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Abstract

In two-particle angular correlation measurements, jets give rise to a near-side peak, formed by par-

ticles associated to a higher pT trigger particle. Measurements of these correlations as a function

of pseudorapidity (∆η) and azimuthal (∆ϕ) differences are used to extract the centrality and pT de-

pendence of the shape of the near-side peak in the pT range 1 < pT < 8 GeV/c in Pb–Pb and pp

collisions at
√

sNN = 2.76 TeV. A combined fit of the near-side peak and long-range correlations is

applied to the data and the peak shape is quantified by the variance of the distributions. While the

width of the peak in the ∆ϕ direction is almost independent of centrality, a significant broadening

in the ∆η direction is found from peripheral to central collisions. This feature is prominent for the

low pT region and vanishes above 4 GeV/c. The widths measured in peripheral collisions are equal

to those in pp in the ∆ϕ direction and above 3 GeV/c in the ∆η direction. Furthermore, for the 10%

most central collisions and 1 < pT,assoc < 2 GeV/c, 1 < pT,trig < 3 GeV/c a departure from a Gaus-

sian shape is found: a depletion develops around the centre of the peak. The results are compared to

AMPT model simulations as well as other theoretical calculations indicating that the broadening and

the development of the depletion is connected to the strength of radial and longitudinal flow.
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1 Introduction

In elementary interactions with large momentum transfer (Q2 ≫ Λ2
QCD), partons with high transverse

momentum (pT) are produced. Carrying net colour charge, they cannot exist freely and, instead, evolve

from high to low virtuality producing parton showers. These eventually hadronize into a spray of colli-

mated hadrons called jets. High-pT partons are produced at the early stages of heavy-ion collisions. They

propagate and evolve through the dense and hot medium created in these collisions and are expected to

lose energy due to induced gluon radiation and elastic scatterings, a process commonly referred to as jet

quenching. The transfer of energy from the leading parton to the medium and/or into additional gluon

radiation leads to effects that can be exploited to characterise the colour density and scattering power of

the medium.

Experimental methods to study high-pT parton production differ in their capability to reconstruct the

original parton momentum and to characterize the angular and momentum distribution of jet fragments.

Furthermore, their sensitivity to experimental bias, most particularly the bias associated with the large

underlying-event background encountered in heavy-ion collisions, is different. Inclusive hadron spectra

are unbiased observables, mainly sensitive to the hadronic fragments with the largest momentum fraction

(leading particles). Partonic energy loss suppresses high-pT particle yields relative to their production

in more elementary pp and p–A collisions which was observed at RHIC and LHC energies. The largest

suppression is observed in central Pb–Pb collisions at the LHC at pT ≈ 7 GeV/c [1, 2].

Jet reconstruction algorithms have the objective to recombine a maximum of jet fragments within a

certain area in the pseudorapidity (η) - azimuth (ϕ) plane in order to obtain the original parton energy

and direction. In heavy-ion collisions, due to the large fluctuating energy from particles uncorrelated

to the jets, the underlying event, jet reconstruction is limited to high transverse energy and small areas

(cone-size) around the parton direction. An inclusive jet suppression commensurable to that of hadrons

has been observed at the LHC [3–5] together with a large di-jet energy asymmetry [6, 7], suggesting that

a large fraction of the lost energy is radiated outside the typical jet cone sizes of R = 0.3–0.5. Detailed

studies of the energy balance in events with high-energy jets show that the lost energy reappears primarily

at low to intermediate pT (0.5–3 GeV/c) outside the jet cone [7]. Studies of the momentum and angular

distributions of jet fragments show that the jet core is almost unmodified [8–10].

Di-hadron angular correlations represent a powerful complementary tool to study jet quenching and

the redistribution of energy in an energy region where jets cannot be identified event-by-event over the

fluctuating background and where quenching effects are expected to be large. Such studies involve

measuring the distributions of the relative azimuthal angle ∆ϕ and pseudorapidity ∆η between particle

pairs. The pairs consist of a trigger particle in a certain transverse momentum pT,trig interval and an

associated particle in a pT,assoc interval. In these correlations, jets manifest themselves as a peak centred

around (∆ϕ = 0, ∆η = 0) (near-side peak) and a structure elongated in ∆η at ∆ϕ = π (the away-side

or recoil-region). At low pT, resonance decays as well as femtoscopic correlations also contribute to the

near-side peak. The advantage of using di-hadron correlations is that an event-averaged subtraction of

the background from particles uncorrelated to the jet can be performed. This advantage is shared with

the analysis of hadron-jet correlations recently reported in Ref. [11, 12].

At RHIC, the near-side associated particle yield and peak shape have been studied for different systems

and collision energies [13–15]. Small modifications of the yields with respect to a pp reference from

PYTHIA are observed and there is remarkably little dependence on the collision system at the centre-

of-mass energies of
√

sNN = 62.4 and 200 GeV. An exception is the measurement in central Au–Au

collisions at
√

sNN = 200 GeV where the jet-like correlation is substantially broader and the momentum

spectrum softer than in peripheral collisions and than those in collisions of other systems in this kinematic

regime. In Ref. [14], the broadening observed in central Au–Au collisions at
√

sNN = 200 GeV is seen

as an indication of a modified jet fragmentation function.
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At the LHC, the measurement of the yield of particles associated to a high-pT trigger particle (8–

15 GeV/c) in central Pb–Pb collisions relative to the pp reference at pT,assoc > 3 GeV/c shows a sup-

pression on the away-side and a moderate enhancement on the near-side indicating that medium-induced

modifications can also be expected on the near side [16]. Much stronger modifications are observed for

lower trigger and associated particle pT (3 < pT,trig < 3.5 GeV/c and 1 < pT,assoc < 1.5 GeV/c) [17, 18].

In the most central Pb–Pb collisions, the near-side yield is enhanced by a factor of 1.7.

The present paper expands these studies at the LHC to the characterisation of the angular distribution

of the associated particles with respect to the trigger particle. The angular distribution is sensitive to

the broadening of the jet due to the degradation of its energy and the distribution of radiated energy.

Moreover, possible interactions of the parton shower with the collective longitudinal expansion [19–21]

or with turbulent colour fields [22] in the medium would result in near-side peak shapes that are broader

in the ∆η than in the ∆ϕ direction. Results from the study of the near-side peak shape of charged

particles as a function of centrality and for different combinations of trigger and associated particle pT

are discussed.

The paper is organised in the following way: the ALICE sub-systems used in the analysis are described

in Section 2 and the data samples, event and track selection in Section 3. Section 4 describes the analysis

methods and the systematic uncertainties are discussed in Section 5. Results are presented in Section 6

and conclusions are drawn in Section 7. The key results of the presented analysis are also reported in a

short companion paper [23].

2 Experimental setup

A detailed description of the ALICE detector can be found in Ref. [24]. The main subsystems used in

the present analysis are the Inner Tracking System (ITS) and the Time Projection Chamber (TPC). These

have a common acceptance of |η |< 0.9 and are operated inside a solenoidal magnetic field of 0.5 T. The

ITS consists of six layers of silicon detectors for vertex finding and tracking. The two outermost layers

of the ITS constitute of the Silicon Strip Detectors (SSD), the two middle layers of the Silicon Drift

Detectors (SDD) and the two innermost layers of the Silicon Pixel Detector (SPD) with the later also

used for triggering. The TPC is the main tracking detector measuring up to 159 space points per track.

The V0 detector, consisting of two arrays of 32 scintillator tiles each, and covering 2.8 < η < 5.1 (V0-A)

and −3.7 < η < −1.7 (V0-C), was used for triggering and centrality determination [25, 26]. All these

detector systems have full azimuthal coverage.

Data from the 2010 and 2011 Pb–Pb runs of the LHC at
√

sNN = 2.76 TeV and the 2011 pp run at the

same energy are combined in the present analysis. From the 2010 sample, about 16 million minimum-

bias Pb–Pb events are considered, while in the 2011 Pb–Pb run about 2 million minimum-bias events

and about 21 million centrality-triggered events enhancing the 0–50% centrality range are used. The pp

event sample consists of 30 million minimum-bias events.

In Pb–Pb collisions, the trigger required a coincidence of signals in both V0-A and V0-C. In addition,

two Zero Degree Calorimeters (ZDCs) for neutron detection located at ±114 m from the interaction

point are used to suppress electromagnetic interactions. More details about the event selection can be

found in Ref. [27]. The events are characterized into five collision-centrality classes based on the sum

of amplitudes in the V0 detectors [26] (0–10% (most central), 10–20%, 20–30%, 30–50% and 50–

80%). In pp collisions, the trigger required a signal in either of the V0 detectors or the SPD [28]. In

both collision systems, these triggers are fully efficient for events entering the two-particle correlation

analysis presented in this work.
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3 Event and track selection

The collision-vertex position is determined with tracks reconstructed in the ITS and TPC as described in

Ref. [1]. The vertex reconstruction algorithm is fully efficient for events with at least one reconstructed

primary track within |η | < 1.4 [29]. The position of the reconstructed vertex along the beam direction

(zvtx) is required to be within 7 cm of the detector centre. This value is reduced to 3 cm in the study of

systematic uncertainties.

The analysis uses tracks reconstructed in the ITS and TPC with 1 < pT < 8 GeV/c and in a fiducial region

of |η | < 0.8. As a first step in the track selection, criteria on the number of space points (at least 70)

and the quality of the track fit (χ2/ndf < 2) in the TPC are applied. Tracks are further required to have a

distance of closest approach to the reconstructed vertex smaller than 2.4 cm and 3.2 cm in the transverse

and the longitudinal direction, respectively. Two classes of tracks are combined in order to avoid an

azimuthally-dependent tracking efficiency due to inactive SPD modules [30]. The first class requires for

tracks to have at least one hit in the SPD. For tracks which do not fulfil this criterion, in the second class,

the primary vertex position is used as additional constraint in the global track fit. An alternative track

selection [31], where a tighter pT-dependent cut on the distance of closest approach to the reconstructed

vertex is applied, is used for the assignment of a systematic uncertainty. Further, the tracks in the second

class are required to have a hit in the first layer of the SDD. This modified selection has a less uniform

azimuthal acceptance, but includes a smaller number of secondary particles produced by interactions in

the detector material or weak decays.

The efficiency and purity of the primary charged-particle selection are estimated from a Monte Carlo (MC)

simulation using the HIJING 1.383 event generator [32] (for Pb–Pb) and the PYTHIA 6.4 event gener-

ator [33] with the tune Perugia-0 [34] (for pp) with particle transport through the detector carried out

with GEANT3 [35]. The combined efficiency and acceptance of the track reconstruction in |η | < 0.8
is about 82–85% at pT = 1 GeV/c and decreases to about 76–80% at pT = 8 GeV/c depending on col-

lision system, data sample and event centrality. The contamination from secondary particles resulting

from weak decays and due to interactions in the detector material decreases from 2.5–4.5% to 0.5–1% in

the pT range from 1 to 8 GeV/c. The contribution from fake tracks, arising from improperly associated

hits, is negligible. The alternative track selection (see above), has 3–6% lower combined efficiency and

acceptance and about two thirds of the secondary contamination.

Due to the combination of different event samples, see Sec. 2, the number of accepted events per central-

ity class is not uniform, as is shown in Table 1.

4 Analysis

The correlation between two charged particles (denoted trigger and associated particle) is measured as

a function of the azimuthal angle difference ∆ϕ (defined within −π/2 and 3π/2) and pseudorapidity

difference ∆η [36]. The correlation is expressed in terms of the associated yield per trigger particle

Collision system Centrality class Accepted events (106)

Pb–Pb 0–10% 7.7
10–20% 2.9
20–30% 2.9
30–50% 5.9
50–80% 3.9

pp — 24.0

Table 1: Centrality classes and corresponding number of accepted events in pp and Pb–Pb collisions at√
sNN = 2.76 TeV used in this analysis.
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for intervals of trigger and associated transverse momentum, pT,trig and pT,assoc, respectively. The pT

intervals can be different or identical, in which case only pairs of particles with pT,assoc < pT,trig are

considered to avoid double counting. The per-trigger yield can be measured experimentally if the particle

distribution is independent of pseudorapidity [37] in the following way:

1

Ntrig

d2Nassoc

d∆ηd∆ϕ
=

S(∆η ,∆ϕ)

B(∆η ,∆ϕ)
(1)

where Ntrig is the total number of trigger particles in the centrality class and pT,trig interval, ranging

from 0.18 to 36 per event. The signal distribution S(∆η ,∆ϕ) = 1/Ntrig d2Nsame/d∆ηd∆ϕ is the asso-

ciated yield per trigger particle for particle pairs from the same event. The background distribution

B(∆η ,∆ϕ) = α d2Nmixed/d∆ηd∆ϕ corrects for finite pair acceptance and pair efficiency. It is con-

structed by correlating the trigger particles in one event with the associated particles from other events

in the same centrality class and within the same 2 cm-wide zvtx interval (each event is mixed with 5–20

events depending on the number of tracks per event). The background distribution is scaled by a factor α
which is chosen such that B(0,0) is unity for pairs where both particles travel in approximately the same

direction (i.e. ∆ϕ ≈ 0, ∆η ≈ 0), and thus the efficiency and acceptance for the two particles are identical

by construction. The yield defined by Eq. 1 is constructed for each zvtx interval to account for differences

in pair acceptance and efficiency, depending on the vertex position zvtx. The trigger particles and the pairs

are corrected for single-particle efficiency, described below, before the final per-trigger yield is obtained

by calculating the average of the zvtx intervals weighted by Ntrig.

A minimum opening angle of the particle pairs is required for both signal and background to avoid a

bias due to the reduced efficiency for pairs with small separation. Pairs are required to have a separa-

tion of |∆ϕ∗
min| > 0.02 rad or |∆η | > 0.02, where ∆ϕ∗

min is the minimal azimuthal distance at the same

radius between the two tracks within the active detector volume. Furthermore, correlations induced

by secondary particles from long-lived neutral-particle decays (K0
s and Λ) and γ-conversions are sup-

pressed by cutting on the invariant mass (minv) of the particle pair. Pairs are removed which are likely

to stem from a γ-conversion (minv < 4 MeV/c2), a K0
s decay (|minv −m(K0

s)| < 5 MeV/c2) or a Λ decay

(|minv −m(Λ)|< 5 MeV/c2). Weak decays of heavier particles give a negligible contribution.

Each trigger and each associated particle is weighted with a correction factor that accounts for detector

acceptance, reconstruction efficiencies and contamination from secondary particles. These corrections

are applied as a function of η , pT, zvtx and event centrality. The shape parameters extracted below are

expected to be insensitive to these single-particle corrections which was confirmed in the analysis.

The obtained per-trigger yields as a function of relative angle are integrated over particles produced

within |η |< 0.8. As mentioned above, the method requires that the distribution of sources contributing

to the correlation are independent of pseudorapidity, which is approximately the case for the inclusive

particle distribution [25] as well as the anisotropic flow [38]. It can be easily shown (analytically or in a

toy Monte Carlo), that such a pseudorapidity dependence results in distortions as a function of ∆η of the

per-trigger yields which are independent of ∆ϕ . In addition, the finite centrality and zvtx bin width in the

event mixing has been found to cause ∆η-dependent effects due to the dependence of particle production

on centrality and the zvtx-dependent detector efficiency, respectively. In the data, such distortions in ∆η ,

of the order of 0.1%, have been observed. While small, these distortions are still relevant compared to

the jet-like peak which is on top of the large combinatorial background. In order to suppress distortions

of the peak in the ∆η direction, a correction factor is calculated such that the away side, which is outside

of the range studied by this work, becomes independent of ∆η . This correction factor is then applied

consistently to all ∆ϕ bins. The correctness of this procedure is supported by the fact that the goodness

of the fit (see following section) is substantially improved.

In order to characterize the near-side peak shape, a simultaneous fit of the peak, the combinatorial back-

ground and the long-range correlation background stemming from collective effects is performed. This
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Fig. 1: Illustration of the fitting procedure for the 10% most central Pb–Pb events at
√

sNN = 2.76 TeV in

2 < pT,assoc < 3 GeV/c and 3 < pT,trig < 4 GeV/c. The panels show (a) the two-dimensional azimuthal and

pseudorapidity total per-trigger yield, (b) the background distribution and (c) the signal peak component from the

fit by Eq. 2, and (d) the relative difference between the data and the fit.

exploits that in two-particle correlations the near-side peak is centred around ∆ϕ = 0, ∆η = 0 while long-

range correlation structures are approximately independent of ∆η [38]. This strategy limits the analysis

to the near side, as the away-side peak is elongated in ∆η . The fit function used is a combination of a

constant, a generalized two-dimensional Gaussian function and cos(n∆ϕ) terms for n = 2,3,4.

F(∆ϕ ,∆η) = C1 +
4

∑
n=2

2Vn∆ cos(n∆ϕ)+

C2 ·Gγ∆ϕ ,w∆ϕ
(∆ϕ) ·Gγ∆η ,w∆η

(∆η) (2)

Gγx,wx
(x) =

γx

2wxΓ(1/γx)
exp

[

−
( |x|

wx

)γx
]

(3)

Thus, in Pb–Pb collisions, the background is characterized by 4 parameters (C1, Vn∆) where Vn∆ are the

Fourier components of the long-range correlations [39], and it should be noted that the inclusion of orders
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Fig. 2: Projections of Fig. 1 (a) to the ∆ϕ (a) and ∆η (b) directions. The projections integrated over |∆η |< 1.6 and

|∆ϕ |< π/2, respectively, present per-trigger yields (and not densities) and therefore the level of the background is

different than in Fig. 1. The fit and the background component of the fit are overlaid with the data.

higher than 4 does not significantly change the fit results. In pp collisions, however, the background

consists effectively only of the pedestal C1. The peak magnitude is characterized by C2, and the shape

which is the focus of the present analysis by 4 parameters (γ∆ϕ , w∆ϕ , γ∆η , w∆η). Note that for γ = 2

the generalized Gaussian function G is a Gaussian, and for γ = 1 it is a Laplace distribution, which is

an exponential where the absolute value of the argument is taken (exp(−|x|)). The aim of using this fit

function is to allow for a compact description of the data rather than attempting to give a physical meaning

to each parameter. A further reduced description of the peak shape is provided by the variances (σ∆ϕ and

σ∆η) of the generalized Gaussian. The evolution of the peak shape from peripheral to central collisions is

described by the ratio of the width in the central bin (0–10%) and the peripheral bin (50–80%), denoted

by σ CP
∆ϕ and σ CP

∆η .

In the data, a depletion around ∆ϕ = 0, ∆η = 0 is observed at low pT, however, the fit function does

not include such a depletion. Several bins in the central region are excluded from the fit avoiding a bias

on the extracted peak width. The size of the excluded region varies with pT and collision centrality

reflecting both the width of the peak and the area of the depletion. The exclusion region is largest (0.3)

in the lowest pT bin and most central Pb–Pb collisions and vanishes for higher pT and peripheral Pb–Pb

collisions. The sensitivity of the result to the size of the exclusion region was studied, see Section 5.

Thus, by definition, the peak width describes the shape of the peak outside of the central region. The

depletion in the central region is quantified by the near-side depletion yield in Section 6.3 by computing

the difference between the fit and the per-trigger yield within the exclusion region.

Figure 1 illustrates the fit procedure. Shown is the data as well as the background and peak components

of the fit. The bottom right panel shows the difference between the data and the fit where only minor

deviations less than 0.5% can be observed. Figure 2 shows the ∆ϕ and ∆η projections of the data

overlaid with the obtained fit functions. The comparison with the background illustrates the magnitude

of the peak.

In Pb–Pb collisions, the χ2/ndf values of the fits are found in the range 1.0–2.5; most are around 1.5.

In the highest two pT bins (i.e. in 3 < pT,assoc < 8 GeV/c and 4 < pT,trig < 8 GeV/c) the values increase

up to about 2.5 showing that at high pT the peak shape starts to depart from the generalized Gaussian

description. In pp collisions, the χ2/ndf values are in the range 1.3–2.0.

Different fitting strategies have been tried using a two-dimensional Gaussian to describe the peak, which

is found to not describe the data satisfactorily (conversely, the χ2/ndf is too large). A superposition of
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Source σ∆ϕ σ∆η σCP
∆ϕ σCP

∆η Depletion yield

Track selection and efficiencies 1.0% 1.3% 20%

Small opening angle cut 0.7% 1.3% 5–10%

Neutral-particle decay cut 0.1% 0.2% 8–20%

Vertex range 1.0% 1.0% 5–10%

Pseudorapidity dependence 1.7% 4.1% 0.6% 2.5% 5–15%

Exclusion region 0.1% 1.0% 0.1% 1.5% 7–28%

Total 2.3% 4.5% 2.2% 3.6% 24–45%

Table 2: Summary of the systematic uncertainties of the analysis. Ranges indicate a dependence on centrality.

two two-dimensional Gaussians describes the data well, but is found unstable compared to the general-

ized Gaussian. In general, the fit with a single two-dimensional Gaussian results in smaller peak widths

than the generalized Gaussian case which in turn has smaller peak widths than the two two-dimensional

Gaussian fit.

5 Systematic uncertainties

Systematic uncertainties connected to the measurement are determined modifying the selection crite-

ria discussed above and repeating the analysis. The difference in the extracted parameters is studied

as a function of pT, centrality and collision system, but these dependencies are rather weak and one

uncertainty value can be quoted for each source of systematic uncertainty in most cases. Finally, the con-

tribution from the different sources of systematic uncertainties are added in quadrature. The extracted

peak widths are rather insensitive to changes in the selections (total uncertainty of about 2–4.5%) while

the near-side depletion yield defined in Sec. 6.3 is more sensitive (about 24–45% uncertainty).

Table 2 summarizes the different sources of systematic uncertainties which have been considered. Changes

of vertex range and track selection have already been detailed in Sec. 3. The selection criterion on pairs

with small opening angles (see Sec. 4) is increased by a factor 2 and the mass range in the cut removing

neutral-particle decays is modified by 50%. The size of the exclusion region around ∆ϕ = 0, ∆η = 0 (see

Sec. 4) is enlarged by 0.17 (0.2) in the ∆ϕ (∆η) direction. The sensitivity of the analysis results to the

pseudorapidity range used is assessed by changing it by ±0.1. This uncertainty includes effects of the

pseudorapidity dependence of the anisotropic flow as well as the particle production in general. Trigger

particles in positive and negative η-direction are studied separately to exclude any detector effects related

to the trigger-particle direction. No dependence of the results presented in this paper on the polarity of

the magnetic field was observed.

The influence of resonance decays on the observations presented below were investigated by performing

the analysis separately for like-sign and unlike-sign pairs. While the numerical values change, which is

not unexpected, the qualitative conclusions presented below are unchanged. In particular, the reported

broadening and depletion are larger in the like-sign case suggesting that resonance decays do not play a

significant role for these phenomena.

6 Results

The top row of Fig. 3 shows the near-side peak in 1 < pT,trig < 2 GeV/c and 1 < pT,assoc < 2 GeV/c after

subtraction of the background estimated with Eq. 2. The peak has a similar shape in pp collisions and

in peripheral (50–80% centrality) Pb–Pb collisions, where it is approximately symmetric in ∆ϕ and ∆η .

In the 10% most central collisions a different picture is observed: the near-side peak is broader than in

peripheral collisions and wider in ∆η than in ∆ϕ . Furthermore, a depletion around ∆ϕ = 0, ∆η = 0

develops which will be discussed in more detail further below. At higher pT (bottom row of Fig. 3), the

near-side peak is also found broader in central collisions than in peripheral or pp collisions, although
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Fig. 3: Associated yield per trigger particle as a function of ∆ϕ and ∆η in pp collisions (left panels) and Pb–Pb

collisions at
√

sNN = 2.76 TeV in the 50–80% centrality class (middle panels) and in the 0–10% centrality class

(right panels). The top row shows 1 < pT,assoc < 2 GeV/c and 1 < pT,trig < 2 GeV/c and the bottom row shows 2 <

pT,assoc < 3 GeV/c and 3 < pT,trig < 4 GeV/c. The background obtained from the fit function has been subtracted

in order to emphasize the near-side peak.
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Pb–Pb collisions at
√

sNN = 2.76 TeV and pp collisions (right most points in each panel). Lines indicate statistical

uncertainties (mostly smaller than the marker size), while boxes denote systematic uncertainties. The markers are

placed at the centre of the centrality bins.

it is visually less pronounced, but the asymmetry between ∆ϕ and ∆η disappears at the two highest

pT bins included in the analysis. In addition, the amplitude of the peak is smaller in central collisions.

Figure 4 shows the projections of the two-dimensional histogram shown in Fig. 3(c), where the depletion

is largest, together with the fitted function.

6.1 Peak widths

We examine and quantify the evolution of the near-side peak shape and width with the fit procedure

described in Sec. 4. The extracted shape parameters σ∆ϕ and σ∆η are presented in Fig. 5. In pp colli-

sions, the σ values range from 0.14 to 0.43 showing the expected pT dependence: due to the boost of the

evolving parton shower at larger pT the peak is narrower. In the ∆ϕ direction (left panel) the values ob-
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Fig. 6: Ratio of the peak widths in ∆ϕ (left panel) and ∆η (right panel) observed in central (0–10%) and peripheral

(50–80%) collisions as a function of pT,trig and pT,assoc ranges. The data is compared to the different AMPT

settings. Note that the x-axis combines the pT,assoc and pT,trig axis, and therefore, a uniform trend of the values is

not expected. Lines indicate statistical uncertainties (mostly smaller than the marker size), while boxes (only for

data) denote systematic uncertainties.

tained in pp collisions are consistent with those in peripheral Pb–Pb collisions. The peak width increases

towards central events which is most pronounced in the lowest pT bin (20% increase). In the higher

pT bins no significant width increase can be observed. In the ∆η direction (right panel) a much larger

broadening towards central collisions is found. Already in peripheral collisions the width is larger than

in pp collisions, and from peripheral to central collisions the width increases further up to σ∆η = 0.67 in

the lowest pT bin. The largest relative increase of about 85% is observed for 2 < pT,trig < 3 GeV/c and

2 < pT,assoc < 3 GeV/c. A significant broadening can be observed for all but the two largest pT bins. This

increase is quantified for all pT bins in Fig. 6 by σ CP
∆ϕ and σ CP

∆η . The increase is quantified with respect to

peripheral Pb–Pb instead of pp to facilitate the MC comparisons discussed below.

In pp collisions, the peak shows circular symmetry in the ∆η–∆ϕ plane for all pT. In Pb–Pb colli-

sions, the peak becomes asymmetric towards central collisions for all but the two highest pT bins. The

magnitude of this asymmetry depends on pT and is largest with about 70% (σ∆η > σ∆ϕ) in the range

2 < pT,trig < 3 GeV/c and 2 < pT,assoc < 3 GeV/c.

6.2 Model comparison

The interplay of longitudinal flow with a fragmenting high pT parton was suggested in Ref. [19] as

a possible source for the observed asymmetric peak shape. The authors argue that hard partons are

interacting with a medium which shows collective behaviour. This is confronted with the simpler picture

where the parton propagates through an isotropic medium with respect to the parton direction. In their

calculation the scattering centres are Lorentz-boosted by applying a momentum shift depending on the

collective component transverse to the parton-propagation direction. The calculation in Ref. [19] for

Au–Au collisions at
√

sNN = 200 GeV expects a 20% increase from peripheral to central events for the

∆ϕ direction and a 60% increase for the ∆η direction. Despite the different centre-of-mass energy and

collision system, the calculation is in quantitative agreement with the results presented in this paper.

Further studies on the possibility that the effect can be caused by an interplay of flow and jets have been
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done comparing the data to generator-level results from A Multi-Phase Transport model (AMPT) [40, 41]

which has been shown to feature a longitudinal broadening of the near-side peak [42]. Two mechanisms

in AMPT produce collective effects: partonic and hadronic rescattering. Before partonic rescattering,

the initially produced strings may be broken into smaller pieces by the so-called string melting. Three

different AMPT settings are considered, having either string melting or hadronic rescattering or both ac-

tivated.1 About 10 million events were generated for each of the cases with string melting activated, and

about 47 million events for the case with string melting disabled. The results obtained in pp collisions are

compared to PYTHIA 8.1 simulations [44] with the Monash tune [45] with about 500 million generated

events.

The peak widths and σ CP
∆ϕ and σ CP

∆η are extracted from particle level AMPT simulations in the same way

as for the data. Figure 6 compares these ratios to the data. In the ∆ϕ direction, the setting with string

melting deactivated and hadronic rescattering active follows the trend of the data closest. The two other

settings show a more uniform distribution across pT and only differ in the two lowest pT bins. In the ∆η

direction, the setting with string melting deactivated and hadronic rescattering active quite remarkably

follows the trend of the data including the large increase for intermediate pT. The two other settings

show qualitatively a similar trend but miss the data quantitatively.

In addition to the relative increase, it is interesting to compare the absolute widths. Figure 7 presents the

ratio of the widths in the three AMPT settings to the width measured in Pb–Pb collisions as well as the

ones from PYTHIA simulations with the Monash tune to the ones measured in pp collisions. In general,

none of the AMPT settings provides an accurate description of the data. The setting which matches best

the relative width increase (string melting deactivated, hadronic rescattering active), overestimates the

width by on average 20–30% with a mild pT dependence. The two settings with string melting show a

decreasing (increasing) trend as a function of pT in central (peripheral) collisions in the ∆ϕ direction.

In the ∆η direction, in central collisions, they both over- and underestimate the data depending on pT,

while there is about 10% overestimation in peripheral collisions mostly independent of pT. The width in

pp collisions is well described by PYTHIA at high pT in both directions, while the width in ∆ϕ (∆η) is

overestimated by 10% (25%) at low pT.

6.3 Near-side depletion

The results presented in the previous section have focused on the overall shape of the near-side peak.

In addition to the broadening, a distinct feature in central collisions and at the low pT is observed, a

depletion around ∆ϕ = 0, ∆η = 0 (top right panel of Fig. 3 and Fig. 4).

An extensive set of studies was carried out to determine whether this depletion could arise from detector

effects. Studies focused, in particular, on two-track effects: tracks with similar momenta which overlap

in parts of the detector volume may suffer from efficiency losses and reconstruction imperfections, e.g.

a splitting of a particle’s trajectory into two tracks may cause distortions of the two-particle correlation

around ∆ϕ = 0, ∆η = 0. It was shown that such detector-related effects are present but only in a very

limited region of where both |∆ϕ | and |∆η | are smaller than 0.04–0.05. The depletion discussed in this

section extends out to |∆η | well beyond 0.3 which is significantly larger than the detector resolution and

the reach of two-track efficiency effects. A detector-related origin is thus excluded.

Figure 8 presents the per-trigger yield and their projections to the ∆ϕ and ∆η axes for the AMPT simu-

lations in the same pT and centrality bin as the top panel of Fig. 3. The AMPT simulations with hadronic

rescattering show a depletion regardless of the string melting setting.

In order to quantify this depletion, the difference between the fit (where the depletion region has been

1AMPT versions v1.25t3 (without string melting, parameter isoft = 1) and v2.25t3 (with string melting, parameter isoft = 4)

are used. In addition, in one sample the use of rescattering in the hadronic phase is disabled by setting the parameter ntmax to

3 (the default is 150). See Ref. [43] for more details on these settings.
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Fig. 7: Ratio of the peak widths in AMPT to Pb–Pb collisions in central (top panels) and peripheral collisions

(centre panels) as well as in PYTHIA to pp collisions (bottom panels). Panel (a) show the shape parameters σ∆ϕ

while panel (b) show σ∆η . Lines indicate statistical uncertainties (mostly smaller than the marker size), while

boxes denote systematic uncertainties.

excluded, see above) and the per-trigger yield relative to the total peak yield for the pT bins is computed

and this is referred to as depletion yield in the following. The region where effects are expected from

the limited two-track reconstruction efficiency (|∆ϕ |< 0.04 and |∆η |< 0.05, which corresponds to 0.5–

6% of the integrated region) is excluded from this calculation. Fig. 9 presents the depletion yield as a

function of centrality for the pT bins where it is different from 0. It can be seen that (2.2±0.5)% of the

yield is missing in the lowest pT bin (1 < pT,trig < 2 GeV/c, 1 < pT,assoc < 2 GeV/c) and in the 10% most

central events. This value decreases gradually with centrality and with pT. No significant depletion is

observed for 50–80% (30–80%) centrality or pp collisions for the lowest (second lowest) pT range. For

higher pT bins, no significant depletion is observed.

The depletion observed in the AMPT events is present only in the lowest pT bin, where its value is

compatible with the data for both settings where hadronic rescattering is switched on. For larger pT bins

and for the configuration without hadronic rescattering the depletion yield is consistent with 0 in AMPT.
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Fig. 8: Upper row: associated yield per trigger particle as a function of ∆ϕ and ∆η in AMPT (generator level) for

the 10% most central events. Lower row: projections to the ∆ϕ and ∆η axis. The bin shown is 1< pT,trig < 2 GeV/c

and 1 < pT,assoc < 2 GeV/c. Three different AMPT settings are shown. Left panels: string melting and hadronic

rescattering active; middle panels: only string melting active; right panels: only hadronic rescattering active. As in

Fig. 3, the combinatorial and flow background has been subtracted using the fit function.
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6.4 Interpretation and relation to radial and elliptic flow

A broadening of the near-side jet-like peak could originate from the modification of the jet fragmentation

function in the medium. This is expected to manifest itself as a symmetric broadening in the ∆ϕ and the

∆η directions. The interaction of the penetrating jet with the flowing medium, could also result in a

broadening of the peak, which could be of symmetric as well as of asymmetric shape. Therefore in order

to investigate the relation of the observations and the strength of radial and anisotropic flow, Table 3

presents the radial-flow expansion velocity βT and the elliptic flow coefficient v2{2} for the 10% most

central events from data (from [46, 47]) and from the AMPT samples. The expansion velocity βT is

extracted from a Blast-Wave fit to the pT-spectra of π , K and p in the range of 0.5 < pT < 1 GeV/c,

0.2 < pT < 1.5 GeV/c and 0.3 < pT < 2 GeV/c, respectively, and in the rapidity range of |y| < 0.5.

The fit describes the AMPT simulation with 10% precision in the fitted range (see Ref. [46] for details

on the fitting procedure). The v2{2} is extracted from two-particle correlations within |η | < 0.8 and

0.2 < pT < 5GeV/c (see Ref. [47] for details on the procedure).

Sample βT v2{2}
AMPT string melting and hadronic rescattering 0.442 0.0412 ± 0.0002

AMPT string melting 0.202 0.0389 ± 0.0002

AMPT hadronic rescattering 0.540 0.0330 ± 0.0002

Data 0.649 ± 0.022 0.0364 ± 0.0003

Table 3: Blast-wave fit parameter βT and elliptic flow coefficient v2{2} for 0–10% centrality in Pb–Pb collisions

at
√

sNN = 2.76 TeV in the considered AMPT samples and for comparison in the data (from [46, 47]). Uncertain-

ties are statistical for the MC samples and combined statistical and systematic ones for the data. The statistical

uncertainties for the Blast-wave fits on AMPT are negligible.

The radial-flow expansion velocity βT is larger when hadronic rescattering is active and largest if in

addition string melting is switched off, while the configuration without hadronic rescattering results in

a low βT. The value found in the data is about 20% larger than the highest one in the AMPT simula-

tions. The elliptic flow coefficient v2{2} is better described by AMPT. Closest are the configurations

with either string melting or hadronic rescattering (about 7% discrepancy), while the configuration with

both processes simultaneously overestimates the v2{2}. The differences between the different AMPT

configurations are much smaller for the elliptic flow than for the radial flow.

The depletion discussed in the previous section occurs in the two AMPT configurations where the βT

is large, while the configuration without the depletion has the smallest βT. The coefficient v2{2} has

significantly different values in the two configurations with depletion, and the relative increase of the

peak width (Fig. 6) is best described by the AMPT configuration with the largest βT. These studies

suggest that the depletion is more likely accompanied by radial flow than by elliptic flow.

Ref. [42] studied partonic pseudorapidity distributions at different evolution times in AMPT. The authors

show that the longitudinal broadening is driven by large values of longitudinal flow. In a picture where

expansion is driven by pressure gradients, strong radial expansion can be accompanied by large longitu-

dinal expansion. In conclusion, in AMPT, the observed phenomena are accompanied by large values of

radial and longitudinal flow.

6.5 Comparison to other experiments

The STAR collaboration has studied near-side peak shapes at
√

sNN = 62.4GeV and
√

sNN = 200GeV

in d+Au, Cu–Cu and Au–Au collisions [14]. Apart from the peak width quantification, done separately

in the ∆η and ∆ϕ direction with one-dimensional Gaussian functions after the subtraction of the back-

ground, the analysis method is compatible to the one presented in this analysis. In the studies presented

in this paper, it was found that the peak widths with one two-dimensional Gaussian lead generally to
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Fig. 10: Comparison of the shape parameters σ∆ϕ (left panel) and σ∆η (right panel) to results from the STAR

collaboration in Au–Au collisions at
√

sNN = 200GeV [14]. The markers are placed at the centre of the pT,assoc

bins, slightly displaced for visibility, and the uncertainties are statistical and systematic ones added in quadrature.

smaller values than with the generalized Gaussian, and the fit quality is not optimal for the large statis-

tics collected at the LHC. However, despite the difference in centre-of-mass energy, the larger statistical

uncertainties in the analysis reported by the STAR collaboration may have hidden the possibility that the

generalized Gaussian is a better description of the near-side peak.

The STAR collaboration also observed a broadening of the peak widths from peripheral to central colli-

sions at
√

sNN = 200GeV in Au–Au collisions. The effect is most significant for 2 < pT,assoc < 4GeV/c.

In the ∆ϕ direction, the width increases by 25–30% depending on the pT, and in the ∆η direction, the in-

crease is about 40–60%. This effect is comparable to the observations presented in this paper. Figure 10

compares the results in the centrality bins which have the largest overlap between the two experiments.

Agreement between the STAR results and this work is observed, within statistical uncertainties, in all

overlapping momentum and centrality bins, with the exception of central collisions in the ∆ϕ direction,

where a two-sigma difference can be seen.

7 Summary

We have presented a detailed characterization of the flow-subtracted near-side peak in two-particle cor-

relations in Pb–Pb collisions at
√

sNN = 2.76 TeV together with a measurement in pp collisions at the

same energy. The near-side peak shows the characteristic pT dependence, where the width decreases

with increasing pT. In addition, in Pb–Pb collisions a centrality dependence is observed: the peak gets

wider from peripheral to central collisions. This effect is significantly stronger for the ∆η direction than

for the ∆ϕ direction leading to an asymmetric peak shape in central collisions, observed over a wide pT

range. Additionally, at low pT, an unexpected depletion develops from peripheral to central collisions.

AMPT simulations show that both the asymmetric broadening and the depletion are also present when

hadronic rescattering is included. The AMPT configuration with hadronic rescattering and without string

melting reproduces quantitatively the relative peak broadening as well as the size of the depletion. The

extraction of the radial-flow expansion velocity suggests that the stronger the radial flow, the stronger

the observed effects are. In addition, earlier theoretical and phenomenological work connected the lon-
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gitudinal broadening of the near-side jet-like peak to strong longitudinal flow in AMPT, as well as to an

interplay of partons traversing the longitudinally expanding medium. Thus a possible scenario is that the

presented observations are caused by the interplay of the jet with the collective expansion.
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26Dipartimento di Fisica dell’Università and Sezione INFN, Turin, Italy
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di Torino, Alessandria, Italy
33Dipartimento Interateneo di Fisica ‘M. Merlin’ and Sezione INFN, Bari, Italy
34Division of Experimental High Energy Physics, University of Lund, Lund, Sweden
35European Organization for Nuclear Research (CERN), Geneva, Switzerland
36Excellence Cluster Universe, Technische Universität München, Munich, Germany
37Faculty of Engineering, Bergen University College, Bergen, Norway
38Faculty of Mathematics, Physics and Informatics, Comenius University, Bratislava, Slovakia
39Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University in Prague, Prague, Czech

Republic
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