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The PHENIX experiment has performed a systematic study of identified charged-hadron (π±, K±, p, p̄) pro-
duction at midrapidity in p + Al, 3He +Au, and Cu + Au collisions at

√
sNN = 200 GeV and U + U collisions

at
√

sNN = 193 GeV. Identified charged-hadron invariant transverse-momentum (pT ) and transverse-mass (mT )
spectra are presented and interpreted in terms of radially expanding thermalized systems. The particle ratios of
K/π and p/π have been measured in different centrality ranges of large (Cu + Au and U + U) and small (p + Al
and 3He +Au) collision systems. The values of K/π ratios measured in all considered collision systems were
found to be consistent with those measured in p + p collisions. However, the values of p/π ratios measured in
large collision systems reach the values of ≈0.6, which is a factor of ≈2 larger than in p + p collisions. These
results can be qualitatively understood in terms of the baryon enhancement expected from hadronization by
recombination. Identified charged-hadron nuclear-modification factors (RAB) are also presented. Enhancement
of proton RAB values over meson RAB values was observed in central 3He +Au, Cu + Au, and U + U collisions.
The proton RAB values measured in the p + Al collision system were found to be consistent with RAB values of
φ, π±, K±, and π 0 mesons, which may indicate that the size of the system produced in p + Al collisions is too
small for recombination to cause a noticeable increase in proton production.

DOI: 10.1103/PhysRevC.109.054910

I. INTRODUCTION

The quark-gluon plasma (QGP) [1,2] is a state of mat-
ter that exists at extremely high temperature and density.

The QGP is composed of deconfined, strongly interacting
quarks and gluons, which are ordinarily confined inside
hadrons. Quantum chromodynamics, the theory of strong
nuclear forces, predicts QGP formation in high-energy col-

054910-3
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lisions of heavy nuclei. The QGP existence has been verified
by experimental observations of QGP signatures [1,3], such
as strangeness enhancement [4–9], jet quenching [10–13], and
baryon enhancement [14–19].

The QGP is formed in heavy ion collisions (such as Cu +
Au and U + U) at temperatures larger than 300 MeV [20,21],
but expands and cools down in a short time (≈10 fm/c [3]).
When the critical temperature (≈175 MeV [1,20]) is reached,
the hadronization process begins. It was expected [20] that in
relativistic ion collisions protons are produced roughly three
times less than pions, reflecting the mass difference between
them and the requirement for a nonzero baryon number to
form a proton. Indeed, the values of the proton to pion ra-
tio (p/π ) measured by the PHENIX experiment in p + p
collisions do not exceed a value of 0.3. However, in central
Au + Au collisions, the p/π ratio reaches a value of 0.8,
indicating that protons and π mesons are produced in nearly
equal proportion. The anomalous proton production observed
by the PHENIX experiment [22] in Au + Au collisions at√

sNN = 130 GeV [15] and later at
√

sNN = 200 GeV [16] was
successfully described by the recombination model. The re-
combination model [23,24] is a hadronization model that
considers hadron formation as a result of combining quarks
that are nearby in phase space.

Small collision systems (such as p + Al and 3He +Au)
were previously studied primarily to investigate cold-nuclear-
matter effects [25,26] (Cronin enhancement [27,28], multiple-
parton scattering [29], and modifications of the initial
nuclear-parton distribution functions [30,31]). It was thought
[25,32] that the size and lifetime of the system produced in
small collision systems are not sufficient for QGP formation.
However, in 2019 the PHENIX experiment reported on the
observation of elliptic and triangular flow patterns of charged
particles produced in p/d/ 3He +Au collisions [32]. The re-
sults of these measurements have been described in the frame
of hydrodynamical models, which include the formation of
short-lived QGP droplets. Comparison of identified charged-
hadron production in small and large collision systems may
enable systematic studies to determine the minimal conditions
of QGP formation and to investigate influence of collision
geometry and system size on hadron production.

This paper presents new data on identified charged-hadron
production in p + Al, 3He +Au, and Cu + Au collisions at√

sNN = 200 GeV and U + U collisions at
√

sNN = 193 GeV.
Discussed are the influences of collision centrality and geom-
etry on identified charged-hadron invariant pT and mT spectra,
nuclear-modification factors, and ratios.

II. DATA ANALYSIS

The data sets used in the present analysis were collected
by the PHENIX experiment during the operational periods
of the Relativistic Heavy Ion Collider in calendar years 2012
(Cu + Au and U + U), 2014 (3He +Au), and 2015 (p + Al).
The PHENIX experiment [22] included several subdetectors
that are grouped into four main blocks called arms. The central
arms—east and west—cover midrapidity (|η| < 0.35) and are
intended for measurement of electrons, photons, and charged
hadrons. In the present analysis, the drift chambers (DCs)

TABLE I. Summary of the 〈Ncoll〉 and 〈Npart〉 values calculated
using Glauber Monte Carlo simulation.

System Centrality (%) 〈Ncoll〉 〈Npart〉
p + Al 0–72 2.1 ± 0.2 3.1 ± 0.1

0–20 3.4 ± 0.3 4.4 ± 0.3
20–40 2.3 ± 0.2 3.3 ± 0.1
40–72 1.7 ± 0.1 1.6 ± 0.2

3He +Au 0–88 10.4 ± 0.7 11.3 ± 0.5
0–20 22.3 ± 1.7 21.1 ± 1.3
20–40 14.8 ± 1.1 15.4 ± 0.9
40–60 8.4 ± 0.6 9.5 ± 0.6
0–88 3.4 ± 0.3 4.8 ± 0.3

Cu + Au 0–80 123.8 ± 12.0 70.4 ± 3.0
0–20 313.8 ± 28.4 154.8 ± 4.1

20–40 129.3 ± 12.4 80.4 ± 3.3
40–60 41.8 ± 5.3 34.9 ± 2.9
60–80 10.1 ± 2.0 11.5 ± 1.8

U + U 0–80 342 ± 30 143 ± 5
0–20 935 ± 98 330 ± 6

20–40 335 ± 33 259 ± 7
40–60 81 ± 13 65 ± 6
60–80 17 ± 4 18 ± 3

[33] are used for momentum determination, the time-of-flight
(TOF) wall [34] is used for charged-hadron identification, and
the beam-beam counters (BBCs) [35] are used for centrality
determination. Detailed information about the PHENIX ex-
periment can be found in [22,35,36].

A. Event selection

The minimum-bias (MB) trigger was used for event se-
lection. The MB trigger selects events that correspond to
simultaneous signals in the north (forward rapidity) and south
(backward rapidity) BBC detectors. The collision vertex coor-
dinate is required to be |zvtx| < 30 cm relative to the center of
the spectrometer. Determination of centrality in the PHENIX
experiment is done with the BBC according to the proce-
dure described in [37]. The numbers of participating nucleons
〈Npart〉 as well as numbers of binary nucleon-nucleon colli-
sions 〈Ncoll〉 are calculated using Glauber Monte Carlo (MC)
simulations. The 〈Npart〉 and 〈Ncoll〉 values are presented in
Table I.

B. Particle identification

Charged hadrons are detected in the TOF wall and the DC
of the PHENIX experiment. The squared mass of tracks can
be determined in accordance with Eq. (1):

m2 = p2

c2

(
t2c2

L2
− 1

)
, (1)

where p is the momentum of the particle measured with the
DC, L is the particle flight path length from the event vertex
to the TOF detector, t is the time of flight measured in TOF
detector, and c is the speed of light [36]. Table II presents pT

ranges of identified charged-hadron-yield measurements.
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TABLE II. The pT ranges (GeV/c) of identified charged-hadron
yields measurements.

Hadron p + Al 3He +Au Cu + Au U + U

π+ 0.5–2.0 0.5–3.0 0.5–3.0 0.5–3.0
π− 0.5–2.0 0.5–3.0 0.5–3.0 0.5–3.0
K+ 0.5–1.8 0.5–2.0 0.5–2.0 0.5–2.0
K− 0.5–1.8 0.5–2.0 0.5–2.0 0.5–2.0
p 0.5–4.0 0.5–4.0 0.5–4.0
p̄ 0.5–2.5 0.5–4.0 0.5–4.0 0.5–4.0

The distribution of m2 multiplied by charge versus trans-
verse momentum (pT ) as found from TOF timing, DC
momentum, and the path length is presented in Fig. 1. Signals
corresponding to π±, K±, and p and p̄ are clearly distin-
guishable. In p + Al collisions, the proton sample has a large
contamination of spallation protons from the inner silicon de-
tectors. For that reason, they are excluded from measurements
that require absolute normalization, like the spectra, ratios,
and nuclear modification factors reported in this paper.

Particle identification (PID) was carried out by applying
two-standard-deviation (2σ ) PID cuts in m2 and momentum
space for each particle species. The hadron’s signals from
TOF are approximated by Gaussian functions with the root-
mean-square deviations (σTOF) and mathematical expectations
(m2

TOF) in every �pT = 0.5 GeV/c interval of the hadron
identification pT range from Table II. Discrete σTOF(pT ) and
m2

TOF(pT ) dependencies are parametrized by Eq. (2). PID cuts
are based on obtained continuous functions σTOF(pT ) and
m2

TOF(pT ), which are presented in Fig. 1 with black solid lines.

FIG. 1. Distribution of hadron squared mass multiplied by
charge (m2 × charge) vs hadron pT as found from TOF timing, DC
momentum, and the path length. Black solid lines represent PID cuts,
based on Eq. (2), which were used for hadron identification.

The fit to both the mean m2
TOF(pT ) and the standard deviation

σTOF(pT ) uses the same functional form:

m2
TOF(pT ), σTOF(pT ) = p0 + p1

pT
+ p2

p2
T

+ p3e
√

pT + p4
√

pT ,

(2)

where p0, p1, p2, p3, and p4 are fit parameters, and the set of
fit parameters is different for m2

TOF(pT ) and σTOF(pT ). In the
high-pT region, hadron signals start to overlap; therefore, the
veto cut was introduced for better separation of π , K , and p.
The veto cut requires that the hadron mass does not satisfy the
1.5 σ condition for neighboring hadrons. The PID and veto
cuts are standard for the PHENIX detector [14,17].

C. Corrections to the raw data

The measured values of identified charged-hadron pri-
mary yields should be corrected for the geometric acceptance
of the detectors, detector efficiency, and analysis cuts used
in data selection [14,17]. This section describes procedures
of estimating the corrections applied to the raw identified
charged-hadron yields.

1. Reconstruction efficiency

The geometric acceptance of the detectors, detector effi-
ciency, and analysis cuts have been taken into account by
the reconstruction efficiency factor (εrec), estimated using a
single-particle MC simulation. The MC simulation was car-
ried out using the PHENIX integrated simulation application
(PISA) package [38], which is based on GEANT3 [39] simu-
lation software. In the PISA project the geometry, material,
spatial, momentum, and energy resolutions of the PHENIX
detector subsystems as well as the configuration of the mag-
netic field are simulated in full accordance with the structure
of the real facility. Simulated events have been processed
using the same analysis criteria as the data. In that way, the
reconstruction efficiency εrec(pT ) can be estimated by the
number of reconstructed hadrons (NMC

rec ) divided by the total
number of hadrons generated in the MC model (NMC

tot ):

εrec(pT ) = dNMC
rec /d pT

dNMC
tot /d pT

. (3)

2. Weak-decay correction

Hyperon weak decays are an additional source of contami-
nation for p and p̄ yields. The fraction of detected p and p̄ that
come from hyperon weak decays can be taken into account
by feed-down corrections CFD = 1 − δFD, where δFD is deter-
mined as a fraction of p (or p̄) that come from hyperon weak
decays to the total number of registered protons (antiprotons).
The greatest contribution to the amount of decay protons and
antiprotons is made by 	 and 	̄ decays [14]. The contribution
of 
0 is implicitly taken into account when considering 	

and 	̄ decays, because 
0 decays electromagnetically with
100% branching ratio to 	 and a photon. Other weak hyperon
decays, such as 
± and �, have not been considered in the
present analyses. The contribution of charged 
 states, �

and � multistrange baryon states, is small [17,37] and was
included in the overall systematic uncertainty estimates.
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FIG. 2. δFD values as a function of pT for protons and antipro-
tons, measured in p + Al, 3He +Au, Cu + Au, and U + U collisions.
The shaded bands indicate the systematic uncertainty.

MC simulations of 	 and 	̄ are used to calculate the
fraction of p and p̄ that come from 	 and 	̄ decays. Figure 2
shows the values of δFD as a function of pT , obtained in
p + Al, 3He +Au, Cu + Au, and U + U collisions.

3. Bias-factor correction

The MB trigger is biased for events with high multiplicity,
leading to miscalculations of hadron invariant yields in small
collision systems [40]. The bias of the MB trigger arises
mostly from single- and double-diffractive events, which re-
sult in particle production very close to the beam line. The
BBC trigger is therefore biased to the nondiffractive colli-
sions, which have larger particle production at midrapidity.
In such cases, there will exist a bias towards higher charge
deposition in the BBC and, hence, towards larger centrality
[40]. The bias effect was corrected by applying bias-factor
corrections ( fbias). The values of fbias corrections are estimated
with the help of Glauber MC simulations and presented in
Table III.

TABLE III. Summary of the fbias correction values calculated
using Glauber Monte Carlo simulation.

Collision system Centrality (%) fbias

p + Al 0–72 0.80 ± 0.02
0–20 0.81 ± 0.01
20–40 0.90 ± 0.02
40–72 1.05 ± 0.04

3He +Au 0–88 0.89 ± 0.01
0–20 0.95 ± 0.01
20–40 1.01 ± 0.01
40–60 1.02 ± 0.01
60–88 1.03 ± 0.05

D. Systematic uncertainties

Systematic uncertainties are divided into three types: type
A, type B, and type C. Uncertainties of type A are point-
to-point uncorrelated in transverse momentum and centrality.
Type B uncertainties are point-to-point correlated with trans-
verse momentum. Type A and B uncertainties arise as a result
of acceptance uncertainties, weak decay correction uncer-
tainty, applying track selection, and PID cuts. The values of
type A and B uncertainties have been estimated by varying
analysis-cut parameters. Track selection and acceptance un-
certainties mostly cancel for measurements of p/π and K/π

ratios [14,17], so only uncertainties associated with PID cuts
and weak decay correction are shown with the results pre-
sented in Table IV.

Uncertainties of type C are fully correlated in transverse
momentum, i.e., uncertainties of type C shift hadron yields
equally in the entire range of the transverse momentum. In this
paper, the type C uncertainties are attributed to the uncertainty
in estimation of 〈Ncoll〉 and fbias values.

E. Invariant spectra

The π±, K±, p, and p̄ invariant transverse momentum
spectra were measured in p + Al, 3He +Au, and Cu + Au
collisions at

√
sNN = 200 GeV and in U + U collisions at√

sNN = 193 GeV as follows:

1

2π pT

d2N

d pT dy
= 1

2π pT

Nh fbiasCFD

Nevtεrec�pT �y
, (4)

where Nh is the raw yield of hadron h, Nevt is the number of
nucleus-nucleus collisions, y is rapidity, CFD is the feed-down
correction, and fbias is the bias-factor correction. CFD = 1 for
π± and K±; fbias = 1 for the large collision systems. The
resulting π±, K±, p, and p̄ invariant pT spectra are presented
in Fig. 3.

The π , K , and p invariant pT spectra exhibit different
shapes. To quantify these differences, invariant-transverse-

mass (mT =
√

p2
T + m2

0) spectra were calculated. The mT

invariant spectra of all identified charged hadrons have expo-
nential form for mT < 1.5 GeV and can be approximated by
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TABLE IV. Values of type A uncertainties summed quadratically
to the values of type B uncertainties (%) on the identified charged-
hadron invariant yields and ratios. The pT ranges correspond to
Table II.

pT (GeV/c)
System Hadron 0.5–1% 1–1.5% 1.5–2.0% 2.0–3.0% 3.0–4.0%

p + Al π+ 9.7 10.5 11.3
π− 8.7 11.0 10.5
K+ 7.9 10.2 13.7
K− 7.7 9.9 15.0
p̄ 9.3 7.9 7.7 8.8

K+/π+ 3.6 3.9 8.1
K−/π− 3.6 3.7 8.7
p̄/π− 6.0 6.1 6.6 6.6

3He +Au π+ 5.7 4.2 5.7 6.7
π− 11.6 11.3 10.5 9.1
K+ 8.3 8.6 10.0
K− 8.7 9.9 11.3
p 8.6 8.6 8.8 8.5 8.8
p̄ 9.1 10.0 10.4 10.3 10.6

K+/π+ 5.1 4.0 5.1
K−/π− 5.0 4.0 5.2
p/π+ 7.1 6.4 7.2 7.8
p̄/π− 7.2 6.4 6.5 7.9

Cu + Au π+ 10.2 10.9 10.5 9.9
π− 8.9 10.1 10.0 10.5
K+ 10.2 8.3 7.5
K− 10.0 7.7 8.6
p 10.3 11.5 12.4 13.1 16.5
p̄ 8.4 8.6 10.3 10.9 12.8

K+/π+ 7.0 7.0 7.7
K−/π− 7.2 7.2 8.0
p/π+ 8.5 8.6 10.0 10.1
p̄/π− 9.1 8.5 8.7 8.7

U + U π+ 16.8 16.5 14.7 13.7
π− 6.2 8.8 9.4 16.9
K+ 10.2 8.3 8.3
K− 8.8 7.6 8.5
p 10.0 9.8 9.8 11.2 14.1
p̄ 10.3 10.0 9.1 10.5 15.2

K+/π+ 6.9 7.0 7.4
K−/π− 8.0 7.0 7.8
p/π+ 9.0 8.5 9.0 8.6
p̄/π− 10.0 9.6 9.0 9.2

Eq. (5) [14]:

1

2πmT

d2N

dmT dy
= A

2πT (T + m0)
exp

(
−mT − m0

T

)
(5)

where T is the inverse-slope parameter and A is a normaliza-
tion factor. Examples of resulting π+, K+, and p invariant-mT

spectra measured in central Cu + Au collisions are presented
in Fig. 4. Approximations by Eq. (5) are shown with (red)
solid lines. Values of inverse-slope parameters T calculated in
p + Al, 3He +Au, Cu + Au, and U + U collisions are sum-
marized in Table V.

Figure 5 shows examples of T parameter vs hadron
mass (m0) dependencies for different centralities of Cu + Au

collisions. Ordering of pion, kaon, and proton inverse slope
values Tπ < TK < Tp can be seen in all centralities.

The difference between T values, calculated for protons
in central and peripheral U + U collisions, is 18% and de-
creases from large to small collision systems. The T values,
calculated for pions in different centralities, are nearly of the
same values in all collision systems. The T values, calcu-
lated for kaons, take intermediate values between pion and
proton T -parameter values. Description of hadron pT spectra
shape and parameter T dependence on hadron mass, collision
system size, and centrality can be given by thermal models
[14,41,42]. Thermal models consider a thermalized system
with a well-defined temperature and a common transverse
velocity field. Under the assumption of complete decoupling
between the thermal and collective motion of the particles, the
hadron kinetic energy (〈Ekinetic〉) is equal to the linear sum of
the energy of the thermal motion (〈Ethermal〉) and the energy
of the collective motion (〈Ecollective〉), 〈Ekinetic〉 = 〈Ethermal〉 +
〈Ecollective〉. For that reason, the inverse-slope parameter T
exhibits mass dependence given by

T = T0 + m〈ut 〉2, (6)

where T0 can be interpreted as a freeze-out temperature and
〈ut 〉 as the average collective velocity for all particle species.

III. RESULTS

The dotted lines on Fig. 5 represent linear fits of the T (m0)
values from each centrality bin by Eq. (6). The fit parameters
for positively charged (T +

0 , 〈ut 〉+) and negatively charged
(T −

0 , 〈ut 〉−) hadrons calculated in p + Al, 3He +Au, Cu + Au,
and U + U collision systems are shown in the Table VI and
presented in Figs. 6 and 7 as a function of 〈Npart〉 values.
Presented error values for T ±

0 and 〈ut 〉± parameters are due
to the fit uncertainties. The T0 values calculated in collisions
with different geometries and centralities were found to be
coincident within uncertainties, indicating that the freeze-out
temperature is approximately independent of 〈Npart〉 values.
The averaged T0 value was found to be 166.1 ± 2.2 MeV,
which is shown as the (red) solid line in Fig. 6. In con-
trast, the strength of the average transverse flow (〈ut 〉 values)
increases from small to large 〈Npart〉 values, supporting the
hydrodynamic picture. The 〈ut 〉(〈Npart〉) values were approx-
imated with the fit function p1log(p2〈Npart〉), where p1 =
0.0345±0.0003 and p2 = 3196±342. These fit parameters
could provide insight into theoretical models for radially ex-
panding thermalized systems.

A. Particle ratios

Enhancement of baryon production in nucleus-nucleus col-
lisions is considered to be one of the signatures of QGP
formation [14,15,17]. To investigate differences in baryon and
meson production mechanisms, the ratios of p/π and K/π

have been calculated. Figures 8 and 9 present comparisons of
p/π+ and p̄/π− ratios in different centralities of large (Cu +
Au and U + U) and small (p + p, p + Al, and 3He +Au)
collision systems. In central collisions of large systems p/π
ratios reach the values of ≈0.6, but in peripheral collisions
the values of p/π ratios are smaller than 0.4 in the whole
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FIG. 3. The π+, π−, K+, K−, p, and p̄ invariant pT spectra measured in different centralities of p + Al, 3He +Au, and Cu + Au collisions
at

√
sNN = 200 GeV and U + U collisions at

√
sNN = 193 GeV. Invariant pT spectra are multiplied by powers of 10 for clarity of presentation.

pT range. Behavior of p/π ratios observed in Cu + Au and
U + U collision systems can be qualitatively described using
recombination models [23,24].

In small collision systems (p + Al and 3He +Au), the val-
ues of p/π ratios are similar to those measured in p + p
collisions [43]. In 3He +Au collisions a modest centrality
dependence can be seen, similar to that observed in d + Au
collisions [14,17]. The modest centrality dependence can be
understood in terms of the small range of 〈Npart〉 values rel-
ative to the large range of 〈Npart〉 values in large collision
systems. The values of p/π ratios measured in all central-
ity classes of p + Al collisions and in p + p collisions are
consistent within uncertainties. For all measurements type A
uncertainties sum quadratically to type B uncertainties and

are shown as a rectangles around the experimental points in
Figs. 10–15.

The ratios of K+/π+ and K−/π− are shown in Figs. 10 and
11. The values of K/π ratios show a modest centrality depen-
dence, which is insignificant within systematic uncertainties.
The centrality dependence of K/π ratios in d + Au and Au +
Au collisions was attributed to a strangeness-enhancement
effect [17].

B. Nuclear-modification factors

To quantify differences of hadron production in rel-
ativistic nucleus-nucleus collisions (A + B) and in p + p
collisions, nuclear modification factors (RAB) were calculated
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FIG. 4. An example of π+, K+, and p invariant mT spectra
measured in central Cu + Au collisions at

√
sNN = 200 GeV. Ap-

proximations with Eq. (5) are presented with red solid lines.

as follows:

RAB = 1

〈Ncoll〉
d2NA+B/d pT dy

d2Np+p/d pT dy
, (7)

where d2NA+B/d pT dy and d2Np+p/d pT dy are the invariant
spectra measured in A + B and p + p collisions, respectively.

Figures 12 and 13 present comparisons of identified
charged-hadron RAB values as a function of pT in central and
peripheral p + Al, 3He +Au, Cu + Au, and U + U collisions.
The RAB values are found to be in agreement in collisions
with different geometries, but with the same 〈Npart〉 values,
indicating that identified charged-hadron production depends
only on system size and not geometry.

The following features of identified charged-hadron pro-
duction in p + Al collisions have been found: (i) the slope of
RAB(pT ) in p + Al collisions is flatter than it is in 3He +Au

FIG. 5. Mass and centrality dependence of inverse slope parame-
ters T for π+, K+, and p in Cu + Au collisions at

√
sNN = 200 GeV.

The dotted lines represent linear fits of the T (m0) values from each
centrality bin by Eq. (6). The T values measured for π+, K+, and p
in p + p collisions are shown for comparison.

and d + Au collisions and (ii) proton RAB values in p + Al
collisions at the intermediate pT range (1.0 < pT < 2.5
GeV/c) are equal to unity, while in 3He +Au and d + Au
collisions proton RAB is above unity. Differences in identified
charged-hadron production between p + Al and d/ 3He +Au
might be caused by the size of the p + Al system being insuf-
ficient to observe an increase in proton production.

Comparisons of identified charged-hadron RAB values with
neutral-meson RAB values [44,45,47] in small and large col-
lision systems are presented in Figs. 14 and 15. In large
collision systems and in the 3He +Au collision system, proton
RAB values are enhanced over all meson RAB values. The mass
of the φ-meson mφ = 1019 MeV/c2 is similar to the proton
mass mp = 938 MeV/c2, therefore the enhancement of proton

TABLE V. Identified charged-hadron inverse slope parameters T (MeV/c2) calculated in p + Al, 3He +Au, Cu + Au, and U + U collision
systems.

System 〈Npart〉 π+ π− K+ K− p p̄

p + Al 3.1 ± 0.1 178.88 ± 0.35 187.36 ± 0.18 210.69 ± 0.77 206.61 ± 0.78 269.51 ± 1.25
4.4 ± 0.3 183.83 ± 0.28 192.56 ± 0.29 216.10 ± 1.22 211.25 ± 1.21 275.14 ± 1.16
3.3 ± 0.1 178.20 ± 0.32 186.96 ± 0.33 210.05 ± 1.43 206.25 ± 1.46 266.62 ± 2.28
1.6 ± 0.2 173.88 ± 0.46 181.99 ± 0.26 204.74 ± 1.16 201.47 ± 1.18 254.20 ± 1.82

3He +Au 11.3 ± 0.5 208.70 ± 0.07 187.25 ± 0.06 235.84 ± 0.24 236.98 ± 0.25 295.74 ± 0.20 303.59 ± 0.24
21.1 ± 1.3 214.33 ± 0.11 191.58 ± 0.09 242.57 ± 0.38 242.91 ± 0.39 309.27 ± 0.33 317.40 ± 0.76
15.4 ± 0.9 209.84 ± 0.13 188.33 ± 0.10 237.27 ± 0.44 238.49 ± 0.46 296.44 ± 0.37 295.10 ± 0.18

9.5 ± 0.6 202.71 ± 0.15 182.66 ± 0.13 227.37 ± 0.53 229.34 ± 0.55 280.01 ± 0.44 287.12 ± 0.54
4.8 ± 0.3 191.01 ± 0.18 172.40 ± 0.15 213.44 ± 0.66 215.99 ± 0.70 254.22 ± 0.55 261.83 ± 0.66

Cu + Au 70.4 ± 3.0 191.72 ± 0.01 205.41 ± 0.01 249.33 ± 0.03 253.80 ± 0.03 363.65 ± 0.09 344.75 ± 0.08
154.8 ± 4.1 194.29 ± 0.12 208.57 ± 0.01 251.43 ± 0.04 255.85 ± 0.09 383.85 ± 0.13 365.18 ± 0.13
80.4 ± 3.3 192.07 ± 0.02 205.67 ± 0.02 249.14 ± 0.06 253.34 ± 0.05 357.54 ± 0.16 338.92 ± 0.15
34.9 ± 1.8 185.32 ± 0.03 197.72 ± 0.03 238.05 ± 0.09 243.35 ± 0.09 313.90 ± 0.20 306.48 ± 0.20
11.5 ± 1.8 175.24 ± 0.05 186.06 ± 0.05 222.76 ± 0.18 228.90 ± 0.18 270.86 ± 0.28 263.38 ± 0.29

U + U 330 ± 6 198.18 ± 0.02 205.84 ± 0.21 266.49 ± 0.08 265.80 ± 0.08 382.54 ± 0.19 374.48 ± 0.21
259 ± 7 197.28 ± 0.04 202.39 ± 0.03 269.42 ± 0.12 266.36 ± 0.11 358.24 ± 0.23 353.94 ± 0.26

65 ± 6 192.42 ± 0.06 197.74 ± 0.06 259.69 ± 0.22 257.80 ± 0.20 314.92 ± 0.32 308.57 ± 0.35
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TABLE VI. Freeze-out temperatures and averaged collective velocities calculated for positively charged (T +
0 , 〈ut 〉+) and negatively charged

(T −
0 , 〈ut 〉−) hadrons at different centralities of p + Al, 3He +Au, Cu + Au, and U + U collisions.

System 〈Npart〉 T +
0 T −

0 〈ut 〉+ 〈ut 〉−

p + Al 3.1 ± 0.1 167.99 ± 2.17 166.49 ± 15.29 0.28 ± 0.01 0.32 ± 0.04
4.4 ± 0.3 171.84 ± 0.92 171.33 ± 15.96 0.29 ± 0.01 0.32 ± 0.04
3.3 ± 0.1 168.01 ± 2.15 167.88 ± 14.30 0.28 ± 0.01 0.31 ± 0.04
1.6 ± 0.2 164.10 ± 4.39 163.80 ± 11.20 0.27 ± 0.01 0.30 ± 0.03

3He +Au 11.3 ± 0.5 189.16 ± 10.22 166.27 ± 1.70 0.33 ± 0.03 0.38 ± 0.01
21.1 ± 1.3 193.84 ± 12.42 166.44 ± 3.23 0.34 ± 0.03 0.39 ± 0.01
15.4 ± 0.9 188.99 ± 9.82 167.59 ± 1.24 0.33 ± 0.02 0.38 ± 0.01
9.5 ± 0.6 185.05 ± 8.57 164.60 ± 0.27 0.31 ± 0.02 0.36 ± 0.01
4.8 ± 0.3 177.02 ± 4.99 158.33 ± 3.45 0.28 ± 0.01 0.33 ± 0.01

Cu + Au 70.4 ± 3.0 154.06 ± 16.63 176.03 ± 11.95 0.46 ± 0.03 0.41 ± 0.02
154.8 ± 4.1 149.99 ± 23.98 172.82 ± 19.75 0.48 ± 0.05 0.44 ± 0.04
80.4 ± 3.3 157.02 ± 14.55 178.11 ± 10.20 0.45 ± 0.03 0.40 ± 0.02
34.9 ± 2.9 161.02 ± 3.86 177.79 ± 2.35 0.40 ± 0.01 0.36 ± 0.01
11.5 ± 1.8 160.04 ± 4.50 175.86 ± 7.56 0.34 ± 0.01 0.30 ± 0.02

U + U 330 ± 6 160.03 ± 12.02 170.80 ± 13.24 0.48 ± 0.02 0.46 ± 0.03
259 ± 7 169.04 ± 0.60 174.76 ± 2.93 0.44 ± 0.01 0.43 ± 0.01

65 ± 6 176.03 ± 11.45 182.61 ± 9.64 0.39 ± 0.02 0.37 ± 0.02

RAB values over φ-meson RAB values suggests differences in
baryon versus meson production instead of a simple mass
dependence. In p + Al collisions proton RAB values and RAB

values of all measured mesons are in agreement within uncer-
tainties, which shows zero enhancement in proton to φ-meson
production.

The p/π+ and p̄/π− ratios integrated in the low-pT (high-
pT ) regions, pT < 1.5 GeV/c (pT > 1.5GeV/c), are plotted
in Fig. 16 as a function of 〈Npart〉. The values of ratios, in-
tegrated in the low-pT region [Figs. 16(a) and 16(c)], were
found to be approximately independent of 〈Npart〉 values. The
values of ratios, integrated in the high-pT region [Figs. 16(b)

FIG. 6. Freeze-out temperature (T0) as a function of 〈Npart〉
obtained for positively and negatively charged hadrons at dif-
ferent centralities of p + Al, 3He +Au, Cu + Au, and U + U
collisions. The T0 values measured in p + p collisions are shown for
comparison.

and 16(d)], smoothly grow with increasing 〈Npart〉. Because
the p̄/p ratio is approximately equal to 0.73 [14], regardless of
〈Npart〉 the integrated p/π+ ratios exceed the integrated p̄/π−
ratios.

According to the recombination model, the pT of a pro-
duced hadron is the sum of the pT of its constituent quarks.
Therefore, baryon-invariant pT spectra are shifted towards
larger pT relative to the meson pT spectra, which leads to an
enhancement in baryon over meson production in the interme-
diate pT region. Therefore, the behavior of the integrated ratio
supports the assumption that the influence of the recombina-
tion mechanism grows with increasing 〈Npart〉.

FIG. 7. Collective velocities (〈ut 〉) as a function of 〈Npart〉 ob-
tained for positively and negatively charged hadrons in different
centralities of p + Al, 3He +Au, Cu + Au, and U + U collisions.
The 〈ut 〉 values measured in p + p collisions are shown for
comparison.
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FIG. 8. The ratios of p/π+ as a function of pT measured in different centralities of 3He +Au collisions and p̄/π− ratios measured in
different centralities of p + Al and 3He +Au collisions. Data points, measured in p + p collisions [43], are shown as a comparison.

IV. SUMMARY

The PHENIX experiment has measured identified charged-
hadron invariant pT and mT spectra and nuclear-modification
factors RAB, and p/π and K/π ratios in p + Al, 3He +Au,
and Cu + Au collisions at

√
sNN = 200 GeV and in U + U

collisions at
√

sNN = 193 GeV.
The values of freeze-out temperatures T0 and average col-

lective velocities 〈ut 〉 have been obtained. The T0 values do
not exhibit any dependence on the collision centrality and
〈Npart〉 values, whereas the values of 〈ut 〉 smoothly increase
with increasing of 〈Npart〉 values. This indicates that in colli-

sions characterized by large 〈Npart〉 values (central Cu + Au,
Au + Au, and U + U collisions), collective effects are more
pronounced than in collision systems with small 〈Npart〉 values
(p + Al and 3He +Au collisions and peripheral collisions of
large systems).

The p/π and K/π ratios have been measured to investigate
differences in baryon vs meson production in large and small
collision systems. In collisions with small 〈Npart〉 values the
ratios of p/π are comparable to those measured in p + p
collisions ((p/π )p+p). In collision systems with large 〈Npart〉
values p/π ratios reach the values of ≈0.6, which is a factor
of ≈2 larger than (p/π )p+p.

FIG. 9. The ratios of p/π+ and p̄/π− as a function of pT measured in different centralities of Cu + Au and U + U collisions. Data points
measured in p + p collisions [43] are shown for comparison.
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FIG. 10. The ratios of K+/π+ and K−/π− as a function of pT measured in different centralities of p + Al and 3He +Au collisions. Data
points measured in p + p collisions [43] are shown for comparison.

In heavy ion collisions (Cu + Au and U + U) the p/π
ratios exhibit strong centrality dependence, but in small
3He +Au collisions the centrality dependence is much more
modest due to the much smaller range of 〈Npart〉 values. Within
uncertainties, the p/π values measured in each centrality of
p + Al collisions are consistent with those measured in p + p
collisions. The values of the K/π ratios show a modest cen-
trality dependence, which is insignificant within systematic
uncertainties. The observed behavior of p/π and K/π ratios
can be qualitatively described through hadronization by re-
combination [23,24].

Comparison of identified charged-hadron nuclear-
modification factors shows that in d + Au, 3He +Au,
Cu + Au, Au + Au, and U + U collision systems the RAB

values are consistent at the same number of participant
nucleons 〈Npart〉. This indicates that identified charged-hadron
production does not depend on the geometry and collision
species, but rather is determined by system size alone (as
indicated by 〈Npart〉 values). Further, it is found that (i)
the slope of RAB(pT ) in p + Al collisions is flatter than in
3He +Au and d + Au collisions at the same 〈Npart〉 values
and (ii) proton RAB values in p + Al collisions are equal to
unity in the range of 1.0 < pT < 2.5 GeV/c, while proton
RAB values measured in 3He +Au and d + Au collisions are
larger than unity. Despite the observed absence of proton
enhancement in p + Al collisions, there were evidences of
QGP formation found by the PHENIX experiment in studies
of J/ψ , ψ (2S), and charged-hadron production at backward

rapidity [48]. The observed differences in identified charged
hadron production in p + Al and d/ 3He +Au collisions
may be caused by the size of the system created in p + Al
collisions being too small to observe the expected increase in
proton production.
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FIG. 11. The ratios of K+/π+ and K−/π− as a function of pT measured in different centralities of Cu + Au and U + U collisions. Data
points measured in p + p collisions [43] are shown for comparison.
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FIG. 13. Identified charged-hadron nuclear-modification factors as a function of pT measured in central and peripheral Cu + Au, Au + Au,
and U + U collisions. The dashed lines are drawn as a visual aid at the value of RAB = 1 indicating absence of nuclear modification.
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FIG. 14. Light hadron [φ [6], π±, K±, (p + p̄)/2, and π 0 [44,45]] RAB values vs pT measured in central and peripheral Cu + Au and
U + U collisions. The dashed lines are drawn as a visual aid at the value of RAB = 1 indicating absence of nuclear modification.
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FIG. 15. Comparison of φ [26,46], π±, K±, (p + p̄)/2, and π 0 [47] RAB values vs pT measured in central and peripheral p + Al and
3He +Au collisions. The dashed lines are drawn as a visual aid at the value of RAB = 1 indicating absence of nuclear modification.

FIG. 16. The π+, π−, K+, K−, p, and p̄ invariant pT spectra measured in different centralities of p + Al, 3He +Au, and Cu + Au collisions
at

√
sNN = 200 GeV and U + U collisions at

√
sNN = 193 GeV. Invariant pT spectra are multiplied by powers of 10 for clarity of presentation.
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[30] K. Kovařík, A. Kusina, T. Ježo, D. B. Clark, C. Keppel, F.

Lyonnet, J. G. Morfín, F. I. Olness, J. F. Owens, I. Schienbein,
and J. Y. Yu, nCTEQ15: Global analysis of nuclear parton
distributions with uncertainties in the CTEQ framework, Phys.
Rev. D 93, 085037 (2016).

[31] M. Abdallah et al., Measurement of cold nuclear matter effects
for inclusive J/ψ in p + Au collisions at

√
sNN = 200 GeV,

Phys. Lett. B 825, 136865 (2022).
[32] C. Aidala et al. (PHENIX Collaboration), Creation of quark-

gluon plasma droplets with three distinct geometries, Nat. Phys.
15, 214 (2019).

[33] K. Adcox et al. (PHENIX Collaboration), PHENIX central arm
tracking detectors, Nucl. Instrum. Methods Phys. Res., Sect. A
499, 489 (2003).

[34] L. Carlén et al., A large-acceptance spectrometer for
tracking in a high multiplicity environment, based on
space point measurements and high resolution time-of-flight,
Nucl. Instrum. Methods Phys. Res., Sect. A 431, 123
(1999).

[35] M. Allen et al. (PHENIX Collaboration), PHENIX inner de-
tectors, Nucl. Instrum. Methods Phys. Res., Sect. A 499, 549
(2003).

[36] M. Aizawa et al. (PHENIX Collaboration), PHENIX central
arm particle ID detectors, Nucl. Instrum. Methods Phys. Res.,
Sect. A 499, 508 (2003).

[37] S. S. Adler et al. (PHENIX Collaboration), High pT charged
hadron suppression in Au + Au collisions at

√
sNN = 200 GeV,

Phys. Rev. C 69, 034910 (2004).
[38] S. Adler et al. (PHENIX Collaboration), PHENIX on-line and

off-line computing, Nucl. Instrum. Methods Phys. Res., Sect. A
499, 593 (2003).

[39] R. Brun, F. Bruyant, F. Carminati, S. Giani, M. Maire,
A. McPherson, G. Patrick, and L. Urban, GEANT detector
description and simulation tool, Report No. CERN-W5013,
CERNW-5013, W5013, W-5013 (1994), https://cds.cern.ch/
record/1082634?ln=en.

054910-16

https://doi.org/10.1016/j.nuclphysa.2005.03.086
https://doi.org/10.1016/j.nuclphysa.2005.03.085
https://doi.org/10.1007/s43673-021-00014-3
https://doi.org/10.1016/0370-1573(86)90096-7
https://doi.org/10.1142/S0217751X17300241
https://doi.org/10.1103/PhysRevC.107.014907
https://doi.org/10.1088/1742-6596/779/1/012007
https://doi.org/10.1088/1742-6596/779/1/012008
https://doi.org/10.1088/0954-3899/31/6/005
https://doi.org/10.1088/1361-6633/abc22b
https://doi.org/10.1016/S0375-9474(01)01445-2
https://doi.org/10.1088/1742-6596/636/1/012010
https://doi.org/10.1103/PhysRevC.69.034909
https://doi.org/10.1103/PhysRevLett.88.242301
https://doi.org/10.1016/S0375-9474(01)01415-4
https://doi.org/10.1103/PhysRevC.88.024906
https://doi.org/10.1103/PhysRevC.75.024910
https://doi.org/10.1016/j.physletb.2006.04.032
https://doi.org/10.1146/annurev.nucl.58.110707.171134
https://doi.org/10.1088/0954-3899/38/12/124145
https://doi.org/10.1016/S0168-9002(02)01950-2
https://doi.org/10.1103/PhysRevLett.90.202302
https://doi.org/10.1103/PhysRevC.67.034902
https://arxiv.org/abs/1211.5582
https://doi.org/10.1088/0954-3899/31/4/026
https://doi.org/10.1051/epjconf/20146604016
https://doi.org/10.1063/1.2197394
https://doi.org/10.1103/PhysRevLett.89.162301
https://doi.org/10.1103/PhysRevD.93.085037
https://doi.org/10.1016/j.physletb.2021.136865
https://doi.org/10.1038/s41567-018-0360-0
https://doi.org/10.1016/S0168-9002(02)01952-6
https://doi.org/10.1016/S0168-9002(99)00261-2
https://doi.org/10.1016/S0168-9002(02)01956-3
https://doi.org/10.1016/S0168-9002(02)01953-8
https://doi.org/10.1103/PhysRevC.69.034910
https://doi.org/10.1016/S0168-9002(02)01958-7
https://cds.cern.ch/record/1082634?ln=en


IDENTIFIED CHARGED-HADRON PRODUCTION IN … PHYSICAL REVIEW C 109, 054910 (2024)

[40] A. Adare et al., Centrality categorization for Rp(d )+A in high-
energy collisions, Phys. Rev. C 90, 034902 (2014).

[41] E. Schnedermann, J. Sollfrank, and U. Heinz, Thermal phe-
nomenology of hadrons from 200A GeV S+S collisions, Phys.
Rev. C 48, 2462 (1993).

[42] V. Greco, C. M. Ko, and P. Lévai, Partonic coalescence in
relativistic heavy ion collisions, Phys. Rev. C 68, 034904
(2003).

[43] A. Adare et al. (PHENIX Collaboration), Identified charged
hadron production in p + p collisions at

√
s = 200 and 62.4

GeV, Phys. Rev. C 83, 064903 (2011).
[44] C. Aidala et al. (PHENIX Collaboration), Production of π0 and

η mesons in Cu+Au collisions at
√

sNN = 200 GeV, Phys. Rev.
C 98, 054903 (2018).

[45] U. Acharya et al. (PHENIX Collaboration), Production of π0

and η mesons in U+U collisions at
√

sNN = 192 GeV, Phys.
Rev. C 102, 064905 (2020).

[46] U. Acharya et al. (PHENIX Collaboration), Study of φ-meson
production in p + Al, p + Au, d + Au, and 3He +Au collisions
at

√
sNN = 200 GeV, Phys. Rev. C 106, 014908 (2022).

[47] U. Acharya et al. (PHENIX Collaboration), Systematic study
of nuclear effects in p + Al, p + Au, d + Au, and 3He +Au
collisions at

√
sNN = 200 GeV using π 0 production, Phys. Rev.

C 105, 064902 (2022).
[48] U. Acharya et al. (PHENIX Collaboration), Measurement of

ψ (2S) nuclear modification at backward and forward rapidity
in p + p, p + Al, and p + Au collisions at

√
sNN = 200 GeV,

Phys. Rev. C 105, 064912 (2022).

054910-17

https://doi.org/10.1103/PhysRevC.90.034902
https://doi.org/10.1103/PhysRevC.48.2462
https://doi.org/10.1103/PhysRevC.68.034904
https://doi.org/10.1103/PhysRevC.83.064903
https://doi.org/10.1103/PhysRevC.98.054903
https://doi.org/10.1103/PhysRevC.102.064905
https://doi.org/10.1103/PhysRevC.106.014908
https://doi.org/10.1103/PhysRevC.105.064902
https://doi.org/10.1103/PhysRevC.105.064912

