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Two particle correlations have been used extensively to study hydrodynamic flow patterns in
heavy-ion collisions. In small collision systems, such as p+p and p+A, where particle multiplic-
ities are much smaller than in A+ A collisions, non-flow effects from jet correlations, momentum
conservation, particle decays, etc. can be significant, even when imposing a large pseudorapidity
gap between the particles. A number of techniques to subtract the non-flow contribution in two
particle correlations have been developed by experiments at the Large Hadron Collider (LHC) and
then used to measure particle flow in p+p and p+Pb collisions. Recently, experiments at the Rel-
ativistic Heavy Ion Collider (RHIC) have explored the possibility of adopting these techniques for
small collision systems at lower energies. In this paper, we test these techniques using Monte Carlo
generators PYTHIA and HIJING, which do not include any collective flow, and AMPT, which does. We
find that it is crucial to examine the results of such tests both for correlations integrated over parti-
cle transverse momentum pr and differentially as a function of pr. Our results indicate reasonable
non-flow subtraction for p+p collisions at the highest LHC energies, while failing if applied to p+p
collisions at RHIC. In the case of p+Au collisions at RHIC, both HIJING and AMPT results indicate
a substantial over-subtraction of non-flow for pr 2 1 GeV/c and hence an underestimate of elliptic

flow.
I. INTRODUCTION

The standard evolution model of relativistic heavy
ion collisions involves the translation of initial geomet-
ric anisotropies into final momentum correlations via
nearly perfect hydrodynamic flow followed by hadronic
re-scattering [1, 2]. Starting with first indications in p+p
collisions at the LHC [3], there is now a wealth of data
indicating similar translation of geometry into flow in
smaller collisions systems at RHIC and the LHC [4]. Here
we focus on p+p collisions at the LHC and p+p and p+Au
collisions at RHIC where one is pushing the limits of how
small a system and how small a particle multiplicity still
results in significant final flow signatures. It is imperative
to consider both collision energies and systems since a si-
multaneous description within the perfect fluid paradigm
currently gives the best data description [5, 6].

In these small systems, there are many contributions
to the final particle correlations and some of these contri-
butions increase in relative strength with decreasing mul-
tiplicity. There are many sources of correlations among
only a subset of the final particles that result in an in-
creased probability of particles to be nearby in momen-
tum space (i.e. close in both pseudorapidity An ~ 0 and
azimuthal angle A¢ ~ 0). Examples include the decay
of heavy resonances, correlations due to quantum statis-
tics (HBT effects) [7], and the fragmentation of a high
momentum quark or gluon—the last of these resulting
in what are referred to as jet correlations. These cor-
relations are effectively minimized by requiring the two
particles to have a substantial gap in pseudorapidity, typ-
ically |An| > 2. There are other correlations that survive
such a cut including di-jet correlations. In a leading-order
hard scattering, a parton (quark or gluon) and partner
parton will be nearly back-to-back in azimuth (A¢ =~ )

and can be widely separated in pseudorapidity, since the
incoming partons need not be longitudinally momentum
balanced. As such, one may expect two particle corre-
lations with an enhancement near A¢ ~ 7 that extends
long-range in pseudorapidity.

(a) (b)

FIG. 1.

Panel (a): A cartoon of the simplest scenario with
medium particles emitted from the bulk (blue region) and
jet particles emitted from two fragmenting partons (yellow
cones). Panel (b): A cartoon with the addition of two longi-
tudinally oriented strings such that momentum conservation
effects may be present over large rapidity regions.

As shown in Figure 1, one can imagine a toy scenario
where a medium indicated by the blue region is created
in a collision. In addition, a hard scattering results in two
partons that largely fragment into hadrons outside of the
medium. In a perfectly factorized picture, the medium
particles may have angular correlations that reflect the
flowing fluid while the jet particles are correlated with
each other but are uncorrelated with the medium geom-
etry. As one examines collisions with larger final particle



o
<)

I I I I I !

....... a, = -0.02222 ?
04— ... a, = 0.00080 N
a, = 0.00033 1

o
N

=

(LN dN"/(dAg)

0.98

0.96

3 .
. A
-------

FIG. 2.

~1.15 T I I I !
e. L i
S f = -0.03717 (b) -
E [ al = -0. B
o= 1A e a,=0.01127 .
SZ i a, = -0.00130 1
T1.05- —
s L 1
= C ]
Z o ks N
a4 L
0.95 “ng -
L1 \ \ \ \ | i

0.9

Panel (a): Two particle correlation for pairs generated from pure N-body phase space with a pseudorapidity gap

|An| > 2 requirement. Panel (b): Two particle correlation for pairs generated in PYTHIA8 with a pseudorapidity gap |An| > 2
requirement. Fit values for the Fourier decomposition (a1, a2, and as) are also shown.

multiplicities and larger volume, a larger fraction of the
particles come from the medium and thus the influence of
the jet correlations is reduced. In this simplest scenario
the correlations from the jet particles are referred to as
“non-flow” and those from the medium particles are re-
ferred to as “flow.” We highlight that it is impossible for
this factorization to be perfectly true. The jet partons
cannot hadronize without some color interaction with the
medium or underlying event, and in some case many of
the jet partons scatter with medium partons. For that
reason there is no direct separability of the two, rather
they are related through a convolution.

Another key source of non-flow correlations is simply
global momentum conservation. The simplest case would
be to imagine N particles emitted isotropically but obey-
ing momentum conservation. The ROOT software pack-
age [8] has a class TGenPhaseSpace that allows for N-
body decays simply following phase space filling and mo-
mentum conservation.

Of course, we do not expect that the N particles
are distributed simply according to phase space rules.
Within a model such as PYTHIA8 [9], one can think of
every two-jet event as really being at least a four-jet
event. As shown in panel b of Figure 1, if two incoming
partons have a large momentum transfer, the resulting
beam remnants extend nearly longitudinal color strings
(i.e. the other two jets). These strings can have a trans-
verse momentum kick such that particles emitted from
the upper (orange) string have a slight trend upward and
from the lower (orange) string a slight trend downward.
Thus, the partons and resulting hadrons will have a mo-
mentum conservation correlation that may be convolved
with a flow correlation if these particles undergo addi-
tional final state scattering.

The A¢ correlation function with the requirement

|An| > 2 is shown in Figure 2, where the N-body phase
space calculation is shown in the left panel and the jet-
type correlation from PYTHIA8 is shown in the right
panel. Most correlation analyses characterize the two
particle correlation in A¢ in terms of a Fourier decom-
position [10]:

F(Ag) = G{l —|—2§:an cos(nAgb)}, (1)

n=1

where the coefficients a,, are the Fourier coefficient at
order n, GG is the normalization factor corresponding to
the average number of associated particles per trigger
particle in the sample, and all sine terms vanish due to
symmetry. The coefficients a,, are shown for the two
non-flow contributions in Figure 2. In the case of the -
body phase space, the dominant contribution is ¢; with
a depletion near A¢ ~ 0 and an enhancement of pairs
near A¢ ~ w. However, there are non-zero higher order
contributions and their relative strengths will of course
depend on the other correlations embedded along with
momentum conservation. For the jet-type correlations,
the dominant term is also a; due to the strong long
range away-side peak. However, the successive terms
contribute significantly and with alternating signs in or-
der to describe the nearly flat region around A¢ ~ 0 and
the peak around A¢ ~ 7.

In the following sections we define the non-flow sub-
traction methods and then detail the resulting tests of
these methods using the Monte Carlo models PYTHIA [9],
HIJING [11], and AMPT [12] in different collisions systems
and and at different energies.



II. DEFINITION OF METHODS

The most important assumption in all non-flow sub-
traction methods is the assumption that the correlation
coeflicients a,, in Eq. 1 can be separated into two linearly
additive contributions a,, = ¢,, + d,,, where ¢, is the flow
coefficient quantifying correlations related to the initial
geometry and d,, is the non-flow coefficient of pair corre-
lations. As discussed in Section I, this assumption may
not be realistic, but this is the starting point for all non-
flow subtraction methods, and so we begin our discussion
here. With this assumption, Eq. 1 can be rewritten as:

f(Ag) = G{l +2) (cn +dn) cos(nA¢)}. (2)

n=1

In order to extract the true flow, ¢,, it is necessary to re-
move the non-flow contributions, d,. This is particularly
important in small systems where the non-flow correla-
tions can dominate the flow signal. We can define the
non-flow contribution J(A¢) to f(Ag¢) as:

J(A¢) = G{Z i dn cos(nA¢)}, (3)

n=1

so that Eq. 2 becomes

f(Ag) = J(Ag) + G{l +2) e cos(nA¢)}. (4)

n=1

All techniques attempting to disentangle flow and non-
flow operate by comparing correlations between two data
selection samples: one at higher multiplicity (HM), where
flow is expected to have a larger influence; and one at
lower multiplicity (LM), where flow is expected to have
a smaller influence. The flow in LM events is at times
assumed to be negligible or non-existent; however, we
need not consider such differences just yet. The above
equations simply need to be trivially relabeled so that
the LM and HM categories are distinct. Here we use
LM (HM) as a superscript on all relevant quantities to
indicate LM (HM) events.

The terms ™ and M are the flow correlation co-
efficients at low and high multiplicity, respectively; d:M
and d:M are the non-flow correlation coefficients at low
and high multiplicity, respectively.

Applying these labels and rewriting Eq. 3 we obtain

JLM(HM) (A¢)
GLM(HM)

2 Z dEMEM) cos(nAg), (5)
n=1
meaning the J*M(Ag) and JHM(A¢) are related to each
other as:

TMAG) 5 gudiM cos(ndAg) JM(AG)
GHM N LM cos(nAg)  GIM (©)
where the relational coefficients are j,, = di™/dEM. By
estimating the j,, and the flow coefficients at low multi-
plicity, M, the non-flow contribution at high multiplic-
ity can be determined and subtracted. There are a few
different non-flow subtraction methods available on the
market based on different assumptions regarding the ckM
and j, coefficients.

A. DMethod 1

The first method we detail has been developed by the
ATLAS Collaboration, as originally applied in Ref. [13].
Here we detail the key assumptions made in using this
method. The first assumption is that the non-flow cor-
relation coefficient j,, = d:IM/d"M is independent of the
harmonic number n, so that j, = jATAS for all n. This
allows Eq. 6 to be rewritten as:

JHM A JLM A
G}(IMQS) _ jATLAS GEM@. (7)

This assumption follows from the idea that at the LHC
the non-flow correlation is dominated by the jet contribu-
tion. The additional requirement is then that the shape
of the jet correlation does not change with multiplicity
event class.

A second assumption made is that the flow contribu-
tion at the lowest harmonic ¢y is negligible compared to
the non-flow dy, i.e. ¢; < dy. Hence c; is completely ig-
nored; alternately one can think of it as being absorbed
via redefinition of d;. Following these assumptions, we
can rewrite the angular correlation distributions in Eq. 4
for HM events in relation to LM events:

P80 = 480+ G {142 ) ¥ costnda)) (8)
n=2

FM(AG) = T (Ag) + G142 3 cos(nAg) | (9)
n=2

and then combining the two using Eq. 7 to obtain



HM GHMJ'ATLAS LM HM ATLAS 0 CHM _ jATLASCLM
FM(AG) = T M (Ag) + G = AT {142 Y (S ATIAS Jeos(nag)}  (10)
n=2
= premp fEM(A ) 4 Gtemp{l +2 Z ctemp cos(nAqb)}, (11)

n=2

where F'mP Gtemp and ctemP are parameters defined

by

GHM]'ATLAS
preme — 2 o (12)
GLM ’
Gtemp _ GHM(]. _ jATLAS)’ (13)
HM -ATLAS .LM
chomp = O T (14)
n 1— ]ATLAS

There parameters are obtained from fitting fHM(Ag)
with f"M(A@). Thus, this approach is often referred to
as a “template-fitting” method because the LM correla-
tion function serves as a template for the HM correlation
function.

In the special case where the flow coefficients are iden-
tical at all orders between the low multiplicity and high
multiplicity classes, i.e. ™M = cEM for all n, then the
extracted ct*™P is exactly equal to cI'™. This is a simpli-
fying assumption that has no concise physics motivation.
This special case was assumed in the ATLAS publica-
tions [13, 14].

Relaxing this special case, an additional correction
should be applied to the fitted value to obtain cIM:

n *

HM __ temp _ ATLAS (C:Lemp _ CEM)v (15)

Cn =Cp J

where j,, can be obtained using fit parameters jATHAS =
GEMptemp |GHM and ¢IM 5 usually estimated using the
flow coefficient measured in the second lowest multiplic-
ity sample. The ATLAS Collaboration applies this addi-
tional correction in Ref. [15].

B. Method 2

The second method we detail has been developed by
the CMS Collaboration, as originally applied in Ref. [16].
Similar approaches have also been explored by the AT-
LAS and ALICE collaborations [17, 18]. Here we detail
the key assumptions made in using this method.

Like the ATLAS method, this method also assumes
that the non-flow correlation shape does not change with
multiplicity class, hence j, = d"™ /d"M is independent
of the harmonic number n, so that j, = jMS for all n.
This allows Eq. 6 to be rewritten as:

TM(AG) _ ous TN (DY)

cmn o = o (16)

(

in exact analog to the ATLAS case. However, the method
by which jMS is determined is different. They assume
that the non-flow correlation coefficients, at least for
n > 1, are dominated by jet contributions. Since they
assume the jet shape is independent of multiplicity class,
they only need to determine the relative jet yields in the
different multiplicity classes. They do this by measuring
the near-side jet yield in the different multiplicity classes
via the short range (SR) correlation, i.e. with A¢ ~ 0
and An =~ 0. They isolate the near-side jet peak by tak-
ing the difference between the SR and long range (LR)
correlations as follows:

s _ G, (Ag) — A(A9))dAG
G (12 (EN(A0) — FEN (Ag))dAs|

(17)

HM(LM)

where fqp (A¢) is the short-range correlation with

|An| < 1 and IIJ{II{/I(LM)(Agb) is the long-range correlation

with 2 < |An| < 5. The short-range and long-range
correlations are usually normalized by number of trigger
particles such that the integral of their difference over
—1.2 < A¢ < 1.2 is close to the number of particles
produced per jet.

Next, direct Fourier fits are applied to the long-
range correlations at low and high multiplicities, and the
Fourier coefficient aEM(LM) are extracted. This approach
assumes that there is no flow contribution at all in the
low multiplicity event selection, i.e. ¢EM = 0. This is
an extreme assumption that forces any extraction of flow
coefficients as a function of multiplicity class to approach
zero at low multiplicity, and is quite different from the
ATLAS approach. Then at each order n the flow coeffi-
cient at high multiplicity is given by:

GEME . gHM _ WS LM, (19
As noted above, as measurements move towards low mul-
tiplicity, such that cf™ ~ cEM | HM will converge to zero
by construction. The CMS results using this method thus
always trend to zero. However, if a non-zero flow coef-
ficient in the low multiplicity sample is allowed, Eq. 18
could be rewritten as:

HM _ HM -CMS/ LM
Cn =a, —J (an

- C%M)v (19)

where M can be estimated in the same way as in the
ATLAS method. Once the generalized results as shown
in Eq. 15 and Eq. 18 are used, one should be able to

obtain similar results with the two methods.



One remaining difference between the methods would
arise from the different ways of estimating the jet vari-
able j,,. The non-flow correlation can have contributions
from jets as well as overall momentum conservation. The
momentum conservation contribution is predominantly
in the dy coefficient. Thus, in the CMS method where
they subtract the non-flow order by order, even though
the j°MS is determined from jets alone, it does not mat-
ter since they are not extracting a first order ¢; at high
multiplicity. In contrast, in the ATLAS template-fitting
method, it assumes the non-flow shape (combining both
jets and momentum conservation) scale in the same way.
This seems unlikely given the findings by CMS via the
short range correlations. Since neither experiment ex-
tracts a ¢y at high multiplicity where they would get very
different results, there is only the potential for a resid-
ual effect on the higher order ¢, via the ATLAS fitting
procedure.
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FIG. 3. Relative difference between the ratio of non-flow cor-
relation coefficient at high multiplicity to that at low multi-
plicity, jn, = diM/d5M, from different methods to that from
direct Fourier fit of the second order, j2, as a function of mul-
tiplicity. A pseudorapidity gap of 2 < |An| < 5 is required.

C. Jet Shape Assumption

Method 1 and 2 are derived from the same expression
and heavily rely on the assumption that the jet shape is
the same at low and high multiplicity. This assumption
can be tested in PYTHIAS, in which no flow contribution
is expected, i.e. ¢, = 0. We perform a direct Fourier co-
efficient extraction in the low and high multiplicity event
classes and then compute j,, = diIM/d M. To examine if
all j, are the same, we plot (4, — j2)/j2 as shown in Fig-
ure 3. The points for n = 1 and n = 3 indicate that the
assumption of a common j, is violated in PYTHIA8 and
that violation increases with higher multiplicity, reach-
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FIG. 4. The relative difference between j4T4S and jo from
direct Fourier fit (a) as a function of multiplicity for different
gaps and (b) different choices of low multiplicity sample.

ing a level for n = 1 (n = 3) relative to n = 2 of -20%
(+40%). We note that the jo is decreasing with multi-
plicity, so the impact of this violation might be actually
smaller at higher multiplicity. We also show the jATLAS
and j°MS extracted values. One can see that they closely
agree with the n = 1 case and deviate significantly from
the n = 3 case. Note that the j4TE4S is actually identical
to the n = 1. This is because there is no first order flow
coefficient (¢; = 0) by construction. The fit procedure
results in jATEAS being determined completely by the
first order non-flow correlation coefficient (d;), while the
contribution from higher order non-flow correlation coef-
ficients is absorbed into the higher-order flow correlation
coefficients.

We note that the j, assumption can also be sensitive
to the particular pseudorapidity gap chosen and the low
multiplicity reference selection. The sensitivity of the j,
estimated by Method 1 to the choice of pseudorapidity



gap and low multiplicity selection is shown in Figure 4.
The method has particular problems when the pseudora-
pidity gap is 1 < |An| < 1.5, because there are contribu-
tions from both the near and away-side jet. The method
also is most sensitive when the low multiplicity selection
is at its lowest.

All of these violations of the assumptions in
Method 1 and 2 can only be gauged in terms of conse-
quences on the extracted flow coefficients ¢,, by testing
the methods on various Monte Carlo physics models. In
the following sections, we examine the results of such
tests.

IIT. CLOSURE TESTS WITH PYTHIA8 AND
HIJING

We now test these procedures on Monte Carlo genera-
tors. In Monte Carlo generators such as PYTHIA8 [9] and
HIJING [11], there is no collective flow in a sense that there
are no final state interactions to translate a spatial ge-
ometry into momentum anisotropies. Thus, one expects
that the application of a successful non-flow subtraction
method should result in flow anisotropy coefficients of
exactly zero in these cases. These are thus referred to as
closure tests. By measuring the residual of these coeffi-
cients ¢,, the level of closure can be quantified. We have
applied the methods described in Section II to determine
the level of closure in various Monte Carlo generators.

Before proceeding we want to define the nomenclature
used in the following sections. In our studies we focus
on the extraction of elliptic flow n = 2, and show all
results in terms of vye and v55P extracted from the two
particle correlations. First we define vas = a2(pr1,pr.2),
where the trigger and associated particles are in momen-
tum selections around pr,; and pr 2, respectively. Once
the non-flow subtraction technique is applied and the ¢,
coefficients are estimated, we define v§5® = ¢y (pra,pr.2)
These quantities are related but not equal to v3. The
standard differential vo as a function of pr would then

be extracted as wva(pri) = vaa/+/az(pr2,pr2) and

3% (pr1) = vSE?/\/ca(pr2,pr2). In the case where
both pr: and pro represent the same broad range in
pr, e.g. 0.5 < pr < 5 GeV/e, these expressions reduce
to vy = \/U23 = \/az and v§"P = \/v34° = /cs, represent-
ing integral vy as a function of some event-level variable
(multiplicity, centrality, etc.).

We also highlight that experiments have different tech-
niques for selecting lower and higher multiplicity events.
If the selection is based on charged particle multiplicity
centered around midrapidity, i.e. in the same range as
the two particles used for the correlations, we label the
event categories in terms of N°". In contrast, other mea-
surements utilize multiplicity or energy in a forward or
backward rapidity range, for example in the Pb-going di-
rection in p+Pb collisions, and thus outside the range of
the two particles used for the correlations. In this second
case, we refer to the event selections by “centrality.”

A. LHC p+p Case

These methods were developed particularly by the AT-
LAS and CMS Collaborations for use in the highest en-
ergy p+p collisions, and we examine that collision sys-
tem first. We note that the CMS Collaboration has pre-
sented the results of a PYTHIA8 closure test for parti-
cles integrated over pr in their paper (see Figure 4 of
Ref. [16]), but such a study has not been published by
ATLAS. We consider similar acceptance selection cuts as
the experiments, though use one set so that all methods
are compared apples-to-apples. Correlations are deter-
mined from all charged hadrons within || < 2.5 from 100
million PYTHIA8 p+p events (SoftQCD:nonDiffractive
= on) at /s = 13 TeV. Charged hadrons with py >
0.4 GeV/c (pr > 0.5 GeV/c) are used for event mul-
tiplicity categorization (particle correlations). We note
that a slightly different pr selection (pr > 0.3 GeV/c)
has been used for data analysis by the CMS collabora-
tion.

Figure 18 (shown in Appendix A for clarity) shows
one dimensional A¢ two particle correlation functions for
short-range (JAn| < 1) and long-range (2 < |An| < 5)
regions. Charged hadrons are required to satisfy pr >
0.5 GeV/c and |n| < 2.5. Each panel presents a different
range of charged hadron multiplicity event selection N°P.
In this case, there is no visually obvious shape variation
of the A¢ correlation functions both in short and long
ranges throughout the entire multiplicity range. This
implies that the j,, values are going to be approximately
independent of n, though not exactly as demonstrated in
the previous discussion. The dashed lines are fits to the
distributions of long-range correlations to extract Fourier
coefficients described in Eq. 1.

Figure 5 shows the second order Fourier coefficients vog
extracted directly from the correlation functions and af-
ter the non-flow subtraction technique is applied. Results
are shown for charged hadrons with 0.5 < pp < 5 GeV/c
as a function of event multiplicity N°". Figure 6 show
the results for the highest multiplicity selection and for
trigger particles as a function of py. The left and right
panels of both figures apply the Method 1 (ATLAS) and
Method 2 (CMS) methods, respectively.

The non-zero value of the coefficients after subtraction
indicate that the closure test is not perfectly satisfied.
This is mainly due to remaining jet correlations from the
near-side (A¢ = 0), even with the large An gap, and/or
a small shape change from the away-side (A¢ =~ 7). The
non-flow effect on wvog is larger at low multiplicity events,
and it becomes smaller as the event multiplicity increases.
The two non-flow subtraction methods are applied with
three different ranges of low multiplicity selection, and
the results of the subtracted v$i from each method are
shown in each panel.

In Figure 5 the gray bands correspond to |vs| = 0.03
(thus equivalent to ves = 0.03 x 0.03). There is some
sensitivity to the low multiplicity selection. The v53P
with low multiplicity selection 10 < N ch < 920 and 20 <
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The second order Fourier coefficient vg2 of long-range (2 < |An| < 5) two particle correlation as a function of pr in

p+p collisions of N! > 85 at v/s = 13 TeV from PYTHIAS before and after non-flow subtraction. Multiplicity is defined as the

number of charged hadrons in pr > 0.4 GeV/c and |n| < 2.5.

Nt < 30 are within the level of |v2| < 0.03 over the entire
multiplicity range. Using events in 0 < N°* < 10 as a
low multiplicity bin results in v§3" with a slightly larger
deviation from zero in the lower multiplicity range, but
it converges with the v§3" from the other cases at higher
multiplicities.

The same test is done as a function of the pr of the
trigger particle (p®) for the highest 5% multiplicity
events (N® > 85). Figure 19 in Appendix A shows the
A¢ correlation functions for low (0 < N < 10) and
high (N¢<h > 85) multiplicity events. Each panel shows
a different pT range, and the pr range of associated
particles is 0.5 < p5%°¢ < 5 GeV/c. The shape of the

near-side peak in the short range correlation function be-
comes narrower as pT € increases, and there is no signif-
icant shape difference between low and high multiplicity
events at the same p, €.

Figure 6 shows the v9y of long-range A¢ correlations as
a function of p. Trie Here, the va9 increases with pﬂlg indi-

cating a stronger non-flow effect at higher p}hg. The lines
represent v§P using events from three different multiplic-
ity ranges for the non-flow subtraction. As with the non-
flow results as a function of multiplicity, the v§5P with
reference events in 10 < N < 20 and 20 < NCh < 30
are quite consistent, and the v53" values are smaller than



0.001 in 0.5 < p'® < 5 GeV/c. The v3s" with events of
the lowest multiplicity range (0 < N® < 10) is slightly
different from the other two cases and shows a greater
degree of non-closure at higher pr using Method 2.

To summarize the closure test in p+p collisions at
Vs = 13 TeV from PYTHIAS:

e The A¢ two particle correlation functions in
PYTHIAS exhibit minor violations of the assump-
tions in the non-flow subtraction methods exam-
ined.

e The PYTHIAS resulting v3iP using Method 1 and 2
pass the closure test much better than |vs| < 0.03
as long as one avoids the lowest multiplicity range
for the reference selection.

e The modest degree of non-closure with PYTHIAS
may be considered as a systematic uncertainty on
the final extracted vy results.

B. RHIC p+p Case

There are currently no measurements of extracted flow
coefficients in p+p collisions at RHIC. These are challeng-
ing measurements due to multiple collision pileup, much
lower multiplicities compared with LHC collisions, and
the more limited phase space acceptance of the RHIC
experiments. However, we include this case for com-
pleteness and to inform future studies. For this test, we
use all charged hadrons within |n| < 2.5 from one bil-
lion of PYTHIAS p+p events (SoftQCD:nonDiffractive
= on) at /s = 200 GeV, and charged hadrons in pr >
0.2 GeV/c are used for event multiplicity categorization.
For these studies, we have modeled a very large accep-
tance similar to that of the LHC experiments.

Two particle A¢ and An correlation functions are
made with the same definition introduced in Sec-
tion IIT A. One-dimensional A¢ correlation functions in
short (|An| < 1) and long (2 < |An| < 5) ranges in var-
ious multiplicity selections are presented in Figure 20 in
Appendix A. Charged hadrons in 0.2 < pr < 3 GeV/c
and |n| < 2.5 are used for the correlation function.

One obvious difference from the A¢ correlation func-
tions of the LHC case (Figure 18) is that the shape of
short-range A¢ correlation function significantly changes
in the multiplicity range of 0 < N < 40 at
Vs = 200 GeV. In the case of the lowest multiplicity
bin, (0 < N°" < 10), the per-trigger-yield in the short-
range correlation is smaller than that in the long-range
correlation, so Method 2 is simply not applicable within
this multiplicity bin because it results in a negative jet
yield.

Figure 7 shows the vgy from Fourier fits to the long-
range A¢ correlation functions plotted versus multiplic-
ity Nt Additionally plotted as solid lines are the
v34P values using three different low multiplicity refer-
ence ranges. The gray bands correspond to a window

of |ug] = 0.03. In results from Method I shown in the
left panel. The v53" clearly depends on the selection of
low multiplicity reference, and the v53" greatly deviate
from zero in lower multiplicity ranges. This is because
of the dramatic shape variation of the A¢ correlations
in events of 0 < N°® < 40. When using events in thg
su

20 < Nt < 30 multiplicity range as reference, the v}
is within the window of |vg| = 0.03.

In the right panel of Figure 7, the non-flow subtrac-
tion results using Method 2 are presented; however, the
lowest multiplicity bin (0 < N < 10) is not included
due to the negative jet yield as discussed earlier. The
v33P from Method 2 using the remaining reference multi-
plicity ranges are within the window of |vz| = 0.03. One
possible reason for these results differing from Method 1
is an interplay of the shape variation of A¢ correlation
functions at both short and long range. In Method 1, the
particular multiplicity-dependence of the long-range cor-
relation function results in a large deviation of the v§3P
from zero. However in Method 2, which also uses infor-
mation about the scaling of the jet yield at short range,
this effect is partially compensated and the deviation is
significantly smaller. As shown in Figure 20, the differ-
ence of minimum per-trigger yields in short-range and
long-range correlations strongly changes with multiplic-
ity, and the additional jet yield in low multiplicity events
possibly results in a smaller scaling for wves of the low
multiplicity events.

The outcome of the non-flow subtraction as a function
of pr in p+p collisions at /s = 200 GeV has been stud-
ied as well. A¢ correlation functions with different p;rfig
ranges at short and long ranges are presented in Fig-
ure 21 in Appendix A. Charged hadrons in || < 2.5 are
used for the two particle correlation, and the pr range of
associated particles is 0.2 < p%ssoc < 3 GeV/c. Events
of N® > 50 corresponding to the highest 5% multiplic-
ity are selected as high multiplicity events. The shape of
short-range A¢ correlation functions in the lowest multi-
plicity range (0 < N°' < 10) show a large pr dependence
in 0.2 < psz‘g < 2 GeV/c, and the short-range A¢ cor-
relation function of 0.2 < p}\“g < 0.5 GeV/c in the high
multiplicity bin also show a quite different shape com-
pared to the A¢ correlation functions of other p;"g bins.

The v, from Fourier fits as well as v33” are presented in

Figure 8, and the left (right) panel shows the v$i® with
Method 1 (Method 2). In the non-flow subtraction re-
sults with Method 1 using only long-range A¢ correlation
functions, the v§iP strongly depends on p;flg, and the de-
viation from zero becomes larger as p?flg increases. The
difference is largest when using events in the lowest mul-
tiplicity range (0 < N°M < 10) as the reference. These
v34P results indicate that the shape of the long-range
A¢ correlation function changes with multiplicity so that
the scaled low multiplicity A¢ correlation does not per-
fectly describe those in high multiplicity events. The v§3P
from Method 2 in the right panel shows a smaller devia-
tion from zero than that of Method 1, and the non-flow
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subtraction result using the lowest multiplicity reference
(0 < N°® < 10) is worse than the two other cases. It
is notable that there is a much smaller shape variation
when going from low to high multiplicity events when
categorizing event activity at forward rapidity. This can
be considered for future analyses with p+p data at RHIC.

To summarize the closure test in p+p collisions at
Vs =200 GeV from PYTHIAS:

e The pseudorapidity coverage |n| < 2.5 was used to
compare with the closure test results of the LHC
(Section IITA).

e The A¢ two particle correlation functions exhibit

a clear multiplicity and p?ig dependent shape
variation unlike the case in p+p collisions at
/s = 13 TeV from PYTHIAS.

e This shape variation results in a significant depen-
dence on the low multiplicity reference selection for
both methods.

e v33P from Method 1 shows a much larger deviation

from zero compared to the results in the LHC case.

e v33P from Method 2 gives a smaller deviation than

that of Method 1, but Method 2 can not be applied
. T Trig
using the some low multiplicity references and p;.



ranges due to a negative jet yield.

C. RHIC p+Au Case

There have been numerous extractions of flow coef-
ficients at RHIC in p+Au, d+Au, and 3He+Au colli-
sions — highlighted by the PHENIX publications of ellip-
tic vo and triangular vs flow in all three systems [6]. The
PHENIX results are shown with no subtraction of the
non-flow and instead with asymmetric systematic uncer-
tainties to estimate the possible contributions. These
correlations have been checked with a pseudorapidity
gap as large as |An| > 2.75 using the PHENIX central
arm tracks (|n| < 0.35) and the Au-going Beam-Beam
Counter (—3.9 < n < —3.1).

Recently the STAR experiment has shown preliminary
results using tracks in their Time Projection Chamber
only, with pseudorapidity |n| < 0.9 and |An| > 1.0 [19].
The much smaller pseudorapidity gap yields a much
larger non-flow contribution with influences on both the
near-side A¢ = 0 and the away-side A¢ =~ w. They
have employed multiple of the above outlined subtrac-
tion techniques to extract preliminary flow coeflicients
and find smaller v, than the PHENIX results particu-
larly for pr > 1.5 GeV/c in high multiplicity p+Au and
d-+Au events [19].

Here we examine the non-flow subtraction in various
kinematic ranges and multiplicity classifications in p+Au
collisions. One billion p+Au and two billion p+p events
are generated with HIJING [11], and charged hadrons
are selected for two particle correlations. We explore
a non-flow subtraction with p+p events from HIJING in
addition to using low multiplicity or peripheral p+Au
events. First, the case of a wide pseudorapidity cover-
age (|n] < 2.5) similar to the LHC experiments has been
studied to check any difference with the same kinematic
range but in lower collision energy (as was done with
the study in PYTHIAS p+p collisions at /s = 200 GeV).
Then we detail a study modeling the more limited STAR
acceptance.

Figure 22 in Appendix A shows two particle A¢ corre-
lation function in short (|An| < 1) and long (2 < |An| <
5) range in various multiplicity bins in p+Au collisions at
VSx~ = 200 GeV from HIJING. Charged hadrons in 0.2 <
pr < 3 GeV/c and |n| < 2.5 are used for the correlation
functions, and the multiplicity is defined as the number of
charged hadrons in pr > 0.2 GeV/c and |n| < 2.5. Sim-
ilar to the case of PYTHIAS p+p in /s = 200 GeV, the
shape of the two particle A¢ correlation function in the
lowest multiplicity bin (0 < N < 10) is quite different
from that in the higher multiplicity ranges.

The vyo from direct Fourier fits to the two particle
A¢ correlation in long-range are presented in Figure 9,
and the lines represent the v§i® using low multiplicity
events in three different ranges for non-flow subtraction.
The v$iP with events in the lowest multiplicity range
(0 < Nt < 10) show the largest deviation from zero
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in the results with both methods. The worse closure
with Method 2 is probably related to the shape of near-
side short-range correlation in low multiplicity events
(0 < Nt < 10). The v35P with events in the two other
low multiplicity bins, 10 < N°" < 20 and 20 < N°" < 30,
are within the window of v, = 0.03.

We further explore this closure test using kinematic
ranges similar to the STAR experiment [19]. Figure 23
in Appendix A show the two particle A¢ correlation func-
tion in short (0 < |An| < 0.5) and long (1 < |Ap| < 1.8)
range in various multiplicity bins in p+Au collisions at
V3yy = 200 GeV from HUING. Charged hadrons in
0.2 < pr < 3 GeV/e and |n| < 0.9 are used for the
two particle correlations, and multiplicity is defined as
the number of charged hadrons in pr > 0.2 GeV/c and
In] < 0.9. In this narrower pseudorapidity acceptance,
the shape of two particle A¢ correlation function in the
lowest multiplicity bin (0 < N°® < 5) is different from
that in higher multiplicity ranges, as was the case with
a wider pseudorapidity acceptance (|n| < 2.5). Another
important thing to point out is that there is a clear peak
shape at the near-side (A¢ ~ 0) in long-range from jet
correlations which is invisible in A¢ correlation functions
with a larger An gap (2 < |An| < 5) shown in Figure 22.

Figure 10 shows the wvos from Fourier fits to the two
particle A¢ correlation in long-range (1 < |An| < 1.8),
and the values are larger than those from the wider An
gap indicating a stronger non-flow effect with a smaller
An gap. The solid lines give v55P using two different low
multiplicity bins, 0 < N® < 5 and 5 < N°" < 10. It
is interesting that the v53" using the lowest multiplic-
ity bin is significantly different between the two meth-
ods. The positive v§i° with the Method 1 is due to the
remaining jet correlation with a smaller An gap in A¢
correlation functions of higher multiplicity bins which is
barely seen in the A¢ correlations of the lowest multiplic-
ity. Therefore, the scaled correlation function of the low
multiplicity bin cannot describe the peak structure on
the near-side, resulting in the positive v§3°. The results
from Method 2 show large negative values, and this is
related to the different shape of short-range A¢ correla-
tion function in the lowest multiplicity bin introducing a
large scaling with jet yields. The v$i with the next low
multiplicity bin (5 < N°" < 10) show a better closure

within the level of |vs| = 0.03.

Another way to categorize event activity in p+Au col-
lisions is to use centrality defined with charged parti-
cle multiplicity in the Au-ion-going (backward) rapid-
ity (=5.0 < 7 < —3.3 in STAR and -39 < n < —3.1
in PHENIX). Results from the PHENIX and STAR ex-
periments in small systems are categorized in this man-
ner. In p+Au collisions at /s, = 200 GeV, the multi-
plicity correlation between mid and backward rapidity is
weak, so the shape difference of the A¢ correlation func-
tions seen in low multiplicity events defined at midra-
pidity may not appear in peripheral events defined at
backward rapidity. Figure 24 in Appendix A shows two
particle A¢ correlation in short (JAn| < 0.5) and long



g 0012 T I T T T T T T T T T T T T
> r (@ HIJING p+Au 200 GeV 7
0.01— Methodl =
r 0.2<p.", piese<3.0 GeVic ]
0008; 0<|rlT”E|, |r]Assocl<2.5 *:
c o Fourier fits N
0.006F=~ Ve, LM 0sN™<10 E
L —O0— sub ch -
00047 V22 y LM 10sN"<20 |
C —o— V3P, LM 20sN*"<30 ]
C o ]
0.002; oo *:
0:* = e *Z
-0.002[~ =
—_— L ‘ L L ‘ L ‘ L ‘ L ‘ L ‘ L ‘ L ‘ L
0'0040 10 20 30 40 50 60 70 80 90 100

NCh

11

N 0012 T I T T T T T T T T T T T T
C (b) HIJING p+Au 200 GeV 7
0.01— Method?2 .
r 0.2<p™™ pissee<3.0 Gevic ]
0008; O<|aniE|' |nASSOC|<2-5 *:
- o  Fourier fits B
0.006F V3%, LM 0sN"<10 E
0.004 ° V3, LM 10sN*"<20 N
C —o— V3, LM 20sN*"<30 ]
r e ]
0.002; oo *:
e e
-0.002[ —

—_— L ‘ L ‘ L ‘ L ‘ 1 ‘ L ‘ L ‘ L ‘ L ‘ L

O'0040 10 20 30 40 50 60 70 80 90 100
h
NC
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The second order Fourier coefficient v of long-range (1 < |An| < 1.8) two particle correlation as a function

of charged hadron multiplicity in p+Au collisions at /s, = 200 GeV from HIJING before and after non-flow subtraction.
Multiplicity is defined as the number of charged hadrons in pr > 0.2 GeV/c and |n| < 0.9. Gray bands are corresponding to a

3% |v2] window.

(1 < |An| < 1.8) ranges in p+p and various centrality
bins of p+Au collisions from HIJING. Charged hadrons in
0.2 < pr < 3 GeV/c and |n| < 0.9 are used for the cor-
relation functions, and centrality is defined with charged
hadrons in —5.0 < n < —3.3. As discussed earlier, one
thing notably different from the case of multiplicity cat-
egorized at midrapidity shown in Figure 23 is that the
shape of two particle A¢ correlation function is similar
in p+p and all centrality bins of p+Au collisions. At
RHIC, selecting events based on multiplicity in the same
kinematic range as the particles selected for correlations
introduces a significant undesirable shape variation of

correlation functions.

Figure 11 shows the wves from Fourier fits to the two
particle A¢ correlation at long-range. Here, the non-flow
effects become larger from peripheral events to central
events. The lines are v§i” using events from p+p and two
different peripheral selections (50-85% and 85-100%) of
p+Au events. Note that it is usually difficult to collect
events of 85-100% centrality of p+Au collisions in exper-
iments due to the difficulty of triggering on events with
small multiplicity at forward and backward rapidity, so
the next peripheral bin (50-85%) is also used for the non-
flow subtraction. The v$iP from both methods with all
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the number of charged particles in —5.0 < n < —3.3 (Au-going direction). Gray bands correspond to a 3% |v2| window.
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The second order Fourier coefficient va2 of long-range (1 < |An| < 1.8) two particle correlation as a function of pr

in 0-5% of p+Au collisions at /55y = 200 GeV from HIJING before and after non-flow subtraction. Centrality is defined as
the number of charged particles in —5.0 < n < —3.3 (Au-going direction).

three selections of low multiplicity events are within the
level of |vg| = 0.03 shown as a gray band. This smaller
v33P with centrality compared to the results using multi-
plicity at midrapidity is mainly coming from the similar
shape of the A¢ correlation functions from peripheral to
central p+Au collisions.

As an additional test in p+Au collisions from HIJING,
we have checked the p1'¢ dependence in 0-5% central col-
lisions. Figure 25 in Appendix A shows A¢ correlations
in short (JAn| < 0.5) and long (1 < |An| < 1.8) range
for different p; 8 bins. Charged hadrons in |5| < 0.9 are
used for the two particle correlation, and the pr range of
associated particles is 0.2 < pp*°¢ < 3 GeV/c. Central-

ity is defined with charged hadrons in —5.0 < n < —3.3
(Au-going direction). The shape of the correlation func-

tion in 0.2 < p?ig < 0.5 GeV/c is different from other

p;ﬂg bins both in p+p and 0-5% p+Au collisions, but

the shapes in p+p and 0-5% p+Au events at the same
?ig bin look comparable.

Figure 12 shows the wvoy from Fourier fit to the long-
range A¢ correlations as a function of meg in 0-5% cen-
tral p+Au collisions, and the lines represent v55" with
events in p+p and two peripheral centrality bins of p+Au
collisions. Note that the y-axis range is much larger than
the previous plots where the pp-integrated results are
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FIG. 13. The third order Fourier coefficient vss of long-range (1 < |An| < 1.8) two particle correlation as a function of pr in
0-5% of p+Au collisions at /s,y = 200 GeV from HIJING before and after non-flow subtraction. Centrality is defined as the
number of charged particles in —5.0 < n < —3.3 (Au-going direction).

shown as a function of multiplicity and centrality, due
to a much stronger non-flow contribution in the higher
pr € range than that in the pr-integrated case. v§3P
shows a weak dependence on the selection of low mul-
tiplicity events for both methods. However, the results
from Method 1 show a clear pg«‘“g dependence and large
negative values indicating a significant over-subtraction
similar to the case of p+p collisions at /s = 200 GeV
shown in Figure 8. Method 2 shows a smaller deviation
from zero than Method 1, but the v55P values are still
larger than 0.001.

Figure 13 shows the v33 from the Fourier fit and the
subtraction methods. Unlike the vy case, vzz from the
Fourier fit yields negative values. With the subtraction
procedures applied, v§iP from both methods yields posi-
tive values. Thus the methods result in an over subtrac-
tion, but with a negative sign, hence leading to a strong
pr-dependent enhancement.

The PHENIX results are measured via multiple de-
tector systems covering a wide range in pseudorapidity.
However, the midrapidity coverage is limited (|n| < 0.35)
and thus the short-range correlations used in Method 2
are not available. The PHENIX flow measurements gen-
erally use the event plane method, but there are compar-
isons using three sets of two-particle correlations, where
one can then algebraically solve for the anisotropy at
midrapidity. In principle one can apply Method 1 to each
of the three sets of two-particle correlations. We reserve
this more detailed study to a future publication.

To summarize the closure test in p+Au collisions at
VSx~ = 200 GeV from HIJING:

e There are very substantial jet shape modifications
when selecting events based on charged particle
multiplicity around midrapidity N°*. These lead
to significant distortions in the non-flow subtrac-

tion in both Method 1 and 2 and for a larger and
smaller acceptance.

e Selection of event categories based on forward de-
tectors away from midrapidity, as employed by
PHENIX and STAR, significantly improve the re-
sults of the HIJING closure test.

e The v$iP in integrated pr as a function of cen-

trality with the two methods have some depen-
dence on the low multiplicity reference selection,
but are generally within the |vs| < 0.03 level in
both Method 1 and 2.

e In contrast the pr dependent results indicate a
significant over-subtraction of non-flow in both
Method 1 and 2. The over-subtraction is very
large in Method 1 for pp > 1 GeV/c.

e In case of the v§i® as a function of pr, there is
an indication of significant bias to increase v§i" in

both Method 1 and 2.

IV. FURTHER TESTS WITH AMPT

The above tests have a significant limitation in that
one is testing procedures to disentangle flow and non-
flow on models that have only non-flow. AMPT [12] is a
model that includes both contributions and can thus be
further elucidating. We follow the previous AMPT studies
in Refs. [20] to obtain the “truth” flow with respect to
the participant plane calculated by using initial-state co-
ordinates of partons resulting from string melting. More
details on the method to calculate the truth flow can be
found in Ref. [20]. We highlight that the finite number of
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partons used to define the geometry and possible factor-
ization breaking make this a rough estimate of the truth.
A key item to note is that previous AMPT studies [21]
indicate that flow and non-flow do not factorize, in part
because partons from jets can rescatter with medium par-
tons. For both of these reasons, we are not expecting a
perfect closure but rather examining possible trends in
the subtraction procedure.

For this test, we used AMPT v2.26 with string melting,
and a few important parameters are listed in Table I.
Note that the updated string parameters, PARJ(41) and
PARJ(42), introduced in Ref. [22] have been found to be
important in recovering the peak structure from jets in

near-side short-range correlation functions.

TABLE I. Parameters used in AMPT.

Parameter Value
ISOFT 4
PARJ(41) 0.55
PARJ(42) 0.15
Parton screening mass 6.45d0 (0.75 mb)

« in parton cascade 0.47d0

We follow the same procedure applied above with
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FIG. 17. The third order Fourier coefficient vss of long-range (1 < |An| < 1.8) two particle correlation as a function of pr in
0-5% of p+Au collisions at /5,y = 200 GeV from AMPT before and after non-flow subtraction. Centrality is defined as the
number of charged particles in —5.0 < n < —3.3 (Au-going direction).

HIJING p+Au and p+p events. Two particle A¢ and An
correlations are made from charged hadrons from 600
million p+Au and 200 million p+p AMPT events. Fig-
ure 26 in Appendix A shows the two-dimensional cor-
relation functions in short (0 < |An| < 0.5) and long
(1 < |An| < 1.8) range and various multiplicity bins
in p+Au collisions at /sy = 200 GeV from AMPT.
Charged hadrons in 0.2 < pr < 3 GeV/c and |n| < 0.9
are used for the A¢ correlation functions, and multi-
plicity is defined as the number of charged hadrons in
pr > 0.2 GeV/c and |n| < 0.9. One thing to point out
from the comparison of correlations between AMPT and
HIJING (shown in Figure 23) is that there is a more pro-

nounced peak structure at the near-side (A¢ ~ 0) in the
long-range correlations which has contributions from the
truth flow in AMPT. Another difference is that the shape
of the short-range A¢ correlation function in the lowest
multiplicity bin (0 < N°® < 5) is similar to the shape in
higher multiplicity bins in AMPT events so that the non-
flow subtraction results may not depend as much on the
selection of the low multiplicity bin.

Figure 14 shows the w9y from Fourier fits to the two
particle A¢ correlation functions in long-range as a func-
tion of multiplicity at midrapidity. As with the previous
studies, the solid lines are the v53" with two different se-

lections of low multiplicity events, and the dashed line



is w9y calculated as a product of truth flow (v3{PP})
with an assumption of factorization. The v$iP with both
methods and v3{PP} are close to zero for low multiplic-
ity events and increase with multiplicity, but the v§3P is
much larger than v3{PP}. One caveat is vgo, whlch is a
root-mean-square of va ({v3)), is higher than a product
of average vy ((v2)?). We have estimated the difference
via the relation (v2)/(v2)? o (e2)/(e2)? is ~ 20%, which
is much smaller than the observed difference.

Another set of two particle A¢ correlations in short
(|An| < 0.5) and long (1 < |An| < 1.8) ranges with
charged hadrons in the same kinematic range but dif-
ferent event multiplicity categorization defined at back-
ward rapidity are shown in Figure 27 in Appendix A.
From p+p collisions to various centrality ranges of p+Au
collisions, the shape of the correlations are quite simi-
lar except for the near-side peak structure at long-range,
possibly due to the truth flow in AMPT. Figure 15 shows
the voo from Fourier fits in long-range as a function of
centrality. The solid lines are the v§3" with two different
selections of low multiplicity events, and the dashed lines
represent vg from the truth flow, vZ{PP}. The v5iP
with the Method 1 in central p+Au collisions is larger
than the v2{PP} like the v53" as a function of multiplic-
ity at midrapidity. The Ub“b using Method 2 is smaller
than the v3P from Method 1 and is consistent with the
v3{PP}.

An additional test with AMPT events is done for differ-
ent p '8 bins in 0-5% central p+Au collisions. Figure 28
in Appendix A shows the two particle A¢ correlations
in short (|An\ < 0.5) and long (1 < |An| < 1.8) range
for various pp Tre hins in p+p and 0-5% central p+Au
collisions from AMPT. The correlations are made from
charged hadrons in || < 0.9, and the py range of as-
sociated particles is 0.2 < p?SSOC < 3 GeV/e. Cen-
trality is defined with charged hadron multiplicity in
—5.0 < 7 < —3.3 in the direction of the Au-ion. Like
the case of HIJING p+p and p+Au events, the shape of
the two particle A¢ correlations in the lowest quf‘g bin is
different from that in other pTrlg bins both in p+p and 0—

5% p+Au collisions, but the shape at the same pg«ﬁg bin
of p+p events and 0-5% p+Au events looks comparable.

Figure 16 shows the vy from Fourier fits to the long-
range two particle A¢ correlation as a function of pThg
in 0-5% central p+Au collisions. The solid lines are vh‘lb
with low multiplicity selections from p+p and two pe-
ripheral p+Au centrality bins, and the dashed line repre-
sents the vy from the truth flow, vy "8 {PP} xvissoc{PP}.
Similar to the case of HIJING p+Au events shown in Fig-
ure 12, the non-flow effects increase with Pr Trig The v3aP
with both methods are below zero in py & > 2.5 GeV/c

using Method 1 and p'® > 1 GeV/c using Method 2.

This clearly indicates an over-subtraction in these ang

ranges, because the vy from truth flow in AMPT should
give positive values even though the truth vy from
two particle correlation may not be exactly same as
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vy "8{PP} x v35°¢{PP} shown as the dashed line. The
deviation of the v$iP from zero is larger with Method 2
which is opposite to the closure test results with HIJING
events shown in Figure 12. This is possibly due to the
different shape of two particle A¢ correlation function
between HIJING and AMPT both in short and long ranges
presented in Figures 25 and 28.

Figure 17 shows the v33 from the Fourier fit and the
subtraction methods. Note that the vsz from the truth
flow, vg "8 {PP} x v45°¢ PP}, are non-zero but have very
small values. Similar to the HIJING study, vz from the
Fourier fit yields negative values, but the magnitude is
much smaller in AMPT, possibly due to the truth flow con-
tribution in AMPT. In the subtraction results, v55° from
both methods yields positive values that are sigmﬁcantly
larger than the truth flow. As was the case in the HIJING
study, there is an over-subtraction, again with a negative
sign, and thus a strong pr-dependent enhancement.

The summary of the AMPT studies is as follows:

e Selection of p+Au event categories based on midra-
pidity multiplicity N" result in significant under-
subtraction of non-flow contributions in AMPT.

e Selection of p+Au event categories based on for-
ward detectors away from midrapidity, as employed
by PHENIX and STAR, improve the results of the
AMPT test. The results as a function of centrality
for the v$iP values in the two methods match the
truth extracted AMPT flow qualitatively.

e In contrast the pr dependent results indicate a
significant over-subtraction of non-flow in both
Method 1 and 2. The over-subtraction is very
large in Method 2 for pr > 1 GeV/ec.

sub as a function of pr, there is

e In case of the v33
an indication of 81gn1ﬁcant bias to increase v§iP in

both Method 1 and 2.

V. CONCLUSIONS

We examined closure tests of the non-flow subtraction
methods used with two particle correlations developed
by ATLAS and CMS Collaborations to study the collec-
tive behavior of particle production in small collision sys-
tems at the LHC. Monte Carlo event generators (PYTHIA
and HIJING) including no collective flow are use to quan-
tify a level of closure. In the test for p+p collisions at
/s = 13 TeV at the LHC where a large pseudorapid-
ity gap (JAn| > 2) can be applied, the shape of the A¢
correlation functions in short and long range is relatively
stable throughout the event multiplicity and pr ranges
for which the resulting second-order Fourier coefficients
after non-flow subtraction (v53P) are less than 0.001 in
these ranges.

We also tested the non-flow subtraction methods for
p+p collisions at /s = 200 GeV, and it is observed that



the shape of the A¢ correlation functions changes signif-
icantly with event multiplicity and py ranges. Therefore,
the non-flow subtraction results are very sensitive to the
selection of the low multiplicity reference used for the
subtraction procedure, indicating that one should be ex-
tremely careful applying the same non-flow subtraction
techniques to the p+p data at RHIC in future analyses.

In the test with HIJING for p+Au collisions at
VS~ = 200 GeV, the large sensitivity to the low multi-
plicity event selection that was observed in p+p collisions
at /s = 200 GeV is still apparent when event activ-
ity is categorized at the same rapidity range as that of
the two particle correlations. The test with a smaller
An gap (1 < |An| < 1.8) shows a significant differ-
ence between the methods, because it starts to be af-
fected by short-range jet correlation contributions. Al-
though the event activity categorization at backward ra-
pidity helps to reduce the dependence of the low mul-
tiplicity event selection on the results of integrated pr
(0.2 < pr < 3 GeV/c), the test results as a function of
pr show a clear over-subtraction in pr > 1 GeV /¢ with
both methods for v, and vs.

We extended this study with AMPT, which includes
both flow and non-flow effects, and the non-flow subtrac-
tion results were compared to the truth flow with respect
to the participant plane. The v§iP and viP are inconsis-
tent with the truth flow in AMPT, and the pr dependent
results show negative values at higher ppr with both meth-
ods. Thus in p+Au collisions, both HIJING and AMPT
studies indicate that both Method I and 2 result in an
over-subtraction of non-flow and thus an underestimate

(overestimate) of the real vy (v3).
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Appendix A: Two particle A¢ correlation functions

Here we present two particle A¢ correlation functions
described as Eq. 1 in Section I with charged hadrons from
event generators, and these correlation functions are used
for vge and v55P calculations. We specifically follow the

formula for per-trigger yields as a function of A¢ within
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a certain An range described in Ref. [16],

1 dQNPair

_ S(An, Ag)

(A1)

where An and A¢ are the differences of n and ¢ be-
tween trigger and associated particles. S(An, A¢) and
B(An, Ag) are the yields of pairs normalized by the num-
ber of trigger particles, N™&, in the same and mixed
events respectively,

1 dZNSame

S(An, A¢) = mma (A2)
1 dQNMix

B(An, A¢) = (A3)

T NTre dAndAg

The purpose of normalizing by the mixed event pair dis-
tributions is to account for the geometric An-dependent
pair acceptance effect.
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FIG. 18. Two particle A¢ correlation function at short (|An| < 1) and long (2 < |An| < 5) ranges in p+p collisions at
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FIG. 19. Two particle A¢ correlation function at short (|JAn| < 1) and long (2 < |An| < 5) ranges in p+p collisions at
Vs = 13 TeV from pYTHIA8. Charged hadrons in 0.5 < pr < 5 GeV/c and |n| < 2.5 are used for the correlation function.
Panels in top (a)—(g) (bottom (h)—(n)) two rows are in a multiplicity range of 0 < N* < 10 (N°" > 85), and the multiplicity
is defined as the number of charged particles in pr > 0.4 GeV/c and || < 2.5. Each panel represent a different pr range of

trigger particles.
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FIG. 20. Two particle A¢ correlation function at short (JAn| < 1) and long (2 < |An| < 5) ranges in p+p collisions
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pr > 0.2 GeV/c and |n| < 2.5.
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FIG. 21. Two particle A¢ correlation function at short (|JAn| < 1) and long (2 < |Apn| < 5) ranges in p+p collisions at
/s = 200 GeV from PYTHIA8. Charged hadrons in 0.2 < pr < 3 GeV/c and |n| < 2.5 are used for the correlation function.
Panels in top (a)—(g) (bottom (h)—(n)) two rows are in a multiplicity range of 0 < N°* < 10 (N°" > 50), and the multiplicity
is defined as the number of charged hadrons in pr > 0.2 GeV/c and |n| < 2.5. Each panel represent a different pr range of

trigger particles.
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FIG. 22. Two particle A¢ correlation function at short (|An| < 1) and long (2 < |An| < 5) ranges in p+Au collisions

at \/Syy = 200 GeV from HIJING. Charged hadrons in 0.2 < pr < 3 GeV/c and |n| < 2.5 are used for the correlation
function. Each panel show a different multiplicity range, and the multiplicity is defined as the number of charged particles in

pr > 0.2 GeV/c and |n| < 2.5.
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FIG. 23. Two particle A¢ correlation function at short (|An| < 0.5) and long (1 < |An| < 1.8) ranges in p+Au collisions

at \/Syy = 200 GeV from HIJING. Charged hadrons in 0.2 < pr < 3 GeV/c and |n| < 0.9 are used for the correlation
function. Each panel show a different multiplicity range, and the multiplicity is defined as the number of charged particles in

pr > 0.2 GeV/c and |n| < 0.9.
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FIG. 24. Two particle A¢ correlation function at short (JAn| < 0.5) and long (1 < |An| < 1.8) ranges in p+p (a) and p+Au
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number of charged particles in —5.0 < n < —3.3 (Au-going direction).
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panel show a different multiplicity range, and the multiplicity is defined as the number of charged particles in pr > 0.2 GeV/c

and |n| < 0.9.

= Ih*-hil I I I i = 5 I I I I I ik = I0 2<,I)T”g ,;ASSOCI<3 0 IGeV/cI
S . S + S | PP i
go.ss— AMPT p+p 200 GeV %1 AMPT p+Au 200 GeV g 0.85 0<In|Tng’ nf*<0.9
g\ i\ 055 Centrality 85-100%_| ,é\ Centrality 50-85%
=& ™ @] % Oo%o b | % o8k o"%o ()|
T 05F 4 o { =
~ Lo, o o g Lo, Oo Oo > o, Oo oo
2 o o o 2 o o o & o 2 o o o %, o
= o o & %% - 05 o o, o %ol = S o, o %o
2 P QP @ eq £ P QP o d Zo0.75p” %P @ © g
Zo.asf Y = 2 %
-1 0 1 2 3 4 -1 0 1 2 3 4 -1 0 1 2 3 4
Ao (rad) Ao (rad) Ao (rad)
T T T T T T T T T T T T T T T T T T
= 13 o Long-range 1<|An|<1.8 = 1.6F 1 =t 1
g o Short-range 0<|An[<0.5 | _g _g
- = === Fourier fits - -
5 1285 Centrality 20-50%- 5 1 55| Centrality 5-20% 5~ | | Centrality 0-5% |
=z T, @] = oo e =7 S, ()
o % o o ° % o o1 = % o o
74k O oopdib Oo' g 15F o < ocpe %, - ° K Ocodlb%oo
= o o ® = S5 o o 7 =_ 1751 © o ~
Z P % & %OC Z P o @ %a o z kP O’ & %
- 1 S ) ol I 1) ©
Z o = g 5 = £ et
1.15] . 1.45 1 ! ! 1 N 1 1 1
-1 0 1 2 3 4 -1 0 1 2 3 4 -1 0 1 2 3 4
Ao (rad) Ao (rad)

Ao (rad)

FIG. 27. Two particle A¢ correlation function at short (JAn| < 0.5) and long (1 < |An| < 1.8) ranges in p+p (a) and p+Au
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