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We present measurements of two-particle correlations with neutral pion trigger particles of transverse 
momenta 8 < ptrig

T < 16 GeV/c and associated charged particles of 0.5 < passoc
T < 10 GeV/c versus the 

azimuthal angle difference �ϕ at midrapidity in pp and central Pb–Pb collisions at √sNN = 2.76 TeV with 
ALICE. The new measurements exploit associated charged hadrons down to 0.5 GeV/c, which significantly 
extends our previous measurement that only used charged hadrons above 3 GeV/c. After subtracting the 
contributions of the flow background, v2 to v5, the per-trigger yields are extracted for |�ϕ| < 0.7 on 
the near and for |�ϕ − π | < 1.1 on the away side. The ratio of per-trigger yields in Pb–Pb to those in 
pp collisions, IAA, is measured on the near and away side for the 0–10% most central Pb–Pb collisions. 
On the away side, the per-trigger yields in Pb–Pb are strongly suppressed to the level of IAA ≈ 0.6 for 
passoc

T > 3 GeV/c, while with decreasing momenta an enhancement develops reaching about 5 at low 
passoc

T . On the near side, an enhancement of IAA between 1.2 at the highest to 1.8 at the lowest passoc
T

is observed. The data are compared to parton-energy-loss predictions of the JEWEL and AMPT event 
generators, as well as to a perturbative QCD calculation with medium-modified fragmentation functions. 
All calculations qualitatively describe the away-side suppression at high passoc

T . Only AMPT captures the 
enhancement at low passoc

T , both on the near and away side. However, it also underpredicts IAA above 
5 GeV/c, in particular on the near-side.

© 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

Strongly interacting matter consisting of deconfined quarks 
and gluons, the quark–gluon plasma (QGP), is produced in high-
energy heavy-ion (HI) collisions at the Relativistic Heavy Ion Col-
lider (RHIC) [1–4] and at the Large Hadron Collider (LHC) [5–13]. 
Among others, jet quenching [14,15], the phenomenon that high 
transverse momentum (pT) partons suffer energy loss by medium-
induced gluon radiation [16,17] and collisions with medium con-
stituents [18,19], is widely considered as strong evidence for QGP 
formation. Jet quenching has been observed at RHIC [20–37] and 
at the LHC [5–7,38–51] via measurements of inclusive hadron and 
jet production at high pT, di-hadron angular correlations and di-
jet energy imbalance, and via the modification of jet fragmentation 
functions.

In particular, measurements using two-particle angular correla-
tions between trigger (high-pT) particles and associated particles 
have been extensively used to search for remnants of the radi-
ated energy and the medium response to the high-pT parton. By 
varying the transverse momentum for trigger (ptrig

T ) and associ-

� E-mail address: alice-publications@cern.ch.

ated (passoc
T ) particles one can probe different momentum scales 

to study the interplay of soft and hard processes. At RHIC, for a 
relatively low momentum range of ptrig

T and passoc
T below about 

4 GeV/c, two-particle azimuthal angle correlations were found to 
be broadened and exhibiting a double-shoulder structure on the 
away side [29,32]. These structures were originally described em-
ploying a variety of different mechanisms, like Čerenkov gluon ra-
diation [52], large angle gluon radiation [53,54], Mach cone shock-
wave [55], and jets deflected by the medium [56]. Later it was 
understood that azimuthal correlations spanning a long-range in 
pseudorapidity (η) are affected not only by the second (v2) but 
also higher-order flow harmonics (vn , n ≥ 3), which originate from 
anisotropic pressure gradients with respect to the initial-state sym-
metry planes [57,58]. Taking into account these higher harmonics 
can account for most of the observed structures in the measured 
two-particle angular correlations. Thus, possible jet-medium ef-
fects at low pT need to be studied after taking into account the 
anisotropic flow background including higher harmonics.

In this article, we present measurements of two-particle cor-
relations with neutral pions (π0) of transverse momenta 8 <
ptrig

T < 16 GeV/c as trigger and charged hadrons of 0.5 < passoc
T <

10 GeV/c as associated particles versus the azimuthal angle dif-
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ference �ϕ at midrapidity in pp and central Pb–Pb collisions at √
sNN = 2.76 TeV with ALICE [59] at the LHC. The neutral pions are 

identified in the di-photon decay channel using a shower-shape 
and invariant-mass based identification technique of energy de-
posits reconstructed with the Electromagnetic Calorimeter (EMCal). 
The new measurement exploits associated hadrons reconstructed 
with the Inner Tracking System (ITS) and Time Projection Cham-
ber (TPC) down to 0.5 GeV/c, and hence significantly extends 
our previous measurement [40], which only used charged hadrons 
above 3 GeV/c, to low passoc

T . Furthermore, using π0 as a refer-
ence avoids admixtures from changing particle composition of the 
trigger particle, and hence should simplify comparisons with cal-
culations. After subtracting the dominant background, induced by 
the anisotropic flow harmonics v2 to v5, the per-trigger yields are 
extracted for |�ϕ| < 0.7 on the near and for |�ϕ − π | < 1.1 on 
the away side. The per-trigger yield modification factor, IAA, quan-
tified as the ratio of per-trigger yields in Pb–Pb to those in pp 
collisions, is measured on the near and away side for the 0–10%
most central Pb–Pb collisions. The data are compared to parton-
energy-loss model predictions using the JEWEL [60] and AMPT [61]
event generators, as well as to a perturbative QCD (pQCD) calcu-
lation [62] with medium-modified fragmentation functions. Previ-
ously at RHIC, π0-hadron correlations were also measured to study 
IAA and jet fragmentation [35,37]. Compared to these measure-
ments, we lower the threshold for associated charged hadrons to 
0.5 GeV/c and substract the harmonic flow contributions up to the 
fifth order. Besides providing access to medium properties, mea-
surements of π0-hadron correlations determine the most impor-
tant background contribution of direct photon–hadron correlation 
measurements [36,37].

The article is organized as follows. Section 2 briefly describes 
the experimental setup and data sets used. Section 3 discusses the 
neutral pion identification technique, the π0-hadron correlation 
and IAA measurements. Section 4 presents the data and compar-
ison with model calculations. Section 5 provides a summary.

2. Experimental setup and datasets

A detailed description of the ALICE detector systems and their 
performance can be found in [59,63]. The detectors used for the 
present analysis are briefly described here. These are the ITS and 
the TPC for charged particle tracking, the EMCal for neutral pion 
reconstruction, and the forward scintillator arrays (V0) and two 
Zero Degree Calorimeters (ZDC) for online triggering as well as 
event selection and characterization.

The tracking detectors are located inside a large solenoidal 
magnet providing a homogeneous field strength of 0.5 T, and nom-
inally provide reconstructed tracks within |η| < 0.9 over the full 
azimuth. The ITS consists of six layers of silicon detectors. The two 
inner layers are the Silicon Pixel Detector (SPD), the two middle 
layers the Silicon Drift Detector (SDD), and two outer layers the 
Silicon Strip Detector (SSD). The TPC provides tracking and parti-
cle identification by measuring the curvature of the tracks in the 
magnetic field and the specific energy loss dE/dx. The combined 
information of the ITS and TPC allows one to determine the mo-
menta of charged particles in the region of 0.15 to 100 GeV/c with 
a resolution of 1 to 10%, respectively. The EMCal is a Pb-scintillator 
sampling calorimeter used primarily to measure the energy de-
posit (cluster) induced by electrons, positrons and photons. It con-
sists of 10 active supermodules with a total of 11520 individual 
cells, each covering an angular region of �ϕ ×�η = 0.014 ×0.014, 
and spans in total 100 degrees in azimuth and |η| < 0.7. Its en-

ergy resolution can be parameterized as σE
E =

√
A2 + B2

E + C2

E2 with 
A = 1.68, B = 11.27 and C = 4.84 for the deposited energy E given 

in GeV [64]. The V0 detectors, which are primarily used for trig-
gering, event selection and event characterization, consist of two 
arrays of 32 scintillator tiles each, covering the full azimuth within 
2.8 < η < 5.1 (V0-A) and −3.7 < η < −1.7 (V0-C). In addition, two 
neutron ZDCs, located at +114 m (ZNA) and −114 m (ZNC) from 
the interaction point, are used for event selection in Pb–Pb colli-
sions.

The data used for the present analysis were collected during 
the 2011 LHC data taking periods with pp and Pb–Pb collisions 
at the centre-of-mass energy per nucleon–nucleon pair of 

√
sNN =

2.76 TeV. In the case of pp collisions, the analyzed data were se-
lected by the EMCal level-0 trigger requiring a single shower with 
an energy larger than 3.0 GeV, in addition to the minimum bias 
trigger condition (a hit in either V0-A, V0-C, or SPD). In the case 
of Pb–Pb collisions, the data were selected by an online trigger de-
signed to select central collisions. The trigger was selecting events 
based on the sum of amplitudes integrated in one LHC clock cy-
cle (25 ns) online in the forward V0 detectors above a fixed thresh-
old. Offline when one can integrate the signal over several clock 
cycles the trigger was found to be 100% efficient for 0–8% and 
about 80% for 8–10% most central Pb–Pb collisions. The inefficiency 
in the 8–10% range was estimated to lead to a negligible difference 
of less than 1% in the measured per-trigger yield. For the offline 
analysis 0–10% central collisions were used as explained in detail 
in Ref. [65]. In both, the pp and Pb–Pb analyses, only events with 
a reconstructed vertex in |zvtx| < 10 cm with respect to the nomi-
nal interaction vertex position along the beam direction were used. 
After all selection criteria, about 440 K events in pp (correspond-
ing to 0.5/nb) and 5.2 M (corresponding to 0.6/μb) in Pb–Pb were 
kept for further analysis.

Neutral pions in |η| < 0.7 are identified in the EMCal using the 
so called “cluster splitting” method, which aims to reconstruct a 
high pT π0 (above 6 GeV/c) by first capturing both decay pho-
tons in a single, so called “merged” cluster, which then is split 
into two clusters, as further explained below. Clusters are ob-
tained by grouping all neighboring cells, whose calibrated energy 
is above 50 (150) MeV, starting from a seed cell with at least 
100 (300) MeV for pp (Pb–Pb) data. A non-linearity correction, de-
rived from electron test beam data, of about 7% at 0.5 GeV and 
negligible above 3 GeV, is applied to the reconstructed cluster en-
ergy. Clusters from neutral particles are identified by requiring that 
the distance between the extrapolated track positions on the EM-
Cal surface and the cluster fulfills the conditions �η > 0.025 and 
�ϕ > 0.03 for pp, and �η > 0.03 and �ϕ > 0.035 for Pb–Pb data. 
Charged hadrons reconstructed with the ITS and TPC are selected 
by a hybrid approach designed to compensate local inefficiencies 
in the ITS. Two distinct track classes are accepted in the hybrid 
approach [63]: (i) tracks containing at least three hits in the ITS, 
including at least one hit in the SPD, with momentum determined 
without the primary vertex constraint, and (ii) tracks containing 
less than three hits in the ITS or no hit in the SPD, with the pri-
mary vertex included in the momentum determination. Class (i) 
contains 90% and class (ii) 10% of all accepted tracks, indepen-
dent of pT. Track candidates are further required to have a Distance 
of Closest Approach (DCA) to the primary vertex less than 2.4 cm
in the plane transverse to the beam, and less than 3.0 cm in the 
beam direction. Accepted tracks are required to be in |η| < 0.8 and 
pT > 0.5 GeV/c. Corrections for the detector response are obtained 
from Monte Carlo (MC) detector simulations, reproducing the same 
conditions as during data taking. In general, we use PYTHIA6 [66]
for pp and HIJING [67] for Pb–Pb collisions as event generators, 
and GEANT3 [68] for particle transport through the detector.
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Fig. 1. Cluster shower shape (left panel) and invariant mass (right panel) distributions for 8 < E < 16 GeV and NLM = 2 compared between reconstructed π0 candidates in 
data and clusters originating from π0 in HIJING for 0–10% Pb–Pb collisions. The distributions are shown after applying the energy-dependent selections on σ 2

long and Mγ γ .
3. Data analysis

Neutral pions are detected in the two photon decay channel 
π0 → γ γ measured in the EMCal using

Mπ0 = √
2E1 E2(1 − cos θ12) , (1)

where Mπ0 is the reconstructed π0 mass, E1 and E2 are the 
measured energies of two photons, and θ12 is the opening an-
gle between the photons measured in the laboratory frame. The 
opening angle decreases with increasing π0 momentum due to 
the larger Lorentz boost. When the energy of the π0 is larger 
than 5–6 GeV, the decay photons are close enough that the elec-
tromagnetic showers they induce start to overlap in neighboring 
calorimeter cells of the EMCal.

Above 9 GeV more than half of the π0 deposit their energy 
in a single merged cluster. Below 15 GeV merged clusters from 
π0 mostly have two local maxima (NLM = 2), while with increas-
ing energy the showers further merge, leading to merged clusters 
from π0 with mainly one local maximum (NLM = 1) above 25 GeV. 
Merged clusters can be identified based on their shower shape, 
characterized by the larger principal component squared of the 
cluster two-dimensional area in η and φ, σ 2

long [69]. To discrimi-

nate two-photon merged clusters from single-photon clusters, σ 2
long

is generally required to be greater than 0.3. From detector simula-
tions we deduced a tighter selection, requiring λmin < σ 2

long < λmax, 
where the minimum and maximum ranges are parameterized by 
exp (a + b E) + c + d E + e/E as a function of cluster energy E (in 
GeV). For λmin, we use a = 2.135, b = −0.245, c = d = e = 0, while 
for λmax the values depend on the number of local minima, and 
are a = 0.066, b = −0.020, c = −0.096, d = 0.001, and e = 9.91
for NLM = 1, and a = 0.353, b = −0.0264, c = −0.524, d = 0.006, 
and e = 21.9 for NLM = 2. Within 8 < pT < 16 GeV/c, the range 
for neutral pions considered in this analysis, more than 80% of the 
clusters have two local maxima.

The merged cluster is subsequently split into two sub-clusters 
by grouping neighboring cells into 3 × 3 clusters centered around 
the two highest cells (seeds) of the merged cluster. Cells that are 
neighbor of both seeds are split based on the fraction of seed to 
cluster energy. To select π0 candidates, we use a 3σ -wide win-
dow, 〈M〉 − 3σ < Mγ γ < 〈M〉 + 3σ , where the average (〈M〉) and 
the width (σ ) of the mass distribution obtained from Gaussian fits 
depend on the energy of the cluster (in GeV), and are each pa-
rameterized as a + b E . The values for a and b are obtained from 
detector simulations for NLM = 1 and 2, respectively, and are the 
same for pp and Pb–Pb data. In the pT range relevant for the 

analysis, the parameters for 〈M〉 are a = 0.044 and b = 0.005 for 
NLM = 1, and a = 0.115, b = 0.001 for NLM = 2, while for σ they 
are a = 0.012 and b = 0 for NLM = 1, and a = 0.009, b = 0.001
for NLM = 2. Fig. 1 shows a comparison of σ 2

long and Mγ γ distri-
butions for clusters with 8 < E < 16 GeV and NLM = 2 between 
reconstructed π0 candidates in data and clusters originating from 
π0 in HIJING for 0–10% Pb–Pb collisions. Since the invariant mass 
distribution is obtained by splitting individual clusters, there is 
no combinatorial background by construction. However, there is of 
course contamination in the signal region for example from decay 
photons, which needs to be estimated from Monte Carlo.

As commonly done [70], the associated yield per trigger particle

Y (�ϕ,�η) = 1

Ntrig

d2Nassoc

d�ϕd�η
= S(�η,�ϕ)

M(�η,�ϕ)
(2)

is defined as the number of associated particles in intervals of az-
imuthal angle difference �ϕ = ϕtrig − ϕassoc and pseudo-rapidity 
difference �η = ηtrig − ηassoc relative to the number of trigger 
particles. The trigger acceptance is |η| < 0.7, while the associ-
ated particle acceptance is |η| < 0.8. The acceptance corrected 
yield can be obtained from the ratio of two-particle correlations of 
same S and mixed events M . The signal distribution S(�η, �ϕ) =
1/Ntrigd2Nsame/d�ηd�ϕ is the associated yield per trigger parti-
cle for particle pairs from the same event. The background distri-
bution M(�η, �ϕ) = α d2Nmixed/d�ηd�ϕ corrects for pair accep-
tance and pair efficiency. It is constructed by correlating the trigger 
particles in one event with the associated particles from other 
events within similar multiplicity and z-vertex position intervals. 
The factor α is chosen to normalize the background distribution 
such that it is unity for pairs where both particles go into ap-
proximately the same direction (i.e. �ϕ ≈ 0, �η ≈ 0). To account 
for different pair acceptance and pair efficiency as a function of 
zvtx, the yield is constructed for each zvtx interval, and the final 
per-trigger yield is obtained by calculating the weighted average 
of the zvtx intervals. The final results are integrated over η and 
provided as one-dimensional distribution, C(�ϕ) = 1

Ntrig

dNassoc
d�ϕ , for 

8 < ptrig
T < 16 GeV/c and various passoc

T intervals between 0.5 and 
10 GeV/c.

Corrections for the detector response, which include π0 re-
construction efficiency and purity, charged-particle tracking effi-
ciency and contamination from secondary particles, as well as pT
resolution are obtained from detector simulations. The π0 recon-
struction efficiency, which is between 0.2 and 0.3 depending on 
pT and collision system, leads to only a small correction on the 
measured correlations of about 2%, since the per-trigger yield by 
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definition is largely insensitive to the inefficiency of finding the 
trigger particle. The π0 purity, which in the momentum range 
of the measurement is about 90% in pp and 85% in Pb–Pb colli-
sions, affects the measured correlations by 1%. The pT resolution 
of reconstructed π0 estimated from detector simulations is about 
5% and 10% for pp and Pb–Pb collisions, respectively, slightly in-
creasing with pT. The charged-particle tracking efficiency is about 
75–85% depending on pT and collision system. The contamination 
by secondary particles from particle–material interactions, conver-
sions, and weak-decay products of long-lived particles is between 
4–8%. Both the tracking inefficiency and contamination, are cor-
rected for in the measured correlations in intervals of passoc

T . The 
trigger- and associated-particle pair pT resolutions lead to a cor-
rection of less than 2.5%.

To obtain the jet-related contribution from the measured per-
trigger yields, one usually subtracts non-jet related sources of par-
ticle production,

J (�ϕ) = C(�ϕ) − B(�ϕ) , (3)

where B(�ϕ) denotes the background contribution. In pp colli-
sions, typically a uniform background (B0) originating from com-
binatorics is considered, and estimated employing the zero-yield-
at-minimum (ZYAM) method [29], i.e. essentially by estimating 
B within 1 < |�ϕ| < π

2 . In Pb–Pb collisions, in addition to a 
large combinatorial background, two-particle correlations are sig-
nificantly affected by anisotropic flow [71]. The anisotropic az-
imuthal correlations modulate the background according to

B(�ϕ) = B0

(
1 + 2

∑
n

Vn cos(n�ϕ)

)
, (4)

where Vn ≈ vtrig
n · vassoc

n is approximately given by the product of 
anisotropic flow coefficients for trigger and associated particles at 
their respective momenta. In the subtraction, we take into account 
the most dominant contributions, v2 to v5, ignoring small devia-
tions from factorization [72]. The data of v2 for charged particles 
and for charged pions, which are used instead of the v2 of π0, 
are taken from Ref. [73]. For v3 to v5 the data from Ref. [71] are 
used for both the neutral pions and charged particles. The constant 
B0 is determined by an average of three ways to obtain the ZYAM 
value, namely by i) a fit in 1 < |�ϕ| < π

2 , ii) smallest 8 (out of 
60) values in full �ϕ range, and iii) minima within 1 < |�ϕ| < π

2
plus the two smallest points within 0.2 around the minimum. Fi-
nally, the jet-like correlation yields on the near and away side are 
estimated from Eq. (3) by integrating a region of |�ϕ| < 0.7 and 
|�ϕ −π | < 1.1, respectively. Modification of the jet-like pair yields 
can then be quantified as the ratio of the integrated jet-like yields 
in AA over pp, as

IAA =
∫
X

JAA(�ϕ)d�ϕ/

∫
X

Jpp(�ϕ)d�ϕ , (5)

where X denotes either the near-side (NS) or the away-side (AS) 
region.

4. Results

The per-trigger yields for neutral pion trigger particles with 
8 < ptrig

T < 16 GeV/c and associated charged particles with 0.5 <
passoc

T < 1, 1 < passoc
T < 2, 2 < passoc

T < 4 and 4 < passoc
T < 6 GeV/c

are presented in Fig. 2 for pp and in Fig. 3 for 0–10% most cen-
tral Pb–Pb collisions. The estimated background from the ZYAM 
procedure is indicated by the dashed lines. As explained in the 
previous section, a uniform background is considered in the case 

Table 1
Summary of sources and assigned systematic uncertainties for the per-trigger yield 
in pp, and 0–10% Pb–Pb collisions, as well as IAA. For each source of systematic un-
certainty and the total uncertainty listed, the maximum values of all passoc

T intervals 
are given. Uncertainties on tracking efficiency and MC closure are correlated in �ϕ . 
For IAA, pp and Pb–Pb yield uncertainties are assumed to be independent.

Source Y (�ϕ) pp Y (�ϕ) Pb–Pb IAA (NS) IAA (AS)

Tracking efficiency 5.4% 6.5% 8.5% 8.5%
MC closure 1.0% 2.0% 1.2% 1.2%
TPC-only tracks 1.0% 3.5% 4.3% 3.8%
Track contamination 1.0% 0.9% 1.1% 1.1%
Shower shape (σ 2

long) 1.2% 0.7% 3.4% 2.6%
Invariant mass window 1.3% 1.0% 3.5% 3.3%
Neutral pion purity 0.3% 1.1% 0.6% 0.5%
Pair pT resolution 1.0% 1.1% 0.3% 0.3%
Pedestal determination – – 9.4% 11.7%
Uncertainty on vn – – 7.1% 5.1%

Total 6.7% 7.4% 12.6% 15.0%

of pp, while for Pb–Pb data in addition the anisotropic flow contri-
butions are taken into account. Since the vn coefficients are small 
at high-ptrig

T and passoc
T , a nearly flat background is observed for 

the 4 < passoc
T < 6 GeV/c case, even in Pb–Pb collisions.

Several sources of systematic uncertainty have been considered. 
Since there is a pT dependence on the uncertainties, their maxi-
mum contribution to the per-trigger yields in pp and Pb–Pb colli-
sions, as well as on the IAA further discussed below, are given in 
Table 1. The largest effect to the per-trigger yields arises from the 
uncertainty on the charged-particle tracking efficiency estimated 
from variations of the track selection and residual differences of 
MC closure tests. These uncertainties are correlated in �ϕ , and 
their values (added in quadrature) are explicitly reported in Fig. 2
and Fig. 3. Uncertainties related to charged-particle tracking were 
further explored by repeating the full analysis with tracks re-
constructed only by the TPC. Systematic uncertainties related to 
the π0 identification were obtained by varying the criteria for 
σ 2

long selection and the invariant mass window. Uncertainties re-

lated to π0 purity and pT resolution were assessed by varying 
the parameterizations, which were obtained from detector simu-
lations and used for the respective corrections. Total uncertainties 
were computed by adding the individual contributions in quadra-
ture.

The modification of the per-trigger yield can be quantified as 
the ratio, IAA, of the integrated jet-like correlation yields in Pb–Pb
over pp, as explained in the previous section (see Eq. (5)). Fig. 4
presents the IAA on the near side for |�ϕ| < 0.7 and away side 
for |�ϕ − π | < 1.1. The uncertainty on IAA (reported in Table 1) 
is dominated by the uncertainty on the determination of B0 (esti-
mated from the difference of the 3 methods to extract the base-
line) and the measured uncertainties on vn , and hence it is largely 
uncorrelated across passoc

T . On the near side, the IAA is found to 
be significantly larger than unity. The enhancement increases from 
IAA ≈ 1.2 at high passoc

T to 1.8 at low passoc
T . The data are consistent 

with our previous results extracted from di-hadron correlations 
above 3 GeV/c [40]. On the away side, IAA is strongly enhanced 
below 3 GeV/c, reaching values up to IAA ≈ 5 at lowest passoc

T , 
while above 4 GeV/c it is suppressed to about 0.6. As before, 
the data are compared to previous results using di-hadron cor-
relations [40], which were obtained within a smaller integration 
region (|�ϕ| < 0.7) and only taking into account v2 in the ZYAM 
subtraction. For passoc

T > 4 GeV/c, there is good agreement be-
tween the two sets of data, while for smaller passoc

T the away-side 
peaks become wider and details of the ZYAM subtraction as well 
as the size of the integration region matter. On the away side, the 
suppression at high passoc

T is understood to originate from parton 
energy loss [14–19], while the enhancement at low passoc

T may in-
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Fig. 2. Charged-particle associated yields relative to π0 trigger particles versus �ϕ in pp collisions at √sNN = 2.76 TeV. The π0 trigger momentum range is 8 < ptrig
T <

16 GeV/c, and associated charged particle ranges are 0.5 < passoc
T < 1, 1 < passoc

T < 2, 2 < passoc
T < 4 and 4 < passoc

T < 6 GeV/c. The bars represent statistical uncertainties, the 
boxes uncorrelated systematic uncertainties. Dashed lines correspond to the estimated background using the ZYAM procedure described in the text. The range of the vertical 
axis is adjusted for each panel, and “zero” is not shown in all cases.

Fig. 3. Charged-particle associated yields relative to π0 trigger particles versus �ϕ in 0–10% most central Pb–Pb collisions at √sNN = 2.76 TeV. See caption of Fig. 2 for more 
information.
volve an interplay of various contributions, such as kT broadening, 
medium-excitation, as well as fragments from radiated gluons [53,
61,74–76]. The enhancement on the near side, first observed and 
discussed in Ref. [40], may also be related to the hot medium, 
inducing a change of the fragmentation function or the quark-to-
gluon jet ratio.

The observation of IAA > 1 at low pT is consistent with the 
measured enhancement of low-pT particles from jet fragmenta-
tion in Pb–Pb relative to pp [48,49]. At RHIC in Au–Au collisions 
at 200 GeV for a similar range of ptrig

T as used in the present 
measurement, IAA on the away side was found to reach at most 
2–3 [35], neglecting v3 and higher orders harmonics in the back-
ground subtraction, while on the near side no significant enhance-
ment was reported.

In Fig. 5 the data are compared to calculations using the 
JEWEL [60] and AMPT [61] event generators, as well as pQCD cal-
culation [62]. JEWEL [60] addresses the parton–medium interaction 
by giving a microscopic description of the transport coefficient, 
q̂, which essentially defines the average energy loss per unit dis-
tance. Hard scatters are generated according to Glauber collision 
geometry, and partons suffer from elastic and radiative energy loss 
in the medium, including a Monte Carlo implementation of LPM 
interference effects. The JEWEL calculation includes the so called 
“recoil hadrons”, which are produced by fragmenting medium par-
tons that interacted with the propagating hard parton. AMPT [77]
uses initial conditions of HIJING, followed by parton and hadron 
cascades with elastic scatterings for final-state interaction. String 
melting with a parton interaction cross section of 1.5 mb and 
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Fig. 4. Per-trigger yield modification, IAA, on the near side (left) and away side (right) with trigger π0 particle at 8 < ptrig
T < 16 GeV/c for 0–10% Pb–Pb collisions at √

sNN = 2.76 TeV. The data from our previous measurement using di-hadron correlations [40] are slightly displaced for better visibility. The bars represent statistical and the 
boxes systematic uncertainties.

Fig. 5. Per-trigger yield modification, IAA, on the near side (left) and away side (right) with trigger π0 particle at 8 < ptrig
T < 16 GeV/c for 0–10% Pb–Pb collisions at √

sNN = 2.76 TeV. The data are compared to model calculations [60–62] as explained in the text. The bars represent and the boxes systematic uncertainties.
parton recombination for hadronization is used with parameters 
from Ref. [78]. The pQCD calculation [62] is performed at next-to-
leading order (NLO). It uses nuclear parton distribution functions 
for initial-state cold nuclear matter effects, and a phenomeno-
logical model for medium-modified fragmentation functions. The 
evolution of bulk medium is done with a 3 + 1 dimensional ideal 
hydrodynamic model, and the value q̂ is consistent with that of 
the JET collaboration, which was extracted using experimental 
data [79]. The prediction for IAA is only available for the away side, 
and done following Ref. [80].

All calculations are able to qualitatively describe the suppres-
sion of IAA at high passoc

T on the away side, further corroborating 
the idea that the suppression is caused by parton energy loss in 
hot matter. JEWEL and the pQCD calculation do not exhibit an 
increase at low pT, while AMPT quantitatively describes the en-
hancement at the near (except at lowest passoc

T ) and away side. In 
AMPT the low-passoc

T enhancement is attributed to the increase of 
soft particles as a result of the jet-medium interactions. However, 
in particular on the near side for passoc

T > 5 GeV/c AMPT predicts 
a strong suppression of IAA down to about 0.6, which clearly is 
not seen in the data. Also on the away side AMPT tends to under-
predict the IAA for passoc

T > 5 GeV/c. Both defects, which may be 
related to the fact that AMPT was found to overpredict the single-
particle suppression in central Pb–Pb collisions [81], indicate that 
the description implemented in AMPT is not complete.

5. Summary

Two-particle correlations with neutral pions of transverse mo-
menta 8 < ptrig

T < 16 GeV/c as trigger and charged hadrons of 
0.5 < passoc

T < 10 GeV/c as associated particles versus azimuthal 

angle difference �ϕ at midrapidity in pp (Fig. 2) and central 
Pb–Pb (Fig. 3) collisions at 

√
sNN = 2.76 TeV have been measured. 

The per-trigger yields have been extracted for |�ϕ| < 0.7 on the 
near and for |�ϕ−π | < 1.1 on the away side, after subtracting the 
contributions of the flow harmonics, v2 up to v5 (Fig. 3). The per-
trigger yield modification factor, IAA, quantified as the ratio of per-
trigger yields in Pb–Pb to that in pp collisions, has been measured 
for the near and away side in 0–10% most central Pb–Pb colli-
sions (Fig. 4). On the away side, the per-trigger yields in Pb–Pb are 
strongly suppressed to the level of IAA ≈ 0.6 for passoc

T > 3 GeV/c, 
while with decreasing momenta an enhancement develops reach-
ing about 5.2 at lowest passoc

T . On the near side, an enhancement 
of IAA between 1.2 to 1.8 at lowest passoc

T is observed. The data 
are compared to predictions of the JEWEL and AMPT event gen-
erators, as well as a pQCD calculation at next-to-leading order 
with medium-modified fragmentation functions (Fig. 5). All calcu-
lations are able to qualitatively describe the away-side suppression 
at high passoc

T . Only AMPT is able to capture the enhancement at 
low passoc

T , both on near and away side. However, it also under-
predicts IAA above 5 GeV/c, in particular on the near-side. The 
coincidence of the away-side suppression at high pT and the large 
enhancement at low pT on the near and away side is suggestive 
of a common underlying mechanism, likely related to the energy 
lost by high momentum partons. The data hence provide a good 
testing ground to constrain model calculations which aim to fully 
describe jet–medium interactions.
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F. Antinori 109, P. Antonioli 106, L. Aphecetche 115, H. Appelshäuser 61, S. Arcelli 27, R. Arnaldi 112, 
O.W. Arnold 96,36, I.C. Arsene 21, M. Arslandok 61, B. Audurier 115, A. Augustinus 35, R. Averbeck 99, 
M.D. Azmi 18, A. Badalà 108, Y.W. Baek 68, S. Bagnasco 112, R. Bailhache 61, R. Bala 92, 
S. Balasubramanian 140, A. Baldisseri 15, R.C. Baral 58, A.M. Barbano 26, R. Barbera 28, F. Barile 33, 
G.G. Barnaföldi 139, L.S. Barnby 35,103, V. Barret 71, P. Bartalini 7, K. Barth 35, J. Bartke 119,i, E. Bartsch 61, 
M. Basile 27, N. Bastid 71, S. Basu 136, B. Bathen 62, G. Batigne 115, A. Batista Camejo 71, B. Batyunya 67, 
P.C. Batzing 21, I.G. Bearden 82, H. Beck 95, C. Bedda 31, N.K. Behera 51, I. Belikov 65, F. Bellini 27, 
H. Bello Martinez 2, R. Bellwied 125, E. Belmont-Moreno 64, L.G.E. Beltran 121, V. Belyaev 76, G. Bencedi 139, 
S. Beole 26, I. Berceanu 79, A. Bercuci 79, Y. Berdnikov 87, D. Berenyi 139, R.A. Bertens 54, D. Berzano 35, 
L. Betev 35, A. Bhasin 92, I.R. Bhat 92, A.K. Bhati 89, B. Bhattacharjee 44, J. Bhom 119, L. Bianchi 125, 
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