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Abstract. The PHENIX experiment at RHIC has accumulated a comprehen-
sive dataset spanning a wide range of collision systems from small systems such
as p+p and d+Au to large systems including Au+Au and U+U and a broad
range of center-of-mass energies per nucleon pairs from 7.7 to 510 GeV. Utiliz-
ing these datasets, PHENIX has conducted systematic measurements of light-
and heavy-flavor hadrons, direct photons, and jet-related observables. These
measurements have yielded significant insights into the properties of the quark-
gluon plasma and the proton spin structure. This paper presents a selection of
recent results from the PHENIX experiment.

1 Introduction

The PHENIX experiment, conducted at the Relativistic Heavy Ion Collider (RHIC), is de-
signed to investigate the properties of the quark-gluon plasma (QGP) and the spin structure
of the proton. Over the past sixteen years, the experiment has collected extensive data across
a wide range of collision systems, from small systems such as p+p and d+Au to large nuclei
collisions including Au+Au and U+U, at center-of-mass energies from 7.7 to 200 GeV for
heavy-ion collisions and up to 510 GeV for p+p collisions.

During this period, the PHENIX experiment has produced a wide range of important
results, including the observation of high pT suppression for both light- and heavy-flavor
hadrons, substantial elliptic flow signals, and evidence for QGP droplet formation in small-
system collisions. Although PHENIX concluded data collection in 2016, the collaboration
continues to actively analyze the extensive dataset. In this article, we present a brief overview
of recent results reported at this conference as well as the other contributions from PHENIX
[1–4].

2 Di-electron mass spectrum in p + p collisions

The invariant mass spectrum of lepton pairs exhibits a complex structure and contains a
wealth of information about the nature of QGP. In particular, the thermal radiation in the
intermediate mass region (1.1-2.7 GeV/c2) is an important probe of the parton phase of
the medium. However, this region is also subject to a large background contribution from
semileptonic decays of the charm and bottom quarks. This component is statistically identi-
fied by measuring the distance of closest approach (DCA) with the PHENIX silicon vertex
detector (VTX). In addition, background electrons originating from photon conversions are
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Comparison to known sources and 
the continuum plot

There is a good agreement between the measured 
Foreground and the sum of all the known sources.

The Heavy-Flavor and Drell-Yan contributions 
obtained from Pythia8 reproduces the data pretty well 
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Figure 1. Invariant mass spectrum of di-electron pairs
in p + p collisions at

√
s = 200 GeV [4].

Measurements in the DCA Space
We calculate a transverse DCA of the central arm tracks to the 

interaction vertex determined by the VTX given by 

 


DCAT = L − R
DCAT

<  > exhibits a minimum around the 
J/  mass region as expected.

DCAT
ψ
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Figure 2. DCA as a function of the invariant
mass [4].

effectively suppressed utilizing the VTX. Recently, a refined analysis technique has been
developed to enhance the signal-to-background ratio in the p+p dataset [4].

Figure 1 shows the invariant mass spectrum of di-electron pairs in p + p collisions at√
s = 200 GeV. By employing the newly developed analysis method, the statistical precision

of the di-lepton measurement has been improved by one order of magnitude. The measured
spectrum exhibits good agreement with the cocktail calculation, which includes contributions
from photon conversions, Dalitz decays of light neutral mesons, open heavy-flavor (charm
and bottom) decays, quarkonia, and Drell-Yan processes. Figure 2 shows the DCA as a
function of the invariant mass. The DCA reaches a minimum near the J/ψ mass region and
increases at lower masses due to the significant contribution from heavy-flavor decays. This
behavior indicates that DCA information is effective in separating signal and background
sources.

3 Nuclear modification in the small system collisions

The suppression of high pT particle yields in the heavy-ion collisions was first observed as
a signal of the QGP formation. In contrast, the absence of the suppression in small colli-
sion systems has also been observed, providing an essential baseline for comparison. The
nuclear modification is quantified by the nuclear-modification factor (RAA =

YAA
Ncoll Ypp

), where
YAA and Ypp are the particle yields in A+A and p + p collisions, and Ncoll is the number of
binary collisions in A+A collisions. The value of Ncoll is typically estimated using a Glauber
model. However, in small collision systems, the event selection is biased by the presence of
hard-scattering process, and the bias increases the uncertainty in the Ncoll determination. To
address this limitation, PHENIX has developed a novel, data-driven method to experimen-
tally determine NExp

coll based on the ratio of high-pT direct photon yields [5]. Figure 3 shows
the RAA of neutral pion yields as a function in NExp

coll in d+A collisions [5]. A clear suppression
is observed in the most central collisions, while the RAA remains consistent with unity in pe-
ripheral events. The observed suppression in central collisions is qualitatively consistent with
theoretical calculations incorporating parton energy loss in small collision systems [6, 7].

4 Heavy flavor flows and Jet modification in Au + Au collisions

Charm and bottom quarks experience distinct interactions with the QGP compared to light
quarks because of their substantial masses. Therefore, the elliptic flow of heavy-flavor

Next, possible nuclear modifications of π0 production in
dþ Au collisions with high event activity are investigated.
For this the nuclear modification factor is calculated using
NEXP

coll (as defined in Eq. (2) instead of NGL
coll,

Rπ0
dAu;EXP ¼

Yπ0
dAu

NEXP
coll Y

π0
pp

¼ Yγdir
pp=Yπ0

pp

Yγdir

dAu=Y
π0
dAu

; ð3Þ

which is equivalent to the double ratio of γdir=π0 ratios.
Figures 2(d)–2(f) show Rπ0

dAu;EXP for the same event classes
as Figs. 2(a)–2(c). Over the observed pT range there
is no appreciable pT dependence; the results of fits to the
data are also indicated. Within uncertainties, Rπ0

dAu;EXP for
0%–100% is consistent with unity. The same is the case
forRπ0

dAu;EXP from lowest event-activity sample (60%–88%).
In contrast, for the highest event activity-sample (0%–5%),
a small but significant suppression of ≈20% can
be seen.
The evolution of the average Rπ0

dAu;EXP as a function of
NEXP

coll is shown in Fig. 3(b). The points below 14 in NEXP
coll

are consistent with the 0%–100% value, and within the
scale uncertainty of 16.5% consistent with unity or a few
percent increase above unity, which would be expected
from CNM effects [47]. However, for the collisions with
the largest event activity Rπ0

dAu;EXP is significantly reduced.
The reduction is quantified by a double ratio in which the
systematic uncertainties cancel:

Rπ0
dAu;EXPð0%–5%Þ

Rπ0
dAu;EXPð0%–100%Þ ¼ 0.806� 0.042; ð4Þ

with a 4.5σ deviation from unity. The same ratio for the
events with the smallest event activity is 1.017� 0.056,
consistent with unity. The observed 0.806� 0.042
suppression of the π0 yield corresponds to a pT shift of
δpT ¼ 0.213� 0.055 GeV=c at 9 GeV=c. This shift is
smaller than upper limits currently set by LHC experiments
[17,26]. energy loss was limited to 0.4 GeV=c outside
of a cone of R ¼ 0.4 for 15 GeV=c jets from pþ Pb
collisions [17]. These limits suggest that the LHC meas-
urement would not be sensitive to the suppression observed
here. Multiple factors increase the sensitivity of PHENIX,
including (i) experimental techniques, such as eliminating
any model dependence, minimizing systematic uncertain-
ties through double ratios, and choosing a larger system;
(ii) the softer momentum spectrum at RHIC compared to at
the LHC; and (iii) measuring leading particles rather than
partial jet energies.
In summary, with the simultaneous measurement

of π0 and γdir at high pT in dþ Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, PHENIX has established that the pre-
viously observed enhancement of π0 RdAu in events with
low activity is likely caused by an event-selection bias in
estimating NGL

coll within the GLM framework. The NEXP
coll

based on direct photons, introduced in this Letter, provides
a more accurate approximation of the hard-scattering
contribution. Using NEXP

coll eliminates the enhancement,
while maintaining a 20% suppression of high pT π0 in
events with high activity. The observed suppression is

(a)
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(f)

FIG. 2. Values of NEXP
coll versus pT as defined in Eq. (2) for three

dþ Au event classes, (a) 0%–100%, (b) 0%–5%, and (c) 60%–
88%. Also shown are fits to the data (solid lines) and the
corresponding value NGL

coll (dashed lines). Panels (d) to (f) show
the nuclear modification factors Rπ0

dAu;EXP, calculated with Eq. (3),
for the same event selections as in panels (a) to (c) together with
fits to the data.
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FIG. 3. The ratio (a) NEXP
coll =N

GL
coll and (b) the average R

π0
dAu;EXP as

a function of NEXP
coll . Horizontal and vertical bars are the statistical

uncertainties. The values for 0%–100% centrality dþ Au colli-
sions are represented by a solid [blue] line, with the statistical
uncertainty given as a band. The scale uncertainties that are
common to all data points are shown for the 0%–100% value.
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Figure 3. Nuclear modification factor of neutral pion yields as a function of NExp
coll [5].

hadrons is a particularly sensitive probe of the properties of QGP. Furthermore, since the QGP
properties—such as temperature and pressure gradients— may exhibit rapidity dependence,
measurements at the different rapidity enable systematic studies of the QGP’s space-time
evolution and transport characteristics.

Figure 4 shows the elliptic flow parameter v2 as a function of pT of µ from heavy flavor
decays at the forward rapidity [8]. The heavy flavor muon is consistent with heavy flavor
electron v2 at the mid-rapidity. This indicates that there is no strong longitudinal dependence
of QGP. In contrast, a clear mass ordering of flow strength is found from the comparison with
charged hadron v2 at the forward rapidity. Figure 5 shows the v2 of J/ψ at the forward rapidity
[9]. It is found that the magnitude of the v2 is consistent with zero. This result is clearly
inconsistent with the model with coalescence of thermalized cc̄.

The suppression of high pT particles is a consequence of the energy loss of patrons due
to their interaction with the QGP. PHENIX measured the ∆ϕ angular correlation function
between high pT neutral-pion triggers and associated charged hadrons. The π0 is used as
jet proxies. The correlation functions are normalized by the number of trigger π0’s. This is
denoted as “per-trigger yields of the associated charged hadrons”. The difference of the per-
trigger yields between A+A and p+ p collisions is utilized to study parton energy loss and the
medium response in more detail [10]. Figure 6 shows the difference of the per-trigger yields
as a function of ∆ϕ at the away side of the triggered π0’s. These panels correspond to the
three different pT intervals of the associated hadrons. A clear transition was observed from
a low-pT enhancement to a high-pT suppression. This result is consistent with theoretical
models that incorporate medium-induced responses to parton energy loss with particularly
the formation of a hydrodynamic wake of soft particles.

5 Summary

The recent PHENIX results from p+p, d+A, and Au+Au collisions provide additional in-
sights into the properties of the QGP. In p+p collisions at

√
s = 200 GeV, the di-electron

invariant mass spectrum demonstrates a significant improvement in the signal-to-background
ratio utilizing the refined analysis method. In small collision systems, a clear suppression of
high-pT neutral pions was observed using an experimentally determined number of binary
collisions. In Au+Au collisions, a significant elliptic flow (v2) of heavy-flavor hadrons is ob-
served at forward rapidity, whereas the v2 of J/ψ remains consistent with zero. Furthermore,
two-particle correlation measurements reveal a distinct transition from low-pT enhancement
to high-pT suppression. Collectively, these results place additional constraints on theoretical
models and contribute to a deeper understanding of the QGP properties.
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Figure 1. Invariant mass spectrum of di-electron pairs
in p + p collisions at

√
s = 200 GeV [4].

Measurements in the DCA Space
We calculate a transverse DCA of the central arm tracks to the 

interaction vertex determined by the VTX given by 

 


DCAT = L − R
DCAT

<  > exhibits a minimum around the 
J/  mass region as expected.
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Figure 2. DCA as a function of the invariant
mass [4].

effectively suppressed utilizing the VTX. Recently, a refined analysis technique has been
developed to enhance the signal-to-background ratio in the p+p dataset [4].

Figure 1 shows the invariant mass spectrum of di-electron pairs in p + p collisions at√
s = 200 GeV. By employing the newly developed analysis method, the statistical precision

of the di-lepton measurement has been improved by one order of magnitude. The measured
spectrum exhibits good agreement with the cocktail calculation, which includes contributions
from photon conversions, Dalitz decays of light neutral mesons, open heavy-flavor (charm
and bottom) decays, quarkonia, and Drell-Yan processes. Figure 2 shows the DCA as a
function of the invariant mass. The DCA reaches a minimum near the J/ψ mass region and
increases at lower masses due to the significant contribution from heavy-flavor decays. This
behavior indicates that DCA information is effective in separating signal and background
sources.

3 Nuclear modification in the small system collisions

The suppression of high pT particle yields in the heavy-ion collisions was first observed as
a signal of the QGP formation. In contrast, the absence of the suppression in small colli-
sion systems has also been observed, providing an essential baseline for comparison. The
nuclear modification is quantified by the nuclear-modification factor (RAA =

YAA
Ncoll Ypp

), where
YAA and Ypp are the particle yields in A+A and p + p collisions, and Ncoll is the number of
binary collisions in A+A collisions. The value of Ncoll is typically estimated using a Glauber
model. However, in small collision systems, the event selection is biased by the presence of
hard-scattering process, and the bias increases the uncertainty in the Ncoll determination. To
address this limitation, PHENIX has developed a novel, data-driven method to experimen-
tally determine NExp

coll based on the ratio of high-pT direct photon yields [5]. Figure 3 shows
the RAA of neutral pion yields as a function in NExp

coll in d+A collisions [5]. A clear suppression
is observed in the most central collisions, while the RAA remains consistent with unity in pe-
ripheral events. The observed suppression in central collisions is qualitatively consistent with
theoretical calculations incorporating parton energy loss in small collision systems [6, 7].

4 Heavy flavor flows and Jet modification in Au + Au collisions

Charm and bottom quarks experience distinct interactions with the QGP compared to light
quarks because of their substantial masses. Therefore, the elliptic flow of heavy-flavor

Next, possible nuclear modifications of π0 production in
dþ Au collisions with high event activity are investigated.
For this the nuclear modification factor is calculated using
NEXP

coll (as defined in Eq. (2) instead of NGL
coll,

Rπ0
dAu;EXP ¼

Yπ0
dAu

NEXP
coll Y

π0
pp

¼ Yγdir
pp=Yπ0

pp

Yγdir

dAu=Y
π0
dAu

; ð3Þ

which is equivalent to the double ratio of γdir=π0 ratios.
Figures 2(d)–2(f) show Rπ0

dAu;EXP for the same event classes
as Figs. 2(a)–2(c). Over the observed pT range there
is no appreciable pT dependence; the results of fits to the
data are also indicated. Within uncertainties, Rπ0

dAu;EXP for
0%–100% is consistent with unity. The same is the case
forRπ0

dAu;EXP from lowest event-activity sample (60%–88%).
In contrast, for the highest event activity-sample (0%–5%),
a small but significant suppression of ≈20% can
be seen.
The evolution of the average Rπ0

dAu;EXP as a function of
NEXP

coll is shown in Fig. 3(b). The points below 14 in NEXP
coll

are consistent with the 0%–100% value, and within the
scale uncertainty of 16.5% consistent with unity or a few
percent increase above unity, which would be expected
from CNM effects [47]. However, for the collisions with
the largest event activity Rπ0

dAu;EXP is significantly reduced.
The reduction is quantified by a double ratio in which the
systematic uncertainties cancel:

Rπ0
dAu;EXPð0%–5%Þ

Rπ0
dAu;EXPð0%–100%Þ ¼ 0.806� 0.042; ð4Þ

with a 4.5σ deviation from unity. The same ratio for the
events with the smallest event activity is 1.017� 0.056,
consistent with unity. The observed 0.806� 0.042
suppression of the π0 yield corresponds to a pT shift of
δpT ¼ 0.213� 0.055 GeV=c at 9 GeV=c. This shift is
smaller than upper limits currently set by LHC experiments
[17,26]. energy loss was limited to 0.4 GeV=c outside
of a cone of R ¼ 0.4 for 15 GeV=c jets from pþ Pb
collisions [17]. These limits suggest that the LHC meas-
urement would not be sensitive to the suppression observed
here. Multiple factors increase the sensitivity of PHENIX,
including (i) experimental techniques, such as eliminating
any model dependence, minimizing systematic uncertain-
ties through double ratios, and choosing a larger system;
(ii) the softer momentum spectrum at RHIC compared to at
the LHC; and (iii) measuring leading particles rather than
partial jet energies.
In summary, with the simultaneous measurement

of π0 and γdir at high pT in dþ Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, PHENIX has established that the pre-
viously observed enhancement of π0 RdAu in events with
low activity is likely caused by an event-selection bias in
estimating NGL

coll within the GLM framework. The NEXP
coll

based on direct photons, introduced in this Letter, provides
a more accurate approximation of the hard-scattering
contribution. Using NEXP

coll eliminates the enhancement,
while maintaining a 20% suppression of high pT π0 in
events with high activity. The observed suppression is

(a)
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(d)

(e)

(f)

FIG. 2. Values of NEXP
coll versus pT as defined in Eq. (2) for three

dþ Au event classes, (a) 0%–100%, (b) 0%–5%, and (c) 60%–
88%. Also shown are fits to the data (solid lines) and the
corresponding value NGL

coll (dashed lines). Panels (d) to (f) show
the nuclear modification factors Rπ0

dAu;EXP, calculated with Eq. (3),
for the same event selections as in panels (a) to (c) together with
fits to the data.
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Figure 3. Nuclear modification factor of neutral pion yields as a function of NExp
coll [5].

hadrons is a particularly sensitive probe of the properties of QGP. Furthermore, since the QGP
properties—such as temperature and pressure gradients— may exhibit rapidity dependence,
measurements at the different rapidity enable systematic studies of the QGP’s space-time
evolution and transport characteristics.

Figure 4 shows the elliptic flow parameter v2 as a function of pT of µ from heavy flavor
decays at the forward rapidity [8]. The heavy flavor muon is consistent with heavy flavor
electron v2 at the mid-rapidity. This indicates that there is no strong longitudinal dependence
of QGP. In contrast, a clear mass ordering of flow strength is found from the comparison with
charged hadron v2 at the forward rapidity. Figure 5 shows the v2 of J/ψ at the forward rapidity
[9]. It is found that the magnitude of the v2 is consistent with zero. This result is clearly
inconsistent with the model with coalescence of thermalized cc̄.

The suppression of high pT particles is a consequence of the energy loss of patrons due
to their interaction with the QGP. PHENIX measured the ∆ϕ angular correlation function
between high pT neutral-pion triggers and associated charged hadrons. The π0 is used as
jet proxies. The correlation functions are normalized by the number of trigger π0’s. This is
denoted as “per-trigger yields of the associated charged hadrons”. The difference of the per-
trigger yields between A+A and p+ p collisions is utilized to study parton energy loss and the
medium response in more detail [10]. Figure 6 shows the difference of the per-trigger yields
as a function of ∆ϕ at the away side of the triggered π0’s. These panels correspond to the
three different pT intervals of the associated hadrons. A clear transition was observed from
a low-pT enhancement to a high-pT suppression. This result is consistent with theoretical
models that incorporate medium-induced responses to parton energy loss with particularly
the formation of a hydrodynamic wake of soft particles.

5 Summary

The recent PHENIX results from p+p, d+A, and Au+Au collisions provide additional in-
sights into the properties of the QGP. In p+p collisions at

√
s = 200 GeV, the di-electron

invariant mass spectrum demonstrates a significant improvement in the signal-to-background
ratio utilizing the refined analysis method. In small collision systems, a clear suppression of
high-pT neutral pions was observed using an experimentally determined number of binary
collisions. In Au+Au collisions, a significant elliptic flow (v2) of heavy-flavor hadrons is ob-
served at forward rapidity, whereas the v2 of J/ψ remains consistent with zero. Furthermore,
two-particle correlation measurements reveal a distinct transition from low-pT enhancement
to high-pT suppression. Collectively, these results place additional constraints on theoretical
models and contribute to a deeper understanding of the QGP properties.
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TABLE II. Relative systematic uncertainty in percent for the
measurements of v2 for hadrons and heavy-flavor muons.

pT [GeV/c] Background Composition Track cuts EP

1.00–1.25 1.0 4.4 4.7 1.0

1.25–1.50 0.9 4.5 3.5 0.5

1.50–1.75 0.6 4.6 4.3 0.9

1.75–2.00 0.6 4.3 6.0 4.3

2.00–2.50 0.2 4.1 4.0 1.3

2.50–3.00 0.4 5.6 4.3 14

3.00–4.00 13 6.3 20 8.0

The values of v2(pT ) at forward rapidity are systemati-
cally below those at midrapidity by about 10%. This is
comparable to the size of systematic uncertainties, which
are point-to-point correlated. The PHOBOS results on
the rapidity dependence of pT -integrated-charged-hadron
v2 [29] show a similar decrease in v2 between the ra-
pidity ranges of the PHENIX measurements. A caveat
to the v2(pT ) comparison is that our forward rapidity
measurement does not include protons and antiprotons
that are included in the charged-hadron measurements at
midrapidity. In the higher-transverse-momentum range
(pT > 2 GeV/c) at midrapidity there will be a proton
contribution to the charged-hadron v2 as the proton/pion
ratio increases in this range [30].

FIG. 10. The value of v2(pT ) of charged hadrons at forward
rapidity compared to previous midrapidity results. The error
bars show statistical uncertainty and the boxes show system-
atic uncertainties

Figure 11 shows the v2 of open-heavy-flavor muons at
forward rapidity compared to charged hadrons in the
same rapidity range and previous PHENIX results of
open-heavy-flavor electrons at midrapidity [15]. The
heavy-flavor muons exhibit smaller v2 than the light
hadrons, which is to be expected given the mass order-
ing of particle interactions with the QGP. Similar to the
observations in the charged-hadron measurement, there

is no pronounced rapidity dependence for open-heavy-
flavor flow. There appears to be a slight shift to higher
pT in the results for heavy-flavor muons as compared to
heavy-flavor electrons. This may be due to the large mass
difference between the decay leptons. Despite this ap-
parent shift, the heavy-flavor electron and muon v2(pT )
have similar magnitude indicating no clear difference in
heavy-quark interactions with the QGP in the measured
rapidity range.

FIG. 11. The value of v2(pT ) of heavy-flavor muons and
charged hadrons at forward rapidity and heavy-flavor elec-
trons at midrapidity.

VI. SUMMARY

We have measured the elliptic anisotropy, v2, of
charged hadrons and open-heavy-flavor muons in Au+Au
collisions at

√
s
NN

= 200 GeV at forward rapidity
(1.2 < |η| < 2.0). The measurements were performed
using data sets collected in 2014 and 2016 correspond-
ing to an integrated luminosity of 14.5 nb−1. This is
the largest Au+Au data set collected by PHENIX. Mea-
suring DCAR with the PHENIX (F)VTX detectors and
a mixed-event method successfully overcame the large
background in the heavy-flavor-muon sample originating
from light-hadron decays and track mismatching before
and after the hadron absorber. Using samples detected
in different regions of the muon-identification detectors,
the light hadrons were separated from inclusive muons,
and the heavy-flavor-muon contributions were extracted.
The values of v2(pT ) of charged hadrons at forward ra-

pidity appear to be systematically lower than previously
published PHENIX results at midrapidity [28] and con-
sistent with expectations from the PHOBOS measure-
ment [29] of the rapidity dependence of charged hadrons.
A significant elliptic flow v2(pT ) was seen in the open-
heavy-flavor-muon sample. A clear difference was ob-
served between the flow of charged hadrons and the
muons from heavy-flavor-hadron decays. This differ-

Figure 4. Heavy flavor muon v2 as a function of pT at
the forward rapidity [8].
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TABLE IV. Summary of systematic uncertainty contributions for centralities 10%–60%, 10%–40%, and 0%–50%. See text for
descriptions of each contribution.

Centrality pT (GeV/c) LSS Nmix Track Selection EFF ∆ϕ Bin EP Total

10%–60% 0.0–1.0 0.0133 0.0107 0.0025 0.0020 0.0022 0.0038 0.018

1.0–2.0 0.0051 0.0172 0.0091 0.0020 0.0114 0.0015 0.023

2.0–3.0 0.0015 0.0006 0.0019 0.0020 0.0046 0.0005 0.005

3.0–5.0 0.0042 0.0003 0.0022 0.0020 0.0081 0.0102 0.014

0.0–0.5 0.0004 0.0003 0.0005 0.0020 0.0004 0.0001 0.001

0.5–1.0 0.0061 0.0018 0.0012 0.0020 0.0012 0.0049 0.008

1.0–5.0 0.0019 0.0078 0.0040 0.0020 0.0120 0.0011 0.015

0.0–5.0 0.0059 0.0085 0.0045 0.0020 0.0082 0.0013 0.014

10%–40% 0.0–2.0 0.0214 0.0145 0.0058 0.0020 0.0105 0.0052 0.029

2.0–5.0 0.0265 0.0003 0.0128 0.0020 0.0055 0.0002 0.025

5.0–10.0 0.0178 0.0006 0.0263 0.0020 0.0056 0.0677 0.075

0%–50% 0.0–2.0 0.0116 0.0149 0.0214 0.0020 0.0015 0.0144 0.032

2.0–5.0 0.0084 0.0000 0.0032 0.0020 0.0006 0.0064 0.011

5.0–10.0 0.0142 0.0004 0.0216 0.0020 0.0079 0.0591 0.065

FIG. 5. Forward-rapidity J/ψ v2 as a function of pT for cen-
trality 10%–60% in Au+Au collisions at

√
sNN = 200 GeV

compared to various theoretical models [33–36]. The mean
pT for each bin is used for each measurement.

Figure 5 compares the PHENIX measurement of J/ψ
elliptic flow at forward rapidity to several theoretical
models [33–36] that were previously compared to the
STAR measurement of J/ψ v2 at midrapidity [41]. The
J/ψ production mechanisms vary for each of these mod-

els, with the “initially produced” and “coalescence from
thermalized cc̄” models being at the opposite ends of
the spectrum. In the initially-produced model [33],
J/ψ mesons are produced in the initial hard scatter-
ing without the consideration of regeneration in the
QGP. In this case azimuthal anisotropy can be gener-
ated through path-length-dependent dissociation of J/ψ
in the medium. This effect appears to be small.

As an upper limit of the J/ψ flow, the authors of
ref. [34] consider the production of J/ψ from coalescence
of thermalized c and c̄ at hadronization, where the quark
elliptic flow is fully developed. Alternatively [33], the c
and c̄ coalescence can be considered throughout the QGP
evolution which will allow for charmonium creation at
earlier stages when the quark flow is smaller.

In a realistic scenario, both initial production and coa-
lescence must be included. Two-component models that
consider the interplay of both mechanisms were employed
in refs. [35, 36]. In both cases coalescence plays a signifi-
cant role in J/ψ production at low-pT , and the higher pT
(≈2 GeV/c) is dominated by perturbative quantum chro-
modynamics. In contrast, the flow of the charm quarks
is boosted to higher pT than that of the light quarks due
to radial flow leading to overall near-zero elliptic flow for
J/ψ with pT < 1 GeV/c. Combining the two mechanisms
leads to nonzero v2 of J/ψ at higher pT peaking around
pT ≈3 GeV/c, but the magnitude is small. In the sce-
nario where cc̄ coalescence happens at hadronization [35]
the v2 of J/ψ reaches up to 3%, but is smaller in the
case of continuous coalescence [36]. Our data exclude a
scenario in which J/ψ are produced entirely from coales-

Figure 5. v2 of J/ψ as a function of pT at the
forward rapidity [9].
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FIG. 6. (a)–(c) Differential away-side �AA in 0%–20% (circles [black]) and 20%–40% (diamonds [red]) centrality classes for
π/2 < �φ < π . (d)–(f) Differential away-side �AA in 0%–20% centrality class for the same �φ range compared to hybrid models with
“Wake” (backward [red] slashes) and “No wake” (forward [blue] slashes). A global uncertainty of 6.9% is not shown.

Figure 6 shows the difference between Au + Au and p + p
in the per-trigger yield, �AA, as a function of �φ for hadrons
with 0.5 < pT < 1 GeV/c. The enhancement (where the dif-
ference between the Au + Au and p + p yields is positive) is
again observed over a wide range of angles. The enhancement
increases when moving away from the away-side jet axis,
that is �φ = π . The enhancement seen at wider angles is
also consistent with the phenomena of jet broadening. It is
notable that the enhancement is observed near the �φ = π/2
region because, as shown in Fig. 3, that is the minimum of
the per-trigger jet-pair yield. One key advantage of taking
the difference in Au + Au and p + p over computing the IAA

is that it is less sensitive than the IAA to the p + p yields
fluctuating close to zero, particularly near �φ = π/2. This
approach provides stronger constraints on theoretical models
than the IAA in these regions. The modification seen in Fig. 6 is
further explored by observing how the measurement changes
as a function of hadron pT .

Figure 6 shows the difference in the per-trigger yields
between Au + Au and p + p as a function of �φ for differ-
ent pT,h bins associated with 4–5 GeV/c π0, which clearly
demonstrates the transition from enhancement at low pT,h to
suppression at high pT,h. In particular, the suppression in the
per-trigger yield is most severe near the jet axis (�φ ≈ π ).
This suppression pattern differs slightly from that seen in
measurements at the LHC, such as in [20], where the yield
of hadrons within a jet is found to be almost unmodified at
the jet axis, regardless of the momentum range. However, for

these RHIC results the IAA and �AA vs �φ are measured from
the recoil jet opposite the jet containing the trigger π0, which
imposes almost no bias on the recoil jet. Note that anti-kT

jets like those measured in Ref. [20] have more stringent
requirements and could bias the sample of reconstructed jets
in Au + Au to be more similar to those in p + p collisions.

Figure 6(d) to 6(f) show the Au + Au and p + p yield
differences versus �φ for selected pT,π0 ⊗ pT,h bins overlaid
with calculations from the HYBRID model [9] (all available
pT,π0 ⊗ pT,h bins are shown in Figs. 7 and 8). This model
uses a combination of perturbative quantum chromodynamics
and anti–de Sitter/conformal field theory to handle hard and
soft interactions within the medium, respectively. One can see
that at high pT,h, the HYBRID model reproduces the data
well within the uncertainty of the model. Two versions of
the model are presented, differentiated by how they handle
the medium response to the embedded partonic energy by
the hard-scattered parton. The curve labeled “Wake” models
a medium response to the lost energy as a hydrodynamic
wake of soft particles, which well reproduces the wide-angle
enhancement seen in the data at low pT,h. The curve labeled
“No wake” does not include this effect, and, thus, fails to
reproduce the data at low pT,h. The success of this model at
low pT,h relies on a qualitatively similar mechanism as the
CoLBT-Hydro model shown in Ref. [2]. Both models include
hydrodynamic responses from the medium that contribute to
the creation of an excess of soft particles in the final-state
particle distribution.

044901-8

Figure 6. The difference of per-trigger yields of associated charged hadrons as a function of ∆ϕ between
A+A and p+p collisions [10]. These panels corresponds to three difference pT regions for the associated
charged hadrons.
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TABLE II. Relative systematic uncertainty in percent for the
measurements of v2 for hadrons and heavy-flavor muons.

pT [GeV/c] Background Composition Track cuts EP

1.00–1.25 1.0 4.4 4.7 1.0

1.25–1.50 0.9 4.5 3.5 0.5

1.50–1.75 0.6 4.6 4.3 0.9

1.75–2.00 0.6 4.3 6.0 4.3

2.00–2.50 0.2 4.1 4.0 1.3

2.50–3.00 0.4 5.6 4.3 14

3.00–4.00 13 6.3 20 8.0

The values of v2(pT ) at forward rapidity are systemati-
cally below those at midrapidity by about 10%. This is
comparable to the size of systematic uncertainties, which
are point-to-point correlated. The PHOBOS results on
the rapidity dependence of pT -integrated-charged-hadron
v2 [29] show a similar decrease in v2 between the ra-
pidity ranges of the PHENIX measurements. A caveat
to the v2(pT ) comparison is that our forward rapidity
measurement does not include protons and antiprotons
that are included in the charged-hadron measurements at
midrapidity. In the higher-transverse-momentum range
(pT > 2 GeV/c) at midrapidity there will be a proton
contribution to the charged-hadron v2 as the proton/pion
ratio increases in this range [30].

FIG. 10. The value of v2(pT ) of charged hadrons at forward
rapidity compared to previous midrapidity results. The error
bars show statistical uncertainty and the boxes show system-
atic uncertainties

Figure 11 shows the v2 of open-heavy-flavor muons at
forward rapidity compared to charged hadrons in the
same rapidity range and previous PHENIX results of
open-heavy-flavor electrons at midrapidity [15]. The
heavy-flavor muons exhibit smaller v2 than the light
hadrons, which is to be expected given the mass order-
ing of particle interactions with the QGP. Similar to the
observations in the charged-hadron measurement, there

is no pronounced rapidity dependence for open-heavy-
flavor flow. There appears to be a slight shift to higher
pT in the results for heavy-flavor muons as compared to
heavy-flavor electrons. This may be due to the large mass
difference between the decay leptons. Despite this ap-
parent shift, the heavy-flavor electron and muon v2(pT )
have similar magnitude indicating no clear difference in
heavy-quark interactions with the QGP in the measured
rapidity range.

FIG. 11. The value of v2(pT ) of heavy-flavor muons and
charged hadrons at forward rapidity and heavy-flavor elec-
trons at midrapidity.

VI. SUMMARY

We have measured the elliptic anisotropy, v2, of
charged hadrons and open-heavy-flavor muons in Au+Au
collisions at

√
s
NN

= 200 GeV at forward rapidity
(1.2 < |η| < 2.0). The measurements were performed
using data sets collected in 2014 and 2016 correspond-
ing to an integrated luminosity of 14.5 nb−1. This is
the largest Au+Au data set collected by PHENIX. Mea-
suring DCAR with the PHENIX (F)VTX detectors and
a mixed-event method successfully overcame the large
background in the heavy-flavor-muon sample originating
from light-hadron decays and track mismatching before
and after the hadron absorber. Using samples detected
in different regions of the muon-identification detectors,
the light hadrons were separated from inclusive muons,
and the heavy-flavor-muon contributions were extracted.
The values of v2(pT ) of charged hadrons at forward ra-

pidity appear to be systematically lower than previously
published PHENIX results at midrapidity [28] and con-
sistent with expectations from the PHOBOS measure-
ment [29] of the rapidity dependence of charged hadrons.
A significant elliptic flow v2(pT ) was seen in the open-
heavy-flavor-muon sample. A clear difference was ob-
served between the flow of charged hadrons and the
muons from heavy-flavor-hadron decays. This differ-

Figure 4. Heavy flavor muon v2 as a function of pT at
the forward rapidity [8].
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TABLE IV. Summary of systematic uncertainty contributions for centralities 10%–60%, 10%–40%, and 0%–50%. See text for
descriptions of each contribution.

Centrality pT (GeV/c) LSS Nmix Track Selection EFF ∆ϕ Bin EP Total

10%–60% 0.0–1.0 0.0133 0.0107 0.0025 0.0020 0.0022 0.0038 0.018

1.0–2.0 0.0051 0.0172 0.0091 0.0020 0.0114 0.0015 0.023

2.0–3.0 0.0015 0.0006 0.0019 0.0020 0.0046 0.0005 0.005

3.0–5.0 0.0042 0.0003 0.0022 0.0020 0.0081 0.0102 0.014

0.0–0.5 0.0004 0.0003 0.0005 0.0020 0.0004 0.0001 0.001

0.5–1.0 0.0061 0.0018 0.0012 0.0020 0.0012 0.0049 0.008

1.0–5.0 0.0019 0.0078 0.0040 0.0020 0.0120 0.0011 0.015

0.0–5.0 0.0059 0.0085 0.0045 0.0020 0.0082 0.0013 0.014

10%–40% 0.0–2.0 0.0214 0.0145 0.0058 0.0020 0.0105 0.0052 0.029

2.0–5.0 0.0265 0.0003 0.0128 0.0020 0.0055 0.0002 0.025

5.0–10.0 0.0178 0.0006 0.0263 0.0020 0.0056 0.0677 0.075

0%–50% 0.0–2.0 0.0116 0.0149 0.0214 0.0020 0.0015 0.0144 0.032

2.0–5.0 0.0084 0.0000 0.0032 0.0020 0.0006 0.0064 0.011

5.0–10.0 0.0142 0.0004 0.0216 0.0020 0.0079 0.0591 0.065

FIG. 5. Forward-rapidity J/ψ v2 as a function of pT for cen-
trality 10%–60% in Au+Au collisions at

√
sNN = 200 GeV

compared to various theoretical models [33–36]. The mean
pT for each bin is used for each measurement.

Figure 5 compares the PHENIX measurement of J/ψ
elliptic flow at forward rapidity to several theoretical
models [33–36] that were previously compared to the
STAR measurement of J/ψ v2 at midrapidity [41]. The
J/ψ production mechanisms vary for each of these mod-

els, with the “initially produced” and “coalescence from
thermalized cc̄” models being at the opposite ends of
the spectrum. In the initially-produced model [33],
J/ψ mesons are produced in the initial hard scatter-
ing without the consideration of regeneration in the
QGP. In this case azimuthal anisotropy can be gener-
ated through path-length-dependent dissociation of J/ψ
in the medium. This effect appears to be small.

As an upper limit of the J/ψ flow, the authors of
ref. [34] consider the production of J/ψ from coalescence
of thermalized c and c̄ at hadronization, where the quark
elliptic flow is fully developed. Alternatively [33], the c
and c̄ coalescence can be considered throughout the QGP
evolution which will allow for charmonium creation at
earlier stages when the quark flow is smaller.

In a realistic scenario, both initial production and coa-
lescence must be included. Two-component models that
consider the interplay of both mechanisms were employed
in refs. [35, 36]. In both cases coalescence plays a signifi-
cant role in J/ψ production at low-pT , and the higher pT
(≈2 GeV/c) is dominated by perturbative quantum chro-
modynamics. In contrast, the flow of the charm quarks
is boosted to higher pT than that of the light quarks due
to radial flow leading to overall near-zero elliptic flow for
J/ψ with pT < 1 GeV/c. Combining the two mechanisms
leads to nonzero v2 of J/ψ at higher pT peaking around
pT ≈3 GeV/c, but the magnitude is small. In the sce-
nario where cc̄ coalescence happens at hadronization [35]
the v2 of J/ψ reaches up to 3%, but is smaller in the
case of continuous coalescence [36]. Our data exclude a
scenario in which J/ψ are produced entirely from coales-

Figure 5. v2 of J/ψ as a function of pT at the
forward rapidity [9].
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FIG. 6. (a)–(c) Differential away-side �AA in 0%–20% (circles [black]) and 20%–40% (diamonds [red]) centrality classes for
π/2 < �φ < π . (d)–(f) Differential away-side �AA in 0%–20% centrality class for the same �φ range compared to hybrid models with
“Wake” (backward [red] slashes) and “No wake” (forward [blue] slashes). A global uncertainty of 6.9% is not shown.

Figure 6 shows the difference between Au + Au and p + p
in the per-trigger yield, �AA, as a function of �φ for hadrons
with 0.5 < pT < 1 GeV/c. The enhancement (where the dif-
ference between the Au + Au and p + p yields is positive) is
again observed over a wide range of angles. The enhancement
increases when moving away from the away-side jet axis,
that is �φ = π . The enhancement seen at wider angles is
also consistent with the phenomena of jet broadening. It is
notable that the enhancement is observed near the �φ = π/2
region because, as shown in Fig. 3, that is the minimum of
the per-trigger jet-pair yield. One key advantage of taking
the difference in Au + Au and p + p over computing the IAA

is that it is less sensitive than the IAA to the p + p yields
fluctuating close to zero, particularly near �φ = π/2. This
approach provides stronger constraints on theoretical models
than the IAA in these regions. The modification seen in Fig. 6 is
further explored by observing how the measurement changes
as a function of hadron pT .

Figure 6 shows the difference in the per-trigger yields
between Au + Au and p + p as a function of �φ for differ-
ent pT,h bins associated with 4–5 GeV/c π0, which clearly
demonstrates the transition from enhancement at low pT,h to
suppression at high pT,h. In particular, the suppression in the
per-trigger yield is most severe near the jet axis (�φ ≈ π ).
This suppression pattern differs slightly from that seen in
measurements at the LHC, such as in [20], where the yield
of hadrons within a jet is found to be almost unmodified at
the jet axis, regardless of the momentum range. However, for

these RHIC results the IAA and �AA vs �φ are measured from
the recoil jet opposite the jet containing the trigger π0, which
imposes almost no bias on the recoil jet. Note that anti-kT

jets like those measured in Ref. [20] have more stringent
requirements and could bias the sample of reconstructed jets
in Au + Au to be more similar to those in p + p collisions.

Figure 6(d) to 6(f) show the Au + Au and p + p yield
differences versus �φ for selected pT,π0 ⊗ pT,h bins overlaid
with calculations from the HYBRID model [9] (all available
pT,π0 ⊗ pT,h bins are shown in Figs. 7 and 8). This model
uses a combination of perturbative quantum chromodynamics
and anti–de Sitter/conformal field theory to handle hard and
soft interactions within the medium, respectively. One can see
that at high pT,h, the HYBRID model reproduces the data
well within the uncertainty of the model. Two versions of
the model are presented, differentiated by how they handle
the medium response to the embedded partonic energy by
the hard-scattered parton. The curve labeled “Wake” models
a medium response to the lost energy as a hydrodynamic
wake of soft particles, which well reproduces the wide-angle
enhancement seen in the data at low pT,h. The curve labeled
“No wake” does not include this effect, and, thus, fails to
reproduce the data at low pT,h. The success of this model at
low pT,h relies on a qualitatively similar mechanism as the
CoLBT-Hydro model shown in Ref. [2]. Both models include
hydrodynamic responses from the medium that contribute to
the creation of an excess of soft particles in the final-state
particle distribution.
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Figure 6. The difference of per-trigger yields of associated charged hadrons as a function of ∆ϕ between
A+A and p+p collisions [10]. These panels corresponds to three difference pT regions for the associated
charged hadrons.
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