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Abstract Measurements from the CMS experiment at the
LHC of dihadron correlations for charged particles produced
in PbPb collisions at a nucleon—nucleon centre-of-mass en-
ergy of 2.76 TeV are presented. The results are reported
as a function of the particle transverse momenta (prt) and
collision centrality over a broad range in relative pseudo-
rapidity (An) and the full range of relative azimuthal an-
gle (A¢). The observed two-dimensional correlation struc-
ture in An and A¢ is characterised by a narrow peak at
(An, Ag) = (0,0) from jet-like correlations and a long-
range structure that persists up to at least |An| = 4. An
enhancement of the magnitude of the short-range jet peak
is observed with increasing centrality, especially for parti-
cles of pt around 1-2 GeV/c. The long-range azimuthal di-
hadron correlations are extensively studied using a Fourier
decomposition analysis. The extracted Fourier coefficients
are found to factorise into a product of single-particle az-
imuthal anisotropies up to pt ~ 3-3.5 GeV/c for at least
one particle from each pair, except for the second-order har-
monics in the most central PbPb events. Various orders of
the single-particle azimuthal anisotropy harmonics are ex-
tracted for associated particle pt of 1-3 GeV/c, as a func-
tion of the trigger particle pt up to 20 GeV/c and over the
full centrality range.

1 Introduction

Measurements of dihadron correlations are a well estab-
lished technique for studying the properties of particle pro-
duction in the high density medium created in heavy ion
collisions. Early results from PbPb collisions at the Large
Hadron Collider (LHC) [1, 2] extended these studies into
a regime of much higher beam energies as compared to
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those from the Relativistic Heavy Ion Collider (RHIC) [3—
10]. These results complement other LHC measurements of
medium properties, including a large deficit of charged par-
ticles at high-pt [11] and the observations of an enhanced
fraction of dijets with very asymmetric energies [12, 13].

The Compact Muon Solenoid (CMS) experiment at the
LHC has studied dihadron correlations over a broad range of
relative azimuthal angles (|A¢|) and pseudorapidity (|An],
where n = —In[tan(6/2)] and 6 is the polar angle rela-
tive to the counterclockwise beam axis) in the most central
PbPb collisions at a nucleon—nucleon centre-of-mass energy
(/snn) of 2.76 TeV [1]. Concentrating on large |An|, pre-
vious measurements at RHIC established some of the prop-
erties of the so-called “ridge” [4, 6, 9], an enhancement of
pairs with |A¢| ~ 0. While a variety of theoretical mod-
els have been proposed to interpret the ridge phenomena as
a consequence of jet-medium interactions [14—19], recent
theoretical developments indicate that, because of event-by-
event fluctuations in the initial shape of the interacting re-
gion, sizeable higher-order hydrodynamic flow terms could
also be induced, e.g., triangular flow [20-28]. The triangular
flow effect will contribute to the dihadron correlations in the
form of a cos(3A¢) component, which also gives a maxi-
mum near-side correlation at A¢ =~ 0, similarly to the ellip-
tic flow contribution. It has been proposed that by taking into
account various higher-order terms, the ridge structure could
be described entirely by hydrodynamic flow effects [23]. To
investigate this possibility, a Fourier decomposition of the
CMS data at large |An| was performed, finding a strong de-
pendence on pr [1]. Similar results, although with a smaller
|An| gap, have been reported by ALICE [2, 29]. The obser-
vations by CMS of a ridge-like structure in very high multi-
plicity proton-proton (pp) collisions at a centre-of-mass en-
ergy of 7 TeV [30], where no medium effect is expected,
may also challenge the interpretations of these long-range
correlations.

This paper, expanding on previous CMS results [1],
presents dihadron correlation measurements from PbPb col-
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lisions at /syy = 2.76 TeV acquired in 2010, for all col-
lision centralities and over a broader range of hadron pr.
As in Refs. [1, 30], the yield of particles (binned in pr) as-
sociated with a trigger particle (also binned in pr) is ex-
tracted as a function of their relative pseudorapidity and az-
imuthal angle. Such a study of hadron pairs in either the
same or different pt ranges can reveal important informa-
tion about the production of particles and their propagation
through the medium. A Fourier decomposition technique is
used to quantify the long-range azimuthal correlations. The
potential connection between the extracted Fourier coeffi-
cients from the correlation data and the azimuthal anisotropy
harmonics for single particles is investigated. This measure-
ment provides a comprehensive examination of the central-
ity and transverse momentum (1 < pt < 20 GeV/c) de-
pendencies of the short-range (JAn| < 1) and long-range
(2 < |An| < 4) dihadron correlations in PbPb collisions at
LHC energies, as well as the relationship between these
two-particle correlations and single-particle angular distri-
butions. These results provide extensive input to the inter-
pretation of these observables in terms of broad theoreti-
cal concepts such as hydrodynamic flow and quantitative
models of particle production and propagation in the high-
density medium.

The detector, the event selection and the extraction of the
correlation functions are described in Sects. 2 and 3, while
the extracted results are described in Sects. 4 and 5.

2 CMS detector

The ability of the CMS detector (all components of which
are described in Ref. [31]) to extract the properties of
charged particles over a large solid angle is particularly im-
portant in the study of dihadron correlations. This study is
based primarily on data from the inner tracker contained
within the 3.8 T axial magnetic field of the large super-
conducting solenoid. The tracker consists of silicon pixel
and strip detectors. The former includes 1440 modules ar-
ranged in 3 layers, while the latter consists of 15 148 mod-
ules arranged in 10 (11) layers in the barrel (endcap) region.
The trajectories of charged particles can be reconstructed for
pt > 100 MeV/c and within |n| < 2.5.

The field volume of the solenoid also contains crystal
electromagnetic and brass/scintillator hadron calorimeters.
Although not included in the present results, muons are de-
tected using gas-ionisation counters embedded in the steel
return yoke. In addition to these components in and around
the barrel and endcap of the solenoid, CMS also has exten-
sive forward calorimetry. In the right-handed coordinate sys-
tem used by CMS, the x-, y-, and z-axes are aligned with
the radius of the LHC ring, the vertical direction, and the
counterclockwise beam direction, respectively, with the ori-
gin located at the centre of the nominal interaction region.
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For PbPb collisions, the primary minimum-bias trigger
uses signals from either the beam scintillator counters (BSC,
3.23 < |n| < 4.65) or the steel/quartz-fibre Cherenkov for-
ward hadron calorimeters (HF, 2.9 < |n| < 5.2). Coincident
signals from detectors located at both ends of the detector
(i.e., a pair of BSC or a pair of HF modules) are required.
Events due to noise, cosmic-ray muons, double-firing trig-
gers, and beam backgrounds are suppressed by further re-
quiring the presence of colliding beam bunches. The frac-
tion of inelastic hadronic PbPb collisions accepted by this
primary trigger is (97 &= 3) % [13].

3 Data and analysis

The procedure used in the present analysis follows that de-
scribed in the previous CMS correlation paper [1]. Offline
event selection requires a reconstructed vertex with at least
two tracks (i.e., at least one pair of charged particles). This
vertex must be within 15 cm along the beam axis relative
to the centre of the nominal collision region and within
0.02 cm in the transverse plane relative to the average po-
sition of all vertices in a given data sample. In addition, var-
ious background events (for example beam-gas and beam-
halo collisions, cosmic muons, and large-impact-parameter
electromagnetic collisions) are suppressed by requiring at
least three signals in the HF calorimeters at both positive
and negative 7, with at least 3 GeVof energy in each signal.

The analysis is based on a data sample of PbPb collisions
corresponding to an integrated luminosity of approximately
3.9 ub~! [32, 33], which contains 30 million minimum-bias
collisions after all event selections are applied. The pp data
at /s = 2.76 TeV, the reference for comparison to the PbPb
data, were collected during a short low-energy LHC run at
the end of March 2011. Minimum-bias-triggered pp events
corresponding to an integrated luminosity of 520 ub~! are
selected for this analysis.

The energy released in the collisions is related to the cen-
trality of the heavy ion interactions, i.e., the geometrical
overlap of the incoming nuclei. The event centrality is de-
fined as the fraction of the total cross section, starting at 0 %
with the most central collisions (i.e., smallest impact param-
eter). This fraction is determined from the distribution of
total energy measured in both HF calorimeters.

The event centrality can be correlated with the total num-
ber of nucleons in the two Pb nuclei that experienced at least
one inelastic collision, Npat. The average values of Npar
for the various centrality bins used in this analysis are given
in Table 1. The Npay values are obtained using a Glauber
Monte Carlo (MC) simulation [34, 35] with the same pa-
rameters as in Ref. [13]. These calculations are translated
into reconstructed centrality bins using correlations between
Npart and the measured total energy in the HF calorimeters,
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Table 1 Average Ny values for each PbPb centrality range used in this paper. The values are obtained using a Glauber MC simulation with the

same parameters as in Ref. [13]

Centrality 0-5 % 5-10 % 10-15 % 15-20 % 20-25 % 25-30 %
(Npart) 381£2 329+3 283 £3 240£3 203 +3 171£3
Centrality 30-35 % 3540 % 40-50 % 50-60 % 60-70 % 70-80 %
(Npart) 142+3 117+£3 86.2+2.8 53.5+£25 30.5+1.8 15.7£1.1

obtained from fully simulated MC events. The systematic
uncertainties on the Npar values in Table 1 are derived from
propagation of the uncertainties in the parameters of the
Glauber model. More details on the determination of cen-
trality and Npar can be found in Refs. [13, 36, 37].

The reconstruction of charged particles in PbPb collisions
is based on signals in the silicon pixel and strip detectors,
similarly to the reconstruction for pp collisions [38]. How-
ever, a number of settings are adjusted to cope with the chal-
lenges presented by the much higher signal density in central
PbPb collisions. A set of tight quality selections are imposed
on the collection of fully reconstructed tracks to minimise
the contamination from misidentified tracks. These include
requirements of at least 13 signals on the track, a relative
momentum uncertainty of less than 5 %, a normalised X2 of
less than 0.15 times the number of signals, and transverse
and longitudinal impact parameters of less than three times
the sum in quadrature of the uncertainties on the impact pa-
rameter and the primary vertex position. Studies with sim-
ulated MC events show that the combined geometrical ac-
ceptance and reconstruction efficiency for the primary-track
reconstruction reaches about 60 % for the 0-5 % most cen-
tral PbPb collisions at pt > 2 GeV/c over the full CMS
tracker acceptance (|| < 2.4) and 66 % for |n| < 1.0. The
fraction of misidentified tracks is about 1-2 % for |n| < 1.0,
but increases to 10 % at |n| ~ 2.4 for the 5 % most central
PbPb collisions. For the peripheral PbPb events (70-80 %),
the overall tracking efficiency improves by up to 5 %, with
a much lower fraction of misidentified tracks.

The analysis of dihadron angular correlations in this pa-
per follows exactly the procedure established in Ref. [1].
Any charged particle associated with the primary vertex and
in the range |n| < 2.4 can be used as a trigger particle. A va-
riety of bins of trigger transverse momentum, denoted by
ptTng, are considered. There can be more than one such trig-
ger particle in a single event and their total multiplicity in
a particular data sample is denoted by Nyje. Within each
event, every trigger particle is then paired with all of the re-
maining particles (again within |n| < 2.4). As for the trigger
particles, these associated particles are binned in transverse
momentum (pi**°°). The differential yield of associated par-
ticles per trigger particle is given by

1 d2 Npair
Nuig dAndAg

S(An, Ag)
B(An, A¢)’

B(0,0) x (D

where NP is the total number of correlated hadron pairs.
The functions S(An, A¢) and B(An, A¢) are called the
signal and background distributions, respectively. The value
of the latter at An =0 and A¢ =0 (B(0, 0)) is a normalisa-
tion factor.

The signal distribution is the per-trigger-particle yield of
pairs found in the same event,

dZNsame

S(An, Ap) = — ——,
. AP Nuig dA7dA

@
where N3%™€ s the number of such pairs within a (An,A¢)
bin. The background distribution is found using a mixed-
event technique, wherein trigger particles from one event
are combined (mixed) with all of the associated particles
from a different event. In the analysis, associated particles

from 10 randomly chosen events are used. The result is given
by

1 d2Nmix
Nyig dAndAg’

B(An, A¢) = 3)

where N™* denotes the number of mixed-event pairs. This
background distribution represents the expected correlation
if the only effects present were random combinatorics and
pair-acceptance.

The value of B(An, A¢) at An =0 and A¢ =0 (with
a bin width of 0.3 in An and 7/16 in A¢) is used to
find the normalisation factor B(0, 0). In this case, the two
particles have the maximum possible geometric pair ac-
ceptance since they are travelling in essentially the same
direction. The effect of two tracks merging into a sin-
gle reconstructed track is negligible. The extent to which
the background distribution at larger angular separation
is smaller than this value (more specifically the ratio
B(0,0)/B(An, A¢)) can be used to determine the pair ac-
ceptance correction factor. Multiplying the signal distribu-
tion by this ratio gives the acceptance-corrected per-trigger-
particle associated yield. Since the distributions should, in
principle, be symmetric, the statistical precision is max-
imised by filling only one quadrant using the absolute val-
ues of An and A¢. For illustration purposes only (for ex-
ample, see Fig. 1), the other three quadrants are filled by
reflection, giving distributions that are symmetric about
(An, A¢) = (0, 0) by construction. The pair acceptance de-
creases rapidly with An and so, to avoid large fluctuations
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Fig. 1 Two-dimensional (2D) per-trigger-particle associated yield of
charged hadrons as a function of |An| and |A¢| for 3 < plTng <

3.5GeV/cand 1 < pi¥°° < 1.5 GeV/c, for twelve centrality ranges of

due to statistical limitations, the distributions are truncated
at |An| = 4. The analysis is performed in twelve central-
ity classes of PbPb collisions ranging from the most cen-
tral 0-5 % to the most peripheral 70-80 %. Within each
centrality range, the yield described in Eq. (1) is calcu-
lated in 0.5 cm wide bins of the vertex position (Zyix)
along the beam direction and then averaged over the range
|Zvix| < 15 cm.

When filling the signal and background distributions,
each pair is weighted by the product of correction factors
for the two particles. These factors are the inverse of an ef-
ficiency that is a function of each particle’s pseudorapidity
and transverse momentum,

A, pr)E®. p1)
euk(n, pT) = , (4)
! 1 —F(n, p1)
where A(n, pr) is the geometrical acceptance, E(n, pr) is
the reconstruction efficiency, and F (5, p) is the fraction of
misidentified tracks. The effect of this weighting factor only
changes the overall scale but not the shape of the associ-
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PbPb collisions at ,/syny = 2.76 TeV. The near-side peak is truncated
in the two most peripheral distributions to better display the surround-
ing structure

ated yield distribution, which is determined by the signal-
to-background ratio.

As described in Ref. [1], the track-weighting procedure
is tested using MC events generated with HYDJET [39]
(version 1.6) propagated through a full detector simulation.
The tracking efficiencies themselves are checked using sim-
ulated tracks embedded into actual data events. Systematic
uncertainties due to variations of the track reconstruction ef-
ficiency as a function of vertex location and also the proce-
dure used to generate the background events are evaluated.
The individual contributions are added in quadrature to find
the final systematic uncertainties of 7.3-7.6 %.

4 Correlation functions and near-side yields

The two-dimensional (2D) per-trigger-particle associated
yield distribution of charged hadrons as a function of |An|
and |A¢]| is measured for each ptTng and p7¥°° interval, and

in different centrality classes of PbPb collisions. An exam-
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ple for trigger particles with 3 < p%“ £ <3.5GeV/c and as-
sociated particles with 1 < pi¥° < 1.5 GeV/c is shown in
Fig. 1, for centralities ranging from the 0-5 % most central
collisions, to the most peripheral (70-80 %) events. The 2D
correlatjons are rich in structure, and evolve with centrality.
The ptTr1 £ and PT%¢ ranges shown in this figure were cho-
sen as an example because they demonstrate a good balance
of the following features. For the most central PbPb colli-
sions, a clear and significant ridge-like structure mostly flat
in An, and extending to the limit of | An| =4, is observed at
A¢ =~ 0. At mid-peripheral events, a pronounced cos(2A¢)
component emerges, originating predominantly from ellip-
tic flow [10]. Lastly, in the most peripheral collisions, the
near-side ridge structure has largely diminished, while the
away-side back-to-back jet correlations can be clearly seen
at A¢ ~ m, but spread out in An.

As was done in Ref. [1], to quantitatively examine the
features of short-range and long-range azimuthal correla-
tions, one-dimensional (1D) A¢ correlation functions are

calculated by averaging the 2D distributions over a limited
region in An from Anmin t0 Afmax:

1 d Npair
N trig dA¢

/‘Anmax
AT)min

The results of extracting the 1D A¢ correlations in the short-
range (0 < |An| < 1) and long-range (2 < |An| < 4) re-
gions are shown in Fig. 2. The associated yield distribution
per trigger particle is extracted for the same ptT”g and p3¥°°
ranges as in Fig. 1.

In order to study the short-range A¢ correlations in the
absence of the flat background in An, the 1D A¢ distri-
bution in the long-range region is subtracted from that in
the short-range region. The resulting difference of the dis-
tributions is shown in Fig. 3. The near-side peak (A¢ ~ 0)
represents mainly the correlations from jet fragmentation,

1 d2Npair
—— " d
Nyig dAndAg

1

= )]
ANmax — ANmin

An.
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Fig. 2 Short-range (0 < |An| < 1, open circles) and long-range (2 <
|An| < 4, red closed circles) per-trigger-particle associated yields of
charged hadrons as a function of |A¢| for 3 < plT“g <3.5GeV/c and

580¢ < 1.5 GeV/c, for twelve centrality ranges of PbPb collisions

1 <py

at ./syy = 2.76 TeV. The statistical error bars are smaller than the
marker size. The systematic uncertainties of 7.6 % for all data points
in the short-range region and 7.3 % for all data points in the long-range
region are not shown in the plots
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Fig. 3 The difference between short-range (0 < |An| < 1) and long-
range (2 < |An| < 4) per-trigger-particle associated yields of charged

hadrons as a function of |A¢| for 3 < ptTrig <35 GeV/cand 1 <

PP < 1.5 GeV/c, for twelve centrality ranges of PbPb collisions

whereas the away-side region (A¢ & m) is mostly flat and
close to zero due to the weak An dependence of the away-
side jet peak. A comparison to the pp data at /s = 2.76 TeV
is also presented, showing a similar structure to that in the
very peripheral 70-80 % PbPb data. However, the magni-
tude of the near-side peak is significantly enhanced in the
most central PbPb collisions as compared to pp. Most of the
systematic uncertainties manifest themselves as an overall
change in the scale of the correlation functions, with little
dependence on A¢ and An. Therefore, they largely cancel
when the difference between the short-range and long-range
regions is taken.

The strengths of the near-side peak and away-side re-
gion in the |A¢| distributions from Fig. 3 can be quanti-
fied by integrating over the two |A¢@| ranges separated by
the minimum position of the distribution. This position is
chosen as |A¢| = 1.18, the average of the minima between
the near side and away side over all centralities. This choice
of integration range introduces an additional systematic un-
certainty in the integrated associated yields. The effect of
choosing different minima for integration ranges changes

@ Springer

at /syn = 2.76 TeV. The statistical error bars are smaller than the
marker size. The grey bands denote the systematic uncertainties. The
pp result is superimposed in all panels, for reference purposes

the overall yield by an absolute amount of at most 0.007.
Similar shifts are calculated for each data point, then added
as an absolute value in quadrature to the other systematic
uncertainties.

Figure 4 shows the integrated associated yields of the
near-side peak and away-side regions as a function of Npar
in PbPb collisions at ,/syy = 2.76 TeV, requiring 3 <

trig assoc

pr - < 3.5 GeV/c, for four different intervals of p7°* (1-
1.5, 1.5-2,2-2.5, and 2.5-3 GeV/c). The grey bands repre-
sent the systematic uncertainties. For easier visual compar-
ison between the most central PbPb results and the values
one would expect from a trivial extrapolation of the pp re-
sults, the latter are also represented using horizontal lines
covering the full Np, range. The yield of the near-side peak
increases by a factor of 1.7 in going from the very peripheral
70-80 % to the most central 0-5 % PbPb events, for the low-
est pT°°¢ interval of 1-1.5 GeV/c. As pF¥°¢ increases, the
centrality dependence of the near-side yield becomes less
prominent. An increase by a factor of only 1.3 is observed
for the highest p7**°° interval of 2.5-3 GeV /c. This is of par-
ticular interest because at RHIC energies for p3*°° down to
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Fig. 4 The integrated associated yields of the near-side peak (|A¢| <
1.18) and away-side region (|A¢| > 1.18), requiring 3 < pr® <

3.5 GeV/c for four different intervals of p3*°°, as a function of Npar

in PbPb collisions at /syy =2.76 TeV. The error bars correspond to

2 GeV/c and similar ptT”g ranges and methodology, although
for a lower density system (AuAu at /syy = 0.2 TeV),
there is almost no centrality dependence observed [40]. On
both near and away sides, the yield in PbPb matches that in
pp for the most peripheral events. On the away side, the yield
in PbPb decreases with centrality, becoming negative for the
most central events. Variations in the event-mixing proce-
dure can cause large fluctuations but only at the very edge
of the acceptance around |An| = 4.8. However, the corre-
lation function is only studied up to |An| < 4 in this paper
so these fluctuations do not affect the results. The negative
values of the yields in Fig. 4 are caused by a slightly con-
cave structure on the away-side region (1.18 < |A¢| < w),
i.e. the yields near |An| ~ 0 are smaller than those at higher
|An|. The effect is more prominent for central PbPb events.
However, this concavity is seen only for |An| < 2. Beyond
that region, the An distribution is found to be largely flat up
to |An| = 4. Similar behaviour was also observed at RHIC
for AuAu collisions at \/syy = 200 GeV [41]. This devia-
tion from pp may be related to the jet quenching phenom-
ena, which leads to a modification in the back-to-back jet
correlations in PbPb. Any effect that modifies the kinemat-
ics of dijet production could also result in a modification of
away-side distributions in An. Additionally, any slight de-
pendence of the flow effect on 7 could also play a role. More
detailed theoretical models will be required to fully under-
stand the origin of this small effect.

5 Fourier decomposition analysis of the PbPb data

The first Fourier decomposition analysis of long-range
dihadron azimuthal correlations for PbPb collisions at
/SNy =2.76 TeV was presented in Ref. [1]. This analysis
was motivated by the goal of determining whether the long-
range ridge effect was caused by higher-order hydrodynamic

statistical uncertainties only. The grey bands denote the systematic un-
certainties. The lines represent the pp results (Npart = 2) superimposed
over the full range of Ny values

flow harmonics induced by the initial geometric fluctuations.
This decomposition involves fitting the 1D Ag-projected
distribution for 2 < |An| < 4 (to avoid the jet peak) with a
Fourier series given by

. N,
1 dNPYT Nygsoc o
= 1+ E 2V,acos(nAg) ¢, (6)
Ntrig dA¢ 27 n=1 !

where V, 4 are the Fourier coefficients and Ny represents
the total number of hadron pairs per trigger particle for the
given |An| range and ( p[Tng, P79 bin. The first five Fourier
terms (Nmax = 5) are included in both the current fits and
those in Ref. [1]. In this paper, the analysis of the Fourier
decomposition is extended to the full centrality range, and is
performed as a function of both plT“g and p

The Fourier decomposition results have several system-
atic uncertainties. Because the tracking-correction-related
systematic uncertainties only change the overall scale of the
correlation functions, instead of the shape, they have only
a 0.8 % uncertainty on the extracted Fourier coefficients
(Vua), largely independent of n and collision centrality. In
addition, the results are insensitive to looser or tighter track
selections to within £0.5 %. By comparing the Fourier coef-
ficients derived for two different zyx ranges, |zZyix| < 15 cm
and |zyx| < 5 cm, the systematic uncertainties due to the
dependence on the vertex position are estimated to be less
than £0.5 %. Variations from the finite bin width of the
A¢ histograms contribute the largest systematic uncertainty
to the analysis, especially for the higher-order components,
which are more sensitive to the fine structure of the distri-
butions. Reducing the binning of the A¢ histograms by fac-
tors of 2, 4, and 8, the extracted Fourier coefficients vary by
£0.3-2.2 %. The effect of including additional higher-order
Fourier terms in the fit using Eq. (6) results in changes of at
most £1.0 % (for n = 5), with Fourier terms up to n = 10

assoc
T .

@ Springer



Page 8 of 26

Eur. Phys. J. C (2012) 72:2012

included (Nmax = 10). The values of additional higher-order
Fourier terms included in the fit are all consistent with zero.

Table 2 summarises the different sources of uncertainty
for the first five Fourier coefficients. These uncertainties are
added in quadrature to obtain the total systematic uncertain-
ties, also given in Table 2.

The fitted Fourier cpefﬁcients (Vua) up ton = 5, for two
representative low- pfrn ¢ ranges of 1 < ptTrlg < 1.5 GeV/c
and 3 < ptTrlg < 3.5 GeV/c, with pi¥°¢ fixed at 1-
1.5 GeV/c, are presented in Fig. 5 for various centrality
ranges. The values of V, o peak at n = 2 and then drop dra-
matically toward larger n values at all centralities, although
this behaviour is less pronounced for the 0-5 % centrality

bin. The error bars show the statistical uncertainties only,
while the systematic uncertainties are indicated in Table 2.

5.1 Factorisation of Fourier coefficients

If the observed azimuthal dihadron correlations at large An
are driven only by the single-particle azimuthal anisotropy
with respect to a particular direction in the event, the
extracted Fourier coefficients (V, o) from long-range az-
imuthal dihadron correlations can be factorised into a prod-
uct of the single-particle azimuthal anisotropy harmonics,
Up, Via

Vi (pflfig’ p%ssoc) =, (pflfig) X Uy (p%ssoc) ’ 7

Table 2 Systematic

uncertainties of the Fourier Source Systematic uncertainty of V;,o (%)
coefficients (V, A ) for the first
five terms Tracking efficiency 0.8
Vertex dependence 0.5
Track selection dependence 0.5
Finite bin width in A¢ 0.3-2.2
Number of terms included in the fit 0.0-1.0
Total 1.1-2.6
CMSL,, =39ub" PbPby/s, =276 TeV ~ 1<p™ <1.5GeVic
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Fig. 5 Fourier coefficients Vja through Vsa, extracted from the lqng—
range (2 < |An| < 4) azimuthal dihadron correlations, for 1 < pfrng <

1.5 GeV/c (closed circles) and 3 < ptTrig < 3.5 GeV/c (open circles)
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with pg°¢

fixed at 1-1.5 GeV//c, for twelve centrality intervals. Most
of the statistical error bars are smaller than the marker size. The sys-

tematic uncertainties (not shown in the plots) are indicated in Table 2
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Fig. 6 The ratios of Vaa( pg'g, pT°) to the product of v ( pT g) and
va(pF*°°) for n =2 in the short-range (0 < |An| < 1, open circles)
and long-range (2 < |An| < 4, closed circles) regions, where vy (pr)

where vy, ( pT g) and v, (p5**°°) are the harmonics for the trig-
ger and associated particles [2] averaged over all the events,
respectively. One source of v, is the collective-flow harmon-
ics arising from hydrodynamic expansion of the medium
(e.g., anisotropic elliptic flow contribution to vy) [42], par-
ticularly in the low- pt regime where hadron production in
heavy ion collisions is thought to be mainly from the bulk
medium [43]. In addition, for very high pr particles that are
predominantly produced by the fragmentation of energetic
jets, v, could also be induced by the path-length depen-
dence of the jet-quenching effect inside the medium [44—
49]. This path difference can lead to a stronger suppres-
sion of the high- pt hadron yield along the long axis of the
elliptically-shaped system than along its short axis, result-
ing in an azimuthal anisotropy characterised by the v, har-
monic. Both scenarios satisfy the factorisation relation of
Eq. (7). However, note that the pt dependent event-by-event
fluctuations of v, could break the factorisation in general,
even though v, may be still related to the single-particle az-

is evaluated in a fixed pl°W bin of 1-1.5 GeV/c, for five intervals of
pP*°° and centralities of 0-5 %, 15-20 % and 35-40 %. The error
bars correspond to statistical uncertainties only

imuthal anisotropy. This possibility is not investigated in this
paper.

This relation (Eq. (7)) is a necessary ingredient for the
extraction of single-particle azimuthal anisotropy harmon-
ics using the dihadron correlation data, since a Fourier series
can be used to decompose any functional form by construc-
tion. The relation can be tested by first assuming that fac-
torisation is valid for pairs including one particle in a fixed,
low p3*°¢ range, denoted by pl"w correlated with a second
particle of any pr. The range of plow is chosen to be 1-
1.5 GeV/c, where particle production is expected to be pre-
dominantly driven by hydrodynamics. The value of v, ( plow)
is ﬁrst calculated as the square root of V,,a ( plow l"W) The

vy ( pT g) is then derived as

. Vaal( trig low)
trig nA\PT 5 PT
Un (pT ) = —U (pl()W) . (8)
n

This is effectively equivalent to the two-particle cumu-
lant method of flow measurement [50, 51]. Next, the ratio of
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Vaa( ptTrlg P¢) directly extracted as a function of ptTrl and

P3¢ (left-hand side of Eq. (7)) to the product of v,,( pmg)
and v, (pP°°°) (right-hand side of Eq. (7)) is calculated. This
ratio should be approximately unity if factorisation is also
valid for higher pT £ and P70 particles.

Figures 6, 7, and 8 show the ratios fop n=2,3, and 4,
over five p7*°° ranges as a function of ptTng, for both short-
range (0 < |An| < 1) and long-range (2 < |An| < 4) re-
gions. Three different centrality intervals 0-5 %, 15-20 %
and 35-40 % are presented. The ratio for n = 2 in pp data
is also shown in the last column of Fig. 6. The first point
of each panel equals 1.0 by construction. The error bars
correspond to the statistical uncertainties. The total system-
atic uncertainties are estimated to be 1.5 % (n =2)-3.6 %
(n = 5), approximately /2 times the systematic uncertain-
ties of V,,o shown in Table 2.

First of all, no evidence of factorisation is found in the pp
data and for the short-range region (0 < |An| < 1) in any of
the centrality ranges of the PbPb data, where dijet produc-
tion is expected to be the dominant source of correlations.
In Ref. [2], it has been shown that V, 5 factorises for jet-like
correlations at very high-pt (e.g., pt > 5 GeV/c) forms a
special axis, to which produced particles are strongly corre-
lated. This is similar to the elliptic flow effect, where parti-

Fig. 7 The ratios of n=3

CMS L, —39ub1

cles are preferentially produced along the short axis of the
elliptically-shaped overlapping region. However, the lack of
factorisation in pp and the short-range region of PbPb ob-
served for the pr range of 1 < p¥*°® < 3.5 GeV /¢ primarily
investigated in this paper may suggest a complicated inter-
play of different particle production mechanisms between
low- pt (hydrodynamic flow for PbPb and underlying event
for pp) and high- pt (dijet production) particles.

In contrast, the long-range region (2 < |An| < 4) for
mid-peripheral 15-20 % and 35-40 % events does show
evidence of factorlsatlon for Va4 to Vaa with p¥°¢ up to

3-3.5 GeV/c and pT up to approximately 8 GeV/c. The
data are also consistent with factorisation for even higher

mg (> 8 GeV/c) combined with low p3**°°, but the cur-
rent event sample is not large enough to draw a firm con-
clusion. Note that V, o varies by almost 60 % in the ptrlg
range from 1 to 3.5 GeV/c as shown in Fig. 5, whereas fac-
torisation is found to hold to better than 5 %. This suggests
a potential connection between the extracted Fourier coeffi-
cients from long-range dihadron correlations and the single-
particle azimuthal anisotropy harmonics. For the most cen-
tral 0-5 % collisions, the ratio for n = 2 deviates signifi-
cantly from unity, while Vza and V4a still show a similar
level of factorisation to that of the 15-20 % and 35-40 %

PbPb \[s = 2.76 TeV

V3A(p%rl PF) to the product

n =3 in the short-range

(0 < |An| < 1, open circles) and
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Fig. 8 The ratios of
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mid-peripheral data. This may indicate the existence of other
sources of long-range correlations for the most central colli-
sions that violate the factorisation relation. The breakdown
of factorisation for pi™° > 4 GeV/c in the long-range re-
gion is likely due to dijet correlations. Higher-order Fourier
coefficients and a wider prt range can be investigated once
larger samples of PbPb data are collected. Factorisation of
V14 is not discussed in this paper as it contains an additional
negative contribution from momentum conservation [52],
which is not related to the collective flow effect and needs to
be accounted for in further studies.

5.2 Elliptic and higher-order single-particle azimuthal
anisotropy harmonics

As discussed in Sect. 5.1, except for vy in the very central
PbPb events, the factorisation relation given by Eq. (7) for
long-range (2 < |An| < 4) azimuthal dihadron correlations
is found to be valid for sufﬁmently low P3¢, combined

with low pT , and possibly high pT as well. Therefore,

the single-particle azimuthal anisotropy harmonics vy, ( ptTng)
can be extracted using Eq. (8) with 1 < p§° <3 GeV/c.
Values are found for centralities ranging from 0-5 % to 70—
80 %, and presented in Fig. 9. The 1-3 GeV/c p$*°° range

is chosen in order to reduce the statistical uncertainty by util-
ising as many associated particles as possible over the p7**°°
range where factorisation is valid. Data for the most cen-
tral and most peripheral events are included for complete-
ness, although the results for v, in those events are clearly
demonstrated by Fig. 6 to be more complicated in nature.
The value of v, is extracted up to ptTrlg ~ 20 GeV/c for
all but the 2 most peripheral centralities, whereas higher-
order v, are truncated at ptrlg 10 GeV/c or less for the
peripheral data due to statistical limitations. As mentioned
previously, factorisation is not demonstrated conclusively at

very high ptTrig . For the most central 0-5 % events, all the

harmonics are of similar magnitude across the entire p rig

range. The pt dependence of all v, shows the same trend of
a fast rise to a maximum around pt =~ 3 GeV/c, followed
by a slower fall, independent of centrality up to 50-60 %.
The magnitude of v, increases when moving away from the
most central events. At very high pfrng , sizeable v signals
are observed, which exhibit an almost flat pt dependence
from 10 to 20 GeV /¢ for most of the centrality ranges. This
is not the case for the higher-order harmonics. In order to ex-
plicitly investigate the centrality dependence of the harmon-
ics, the extracted v, through vs are also shown in Fig. 10 as
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a function of Npqay, for representative low (1-1.5 GeV/c),  hydrodynamic flow phenomena for lower-pr particles [43]
intermediate (3-3.5 GeV/c), and high (8-20 GeV/c) pmg and the path-length dependence of the parton energy-loss
ranges. scenario for high-pr particles [44]. The v, harmonics are

A strong centrality dependence of v, is observed in  sensitive to the eccentricity of the almond-shaped initial col-
Figs. 9 and 10 for all p[Trig ranges, while the higher-order  lision region that becomes larger for the peripheral events,
harmonics v3—vs do not vary significantly over the range of ~ whereas the higher-order harmonics are driven by fluctua-
Npart- This behaviour is expected in the context of both the  tions of the initial geometry that have little dependence on
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Fig. 9 The single-particle azimuthal anisotropy harmonics vy—vs Most of the statistical error bars are smaller than the marker size.
extracted from the long-range (2 < |An| < 4) azimuthal dihadron cor- The systematic uncertainties (not shown in the plots) are indicated in
relations as a function of ptTng, combined with 1 < p*°¢ <3 GeV/c, Table 2
for twelve centrality intervals in PbPb collisions at ,/syy =2.76 TeV.
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the collision centrality [53]. In the most peripheral events,
the pt dependence of v; is found to be very different from
that in the central events, as shown in Fig. 9. In the high-pt
interval 8-20 GeV//c (third panel of Fig. 10), v, increases
rapidly at low Npat (very peripheral). A possible explana-
tion is the presence of non-flow effects due to back-to-back
jets. Based on the factorised Fourier coefficients from long-
range dihadron correlations, the single-particle azimuthal
anisotropy harmonics extracted over a wide range of pt and
centrality allow a detailed comparison to theoretical calcula-
tions of the hydrodynamics and path-length dependence of
in-medium parton energy loss.

6 Summary

The previous CMS analysis of angular correlations between
charged particles has been expanded to cover a wide central-
ity range of PbPb collisions at ,/syy = 2.76 TeV. As was
seen previously for central PbPb collisions, the associated
yields differ significantly from those observed in pp interac-
tions. Correlations with both small (0 < |An| < 1) and large
(2 < |An| < 4) relative pseudorapidities were again studied
as a function of the transverse momentum of the trigger and
associated particle pr. The integrated yield of the near-side
region shows an increasing enhancement towards more cen-
tral PbPb collisions, especially for low- pt associated parti-
cles.

To further characterise the dependence of the correla-
tions on relative azimuthal angle, a Fourier decomposition
of the distributions projected onto A¢ was performed, as
a function of both centrality and particle pt. Evidence of
a factorisation relation was observed between the Fourier
coefficients (V,;o) from dihadron correlations and single-
particle azimuthal anisotropy harmonics (v ). This holds for
pT*¢ < 3-3.5 GeV/c over the ptTrlg range up to at least
8 GeV/c in central and mid-peripheral PbPb collisions, ex-
cept for vy in the most central events. The observed fac-
torisation is absent in pp and very peripheral PbPb data,
indicating a strong connection of the observed long-range
azimuthal dihadron correlations to the single-particle az-
imuthal anisotropy in heavy ion collisions, such as the one
driven by the hydrodynamic expansion of the system. The
single-particle azimuthal anisotropy harmonics v, through
vs were extracted over a wide range in both pr and collision
centrality, profiting from the broad solid-angle coverage of
the CMS detector. The comprehensive correlation data pre-
sented in this paper are very useful for studies of the path-
length dependence of in-medium parton energy-loss, and
provide valuable inputs to a variety of theoretical models, in-
cluding hydrodynamic calculations of higher-order Fourier
components.
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