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Small nuclear collisions are mainly sensitive to cold-nuclear-matter effects; however, the collective
behavior observed in these collisions shows a hint of hot-nuclear-matter effects. The identified-
particle spectra, especially the ¢ mesons which contain strange and antistrange quarks and have
a relatively small hadronic-interaction cross section, are a good tool to study these effects. The
PHENIX experiment has measured ¢ mesons in a specific set of small collision systems p+Al,
p+Au, and *He+Au, as well as d+Au [Phys. Rev. C 83, 024909 (2011)], at /5,5 = 200 GeV.
The transverse-momentum spectra and nuclear-modification factors are presented and compared to
theoretical-model predictions. The comparisons with different calculations suggest that quark-gluon
plasma may be formed in these small collision systems at /s = 200 GeV. However, the volume
and the lifetime of the produced medium may be insufficient for observing strangeness-enhancement
and jet-quenching effects. The comparison with calculations suggests that the main production
mechanisms of ¢ mesons at midrapidity may be different in p+Al versus p/d/*He+Au collisions at
Sy~ = 200 GeV. While thermal quark recombination seems to dominate in p/d/*He-+Au collisions,
fragmentation seems to be the main production mechanism in p+Al collisions.

I. INTRODUCTION

Quantum chromodynamics (QCD) predicts the existence of a state of matter, called the quark gluon plasma (QGP)
where quarks and gluons are unbounded, at either high temperature or high baryon density. Relativistic ion collisions
provide unique opportunities to study properties and characteristics of the QGP in laboratory experiments, which
is one of the main goals of the PHENIX experiment [1]. The experimental evidences of formation of QGP at /5
= 200 GeV have been observed in large collision systems such as Au+Au and Cu+Cu [2], while the observables in
p+p collisions are consistent with perturbative QCD (pQCD) calculations which describe primordial processes. The
specific set of small collision systems available at the Relativistic Heavy Ion Collider (RHIC) at /5., = 200 GeV
provides an opportunity to investigate the minimal conditions (temperature and/or baryon density) sufficient for QGP
formation.

It is believed (e.g., see Ref. [1]) that in small collision systems (such as p+Al, p+Au, d+Au, and *He+Au), where
energy and/or baryon density are not high enough to form a QGP, multiparticle production in the final state may
occur without a QCD phase transition. The cold-nuclear-matter effects [3, 4] seem to play a predominant role in
small-system collisions at /s, = 200 GeV. These effects include multiple-parton scattering, nuclear absorption
and modification of the initial parton-distribution functions (PDFs) in nuclei. However, recent studies on elliptic
and triangular flow in small systems suggest that QGP could be produced in p/d/>He+Au collisions [5]. The flow
measurements are well-explained by hydrodynamic model and are consistent with QGP droplet formation [6].

Additionally, the studies of J/v [7], ¥(2S5) [8], and charged-hadron [9, 10] production at backward rapidity provide
evidences of final-state effects not only in p/d/>He+Au, but also in p+Al collisions. Nonetheless, these effects are
weaker in p+Al, than in p/d/>He+Au collisions.

The enhanced production of strange or hidden-strange hadrons in high-energy heavy-ion collisions, as compared to
the appropriately scaled p+p collisions, is a direct consequence of the process of chemical equilibration of strange quarks
in QGP [11]. Thus, measurement of hadrons containing (anti)strange quarks has been established as a promising
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method of detecting the QGP. Recently published ratios of strange to nonstrange hadron yields observed at the Large
Hadron Collider [12] show a smooth transition from elementary p+p collisions at the higher center-of-mass energy of
VSxn = 7 TeV, via p+Pb collisions at /s, = 5.02 TeV, to heavy ion Pb+Pb collisions at lower energy /s, =
2.76 TeV, when studies as a function of the charged-particle multiplicity, (dN.,/dn). This observation is interpreted
as possible QGP formation in p+p or p+Pb collisions at high enough (dN.,/dn) and demonstrates strangeness
enhancement as a useful tool to study the onset of QGP formation. At RHIC, the strangeness enhancement in d+Au
collisions at /5, = 200 GeV is observed only in the Au-going direction (—2.2 <y < —1.2) at 2 < pr < 5GeV/c,
while in the d-going direction and at midrapidity, this effect is not observed within the uncertainties [2, 13]. Further
measurements of strangeness enhancement in a broad set of small collision systems may provide an advantageous
probe of QGP formation.

The strange-hadron yields also provide an additional degree of freedom, flavor, number of quarks, and mass, in the
study of hadron production at high transverse momentum (pr). The energy loss of hard-scattered partons in the QGP,
called jet quenching, manifests itself as a suppression of hadron production at high pr in relativistic ion collisions as
compared to the expectations from elementary proton-proton collisions [14]. The observation of both jet-quenching
and strangeness-enhancement effects in various large systems (Au+Au and Cu+Chu collisions at /5, = 200 GeV [2])
suggests that QGP can be formed in such collisions. By now, in central collisions, the ¢ meson is less suppressed
than other light-meson yields in the intermediate pr range (2-5 GeV/c) whereas at higher pr (>5 GeV/c), all light
mesons are suppressed in comparison to the p+p collisions and show similar suppression values [2]. Both strangeness
enhancement and jet quenching observed in A+ A collisions are consistent with QGP formation, but are still under-
explored in small collision systems at midrapidity and require further scrutiny.

The ¢ vector meson, which is the lightest nearly pure bound state of s and § quarks [15] and measurable up to high
pr, is considered a good probe for the study of both jet-quenching and strangeness-enhancement effects in relativistic
ion collisions. The interaction cross section of the ¢ meson with nonstrange hadrons has a small value [16]. The
data on coherent ¢ meson photo-production show that T ~~=10 mb [17, 18]. Additionally, because the lifetime (42

fm/c [16]) is longer than the QGP (=5 fm/c [1]), ¢ mesons will decay mostly outside of the hot and dense matter and
its daughters will not have much time to rescatter in the hadronic phase. Therefore, ¢-meson production is expected
to be less affected by the later-stage hadronic interactions in the evolution of the system formed in relativistic ion
collisions. Consequently, properties of the ¢ meson are primarily controlled by the conditions in the early partonic
phase and, hence, can be considered a clean probe to investigate the properties of matter created in relativistic ion
collisions. The ¢ meson has a mass of &1 GeV [15] which is comparable to the mass of the lightest baryons, such as
protons.

This paper presents invariant pr spectra and nuclear-modification factors of ¢ mesons in p+Al, p+Au, d+Au, and
3He+Au collisions at VSx~ = 200 GeV. The comparisons of obtained results to previous light-hadron-production
measurements in small systems and to different model calculations are provided for better understanding of the
underlying processes.

II. DATA ANALYSIS

A detailed description of the PHENIX experimental set-up can be found elsewhere [19]. The beam-beam counters
(BBC) [20] are used for the centrality definition, the determination of collision vertex along the beam axis (the z-
vertex), and the event start time. The BBCs cover the pseudorapidity range 3.0 < || < 3.9. The minimum-bias (MB)
interaction trigger is also provided by the BBCs by requiring at least one inelastic nucleon-nucleon collision with the
simultaneous detection of charged particles in both south BBC (Au[Al]-going direction) and north BBC (p[*He]-going
direction). The event vertex is required to be within |zyertex| < 30 cm of the nominal interaction region.

Two central arms (east and west) of the PHENIX detector are used for electron, photon, and charged-hadron
measurements. They each cover |n| < 0.35 in pseudorapidity and 90° in azimuthal angle. The central arms include a
particle-tracking system [21], which comprises drift chambers and pad chambers.

Charged particle identification (PID) is performed by simultaneous measurement of momentum, flight time, and
path-length. The flight time is measured by the time-of-flight detector in the east part of the central arm spectrometer
(TOF-E) [22, 23].

The data sets used in the analysis are collected from p+Al and p+Au collisions by the PHENIX detector in 2015
and 3He+Au collisions collected in 2014 at center-of-mass energy VSx~ = 200 GeV. The integrated luminosities of
the data sets used in this analysis are 1.27 pb=! in p+Au, 3.87 pb~! in p+Al, and 134 nb~! in 3He+Au collisions.

Centrality selection is performed with the BBCs using the Glauber Monte Carlo procedure described in [24], wherein
the charge in the BBCs is assumed to be proportional to the number of participating nucleons (Npay). In the current
study, the distributions measured in the south BBC are used, which is the direction of the larger nucleus (Al or
Au). The BBC charge is assumed to follow a negative-binomial distribution (NBD) with a mean of (Npay) and
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the remaining NBD parameters determined from a x2 minimization of the combined Glauber+NBD calculation with
respect to the data. The BBC distributions are divided into equal probability bins, and the corresponding Glauber
distributions are used to calculate (Npar) as well as the number of binary nucleon-nucleon collisions (Neon), which
are shown in Table I.

TABLE I. Summary of the (Ncon), (Npart), and fuias values calculated using Glauber Monte Carlo simulation.

Collision Centrality (Neon) (Npart) Soias
p+Al 0%—-72% 2.14+0.1 3.1+0.1 0.80+0.02
0%—20% 3.4+0.3 4.4+0.3 0.81£0.01
20%-40% 2.3£0.1 3.3£0.1 0.90+0.02
40%-72% 1.6£0.1 2.6+0.1 1.05+0.04
p+Au 0%—84% 4.74+0.3 5.7£0.3 0.86+0.01
0%—20% 8.21+0.5 9.2+0.5 0.90+0.01
20%-40% 6.1+0.4 7.1+£0.4 0.98+0.01
40%—-84% 3.44+0.2 4.4+0.2 1.01+0.04
3He+Au 0%—-88% 10.4+£0.7 11.4£0.5 0.89+0.01
0%—20% 22.3+£1.7 21.1+£1.3 0.95£0.01
20%—-40% 14.8£1.1 15.4+0.9 1.01£0.01
40%-60% 8.41+0.6 9.5£0.6 1.024+0.01
60%-88% 3.4+0.3 4.6+0.3 1.03+0.05

The determination of hadron yields in centrality bins has a known bias effect (see Ref. [25]). This effect results from
the diffractive portion of the p+p collision, constituent p+Al or p/d/3He+Au collision, and manifests itself as a bias
towards nondiffractive collisions, where higher charge is deposited in the BBC, and hence towards larger centrality.
Increased trigger efficiency is correlated with a 1.55 times larger BBC multiplicity [9]. Bias effects were removed
via correction factors fpi.s that are calculated using a Glauber+NBD approach and following the detailed procedure
described in Ref. [25].

The ¢-meson-production measurement is conducted via the kaon (K-meson) decay channel. The values of ¢ meson
mass, width (T') and branching ratio (Br) of ¢ — KT K~ decay can be found in [15].

Each charged track is paired with its opposite sign to reconstruct the invariant-mass spectrum in every selected
centrality class and pr bin. For every track, the three momentum components are determined with the help of the
drift chambers and the first layer of the pad chambers. Then, the invariant mass and transverse momentum are
calculated from the kinematics of two-particle decay. This, so called “no PID,” technique is used for all collisions for
pr > 2.2 GeV/e. To increase the signal to background ratio for pr < 2.2 GeV/¢, one of the tracks is required to be
identified as a kaon. The requirements of the charged track to be a kaon is determined by the TOF-E detector. This
so-called “one-kaon PID” is used for pr < 2.2 GeV/c in p+Au and *He+Au collisions. Additionally, to provide a cross
check of the results and for estimation of systematic uncertainties for *He+Au collisions, both kaons were required
to be identified (“two-kaons PID”). For p+Al collisions only the “no PID” technique is applied due to low statistics.
Figure 1 shows examples of mass spectra obtained in 3He-+Au collisions using the three methods.

Invariant-mass spectra for opposite sign pairs comprise the ¢-meson signal and the combinatorial background. The
combinatorial background comprises correlated and uncorrelated parts. The event-mixing technique [26] is applied
in order to subtract the uncorrelated background. After subtraction, the background invariant-mass distribution is
fitted with a Gaussian function convoluted with Breit-Wigner function to describe the signal and a second order
polynomial function to describe the remaining correlated background from other particle decays (K9 — 7t7=, A —
pr~, p—= T, w— 7%~ ete.). Gaussian o value, corresponding to mass resolution, is constrained to the sy
value derived using a full GEANT [27] simulation of the PHENIX detector with zero natural width of ¢ meson. The I'
parameter of the Breit-Wigner function is left as a free parameter in the fit of the simulated data, and its extracted
value I'g is then used in the real data fitting to constrain the I' parameter to fall within £10% of the I'g value. The
reconstruction efficiency (erec) of the ¢ meson is determined using simulation with a ¢ meson PDG width I". The raw
yields of ¢ mesons are obtained by integrating the invariant mass distribution in the range + 9 MeV/c? around the
¢ meson mass after combinatorial background subtraction as shown in Fig. 1.



S S
3
30000 PHENIX He+Au, 0% —88%
\sy=200 GeV, |n|<0.35
— S K'K,1.7<p_<22
A (@ Y Pr
2 25000} .
Q no PID
é 4
2 #
3
O 20000+ .
)
» +++ ]
15000_. T RSN RS S SN TS ST S SN S SN AN
]
- 3 _
2000._ PHENIX He+Au, 0% — 88% ]
I VS =200 GeV, |n|<0.35 :
— 9 - KK ,17<p_<22
o (b) T
S 1500 -
g One-kaon PID
£ 1000F ]
=}
[e] J
O L i
500_- + ++++;
Raad + ¢ 1
P T SR T AN TN SN TN T [N SN TN T SN NN TN TN SN T AN T SHNN ST WA T SN T SO S S N WA
e
80F  PHENIX *He+Au, 0% - 88% -
VS =200 GeV, |n|<0.35
— - K'K ,17<p_<22
T O (© Y Prose
S
2 Two-kaons PID
S 40 ]
<
=}
(@)
(@] 20} _
obtitt it
oo by by by by by by

1 101 1.02 1.038 1.04 1.05
M, (GeVic?)

FIG. 1. Examples of invariant-mass distributions for the K+ K~ pairs in *He+Au collisions at Sy~ = 200 GeV, obtained
with the (a) no PID, (b) one-kaon PID, and (c) two-kaons PID methods after subtraction of the combinatorial background
estimated using the event-mixing technique. Plots correspond to integrated pr for 1.7 < pr < 2.2 GeV/c. Spectra are fitted to
the sum of a Breit-Wigner function convolved with a Gaussian function to account for the ¢ signal, and a polynomial function
to account for the residual background.

The invariant spectra of ¢ meson in each transverse-momentum interval is calculated as

1 d2N _ fbias
27Tz\]event ppoTdy 27TPT

% Nraw (1)
NeventBr * Erec (pT)APTAy 7

57 where Ny, is the number of ¢ mesons detected by the experimental setup (raw yield), Neyent is the number of



TABLE II. Type B systematic uncertainties on the ¢ meson invariant yields in p+Al collisions at /s,y = 200 GeV

pr [GeV/d 1.45 3.45 3.95

Raw-yield extraction 18.1% 9.9% 11.2%
Acceptance 4.0% 4.0% 4.0%
Reconstruction efficiency 3.0% 3.0% 3.0%
Momentum scale 0.6% 3.0% 3.6%
Branching ratio 1.0% 1.0% 1.0%

Total type B 18.8% 11.5% 12.7%

TABLE III. Type B systematic uncertainties on the ¢ meson invariant yields in p+Au collisions at /s,y = 200 GeV

pr [GeV/d 1.1 1.95 3.95

Raw-yield extraction 9.6% 8.8% 11.2%
Acceptance 5.0% 5.0% 5.0%
Reconstruction efficiency 4.0% 4.0% 4.0%
Momentum scale 0.5% 1.1% 3.6%
Branching ratio 1.0% 1.0% 1.0%

Total type B 11.6% 11.0% 13.4%

TABLE IV. Type B systematic uncertainties on the ¢ meson invariant yields in *He4Au collisions at . /Snn = 200 GeV

pr [GeV/(] 1.1 1.95 5.5 7.0
Raw-yield extraction 7.6% 6.8% 15.4% 14.8%
Acceptance 4.0% 4.0% 4.0% 4.0%
Reconstruction efficiency 3.0% 3.0% 3.0% 3.0%
Momentum scale 0.5% 1.1% 4.7% 5.0%
Branching ratio 1.0% 1.0% 1.0% 1.0%
Total type B 9.2% 8.6% 16.9% 16.4%

TABLE V. Type C systematic uncertainties on the ¢ meson invariant yields in p+Al, p+Au, and *He+Au collisions at . /Snn

= 200 GeV
p+Al Centrality 0%-20% 40%-72% 0%—72%
Total type C 10.5% 9.2% 7. 7%
p+Au Centrality 0%—20% 40%-84% 0%—-84%
Total type C 6.6% 7.4% 6.9%
3He+Au Centrality 0%—20% 60%—-88% 0%—88%
Total type C 7.7% 10.1% 6.9%

s analyzed events, Br is the branching ratio of ¢ — KT K~ decay, and eycc(pr) corrects for the limited acceptance of
o the detector and the ¢ meson reconstruction efficiency.
Nuclear-modification factors are calculated as

2

o

2!

a

oinel A’ N, a/dydpr
<Ncoll> dQUpP/dyde ’

Rya = (2)

20 where d> N, 4 /dydpr is the per-event yield of particle production in x + A collisions, d%c,,/dydpr is the production
%1 cross section in p+p collisions, and a;‘;"l = 42.2 mb [28] is the total inelastic proton-proton cross section. The p+p
22 reference data used in the analysis is taken from [28].

3 There are three types of systematic uncertainties: type A (point-to-point uncorrelated); type B (point-to-point
26 correlated), which can change the shape of the spectrum in a smooth way as a function of pr and type C (global
265 or normalization), which can only move all data points up or down by the same amount. The uncertainties of type
%6 A are dominated by the statistical precision of the data. Uncertainty of type B includes acceptance, reconstruction
7 efficiency and momentum scale uncertainties, and uncertainty in the raw-yield extraction, which are evaluated by

=3
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varying the identification approaches, fit parameters and the parameterization of the residual background. The trend
in raw yield extraction uncertainty values at low pr is mostly driven by the increasing signal to background ratio with
increasing pr, and at high pr by worsening detector mass resolution and lower statistics. The various normalization
correction terms have type C uncertainties. Uncertainty of type C includes (Ncon), foias uncertainties, uncertainty
caused by event overlap (0.9% for 3He+Au, 2.2% for p+Au, and 5.5% for p+Al), which might arise during the same
bunch crossing, and uncertainty in normalization for the p+p cross section equal to ~ 9.7%. The uncertainties are
examined in each centrality class for p+Al, p+Au, and 3He+Au collisions and are found to be consistent among all
centrality classes.

Tables II, III, and IV present typical values of the estimated type-B systematic uncertainties and Table V shows
those for type C. In all three systems, the total systematic error is dominated by raw-yield extraction uncertainty.

III. RESULTS
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FIG. 2. Invariant transverse momentum spectra measured for ¢ mesons in (a) p+Al, (b) p+Au and (c) *He+Au collisions at
VS~ = 200 GeV at midrapidity. The statistical uncertainties are shown by vertical bars, which are smaller than the size of
the symbols, and the systematic uncertainties are indicated by rectangles, which are depicted wide to make them visible.

Figure 2 shows the invariant transverse momentum spectra of ¢ mesons in p+Al, p+Au and *He+Au collisions at
Sy~ = 200 GeV at midrapidity [n| < 0.35, in four centrality bins in p+Al and p+Au and for five centrality bins in
3He+Au collisions.

Figure 3 shows ¢ meson nuclear-modification factors R, 4 measured in p+Al, p+Au, d+Au and *He+Au collisions
at /sy = 200 GeV at midrapidity. The normalization uncertainty from p+p (= 9.7%) is not shown [28]. From
comparing p+Al, p+Au, d+Au and 3He+Au results, an ordering of ¢-meson R, 4 might be seen in the intermediate pr
range in the most-central (0%-20%) and MB (0%-100%) collisions: Rspeay < Rdaau < Rpau. Also at high pp, a hint
of suppression in central collisions, and a hint of enhancement in peripheral collisions is observed. Nonetheless, the
¢-meson R, 4 are equal to unity within large uncertainties. Similar results were previously obtained for 7% production
in small collision systems and was explained by conservation of energy [29]. The production of high-energy particles
(with a large transverse momentum), by virtue of the conservation of energy, leads to a decrease in multiplicity in
the collision [30] and hence [25] possibly incorrectly categorizing some central collisions as peripheral collisions. This
effect might cause, at high pr, a hint of R, 4 suppression in central collisions and a hint of R,4 enhancement in
peripheral collisions. This suggests that conclusions about energy loss in small collision systems cannot be drawn due
to insufficient experimental precision and further careful theoretical treatment is required.

Figure 4 shows the comparison of ¢ meson and 7°-meson nuclear-modification factors [29] measured in p+Al, p+Au,
d+Au [2], and 3He+Au collisions at VSx~ = 200 GeV at midrapidity. Because ¢ meson contains s and s quarks and
70 comprises of v and d quarks, this comparison can reveal the possible strangeness enhancement effect. Panels
(a) to (d) show the results for the most central collisions and and panels (e) to (h) show the results for the most
peripheral collisions. In the ¢ meson pr-range up to 8.0 GeV/c, ¢ and 7%-mesons nuclear-modification factors are in
agreement within their uncertainties for the different collision systems. The ¢ meson production in the most central
collisions shows a trend to less suppression or larger enhancement than the 7° meson production at moderate pr,
however it cannot be concluded due to large systematic uncertainties. In heavy ion collisions (Au+Au and Cu+Chu),
in the most central collisions, the ¢ meson R, 4 shows less suppression than 7%-meson in the intermediate pr range of
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FIG. 3. Comparison of ¢-meson nuclear-modification factors in p+Al, p+Au, d+Au [2], and *He+Au collisions at
Sy~ = 200 GeV at midrapidity. Here and in following figures, the statistical uncertainties are shown by vertical bars and
the systematic uncertainties are indicated by rectangles, which are depicted wide to make them visible. The normalization
uncertainty from p—+p of about 9.7% is not shown [28].

2 < pr(GeV/e) < 5 [2]. This result is qualitatively consistent with quark coalescence from QGP models [31, 32]. The
observation of strangeness enhancement in small collision systems at midrapidity cannot be concluded due to large
systematic uncertainties.

To separate collective and noncollective phenomena and to study the ¢ meson production mechanism, the data
are compared to calculations using PYTHIA/Angantyr [33], Eskola-Paakkinen-Paukkunen-Salgado (EPPS16) [34],
coordinated-theoretical-experimental project on QCD (NCTEQ15) nuclear PDF [35], and a multiphase transport
(AMPT) [36] models for both default [def] and string-melting [sm].

PYTHIA8.303 [37] was developed based on leading-order pQCD calculations with soft-hadron production matching
the observed data from p+p collisions at different energies. To further develop its framework, Angantyr was created
to include heavy ion collisions in the same PYTHIA framework without introducing a new state of matter (collective
behavior).

The first step is to establish the inclusive hadron spectrum in p+p collisions at /s = 200 GeV from the
PYTHIAvV8.303. Then, the ¢ meson spectra were estimated from the PYTHIA/Angantyr in p+Al, p+Au, d+Au
or 3He+4Au collision at the same collision energy. The parameters used in the event generation of PYTHIA are listed
in Table VII. The multiplication factor for multiparton interactions is introduced to match n-dependent multiplicity
distribution in p+p collisions at /s, = 200 GeV in PYTHIA calculations and experimental data [38]. The R, 4 were
then calculated with the (Ngon) values taken from PYTHIA/Angantyr, which are listed in Table VI.

TABLE VI. (Ncon) values obtained from PYTHIA
8.303 [37].

p+Al p+Au d+Au SHe+Au

2.1 4.2 6.2 7.9

Systematic uncertainties for PYTHIA/Angantyr calculations include the uncertainty of the PDFs variation and
uncertainty in total z4+A cross section. Figure 5 shows the comparison of experimental results on ¢ meson production
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FIG. 5. Experimental results on ¢ meson production in (a) p+Al, (b) p+Au, (c) d+Au [2], and (d) *He+Au collisions at /55y
= 200 GeV at midrapidity (|n] < 0.35) and comparisons to PYTHIA/Angantyr [33] model predictions.

2 in p+Al p+Au, d+Au and *He+Au at /5., = 200 GeV to PYTHIA/Angantyr model predictions. The results
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shown for the MB collisions suggest that PYTHIA/Angantyr calculations describe the experimental results within
uncertainties, however predict the reverse R;4 ordering: Rpay < Riau < Rsgean. Despite the agreement of R4
experimental values with PYTHIA /Angantyr calculations, the same calculations have discrepancies with experimental
results on the ¢-meson invariant-pr spectra in p+p [39] and all considered systems at /s, = 200 GeV at midrapidity.
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FIG. 6. Experimental results on ¢-meson production in (a) p+Al, (b) p+Au, (¢) d+Au [2], and (d) *He+Au collisions at
VSx~ = 200 GeV at midrapidity (|n| < 0.35) and comparisons to EPPS16 [34] and NCTEQ15 [35] nuclear PDF calculations.

Figure 6 shows the experimental data compared to calculations based on NCTEQ15 nPDF [35] and EPPS16 nPDF [34]
interfaced with PYTHIA8.303. Both NCTEQ15, and EPPS16 nPDF results show conformity with experimental data
within uncertainties. However, the nPDF calculations fail to predict the experimental ordering of ¢ meson R4 at
moderate pr, as was previously observed for 7° production. The different trends of the nPDF calculations com-
pared to the experimental data suggest that the nuclear modification in p/d/3He+Au collisions might involve some
mechanism(s) additional to nPDF.

TABLE VII. Parameters used in PYTHIA

parameter value description
Soft QCD: all = on All soft QCD processes
Used for PYTHIA /Angantyr calculations

inelastic = on All soft QCD processes, except for elastic
Used for NCTEQ15-+PYTHIA and EPPS16+PYTHIA calculations

PDF:pSet 8 CTEQ6L1 parton-distribution function

MultipartonInteractions: Kfactor 0.5 Multiplication factor for multiparton interaction

The AMPT model [36] includes the initial-partonic and final-hadronic matter, as well as the transition between the
two phases. This model provides an opportunity to study the hadronization mechanism in relativistic ion collisions.
In the AMPT-default model, only minijet partons from processes evaluated by the pQCD are involved in the Zhang’s
parton cascade [40] and are recombined with their parent strings when they stop interacting. The resulting strings
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FIG. 7. Experimental results on ¢ meson invariant pr spectra in p+Al, p+Au, d+Au, and 3He+Au collisions at V8y~ = 200
GeV at midrapidity (Jn| < 0.35) and comparisons to (a) default [def] and (b) string melting [sm] versions of the AMPT-model
predictions. Panels (c) and (d) show data to AMPT-calculation ratios; the markers, error bars, and error boxes are the same as
for panels (a) and (b).

are converted to hadrons using the Lund string fragmentation model.

In the extended-string-melting version of the AMPT model, the strings, formed in the nonperturbative processes,
melt into partonic degrees of freedom and a quark-coalescence model [36] is used to combine partons into hadrons.
The AMPT results were obtained using a parton-scattering cross section of 3.0 mb and incorporating the nuclear
shadowing effect [36].

Figure 7 shows the comparison of experimental ¢ meson invariant py spectra in MB p+Al, p+Au, d+Au, and
3He+Au collisions to the predictions of default and string-melting AMPT calculations. The p/d/3He+Au results are
well described in the frame of the string-melting version of the AMPT model. The ratios of ¢-meson yields, measured
in the experiment to AMPT calculations, are consistent with each other in p/d/>He+Au collisions and therefore,
the AMPT model is able to predict the experimental ordering of ¢ meson R;s. The default version calculations
underpredict the experimental data for p/d/3He+Au collisions. In contrast, the string-melting version of the AMPT-
model calculations seems to overpredict the ¢-meson invariant spectra in p+Al results, whereas the default-version
calculations demonstrate more conformity. Therefore, the coalescence mechanism apparently plays a considerable
role in hadronization in p/d/*He+Au collisions at /5, = 200 GeV. This confirms previous studies of light-hadron
production at RHIC, where some of QGP effects such as baryon enhancement [41] and reversed mass ordering of vy
in small collision systems [42] have been interpreted in terms of recombination model of hadronization. However,
the comparison of experimental data to theoretical model predictions in the current study suggests that in p+Al at
midrapidity the contribution of the coalescence mechanism in ¢ meson production is less significant.

IV. SUMMARY

In summary, PHENIX has measured ¢ meson invariant transverse momentum spectra in |n| < 0.35 in p+Al, p+Au
and *He+Au collisions at /s, =200 GeV in the range 1.0 < pr < 4.2(6.25,7.75) GeV/c for different centrality
classes via the kaon decay channel. The nuclear-modification factors in these collision systems were also presented.
These first measurements of ¢ meson production and its nuclear modification in highly asymmetric small collision
systems at RHIC fill the gaps in ¢ meson measurements between previous results in p+p, d+Au, and heavy-ion
collisions.

In the most central and MB collisions in the intermediate py range ¢ meson nuclear-modification factors show a
hint of ordering: Rspean < Raau < Rpau. In other centralities, ¢ meson R, 4 exhibit similar shape over all pr range
for all small systems. A hint of suppression in central collisions and a hint of enhancement in peripheral collisions at
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high-pr could be explained as events with high-pr mesons having smaller underlying event multiplicity.

The ¢ meson production in the most central collisions shows a trend to less suppression than the 7% meson production
at moderate pr. However, the R, 4 for both mesons are in agreement within uncertainties. This might suggest that
strangeness-enhancement effects cannot be precluded.

Although the hot-nuclear-matter effects, such as strangeness enhancement and jet quenching, are imperceptible
in small collision systems, ¢ meson R, in p/d/>He+Au collisions are in good agreement with the string-melting
version of AMPT calculations, whereas the default version of AMPT calculations underpredict the data. Although
PYTHIA/Angantyr and EPPS16 and NCTEQ15 nPDF calculations describe the experimental results within uncertainties,
the predicted R,4 values do not describe measured R, 4 ordering.

Experimental results in p+Al collisions are better described with the default version of the AMPT-model calculations
and are also consistent with PYTHIA model and nPDF's calculations. Hence, in spite of some collective effects observed
in p+Al collisions at /5, = 200 GeV at backward rapidity, at midrapidity the QGP formation does not reveal itself.

The obtained results are in favor of the QGP formation in small collision systems. However, the volume and
lifetime of the medium produced in these collisions might be insufficient for observing strangeness-enhancement and
jet-quenching effects.

Comparisons with model predictions suggest, that ¢-meson production in p/d/3He+Au collisions at Vxx = 200 GeV
might be driven by mechanisms additional to nPDF. The hadronization process in p+Al collisions could be interpreted
within the frame of the fragmentation model and the influence of a coalescence mechanism seems to be negligible
at midrapidity. The larger p/d/3He+Au systems can be well described by invoking the coalescence mechanism.
Further studies of QGP effects in small collision systems and comparison of all available experimental results to the
theoretical predictions, considering hot- and cold-nuclear-matter effects, are necessary for revealing the possibility
of QGP formation. Particularly, the comparison of obtained ¢ meson results to p(p) production in small collision
systems at /sy = 200 GeV at midrapidity can reveal a role of recombination or radial flow in observed ¢ and 70
R, 4 ordering.
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