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There is strong evidence for the formation of small droplets of quark-gluon plasma in p/d/ *He +Au collisions
at the Relativistic Heavy Ion Collider (RHIC) and in p + p/Pb collisions at the Large Hadron Collider. In
particular, the analysis of data at RHIC for different geometries obtained by varying the projectile size and
shape has proved insightful. In the present analysis, we find excellent agreement with the previously published
PHENIX at RHIC results on elliptical and triangular flow with an independent analysis via the two-particle
correlation method, which has quite different systematic uncertainties and an independent code base. In addition,
the results are extended to other detector combinations with different kinematic (pseudorapidity) coverage. These
results provide additional constraints on contributions from nonflow and longitudinal decorrelations.

DOI: 10.1103/PhysRevC.105.024901

I. INTRODUCTION

The Relativistic Heavy Ion Collider (RHIC) was built
and the Large Hadron Collider (LHC) heavy-ion program
initiated to study the formation of nucleus-sized droplets
of quark-gluon plasma (QGP) in the laboratory. This fo-
cused scientific enterprise has been remarkably successful.
The now standard model of heavy-ion collisions includes the
formation of QGP that expands hydrodynamically before the
phase transition to hadrons with confined quarks and gluons.
References [1-3] provide useful reviews. Over the past ten
years, experiments have employed multiple techniques to as-
sess whether such QGP droplets are also formed in smaller
p+ A and even p 4 p collisions; see Ref. [4] for a recent
review.

A specific proposal was to collide proton, deuteron, and
helium-3 projectiles on nuclear targets at RHIC, utilizing the
unique capabilities of that facility, to discern whether “flow-
like” patterns are indeed attributable to mini-QGP droplet
formation [5]. In the years 2014, 2015, and 2016, RHIC pro-
vided collisions of *He +Au, p + Au, and d + Au at VSN =
200 GeV, extending earlier results from 2003 and 2008 d +
Au runs. The PHENIX Collaboration has published a suite of
results on small systems including transverse momentum (pr)
spectra of identified particles (indicating “baryon anomaly”
results in small collision systems) [6], pseudorapidity de-
pendence of particle production and anisotropy coefficients

[7,8], multiparticle cumulants [9], and anisotropy coefficients
at midrapidity as a function of pr for charged hadrons [10-13]
and for identified particles [14,15]. The full set of elliptic
and triangular azimuthal anisotropy coefficients (v, and vs,
respectively) for all three collision geometries were published
in Nature Physics [16].

The elliptical and triangular azimuthal anisotropy coef-
ficients in all three collision geometries are quantitatively
predicted by viscous hydrodynamic calculations published
prior to the data [5,17]. After intense theoretical work [18,19]
and intense scientific scrutiny [20], calculations with initial-
state correlations in the color glass condensate framework
are definitively ruled out as the dominant source of the ob-
served correlations. More recent calculations indicate that
prehydrodynamization evolution, either in the weak [21] or
strong [22] coupling limit, may have a significant impact
on the shortest lifetime systems—including the smallest sys-
tems or any size system at the lowest energies—particularly
for triangular flow. Additionally, calculations within parton
transport frameworks such as the AMPT (A Multi-Phase
Transport) model qualitatively reproduce the flow coefficient
ordering [23]. Finally, the initial geometry has contributions
from both intrinsic geometry and from geometric fluctuations
(originating from nucleonic and subnucleonic position-space
fluctuations), and from the statistics of particle production.
As an example, the initial spatial eccentricities &, and ¢35 for
central collisions (impact parameter b < 2 fm) in different
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TABLE 1. Summary of various initial geometry calculations
quantified by the average eccentricities ¢, 3 in central (impact pa-
rameter b < 2 fm) p + Au, d + Au, and 3He +Au events. The “Nucl.
without NBD fluc.” column refers to Monte Carlo Glauber with nu-
cleon position fluctuations [5]. The “Nucl. with NBD fluc.” column
refers to Monte Carlo Glauber with nucleon position fluctuations and
negative binomial distribution (NBD) fluctuations in particle pro-
duction [24]. The “Quarks with NBD fluc.” column refers to Monte
Carlo Glauber with constituent quark position fluctuations and NBD
fluctuations [24]. The last two columns use the IP-Glasma framework
including gluon field fluctuations [25] in publicly available code with
nucleon and constituent quark position fluctuations.

Nucl. Nucl.  Quarks
without  with with IP-G IP-G

(e23)  Collision NBD NBD NBD with with
system fluc. fluc. fluc. nucl.  quarks
(€2) p+Au 0.23 0.32 0.38 0.10 0.50

d+Au 054 048 051 058 073
SHe+Au 050 050 052 055  0.64

(&3) p+Au 016 024 030 009 032
d+Au 018 028 031 028 040
SHe+Au 028 032 035 034 046

frameworks are given in Table 1. Additional negative binomial
distribution fluctuations in particle production and subnucle-
onic structure tend to increase the eccentricities overall and
reduce the differences, i.e., reducing the relative contribution
from intrinsic geometry; however, significant intrinsic contri-
butions remain in almost all cases. Additional measurements
and theoretical work are needed to gain insight into the rel-
ative contributions to the initial geometry and thus further
constrain both the hydrodynamic and prehydrodynamization
stages.

Given the importance of these results, the PHENIX Col-
laboration has carried out a new analysis of the same data
sets using combinations of three sets of detector combina-
tions to extract two-particle correlations (2PC), called the
3x2PC method, to check the published results [16] and to
provide additional information via correlations between par-
ticles from different kinematic regions. Because this makes
use of three different two-particle correlations, it is called the
3x2PC method. In addition, because the PHENIX experiment
collected its final data in 2016, we provide an archival set
of correlation function data for future examination. In this
paper, we do not compare the experimental results with the
latest theoretical calculations and rather focus solely on the
measurements and their quantified uncertainties.

II. ANALYSIS METHOD

The following subsections detail the PHENIX detector and
the correlation analysis.

A. Detector description

The PHENIX detector is composed of multiple spectrom-
eters and detector subsystems [26,27]. The detectors used in

a

BBCS FVIXS CNT FVTXN BBCN

Azimuthal Angle ()
T

el e b e b e P B s e ey

5 4 3 -2 A1 0 1 2 3 4 5
Pseudorapidity (n)

FIG. 1. PHENIX detector system layout. The Beam-Beam Coun-
ters (BBCS and BBCN), the Forward Vertex Tracker (FVTXS and
FVTXN), and the central spectrometer arms (CNT) are shown with
their respective pseudorapidity coverage (horizontal) and azimuthal
coverage (vertical). For the FVTX, the lighter shaded region cor-
responds to the cluster acceptance while the darker shaded region
corresponds to the reconstructed track acceptance.

this analysis are highlighted in Fig. 1 and detailed here. The
central arm spectrometers (CNT) measure charged hadrons
with pseudorapidity |n| < 0.35. There are two CNT spec-
trometers, referred to as “east” and “west,” each subtending
A¢ = /2. The beam-beam counters (BBCs) [28] comprise
two sets of 64 quartz Cerenkov radiators with photomultiplier
readout, each set covering 3.1 < |n| < 3.9: the BBC covering
—3.9 < n < —3.1 is referred to as the “south” side (BBCS)
and similarly the BBC covering 3.1 < n < 3.9 is called the
“north” side (BBCN). No individual particle information is
available and the light output for each counter is normalized
to the expected single charged particle response. We note
that approximately half of the particles hitting the BBC are
scattered from the beam pipe and the poles of the axial field
magnet. The forward silicon vertex detector (FVTX) [29]
comprises silicon strips oriented in the azimuthal direction
and covers both forward and backward rapidity 1.0 < |n]| <
3.0. The FVTX can be used to count hits via clusters or
via reconstructed tracks in the four layers on each side. The
acceptance for FVTX tracks is significantly more constrained
than the acceptance for clusters, and has a strong dependence
on the z vertex of the collision (the direction along the beam
line). Due to the orientation of the strips, there is no momen-
tum information available with the FVTX tracks. The FVTX
acceptance for tracks is shown in Fig. 2 and is dominated by
tracks with 1.2 < |n| < 2.2 and pr > 0.5 GeV/c.

The BBC is used for triggering on minimum bias (MB)
p+ Au, d + Au, and *He +Au collisions by requiring a fast
reconstructed z vertex within |z] < 10 cm and at least one
hit on each side of the collision point. Additionally, a high-
multiplicity trigger was employed to enhance the 0%—-5%
highest BBC multiplicity events by more than an order of
magnitude. The BBC information in the Au-going direction
is also used offline to select events in the 0%—5% centrality
category. Full details are available in Refs. [10,11,14,16].
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FIG. 2. PHENIX relative acceptance and efficiency for recon-
structed tracks in the FVTX as a function of pseudorapidity and
transverse momentum (pr). The pseudorapidity and pr acceptances
depend on the collision z vertex, and the z-vertex distribution is
included in generating this map. The tracking quality selection sig-
nificantly reduces the efficiency for tracks with pr < 0.5 GeV/c,
again pseudorapidity dependent.

B. Event plane method

Previous PHENIX publications, including Ref. [16], uti-
lized the event plane method [30] for measuring azimuthal
anisotropies. The second- and third-harmonic event planes are
determined in the BBC in the Au-going direction (referred to
as the BBC “south” or BBCS) and in the Au-going FVTX
(referred to as the FVTX “south” or FVTXS). The standard
Q-vector recentering and event plane flattening techniques
[31] are applied. Because the collision system is asymmetric,
one cannot determine the event plane resolutions by compar-
ing forward and backward detectors alone. Thus, the event
plane resolutions are determined utilizing the three-detector
combination BBCS-FVTXS-CNT.

It was recently pointed out that the third-harmonic event
plane resolutions for the BBCS and FVTXS published in
Ref. [16] do not follow the expected simple scaling of
R(Yr,) o Vya/Nuit, Where Ny is the number of particles strik-
ing the event plane detector and v, is the azimuthal anisotropy
of those particles. We have carefully investigated this observa-
tion by running a full simulation of the event plane procedure,
including the fact that the beam has nonzero angle and offset
with respect to the detector coordinate system. The beam
angles and offsets for the different running periods are given
in Table II. An additional issue is that the PHENIX central
carriage, which was moved between operation periods, has
modest position offsets of order 1-2 mm relative to nominal.
We find that the event plane flattening procedure in the ro-
tated frame creates a distortion on the triangular anisotropy
due to the elliptic anisotropy. The simulation qualitatively
reproduced the event plane “bias” seen in real data; the effect
largely cancels in the final v3;, because the bias is opposite
between the BBCS and FVTXS. The effect is dependent on

TABLE II. System beam angles and offsets.

Xoffset Voffset X-Z angle
Year System (mm) (mm) (mrad)
2014 SHe + Au 3.9 0.02 1.8
2015 p+Au 2.1 0.5 3.6
2016 d+ Au 3.0 0.2 1.0

the size of the real signal vs, the beam angle, beam offset,
event multiplicity, and Q-vector recentering applied, and is
much larger in p+ Au and d + Au, where the smaller vz
induces higher sensitivity to these effects.

Because the experimental results for v3 in p + Au and
d + Au, where the distortion is largest, are important, we
have carried out an independent analysis to examine the va-
lidity of the previous results. In the Monte Carlo simulation,
two-particle correlation functions were successfully obtained
when using an event-mixing acceptance correction in very fine
bins in collision z vertex. Thus, we have carried out a new
analysis of all three collision systems using three sets of two-
particle correlations (3 x2PC). In the limit of low event plane
resolution, which is the case for all three systems, the event
plane physics result and the 3x2PC physics result should
agree [30]; this is because they are both estimators of ()72
in this case, which means the sensitivity to both fluctuations
and nonflow is the same.

We highlight that the analysis is independent of the
published event plane results in the following ways: (1) a
completely different code base is used; (2) the FVTX clusters
are used in the event plane result but only FVTX tracks with
good quality are used in the 3x2PC analysis; (3) additional
systematic uncertainty checks are carried out as detailed be-
low. Note that a subset of these 3x2PC checks were carried
out in the d + Au published analyses detailed in Refs. [8,16].
In this paper, we also extend the kinematics from the original
analysis to utilize different combinations of detectors in the
3x2PC method.

C. 3x2PC method

Here we detail the methodology used for the 3x2PC
method. The 2PC technique utilized here follows the standard
methodology [30]; the difference only coming in requiring
three such 2PC because the collision systems are asymmetric.
We measure the A¢ distribution of three different sets of pairs.
In each pair, one particle is required to be in one subevent, and
the other is required to be in another subevent. The manner
in which the three different pairs of subevents are used is
qualitatively very similar to the three-subevent method for
determining the event plane resolution. In the limit of small
event plane resolution, the techniques should yield the same
results as they are sensitive to flow, flow fluctuations, and
nonflow in the same manner [30].

The correlation function C(A¢) is defined by

S(Ap) [T M(AQ)
M(A®) [ S(Ap)

C(Ag) = ey
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FIG. 3. The extracted v, coefficients as a function of py in 0%—5% central p 4+ Au, d + Au, and 3He 4+Au collisions from the 3 x2PC
method using the BBCS-FVTXS-CNT detector combination are shown as solid circles. Also shown as open crosses are the results published
in Nature Physics [16] that were obtained via the event plane method and the same combination of detectors.

where A¢ is the difference in the azimuthal angles between
the two particles in the pair; S(A¢) is the signal distribution,
which is constructed from pairs in which both particles are
taken from the same event; and M (A¢), which is the mixed
event distribution, is constructed from pairs of particles in
which each particle is required to be from a different event.
It is essential that particles from mixed events come from
the same event category, which includes centrality class and
collision z-vertex class (i.e., the collision z vertices of both
particles must be in the same collision z-vertex bin, typically
1 or 2 cm in width).

Once the correlation function is obtained, it can be decom-
posed via a Fourier series with coefficients c,:

C(A$) =1+ cycos A, )
n=1

where n is the harmonic number. Letting the superscripts de-
note subevents A, B, and C, the ¢, coefficients mathematically
represent

i = (cos[n(ga — ¢p)]) = (vivE), A3)
= (cos[n(¢a — ¢c)l) = (vjvl), “)
B¢ = (cos[n(¢p — ¢c)l) = (vEvS). ®)

Finally, the v, in a single subevent can be determined as

ciC(pr)eBC(pr)

S ©)

c

v, (pr) =
Note that it is also possible to determine the v, in a different
way, using only one correlation in the numerator and all three
in the denominator:

A(pr)
U,? (pr) = Wv @)
c _ Cfc (pr)
v, (pr) = 3

/cﬁ.BcEC JcAc
where all of the correlations in the denominator are p7 in-
tegrated. For the detectors without momentum information
(BBCS, FVTXS, FVTXN), this simply means all tracks or
hits. For the detectors with momentum information (CNT),

this means all tracks in the momentum range considered
(0.2 < pr < 3.0 GeV/c). Because this method is sometimes
used by the LHC experiments, we will informally refer to it as
the LHC-style v, in contrast to the PHENIX style discussed
previously. Note that the PHENIX-style v, is the geometric
mean of the two possible LHC-style v,. For that reason, the
PHENIX style presents certain advantages, particularly for
reduced systematic uncertainties.

D. Systematic uncertainties

The systematic uncertainties on the extracted v, and vs
coefficients have multiple contributions. In previous analyses
utilizing CNT tracks [10-12,14,16], contributions from vari-
ations in track quality criteria, run-to-run variations, etc. are
quite modest and subdominant. The two dominant sources
of systematic uncertainty result from comparing results with
different collision z-vertex ranges and from comparing the two
individual arms of the CNT. The uncertainty associated with
the collision z vertex is assessed by comparing the nominal re-
sult with |z] < 10 cm to cases with +4.0 < z < 4+10.0 cm and
—10.0 < z < —4.0 cm, because the changes in the FVTXS
acceptance are significant over this range. We also consider
the variation of only using “east” arm CNT tracks and only
using “west” arm CNT tracks. The differences found in the
systematic variations are taken to be the maximal possible
deviations, representing asymmetric distributions about the
central value. These differences are divided by /3 to give
one standard deviation uncertainties, and then those individual
uncertainties are added in quadrature.

For the results utilizing the FVTXS and FVTXN detectors,
we have repeated the analyses using only one half, i.e., 1.2 <
In] < 1.7, or the other half, i.e., 1.7 < |n| < 2.2. These give
similar results; however, we do not include the differences in
the systematic uncertainties as the results may have differing
contributions from nonflow and longitudinal decorrelations.
These results are presented in the Appendix.

III. RESULTS

The main physics results from the 3 x2PC analysis are the
extracted v, 3 coefficients as a function of charged hadron pr
at midrapidity |n| < 0.35. However, these values may depend
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FIG. 4. The extracted v; coefficients as a function of py in 0%-5% central p + Au, d 4+ Au, and *He +Au collisions from the 3x2PC
method using the BBCS-FVTXS-CNT detector combination are shown as solid circles. Also shown as open crosses are the results published
in Nature Physics [16] that were obtained via the event plane method and the same combination of detectors.

on the other two detectors used in combination with the CNT
tracks. A set of example two-particle correlations and a com-
plete set of extracted Fourier coefficients (¢, ¢z, ¢3, c4) and
their statistical uncertainties are given in the Supplemental
Material [32].

We highlight that care should be employed when compar-
ing ¢, coefficients directly as the pr acceptance of the BBCS
and FVTXS differ, as well as their relative particle (direct and
scattered) contributions. Thus, even though in principle one
can extract v, and v3 values in the BBCS and FVTXS, by the
same procedure as in the CNT, they do not have a straight-
forward physics interpretation. In the case of reconstructed,
high quality FVTXS tracks, a full acceptance and efficiency
correction as a function of collision z-vertex is possible, as
done for example in Ref. [7]. However, a similar procedure
has not been done for the BBCS, where approximately half
the hits are from scattered particles.

A. v, vs pr results

Figure 3 shows the elliptic v, coefficients as a function
of pr from the 3x2PC method utilizing the three-detector
combination BBCS-FVTXS-CNT. The results for the most
central 0%—-5% events are shown for all three collision ge-
ometries with statistical uncertainties as vertical lines and
systematic uncertainties as open boxes. The systematic un-
certainties have a high degree of point-to-point correlation.
Also shown are the previously published v, coefficients [16]
utilizing the event plane method. We highlight that the earlier
publication includes an asymmetric systematic uncertainty
estimate for nonflow based on a simple multiplicity scaling of
coefficients from p + p collisions at /s = 200 GeV; here we

TABLE III. Pseudorapidity acceptances of individual detectors.

Detector Mmin Mmax
BBCS (tubes) -39 -3.1
FVTXS (clusters) -3.0 —-1.0
FVTXS (tracks) -2.2 —-1.2
CNT (tracks) —0.35 0.35
FVTXN (clusters) 1.0 3.0
FVTXN (tracks) 1.2 2.2

do not include this uncertainty, as we focus on what is directly
measured from the correlation functions with all physics con-
tributions included. The analysis presented here is in excellent
agreement with the previously published results.

Figure 4 shows the third harmonic coefficient v; as a func-
tion of pr. It is otherwise identical to the previous figure,
showing a comparison between the present 3x2PC analysis
and the previously published event plane analysis [16] for the
most central 0%—5% events for all three collision systems
and, as before, the vertical lines represent the statistical un-
certainties and the boxes indicate the point-to-point correlated
systematic uncertainties. There is good agreement within un-
certainties between the two analyses, with the 3He +Au V3
values from the 3 x2PC method slightly lower than the event
plane results, though well within systematic uncertainties,
which are largely independent between the two methods.

We highlight that the correlation coefficients ¢, and c3
from all collision geometries follow the approximate expected
scaling based on each detector’s multiplicity and v, using
inputs from Ref. [7]. Thus the puzzle involving the nonscaling
of the event plane values mentioned above is resolved.

B. Additional kinematic ranges

The above results are presented as v, and vs at midrapidity
In] < 0.35, but they can depend on the other two detec-
tors used in the analysis, namely the BBCS and FVTXS.
Nonflow contributions, longitudinal decorrelations, and po-

TABLE IV. Pseudorapidity acceptances of two-detector
combinations.
Detector combination | AN min [{An)|
BBCS-FVTXS (tubes-clusters) 0.1 1.8
BBCS-FVTXS (tubes-tracks) 0.9 1.8
BBCS-CNT (tubes-tracks) 2.75 3.5
FVTXS-CNT (clusters-tracks) 0.65 2.0
FVTXS-CNT (tracks-tracks) 0.85 2.0
FVTXN-CNT (clusters-tracks) 0.65 2.0
FVTXN-CNT (tracks-tracks) 0.85 2.0
FVTXS-FVTXN (clusters-clusters) 2.0 34
FVTXS-FVTXN (tracks-tracks) 2.4 3.4
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FIG. 5. The extracted v, coefficients as a function of py in 0%—5% central p 4+ Au, d + Au, and 3He 4+Au collisions from the 3 x2PC
method using the FVTXS-CNT-FVTXN detector combination are shown as solid squares. For comparison we also show the previously plotted

results from the BBCS-FVTXS-CNT combination as open circles.

tentially other effects can make the extraction dependent on
the kinematic coverage of the other detectors; see for ex-
ample Ref. [33]. The original motivation for utilizing the
BBCS and FVTXS is based on their higher multiplicity and
significant pseudorapidity gap from the CNT tracks. Note
that the gap should be thought of not in simple terms of
the extreme |An| > X value, but rather the distribution of
possible |An| values. Thus, the average (|An|) ~ 3.5,2.0, 1.8
for the BBCS-CNT, FVTXS-CNT, BBCS-FVTXS detector
combinations.

We have also analyzed the detector combination FVTXS-
CNT-FVTXN for the 3x2PC. Note that now the average
values are (|Anl|) ~ 2.0, 2.0, 3.4 for the FVTXS-CNT, CNT-
FVTXN, and FVTXS-FVTXN detector combinations. How-
ever, based on measurements as a function of pseudorapidity
in Ref. [7], the v, values are less than half the magnitude in the
FVTXN compared to FVTXS and the multiplicity of tracks
is also less than half. Thus, nonflow contributions relative to
flow contributions are expected to be substantially larger in
the FVTXN. Again, additional example correlation functions
and the full set of extracted ¢, coefficients are given in the
Appendix.

Tables III and IV list the pseudorapidity acceptances of
the different detectors and two-detector combinations. In
Fig. 3 the pseudorapidity acceptance of the BBCS-FVTXS-
CNT combination is listed as —3.9 < n < —=3.1,-3.0 < n <
—1.0, |n| < 0.35. In Fig. 5 the pseudorapidity acceptance of
the FVTXS-CNT-FVTXN combination is listed as —3.0 <
n < —1.0,|n| <0.35,1.0 < n < 3.0. While the full FVTX
acceptance for clusters is 1.0 < || < 3.0, this analysis pre-
dominantly uses tracks that are from 1.2 < |n| < 2.2.

Figure 5 shows the elliptic v, coefficients as a function
of pr from the 3x2PC method utilizing the three-detector
combination FVTXS-CNT-FVTXN. The results for the most
central 0%—5% events are shown for all three collision ge-
ometries with statistical uncertainties as vertical lines and
systematic uncertainties as open boxes. The systematic uncer-
tainties have a high degree of point-to-point correlation. For
comparison, the 3 x2PC values from the BBCS-FVTXS-CNT
combination are shown. Shown in Fig. 6 is the ratio of the v; in
the FVTXS-CNT-FVTXN combination to the v, in the BBCS-
FVTXS-CNT combination. We observe a modest 5%—15%
difference in the *He 4+Au case, growing to a 10%-20% dif-

ference in the d + Au case, and then a rather large 35%—80%
difference in the p + Au case. Qualitatively this difference
could result from substantially larger nonflow contributions
in the FVTXS-CNT-FVTXN combination, and this would be
expected to be largest in the p + Au system which has the
smallest multiplicity as well as the lowest expected elliptic
flow itself. Nonflow effects are also expected to play a larger
role at larger pr, and we observe a modest rise in the ratios
with pr-

Figure 7 shows the third harmonic coefficient v; as a
function of pr from the 3x2PC using the FVTXS-CNT-
FVTXN method, shown in solid squares, and also the
BBCS-FVTXS-CNT detector combination, shown in open
circles, for comparison. The statistical uncertainties are shown
as vertical lines and the systematic uncertainties as open
boxes. In the case of *He +Au, the results agree for the two
detector combination sets within uncertainties. However, in
the case of p + Au and d + Au, one of the c¢3 coefficients is
negative, and thus the mathematical calculation of v3 results in

= L B B B B B
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o ; ] A ]
el 1B NI
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1er | . **+++ I
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FIG. 6. Ratio of v, in the FVTXS-CNT-FVTXN combination
(numerator) to v, in the BBCS-FVTXS-CNT combination (denom-
inator) as a function of pr for p 4+ Au (red squares), d + Au (blue
crosses), and *He +Au (black diamonds).
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FIG. 7. The extracted v; coefficients as a function of py in 0%-5% central p + Au, d 4+ Au, and *He +Au collisions from the 3x2PC
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results from the BBCS-FVTXS-CNT combination as open circles.

an imaginary value. These imaginary values are shown along
the negative y axis in the figure.

These negative values of c3 observed in the p + Au and
d + Au systems are consistent with the observation that non-
flow contributions in p + p collisions extrapolated to these
systems drive c; towards negative values. This effect is con-
sistent with nonflow dominance in the FVTXS-CNT-FVTXN
result. It is striking how much larger the effect is in p + Au
and d + Au compared to negligible in *He +Au. Also, the
difference in potential nonflow in the v, shown above is quite
different between the systems and will also depend on the real
triangular flow in these different geometries.

From the two-particle correlations and extracted coeffi-
cients (tabulated in the Supplemental Material [32]) one can
examine the patterns between the two-particle kinematics and
between collision systems. Access to the full suite of Fourier
coefficients is critical to enable future analysis techniques to
be applied and comparison with new theoretical tools that
might more fully incorporate flow, nonflow, and longitudinal
dynamics. Figure 8 shows the ¢; and c3 coefficients from 0%—
5% central p + Au, d + Au, 3He +Au collisions from left to
right. The markers are located at the pseudorapidity average
from the two detectors [i.e., (1 + 172)/2] and the associated
horizontal line extends between the two detectors (i.e., from
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FIG. 8. Two-particle correlation ¢, and c; coefficients from 0%—5% central p + Au, d + Au, 3He +Au collisions. The markers are located
at the pseudorapidity average from the two detectors [i.e., (; + 12)/2] and the associated horizontal line extends between the two detectors
(i.e., from n; to n;). The vertical bars indicate the statistical uncertainties. See text for details.
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N1 to 12). Correlations involving tracks in the CNT (e.g.,
where one of the horizontal line end points is at = 0) are for
the inclusive range in 0.2 < pr < 3.0GeV/c. As discussed in
the Supplemental Material [32], the ¢, coefficients should not
be viewed as strict physics quantities because the charge in the
BBC and tracks in the FVTX are not corrected for variations
in acceptance, efficiency, and backgrounds, all of which can
vary between running periods.

Starting with the ¢, values, one observes significant
variation among the values from the different detector com-
binations used for the two-particle correlations. This arises
naturally from the pseudorapidity dependence of the flow v,
itself, and also from the different p; coverage of the differ-
ent detectors and different contributions from background,
particularly in the BBCS. Overall one observes that the rel-
ative ordering of ¢, values from different combinations is
qualitatively similar for the three collision systems, with the
dominant feature that all of the p + Au values are lower.

For the c3 values, the ordering of the detector combinations
in *He +Au collisions is qualitatively similar to that of the
¢, values. In striking contrast, all of the c¢3 coefficients (so
all detector combinations) are significantly lower in p + Au
and d 4+ Au compared with *He +Au. This means that the
conclusion of lower triangular flow in p + Au and d + Au is
independent of any single detector used in the two-particle
detector combination, i.e., it is seen in all combinations. In
particular, c3 values where the FVTXN is utilized, i.e., where
the horizontal line extends to n = +1.7, are very low and
in some cases actually negative, though with large statistical
uncertainties. It is the negative value for c3 between the
CNT-FVTXN that results in the imaginary calculated vs
in the FVTXS-CNT-FVTXN combination for p + Au and
d + Au systems. Noting that the multiplicity is lowest in these
systems at forward rapidity, i.e., the proton or deuteron-going
direction, and the v; may be the smallest, the explanation may
be from a large nonflow contribution toward negative values
of Cc3.

IV. SUMMARY

In this paper we have presented an independent analysis
of the flow coefficients v, and v; as a function of pr in
0%-5% central p + Au, d + Au, and *He +Au collisions at
/svv = 200 GeV using the 3x2PC method. The results are
in excellent agreement with the results published in Nature
Physics from the PHENIX Collaboration using the event
plane method [16]. In addition, variations in the kinematic
selection for the three-detector combinations reveal an
important role for nonflow and longitudinal decorrelations,
particularly at forward rapidity, i.e., in the small projectile
direction. To support future analyses, this paper includes an
archival documentation of correlation functions from p + p
through *He +Au systems.
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APPENDIX: v, COEFFICIENTS WITH TWO DIFFERENT
SUBSETS OF FVTX ACCEPTANCE

We have repeated the analyses of 3x2PC and dividing
the FVTXS and FVTXN into halves, selecting tracks with
either 1.2 < || < 1.7 or 1.7 < |n| < 2.2. Thus, the detector
combinations will have increased or decreased rapidity gaps
from the default analysis.

Figures 9 and 10 show the comparison of v, as a func-
tion of pr at midrapidity using the two different FVTXN
and FVTXS pseudorapidity ranges, in addition to the default
use of the entire FVTX acceptance range. In all cases, the
differences are modest. There is a general pattern that the
v, calculated with the BBCS-FVTXS-CNT combination is
slightly higher when using the FVTXS 1.2 < || < 1.7 in-
stead of FVTXS 1.7 < |n| < 2.2. This may indicate a slight
increase in nonflow contribution to the FVTXS-CNT cor-
relation that dominates over a possible slight decrease in
nonflow in the BBCS-FVTXS correlation. A similar effect
is seen in the v, values with the FVTXS-CNT-FVTXN com-
bination, which again may related to slightly larger nonflow
contributions due to all correlations having a smaller rapidity
gap.

Figures 11 and 12 show the comparison of v; as a
function of pr at midrapidity using the two different
FVTXN and FVTXS pseudorapidity ranges, in addition
to the default use of the entire FVTX acceptance range.
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In all cases, the differences are modest, though with
larger statistical uncertainties when splitting the FVTX ac-
ceptance. The larger statistical uncertainties preclude any
strong conclusions regarding a pattern with the different
selections.

We do not include these differences as systematic uncer-
tainties in the default v, and v; results as modest differences
are expected. We can, however, rule out any large uncertainty
from detector effects in the FVTX from the lower and higher
rapidity acceptances.
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