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High-momentum two-particle correlations are a useful tool for studying jet-quenching effects in the quark-
gluon plasma. Angular correlations between neutral-pion triggers and charged hadrons with transverse momenta
in the range 4–12 GeV/c and 0.5–7 GeV/c, respectively, have been measured by the PHENIX experiment
in 2014 for Au + Au collisions at

√
sNN = 200 GeV. Suppression is observed in the yield of high-momentum

jet fragments opposite the trigger particle, which indicates jet suppression stemming from in-medium partonic
energy loss, while enhancement is observed for low-momentum particles. The ratio and differences between the
yield in Au + Au collisions and p+ p collisions, IAA and �AA, as a function of the trigger-hadron azimuthal
separation, �φ, are measured for the first time at the BNL Relativistic Heavy Ion Collider. These results better
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quantify how the yield of low-pT associated hadrons is enhanced at wide angle, which is crucial for studying
energy loss as well as medium-response effects.

DOI: 10.1103/PhysRevC.110.044901

I. INTRODUCTION

Jets, collimated sprays of energetic particles originating
from the fragmentation of hard-scattered partons, are an im-
portant probe of the quark-gluon plasma (QGP) created in
ultra-relativistic collisions of heavy ions, such as those at
the BNL Relativistic Heavy Ion Collider (RHIC) and the
CERN Large Hadron Collider (LHC) [1]. In particular, these
hard-scattered partons interact with the QGP and lose energy
when traveling through the medium before fragmenting into
final-state jet particles. This partonic energy loss gives rise to
jets that have been modified relative to jets that are measured
in p+ p collisions, where no QGP medium is formed. The
momentum distribution as well as the spatial distribution of
particles within the resulting jets in particular are seen to
be modified [2–6]. Measurements of jet modification allow
for direct quantification of the energy transport properties of
the medium [7]. Once the parton shower interacts with the
QGP, the jets and medium particles are intrinsically coupled
to one another. Therefore, the observed modifications can also
embody a response from the QGP, which is often referred to
as a medium response [8,9].

High-transverse-momentum neutral pions, π0, can be
reconstructed via their two-photon decay channel and used as
jet proxies as they carry a large fraction of the jet momentum.
Measuring the angular correlations between the π0 and
charged hadrons in the event, reveals how charged hadrons
are distributed in the jet triggered by the π0 as well as the
opposing jet that appears 180 degrees away from the π0. This
phenomenon is depicted in Fig. 1. The angle, �φ, measures
the azimuthal separation between the trigger π0 and each
associated particle. The jet containing the trigger π0 labeled
“near side” shows the trigger π0 itself at �φ = 0, surrounded
by “near side” associated particles. The recoil jet labeled
“away side” shows the associated particles with �φ ≈ π . The
abundance of neutral pions, which can be reconstructed using
the high-granularity PHENIX electromagnetic calorimeter
(EMCal) out to high pT , are great candidates for trigger
particles. Two-particle correlations, such as π0-hadron
correlations, are preferred over full-jet reconstruction for dijet
measurements in PHENIX to overcome the limited PHENIX
acceptance.

The previous π0-hadron correlations results from PHENIX
[10] used an earlier and smaller data set from 2007. In sub-
traction of the underlying event, the third- and fourth-order
harmonics, v3 and v4, were not considered. Therefore, the
correlations related to jets were not fully decoupled from
correlations with the underlying event. The 2014 results pre-
sented here use the largest Au + Au data set ever collected by
PHENIX and include underlying event subtraction using up-
dated measurements of the higher-order harmonic terms. The
improved statistical precision and purity of the measurement
enables comparisons of the away-side correlation yield in
Au + Au to that in p+ p as a function of �φ, which provides

insight into how the distribution of particles correlated with
the jet is modified.

II. EXPERIMENT

Figure 2 shows the 2014 detector configuration. In
this study, the PHENIX collaboration processed 5 × 109

minimum-bias events triggered by the PHENIX beam-beam
counters [11] and collected by the central-arm detectors [12]
for Au + Au collisions at

√
sNN = 200 GeV. The p+ p colli-

sion data at
√
sNN = 200 GeV were collected by PHENIX in

2006 and used 3.2 × 106 high-pT photon-triggered events for
baseline measurements [10].

III. DATA ANALYSIS

The π0’s, which are used as a jet proxy in this analysis, are
reconstructed from their decay photons by pairing together
EMCal clusters with an energy of 1 GeV or greater. To re-
move contamination from charged particles, EMCal clusters
are required to be greater than 8 cm away from the closest
track projection from the drift chambers to the EMCal. Addi-
tionally, a cut is made on the cluster shape to remove further
potential contamination from hadrons. The photon pairs must
have an energy asymmetry (α = |Eγ1−Eγ2 |

Eγ1+Eγ2
, where Eγ1 and Eγ2

are the energies of the first and second photon, respectively)
of less than 80% of the sum of the photon energy. Finally,
each reconstructed π0 is required to have an invariant mass
between 0.12 and 0.16 GeV/c2. Reconstructed π0’s used as
jet proxies in this analysis have transverse momenta, pT,π0 , of
4–12 GeV/c.

Reconstructed π0’s are then paired with reconstructed
charged tracks. Reconstructed tracks are required to have
0.5 � pT,h � 7 GeV/c, where the upper limit of 7 GeV/c
is chosen to limit contamination from secondaries pro-
duced by high-pT hadrons within the detector that are
mis-reconstructed as high-pT tracks.

The �φ correlation functions between π0’s and associ-
ated charged hadrons are normalized by the number of π0’s,
Nπ0 and then corrected for the single-hadron reconstruction

FIG. 1. Cartoon of two back-to-back jets as a spray of particles.
The indicated angle, �φ, measures the azimuthal separation between
the trigger π 0 and each associated particle. The jet labeled “near
side” contains the trigger π0 at �φ = 0. The jet labeled “away side”
shows the constituents of the recoil jet at �φ ≈ π .
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FIG. 2. Configuration of PHENIX central arm detector in 2014.

efficiency, ε, and the detector acceptance via simulation and
event mixing. To obtain the correlation functions purely from
jets, correlations due to the underlying event and flow are
subtracted from the correlation functions. Then, the jet func-
tion, which is the differential yield of jet-associated π0-hadron
pairs per number of π0’s in a given π0 pT bin, Nπ0−h, with
respect to �φ, can be written as

1

Nπ0

dNπ0−h

d�φ
= 1

Nπ0

Nπ0−h

ε
∫
d�φ

{
dN same

π0−h

/
d�φ

dNmix
π0−h

/
d�φ

− b0

[
1 + 2

4∑
n=2

〈
vπ0

n vh
n

〉
cos(n · �φ)

]}
, (1)

where N same
π0−h and Nmix

π0−h are the number of same-event and
mixed-event π0-hadron pairs, respectively.

The contribution to the correlation due to flow appears
in the second term of Eq. (1) as a Fourier series in terms
of the azimuthal correlation angle. The coefficient b0 of
the Fourier series is the magnitude of the underlying event
estimated using zero-yield-at-minimum method (ZYAM) and
absolute background normalization method (ABS) [13] in
low pT,h < 1 GeV/c and high pT,h � 1 GeV/c, respectively.
To improve the purity of the extracted jet-hadron correlation
signal, the second to the fourth-order harmonics are subtracted
(v2 − v4). The first-order harmonic (v1) is not accounted
for because its contribution is expected to be negligible at
midrapidity [14,15]. The nth-order flow-harmonic coefficients
are factorized to vπ0

n and vh
n for π0’s and charged hadrons,

respectively.
The π0 vπ0

2 and charged hadron vh
n in Au + Au collisions

at 200 GeV come from previous PHENIX measurements
[16,17]. However, the higher-order π0 flow-harmonic coef-
ficients n = 3, 4 in these momentum ranges have not been
measured at RHIC energies. Thus, to estimate vπ0

3 and vπ0

4 ,
acoustic scaling [18] is applied. Acoustic scaling is the ob-
servation that there is a pT -independent relation between
different powers of the various flow harmonics given by the

scaling factors, gn, defined as

gn = vn

(v2)n/2
. (2)

Assuming the scaling factors of π0’s and charged hadron
are approximately equal due to isospin symmetry (i.e.,
ghn = gπ0

n ), vπ0

3 and vπ0

4 can then be approximated by rearrang-
ing Eq. (2) to become

vπ0

n = ghn · (
vπ0

2

)n/2
. (3)

Modification to the per-jet integrated yield of hadrons is quan-
tified by the yield-modification factor IAA, defined as

IAA(pT,h) =
∫ 3π/2
π/2

[
dNAuAu

π0−h

/
d�φ

] · d�φ∫ 3π/2
π/2

[
dN pp

π0−h

/
d�φ

] · d�φ
. (4)

The IAA is defined as the ratio of the integrated per-trigger
yield of the away-side jet function within π

2 � �φ � 3π
2 in

Au + Au to that measured in p+ p collisions. Additionally,
for the first time at RHIC, the IAA as a function of �φ, has
been measured and is defined as the point-by-point ratio of
per-trigger yield of the away-side jet function in Au + Au and
p+ p, that is,

IAA(�φ) = dNAuAu
π0−h

/
d�φ

dN pp
π0−h

/
d�φ

. (5)

Downward fluctuations can cause negative yield at a particular
�φ bin. In such cases, the IAA point is not shown. Additionally,
for clarity, data points with a relative statistical or systematic
uncertainty equal to or greater than 100% are also not shown.

Because IAA(�φ) in regions with small yield in Au + Au
can be inflated through dividing by yields in p+ p close to
zero, a complimentary observable that can also be extracted
is the difference between the yields in Au + Au and p+ p,
that is,

�AA(�φ) = dNAuAu
π0−h

d�φ
− dN pp

π0−h

d�φ
. (6)

IV. SYSTEMATIC UNCERTAINTY

Seven sources of systematic uncertainty are considered in
this analysis. The first three arise from the second- to fourth-
order flow-harmonic coefficients. The fourth is the estimation
of the underlying event magnitude, b0, using either ZYAM or
ABS. The fifth arises from π0 reconstruction. The sixth source
is the single particle efficiency, which is represented by a
global scale uncertainty of 6.9%. The seventh and final source
of systematic uncertainty comes from the p+ pmeasurement
used in this analysis, which is discussed in detail in Ref. [10].

The uncertainties from flow-harmonic coefficients are es-
timated by setting the coefficients to their upper and lower
limits individually (including the uncertainty of the cor-
responding scaling factor), re-extracting the jet functions,
and then recalculating the observable of interest. The rel-
ative uncertainties from the flow-harmonic coefficients are
within a few percent at pT,h > 1 GeV/c. Note that, the
even-order-flow-harmonic coefficients do not contribute to
the integrated-yield-modification measurements because the
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integral of the even cosine terms equals zero. However, in
the lowest pT,h bin where ZYAM is used in the flow sub-
traction, b0 is allowed to vary in the uncertainties analyses
due to flow-harmonic coefficients causing larger uncertainty
ranges between 10%–30% in both differential and integrated
yield-modification measurements.

The uncertainties arising from b0 itself are estimated by
varying the b0 obtained from ZYAM and ABS to its upper
and lower limits. These relative uncertainties are dominant at
pT,h < 3 GeV/c. The relative uncertainties from ABS ranges
within 10% at pT,h > 1 GeV/c, while the relative uncertainty
from ZYAM ranges between 10%–50% at the lowest pT,h bin.

The uncertainty from π0 reconstruction is estimated for
each pT,π0 ⊗ pT,h bin via side-band analysis which involves
remeasuring the jet functions using photon pairs with an in-
variant mass within 0.65–0.11 GeV/c2 or 0.165–0.2 GeV/c2,
instead of the nominal π0 mass window, 0.12–0.16 GeV/c2.
The π0 reconstruction contribution becomes one of the dom-
inant sources of uncertainty as pT,h increases. The relative
uncertainty from π0 reconstruction rises from a few percent
to 20%.

Another dominant source of uncertainty at high pT,h comes
from the p+ p collision data. The relative uncertainty from
that increases from a few percent at 2 < pT,h < 3 GeV/c to
20% at 5 < pT,h < 7 GeV/c.

Except the global scaled uncertainty from single parti-
cle efficiency, uncertainties from other sources are correlated
data-point-to-data-point. Note that, because the uncertainty
from π0 reconstruction is estimated as a function of pT , it
is a correlated uncertainty for IAA(pT ), but a global scaled
uncertainty for IAA(�φ) and �AA(�φ).

V. RESULTS

Figure 3 shows the jet functions after subtracting the un-
derlying event from the correlation functions in the 5 < pT,π0

< 7 ⊗ 0.5 < pT,h < 1 GeV/c and 5 < pT,π0 < 7 ⊗ 2 < pT,h

< 4 GeV/c momentum bins going left to right, and in the
0%–20% and 20%–40% going from top to bottom. The away-
side jet peaks shown in Fig. 3 appear closer to a Gaussian
function compared to previous PHENIX results [10], where
there were pronounced peaks appearing to the left and right
of the away-side jet peak, a phenomenon often attributed to
a “mach-cone” effect created by supersonic traversal of the
QGP by hard-scattered partons. However, such an effect is
no longer seen once contamination from the third and fourth
harmonics is removed. These changes are more pronounced at
low pT,h where the underlying event is large.

The away-side IAA as a function of the associated-hadron
momentum, IAA(pT,h), is shown in Fig. 4 for four π0 momen-
tum ranges and in two centrality classes.

In each π0 momentum range, the IAA(pT,h) is above unity at
low pT,h, but falls as pT,h increases, eventually reaching below
unity at high pT,h. The behavior of the IAA at low-associated
hadron momentum indicates that there is an enhancement
in the yield of soft particles in central Au + Au collisions,
whereas the subunity of the IAA at high pT is consistent with a
suppression in the yield high-momentum associated hadrons.
The current understanding of jet-medium interactions indi-

FIG. 3. Per-trigger jet-pair yield as a function of �φ for se-
lected π 0 trigger and charged-hadron-associated pT combinations
(pT,π0 ⊗ pT,h) in Au + Au collisions. Statistical and systematic un-
certainties are drawn as vertical lines and boxes, respectively. A
global scaling uncertainty of 6.9% is not shown.

cates that in-medium energy loss by high-energy partons is
the cause of the suppression in the yield of high-momentum
hadrons. However, as shown in [2], models can reproduce
the enhancement measured at low momentum by including
a mechanism by which energy embedded into the medium
by hard partons is redistributed into the production of soft
particles as a medium response. Unlike in Ref. [2], in which
the IAA(pT,h) is measured as a function of ξ = −ln(zT ), where
zT is the fraction of pT carried by the final hadron relative to
the hard-scattered parton, the transition from enhancement to
suppression is shown in Fig. 4 to occur at a consistent pT,h

of 1–2 GeV/c in each π0 momentum range. This indicates
a constant medium response that is independent of the jet
energy.

Lastly, the integrated away-side IAA is measured in the
0%–20% and 20%–40% centrality bins, which are shown in
Fig. 4 as circle (black) and diamond (red) points, respec-
tively. There is no significant centrality dependence observed
but for pT,h > 2 GeV/c, the IAA(pT,h) in the 20%–40% bin
is systematically closer to unity than in the 0%–20% bin.
This difference in suppression levels could be attributed to a
greater overall path length traversed by hard-scattered partons
in the more central collisions, which in turn leads to greater
energy loss, and a lower IAA(pT,h) value. This result is quali-
tatively in agreement with results from both the STAR [3] and
ALICE [19] collaborations. The difference in the magnitude
of the enhancement measured by the ALICE experiment (a
factor of ≈5) vs here (a factor of ≈2) could arise due to
differences in the plasmas created at the LHC and RHIC, such
as the mean path length traversed by hard partons being larger,
leading to an increased production of low-pT hadrons. Sim-
ilarly, the large enhancement measured in this result versus
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FIG. 4. Integrated away-side IAA as a function of pT,h. The π 0 trigger pT,π0 range is shown at the top of each panel. Statistical and systematic
uncertainties are drawn as vertical lines and boxes, respectively. A global scaling uncertainty of 6.9% is drawn as a blue box on the right of
each panel at IAA = 1.

that seen by the STAR experiment in Ref. [3] is due to the fact
that this measurement extends down to a hadron momentum
of 0.5 GeV/c, where the enhancement is very strong; whereas
the threshold is at 1.2 GeV/c in the STAR result, where the
IAA is closer to unity.

Figure 5 shows the IAA as a function of �φ, IAA(�φ), for
three pT,h ranges, four pT,π0 ranges, and two centrality classes.
This observable allows for quantification of the modification
to the jet yield at different distances from the away-side jet
axis (�φ ≈ π ). The IAA(�φ) shows an enhancement in the
yield of low-momentum hadrons across the away-side jet

peak, although this enhancement is strongest at wide angles
relative to the peak. The away-side peak is also the first region
where the IAA(�φ) begins to fall beneath unity as shown
by the 1.0 � pT,h < 2.0 GeV/c (red diamonds) in both the
0%–20% and 20%–40% centrality bins. In the highest mo-
mentum bin reported, 3.0 � pT,h < 5.0 GeV/c, the yield of
charged hadrons is suppressed across all angles shown, a
result of the partonic energy loss induced by parton-medium
interactions. In contrast, the enhancement is most severe at
wide angles relative to the away-side jet peak similar to what
is seen in Ref. [2].

FIG. 5. Differential away-side IAA as a function of �φ in (a) to (d) 0%–20% and (e) to (h) 20%–40% centrality classes. The π0 trigger
pT,π0 range is shown at the top of each panel. Statistical and systematic uncertainties are drawn as vertical lines and boxes, respectively. A
global uncertainty of 6.9% is not shown.
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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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FIG. 7. Differential away-side �AA in 0%–20% centrality for π/2 < �φ < π for various π 0 trigger and charged-hadron-associated pT
combinations (pT,π0 ⊗ pT,h). As in Fig. 6(d)–6(f), the “Wake” and “No wake” hybrid models are overlaid as backward (red) slashes and
forward (blue) slashes.
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FIG. 8. Differential away-side �AA as a function of �φ in 20%–40% centrality for various π0 trigger and charged-hadron-associated pT
combinations (pT,π0 ⊗ pT,h).
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VI. SUMMARY

The PHENIX collaboration presented a new π0-hadron
correlation measurement in Au + Au collisions at 200 GeV
with data taken in 2014 at RHIC. With the enhanced statistics
of the 2014 data set and improved background subtraction that
accounts for contributions from flow up to the fourth-order
flow coefficient, the results presented here are an improvement
over previous PHENIX measurements. These jet functions
and their integrated yields are then used to calculate both the
quotient, IAA, and the difference, �AA, between Au + Au and
p+ p yields vs �φ (as well as the IAA) as a function of the
associated-hadron pT .

The integrated per-trigger-yield modification, IAA as a func-
tion of pT,h, is indicative of partonic energy loss by hard
partons via parton-medium interactions, leading to the sup-
pression of hard jet particles and enhancement of soft jet
particles. The new observables, differential per-trigger-yield
modifications as a function of �φ, show the modifications
are angularly dependent within the recoil jets. The angular
dependence of IAA and �AA, also changes with jet-particle
transverse momentum. The transition from enhancement of
low-momentum particles to suppression at higher momentum
is consistent with models such as the HYBRID model that
include medium response. The differential IAA is sensitive to
the small modification at the edge of the jets, while the dif-
ferential �AA is less sensitive to statistical fluctuations. Using
a variety of jet related observables will further constrain the
models in the study of jet modifications, allowing for a more
precise determination of QGP properties.
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