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Abstract. The observation of long range correlations in highly asymmetric systems, as in
p+Pb and d+Au collisions, suggests a creation of a medium with collective behavior. It is
still an open question if the quark-gluon plasma is formed in these collision. Hence, the
RHIC collider invested time to study the small systems in different collision systems and
energies. Here we discuss the recent results from the PHENIX and STAR collaborations
in four different collision systems p+Al, p+Au, d+Au and *He+Au at VSyy = 200GeV,
and also for the energy scan in d+Au collisions between /s, = 19.6 — 200 GeV.
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1 Introduction

The study of non-perturbative aspects of QCD is one of the main goals of high energy nuclear colli-
sions. In such collisions the created colored medium provides a unique way to study the QCD phase
transition. Experiments at RHIC and later at LHC established the creation of such medium - called
the Quark-Gluon Plasma (QGP).

The recent measurements of flow-like behavior in small-on-large collision systems at LHC [1] and
RHIC energies [2] prompted a large interest in studying the possible creation of a quark-gluon droplet
in these systems. The azimuthal anisotropy (v,) can be understood as arising from initial geometry
propagated to final-state momentum correlations via interactions between medium constituents. The
RHIC collaborations proposed a systematic study of the medium effects in highly asymmetric colli-
sions. The first approach is to change the initial geometry of the collision, therefore we examined
the p+Au, d+Auand 3He+Au collisions at VS = 200 GeV. In addition, we also investigated the
dependence on collision energy and studied the d+Au collisions at four different energies from 19.6
to 200 GeV.

The non-zero azimuthal anisotropy is the first observed signature of possible formation of a col-
lective medium in small collision systems. However, the v, measurement alone is ambiguous as there
could be other effects which would cause the measured azimuthal anisotropy. Therefore it is very
important to study also the other signatures of the QGP in order to confirm the medium creation in
these small systems. This proceedings focuses not only on the collective motion, but also on the jet
quenching phenomena and the strangeness production in small systems.

2 Azimuthal anisotropy measurements

At the beginning of a heavy ion collision, the spatial distribution of the overlapping matter resembles
an ellipsoid due to the incomplete overlap of the two colliding nuclei. The strong scattering in this
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stage converts the spatial anisotropy to a momentum anisotropy which is observable as an elliptic
flow of the emitted hadrons. The azimuthal anisotropy of the spectra can be characterized in terms of
Fourier coefficients. We know that the initial state fluctuations of the nuclei within the nucleus can
cause a more complicated overlap area than an ellipsoid and thus result in the higher order compo-
nents.

It is natural to ask how the study of collective effects in the small system will contribute to the
understanding of the flow evolution as a function of the initial geometry and the multiplicity of the
events. At RHIC both of the detectors collected excellent data in various collision systems to explore
the initial geometry effects. In addition, RHIC provided also an energy scan in d+Au collisions in
order to study the onset of the observed small system collective motion as a function of the energy.

2.1 Study of the initial geometry

It is expected that the different collision systems will provide a different initial geometry [3]. For
example, the expectation from the d+Au collisions is a natural ellipticity due to the two nucleons in
the deuteron, while in the He+Au collisions the initial expectation is more triangular. However, one
has to be careful with the initial fluctuations of the geometrical orientation also, as the deuteron and
the 3He nucleus are not distributed in only the transverse plane but rather 3-dimensionally. This effect
can cause various initial geometrical fluctuation which is complicating the simple picture of number
of hotspots in the transverse plane. The PHENIX strategy is to utilize the high-multiplicity triggers
using the beam-beam counters in order to focus on events only with large number of particles. The
STAR collaboration approach is to focus on all (small and large) collision systems at fixed charge
particle multiplicities.
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Figure 1. The measured azimuthal anisotropy by PHENIX in the p+Au , d+Au and *He+Au collisions at /5, =
200 GeV. The data are from the new high-multiplicity trigger and restricted to 0-5% centrality.

Figure 1 shows the measured v, by PHENIX in p/d/ 3He+Au collisions at VS =200 GeV from
the high-multiplicity triggered data which is then restricted to 0 — 5% centrality categorization. The
value for v, is very similar in d+Au and *He+Au collisions. The results for p+Au collisions suggest
a smaller v, component in the p+Au collisions at low-pt region. The data are first compared with the
AMPT [4] event generator calculation which shows good agreement with the data only in the py <
1 GeV/c region. The AMPT does not contain a hydrodynamical evolution of the system, the predicted
vy is resulting from the initial partonic and final hadronic interactions and the transition between
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Figure 2. The measured odd (upper panels) and even (lower panels) azimuthal correlations by STAR in various
collisions systems (from p+Auto U + U) at fixed charge hadron multiplicity between (N.,) = 140 — 25.

these two phases of matter. The data shows excellent agreement with the hydro models SONIC
and superSONIC [5], where the latter one includes the pre-equilibrium flow also. The agreement
is better with the SONIC model, but the uncertainties on the data do not allow yet to invalidate the
existence of the pre-equilibrium flow in these systems. The model with IPGlasma initial state and then
hydrodynamical evolution [6] largely underestimates the data in p+Au collisions, while overestimates
the measured flow in the d+Au and *He+Au collisions.

Figure 2 shows the measured preliminary STAR data of v{¥"* , v3 and v, measurements in various
collision systems from very large (U + U and Au + Au) to moderately large (Cu + Auand Cu + Cu)
to small systems (d+Auand p+Au). The measurements are done at three fixed charged hadron
multiplicities, (N¢y) = 140,70and 25 where the smallest multiplicity includes also the p+Auand
d+Auresults. The non-flow contributions are characterized as short-range and long-range effects.
The short-range effect includes HBT and resonance decay contribution and they can be suppressed
with a large rapidity (7) gap. The long-range effects enter from the momentum-conservation and di-
jets and their contribution. In order to suppress the non-flow contributions, the results are obtained

with the multi-particle correlations (sub-event cumulant method). It is important to note that these

*In the absence of fluctuations, the directed flow v; develops along the direction of the impact parameter and it is an odd
function of the pseudo-rapidity. However, initial-state fluctuations, acting in agreement with hydrodynamic-like expansion,
gives an additional rapidity-even component v{**".



studies were done only on the STAR results and thus the contributions from the non-flow effects on
the data are different between the two experiments.

The v{**" and v3 shows similar trend and magnitudes independent of the collision system only
depending on the multiplicity of the event, see Figure 2. While the even harmonics, v,, shows similar
trend in different collision systems, the magnitudes depend on the collision system. However, the
values can be divided by the second order eccentricities (&) of the different collision systems and then
all the data scale to a single curve. The observation supports that the odd harmonics are only sensitive
to fluctuations and not to the average geometries, while the second order harmonics shows significant
sensitivity to the initial geometry of the collision systems [7]. In conclusion, the data suggest that at
same multiplicities the initial geometry of the collision is different, although the collectivity of the
system is very similar from large to small collision systems.

2.2 Energy scan measurements

In 2016 RHIC also delivered a beam energy scan of d+Au collisions at four different collision en-
ergies from 19.6 to 200 GeV. The PHENIX measurement on these collision energies are shown in
Figure 3 [8]. The data show very similar trend at all four collision energies, while the magnitude of
the measured v, at pyr > 1 GeV/c is slightly increasing towards smaller collision energies. This effect
is likely due to an increase in the non-flow contribution, which is not subtracted from the data.

K] RRANRALSLaBRALY LALs Lo LA N s s L L L L R LR LR L L e e L L a R AR e e e e e
oab G¥AU 5,,=200 GeV 0-5% 1 d+Au |5, =62.4 GeV 0-5% I d+Au (EL =39 GeV 0-10% 1 d+Au |5, =19.6 GeV 0-20%
Il <0.35 === AMPT v,{Parton Plane} PHENIX Extrapolated

0.35F @ v,{EP} == AMPT v,{EP} + k3 Res(q,;anm) E|
0.3 Global Sys. = :0.3% 1 Global Sys. = +1.8% 1 Global Sys. = :3.6% 1 Global Sys. = j;:z, 3
0.25F + + + E
0.2f + + ¢ 3 E
0.15F C3 + + E
0.1 + 3 + + E
0.05f . + ot + o
TR, + oA TR AR AP TO nF: X< reVU OOV TR O TP TP IO o I | 9

02040608 1 12141618 02040608 1 12141618 02040608 1 12141618 0204 0608 1 1.2 1.4 16 1.8

P [GeV/c] P, [GeV/c] P, [GeV/c] P, [GeV/c]

Figure 3. The measured azimuthal anisotropy by PHENIX in d+Au collisions with the high-multiplicity trigger
in various collision energies /s, = 200—19.6 GeV. The lines represent the AMPT model calculation with two
different determination of the reaction plane.

The measured v, is compared to the AMPT calculation [4] with two different setups. The green
curve shows the v, relative to the participant plane, so the result contains only the v, relative to the
initial geometry. The blue curve shows the calculation of v; relative to the event plane. The event plane
method is more consistent to the experimental extraction of the v, measurement, and the calculation
is also in better agreement with the measured data.

3 Searching for energy loss in small systems

The parton propagating through the hot and dense strongly interacting medium loses part of its energy.
The energy loss is characterized with the ratio of the yield in heavy ion collisions to the scaled yield in
p + pcollisions, otherwise known as the nuclear modification factor (Rap ). The high-pt suppression
of particle production in heavy-ion collision is a clear indication of the jet energy loss [9]. The direct
photons are not participating in the strong interaction with the created medium and after their creation



they leave the medium without further interaction. The high-pr photon measurements confirmed that
there is no nuclear modification (Raa = 1), which further supports the jet energy-loss picture [10].

The energy loss is one of the key signatures in the discovery of the created plasma. Therefore,
if a similar medium would be created in the small systems, one would naturally expect such nuclear
modification, too. However, the picture is not so simple in the small system collisions. First, the
created medium is expected to be very small, which could mean that the outgoing parton which
originated from the hard scattering already left the medium before it is formed. On other hand the
outgoing parton could lose energy in the cold nuclear matter. Furthermore, initial state effects can
strongly affect the observed nuclear modifications. Thus it is crucial to distinguish between initial
state (IS) and final state (FS) effects.

The measurement of neutral pion is a very good analysis to investigate the nuclear modification
factor of the leading hadrons of jets in the small system collisions. PHENIX measured the neutral
pion production in p+Au, d+Auand 3He+Au minimum bias collisions at V8w = 200 GeV, shown
in Figure 4. There is a clear enhancement observed at pr ~ 5 GeV/c in the p+Au collisions, while it
disappears in the d+Au and *He+Au collisions. At high-pt the data show some suppression (Rap <
1), but the uncertainties on the data are still very large.
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Figure 4. The nuclear modification factor of 7° in p+Au, d+Au and *He+Au minimum bias collisions at /5, =
200 GeV.

The nuclear modification factor was also measured in bins of centrality in p+Au, d+Auand
3He+Au collisions. It is important to note that PHENIX uses the exact same procedure of the cen-
trality selections using the South Beam-Beam Counter (-3 < n < —4) detector as in heavy ion colli-
sions. Figure 5 shows the measured results in the different centrality selections in p+Au, d+Auand
3He+Au collisions at VSyy = 200 GeV. The enhancement in the mid-pr region is more pronounced
in the most central collisions while it disappears in the more peripheral collisions. The high-pt part
shows suppression at most central collisions, while in more peripheral collisions some enhancement
cannot be excluded, but the data is consistent with unity within the experimental uncertainties. The
nuclear modification at high-pr is also consistent with being flat in the two most peripheral collisions.

The interpretation of the results are still ongoing as the data are being finalized. The enhancement
at mid-pr is often called the "Cronin-peak" [11] and it is traditionally attributed to the multiple scatter-
ing effect. However, the enhancement occurs at py ~ 5 GeV/c higher than the expected contribution
from multiple scattering. The high-pt nuclear modification is very comparable within the different
collisions system and the data suggest it is independent on the projectile (p, d or *He). The data
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Figure 5. The nuclear modification factor of 7n°as a function of prin different centrality classes of p+Au,
d+Auand *He+Au collisions at 4/s,; = 200 GeV.

could suggest some (cold/hot) energy loss in the most central collisions [12]. The jets are suffering
both IS and FS effects, while the direct photons would be sensitive only to the IS effects. In order to
correctly interpret the data one needs to compare the neutral pion modification to the direct photon
measurements, that are not available yet.

4 Strangeness production in small systems

In this section we present the recent measurements on the ¢ production in small system collisions
from PHENIX. The ¢ meson is a pure strange-antistrange (s5) state and its production mechanism
is similar to those of J/y and (. The ¢ meson has a small inelastic cross section with non-strange
hadrons and as such represent a unique probe as they are more sensitive to the initial evolution of the
system.

The forward and backward rapidity production of ¢ mesons was measured in p+Al, p+Auand
3He+Au minimum bias collisions at /s, = 200 GeV, shown in Figure 6. The data show very
comparable results in all three different collision systems within the experimental uncertainties. The
¢ production in backward region shows enhancement, while the forward region is suppressed. The
results are also very consistent with the previously measured ¢ production in d+Au collisions.
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Figure 6. The nuclear modification of ¢ as a function of rapidity in p+Al, p+Auand *He+Auminimum bias
collisions at /s, =200 GeV.

5 Summary

This proceedings present the recent results from the RHIC collider experiment on the small collision
systems. The measurement of the v, in the small collision systems are presented to study the initial
geometrical effect as well as the energy dependence. The measurements from both PHENIX and
STAR suggest strong correlation to the initial geometry of the collision system and a similarity of
the observed v, measurements to the larger heavy-ion collision systems. Therefore the data suggest
a smooth transition from p + p to heavy ion collisions. The energy scan of the d+Au collision shows
that the long-range correlations are still present at the lowest 19.6 GeVcollision energies.

A systematic study of the neutral pion production was performed in p/d/*He+Au collisions at
Sy =200 GeV. We observe a small enhancement in the mid-pr region peaking around ~ 5 GeV/c,
where the data suggest an ordering between the different collision systems. The enhancement is tradi-
tionally contributed to the multiple scattering, but the peak is at much higher pt ’s than any predictions
from theoretical models. At high-pr the nuclear modification factor is very similar between the dif-
ferent collision systems which suggest no dependency on the size of the projectile. The Raa values
for pr > 10 GeV/c show no strong pr dependence and fall bellow unity in the most central collisions
as well as in the minimum bias collisions in this prregion. However, jet quenching is not confirmed
in these collisions and the suppression could be due to multiple different mechanisms due to initial or
final state effects. The direct photon measurement is needed in order to correctly interpret the results
in these collision systems.

The ¢ meson production was measured in the forward and backward region in minimum bias
p+Al, p+Auand 3He+Au collisions at VSw = 200 GeV. The results shows small suppression in the
forward region, while it is enhanced in the backward region. We also observe no significant difference
between the different collision systems within the experimental uncertainties. The current results will
help us study the nuclear effects in the forward and backward region in order to tune the theoretical
models.
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