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Abstract

The correlation between pairs or triplets of particles in relative angle and momentum provides a
valuable means of accessing the physics of particle production in heavy ion collisions. A selec-
tion of recent results from two and three particle correlations measured by the ALICE experiment
are presented, and some brief interpretations of their implications are offered.

1. Introduction

1A list of members of the ALICE Collaboration and acknowledgements can be found at the end of this issue.

We begin with an investigation of the intriguing “Baryon anomaly” observed previously at
RHIC [1] and more recently at the LHC [2]. Within a pT range of approximately 2-5 GeV/c,
the ratio of baryons to mesons is enhanced by up to a factor of four in central Pb-Pb compared
to pp collisions. This phenomenon is studied in two-particle correlations, where the conditional
yield of associated baryons (specifically p, p̄) and mesons (π±) is measured on the near side (i.e.
—Δϕ| < 0.5) for a “peak” region (Δϕ,Δη near 0, 0) and in “bulk” regions (|Δη| > 0.6). See
figure 1, left.

For this analysis, the trigger particles consist of non-identified charged hadrons in 5 < pt
T <

10 GeV/c. The associated pions and protons were identified using measured energy loss in the

2. Baryon to meson ratios

The measurement of angular distributions from two and three particle correlations has proven
to be an effective technique for studying the modification of particle production in heavy ion
collisions, particularly when used in comparison to expectations from proton-proton collisions.
The correlation technique involves constructing a density of pair angles in relative azimuth (Δϕ =
ϕt − ϕa) or pseudorapidity (Δη = ηt − ηa), where t and a denote trigger particles with momentum
pt

T and associated particles at momentum pa
T .

Peaks in a correlation function indicate a relatively high probability for particle coincidence
in a particular region of phase space for the pair; accordingly, depletions indicate a lower proba-
bility. Interpretation of such distributions allows inference to properties of the hot, dense quark-
gluon plasma phase of nuclear matter produced in ultrarelativistic nuclear collisions. Of partic-
ular interest is the modification of the shape and yield of particle pair distributions, which shed
light on processes associated with initial-state physics and hydrodynamic evolution, as well as
jet fragmentation and hadronic interactions occurring in the final state.
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Figure 1: (Left) Example of a particle pair distribution in (Δϕ,Δη) showing the “peak” and “bulk” angular windows.
(Right) ratio of proton/pion spectra as a function of pa

T for the peak and bulk regions, including p/π from PYTHIA.

ALICE time projection chamber (TPC) and flight time from the ALICE time-of-flight detector.
The right side of figure 1 shows the ratio of proton/pion spectra in the two angular regions as a
function of pa

T . It is found that p/π in the near-side (bulk-subtracted) peak region is consistent
with the expectation from proton-proton collisions, as estimated by a default tune of PYTHIA
v6.4.21 [3], while p/π is strongly enhanced in the “bulk” region. This suggests firstly that there
is no significant medium-induced modification of jet particle ratios, and secondly that the afore-
mentioned baryon enhancement in heavy ion collisions is a result of bulk processes and not jet
fragmentation.

3. Near-side peak studies

A number of observables, such as the nuclear modification factor RAA (for single particles)
and IAA (for particle pairs), have suggested a significant medium-induced energy loss of hard-
scattered partons. The latter is defined as

IAA =
YAA

Ypp
, Y =

∫
dΔϕ

1
Ntrig

dNpair

dΔϕ
. (1)

From recent analyses of reconstructed jets [4], the energy loss initially indicated by observables
such as IAA has been interpreted as large-angle soft radiation, with weakly modified remnant
jets. This interpretation is studied further here by examining the width and eccentricity of near-
side peaks in dihadron correlations. The large combinatoric non-jet component of the dihadron
correlations is estimated from the large-Δη component (visible in figure 2, upper left), and is
subtracted from the inclusive sample, leaving a distribution such as the example in figure 2 (lower
left). The resulting peaks follow clear trends with pT and collision centrality (figure 2, right).
First, the widths in Δη are greater than those in Δϕ. The widths decrease as the particle pT rises.
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Figure 2: Left: example of an angular distribution of charged-particle pairs including all correlation sources (top),
and with large-Δη correlations subtracted, such that jet-like correlation is the dominant remaining component (bottom).
Right: widths from Gaussian peak fits in Δϕ (points) and Δη (lines) for lower-pT pairs (upper curves) and higher-pT
pairs (lower curves).

Narrowing is also visible in both coordinates as collisions become more peripheral, although this
trend is considerably weaker in Δϕ than in Δη.

One explanation for the system-size dependence of the peak width is longitudinal hydrody-
namic flow [5], which can deform a jet produced with an initially conical profile.

In addition to analysis of peak widths, modification of the near-side yields has also been
measured. The estimated non-jet background has been estimated from conditional yields away
from the peak as described in [6] and is subtracted. The result is shown in figure 3.

An enhancement of about 20-50% is observed in central Pb-Pb compared to the pp reference,
while almost no enhancement is found in peripheral collisions. Although not shown here, IAA was
also measured as a function of Δη. It was found that the yield enhancement in central collisions
occurs primarily at small Δη in the vicinity of the near-side peak. Possible explanations for this
observation are presented in [6].

4. Charge-dependent correlations

Charge balance functions, defined for Δη as

B(Δη) =
1
2

{
N+−(Δη) − N++(Δη)

N+
+

N−+(Δη) − N−−(Δη)
N−

}
(2)

and similarly for Δη→ Δϕ, provide a valuable tool to study collective motion, charge separation
at the freeze-out stage, and the time of hadronization.

Two different samples are provided as references for the charge balance measurements. First,
a shuffled-event sample is produced by randomizing the charges of tracks within each event, so
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Figure 3: Near-side IAA vs. associated particle pT for 8-15 GeV/c trigger particles in central collisions (left) and periph-
eral collisions (right).

that charge-momentum correlations are removed. Secondly, a mixed-event sample is generated
by correlating tracks between events, where all correlations of physical origin are removed, and
only acceptance effects are present.

The balance functions for the three samples are shown in figure 4 (for Δη) and figure 5
(for Δϕ). In both coordinates, the balance function falls to zero with increasing pair separation,
becoming narrower in more central collisions. This focusing effect is consistent with strong radial
flow and a delay in the creation of charges due to a long lifetime of the thermalized medium, as
explained in [7].

Figure 4: Charge balance function (eq. 2) for central (left), mid-central (center) and peripheral (right) collisions.

In addition to charge balance functions, number density (R2) and transverse momentum
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Figure 5: Balance function similar to figure 4, but measured vs. Δϕ instead of Δη.

(ΔpT −ΔpT ) correlations were also measured in various Δη intervals. The latter are omitted
from these proceedings for lack of space. Fourier harmonics were extracted from fits to the az-
imuthal distributions. Correlations at large Δη exclude the near-side peak from jet fragmentation
and other nonflow sources. The general trends were as follows: the second through fourth har-
monics extracted from R2 were found to be consistent with those obtained via more traditional
techniques such as the event-plane method. An example is shown in the left side of figure 6. The
v2-v4 coefficients also followed a pair harmonic factorization into single-particle harmonics, in
the sense described in [8]. The harmonics from the three charge combinations (++, +−, and −−)
were found to agree with one another.

The first harmonic, however, did not exhibit such trends (figure 6, right). There, opposite-
sign pairs are seen to have a significantly different value than like-sign pairs. It is likely that v1
behaves differently than the higher harmonics due to momentum and charge conservation effects.

5. Three particle correlations

Three particle correlations have also been measured in a variety of pT and centrality ranges.
For this analysis, two different associated particles are paired with a trigger particle, leading to
a two-dimensional Δϕ12,Δϕ13 distribution proportional to the probability to obtain two associ-
ated particles with the trigger. An example for the 5% most central collisions for particles at
intermediate pT (3 < pt

T < 4, 1 < pa
T < 2 GeV/c) is shown in figure 7.

The pattern observed in Pb-Pb data is similar to the result of a simulation that incorporates
only hydrodynamics without any kind of jet fragmentation. This observation is consistent with
previous two-particle measurements from the ALICE collaboration that have indicated an over-
whelming dominance of hydrodynamic flow to the azimuthal anisotropy [9]. Thus any non-flow
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Figure 6: Examples of Fourier harmonics extracted from fits to number density R2 correlations. Left: v2{R2}. Right:
v1{R2}.

Figure 7: Azimuthal distributions Δϕ12,Δϕ13 for particle triplets with a trigger particle at φ1 and associated particles at
φ2,3. Left: 0-5% central Pb-Pb data, Right: result of flow-only simulation at the same centrality.
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signal must be comparatively small, although attempts are underway to isolate such a contribu-
tion if present [10].

6. Femtoscopic correlations

Continuing the analysis of global event properties from two-particle correlations, the fem-
toscopic radii Rinv from Bose-Einstein correlations are shown in figure 8 for pions, kaons, and

protons as a function of transverse mass mT =

√
p2

T + m2. Each family of particles with a com-

mon mass follows an approximate inverse-power trend in mT up to 1.6 GeV/c2, if a kinematic
normalization factor is applied. This approximate mT scaling is expected if the space-momentum
correlation for these species is induced by hydrodynamic flow [11].

Figure 8: Femtoscopic radius Rinv for pion (�) , kaon (�), and proton (•) pairs in three different centrality classes.

Baryon-antibaryon (BB̄) correlation functions have been measured as a function of relative
momentum and are shown in figure 9 for protons (left) and Λs (right).

For the pp̄ correlations, an enhancement in the femtoscopic correlation function C is ob-
served at the lowest relative momenta due to well-known Coulomb effects, but for both species
a broad depletion is observed. This has been explained as consistent with final-state (BB̄) an-
nihilation. Such an effect, thought to occur during the hadronic rescattering phase of heavy ion
collisions, has also been invoked to explain the observed reduction in proton yields relative to
expectations from hydrodynamic models.

Thus, these measurements support the mechanism of final-state (BB̄) pair annihilation, and
serve as the beginnings of precise interaction cross-section measurements for several rare (BB̄)
pair types, which are useful in their own right, as well as providing quantitative inputs for
hadronic cascade models such as URQMD.
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Figure 9: Baryon-antibaryon correlation functions as a function of relative momentum for pp̄ pairs (left) and ΛΛ̄ pairs
(right).

7. Summary

The results presented here provide new insights into medium modification, both qualitatively
and quantitatively, but have generally served to support the most common current interpretations
of existing results.

From correlations involving identified particles, it appears that the baryon enhancement arises
from collective physics rather than jet fragmentation. The similarity in particle composition
between Pb−−Pb and proton-proton collisions suggests that jet fragmentation occurs in vacuum
rather than inside the medium. In addition, (BB̄) correlations suggest that pair annihilation is a
significant effect in the final state.

At low to intermediate pT , the data suggest that hydrodynamic flow is a dominant cause
of anisotropy. Three-particle correlations in central Pb-Pb data are consistent with flow-only
simulations. Recent transverse momentum and number density correlations, omitted from these
proceedings for lack of space, have also supported the picture of flow-dominated correlations.

Analyses of the shape and yield of the near-side correlation peak indicate significant medium
modification, in the form of longitudinal broadening effect observed in increasingly central col-
lisions, and an enhancement in associated yields compared to proton-proton collisions.

The balance of charges is increasingly focused to narrower relative pseudorapidity with more
central collisions, suggesting strong radial flow and a long lifetime of the quark-gluon plasma
phase.
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