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Abstract

First measurements of dihadron correlations for charged particles are presented for
central PbPb collisions at a nucleon-nucleon center-of-mass energy of 2.76 TeV over a
broad range in relative pseudorapidity (∆η) and the full range of relative azimuthal
angle (∆φ). The data were collected with the CMS detector, at the LHC. A broadening
of the away-side (∆φ ≈ π) azimuthal correlation is observed at all ∆η, as compared
to the measurements in pp collisions. Furthermore, long-range dihadron correlations
in ∆η are observed for particles with similar φ values. This phenomenon, also known
as the “ridge”, persists up to at least |∆η| = 4. For particles with transverse momenta
(pT) of 2–4 GeV/c, the ridge is found to be most prominent when these particles are
correlated with particles of pT = 2–6 GeV/c, and to be much reduced when paired with
particles of pT = 10–12 GeV/c.
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1 Introduction
Measurements of dihadron azimuthal correlations [1–7] have provided a powerful tool to study
the properties of the strongly interacting medium created in ultrarelativistic nuclear collisions [8–
11]. An early indication of strong jet-medium interactions at RHIC was the absence of high-
transverse-momentum (high-pT) back-to-back particle pairs in dihadron correlation measure-
ments [1] and the corresponding enhancement of low-pT hadrons recoiling from a high-pT lead-
ing, or “trigger”, particle [3]. The recent observations of the suppression of high-pT charged
hadrons [12] and of asymmetric energies of reconstructed jets [13, 14] in PbPb collisions at the
Large Hadron Collider (LHC) provide further evidence of jet quenching, suggesting a large
energy loss for partons traversing the produced medium.

At RHIC, extending dihadron azimuthal correlation measurements to larger relative pseudo-
rapidities resulted in the discovery of a ridge-shaped correlation in central AuAu collisions
between particles with small relative azimuthal angles (|∆φ| ≈ 0), out to very large relative
pseudorapidity (|∆η|) [2, 6]. Although the “ridge” has been qualitatively described by several
different models [15–26], its origin is still not well understood. Some models attribute the ridge
to jet-medium interactions, while others attribute it to the medium itself. The ridge has been
observed for particles with transverse momenta from several hundred MeV/c to a few GeV/c.
However, the character of the ridge for even higher-pT particles, as well as its dependence on
collision energy, is still poorly understood from the RHIC results [2]. Recently, a striking ridge
structure has also been observed in very high multiplicity proton-proton (pp) collisions at a
center-of-mass energy of 7 TeV at the LHC by the Compact Muon Solenoid (CMS) Collabora-
tion [27], posing new challenges to the understanding of these long-range correlations.

This paper presents the first measurement of dihadron correlations for charged particles pro-
duced in the most central (0–5% centrality) PbPb collisions at a nucleon-nucleon center-of-mass
energy (

√
sNN ) of 2.76 TeV over a large phase space. The results are presented in terms of the as-

sociated hadron yields as a function of pseudorapidity and azimuthal angle relative to trigger
particles in different transverse momentum intervals. Traditionally, trigger particles have been
utilized to represent the direction of the leading hadron in a jet, and were required to have a
higher momentum than all the other associated particles in the jet [2, 6]. However, as shown
in Ref. [27], important information can also be obtained by studying the correlation of hadron
pairs from the same pT interval, which is particularly useful when addressing the properties of
the medium itself. The current analysis employs both approaches. This measurement provides
a unique examination of the ridge in the most central PbPb collisions at the highest energies
reached so far in the laboratory over a wide range in transverse momentum (2–12 GeV/c) and
up to large relative pseudorapidity (|∆η| ≈ 4), imposing further quantitative constraints on the
possible origin of the ridge.

Details of event readout and analysis for extracting the correlation functions are described in
Section 2, the physics results found using the correlations are described in Section 3, and a
summary is given in Section 4.

2 Data and Analysis
The analysis reported in this paper is based on PbPb collisions at

√
sNN = 2.76 TeV collected

during the LHC heavy-ion run in November and December 2010 with the CMS detector. The
central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diameter.
Within the field volume are the inner tracker, the crystal electromagnetic calorimeter, and the
brass/scintillator hadron calorimeter. Muons are measured in gas-ionization detectors embed-
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ded in the steel return yoke. In addition to the barrel and endcap detectors, CMS has extensive
forward calorimetry. The nearly 4π solid-angle acceptance of the CMS detector is ideally suited
for studies of both short- and long-range particle correlations. A detailed description of the
CMS detector can be found in Ref. [28]. CMS uses a right-handed coordinate system, with the
origin at the nominal interaction point, the x axis pointing to the center of the LHC, the y axis
pointing up (perpendicular to the LHC plane), and the z axis along the counterclockwise beam
direction. The detector subsystem primarily used for the present analysis is the inner tracker
that reconstructs the trajectories of charged particles with pT > 100 MeV/c, covering the pseu-
dorapidity region |η| < 2.5, where η = − ln[tan(θ/2)] and θ is the polar angle relative to the
beam direction. The inner tracker consists of 1440 silicon pixel and 15 148 silicon strip detector
modules immersed in the 3.8 T axial magnetic field of the superconducting solenoid.

The event readout of the CMS detector for PbPb collisions is triggered by coincident signals in
forward detectors located on both sides of the nominal collision point. In particular, minimum
bias PbPb data are recorded based on coincident signals in the beam scintillator counters (BSC,
3.23 < |η| < 4.65) or in the steel/quartz-fiber Cherenkov forward hadron calorimeters (HF,
2.9 < |η| < 5.2) from both ends of the detector. In order to suppress events due to noise,
cosmic rays, double-firing triggers, and beam backgrounds, the minimum bias trigger used in
this analysis is required to be in coincidence with bunches colliding in the interaction region.
The trigger has an acceptance of (97± 3)% for hadronic inelastic PbPb collisions [14].

Events are selected offline by requiring in addition at least three hits in the HF calorimeters
at both ends of CMS, with at least 3 GeV of energy in each cluster, and the presence of a re-
constructed primary vertex containing at least two tracks. These criteria further reduce back-
ground from single-beam interactions (e.g., beam gas and beam halo), cosmic muons, and
large-impact-parameter, ultra-peripheral collisions that lead to the electromagnetic breakup
of one or both of the Pb nuclei [29]. The reconstructed primary vertex is required to be located
within 15 cm of the nominal collision point along the beam axis and within a radius of 0.02 cm
relative to the average vertex position in the transverse plane.

This analysis is based on a data sample of PbPb collisions corresponding to an integrated lumi-
nosity of approximately 3.12 µb−1 [30, 31], which contains 24.1 million minimum bias collisions
after all event selections are applied.

The energy released in the collisions is related to the centrality of heavy-ion interactions, i.e.,
the geometrical overlap of the incoming nuclei. In CMS, centrality is classified according to
percentiles of the distribution of the energy deposited in the HF calorimeters. The centrality
class used in this analysis corresponds to the 0–5% most central PbPb collisions, a total of
1.2 million events. More details on the centrality determination can be found in Refs. [14, 32].

A reconstructed track is considered as a primary-track candidate if the significance of the sepa-
ration along the beam axis between the track and the primary vertex, dz/σ(dz), and the signifi-
cance of the impact parameter relative to the primary vertex transverse to the beam, dxy/σ(dxy),
are each less than 3. In order to remove tracks with potentially poorly reconstructed momen-
tum values, the relative uncertainty of the momentum measurement, σ(pT)/pT, is required to
be less than 5.0%. Requiring at least 12 hits on each track helps to reject misidentified tracks.
Systematic uncertainties related to the track selections have been evaluated as discussed below.

Trigger particles are defined as all charged particles originating from the primary vertex, with
|η| < 2.4 and in a specified ptrig

T range. The number of trigger particles in the event is denoted
by Ntrig, which can be more than one per event. Hadron pairs are formed by associating with
every trigger particle the remaining charged particles with |η| < 2.4 and in a specified passoc

T
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range. The per-trigger-particle associated yield distribution is then defined by:

1
Ntrig

d2Npair

d∆ηd∆φ
= B(0, 0)× S(∆η, ∆φ)

B(∆η, ∆φ)
, (1)

where ∆η and ∆φ are the differences in η and φ of the pair, respectively. The signal distribution,
S(∆η, ∆φ), is the measured per-trigger-particle distribution of same-event pairs, i.e.,

S(∆η, ∆φ) =
1

Ntrig

d2Nsame

d∆ηd∆φ
. (2)

The mixed-event background distribution,

B(∆η, ∆φ) =
1

Ntrig

d2Nmix

d∆ηd∆φ
, (3)

is constructed by pairing the trigger particles in each event with the associated particles from 10
different random events, excluding the original event. The symbol Nmix denotes the number of
pairs taken from the mixed event. The background distribution is used to account for random
combinatorial background and pair-acceptance effects. The normalization factor B(0, 0) is the
value of B(∆η, ∆φ) at ∆η = 0 and ∆φ = 0 (with a bin width of 0.3 in ∆η and π/16 in ∆φ), repre-
senting the mixed-event associated yield for both particles of the pair going in approximately
the same direction, thus having full pair acceptance. Therefore, the ratio B(0, 0)/B(∆η, ∆φ)
is the pair-acceptance correction factor used to derive the corrected per-trigger-particle associ-
ated yield distribution. Equation (1) is calculated in 2 cm wide bins of the vertex position (zvtx)
along the beam direction and averaged over the range |zvtx| < 15 cm. To maximize the statis-
tical precision, the absolute values of ∆η and ∆φ are used to fill one quadrant of the (∆η, ∆φ)
histograms, with the other three quadrants filled (only for illustration purposes) by reflection.
Therefore, the resulting distributions are symmetric about (∆η, ∆φ) = (0, 0) by construction.

Each reconstructed track is weighted by the inverse of the efficiency factor, εtrk(η, pT), as a
function of the track’s pseudorapidity and transverse momentum. The efficiency weighting
factor accounts for the detector acceptance A(η, pT), the reconstruction efficiency E(η, pT), and
the fraction of misidentified tracks, F(η, pT),

εtrk(η, pT) =
AE

1− F
. (4)

Studies with simulated Monte Carlo (MC) events show that the combined geometrical accep-
tance and reconstruction efficiency for the primary-track reconstruction reaches about 60% for
the 0–5% most central PbPb collisions at pT > 2 GeV/c over the full CMS tracker acceptance
(|η| < 2.4) and 65% for |η| < 1.0. The fraction of misidentified tracks is about 1–2% for
|η| < 1.0, but increases to 10% at |η| ≈ 2.4. The weighting changes the overall scale but
not the shape of the associated yield distribution, which depends on the ratio of the signal to
background distributions.

A closure test of the track-weighting procedure is performed on HYDJET [33] (version 1.6)
MC events. The efficiency-weighted associated yield distribution from reconstructed tracks is
found to agree with the generator-level correlation function to within 3.3%. In addition, sys-
tematic checks of the tracking efficiency, in which simulated MC tracks are embedded into



4 3 Results

data events, give results consistent with pure HYDJET simulations to within 5.0%. The track-
ing efficiency also depends on the vertex z position of the event. However, this dependence
is negligible in this analysis, and its effects are taken into account in the systematic uncer-
tainty by comparing the efficiency-corrected correlation functions for two different zvtx ranges,
|zvtx| < 15 cm and |zvtx| < 5 cm, which are found to differ by less than 2.2%. Additional uncer-
tainties due to track quality cuts are examined by loosening or tightening the track selections
described previously, and the final results are found to be insensitive to the selections to within
2.0%. An independent analysis, using a somewhat different but well-established methodol-
ogy [34, 35] in constructing the mixed-event background is performed as a cross-check, where
10 trigger particles from different events are selected first and combined to form a single event,
and then correlated with particles from another event. It yields results within 2.9–3.6% of the
default values (3.6% for |∆η| < 1 and 2.9% for 2 < |∆η| < 4), with a slight dependence on ∆η
and ∆φ. The other four sources of systematic uncertainty are largely independent of ∆η and
∆φ.

Table 1 summarizes the different systematic sources, whose corresponding uncertainties are
added in quadrature becoming the quoted systematic uncertainties of the per-trigger-particle
associated yield.

Table 1: Summary of systematic uncertainties.

Source Systematic uncertainty of
the per-trigger-particle associated yield (%)

Tracking weighting closure test 3.3
Tracking efficiency 5.0
Vertex dependence 2.2
Track selection dependence 2.0
Construction of the mixed-event background 2.9–3.6
Total 7.3–7.6

3 Results
The measured per-trigger-particle associated yield distribution of charged hadrons as a func-
tion of |∆η| and |∆φ| in the 0–5% most central PbPb collisions at

√
sNN = 2.76 TeV is shown in

Fig. 1a for trigger particles with 4 < ptrig
T < 6 GeV/c and associated particles with 2 < passoc

T <
4 GeV/c. To understand the effects of the hot, dense medium produced in the collisions, this
distribution can be compared to that from a PYTHIA8 MC simulation [36] (version 8.135) of pp
collisions at

√
s = 2.76 TeV, shown in Fig. 1b. This transverse momentum range, one of several

studied later in this paper, is chosen for this figure since it illustrates the differences between
correlations from PbPb data and PYTHIA8 pp MC events most clearly. The main features of the
simulated pp MC distribution are a narrow jet-fragmentation peak at (∆η, ∆φ) ≈ (0, 0) and
a back-to-back jet structure at |∆φ| = π, but extended in ∆η. In the 0–5% most central PbPb
collisions, particle correlations are significantly modified, as shown in Fig. 1a. The away-side
pairs (∆φ ≈ π) exhibit a correlation with similar amplitude compared to PYTHIA8, although
the structure in PbPb data is much broader in both ∆φ and ∆η so that it appears almost flat.
On the near side (∆φ ≈ 0), besides the common jet-like particle production in both pp and
PbPb at (∆η, ∆φ) ≈ (0, 0) due to jet fragmentation, a clear and significant ridge-like structure
is observed in PbPb at ∆φ ≈ 0, which extends all the way to the limit of the measurement of
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|∆η| = 4.

In relativistic heavy-ion collisions, the anisotropic hydrodynamic expansion of the produced
medium is one possible source of long-range azimuthal correlations, driven by the event-by-
event initial anisotropy of the collision zone [7, 37]. For non-central collisions, these correlations
are dominated by the second-order Fourier component of the |∆φ| distribution, usually called
elliptic flow or v2. Measurements of dihadron correlations at RHIC have frequently attempted
to subtract or factorize the elliptic flow contribution based on direct v2 measurements, in order
to reveal other features of particle correlations that may provide insight into the interactions
between the jets and the medium. However, recent theoretical developments indicate that
the interplay between initial-state fluctuations and the subsequent hydrodynamic expansion
gives rise to additional Fourier components in the azimuthal particle correlations [25, 26, 38–
42]. These components need to be treated on equal footing with the elliptic flow component.
In particular for the 0–5% most central PbPb collisions, the elliptic flow contribution to the
azimuthal correlations is not expected to be dominant [43]. Therefore, the original unsubtracted
correlation functions are presented in this paper, containing the full information necessary for
the comparison with theoretical calculations.
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Figure 1: Two-dimensional (2-D) per-trigger-particle associated yield of charged hadrons as a
function of |∆η| and |∆φ| for 4 < ptrig

T < 6 GeV/c and 2 < passoc
T < 4 GeV/c from (a) 0–5% most

central PbPb collisions at
√

sNN = 2.76 TeV, and (b) PYTHIA8 pp MC simulation at
√

s = 2.76 TeV.

3.1 Associated Yield Distributions versus ∆φ

To quantitatively examine the features of short-range and long-range azimuthal correlations,
one dimensional (1-D) ∆φ correlation functions are calculated by averaging the 2-D distribu-
tions over a limited region in ∆η from ∆ηmin to ∆ηmax:

1
Ntrig

dNpair

d∆φ
=

1
∆ηmax − ∆ηmin

∫ ∆ηmax

∆ηmin

1
Ntrig

d2Npair

d∆ηd∆φ
d∆η. (5)

The results of extracting the 1-D ∆φ correlations for the 0–5% most central PbPb collisions are
shown in Figs. 2 and 3. The associated yield per trigger particle in the range of 2 < passoc

T <

4 GeV/c is extracted for five different ptrig
T intervals (2–4, 4–6, 6–8, 8–10, and 10–12 GeV/c) and
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two ranges in ∆η. Figure 2 gives the short-range pseudorapidity result, i.e., averaged over the
region |∆η| < 1. Figure 3 shows the same comparison for long-range correlations, i.e., averaged
over the region 2 < |∆η| < 4. A comparison to PYTHIA8 pp MC events at

√
s = 2.76 TeV is

also shown, with a constant added to match the PbPb results at ∆φ = 1 in order to facilitate
the comparison. In this projection, only the range 0 < ∆φ < π is shown, as the ∆φ correlation
function is symmetric around ∆φ = 0 by construction.
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Figure 2: Short-range (|∆η| < 1) per-trigger-particle associated yields of charged hadrons as
a function of |∆φ| from the 0–5% most central PbPb collisions at

√
sNN = 2.76 TeV, requiring

2 < passoc
T < 4 GeV/c, for five different intervals of ptrig

T . The PYTHIA8 pp MC results (solid
histograms) are also shown, shifted up by a constant value to match the PbPb data at ∆φ = 1
for ease of comparison. The error bars are statistical only and are too small to be visible in most
of the panels. The systematic uncertainty of 7.6% for all data points is not shown in the plots.
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Figure 3: Long-range (2 < |∆η| < 4) per-trigger-particle associated yields of charged hadrons
as a function of |∆φ| under the same conditions as in Fig. 2. The systematic uncertainty of 7.3%
for all data points is not shown in the plots. Dashed lines show the fits by the first five terms in
the Fourier series, as discussed in Section 3.3.

The panels of Figs. 2 and 3 show a modification of the away-side associated yield for |∆φ| >
π/2 in central PbPb collisions that is not present in the PYTHIA8 pp MC simulation. This modi-
fication is most pronounced for lower ptrig

T values and is characterized by a similarly broad dis-
tribution as seen in lower-energy RHIC measurements, where it was attributed to jet quenching
and related phenomena [3, 5]. The near-side associated yield in PbPb data includes the con-
tributions from both the jet-like peak and the ridge structure seen in Fig. 1a. Thus, it is not
directly comparable to PYTHIA8 pp MC events, where the ridge component is absent. A more
quantitative comparison of the jet-like component between PbPb data and PYTHIA8 pp MC
events will be discussed below.

For azimuthal correlations at large values of ∆η (Fig. 3), a clear maximum at ∆φ ≈ 0 is ob-
served, which corresponds to the ridge structure seen in the 2-D distribution of Fig. 1a. This
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feature of the long-range azimuthal correlation function is not present in the PYTHIA8 pp MC
simulation for any ptrig

T bin. In PbPb, the height of the ridge structure decreases as ptrig
T increases

(Fig. 3) and has largely vanished for ptrig
T ≈ 10–12 GeV/c. The diminishing height of the ridge

with increasing ptrig
T was not evident from previous measurements at RHIC in AuAu collisions

presumably because of lack of events at high pT.

3.2 Integrated Associated Yield

The strengths of the jet peak and ridge on the near side, as well as their dependences on ∆η and
ptrig

T , can be quantified by the integrated associated yields. In the presence of multiple sources
of correlations, the correlation of interest is commonly estimated using an implementation of
the zero-yield-at-minimum (ZYAM) method [17]. However, as mentioned previously, the pos-
sible contribution of elliptic flow is not taken into account as it is not the dominant effect for the
most central PbPb collisions considered here. The ZYAM method is implemented as follows.
A second-order polynomial is fitted to the |∆φ| distributions in the region 0.5 < |∆φ| < 1.5.
The location of the minimum of the polynomial in this region is denoted as ∆φZYAM. Using
the position of the minimum, the associated yield is then calculated as the integral of the |∆φ|
distribution minus its value at ∆φZYAM between |∆φ| = 0 and ∆φZYAM. The uncertainty on the
minimum level obtained by the ZYAM procedure, combined with the uncertainty arising from
the choice of fit range in |∆φ|, results in an uncertainty on the absolute associated yield that is
constant with a value of 0.012 over all ∆η and ptrig

T bins.
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Figure 4: Integrated near-side (|∆φ| < ∆φZYAM) associated yield for 4 < ptrig
T < 6 GeV/c and

2 < passoc
T < 4 GeV/c, above the minimum level found by the ZYAM procedure, as a function of

|∆η| for the 0–5% most central PbPb collisions at
√

sNN = 2.76 TeV. The error bars correspond to
statistical uncertainties, while the brackets denote the systematic uncertainties. The solid line
shows the prediction from the PYTHIA8 simulation of pp collisions at

√
s = 2.76 TeV.

The ZYAM procedure enables the direct extraction of integrated yields of the ∆φ-projected
distributions in a well-defined manner. Figure 4 shows the resulting near-side associated yield
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Figure 5: Integrated near-side (|∆φ| < ∆φZYAM) associated yield above the minimum level
found by the ZYAM procedure for (a) the short-range jet region (|∆η| < 1) and (b) the long-
range ridge region (2 < |∆η| < 4), as a function of ptrig

T in the 0–5% most central PbPb collisions
at
√

sNN = 2.76 TeV with 2 < passoc
T < 4 GeV/c. The error bars correspond to statistical uncertain-

ties, while the brackets around the data points denote the systematic uncertainties. The solid
line shows the prediction from the PYTHIA8 simulation of pp collisions at

√
s = 2.76 TeV.

as a function of |∆η| (in slices of 0.6 units) in both the central PbPb collisions and PYTHIA8 pp
MC. The near-side associated yield for PYTHIA8 pp shows a strong peak at |∆η| = 0, which
corresponds to the expected correlations within jets. This near-side peak diminishes rapidly
with increasing |∆η|. The PbPb data also exhibit a jet-like correlation peak in the yield for
small |∆η|, but in contrast, the PbPb data clearly show that the ridge extends to the highest
|∆η| values measured.

Figure 5 presents the integrated associated yield for the jet region (|∆η| < 1) and the ridge
region (2 < |∆η| < 4) with 2 < passoc

T < 4 GeV/c, as a function of ptrig
T in the 0–5% most

central PbPb collisions. The ridge-region yield is defined as the integral of the near side in
long-range ∆φ azimuthal correlation functions (Fig. 3), while the jet-region yield is determined
by the difference between the short- and long-range near-side integral, as the ridge is found
to be approximately constant in ∆η (Fig. 4). While the jet-region yield shows an increase with
ptrig

T due to the increasing jet transverse energy, the ridge-region yield is most prominent for
2 < ptrig

T < 6 GeV/c and tends to drop to almost zero when ptrig
T reaches 10–12 GeV/c. The

bars in Fig. 5 correspond to the statistical uncertainties, while the brackets around the data
points denote the systematic uncertainties, which are dominated by the tracking performance,
as discussed earlier. Results from the PYTHIA8 pp MC simulation, displayed as solid lines in
Fig. 5, are consistent with zero for all ptrig

T bins in the ridge region and have qualitatively the
same trend with ptrig

T in the jet region as the data. It has been seen from previous studies that
the ridge is absent in both minimum bias pp data and PYTHIA8 MC simulations. However, the
PYTHIA8 program does not fully describe the jet-like correlations observed in pp collisions at
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√
s = 7 TeV [27]. A quantitative comparison of the correlations in PbPb and pp collisions will

therefore be deferred until pp results at
√

s = 2.76 TeV become available.
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Figure 6: Fourier coefficients, Vf
1 , Vf

2 , Vf
3 , Vf

4 , and Vf
5 , extracted as functions of ptrig

T for 2 <
passoc

T < 4 GeV/c for the 0–5% most central PbPb collisions at
√

sNN = 2.76 TeV. The error bars
represent statistical uncertainties only. The solid lines show the predictions from the PYTHIA8
simulation of pp collisions at

√
s = 2.76 TeV.

3.3 Fourier Decomposition of ∆φ Distributions

Motivated by recent theoretical developments in understanding the long-range ridge effect
in the context of higher-order hydrodynamic flow induced by initial geometric fluctuations,
such as the “triangular flow” effect [26, 38–42], an alternative way of quantifying the observed
long-range correlations is investigated in this paper. The 1-D ∆φ-projected distribution for
2 < |∆η| < 4 is decomposed in a Fourier series as

1
Ntrig

dNpair

d∆φ
=

Nassoc

2π

{
1 +

∞

∑
n=1

2Vf
n cos(n∆φ)

}
, (6)

where Nassoc represents the total number of hadron pairs per trigger particle for a given |∆η|
range and (ptrig

T , passoc
T ) bin. The 1-D ∆φ projections displayed in Fig. 3 are fitted by the first

five terms in the Fourier series, the resulting fits being shown as the dashed lines in Fig. 3.
The data are well described by the fits. Figure 6 presents the first five Fourier coefficients
from the fit as functions of ptrig

T for 2 < passoc
T < 4 GeV/c for the 0–5% most central PbPb

collisions and for the PYTHIA8 pp MC simulation. The PYTHIA8 results are scaled by the ratio
of NPYTHIA8

assoc /NPbPb
assoc in order to remove the trivial effect of the multiplicity dependence. The error

bars are statistical only, while the systematic uncertainties are found to be negligible because
the Fourier coefficients characterize the overall shape of the correlation functions, and thus are
not sensitive to the absolute scale. The coefficients from the fit are also found to be largely
independent of each other (correlation coefficients typical below 5%).

All the Fourier coefficients found from fitting the PbPb data show a similar dependence on
ptrig

T except for the Vf
1 term, which contains an additional negative contribution that grows

toward higher ptrig
T . This negative Vf

1 component is consistent with a contribution from mo-
mentum conservation or back-to-back dijets [44]. If the observed correlation is purely driven
by the single-particle azimuthal anisotropy arising from the hydrodynamic expansion of the
medium [45], the extracted Vf

n components would be related to the flow coefficients vn (i.e.,
v2 for anisotropic elliptic flow) via Vf

n ∼ vtrig
n × vassoc

n , where vtrig
n and vassoc

n are the flow co-
efficients for the trigger and associated particles [26]. The flow coefficients, and especially
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the higher-order terms, are sensitive to the initial conditions and viscosity of the hot, dense
medium [38, 46]. This Fourier analysis serves as an alternative way of quantifying the az-
imuthal correlation functions in heavy-ion collisions and potentially provides new insights in
understanding the origin of the ridge effect in these collisions. Analysis of larger data samples
in terms of ptrig

T and passoc
T , as well as centrality, would allow a more detailed comparison to

theoretical calculations of hydrodynamics, for which the Fourier components provide a con-
cise description of the data.

4 Summary
The CMS detector at the LHC has been used to measure angular correlations between charged
particles in ∆η and ∆φ up to |∆η| ≈ 4 and over the full range of ∆φ in the 0–5% most central
PbPb collisions at

√
sNN = 2.76 TeV. This is the first study of long-range azimuthal correlations

over a large difference in pseudorapidity in PbPb interactions at the LHC energy. The extracted
2-D associated yield distributions show a variety of characteristic features in heavy-ion colli-
sions that are not present in minimum bias pp interactions. Short- and long-range azimuthal
correlations have been studied as a function of the transverse momentum of the trigger parti-
cles. The observed long-range ridge-like structure for approximately equal azimuthal angles
(∆φ ≈ 0) is most evident in the intermediate transverse momentum range, 2 < ptrig

T < 6 GeV/c,
and decreases to almost zero for ptrig

T above 10–12 GeV/c. A qualitatively similar dependence
of the ridge on transverse momentum has also been observed in high-multiplicity pp events,
indicating a potentially similar physical origin of the effect. A Fourier decomposition of the
1-D ∆φ-projected correlation functions in the ridge region (2 < |∆η| < 4) has been presented.
This alternative way of quantifying the correlation data provides valuable information to test a
wide range of theoretical models, including recent hydrodynamic calculations of higher-order
Fourier components. The very broad solid-angle coverage of the CMS detector and the statisti-
cal accuracy of the sample analyzed in this paper provide significantly improved observations
of short- and long-range particle correlations over previously available measurements.
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S. Albergoa,b, G. Cappelloa ,b, M. Chiorbolia ,b ,1, S. Costaa,b, A. Tricomia,b, C. Tuvea

INFN Sezione di Firenze a, Università di Firenze b, Firenze, Italy
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Laboratório de Instrumentação e Fı́sica Experimental de Partı́culas, Lisboa, Portugal
N. Almeida, P. Bargassa, A. David, P. Faccioli, P.G. Ferreira Parracho, M. Gallinaro, P. Musella,
A. Nayak, P.Q. Ribeiro, J. Seixas, J. Varela

Joint Institute for Nuclear Research, Dubna, Russia
S. Afanasiev, I. Belotelov, P. Bunin, I. Golutvin, A. Kamenev, V. Karjavin, G. Kozlov, A. Lanev,
P. Moisenz, V. Palichik, V. Perelygin, S. Shmatov, V. Smirnov, A. Volodko, A. Zarubin

Petersburg Nuclear Physics Institute, Gatchina (St Petersburg), Russia
V. Golovtsov, Y. Ivanov, V. Kim, P. Levchenko, V. Murzin, V. Oreshkin, I. Smirnov, V. Sulimov,
L. Uvarov, S. Vavilov, A. Vorobyev, A. Vorobyev

Institute for Nuclear Research, Moscow, Russia
Yu. Andreev, A. Dermenev, S. Gninenko, N. Golubev, M. Kirsanov, N. Krasnikov, V. Matveev,
A. Pashenkov, A. Toropin, S. Troitsky

Institute for Theoretical and Experimental Physics, Moscow, Russia
V. Epshteyn, V. Gavrilov, V. Kaftanov†, M. Kossov1, A. Krokhotin, N. Lychkovskaya, V. Popov,
G. Safronov, S. Semenov, V. Stolin, E. Vlasov, A. Zhokin

Moscow State University, Moscow, Russia
E. Boos, A. Ershov, A. Gribushin, O. Kodolova, V. Korotkikh, I. Lokhtin, A. Markina,
S. Obraztsov, M. Perfilov, S. Petrushanko, L. Sarycheva, V. Savrin, A. Snigirev, I. Vardanyan

P.N. Lebedev Physical Institute, Moscow, Russia
V. Andreev, M. Azarkin, I. Dremin, M. Kirakosyan, A. Leonidov, S.V. Rusakov, A. Vinogradov

State Research Center of Russian Federation, Institute for High Energy Physics, Protvino,
Russia
I. Azhgirey, S. Bitioukov, V. Grishin1, V. Kachanov, D. Konstantinov, A. Korablev, V. Krychkine,
V. Petrov, R. Ryutin, S. Slabospitsky, A. Sobol, L. Tourtchanovitch, S. Troshin, N. Tyurin,
A. Uzunian, A. Volkov

University of Belgrade, Faculty of Physics and Vinca Institute of Nuclear Sciences, Belgrade,
Serbia
P. Adzic23, M. Djordjevic, D. Krpic23, J. Milosevic
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E. Aguiló, C. Amsler, V. Chiochia, S. De Visscher, C. Favaro, M. Ivova Rikova, B. Millan Mejias,
P. Otiougova, C. Regenfus, P. Robmann, A. Schmidt, H. Snoek

National Central University, Chung-Li, Taiwan



23

Y.H. Chang, K.H. Chen, S. Dutta, C.M. Kuo, S.W. Li, W. Lin, Z.K. Liu, Y.J. Lu, D. Mekterovic,
R. Volpe, J.H. Wu, S.S. Yu

National Taiwan University (NTU), Taipei, Taiwan
P. Bartalini, P. Chang, Y.H. Chang, Y.W. Chang, Y. Chao, K.F. Chen, W.-S. Hou, Y. Hsiung,
K.Y. Kao, Y.J. Lei, R.-S. Lu, J.G. Shiu, Y.M. Tzeng, M. Wang

Cukurova University, Adana, Turkey
A. Adiguzel, M.N. Bakirci34, S. Cerci35, C. Dozen, I. Dumanoglu, A. Ekenel, E. Eskut, S. Girgis,
G. Gokbulut, I. Hos, E.E. Kangal, A. Kayis Topaksu, G. Onengut, K. Ozdemir, S. Ozturk,
A. Polatoz, K. Sogut36, D. Sunar Cerci35, B. Tali35, H. Topakli34, D. Uzun, L.N. Vergili, M. Vergili,
S. Yilmaz

Middle East Technical University, Physics Department, Ankara, Turkey
I.V. Akin, T. Aliev, S. Bilmis, M. Deniz, H. Gamsizkan, A.M. Guler, K. Ocalan, A. Ozpineci,
M. Serin, R. Sever, U.E. Surat, E. Yildirim, M. Zeyrek

Bogazici University, Istanbul, Turkey
M. Deliomeroglu, D. Demir37, E. Gülmez, B. Isildak, M. Kaya38, O. Kaya38, S. Ozkorucuklu39,
N. Sonmez40

National Scientific Center, Kharkov Institute of Physics and Technology, Kharkov, Ukraine
L. Levchuk

University of Bristol, Bristol, United Kingdom
F. Bostock, J.J. Brooke, T.L. Cheng, E. Clement, D. Cussans, R. Frazier, J. Goldstein, M. Grimes,
M. Hansen, D. Hartley, G.P. Heath, H.F. Heath, L. Kreczko, S. Metson, D.M. Newbold41,
K. Nirunpong, A. Poll, S. Senkin, V.J. Smith, S. Ward

Rutherford Appleton Laboratory, Didcot, United Kingdom
L. Basso42, A. Belyaev42, C. Brew, R.M. Brown, B. Camanzi, D.J.A. Cockerill, J.A. Coughlan,
K. Harder, S. Harper, J. Jackson, B.W. Kennedy, E. Olaiya, D. Petyt, B.C. Radburn-Smith,
C.H. Shepherd-Themistocleous, I.R. Tomalin, W.J. Womersley, S.D. Worm

Imperial College, London, United Kingdom
R. Bainbridge, G. Ball, J. Ballin, R. Beuselinck, O. Buchmuller, D. Colling, N. Cripps, M. Cutajar,
G. Davies, M. Della Negra, W. Ferguson, J. Fulcher, D. Futyan, A. Gilbert, A. Guneratne Bryer,
G. Hall, Z. Hatherell, J. Hays, G. Iles, M. Jarvis, G. Karapostoli, L. Lyons, B.C. MacEvoy, A.-
M. Magnan, J. Marrouche, B. Mathias, R. Nandi, J. Nash, A. Nikitenko31, A. Papageorgiou,
M. Pesaresi, K. Petridis, M. Pioppi43, D.M. Raymond, S. Rogerson, N. Rompotis, A. Rose,
M.J. Ryan, C. Seez, P. Sharp, A. Sparrow, A. Tapper, S. Tourneur, M. Vazquez Acosta, T. Virdee,
S. Wakefield, N. Wardle, D. Wardrope, T. Whyntie

Brunel University, Uxbridge, United Kingdom
M. Barrett, M. Chadwick, J.E. Cole, P.R. Hobson, A. Khan, P. Kyberd, D. Leslie, W. Martin,
I.D. Reid, L. Teodorescu

Baylor University, Waco, USA
K. Hatakeyama, H. Liu

Boston University, Boston, USA
T. Bose, E. Carrera Jarrin, C. Fantasia, A. Heister, J. St. John, P. Lawson, D. Lazic, J. Rohlf,
D. Sperka, L. Sulak



24 A The CMS Collaboration

Brown University, Providence, USA
A. Avetisyan, S. Bhattacharya, J.P. Chou, D. Cutts, A. Ferapontov, U. Heintz, S. Jabeen,
G. Kukartsev, G. Landsberg, M. Luk, M. Narain, D. Nguyen, M. Segala, T. Sinthuprasith,
T. Speer, K.V. Tsang

University of California, Davis, Davis, USA
R. Breedon, M. Calderon De La Barca Sanchez, S. Chauhan, M. Chertok, J. Conway, P.T. Cox,
J. Dolen, R. Erbacher, E. Friis, W. Ko, A. Kopecky, R. Lander, H. Liu, S. Maruyama, T. Miceli,
M. Nikolic, D. Pellett, J. Robles, S. Salur, T. Schwarz, M. Searle, J. Smith, M. Squires, M. Tripathi,
R. Vasquez Sierra, C. Veelken

University of California, Los Angeles, Los Angeles, USA
V. Andreev, K. Arisaka, D. Cline, R. Cousins, A. Deisher, J. Duris, S. Erhan, C. Farrell, J. Hauser,
M. Ignatenko, C. Jarvis, C. Plager, G. Rakness, P. Schlein†, J. Tucker, V. Valuev

University of California, Riverside, Riverside, USA
J. Babb, A. Chandra, R. Clare, J. Ellison, J.W. Gary, F. Giordano, G. Hanson, G.Y. Jeng,
S.C. Kao, F. Liu, H. Liu, O.R. Long, A. Luthra, H. Nguyen, B.C. Shen†, R. Stringer, J. Sturdy,
S. Sumowidagdo, R. Wilken, S. Wimpenny

University of California, San Diego, La Jolla, USA
W. Andrews, J.G. Branson, G.B. Cerati, D. Evans, F. Golf, A. Holzner, R. Kelley, M. Lebourgeois,
J. Letts, B. Mangano, S. Padhi, C. Palmer, G. Petrucciani, H. Pi, M. Pieri, R. Ranieri, M. Sani,
V. Sharma, S. Simon, E. Sudano, Y. Tu, A. Vartak, S. Wasserbaech44, F. Würthwein, A. Yagil,
J. Yoo

University of California, Santa Barbara, Santa Barbara, USA
D. Barge, R. Bellan, C. Campagnari, M. D’Alfonso, T. Danielson, K. Flowers, P. Geffert,
J. Incandela, C. Justus, P. Kalavase, S.A. Koay, D. Kovalskyi, V. Krutelyov, S. Lowette, N. Mccoll,
V. Pavlunin, F. Rebassoo, J. Ribnik, J. Richman, R. Rossin, D. Stuart, W. To, J.R. Vlimant

California Institute of Technology, Pasadena, USA
A. Apresyan, A. Bornheim, J. Bunn, Y. Chen, M. Gataullin, Y. Ma, A. Mott, H.B. Newman,
C. Rogan, K. Shin, V. Timciuc, P. Traczyk, J. Veverka, R. Wilkinson, Y. Yang, R.Y. Zhu

Carnegie Mellon University, Pittsburgh, USA
B. Akgun, R. Carroll, T. Ferguson, Y. Iiyama, D.W. Jang, S.Y. Jun, Y.F. Liu, M. Paulini, J. Russ,
H. Vogel, I. Vorobiev

University of Colorado at Boulder, Boulder, USA
J.P. Cumalat, M.E. Dinardo, B.R. Drell, C.J. Edelmaier, W.T. Ford, A. Gaz, B. Heyburn, E. Luiggi
Lopez, U. Nauenberg, J.G. Smith, K. Stenson, K.A. Ulmer, S.R. Wagner, S.L. Zang

Cornell University, Ithaca, USA
L. Agostino, J. Alexander, D. Cassel, A. Chatterjee, S. Das, N. Eggert, L.K. Gibbons, B. Heltsley,
W. Hopkins, A. Khukhunaishvili, B. Kreis, G. Nicolas Kaufman, J.R. Patterson, D. Puigh,
A. Ryd, E. Salvati, X. Shi, W. Sun, W.D. Teo, J. Thom, J. Thompson, J. Vaughan, Y. Weng,
L. Winstrom, P. Wittich

Fairfield University, Fairfield, USA
A. Biselli, G. Cirino, D. Winn

Fermi National Accelerator Laboratory, Batavia, USA
S. Abdullin, M. Albrow, J. Anderson, G. Apollinari, M. Atac, J.A. Bakken, S. Banerjee,
L.A.T. Bauerdick, A. Beretvas, J. Berryhill, P.C. Bhat, I. Bloch, F. Borcherding, K. Burkett,



25

J.N. Butler, V. Chetluru, H.W.K. Cheung, F. Chlebana, S. Cihangir, W. Cooper, D.P. Eartly,
V.D. Elvira, S. Esen, I. Fisk, J. Freeman, Y. Gao, E. Gottschalk, D. Green, K. Gunthoti,
O. Gutsche, J. Hanlon, R.M. Harris, J. Hirschauer, B. Hooberman, H. Jensen, M. Johnson,
U. Joshi, R. Khatiwada, B. Klima, K. Kousouris, S. Kunori, S. Kwan, C. Leonidopoulos,
P. Limon, D. Lincoln, R. Lipton, J. Lykken, K. Maeshima, J.M. Marraffino, D. Mason, P. McBride,
T. Miao, K. Mishra, S. Mrenna, Y. Musienko45, C. Newman-Holmes, V. O’Dell, R. Pordes,
O. Prokofyev, N. Saoulidou, E. Sexton-Kennedy, S. Sharma, W.J. Spalding, L. Spiegel, P. Tan,
L. Taylor, S. Tkaczyk, L. Uplegger, E.W. Vaandering, R. Vidal, J. Whitmore, W. Wu, F. Yang,
F. Yumiceva, J.C. Yun

University of Florida, Gainesville, USA
D. Acosta, P. Avery, D. Bourilkov, M. Chen, M. De Gruttola, G.P. Di Giovanni, D. Dobur,
A. Drozdetskiy, R.D. Field, M. Fisher, Y. Fu, I.K. Furic, J. Gartner, B. Kim, J. Konigsberg,
A. Korytov, A. Kropivnitskaya, T. Kypreos, K. Matchev, G. Mitselmakher, L. Muniz, C. Prescott,
R. Remington, M. Schmitt, B. Scurlock, P. Sellers, N. Skhirtladze, M. Snowball, D. Wang,
J. Yelton, M. Zakaria

Florida International University, Miami, USA
C. Ceron, V. Gaultney, L. Kramer, L.M. Lebolo, S. Linn, P. Markowitz, G. Martinez, D. Mesa,
J.L. Rodriguez

Florida State University, Tallahassee, USA
T. Adams, A. Askew, J. Bochenek, J. Chen, B. Diamond, S.V. Gleyzer, J. Haas,
S. Hagopian, V. Hagopian, M. Jenkins, K.F. Johnson, H. Prosper, L. Quertenmont, S. Sekmen,
V. Veeraraghavan

Florida Institute of Technology, Melbourne, USA
M.M. Baarmand, B. Dorney, S. Guragain, M. Hohlmann, H. Kalakhety, R. Ralich,
I. Vodopiyanov

University of Illinois at Chicago (UIC), Chicago, USA
M.R. Adams, I.M. Anghel, L. Apanasevich, Y. Bai, V.E. Bazterra, R.R. Betts, J. Callner,
R. Cavanaugh, C. Dragoiu, L. Gauthier, C.E. Gerber, S. Hamdan, D.J. Hofman, S. Khalatyan,
G.J. Kunde46, F. Lacroix, M. Malek, C. O’Brien, C. Silvestre, A. Smoron, D. Strom, N. Varelas

The University of Iowa, Iowa City, USA
U. Akgun, E.A. Albayrak, B. Bilki, W. Clarida, F. Duru, C.K. Lae, E. McCliment, J.-P. Merlo,
H. Mermerkaya47, A. Mestvirishvili, A. Moeller, J. Nachtman, C.R. Newsom, E. Norbeck,
J. Olson, Y. Onel, F. Ozok, S. Sen, J. Wetzel, T. Yetkin, K. Yi

Johns Hopkins University, Baltimore, USA
B.A. Barnett, B. Blumenfeld, A. Bonato, C. Eskew, D. Fehling, G. Giurgiu, A.V. Gritsan, Z.J. Guo,
G. Hu, P. Maksimovic, S. Rappoccio, M. Swartz, N.V. Tran, A. Whitbeck

The University of Kansas, Lawrence, USA
P. Baringer, A. Bean, G. Benelli, O. Grachov, R.P. Kenny Iii, M. Murray, D. Noonan, S. Sanders,
J.S. Wood, V. Zhukova

Kansas State University, Manhattan, USA
A.f. Barfuss, T. Bolton, I. Chakaberia, A. Ivanov, S. Khalil, M. Makouski, Y. Maravin, S. Shrestha,
I. Svintradze, Z. Wan

Lawrence Livermore National Laboratory, Livermore, USA
J. Gronberg, D. Lange, D. Wright



26 A The CMS Collaboration

University of Maryland, College Park, USA
A. Baden, M. Boutemeur, S.C. Eno, D. Ferencek, J.A. Gomez, N.J. Hadley, R.G. Kellogg, M. Kirn,
Y. Lu, A.C. Mignerey, K. Rossato, P. Rumerio, F. Santanastasio, A. Skuja, J. Temple, M.B. Tonjes,
S.C. Tonwar, E. Twedt

Massachusetts Institute of Technology, Cambridge, USA
B. Alver, G. Bauer, J. Bendavid, W. Busza, E. Butz, I.A. Cali, M. Chan, V. Dutta, P. Everaerts,
G. Gomez Ceballos, M. Goncharov, K.A. Hahn, P. Harris, Y. Kim, M. Klute, Y.-J. Lee, W. Li,
C. Loizides, P.D. Luckey, T. Ma, S. Nahn, C. Paus, D. Ralph, C. Roland, G. Roland, M. Rudolph,
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