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Quarkonium is an ideal probe to explore the properties of quantum chromodynamics (QCD).
Unlike Large Hadron Collider (LHC) measurements, quarkonium production at the Relativistic
Heavy Ion Collider (RHIC) has different production mechanisms, can access different kinematic
phase space and may experience different medium densities/temperatures. The PHENIX exper-
iment has collected a large J/yy — p*u~ data set within its unique pseudorapidity region of
12<|n| <22inp+p, p+Aand A+ A collisions at 4/s = 200 GeV from 2014 to 2016. Latest
results of normalized charged particle multiplicity dependent normalized forward J /¢ yields and
normalized forward ¢ (2S) to J/y ratio in 200 GeV p + p collisions as well as forward J /¢
azimuthal anisotropy in 200 GeV Au+Au collisions will be shown. Comparison with other RHIC
and LHC measurements and latest theoretical calculations will be discussed. These PHENIX
results provide their unique contributions in improving the understanding of the multi-parton in-
teraction contribution to charmonium production and the recombination/coalescence contribution

to charmonium formation within Quark Gluon Plasma (QGP) at RHIC energies.
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1. Introduction

Although charmonium states are thought to be an ideal probe to test quantum chromodynamics
(QCD) in high energy hadron-hadron and heavy-ion collisions, their production mechanism and
how they interact with the surrounding nuclear medium is still lacking of sufficient knowledge.
Creation of charmonia involves both perturbative and non-perturbative QCD aspects and initial-
and/or final-state interaction effects. The PHENIX experiment at the Relativistic Heavy Ion Collider
(RHIC) has good muon identification in the pseudorapidity region of 1.2 < |n| < 2.4, which allows
precise reconstruction of forward and backward J /¢ via di-muon decay (J/¢ — u*u™) in 200 GeV
p + p, p+A and A+A collisions. The PHENIX experiment has collected 47 pb~! 200 GeV p + p
data in 2015 and 14.5 nb~! 200 GeV Au+Au data in 2014 and 2016. With these high statistics data
sets at PHENIX, the first self-normalized event multiplicity dependent self-normalized forward J /¥
yields as well as the forward ¢ (2S) to J/y ratio have been measured in 200 GeV p + p collisions.
Moreover, the first forward J/y azimuthal anisotropy measurement has been performed in 200
GeV Au+Au collisions. These PHENIX forward J/iy measurements provide further information
in constraining the Multi-Parton Interactions (MPI) effects on the charmonium production and
studying the creation and propagation of charmonia inside Quark Gluon Plasma (QGP).

2. Event multiplicity dependent forward J /¢ and ¢ (2S) measurements in 200 GeV
p + p collisions
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Figure 1: Left: the self-normalized event multiplicity (N.j,/{(N.,)) dependent self-normalized J /¢ yields
(Nyjy/{Njy)) in p + p collisions at /s = 200 GeV at PHENIX in comparison with STAR and ALICE
results. The PHENIX results with J/¢ and charged particles measured in the same (opposite) pseudorapidity
region are shown in red (blue). The PHENIX measurement with the event multiplicity after subtracting the
J /¥ decayed muons are shown in magenta. Right: comparison of PHENIX results and PYTHIAS (Detroit)
calculations for the N.,/(N¢p) dependent Ny, /(N;,,) with and without the subtraction of J/y decay
muons in the event multiplicity. The distributions without (with) the muon subtraction are shown in red
(magenta). PYTHIAS (Detroit) calculations are divided into with and without MPI effects.
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Recent measurements of self-normalized J/y yields as a function of self-normalized event
multiplicity at RHIC and the LHC in p + p collisions [1-3] present an increasing trend of J /i
yields with the event multiplicity. These results suggest that the MPI effects should not be neglected
in the J/y production. Good J/y and (2S) signals have been measured in the pseudorapidity
region of 1.2 < |p| < 2.4 at PHENIX in 200 GeV p + p collisions with 47 pb~! integrated
luminosity of the 2015 data set. The analyzed events were selected by the Minimum Bias (MB)
trigger and a dimuon trigger, which requires at least two muon tracks were measured in the
forward and backward PHENIX MulD detector. The PHENIX experiment has measured the
self-normalized event multiplicity (N.j,/{N.n)) dependent self-normalized forward J/y yields
(Njjy/{Njsy)) in three different scenarios [4] as shown in the left panel of Figure 1. In the
self-normalized event multiplicity observable: N.j/{Ncn), N.j represents the number of charged
particles detected by the PHENIX FVTX detector in the pseudorapidity regions of 1.2 < n < 2.4
(forward) and —2.4 < n < —1.2 (backward), and (N,p) is referred to the average N., in MB
events. The self-normalized J/y¢ yields, denoted as N, /(N ), are measured by the PHENIX
muon arms covering 1.2 < y < 2.2 (forward) and -2.2 < y < —1.2 (backward) respectively.
Similar multiplicity dependence as the STAR mid-rapidity J /¢ measurement [ 1] has been observed
by the PHENIX forward J/y results when J /¢ and charged particles are measured in the same
pseudorapidity region. Reduced dependence on the self-normalized event multiplicity can be
achieved by either measuring the J /¢ and charged particles with a large pseudorapidity gap (e.g., in
opposite pseudorapidity regions) or through subtracting J /¢ decay muons in the event multiplicity

calculations.
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Figure 2: The self-normalized event multiplicity (N.j /{N.p)) dependent self-normalized y (2S) to J /i ratio
((Ny25)/Njjy)/{Ny@s)y/Njy)) in p + p collisions at /s = 200 GeV at PHENIX in comparison with both
the PYTHIAS (Detroit) calculations with MPI effects and the LHCb and ALICE results. Left: both the J/y
and charged particles are measured in the same pseudorapidity region at PHENIX (red closed circles) and
LHCD (yellow/black open markers). Right: there are rapidity gaps between J/y and charged particles in the
Nen/{Ncp) dependent (Ny 25) /Ny y)/{Ny2s)/Nyy) measurements at PHENIX (blue closed rectangulars)
and ALICE (green open crossings).
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To have a better understanding about the effects on the event multiplicity dependent J/y
yields, comparison between the PHENIX measurements and PYTHIAS Detroit calculations with
the same kinematic selections has been performed. As shown in the right panel of Figure 1, the
PYTHIAS Detroit tuned with the MPI effects [5] agrees with the PHENIX measurements within
~ 1o uncertainties. However the PYTHIAS Detroit calculations without including the MPI effects
fail to reproduce the distributions measured in data. Therefore the MPI effects should be included to
accurately model the J /¢ production in 200 GeV p + p collisions. There is smaller dependence on
the event multiplicity for forward J /i production at PHENIX than that at ALICE, which indicates
that the MPI effects would be stronger in p + p collisions at the LHC energies.

The PHENIX experiment also measured the self-normalized event multiplicity dependent self-
normalized ¢ (2S5) to J /i ratio ((Ny (25)/Nyy) [{Ny2s)/ Ny y)) at forward rapidity in 200 GeV p+
p collisions to investigate potential final-state interaction effects on the charmonium production. The
left panel of Figure 2 presents the PHENIX N, /(N ) dependent (Ny, 25y /Ny y)/{Ny2s)/Njy)
at forward rapidity in 200 GeV p + p collisions in comparison with PYTHIAS Detroit tuned with
MPI effects and LHCb results of prompt and non-prompt ¢ (2S) to J/i ratio measured at forward
rapidity [6]. The right panel of Figure 2 shows the PHENIX measurements of self-normalized event
multiplicity dependent forward ¢ (2S) to J/y ratio in comparison with PYTHIAS8 Detroit calcu-
lations including the MPI effects and ALICE results [7] when J/iy (¢ (2S)) and charged particles
are measured with a rapidity gap. These N, /(N¢p,) dependent (Ny 25)/Nj;y)/{Ny©2s)/Nyy)
measurements are consistent with unity within ~ 1o uncertainties. No significant dependence
on the event multiplicity and different rapidity gaps between J /¢ (¢ (2S)) and charged particles
is found. Calculations of PYTHIAS Detroit tuned with MPI effects present similar results of
the self-normalized event multiplicity dependent (Ny 2s)/Ny/y)/{Ny2s)/Nyjy) as the PHENIX
measurements. These studies prefer that there are no significant final-state interaction effects on the
charmonium production in p + p collisions at /s = 200 GeV.

3. Forward J/y azimuthal anisotropy measurements in 200 GeV Au+Au collisions

The PHENIX experiment has measured the first azimuthal anisotropy (v;) of inclusive J /iy
at forward rapidity (1.2 < |y| < 2.2) in 200 GeV Au+Au collisions from the 2014 and 2016
run [8]. The J/¥ v, is determined by the event plane method. To maximize potential v, signal
and mitigate event selection biases, these measurements are carried out with several selections of
collision centrality: 0% — 50%, 10% — 60%, and 10% — 40%. Clear J /i signals have been found
in these near-central Au+Au collisions with the reconstructed J/y pr measured down to zero. The
total integrated luminosity is 14.5 nb~!, which represents the largest data set of Au+Au collisions
collected at PHENIX.

The left panel of Figure 3 presents the PHENIX pr integrated (purple) and pr dependent
(green) forward J /i v, within the region of 0 < pr <5 GeV/cand 1.2 < |y| < 2.2 in 10% — 60%
200 GeV Au+Au collisions. Both J/y v, results measured at PHENIX are consistent with zero
within uncertainties, which are similar to the STAR result of midrapidity J /i v2 for the centrality of
10% — 60% in Au+Au collisions at v/syy =200 GeV [9]. However, these RHIC measurements are
systematically lower than the ALICE forward J /¢ v2 measured in 10% — 50% in Pb+Pb collisions
at \/syn =5 TeV [14]. To properly describe the J/y azimuthal anisotropy in heavy ion collisions,
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the interplay between the "initial produced c¢" and "coalescence from thermalized c¢" should be
included in theoretical models. The right panel of Figure 3 compares the pr dependent forward
J/¥ v2 measured at PHENIX with different model calculations [10—13], which were originally
used to interpret the STAR midrapidity J/¢ v, measurements. The PHENIX result can be well
described by theory calculations which include coalescence of partially thermalized c¢. However,
it is challenging to distinguish whether the non-significant forward J /¢ v, measured at PHENIX is
driven by only primordial J /i production through initial hard scattering or hadronization dominated
by coalescence. The clear difference between forward J /iy v, at RHIC and that measured at the
LHC indicates that the J/y production mechanism in heavy ion collisions could vary with the
collision energy.
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Figure 3: J/y azimuthal anisotropy (v2) measured at PHENIX with 1.2 < |y| < 2.2and 0 < pr <5 GeV/c
in 10-60% 200 GeV Au+Au collisions. Left: comparison between pr dependent and pr integrated forward
J /¥ vy measured at PHENIX. Right: comparison between pr dependent forward J/y v, with various
theoretical model predictions [10-13].

4. Summary

The PHENIX experiment has just released several first forward J /¢ and  (2S) measurements at
RHIC. The self-normalized event multiplicity dependent J /i yields at forward rapidity in 200 GeV
p + p collisions are consistent with the STAR and ALICE results when J /i and charged particles
are measured in the same pseudorapidity region. Results of the event multiplicity dependent self-
normalized J /¢ before and after subtracting J/i decay muons in the event multiplicity counting
can be well described by the PYTHIAS Detroit tuned with the MPI effects. The self-normalized
W (28) to J/y ratio measured at forward rapidity in 200 GeV p + p collisions is in agreement with
unity within uncertainties and is also consistent with other results with different rapidity gaps and
at different collisions energies. These results reflect that the MPI effects should be included in
models to properly describe the J /¢ production in p + p collisions at 4/s = 200 GeV and final-state
interaction effects do not play a significant role in the charmonium production in p + p collisions.
The PHENIX measurement of forward J /iy azimuthal anisotropy in near-central 200 GeV Au+Au
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collisions is consistent with zero and the midrapidity J/i v, measured at STAR. This suggests that
the J /i v, measured at RHIC could experience little rapidity dependence.
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