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High statistics data sets from experiments at the Relativistic Heavy Ion Collider (RHIC) and the
Large Hadron Collider (LHC) with small and large collision species have enabled a wealth of new
flow measurements, including the event-by-event correlation between observables. One exciting such
observable p(vZ, [pr]) gauges the correlation between the mean transverse momentum of particles
in an event and the various flow coefficients (v,) in the same event [1]. Recently it has been
proposed that very low multiplicity events may be sensitive to initial-state glasma correlations [2]
rather than flow-related dynamics. We find utilizing the 1P-JAZMA framework that the color domain
explanation for the glasma results are incomplete. We then explore predictions from PYTHIAS,
and the version for including nuclear collisions called PYTHIA-ANGANTYR, which have only non-flow
correlations and the AMPT model which has both non-flow and flow-type correlations. We find that
PYTHIA-ANGANTYR has non-flow contributions to p(v2, [pr]) in p4-O, p+Pb, 040 collisions that are
positive at low multiplicity and comparable to the glasma correlations. It is striking that in PYTHIA8
in p+p collisions there is actually a sign-change from positive to negative p(vf“ [pr]) as a function
of multiplicity. The AMPT results match the experimental data general trends in Pb+Pb collisions
at the LHC, except at low multiplicity where AMPT has the opposite sign. In p+Pb collisions, AMPT
has the opposite sign from experimental data and we explore this within the context of parton

geometry. Predictions for p+0O, 040, and Xe+Xe are also presented.

I. INTRODUCTION

The standard time-evolution model for relativistic
heavy ion collisions at the Relativistic Heavy Ion Col-
lider (RHIC) and the Large Hadron Collider (LHC) in-
cludes an “epoch” of quark-gluon plasma (QGP) forma-
tion and hydrodynamic expansion [3]. The QGP expands
as a strongly coupled fluid with very small specific shear
viscosity n/s [4, 5]. Detailed computer modeling of said
time evolution requires inputs including the initial energy
deposit geometry and any pre-hydrodynamic evolution.
Higher level “flow” correlation observables, such as the
event-by-event correlation of anisotropies (v2) and mean
transverse momentum ([pr]), can provide additional in-
sights and constraints on the interplay of geometry and
subsequent transport [1].

The ATLAS experiment has carried out measurements
of the p(v2, [pr]) defined as
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in p+Pb and Pb+Pb collisions at /s, = 5.02 TeV at
the LHC [6]. The cov(v2, [pr]) is the covariance between
v2 and [pr], and Var(v2) and Var([pr]) are the variances
of v2 and [pr]. Focusing on the correlation of elliptic flow
v3 and [pr], in Pb+Pb collisions the correlator is negative
at low event multiplicity, then turning positive and in-
creasing with multiplicity, and finally slightly decreasing
for the very highest multiplicity events. These features
are semi-quantitatively reproduce in a simple calculation
of initial Glauber geometry combined with hydrodynamic
flow [1, 7, 8], though the results depend sensitively on
the geometry model in small collision systems [9].

The basic idea is that there are event-to-event fluctu-
ations in the geometric size of the overlap region in the
transverse plane at fixed multiplicity. Smaller overlap
area with the same multiplicity leads to larger pressure
gradients and thus larger radial flow and hence larger
mean transverse momentum (pr). If there is a positive
correlation in geometry for smaller overlap area events
to have a larger eccentricity, and vice versa, then one
gets a positive p correlator. If there is the opposite cor-
relation such that for smaller overlap area events, they
have a smaller eccentricity, and vice versa, then one gets
a negative p correlator. It has been shown that alter-
native variables to the overlap area present a stronger
correlation [7, 8]; however, the basic picture above still
holds.

However, the detailed behaviour in the lowest multi-
plicity events warrants further examination. The ques-
tion of whether small collision systems, for example p+p
and p+Pb at the LHC and p+Au, d+Au, 3He+Au at
RHIC, have correlations induced via hydrodynamic ex-
pansion of small QGP droplets or via a mimic from
initial-state correlations, for example glasma correla-
tions, has been studied in detail [10, 11]. Extensive data
from the LHC and the geometry scan from RHIC [12],
combined with theoretical clarification for glasma corre-
lations [13-15], have given a clear answer for the higher
multiplicity events in small collision systems — there is
overwhelming evidence for correlations via initial geome-
try coupled with strong final-state interactions (e.g. hy-
drodynamics).

Even more recently, it has been proposed that initial-
state correlations may yet dominate over final-state col-
lectivity in the very lowest multiplicity collisions, i.e. for
dNep/dn < 10 [16]. Current there is no clear experimen-



tal evidence for such glasma correlations at these multi-
plicities. A proposal has been put forth that the corre-
lation between anisotropies v2 and event average pr can
provide definitive evidence: Ref. [2] states that “experi-
mental observation of these clean qualitative signatures
in peripheral heavy ion and small system collisions will
be the first evidence for the presence and importance of
initial state momentum anisotropies predicted by an ef-
fective theory of QCD.”

The calculations, in a hybrid glasma and hydrody-
namic model, indicate that the p correlator should change
sign from negative at low multiplicity back to positive at
the very lowest multiplicities dN., /dn < 10 where glasma
correlations dominate. The basic argument is that in
the glasma color domain picture, events with a smaller
transverse size will have fewer color domains and hence
a stronger glasma type correlation. Ref. [17] notes that
at fixed multiplicity, the saturation scale Qs of the pro-
jectile, which drives the (pr), decreases with increasing
transverse area and hence the positive p correlator from
initial-state glasma correlations alone. We highlight that
the connection between the calculation in momentum-
space and the spatial domain picture (see Ref. [18] for
details) makes the cause-effect relation for the positive p
correlation via glasma diagrams to some degree specula-
tive. In Appendix IX, we utilize the 1P-JAZMA framework
to show that the scaling of projectile saturation scale and
eccentricity with overlap area do not follow the ordering
postulated above and thus require further validation.

Due diligence requires the checking of whether non-
exotic (i.e. not glasma correlations) could also mimic
said sign change and hence positive p correlations at the
lowest multiplicities. It is notable that within the calcu-
lation of Ref. [2], there is no inclusion of what are often
referred to as non-flow correlation effects (e.g. from dijet
correlations, overall momentum conservation, etc.).

In this paper we explore the expectations for the p
correlator in the PYTHIA8 and PYTHIA-ANGANTYR mod-
els [19, 20], which have neither initial-state glasma corre-
lations nor final-state interactions. PYTHIA-ANGANTYR
is an extension of the publicly available PYTHIAS code
that allows the modeling of p+A and A+A collisions,
and is named for Angantyr the Berserker in Norse
mythology [21]. We highlight that there is a version of
PYTHIA-ANGANTYR with so-called “string shoving” [22]
that may effectively model final-state interactions; how-
ever, we are running the code without this option turned
on.

We also explore calculations from the A-Multi-Phase
Transport (AMPT) model [23], which again has no initial-
state glasma correlations but has both initial state non-
flow (e.g. dijets) and final-state parton and hadron scat-
tering. In the process of completing this manuscript, a
complementary study using the PYTHIA8 and HIJING [24]
models has been submitted [25].

II. METHODOLOGY

There are different methods for constructing the p cor-
relator, in part in an effort to reduce non-flow contri-
butions. We follow the three-subevent method [6] using
three separate 7 regions labeled a, b, and ¢: —2.5 <1, <
—0.75, |n5] < 0.5, and 0.75 < 7. < 2.5. Charged particles
in subevents a and c¢ are used to calculate v2 to sup-
press the non-flow contribution, and the [pr] is obtained
with charged particles from subevent b. The p(vZ, [pr])
is calculated using particles in 0.3 < pr < 2.0 GeV, and
particles in |n| < 2.5 and 0.5 < pr < 5.0 GeV are used
to calculate the event multiplicity Ngp.

The cov(v2, [pr]) term in the p correlator is defined as

cov(vy, [pr]) = Re <<Z€m(¢“_¢°) (lpr] - <[pT]>)>> ;
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where ¢, is the azimuthal angle of particles in the re-
gion a (c¢), and ([pr]) is the average [pr| in the entire
events at a certain multiplicity range. The variance of v2
is calculated with two-particle and four-particle correla-
tions,

Var(vi) = vn{2}4 — vn{4}4
= (corr,{4}) — (corr, {2})?, (3)

where v, {2} and v, {4} are the flow coefficients obtained
from two- and four-particle correlations, respectively.
The corr,{2} and corr,, {4} are the two-particle and four-
particle correlations with the subevent method [26] with
particles in the region a and c¢. Events required to have
at least two charged particles in each region (a and ¢) for
the four-particle correlation. The variance of [pr] is es-
timated by the dynamical pr fluctuation magnitude [27]
¢ defined as

o= <N1 S ra — (el ors - <LpTJ>>> ,
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and particles in region b are used. The p(v2, [pr]) is calcu-
lated with cov(v2, [pr]), Var(v2), and ¢, and the Var(v2)
should be positive for valid p(v2, [pr]) value.

III. PYTHIAS8 RESULTS

We have run millions of events for various collision
systems within the PYTHIA8 and PYTHIA-ANGANTYR
frameworks. The output particle truth list is then pro-
cessed through the full three-subevent calculation de-
tailed above. Here we utilize the ATLAS define regions
of —=2.5 < n, < —0.75, || < 0.5, and 0.75 < 1. < 2.5
and consider charged hadrons with 0.3 < pyr < 2.0 GeV.
For the event category, the N, is determined within the
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FIG. 1. Results shown from the PYTHIA8 model for p+p at 5
and 13 TeV and the PYTHIA-ANGANTYR model for p+0O, O+0O
at 5 TeV, p+Pb at 8 TeV. In all cases the event categories
on the x-axis are defined by N, for charged hadrons with
|n] < 2.5 and 0.5 < pr < 5.0 GeV. The particles entering the
p correlations are from 0.3 < pr < 2.0 GeV and are utilized
using the three-subevent method.

range —2.5 < n < 2.5 and for charged hadrons with
0.5 < pr < 5.0 GeV. Figure 1 shows the resulting p
correlator from PYTHIAS for p+p at 5 TeV and 13 TeV
and from PYTHIA-ANGANTYR for p+O at 5 TeV, p+Pb
at 8 TeV, and O+0O at 5 TeV. Note that future running
of p+0 and O+0 at the LHC may end up being run at
a different collision energy. The full eight-panel set of
calculated ingredients that go into the p correlator are
shown in the Appendix VIII in Figure 11.

The correlations in p+0O, p+Pb, and O+O collisions
are positive for all Ny, and are around 10%. In contrast,
the results in p+p at 5 and 13 TeV (consistent with each
other) are positive for N, < 30 and then change sign to
negative for N., > 30. These non-zero correlations can-
not be from spatial geometry coupled to final-state in-
teractions or flow, since PYTHIA-ANGANTYR has neither.
Instead they result from non-trivial correlations due to
jets, correlation between jets and underlying event, and
multiplicity category correlations.

Figure 2 shows a comparison in p+Pb and O+4O be-
tween the PYTHIA-ANGANTYR results and glasma initial-
state calculations [2]. In this case, the glasma correlator
is a proxy determined in momentum space from the cor-
relations encoded in the T}, prior to any hydrodynamic
calculation in their hybrid framework. What is striking
is that both calculations are positive and of a similar
order of magnitude. It decidedly means that a full ac-
counting of non-flow effects, as coded into PYTHIA8 and
PYTHIA-ANGANTYR, are needed to make any statement
about more exotic glasma correlations.

It should be be pointed out that such contributions
as seen in the p correlation may be additive to leading
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FIG. 2. Results shown from the PYTHIA-ANGANTYR model for
p+Pb at 8 TeV and O+0 at 5 TeV. In all cases the event cat-
egories on the x-axis are defined by N, for charged hadrons
with || < 2.5 and 0.5 < pr < 5.0 GeV. The particles enter-
ing the p correlations are from 0.3 < pr < 2.0 GeV and are
utilized using the three-subevent method. In comparison are
results from initial-state glasma correlations [2].

order if the sources of flow and non-flow particles are
independent, as is often assumed in non-flow subtrac-
tion techniques. However, in low multiplicity events this
independence must be violated due to momentum con-
servation, overall color neutrality, as well as the possible
direct scattering of particles from each source. Thus, one
can postulate additive contributions [25], though at the
lowest multiplicities it is unknown the level of violation.

IV. AMPT RESULTS

We now compare with calculations from the AMPT
model (version v1.26t9b-v2.26t9b), which is publicly
available code [23]. The AMPT model has been run it the
default mode, with a parton screening mass of 3.22 fm~!
(or equivalently a parton-parton cross section of 3 mb)
and with Lund symmetric splitting function parameters
(a = 0.4 and b = 0.8), set to optimize matching with
particle multiplicities and (pr) at the LHC [28]. AMPT
has been successful at describing a number of global and
flow features of heavy ion data, including in small colli-
sion systems — see Refs. [28-31] for examples.

Again, millions of AMPT events have been run for p+p
at 5 and 13 TeV, p+0 and O+0 at 5 TeV, p+Pb at 5 and
8 TeV, and Xe+Xe and Pb+Pb at 5 TeV. The results for
large A+ A systems are shown in Figure 3 and compared
with ATLAS results in Pb+PDb collisions [6]. The AMPT
results are calculated with the three-subevent method in
—2.5 < n, < —0.75, || < 0.5, and 0.75 < 7. < 2.5
and consider charged hadrons with 0.5 < pyr < 2.0 GeV,
matching the higher low-pr selection used by ATLAS in
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FIG. 3. Results shown from the AMPT model for Pb+Pb and
Xe+Xe at 5 TeV compared with published ATLAS results
for Pb+Pb collisions at the same energy. In all cases the
event categories on the x-axis are defined by N, for charged
hadrons with || < 2.5 and 0.5 < pr < 5.0 GeV. The particles
entering the p correlations are from 0.5 < pr < 2.0 GeV and
are utilized using the three-subevent method.

Ref. [6]. The ATLAS data z-axis Ng, values are re-scaled
since ATLAS does not correction for reconstruction effi-
ciency in the published results.

The AMPT Pb+Pb results show a qualitatively simi-
lar trend to the ATLAS data, but are approximately a
factor of two higher. It is also notable that neither the
AMPT Pb+Pb nor Xe+Xe go negative for the lowest Ny,
as seen in the data. ATLAS has shown a modest depen-
dence in Pb+PDb collisions of p on the pr selection of the
charged hadrons used in their analysis [6]. They observe
a modest 15% increase in p when switching to charged
hadrons with 0.5 < pr < 5.0 GeV, while in AMPT the has
a roughly 15% decrease in p with the same momentum
selection change.

The full eight panel comparison of ingredients for
Pb+Pb that go into the p calculation are shown in Ap-
pendix VIII in Figure 13. Again one observes qualita-
tively similar trends between AMPT and data, but signif-
icant quantitative differences. One other striking obser-
vation from AMPT is that the average pr as a function
of N¢, actually decreases with increasing Ny, over a sig-
nificant range of N.— see Figure 13 in Appendix VIII.
This is contrary to results in experimental data [32] where
average transverse momentum always increases with in-
creasing Ny, in p+p, p+Pb and Pb+Pb collisions. One
key question regarding finite parton-parton scattering
pictures is how they build up radial flow and thus in-
crease the (pr). This AMPT result indicates that this
effect is not modeled fully in AMPT, even for large colli-
sion systems.

AMPT predictions for small collision systems, p+p at
5 and 13 TeV, p+0 and O+40O at 5 TeV, and p+Pb at
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FIG. 4. Results shown from the AMPT model for p+p, p+0O,
0O+4+0 at 5 TeV, p+Pb at 8 TeV, and p+p at 13 TeV. In all
cases the event categories on the z-axis are defined by N
for charged hadrons with |n| < 2.5 and 0.5 < pr < 5.0 GeV.
The particles entering the p correlations are from 0.3 < pr <
2.0 GeV and are utilized using the three-subevent method.

8 TeV are shown in Figure 4. In this case the results
vary from a large negative p correlation in p+p collisions
to positive correlations in p+Pb and O+0O. It is strik-
ing that the positive correlations in p+Pb and O+O are
quite comparable to those from PYTHIA-ANGANTYR in
Figure 1, even though AMPT has both flow and non-flow
contributions.

ATLAS has measured the correlator p in p+Pb colli-
sions, but from earlier data taken at 5 TeV. AMPT calcula-
tions are compared with ATLAS data for p+Pb collisions
at 5 TeV for the selection 0.5 < pr < 2.0 in Figure 5. The
AMPT result is positive, though decreasing with N, and
is opposite to the consistently negative p result in data.
The full eight panel comparison of ingredients for p+Pb
that go into the p calculation are shown in Appendix VIII
in Figure 14.

Since there may be O+0 data taking at RHIC by the
STAR experiment and/or the sSPHENIX experiment at
200 GeV, as well as at the LHC in Run-3, we present
predictions for the p correlator from those systems in
Figure 6. We highlight that for the results at 200 GeV,
we have modeled the acceptance selections for a detector
with |n| < 1.0 and as such have regions —1.0 < 7, <
—0.35, |m] < 0.3, and 0.35 < 7. < 1.0 and consider
charged hadrons with 0.2 < pr < 2.0 GeV. Also, the z-
axis values of Ny, are defined by |n| < 0.5 and 0.2 < pr <
2.0 GeV. The results indicate a positive p correlator with
a very similar shape and magnitude at the two energies
if one considers a rescaling of the z-axis between collision
energies.
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FIG. 6. Predictions for O+O at 200 GeV (RHIC) and 5 TeV
(LHC) from the AMPT model. See text for details on the
different charged hadron kinematic selections.

V. DISCUSSION

Within the AMPT model, one can examine the geome-
try as defined by the partons that are “string-melted” out
of the color strings — as has been done previously [33, 34].
The partons after appearing have a formation time set
in AMPT corresponding to the uncertainty principle be-
fore they can start scattering with other partons. It
is their location after the formation time utilized here
for calculating the eccentricity of the event £5 and the

overlap area St [35]. Here we define the overlap area

2 2
T EATR]

tors used in the literature.

Figure 7 shows results from p+p at 5 and 13 TeV, p+0
and O+0 at 5 TeV, p+Pb at 8 TeV, and Xe+Xe at 5
TeV. The panels from left to right show (i) the multi-
plicity distribution of events normalized to unity, (ii) the
average eccentricity squared €3 as a function of N, (iii)
the average overlap area St as a function of N, and the
(iv) correlation between €2 and St normalized by their
individual average values. Thus, the correlation is > 1 if
there is a correlation between eccentricity and area and
< 1 if there is an anti-correlation.

St = m /o 05 — 02, noting there are different prefac-

The correlation (or anti-correlation) in geometry is a
good predictor for AMPT for whether the p correlation
will be positive or negative. The positive correlation of
eccentricity and area in p+p collisions at 5 and 13 TeV
is mirrored in the negative p correlation shown in Fig-
ure 4, though not at larger N¢,. The negative geometry
correlation for p+A and 04O is mirrored in the positive
p correlation again shown in Figure 4. We highlight that
these simple global values (¢3 and S7) do not perfectly
characterize the events as in the case where one has sig-
nificantly disconnected islands of energy deposit — see for
example the d+Au case in Ref. [36]. That said, this effect
in p+p and p+A collisions is more modest and does not
impact the qualitative correlation of geometry with the
p correlator.

For comparison, we calculate the geometry correlation
for Monte Carlo Glauber type models [37]. The Glauber
calculation is carried out with standard nuclear geome-
try parameters and including three constituents per nu-
cleon. The results for the (i) multiplicity, (ii) eccentricity
squared, (iii) the overlap area, and (iv) the correlation of
eccentricity and area are shown in Figure 8 in the panels
from left to right.

In this zoomed in view for Ny, < 300, the geometry
correlations are often opposite between AMPT and Monte
Carlo Glauber with three constituents. We know that in
the case of p+p collisions, the AMPT geometry is almost
exclusively two strings and thus the partons have a geom-
etry that appears as two radial distributions of partons
around each string with the distance in the transverse
plane based on the formation time — see Ref. [33] for de-
tails. In this case, two strings that are farther apart will
lead to a much more elliptical geometry and a larger area;
hence the positive correlation seen in the AMPT results in
Figure 7. In contrast, in the Monte Carlo Glauber with
three constituents, the larger area typically leads to a
more circular geometry and thus a negative correlation.
However, in AMPT as soon as one has a p+A collision,
there are multiple strings and they have a geometry cor-
relation that is negative and once again flipped from the
Monte Carlo Glauber case. The disagreement of AMPT
with experimental p+Pb data shown in Figure 5 may lead
one to conclude that AMPT string geometry is not a good
descriptor, or that a substantial over-prediction of non-



. W0.6f% B
107 -'1= 1 E b
“Hose,e osp 3
2250%ess K
. .2 "sesqt
102k % .'""""""""':'::!:ZJ %,
] 0.4f o] E
10’3 = - s
0.3f
104k <
0.2F
10’5 = -
0.1
10°F 11
il I 1 il 1
0 250 300 0 50 100 150 200 250 300
Nch Nch

[m} [m}
- 1.4 4
2] &
© 102 . - [=]
o PR s S W 1.2) -
< B eesesssesere =
a 00 cosssese £
£ T e = AAAACA
5 o oo &
3 p 1
0.8 | 4
[m}
a AP T parton GEomeny 1]
b 0.6) —ptp 5 TeV
. — pip 13TV
e, s P40 5 TeV
NS 0.4f p+Pb 8 Tev
e, 4o p+Pb (short 1, ) 8 Tev.
easiogecess — 0+05 TeV
[
1 - 0.2f Pb+PD 5 Tev ]
1 1 1 N 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300
N

‘ch ‘ch
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flow in AMPT changes the sign. Additional comparisons
with measurements in p+p data should prove useful.

One question is whether the formation time imple-
mented in AMPT might be altering the initial geometry
as it mimics free streaming. Thus, for p+Pb collisions,
we have re-run AMPT with the formation time reduced by
a factor of 10. Those results, labeled short 7, are also
shown in Figure 7 and show a modestly smaller overlap
area and a modestly larger eccentricity. These effects
do impact the p correlator as shown in Figure 9. These
changes do modify the p value by almost a factor of two,
though do not change the sign.

Finally, for the Pb+PDb case, the geometry correlation
is opposite in the very low N, region between AMPT and
Monte Carlo Glauber, where again AMPT may have the
wrong geometry as indicated by the lack of sign change
that is seen in data — see Figure 3. However, for larger
Ny as shown in Figure 10, the correlation in both AMPT
and Monte Carlo Glauber is negative and thus would pre-
dict a positive p correlator — exactly as seen in Figure 3
at N¢, > 250. It is notable that the correlation is weaker,
i.e. closer to one, in AMPT, though it over-predicts p by
almost a factor of two.

& r - AMPT p+Pb 8 TeV (p,=0.3-2.0 GeV})
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FIG. 9. Results shown from the AMPT model for p+Pb at 8
TeV in different running modes. In all cases the event cate-
gories on the z-axis are defined by N, for charged hadrons
with |n] < 2.5 and 0.3 < pr < 5.0 GeV, except in the compar-
ison case with 0.3 < pr < 5.0 GeV. Also shown are results
with a shorter formation time in AMPT. Lastly, results with
no interactions for AMPT are shown, though they have low
statistical significance due to the very small v3 values overall.
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VI. SUMMARY

In summary, we have carried out a study of elliptic
flow — transverse momentum correlations within the con-
text of pure non-flow PYTHIA8 and PYTHIA-ANGANTYR
models and the combination of flow and non-flow AMPT
model. The results indicate that even with the three-
subevent method to reduce non-flow, substantial non-
zero p correlations persist for small collision systems and
peripheral event classes in large collision systems. The
PYTHIAS and PYTHIA-ANGANTYR correlations are com-
parable in size to predicted glasma correlations. It is
striking that AMPT calculations have the opposite sign to
measured ATLAS data in p+Pb and peripheral Pb+Pb
collisions, which may indicate that the string geometry,
combined with string melting, has an incorrect modeling
of the initial geometry. Finally, the pure glasma results
for the p correlator are interesting, and the simple color
domain explanation appears incorrect, and thus more
study is warranted as explanations can be as important
as the result itself.
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VIII. APPENDIX A

For completeness we include the full set of calculated
quantities in the model calculations. Shown in Figure 11
are the PYTHIA8 and PYTHIA-ANGANTYR results from
upper left to upper right and then lower left to lower
right: (i) the minimum bias N, distribution with the
integral normalize to one, (ii) the event (pr) as a func-
tion of Ngp, (iii) the coefficient ¢, (iv) the variance of
v3, (v) the average two-particle cumulant, (vi) the aver-
age four-particle cumulant, (vii) the covariance, and fi-
nally (viii) the p correlation all as a function of N,. We
highlight that the range of Ng, shown here is meant to
highlight small systems, and thus the O+O distribution
extends beyond the range of the figure. Also, at some
large Ny, at the very tail of the distribution for each col-
lision systems, the statistical uncertainties get large. In
the p distributions, we have eliminated points with uncer-
tainties larger than a set value for clarity of comparison
between systems. Note that results from PYTHIAS and
PYTHIA-ANGANTYR for p+p at 13 TeV are compared, and
no significant difference is observed.

Shown in Figure 12 are the same quantities for small
systems from AMPT. Lastly, in Figures 13 and 14 are
the eight panels for Pb+Pb and p+Pb at 5 TeV com-
pared with ATLAS results [6]. The experimental results
are only published for the four right panels, where there
is qualitative agreement at the factor of two level with
AMPT in Pb+Pb and more dramatic disagreement in
p+Pb. In particular the variance of v2{2}? should be
further checked in terms of experimental details on the
event selection. Future experimental publications would
benefit from the publication of all contributions to the
final p correlator.

Figure 15 shows results of the coefficient cg, the vari-
ance of v3, the covariance cov(v3, [pr]), and the p corre-
lation for two pr ranges in p+p at 13 TeV and p+Pb at 8
TeV. The p values in 0.5 < pr < 2.0 GeV are lower than
those in 0.3 < pr < 2.0 GeV where the non-flow contri-
bution is expected to be smaller. The p correlations at
low multiplicity are positive in both pr ranges and col-
lision systems, but the sign change has been reported in
p+Pb from HIJING [25].
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0.5 < pr < 2.0 GeV, are presented.

Results for two pr selections, 0.3 < pr < 2.0 GeV and



IX. APPENDIX B

Here we briefly explore the relationship between area,
eccentricity, and saturation scale within the 1P-JAZMA
framework [15]. The 1P-JAZMA calculation includes the
IP-Sat features of treating each nucleon, or in this case
each constituent quark, as a two-dimensional Gaussian
distribution for the saturation scale Q2. The saturation
scale is allowed to fluctuate via a Gaussian parameter o =
0.5 on a log-normal distribution — thus the fluctuations
are quite large and have a high-side tail. These features
mimic the IP-GLASMA calculations and then the energy
deposit is calculated on a grid in each cell as the product
of the summed Q?(x,y) in the projectile and the summed
Q?(x,y) in the target. This calculation mimics the dense-
dense limit of saturation calculations and reproduces the
IP-GLASMA geometry with good accuracy [38]. We can
also use IP-JAZMA to mimic the dilute-dense limit where
the target contribution is treated logarithmically — see
Ref. [15] for details.

We simulate p+Pb collisions at 5 TeV and categorize
each event via the overlap area, the eccentricity, and the
saturation scale of the projectile over the overlap region.
For the overlap region, to avoid over-counting the area
in cases where there may be so-called “islands” of energy
deposit (i.e. where different regions are disconnected) we
simply count cells above a minimum energy rather than

2

use the pocket equation St = 74/02

02 —o2,. Similarly
for the saturation scale of the projectile, we simply av-
erage the Q% value over the cells included in the area
calculation. The absolute values will thus have a sensi-
tivity to this minimum energy, but for the correlations

the relative values should be mostly insensitive.

Figure 16 shows the dilute-dense case for p+Pb col-
lisions. The upper left panel shows the energy deposit
distribution normalized to the mean for minimum bias
collisions. The lower panels from left to right show the
overlap area in the transverse plane, the average projec-
tile, and separately target, Q% over the overlap area, and
the eccentricity as a function of the energy deposit nor-
malized to the mean. The points are the mean values
while the vertical lines represent the rms of the distri-
bution about the mean. We then select a fixed energy
deposit bin, as shown by the vertical dashed lines. The
upper middle panel shows the variation in Q2 and e with
transverse area for this fixed energy selection. Lastly, in
the upper right, again in this fixed energy bin, the corre-
lation of the projectile @2 and &5 is shown. The same re-
sults but in the dense-dense case are shown in Figure 17.

One simple remark is that the projectile saturation
scale does not increase with decreasing area as conjec-
tured in Ref. [17], and rather has a more complicated
dependence. The very large fluctuations in Q2 added by
hand for each constituent quark play a key role here. At
fixed energy deposit, to have a small area, it is most likely
that one quark has fluctuated to a very large @2, which
would then explain the anti-correlation of Q2 projectile

12

and area, for cases where the area is less than 0.4 fm?. It
also then explains the very large drop off in eccentricity,
since the single quark distribution is circularly symmet-
ric. The behaviour for area greater than 0.4 fm? has an
increasing Q2 projectile, and since it is at fixed energy
deposit, can only be explained by having a decrease in
the Q2 target in the region of overlap — also shown in the
upper middle panel of Figure 16. It may seem surpris-
ing that the @2 in the proton projectile and Pb target
are so similar, but this is a consequence of higher mul-
tiplicity events arising from large Q? fluctuations in the
projectile — see Ref. [15] for example. Arguments about
the expectations ignoring the very large spatial and Q2
fluctuations in the target need to be revisited.

In both the dilute-dense and dense-dense cases, the
relationship between Q2 projectile and eccentricity is
a modest anti-correlation, almost uncorrelated in the
dense-dense case. Thus, from this simple viewpoint, one
might expect a negative p correlator. In contrast, the
IP-GLASMA yields a positive p [2]. Thus, further work is
warranted to understand the source of this positive cor-
relation.
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