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N. Cronin,44,62 M. Csanád,16 T. Csörgő,41,69 L. D. Liu,53 T. W. Danley,50 A. Datta,47 M. S. Daugherity,1 G. David,7,62

C. T. Dean,36 K. DeBlasio,47 K. Dehmelt,62 A. Denisov,23 A. Deshpande,57,62 E. J. Desmond,7 A. Dion,62 P. B. Diss,39

D. Dixit,62 V. Doomra,62 J. H. Do,70 A. Drees,62 K. A. Drees,6 M. Dumancic,68 J. M. Durham,36 A. Durum,23 T. Elder,20

H. En’yo,56 A. Enokizono,56,58 R. Esha,62 B. Fadem,44 W. Fan,62 N. Feege,62 D. E. Fields,47 M. Finger, Jr.,9 M. Finger,9

D. Firak,15,62 D. Fitzgerald,42 S. L. Fokin,33 J. E. Frantz,50 A. Franz,7 A. D. Frawley,19 Y. Fukuda,66 P. Gallus,14 C. Gal,62

P. Garg,3,62 H. Ge,62 M. Giles,62 F. Giordano,24 A. Glenn,35 Y. Goto,56,57 N. Grau,2 S. V. Greene,67 M. Grosse Perdekamp,24

T. Gunji,11 H. Guragain,20 T. Hachiya,45,56,57 J. S. Haggerty,7 K. I. Hahn,17 H. Hamagaki,11 H. F. Hamilton,1 J. Hanks,62

S. Y. Han,17,32 M. Harvey,64 S. Hasegawa,28 T. O. S. Haseler,20 K. Hashimoto,56,58 T. K. Hemmick,62 X. He,20 J. C. Hill,27

K. Hill,12 A. Hodges,20,24 R. S. Hollis,8 K. Homma,21 B. Hong,32 T. Hoshino,21 N. Hotvedt,27 J. Huang,7 K. Imai,28 J. Imrek,15

M. Inaba,66 A. Iordanova,8 D. Isenhower,1 Y. Ito,45 D. Ivanishchev,54 B. V. Jacak,62 M. Jezghani,20 X. Jiang,36 Z. Ji,62

B. M. Johnson ,7,20 V. Jorjadze,62 D. Jouan,52 D. S. Jumper,24 S. Kanda,11 J. H. Kang,70 D. Kapukchyan,8 S. Karthas,62

D. Kawall,40 A. V. Kazantsev,33 J. A. Key,47 V. Khachatryan,62 A. Khanzadeev,54 A. Khatiwada,36 B. Kimelman,44 C. Kim,8,32

D. J. Kim,30 E.-J. Kim,29 G. W. Kim,17 M. Kim,60 M. H. Kim,32 T. Kim,17 D. Kincses,16 A. Kingan,62 E. Kistenev,7

R. Kitamura,11 J. Klatsky,19 D. Kleinjan,8 P. Kline,62 T. Koblesky,12 B. Komkov,54 D. Kotov,54,59 L. Kovacs,16 S. Kudo,66

B. Kurgyis,16,62 K. Kurita,58 M. Kurosawa,56,57 Y. Kwon,70 J. G. Lajoie,27 E. O. Lallow,44 D. Larionova,59 A. Lebedev,27

S. Lee,70 S. H. Lee,27,42,62 M. J. Leitch,36 Y. H. Leung,62 N. A. Lewis,42 S. H. Lim,36,55,70 M. X. Liu,36 X. Li,10 X. Li,36

V.-R. Loggins,24 D. A. Loomis,42 K. Lovasz,15 D. Lynch,7 S. Lökös,16 T. Majoros,15 Y. I. Makdisi,6 M. Makek,71 M. Malaev,54

A. Manion,62 V. I. Manko,33 E. Mannel,7 H. Masuda,58 M. McCumber,36 P. L. McGaughey,36 D. McGlinchey,12,36

C. McKinney,24 A. Meles,48 M. Mendoza,8 A. C. Mignerey,39 D. E. Mihalik,62 A. Milov,68 D. K. Mishra,4 J. T. Mitchell,7

M. Mitrankova,59 Iu. Mitrankov,59 G. Mitsuka,31,57 S. Miyasaka,56,65 S. Mizuno,56,66 A. K. Mohanty,4 M. M. Mondal,62

P. Montuenga,24 T. Moon,32,70 D. P. Morrison,7 S. I. Morrow,67 T. V. Moukhanova,33 A. Muhammad,43 B. Mulilo,32,56,72

T. Murakami,34,56 J. Murata,56,58 A. Mwai,61 K. Nagai,65 K. Nagashima,21 T. Nagashima,58 J. L. Nagle,12 M. I. Nagy,16

I. Nakagawa,56,57 H. Nakagomi,56,66 K. Nakano,56,65 C. Nattrass,63 S. Nelson,18 P. K. Netrakanti,4 T. Niida,66 S. Nishimura,11

R. Nouicer,7,57 N. Novitzky,30,62,66 R. Novotny,14 T. Novák,41,69 G. Nukazuka,56,57 A. S. Nyanin,33 E. O’Brien,7

C. A. Ogilvie,27 J. Oh,55 J. D. Orjuela Koop,12 M. Orosz,15 J. D. Osborn,7,42,51 A. Oskarsson,37 G. J. Ottino,47 K. Ozawa,31,66

R. Pak,7 V. Pantuev,25 V. Papavassiliou,48 J. S. Park,60 S. Park,43,56,60,62 M. Patel,27 S. F. Pate,48 J.-C. Peng,24 W. Peng,67

D. V. Perepelitsa,7,12 G. D. N. Perera,48 D.Yu. Peressounko,33 C. E. PerezLara,62 J. Perry,27 R. Petti,7,62 M. Phipps,7,24

C. Pinkenburg,7 R. Pinson,1 R. P. Pisani,7 M. Potekhin,7 A. Pun,50 M. L. Purschke,7 P. V. Radzevich,59 J. Rak,30

N. Ramasubramanian,62 B. J. Ramson,42 I. Ravinovich,68 K. F. Read,51,63 D. Reynolds,61 V. Riabov,46,54 Y. Riabov,54,59

D. Richford,5 T. Rinn,24,27 S. D. Rolnick,8 M. Rosati,27 Z. Rowan,5 J. G. Rubin,42 J. Runchey,27 A. S. Safonov,59

B. Sahlmueller,62 N. Saito,31 T. Sakaguchi,7 H. Sako,28 V. Samsonov,46,54 M. Sarsour,20 K. Sato,66 S. Sato,28 B. Schaefer,67

B. K. Schmoll,63 K. Sedgwick,8 R. Seidl,56,57 A. Sen,27,63 R. Seto,8 P. Sett,4 A. Sexton,39 D. Sharma,62 I. Shein,23 M. Shibata,45

T.-A. Shibata,56,65 K. Shigaki,21 M. Shimomura,27,45 T. Shioya,66 Z. Shi,36 P. Shukla,4 A. Sickles,7,24 C. L. Silva,36

D. Silvermyr,37,51 B. K. Singh,3 C. P. Singh,3 V. Singh,3 M. Slunečka,9 K. L. Smith,19 M. Snowball,36 R. A. Soltz,35
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Recently, the PHENIX Collaboration has published second- and third-harmonic Fourier coefficients v2 and
v3 for midrapidity (|η| < 0.35) charged hadrons in 0%–5% central p+ Au, d + Au, and 3He+Au collisions at√
sNN = 200 GeV, utilizing three sets of two-particle correlations for two detector combinations with different

pseudorapidity acceptance [Acharya et al., Phys. Rev. C 105, 024901 (2022)]. This paper extends these
measurements of v2 to all centralities in p+ Au, d + Au, and 3He+Au collisions, as well as p+ p collisions, as
a function of transverse momentum (pT ) and event multiplicity. The kinematic dependence of v2 is quantified as
the ratio R of v2 between the two detector combinations as a function of event multiplicity for 0.5 < pT < 1 and
2 < pT < 2.5GeV/c. A multiphase-transport (AMPT) model can reproduce the observed v2 in most-central
to midcentral d + Au and 3He+Au collisions. However, the AMPT model systematically overestimates the
measurements in p+ p, p+ Au, and peripheral d + Au and 3He+Au collisions, indicating a higher nonflow
contribution in the AMPT model than in the experimental data. The AMPT model fails to describe the observed
R for 0.5 < pT < 1GeV/c, but there is qualitative agreement with the measurements for 2 < pT < 2.5GeV/c.

DOI: 10.1103/PhysRevC.107.024907

I. INTRODUCTION

Observations of azimuthal anisotropy in the emission of
produced particles in high-energy heavy-ion collisions at the
BNL Relativistic Heavy Ion Collider (RHIC) are considered
to be strong evidence of the formation of the quark-gluon
plasma (QGP) [1–4]. The measured anisotropy at RHIC and
the CERN Large Hadron Collider, quantified via Fourier co-
efficients vn of the final-state particle yield relative to the
participant plane, is successfully reproduced by viscous hy-
drodynamic calculations [5,6]. These theoretical analyses of
the experimental vn data suggest that the collision geometry is
translated into the final-state momentum space via the hydro-
dynamic expansion of the QGP.

Heavy-ion experiments have also studied cold-nuclear-
matter effects as potential backgrounds for QGP measure-
ments, utilizing small collision systems, consisting of a light
nucleus colliding with a heavy nucleus, where QGP formation
had not been expected due to the small system size and low
multiplicity. However, azimuthal anisotropy similar to that
found in large collision systems has also been observed in
high-multiplicity p+ Pb collisions at

√
sNN = 5.02 TeV at the

Large Hadron Collider [7–9] and in high-multiplicity d + Au
collisions at

√
sNN = 200 GeV at RHIC [10]. These surprising

measurements raised the question of whether the vn originates

from the hydrodynamic expansion of the initial collision ge-
ometry in such small collision systems as well.

To address this question, it was proposed to experimentally
examine the initial geometry dependence of the medium ex-
pansion, empirically known to hold in heavy-ion collisions,
using the second- and third-harmonic azimuthal anisotropies
v2 and v3 [11]. For this purpose, from 2014 to 2016, RHIC
delivered p+ Au, d + Au, and 3He+Au collisions at

√
sNN =

200 GeV. The series of vn measurements with these data sets
by the PHENIX Collaboration [12–15], culminating in the
complete set of results published in Ref. [16], show that v2
and v3 follow the pattern of the second- and third-harmonic
initial eccentricities ε2 and ε3 estimated using the Monte
Carlo (MC)–Glauber model. This observed relationship be-
tween initial geometry and final-state correlations serves as
evidence for QGP formation in small collision systems. The
STAR Collaboration reported that v2/ε2, as a function of
charged-particle multiplicity to the minus-one-third power
〈Nch〉−1/3, forms a common curve among high-multiplicity
small- and large-system collisions [17], which also implies
the same underlying physics processes in such collision
systems.

Additional hydrodynamic predictions with MC-Glauber
initial conditions [18] also successfully reproduced the
observed data, which corroborates formation of the QGP
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in small collision systems. Contrariwise, calculations based
solely on initial-state correlations in the color-glass-
condensate effective-field-theory formalism [19,20] are ruled
out by the experimental data.

Furthermore, some hydrodynamic calculations incorpo-
rate the effect of prehydrodynamization parton dynamics
with the weak [21] and strong [22] coupling limits. Both
calculations are in quantitative agreement with the experi-
mental data. However, the size of the prehydrodynamization
dynamics cannot be determined with the current experi-
mental and theoretical uncertainties. A systematic study of
the collision-system and energy dependencies in the hy-
drodynamic calculations [23] indicates the contribution of
the prehydrodynamization dynamics becomes more pro-
nounced in smaller collisions and at lower energies, where
the QGP medium has a shorter lifetime. Extending ex-
perimental measurements to even smaller systems than
high-multiplicity p+ Au, d + Au, and 3He+Au collisions
can provide additional insights into the prehydrodynamization
dynamics.

More recently, the PHENIX Collaboration has reported
v2 and v3 in 0%–5% central p+ Au, d + Au, and 3He+Au
collisions at

√
sNN = 200 GeV obtained with three sets of

two-particle correlations (2PC) for two detector combinations
with different pseudorapidity acceptance [24]. One set of
those measurements used the same detectors, i.e., two detec-
tors at backward rapidity (the Au-going direction) and one at
midrapidity, and found good agreement between the 3 × 2PC
method results and the event plane method results reported in
Ref. [16]. Another set of those measurements included a de-
tector located at forward rapidity (p/d/ 3He-going direction),
which results in significantly larger v2 values and imagi-
nary v3 in p+ Au and d + Au collisions. A careful analysis
[25] of these experimental measurements suggests substantial
nonflow contributions at forward rapidity because of both
low multiplicity and possible longitudinal decorrelation ef-
fects. Estimating the multiplicity dependence of these effects
would also be of interest to understand flow patterns in small
systems.

In this article, our earlier v2 measurements [24] are ex-
tended from most-central to peripheral p+ Au, d + Au, and
3He+Au collisions, as well as p+ p collisions, as a function
of transverse momentum (pT ) and event multiplicity. These
measurements provide experimental data with different frac-
tional contributions of prehydrodynamization, nonflow, and
decorrelation effects. We also compare these measurements
with a multiphase transport (AMPT) model [26] calculations,
and the implications for nonflow and event-plane decorrela-
tion effects in the kinematic selection dependence of v2 are
discussed.

II. ANALYSIS METHODOLOGY

This section details the detector subsystems of the
PHENIX experiment, the analysis method employed, and the
assessment of systematic uncertainties in this analysis.

A. PHENIX detectors

The east and west central arms (CNT) [27] recon-
struct charged-particle tracks using the drift chambers and

pad-chamber layers. Each arm covers a pseudorapidity range
of |η| < 0.35 with an azimuthal (φ) coverage of π/2. The
drift chambers determine the track momentum and the pad
chambers reject background tracks by requiring that the track
hits be within two standard deviations of their associated
projections. In this analysis, CNT tracks below pT = 4GeV/c
are used to avoid background tracks from conversion electrons
at high pT .

The forward-silicon-vertex (FVTX) detectors [28] are
installed in both the negative-rapidity south-side region
(Au-going direction) and the positive-rapidity north-side re-
gion (p/d/ 3He-going direction), covering 1 < |η| < 3 with
full 2π azimuthal acceptance. Both the south-side FVTX
(FVTXS) and the north-side FVTX (FVTXN) are used in this
analysis. Charged particles within the acceptance of 1.2 <

|η| < 2.2 and the transverse momentum of pT > 0.3GeV/c
are reconstructed using the FVTX. The FVTX does not
provide momentum information for tracks because of the ori-
entation of the FVTX strips relative to the magnetic field. The
FVTX also provides the distance of closest approach to the
primary collision vertex in the direction transverse to the beam
axis (DCAR) with a resolution of 1.2 cm at pT = 0.5GeV/c.
Tracks with |DCAR| < 2 cm are used in this analysis to reject
background tracks.

Two beam-beam counters (BBC) [29] are arrayed around
the beam pipe at ±144 cm from the nominal beam interac-
tion point in both the south-side and the north-side regions,
covering the pseudorapidity range of 3.1 < |η| < 3.9 with full
2π azimuthal acceptance. Each BBC comprises 64 Čerenkov
radiators equipped with a photomultiplier tube (PMT) and
measures the total charge deposited in its acceptance, which
is proportional to the number of particles.

The BBC triggers on minimum-bias (MB) p+ p, p+ Au,
d + Au, and 3He+Au collisions by requiring at least one hit
on each side. The MB trigger efficiency is 55 ± 5%, 84 ± 3%,
88 ± 4%, and 88 ± 4% for inelastic p+ p, p+ Au, d + Au,
and 3He+Au collisions, respectively. Triggered events are
further required to have an online z vertex within |z| <

10 cm in this analysis. The collision centralities in p+ Au,
d + Au, and 3He+Au collisions are determined using the
total charge in the south-side BBC (BBCS), as described
in Ref. [30]. The high-multiplicity trigger additionally re-
quired more than 35, 40, and 49 hit tubes in the BBCS for
p+ Au, d + Au, and 3He+Au collisions, respectively. In
Ref. [16], the high-multiplicity trigger is used to improve the
statistics of the 0%–5% centrality selection. In the present
analysis, for more peripheral collisions only the MB trigger is
used.

The instantaneous luminosities delivered by RHIC for
p+ p, p+ Au, d + Au, and 3He+Au collisions at

√
sNN =

200 GeV during 2014, 2015, and 2016 were high enough
to record multiple collisions (i.e., pileup). Typically multiple
collisions occur at different positions along the beam direc-
tion, which are reflected as broader or secondary peaks in the
timing distribution of hits in the BBCS. In each event, this
shape is quantified as the fraction f of the BBCS hits that have
times within a 0.5-ns window from the most probable value
of the measured timing distribution, as was done in Ref. [13].
Pileup events are rejected by requiring f > 0.9.
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B. The 3 × 2PC method

In this analysis, the two-particle correlation method is em-
ployed. Because of the asymmetry in both the multiplicity and
vn as a function of pseudorapidity [31], two-particle azimuthal
correlations are constructed with three different sets of pairs.
This method was developed in Ref. [24] and is called the
3 × 2PC method.

The 2PC function C(�φ) is defined as

C(�φ) = S(�φ)

M(�φ)

∫ 2π
0 d�φM(�φ)∫ 2π
0 d�φS(�φ)

, (1)

S(�φ) = dNsame(�φ) × w

d�φ
, (2)

M(�φ) = dNmixed(�φ) × w

d�φ
, (3)

where �φ is the difference in the azimuthal angles be-
tween two particles, S(�φ) is the foreground distribution
constructed from track pairs in the same event Nsame, and
M(�φ) is the mixed-event distribution constructed from track
pairs from different events Nmixed in the same centrality and
collision vertex class. The weightw is 1 when correlating with
tracks and the charge in the PMT when correlating with BBC
PMTs.

We fit the correlation functions with a Fourier series up to
the fourth harmonic:

F (�φ) = 1 +
4∑

n=1

2cn cos n�φ, (4)

where cn = 〈cos n�φ〉 is the nth-harmonic Fourier com-
ponent and n is the harmonic number. Under the flow-
factorization assumption, the obtained cn can be related to vn
as

cABn = 〈
vA
n vB

n

〉
, (5)

cACn = 〈
vA
n vCn

〉
, (6)

cBCn = 〈
vB
n vCn

〉
, (7)

where A, B, and C stand for subevents used to measure corre-
lation functions. Finally, vn is obtained as

vCn {3 × 2PC}(pTC ) =
√
cACn (pTC ) × cBCn (pTC )

cABn
, (8)

letting the subeventC be CNT for the midrapidity vn measure-
ments presented in this article. Here we assume that detector
effects in the subevents A and B are canceled out between
the numerator and the denominator inside the square root
of Eq. (8). Figures 1–3 show C(�φ) and the Fourier fits to
C(�φ) in 5%–10% central p+ Au, d + Au, and 3He+Au
collisions at

√
sNN = 200 GeV, respectively. In each panel of

Figs. 1–3, correlations are measured between

(a) CNT tracks and FVTXS tracks,
(b) CNT tracks and FVTXN tracks,
(c) CNT tracks and BBCS tubes,
(d) FVTXS and FVTXN tracks, and
(e) BBCS tubes and FVTXS tracks,

FIG. 1. Correlation functions C(�φ) in 5%–10% centrality p+
Au collisions at

√
sNN = 200 GeV measured using (a) CNT-FVTXS,

(b) CNT-FVTXN, (c) CNT-BBCS, (d) FVTXS-FVTXN, and (e)
BBCS-FVTXS detector combinations. The short-dashed (black)
curve shows the Fourier fit to correlation functions. The dotted
(green), dash-dotted (red), dashed-double-dotted (blue), and long-
dashed (magenta) curves indicate c1, c2, c3, and c4 components,
respectively.

where CNT tracks are required to be 0.2 < pT < 4GeV/c.
The rapidity coverage of these detectors and rapidity gaps be-
tween the detector pairs used for the correlation functions are
specified in each panel. See also Ref. [24] for the correlation
functions in MB p+ p and 0%–5% central p+ Au, d + Au,
and 3He+Au collisions.

Notably, a nonzero value of the second-harmonic coeffi-
cient c2 is observed also in noncentral collisions for these
correlation functions. Thus v2 can be measured in noncentral
collisions with the 3 × 2PC method using the BBCS-FVTXS-
CNT and FVTXS-CNT-FVTXN detector combinations as
done for 0%–5% collisions in Ref. [24]. The former com-
bination BBCS-FVTXS-CNT is denoted as “BB” as it uses
two detectors located at backward rapidity. Similarly, the latter
combination FVTXS-CNT-FVTXN is called “BF” as it uses
one detector at backward rapidity and another detector at
forward rapidity.
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FIG. 2. Correlation functions C(�φ) in 5%–10% centrality d +
Au collisions at

√
sNN = 200 GeV measured using (a) CNT-FVTXS,

(b) CNT-FVTXN, (c) CNT-BBCS, (d) FVTXS-FVTXN, and (e)
BBCS-FVTXS detector combinations. The short-dashed (black)
curve shows the Fourier fit to correlation functions. The dotted
(green), dash-dotted (red), dashed-double-dotted (blue), and long-
dashed (magenta) curves indicate c1, c2, c3, and c4 components,
respectively.

C. Systematic uncertainty

In this analysis, systematic uncertainties on the measured
v2 are considered for the CNT arm selection, pad-chamber
matching width, FVTX track DCAR, and pileup rejection
using the timing information of hit tubes in the BBCS. The
central v2 values are calculated using both the east and west
CNT arms, pad-chamber matching width of 2σ , |DCAR| <

2 cm, and BBC timing fraction f > 0.9. The systematic un-
certainty associated with CNT arm selection is obtained from
the difference between v2 in the east and west CNT arms.
The systematic uncertainty associated with the pad-chamber
matching is estimated by varying the matching width from
1.5σ to 2.5σ . The systematic uncertainty associated with the
FVTX DCAR cut is estimated by varying the DCAR cut from
1.5 to 2.5 cm. Finally, the systematic uncertainty associated
with pileup rejection is estimated by varying the BBC-timing-
fraction cut from f > 0.85 to f > 0.95. Given the limited

FIG. 3. Correlation functions C(�φ) in 5%–10% centrality
3He+Au collisions at

√
sNN = 200 GeV measured using (a) CNT-

FVTXS, (b) CNT-FVTXN, (c) CNT-BBCS, (d) FVTXS-FVTXN,
and (e) BBCS-FVTXS detector combinations. The short-dashed
(black) curve shows the Fourier fit to correlation functions. The
dotted (green), dash-dotted (red), dashed-double-dotted (blue), and
long-dashed (magenta) curves indicate c1, c2, c3, and c4 components,
respectively.

statistical precision at high pT , the systematic uncertainty is
determined for pT < 3GeV/c and is applied to the entire pT
region.

The CNT arm selection is the largest source of systematic
uncertainty and has an effect of up to 12% depending on the
collision system and centrality. The pad-chamber matching
window and BBC-timing-fraction cuts have effects on the
order of a few percent. The FVTX DCAR cuts have an effect
of less than 1% in most cases. Each systematic uncertainty is
added in quadrature to obtain the total systematic uncertainty.

III. RESULTS

The experimental v2 for midrapidity charged particles in
p+ p, p+ Au, d + Au, and 3He+Au collisions at

√
sNN =

200 GeV is presented as a function of pT , centrality, and event
multiplicity. Then, the experimental results are compared
to AMPT-model simulations and physics implications are
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FIG. 4. Second-harmonic azimuthal anisotropy v2{3 × 2PC} in (a) 0%–5% [24], (b) 5%–10%, (c) 10%–20%, (d) 20%–40%, (e) 40%–60%,
and (f) 60%–88% centrality p+ Au collisions at

√
sNN = 200 GeV with the FVTXS-CNT-FVTXN (BF) and BBCS-FVTXS-CNT (BB)

detector combinations as a function of pT . The solid (black) squares are shifted for visibility. The bands around the (black) squares and
(black) circles show the systematic uncertainties. The bands around the dashed (red) and dotted (blue) curves show statistical uncertainties in
the AMPT calculations with the 3 × 2PC method. The solid (green) curves show v2 in AMPT using the parton participant plane.

discussed. Noting that previous flow extractions were re-
stricted to 0%–5% central p+ Au, d + Au, and 3He+Au
collisions, estimates of nonflow contributions indicated flow
dominance. In the present analysis, pushing to lower mul-
tiplicities, including p+ p collisions, it is expected that
nonflow will have a larger role and become dominant, for
example, in p+ p collisions. Thus, extraction of the second
Fourier coefficient as v2 should not necessarily be interpreted
as flow, but rather as an interplay of different effects.

A. pT Dependence

Shown in Figs. 4–6 is v2 with the 3 × 2PC method as a
function of pT in different centrality selections for p+ Au,
d + Au, and 3He+Au collisions at

√
sNN = 200 GeV, respec-

tively. The results in the 0%–5% most-central collisions are
from Ref. [24]. Notably, nonzero v2 is observed over the en-
tire measured pT range from most-central to most-peripheral
collisions in these systems, with both the BB and BF detector
combinations.

The kinematic dependence seen in 0%–5% central col-
lisions, i.e., larger v2{3 × 2PC} with the BF combination
(v2{BF}) than that with the BB combination (v2{BB}), is
also observed in noncentral p+ Au and 3He+Au collisions.
This trend becomes visible above pT = 0.5GeV/c in p+ Au
collisions and above pT = 1.5GeV/c in 3He+Au collisions.
These observations in noncentral p+ Au and 3He+Au colli-
sions confirm the interpretation of the kinematic dependence
discussed in Ref. [24]: the smaller multiplicity in the FVTXN
acceptance relative to that in the BBCS acceptance results
in more nonflow which makes the observed v2 larger. The
larger rapidity gap between FVTXS and FVTXN compared

to that between BBCS and FVTXS also increases the event-
plane decorrelation effects, which makes the denominator of
Eq. (8) smaller. However, the factorization of the decorrelation
effects between the numerator and the denominator is under
discussion [25] and thus the influence on v2 is inconclusive. In
contrast, the relation of v2{BF} = v2{BB} holds below pT <

1.5GeV/c in 3He+Au collisions. Note that no kinematic
dependence is observed in noncentral d + Au collisions due
to the limited statistical precision.

Measurement of v2 with the 3 × 2PC method is further
extended to MB p+ p collisions as shown in Fig. 7. Similar
to the other collision systems, nonzero v2 is observed over the
entire measured pT range for both the BB and BF detector
combinations. At pT = 3.5GeV/c, the value of v2{BB} re-
mains at 0.3 while that of v2{BF} soars to 0.8. The latter value
larger than 0.5 indicates that correlations from back-to-back
jets are dominant in this kinematic range. The magnitude of
v2 in p+ p collisions is found to be similar to that of v2 in
60%–84% central p+ Au collisions.

B. Multiplicity dependence

Figure 8 shows v2 with the 3 × 2PC method in 0.5 < pT <

1GeV/c and 2 < pT < 2.5GeV/c as a function of centrality
in p+ Au, d + Au, and 3He+Au collisions. In d + Au and
3He+Au collisions, v2 in 0.5 < pT < 1GeV/c is generally
flat over the entire measured centrality range within uncertain-
ties. Only v2 in p+ Au collisions shows an increasing trend
towards peripheral collisions for both the BB and BF detector
combinations. In 2 < pT < 2.5GeV/c, v2 in p+ Au and
3He+Au collisions shows increasing trends towards periph-
eral collisions for both the BB and BF detector combinations.
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FIG. 5. Second-harmonic azimuthal anisotropy v2{3 × 2PC} in (a) 0%–5% [24], (b) 5%–10%, (c) 10%–20%, (d) 20%–40%, (e) 40%–60%,
and (f) 60%–88% centrality d + Au collisions at

√
sNN = 200 GeV with the FVTXS-CNT-FVTXN (BF) and BBCS-FVTXS-CNT (BB)

detector combinations as a function of pT . The solid (black) squares are shifted for visibility. The bands around the (black) squares and (black)
circles show the systematic uncertainties. The bands around the dashed (red) and dotted (blue) curves show statistical uncertainties in the
AMPT calculations with the 3 × 2PC method. The solid (green) curves show v2 in AMPT using the parton participant plane.

In d + Au collisions, this trend is not observed because of the
limited statistical precision.

Figure 9 shows that a point-by-point comparison among
the different collision systems can be made with the 3 × 2PC
method using both the BB and BF detector combinations by

plotting v2 as a function of charged-particle multiplicity dNch
dη

at midrapidity. The values of dNch
dη

are obtained from Ref. [31].
In 2 < pT < 2.5GeV/c, v2{BB} shows an increasing trend
towards the low dNch

dη
side; the peripheral p+ Au data points
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FIG. 6. Second-harmonic azimuthal anisotropy v2{3 × 2PC} in (a) 0%–5% [24], (b) 5%–10%, (c) 10%–20%, (d) 20%–40%, (e) 40%–60%,
and (f) 60%–88% centrality 3He+Au collisions at

√
sNN = 200 GeV with the FVTXS-CNT-FVTXN (BF) and BBCS-FVTXS-CNT (BB)

detector combinations as a function of pT . The solid (black) squares are shifted for visibility. The bands around the (black) squares and (black)
circles show the systematic uncertainties. The bands around the dashed (red) and dotted (blue) curves show statistical uncertainties in the
AMPT calculations with the 3 × 2PC method. The solid (green) curves show v2 in AMPT using the parton participant plane.
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FIG. 7. Second-harmonic azimuthal anisotropy v2 with the 3 ×
2PC method in (open symbols) 60%–84% central p+ Au collisions
and (solid symbols) MB p+ p collisions at

√
sNN = 200 GeV with

the FVTXS-CNT-FVTXN (BF) and BBCS-FVTXS-CNT (BB) de-
tector combinations as a function of pT . The open (black) squares
and (black) circles are shifted for visibility. The solid bands around
the (black) circles and (black) squares show experimental systematic
uncertainties. The bands around the dashed (red) and dotted (blue)
curves show statistical uncertainties in the AMPT calculations with
the 3 × 2PC method in p+ p collisions. The solid (green) curve
shows v2 in AMPT using the parton participant plane in p+ p
collisions.

smoothly connect to the p+ p data point within uncertainties.
This trend is more clearly seen in v2{BF} for both 0.5 <

pT < 1GeV/c and 2 < pT < 2.5GeV/c. Above dNch
dη

= 10,
these series of v2 measurements generally show flat trends.
Unlike these trends, v2{BB} in 0.5 < pT < 1GeV/c shows
a flat shape over the entire measured dNch

dη
range within the

current experimental uncertainties, which might indicate that
the balance of nonflow effects between the numerator and the
denominator of Eq. (8) stays the same in this dNch

dη
range.

Finally, the kinematic dependence of v2 is quantified by
the ratio R of v2 in the BF detector combination to that in the
BB combination. Figure 10 shows R as a function of charged-
particle multiplicity dNch

dη
at midrapidity for 0.5 < pT <

1GeV/c and 2 < pT < 2.5GeV/c. In 0.5 < pT < 1GeV/c,
R in d + Au and 3He+Au collisions approaches unity as
dNch
dη

increases, indicating weak kinematic dependence, i.e., the

restoration of flow factorization. Towards the low dNch
dη

side, R

in 3He+Au collisions falls below unity; however, R in p+ Au
and d + Au collisions do not show clear trends due to the lim-
ited statistical and systematic precision. At the lowest dNch

dη
, R

in p+ p collisions shows the largest value among these colli-
sion systems. In 2 < pT < 2.5GeV/c, the R values in d + Au
and 3He+Au collisions are consistent within uncertainties
in the overlapping dNch

dη
region. The measured R is generally

FIG. 8. Second-harmonic azimuthal anisotropy v2{3 × 2PC} as
a function of centrality in (a), (b) p+ Au, (c), (d) d + Au, and (e),
(f) 3He+Au collisions at

√
sNN = 200 GeV with the FVTXS-CNT-

FVTXN (BF) and BBCS-FVTXS-CNT (BB) detector combinations.
The bands around the (black) circles and (black) squares show exper-
imental systematic uncertainties. The bands around the dashed (red)
and dotted (blue) curves show statistical uncertainties in the AMPT
calculations with the 3 × 2PCmethod. The solid (green) curves show
v2 in AMPT using the parton participant plane.

larger in p+ Au collisions than in d + Au and 3He+Au
collisions even in the overlapping dNch

dη
ranges. For the lowest

values of dNch
dη

, the values of R in p+ p and p+ Au colli-
sions are consistent within uncertainties. The different trends
of R between 0.5 < pT < 1GeV/c and 2 < pT < 2.5GeV/c
likely indicate that the kinematic dependence is caused by
different underlying mechanisms.

C. Comparison with AMPT-model simulations

To further investigate the experimental v2 results, the
AMPT model is employed with string melting turned on and
the parton-parton interaction cross section set to 1.5 mb. We
used the same AMPT parameter settings as those used in
Ref. [13] for its v2 study in the d + Au beam energy scan.
In this AMPT-model calculation, final-state particle v2 is cal-
culated using the 3 × 2PC method with the same pT and
rapidity-range selections as the experimental measurements,
as well as relative to the parton participant plane determined
using initial partons. We use the parton participant plane v2
as a proxy of pure collective development of the collision
system, which is likely to underestimate the true v2 value.
The difference between v2 relative to the parton participant
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FIG. 9. Second-harmonic azimuthal anisotropy v2{3 × 2PC} as
a function of charged-particle multiplicity dNch

dη
at midrapidity in

p+ p, p+ Au, d + Au, and 3He+Au collisions at
√
sNN = 200 GeV

with (a), (c) the BBCS-FVTXS-CNT (BB) and (b), (d) FVTXS-
CNT-FVTXN (BF) detector combinations. The bands around the
data points show experimental systematic uncertainties and the bands
around the curves show statistical uncertainties in the AMPT calcu-
lations. Note that AMPT results for p+ p collisions in panels (c) and
(d) are outside of the plot range due to their large values.

plane and that with the 3 × 2PC method in the AMPT model
can provide some insight on the relative contributions from
nonflow and event-plane decorrelation effects. Note that the
experimental event trigger efficiency has not been applied to
peripheral small systems and p+ p collisions in this AMPT-
model simulation and thus the full inelastic cross section was
used in this study.

1. pT dependence

Figures 4–6 show comparisons of AMPT v2 with the exper-
imental measurements as a function of pT . The v2 calculated
from AMPT with the 3 × 2PC method generally describes
the experimental v2 results from most-central to midcentral
d + Au and 3He+Au collisions. However, it overshoots the
data in all centralities for p+ Au collisions and in midcentral
to peripheral centralities for d + Au and 3He+Au collisions,
similar to what was previously reported in Ref. [13] for pe-
ripheral d + Au collisions, indicating much higher levels of
nonflow in AMPT compared to the data. An explanation for
this overestimate is that the HIJING model, used to describe
hard-scattering processes in AMPT, is known to have a wider
near-side jet correlation than in real p+ p data [32]. This mis-
match of the jet kinematics leads to this overestimate. While
v2 relative to the parton participant plane weakly depends on
pT , its difference from v2 with the 3 × 2PC method increases
with increasing pT , indicating stronger nonflow at high pT .

0 5 10 15 20 25 30

=0η
ηd
chdN

0

0.5

1

1.5

2

2.5

3

3.5

4R (a)

 < 1 GeV/c
T

0.5 < p

PHENIX p+Au
d+Au
He+Au3

p+p

Data AMPT

0 5 10 15 20 25 30

=0η
ηd
chdN

0

0.5

1

1.5

2

2.5

3

3.5

4R

(b)

 < 2.5 GeV/c
T

2 < p

FIG. 10. The ratio R of v2{BF} to v2{BB} as a function of
charged-particle multiplicity dNch

dη
at midrapidity in (squares) p+

Au, (diamonds) d + Au, (crosses) 3He+Au, and (circles) p+ p
collisions at

√
sNN = 200 GeV. The bands around the data points

show experimental systematic uncertainties and the bands around the
curves show statistical uncertainties in the AMPT calculations.

The AMPT-model calculations are in quantitative agree-
ment with the kinematic dependence of v2 in these collision
systems, indicating the breaking of flow factorization in this
model. In midcentral to peripheral 3He+Au collisions, below
pT < 1.5GeV/c, the AMPT model shows a clear separation
between v2{BF} and v2{BB}, unlike the experimental data,
again indicating an overestimate of nonflow and decorrelation
effects in this model.

As shown in Fig. 7, the AMPT v2 with the 3 × 2PCmethod
also overestimates the experimental data in p+ p collisions,
similar to the comparison made for the peripheral p+ Au
collision case. Again this overestimate may be attributable
to the jet kinematics mismatch in the HIJING model used in
AMPT [32]. The large gap between v2 relative to the parton
participant plane and that with the 3 × 2PC method indicates
nonflow is dominant in p+ p collisions in the AMPT model.

2. Multiplicity dependence

Figure 8 shows a comparison of AMPT v2 with the ex-
perimental results as a function of centrality. In 0.5 < pT <

1GeV/c, the AMPT v2 with the BB detector combination
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shows a flat trend in p+ Au collisions and slight decreas-
ing trends in d + Au and 3He+Au collisions over the entire
measured centrality ranges, which is inconsistent with the
experimental data. In contrast, v2 with the BF detector combi-
nation shows an increasing trend towards the most peripheral
collisions. For 2 < pT < 2.5GeV/c, the AMPT v2 with both
detector combinations qualitatively captures the increasing
trends in the experimental data.

Figure 9 shows a comparison of AMPT v2 with the exper-
imental results as a function of dNch

dη
. As seen in the centrality

dependence of v2, the AMPT model generally fails to repro-
duce the qualitative trends of v2{BB} in 0.5 < pT < 1GeV/c
while it captures the increasing trends of v2{BB} in 2 < pT <

2.5GeV/c and v2{BF} in both 0.5 < pT < 1GeV/c and 2 <

pT < 2.5GeV/c towards smaller systems (and hence lower
multiplicities). The AMPT-model simulations also show an
increase of v2{BB} and v2{BF} for 0.5 < pT < 1GeV/c with
increasing multiplicity above dNch

dη
= 10. This reflects the

dominance of collective expansion at low pT in the AMPT
model.

Finally, Fig. 10 shows a comparison of the R value cal-
culated in the AMPT model with the experimental results
as a function of dNch

dη
. For 0.5 < pT < 1GeV/c, the AMPT-

model simulations show an increasing trend in R as dNch
dη

decreases, which is contradicted by the experimental data.
However, the AMPT model is in agreement with the flow
factorization seen in the experimental data at high dNch

dη
. For

2 < pT < 2.5GeV/c, the AMPT-model calculations qualita-
tively capture the trends of the measured R values.

IV. SUMMARY

In summary, measurements of the azimuthal anisotropy v2
were presented as a function of pT , centrality, and charged-
particle multiplicity in MB p+ p and noncentral p+ Au,
d + Au, and 3He+Au collisions at

√
sNN = 200 GeV using

the 3 × 2PC method. The previous experimental findings that
v2{BF} > v2{BB} is also found in peripheral collisions in
p+ Au, d + Au, and 3He+Au as well as in MB p+ p col-
lisions. This indicates smaller nonflow contribution in the BB
combination and much more substantial nonflow contribution
in the BF combination, in concurrence with the conclusions
of Refs. [24,25]. The possible contributions to these v2 val-
ues from the nonflow between the backward detectors and
longitudinal decorrelation effects between the backward and
forward detectors are under discussion [24,25] towards pre-
cise quantification of these effects. The kinematic dependence
of v2 is quantified as the ratio R of v2 between the two detector

combinations as a function of dNch
dη

for 0.5 < pT < 1 and 2 <

pT < 2.5GeV/c. The different trend of R between these pT
selections suggests strong pT dependence of nonflow effects.
The AMPT-model calculations can quantitatively describe the
experimental measurements only in most-central to midcen-
tral d + Au and 3He+Au collisions, and they systematically
overestimate in p+ Au and p+ p collisions, indicating an
unrealistically high nonflow contribution in AMPT. These
measurements in various collision systems with different frac-
tions of prehydrodynamization, nonflow, and decorrelation
effects may serve as references for future unified models
incorporating initial-state effects, prehydrodynamization dy-
namics, hydrodynamic expansion, and jets.
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