] Monte Carlo simu-
lations for the 2012 configuration of the PHENIX detector.
The selection criteria for kaons and ¢-meson candidates are
the same in Monte Carlo and real data. The acceptance and
reconstruction efficiency ees(pr) are evaluated as a ratio of
reconstructed to generated ¢ mesons for the appropriate kine-
matic bin and event centrality in simulation.
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FIG. 7. The comparison of ¢-meson R,p values measured as a function of pr in different centrality intervals of Cu + Au collisions at
JSvv = 200 GeV at midrapidity (|| < 0.35) to AMPT model and PYTHIA/ANGANTYR model predictions.
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TABLE VII. Parameters used in PYTHIA/ANGANTYR.

Parameter Value Description
SoftQCD: All on All soft QCD processes
PDF: pSet 8 CTEQ6I1 parton
distribution function
Multiparton interactions: 0.5 Multiplication factor for
Kfactor multiparton interaction

Invariant transverse-momentum spectra of ¢ mesons are
calculated as

1 &N 1o 1 Np(apr)
2 pr dprdy 27 pr NevemBr eeit(pr) AprAy

where pr is the transverse momentum, A py is the transverse
momentum interval, Ay is the rapidity interval, and Neyent 1S
the number of events in the selected centrality bin. Nuclear-
modification factors (R4p) are used to study modifications to
particle spectra [47] and are calculated as

R U,iar,lad d*Nag/dy dpr
AB = 5 ; 3)
(Ncoll) d 0'pp/dy de

where d?Nyp/dy d pr is the per-event yield of particle produc-
tion in A + B collisions, d 20,,,, /dy d pr is the production cross
section in p+p collisions, and )" = 42.2 mb [48] is the total
inelastic cross section in p+p collisions.

E. Elliptic flow

A robust method [39—41] is used to study the elliptic flow
of resonance particles, such as the ¢ meson. To obtain the
azimuthal-angle dependence of ¢-meson production, the ¢-
meson raw yields are measured in a selected py range as a
function of the KK~ pair angle with respect to the reaction-
plane orientation in six equally spaced bins of A¢ = @pair —
W, covering the range 0 < A¢ < /2. Assuming elliptic flow
is the dominant source of the Ag variation in the ¢-meson
yields [39—41], the v, coefficients are then extracted from a fit
to the distribution dN¢/d(A<p) using the function [18]

dNy, _
d(Ag)

M(1 + 205 cos [2A¢]), “

where M is a normalization constant. Because of the finite
bin width in Ag, the extracted v$® values are corrected by a
smearing factor o = §/ sin §, which accounts for the finite bin
width § = 7 /12. The v, extractions are performed for all of
the aforementioned PID approaches, and the results with the
smallest statistical uncertainties are used in the analysis. The
final ¢-meson v, values are evaluated as

vy = V5™ /Res(¥s).

An alternative method to evaluate ¢-meson v, is the in-
variant mass fit method, described in [18,34,39,41]. In this
analysis it is used to perform cross-check and for the evalu-
ation of systematic uncertainties.

TABLE VIII. p-values estimated for the string melting version
of AMPT and PYTHIA/ANGANTYR calculations of ¢-meson R,p in
different centrality classes of Cu+ Au collisions at ,/syy = 200
GeV at midrapidity.

p value
Centrality AMPT sm PYTHIA/ANGANTYR
0%—-20% 0.823 3.22 x 107*
20%—-40% 0.712 5.79 x 1073
40%—-60% 0.103 4.88 x 1073
60%—-80% 0.671 0.455

F. Systematic uncertainties

The calculation of the systematic uncertainties follows the
procedure performed in [37-39,49]. The main sources of
systematic uncertainties for ¢-meson v, and pr spectra are
summarized in Tables IV-VI. Systematic uncertainties are
grouped into three types:

(A) Point-to-point uncorrelated, which can move each
point independently;

(B) Point-to-point py correlated, which can move points
coherently, but not necessarily by the same relative
amount;

(C) Global, which move all points by the same relative
amount.

The main contribution to the systematic uncertainties
of type A is the uncertainty in the raw-yield extraction
of 6%—20%, evaluated by varying the identification ap-
proaches, fit parameters and the parametrization of the
residual background. An uncertainty of type B is dominated
by uncertainties in acceptance of 3%—4.5%, reconstruction
efficiency &, of 2.0%-3.0%, and momentum scale 0.5%—
5.0%. The main contributions to the type C uncertainties are
the uncertainties in normalization for the cross section (9.7%)
and (N,on) calculations presented in Table L.

The systematic uncertainties of type A for vgbs of 8.4%—
14.0% are estimated by varying the elliptic flow measurement
method, identification cuts for ¢ mesons, the parametrization
of the residual background, and the peak integration window
in the mgg distributions. The ¢-meson v, systematic uncer-
tainties of type B and C have two main sources: acceptance
(3%) and reaction plane determination (1.0%—7.0%).

For ¢-meson pr spectra and Ry4p, the systematic uncertain-
ties of type A and B are added in quadrature to give the total
systematic uncertainties. For ¢-meson v,, all uncertainties are
added in quadrature to give the total systematic uncertainties.

III. RESULTS

A. Invariant transverse-momentum spectra

Figure 3 shows the invariant pr spectra of ¢ mesons
measured in (a) Cu+ Au collisions at ,/syy =200 GeV
and (b) U + U collisions at /syy = 193 GeV at midrapidity
[n] < 0.35. The ¢-meson spectra are measured from 1.1 to
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7.0 GeV/c in pr for 5 centrality classes in Cu+ Au and
U + U collisions.

The dashed lines on panels (a) and (b) of Fig. 3 represent
the Levy function fits [50]:

1 d°>N _1dN  (n—-1n-2)
2nprdprdy — 2w dy nT(nT + m¢(n —2))

Jpr? +m(2p —mg, -

nT

x |1+ )

where mg is the ¢-meson mass, and dN/dy, T, and n are
free parameters. The dN/dy term corresponds to the ¢p-meson
multiplicity at midrapidity. The Levy function includes both
an exponential shape for low pr (which can be characterized
by an inverse-slope parameter 7') and a power-law component
(governed by the power parameter n) for the higher p; region.
Panels (c) and (d) of Fig. 3 show data-to-fit ratios with fit

function values taken at the bin center, and indicate good
agreement between the measured ¢-meson py spectra and the
Levy function.

B. Nuclear-modification factors

Figure 4 shows ¢-meson R4p measured in Cu + Au colli-
sions at ,/syy =200 GeV and U + U collisions at /syy =
193 GeV at midrapidity |n| < 0.35. The reference ¢-meson
production cross section in p+p collisions is taken from [48].
The normalization uncertainty from p+p is not shown. The
¢-meson Rup values in central and semicentral Cu + Au and
U + U collisions at high pr >5 GeV/c are less than unity,
indicating suppression. The high-p7 suppression of ¢-meson
yields decrease when moving to more peripheral collisions.
The similar behavior of ¢-meson production has been ob-
served in symmetric systems and is interpreted as indicative
of in-medium jet quenching [37,38]. In the most peripheral
Cu+ Au and U+ U collisions in the whole pr range,
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(c) KE7 /n, in 0%-20% Cu + Au collisions to corresponding v, and v,/n, values for w* mesons and (anti)protons [(p + p)/2]. The values

for 7+ mesons and (p + p)/2 v, are taken from [49].
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¢-meson Rp factors values are close to unity within uncer-
tainties.

To better understand the features of ¢-meson produc-
tion, the integrated nuclear-modification factors (Rsp) for ¢
mesons as a function of (N,y) are shown in Fig. 5 for different
collision systems (Cu + Au, Au+ Au, and Cu + Cu colli-
sions at /sy = 200 GeV and U + U collisions at /syy =
193 GeV). The Au + Au and Cu + Cu results are taken from
[38]. The integrated (R4p) values were calculated as the av-
eraged R4p values in the intermediate-pr range (2.2 < pr <
5.0 GeV/c) and in the high-p; range (pr > 5.0 GeV/c), ac-
cording to the procedure previously used in Refs. [12,38,51].
The (Ryp) values for ¢ mesons vs (Npy) obtained in the large
collision systems are consistent within uncertainties, as has
already been observed for 7% and i mesons [12,51]. The value
of (Npart) characterizes the volume of the nuclear-overlap area
and hence is assumed to be proportional to the volume of the
hot and dense matter formed in heavy ion collisions [19]. For
that reason, the obtained (R4p) results suggest the scaling of
light-hadron production integrated over azimuthal angle with

the average nuclear-overlap size, regardless of the collision
geometry.

Figure 6 shows the comparisons of ¢-meson Rsp values to
7%- and n-meson Ryp values [12,51] obtained in Cu + Au col-
lisions at ,/syy = 200 GeV and U + U collisions at \/syy =
193 GeV at midrapidity. The ¢-meson Rsp values are larger
than 7°- and n-meson Ryp values in the central collisions in
the intermediate-p; range. The differences between 7%- and
n-meson Rap and ¢-meson Rsp values at moderate pr de-
crease as the centrality increases. These trends of light-hadron
production in the intermediate-pr range can be qualitatively
explained in terms of the interplay of strangeness enhance-
ment and hadronization via coalescence [17]. In central Cu +
Au and U + U collisions at high pr, all light meson yields
show the same suppression level. The high-pr suppression is
consistent—within the measurement uncertainties—with the
assumption of flavor-independent energy loss of prefragmen-
tation partons (u, d, s quarks) in the hot and dense medium.
The same light-hadron R4z behavior has been observed in
symmetric Cu 4+ Cu and Au + Au collisions [38], indicating
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FIG. 11. The comparison of elliptic flow (a,b) v, and (c) v, /n, for ¢ mesons measured as a function of (a) pr, (b) KEr, and (c) KEr /n, in
0%-50% U + U collisions to corresponding v, and v, /n, values for m* mesons and (anti)protons [(p + p)/2].The values for 7* mesons and

(p + P)/2 v, are taken from [53].
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FIG. 12. The comparison of elliptic flow v, (pr) for ¢ mesons measured in (a) 0%—-20%, (b) 20%—40%, (c) 40%—60%, and (d) 20%—60%
Cu + Au collisions and (e) 0%—-50% U + U collisions to IEBE-VISHNU hydrodynamic model predictions with specific viscosity n/s = 1/(4x)

and AMPT model predictions.

that features of light-hadron production do not depend on
collision geometry.

Figure 7 presents comparisons of ¢-meson R,p values,
measured in Cu+ Au collisions at /syy =200 GeV, to
Rap values estimated with AMPT [24] and PYTHIA/ANGANTYR
[26] models. The version of the AMPT model employed here
includes the string-melting mechanism [54]. String melting
refers to excited strings, i.e., those not coming from pro-
jectile and target nucleons that do not interact, which are
converted (“melted”) into partons. Those produced partons
undergo some small number of scatterings and then coalesce
(using a simple spatial-coalescence mechanism) into hadrons.

In contrast, the PYTHIA/ANGANTYR model comprises a
coherent set of physics models for the evolution from a
few-body hard-scattering process to a complex-multiparticle
final state [55]. The ¢-meson R4p values in both models are
obtained by treating the model outputs in the same way as
the experimental data. For Rsp calculation with the AMPT
model, the ¢-meson production cross section measured in
p+p collisions is used as a baseline. To calculate ¢-meson Ryp
with the PYTHIA/ANGANTYR model, the ¢-meson pr yields in
Cu + Au collision obtained in PYTHIA/ANGANTYR are divided
by ¢-meson pr yields in p+p collision from PYTHIAS, and
by the same (Ny) as in experiment. The AMPT results are

obtained using a parton-scattering cross section of 3.0 mb and
incorporating the nuclear-shadowing effect [24]. The param-
eters used in the event generation of PYTHIA/ANGANTYR are
listed in Table VII. The multiplication factor for multiparton
interactions is introduced to match charged hadron multi-
plicities in p+p collisions at /syy = 200 GeV in PYTHIA
calculations and experimental data [5S6]. PYTHIA/ANGANTYR
calculations include uncertainties estimated from the variation
of parton-distribution functions.

To quantify the agreement of model calculations with
experimental results, p-values [57] are calculated from the
least-squares minimization in the standard way. Table VIII
shows the p values estimated for the string melting version
of AMPT and PYTHIA/ANGANTYR model calculations of ¢-
meson R,p values in different centrality classes of Cu + Au
collisions at ,/syy = 200 GeV at midrapidity.

The values of ¢-meson Ryp measured in peripheral Cu +
Au collisions are well described by both PYTHIA/ANGANTYR
and AMPT model calculations. In the most-central and
semicentral Cu + Au collisions at moderate-py, ¢-meson
Rsp values obtained with PYTHIA/ANGANTYR are signifi-
cantly smaller than the measured R4 values, whereas the
AMPT model reproduces the measured ¢-meson R4p values
as reasonably well supported by the calculated p values
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(Table VIII). This means ¢-meson production measured in
Cu + Au collisions is well described by the AMPT model,
which assumes that the mechanism of ¢-meson production at
moderate pr is dominated by the coalescence of s5 pairs [24].

C. Elliptic flow

Figure 8 presents ¢-meson v, values as a function of pr
measured in 0%—20% and 20%—-60% Cu + Au collisions and
0%-50% U + U collisions. Elliptic flow values for ¢ mesons
previously obtained in 20%—-60% Au + Au collisions by
PHENIX [39] and in 0%—30% and 30%—-80% Au + Au colli-
sions by STAR [52] are also shown in Fig. 8. The comparison
of elliptic flow for ¢ mesons in symmetric and asymmetric
collision systems suggests that the v, values follow common
empirical scaling with 82N;a/§. Scaling with participant ec-
centricity of second-order &, represents dependence of v, on
the shape of the nuclear overlap region. The Nplefr*? factor is
introduced to characterize the length scale of nuclear overlap
region and assumed to be proportional to the QGP length scale
[19]. This suggests that the influence of the initial conditions
on v, coefficients, and thereby on QGP properties, are rea-
sonably well encapsulated in the scaling factor 82Np1£. The
scaling of v, values with the shape and size of nuclear-overlap
region can be explained by the hydrodynamic nature of the
QGP at low values of specific-shear viscosity [21].

The comparisons of elliptic-flow v, and v/n, values ob-
tained for ¢ mesons in 0%-20% and 20%-60% Cu + Au
collisions and 0%—-50% U + U collisions to corresponding v,
and v, /n, values for 7+ mesons and (anti)protons [(p + p)/2]
[49,53] are shown in Figs. 9—11, respectively. The scaling
of light hadron v, with the number of valence quarks in the
hadron n, and transverse kinetic energy per valence quark
KEr/n, is observed. The n, scaling can be explained via
quark-coalescence models in which partons develop flow dur-
ing the evolution of partonic matter and the hadron flow is
the sum of collective flows of constituent partons [58,59].
A smaller rescattering cross section [60] for ¢ mesons than
for 7% mesons and (anti)protons may also indicate that the
elliptic flow develops prior to hadronization.

The elliptic-flow values measured for ¢ mesons are
compared to the calculations of the TEBE-VISHNU (2+1)-
dimensional [(2+1)D] viscous-hydrodynamic model with
specific viscosity n/s = 1/(4x) and the string-melting ver-
sion of the AMPT model. The comparisons of measured
¢-meson v, values to AMPT and IEBE-VISHNU model pre-
dictions are shown in Fig. 12 for 0%-20%, 20%—40%,
40%—-60%, and 20%—-60% Cu + Au collisions and for 0%—
50% U + U collisions. Table IX shows the p values estimated
for IEBE-VISHNU and AMPT model calculations of ¢-meson v,
values in different centrality classes of Cu + Au and U 4+ U
collisions.

Elliptic flow for ¢ mesons estimated with the AMPT model
are consistent within uncertainties with the ¢-meson v, values
measured in Cu + Au collisions. The ¢-meson v, values in
U + U collisions are under predicted by AMPT calculations,
as shown in Fig. 12(e). In contrast, calculations of the IEBE-
VISHNU (2+1)D viscous-hydrodynamic model with specific-
shear viscosity /s = 1/(4m) reproduce ¢-meson elliptic flow

TABLE IX. p-values estimated for the IEBE-VISHNU and string
melting version of AMPT calculations of ¢-meson v, in different cen-
trality classes of Cu + Au at \/syy = 200 GeV and U + U collisions
at /syy = 193 GeV.

p value
Collision Centrality IEBE-VISHNU AMPT sm
Cu+ Au 0%-20% 0.788 0.287
20%—-40% 0.985 0.927
40%—-60% 0.998 0.878
20%—-60% 0.905 0.513
U+u 0%—-50% 0.756 0.097

measured in both Cu+ Au and U + U collisions with high
precision.

IV. SUMMARY

The PHENIX experiment has measured invariant
transverse-momentum spectra, nuclear-modification factors,
and elliptic flow for ¢ mesons in asymmetric Cu+ Au
collisions at ,/syy =200 GeV and in the largest collision
system at RHIC, U 4 U at ,/syy = 193 GeV at midrapidity
In] < 0.35 via the kaon-decay channel. The comparisons
of measured ¢-meson Rup and v, values to previously
obtained PHENIX results and to model predictions have been
provided.

It is found that features of ¢-meson production measured
in heavy ion collisions reported by the PHENIX experiment
do not depend on the shape of the nuclear-overlap region. The
obtained ¢-meson (R4p) and v,/ (szN]iﬁ) values are consistent
across Cu + Cu, Cu + Au, Au+ Au, and U + U collisions
within uncertainties. The measured ¢-meson production aver-
aged over the azimuthal angle scales with the nuclear-overlap
size. Elliptic flow for ¢ mesons scales with the second-order-
participant eccentricity and the characteristic length of the
nuclear-overlap area.

The ¢-meson Ryp values measured in Cu + Auand U + U
collisions at moderate pr are larger than R,p values of 70
and 7 mesons. In both Cu+ Au and U + U collisions, the
¢-meson v, values follow the patterns of 77°-meson and (p +
P)/2 v, values when scaled with the number of valence quarks
in the hadron n,. Both of these observations at moderate pr
can be qualitatively explained by recombination of ss pairs in
¢-meson production. The obtained ¢-meson R4p and v, val-
ues are quantitatively described by the AMPT and IEBE-VISHNU
models, which include the coalescence mechanism.

At high pr, yields of ¢, 7°, and n mesons are equally
suppressed in Cu+ Au and U 4 U collisions. This pattern
is in agreement with expectations for in-medium energy loss
of parent partons prior to their fragmentation. The high-pr
suppression scales with size of the nuclear-overlap region,
which is assumed to be proportional to the QGP volume.

The scaling of hadronic elliptic flow with the number of
valence quarks in the hadron, n,, the second-order-participant
eccentricity, &;, and the cube root of the participant-nucleons

number, Npla/é, can be explained by the hydrodynamic nature

014907-14



MEASUREMENT OF ¢-MESON PRODUCTION IN ...

PHYSICAL REVIEW C 107, 014907 (2023)

of the QGP. The measured v, values for ¢ mesons are well
described by a (241)D viscous hydrodynamic model with
specific shear viscosity n/s = 1/(4m).
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