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Angular correlations between unidenti“ed charged trigger particles and various species of charged
associated particles (unidenti“ed particles, pions, kaons, protons and antiprotons) are measured by
the ALICE detector in p…Pb collisions at a nucleon…nucleon centre-of-mass energy of 5.02 TeV in the
transverse-momentum range 0 .3 < pT < 4 GeV/ c. The correlations expressed as associated yield per
trigger particle are obtained in the pseudorapidity range |� lab | < 0.8. Fourier coe�cients are extracted
from the long-range correlations projected onto the azimuthal angle difference and studied as a function
of pT and in intervals of event multiplicity. In high-multiplicity events, the second-order coe�cient for
protons, vp

2, is observed to be smaller than that for pions, v�
2 , up to about pT = 2 GeV/ c. To reduce

correlations due to jets, the per-trigger yield measured in low-multiplicity events is subtracted from
that in high-multiplicity events. A two-ridge structure is obtained for all particle species. The Fourier
decomposition of this structure shows that the second-order coe�cients for pions and kaons are similar.
The vp

2 is found to be smaller at low pT and larger at higher pT than v�
2 , with a crossing occurring at

about 2 GeV/ c. This is qualitatively similar to the elliptic-”ow pattern observed in heavy-ion collisions.
A mass ordering effect at low transverse momenta is consistent with expectations from hydrodynamic
model calculations assuming a collectively expanding system.

� 2013 CERN. Published by Elsevier B.V. All rights reserved.
1. Introduction

Measurements of the correlations of two or more particles are a
powerful tool to study the underlying mechanism of particle pro-
duction in collisions of hadrons and nuclei at high energy. These
studies often involve measuring the distributions of relative angles
� � and � � , where � � and � � are the differences in azimuthal
angle � and pseudorapidity � between the directions of two par-
ticles.

In minimum-bias proton…proton (pp) collisions, the correlation
at (� � � 0, � � � 0) is dominated by the •near-sideŽ jet peak, and
at � � � � by the recoil or •away-sideŽ structure due to particles
originating from jet fragmentation [1]. In nucleus…nucleus (A…A)
collisions additional structures along the � � axis emerge on the
near and away side in addition to the jet-related correlations
[2…14]. These ridge-like structures persist over a long range in � � .
The shape of these � � correlations can be studied via a Fourier
decomposition [15] . The second- and third-order terms are the
dominant harmonic coe�cients vn [6,7,9…14]. The vn coe�cients
can be related to the collision geometry and density ”uctuations of
the colliding nuclei [16,17] and to the transport properties of the
created matter in hydrodynamic models [18…20].

� © CERN for the bene“t of the ALICE Collaboration.
� E-mail address: alice-publications@cern.ch.

In pp collisions at a centre-of-mass energy
�

s = 7 TeV the
emergence of similar long-range (2 < |� � | < 4) near-side ( � � � 0)
correlations was reported in events with signi“cantly higher-
than-average particle multiplicity [21] . This was followed by the
observation of the same structure in high-multiplicity proton…
lead (p…Pb) collisions at a nucleon…nucleon centre-of-mass energy�

sNN = 5.02 TeV [22] . Subsequent measurements in p…Pb colli-
sions employed a procedure for removing the jet contribution by
subtracting the correlations extracted from low-multiplicity events,
revealing essentially the same long-range structures on the away
side in high-multiplicity events [23,24]. Evidence of similar long-
range structures in high-multiplicity deuteron…gold collisions at�

sNN = 0.2 TeV has also been reported [25] . In all cases [23…25],
the transverse-momentum ( pT) dependence of the extracted v2

and v3 coe�cients is found to be similar to that measured in A…A
collisions. Recent measurements involving two- and four-particle
correlations [26,27] revealed that the pT-integrated v3 in p…Pb
collisions is the same as in Pb…Pb collisions at the same midrapid-
ity multiplicity. Further, genuine four-particle correlations utilizing
cumulants [28] lead to non-zero v2 coe�cients that are some-
what smaller than those extracted from two-particle correlations,
and smaller than those in Pb…Pb collisions at the same midrapidity
multiplicity.

The ridge structures in high-multiplicity pp and p…Pb events
have been attributed to mechanisms that involve initial-state ef-
fects, such as gluon saturation and colour connections forming

0370-2693/ � 2013 CERN. Published by Elsevier B.V. All rights reserved.
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along the longitudinal direction [29…34] and “nal-state effects,
such as parton-induced interactions [35…37], and collective effects
arising in a high-density system possibly formed in these collisions
[38…45].

A dense, highly interacting system exhibiting radial collective
(hydrodynamic) ”ow, as the one formed in central A…A collisions,
leads to a characteristic particle-species dependent modi“cation
of the pT spectra of identi“ed particles as observed in [46…48] .
Furthermore, the correlations of identi“ed particles can be used
to investigate the presence of a collective expansion since the v2

of lighter identi“ed particles should be larger than that of heav-
ier particles at the same pT [49] . Indeed, in A…A collisions, for
pT < 2 GeV/ c, v2 exhibits a particle-mass dependence [50…52] as
predicted by hydrodynamic model calculations [49,53] . At interme-
diate pT (2 < pT < 8 GeV/ c) the v2 of mesons is smaller than that
of baryons even at similar particle mass [13,54,55] , which may be
attributed to quark coalescence [56…58].

In this Letter, measurements of the v2 of pions, kaons and pro-
tons1 in p…Pb collisions at

�
sNN = 5.02 TeV are presented. These

results are obtained from two-particle correlations and extend the
characterization of the double ridge observed in p…Pb collisions.

2. Experimental setup

Data from the 2013 p…Pb run of the LHC for collisions of 4 TeV
protons and 1.58 TeV per nucleon lead ions, resulting in a centre-
of-mass energy of

�
sNN = 5.02 TeV, are used in the presented

analysis. The nucleon…nucleon centre-of-mass system is offset with
respect to the ALICE laboratory system by Š0.465 in rapidity, i.e.
in the direction of the proton beam. In the following, � denotes
the pseudorapidity in the laboratory system.

A detailed description of the ALICE detector can be found in
Ref. [59] . The main subsystems used in the present analysis are the
Inner Tracking System (ITS), the Time Projection Chamber (TPC)
and the Time Of Flight detector (TOF). These have a common ac-
ceptance of |� | < 0.9 and are operated inside a solenoidal magnetic
“eld of 0.5 T. The ITS consists of six layers of silicon detectors for
vertex “nding and tracking. The TPC is the main tracking detec-
tor and provides particle identi“cation by measuring the speci“c
energy loss d E/ dx. The TOF and T0 detectors are used to iden-
tify particles by measuring their ”ight time. The T0 detectors have
a pseudorapidity coverage of Š3.3 < � < Š3.0 and 4.6 < � < 4.9.
The VZERO detector, two arrays of 32 scintillator tiles each, cover-
ing 2 .8 < � < 5.1 (VZERO-A) and Š3.7 < � < Š1.7 (VZERO-C), was
used for triggering and event selection. The trigger required a coin-
cidence of signals in both VZERO-A and VZERO-C. In addition, two
neutron Zero Degree Calorimeters (ZDCs) located at 112.5 m (ZNA)
and Š112.5 m (ZNC) from the interaction point are used in the
event selection. The VZERO-A, which is located in the ”ight direc-
tion of the Pb ions, is used to de“ne event classes corresponding
to different particle-multiplicity ranges. Alternatively, the energy
deposited in the ZNA (originating from neutrons from the Pb nu-
cleus) is used in de“ning the event-multiplicity classes. All these
detector systems have full azimuthal coverage.

3. Event, track selection and particle identi“cation

The event selection for this analysis is based on signal ampli-
tudes and their arrival times measured with the VZERO and ZDC
detectors. It is identical to the selection described in Ref. [60]
which accepts 99.2% of all non-single-diffractive collisions. The

1 Pions, kaons and protons, as well as the symbols � , K and p, refer to the sum
of particles and antiparticles.

collision-vertex position is determined with tracks reconstructed
in the ITS and TPC as described in Ref. [61] . The vertex recon-
struction algorithm is fully e�cient for events with at least one
reconstructed primary track within |� | < 1.4 [62] . The position of
the reconstructed vertex along the beam direction ( zvtx ) is required
to be within 10 cm of the detector centre. About 10 8 events, corre-
sponding to an integrated luminosity of about 50 µb Š1, pass these
event selection criteria and are used for the analysis.

The analysis uses charged-particle tracks reconstructed in the
ITS and TPC with 0 .3 < pT < 4 GeV/ c and in a “ducial region of
|� | < 0.8 to exclude non-uniformities at the detector edges. As a
“rst step, track selection criteria on the number of space points
and on the quality of the track “t in the TPC are applied [63] .
Tracks are additionally required to have at least one hit in the
two innermost layers of the ITS and to have a Distance of Clos-
est Approach (DCA) to the reconstructed collision vertex smaller
than 2 cm in the longitudinal direction. In the transverse direction,
a cut at 7 � dca is applied, where � dca is the pT-dependent trans-
verse impact-parameter resolution (30…200 µm from highest to
lowest pT in the considered range) [63] . To study the effect of con-
tamination by secondary particles, the transverse DCA cut is varied
between 3 and 21 � dca. For the scalar-product method analysis, dis-
cussed below, tracks without a hit in the two innermost layers of
the ITS, but having a hit in the third layer, are retained, to achieve
a more uniform � acceptance. For tracks with pT > 0.5 GeV/ c a
signal in the TOF is required for particle identi“cation. The track
selection is varied in the analysis as a consistency check.

Particle identi“cation is performed using the speci“c energy
loss dE/ dx in the TPC and the time of ”ight measured with the
TOF (for pT > 0.5 GeV/ c). A truncated mean procedure is used
in order to reduce the Landau tail of the energy loss distribu-
tion in the TPC (60% of the measured clusters are kept) [64] . The
dE/ dx resolution is 5…6%, depending upon the number of associ-
ated space points in the TPC. The resolution of the time of ”ight is
given by the detector resolution and the resolution of the collision
time measurement. The collision time can be computed utilizing
three different methods: (a) from the T0 detectors, (b) from a com-
binatorial algorithm which uses the TOF measurement itself, or
(c) from the average collision time [65] (only used in few low-
multiplicity events where the “rst two measurements are miss-
ing). The corresponding time of ”ight resolution is about 85 ps
for high-multiplicity events and about 120 ps for low-multiplicity
events.

Based on the difference (expressed in units of the resolution � )
between the measured signal and the expected signal for � , K,
or p in the TPC and TOF, a combined N2

� ,PID = N2
� ,TPC+ N2

� ,TOF is
computed. For a given species, particles are selected with a cir-
cular cut in the N� ,TPC and N� ,TOF space by N� ,PID < 3. In the
region where the areas of two species overlap, the identity cor-
responding to the smaller N� ,PID is assigned. For pT less than
0.5 GeV/c only a few tracks have an associated signal in the TOF
and N� ,PID = N� ,TPC is used. This strategy provides track-by-track
identi“cation with high purity over the momentum region con-
sidered in this Letter: 0 .3 < pT < 4 GeV/ c for pions, 0 .3 < pT <
3 GeV/ c for kaons and 0 .5 < pT < 4 GeV/ c for protons. To assess
the systematic uncertainty related to the particle identi“cation, the
selection is changed to N� ,PID < 2. Furthermore, an exclusive iden-
ti“cation is used, in which the tracks that are within the N� ,PID

overlap area are rejected. Both selections reduce the misidenti“ca-
tion rate.

The e�ciency and purity of the primary charged-particle selec-
tion are estimated from a Monte Carlo (MC) simulation using the
DPMJET version 3.05 event generator [66] with particle transport
through the detector using GEANT3 [67] version 3.21 which con-
tains an improved description of the p̄ inelastic cross section [48] .
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Table 1
Event classes de“ned as fractions of the analyzed event sample and their corre-
sponding �dNch/ d� � within |� | < 0.5 and the mean numbers of charged particles
within |� | < 0.8 and pT > 0.5 GeV/ c. The uncertainties are only systematic as the
statistical uncertainties are negligible.

Event class VZERO-A
range (a.u.)

�dNch/ d� �| |� |< 0.5
pT > 0 GeV/ c

� Ntrk �| |� |< 0.8
pT > 0.5 GeV/ c

60…100% < 52 7.1 ± 0.2 4.6 ± 0.2
40…60% 52…89 16.1 ± 0.4 11.5 ± 0.4
20…40% 89…142 23.2 ± 0.5 17.3 ± 0.6
0…20% > 142 35.6 ± 0.8 27.5 ± 1.0

The cross sections for the interactions of negative kaons at low
pT with the detector material are known to not be correctly re-
produced in GEANT3 [64] . Therefore, the e�ciency extracted from
GEANT3 was scaled with a factor computed with a dedicated
FLUKA [68] simulation as discussed in [64] . This correction ranges
from about 10% to about 1% from the lowest to the highest pT

interval considered. The e�ciency and acceptance for track recon-
struction depends on particle species and is 61…87% for the pT

range 0.5…1 GeV/c, and 79…86% atpT = 4 GeV/ c. The additional
e�ciency factor for a track having an associated signal in the TOF
and being correctly identi“ed is about 59%, 43% and 48% for the
pT range 0.5…1 GeV/c for � , K and p, respectively, and saturates at
about 63% at pT = 2 GeV/ c for all the species. These numbers are
independent of the event multiplicity.

The remaining contamination from secondary particles due to
int eractions in the detector material and due to weak decays de-
creases from about 20% to 1% for protons in the pT range from
0.5 to 4 GeV/c and from about 4% to 0.5% for pions in the pT

range from 0.3 to 4 GeV/ c while it is negligible for kaons. The con-
tribution from fake tracks from random associations of detector
signals is negligible. The contamination from misidenti“ed parti-
cles is signi“cant only for kaons above 1.5 GeV/ c and is less than
15%. Corrections for these effects are discussed in Section 4.

The two-particle correlations are studied by dividing the se-
lected events into four classes de“ned as fractions of the ana-
lyzed event sample, based on the charge deposition in the VZERO-
A detector, and denoted •0…20%Ž, •20…40%Ž, •40…60%Ž, •60…100%Ž
from the highest to the lowest multiplicity. The event-class def-
initions are shown in Table 1 together with the correspond-
ing mean charged-particle multiplicity densities within |� | < 0.5
(�dNch/ d� � ). The multiplicity estimate is corrected for detector ac-
ceptance, track-reconstruction e�ciency and contamination. Con-
trary to our earlier measurement of �dNch/ d� � [60] , the value here
is not corrected for trigger and vertex-reconstruction e�ciency.
Also shown is the mean number of primary charged particles with
pT > 0.5 GeV/ c within the pseudorapidity range |� | < 0.8 (� Ntrk � ).
This is measured by applying the track selection described above
and is corrected for the detector acceptance, track reconstruction
e�ciency and contamination.

4. Analysis

The vn coe�cients are extracted using two methods, referred
to in the following as two-particle correlations and scalar product.
In two-particle correlations both particles are taken from the same
pT interval, while in the scalar-product method, particles from a
certain pT interval are correlated with particles from the full pT

range. Comparing the results of these two methods can address
to what extent the Fourier coe�cients of two-particle correlations
factorize into the product of the coe�cients of the correspond-
ing single-particle angular distributions. In particular, these results
should agree if the measurement is dominated by correlations of
each of the particles with a common plane.

4.1. Two-particle correlations

The correlation between two particles (denoted trigger and as-
sociated particle) is measured as a function of the azimuthal angle
difference � � (de“ned within Š� / 2 and 3� / 2) and pseudorapid-
ity difference � � [23] . While the trigger particles are in all cases
unidenti“ed charged particles, the analysis is done separately for
unidenti“ed charged associated particles (denoted h…h) and for as-
sociated charged pions, kaons and protons (denoted h…� , h…K and
h…p, respectively). The correlation is expressed in terms of the as-
sociated yield per trigger particle where both particles are from
the same pT interval in a “ducial region of |� | < 0.8:

1

Ntrig

d2 Nassoc

d� � d� �
=

S(� � , � � )
B(� � , � � )

(1)

where Ntrig is the total number of trigger particles in the event
class and pT interval. The signal distribution S(� � , � � ) = 1/
Ntrig d2 Nsame/ d� � d� � is the associated yield per trigger parti-
cle for particle pairs from the same event. The background dis-
tribution B(� � , � � ) = � d2 Nmixed / d� � d� � corrects for pair ac-
ceptance and pair e�ciency. It is constructed by correlating the
trigger particles in one event with the associated particles from
other events in the same event class and within the same 2 cm-
wide zvtx interval (each event is mixed with about 5…20 events).
The background distribution is normalized with a factor � which is
chosen such that it is unity for pairs where both particles travel in
approximately the same direction (i.e. � � � 0, � � � 0). The yield
de“ned by Eq. (1) is constructed for each zvtx interval to account
for differences in pair acceptance and in pair e�ciency as a func-
tion of zvtx . After e�ciency correction, described below, the “nal
per-trigger yield is obtained by calculating the average of the zvtx

intervals weighted by Ntrig .
A selection on the opening angle of the particle pairs is ap-

plie d to avoid a bias due to the reduced e�ciency for pairs with
small opening angles. Pairs are required to have a separation of
|� � �

min | > 0.02 rad or |� � | > 0.02, where � � �
min is the minimal

azimuthal distance at the same radius between the two tracks
within the active detector volume after accounting for the bend-
ing in the magnetic “eld. Furthermore, correlations induced by
secondary particles from neutral-particle decays are suppressed by
cutting on the invariant mass ( minv ) of the particle pair. Pairs are
removed which are likely to stem from a 	 -conversion ( minv <
0.04 GeV/ c2), or a K0

s decay (|minv Š m(K0)| < 0.02 GeV/ c2) or a 

decay (|minv Š m(
)| < 0.02 GeV/ c2). The contribution from decays
where only one of the decay products has been reconstructed is
estimated by varying the DCA cut as discussed above and found to
be only relevant for protons (due to 
 feed-down) below 2 GeV/ c.
Weak decays of heavier particles give a negligible contribution.

Each trigger and each associated particle is weighted with a
correction factor that accounts for detector acceptance, reconstruc-
tion e�ciency and contamination by secondary particles. For the
identi“ed associated particles this correction factor also includes
the particle-identi“cation e�ciency. These corrections are applied
as a function of � , pT and zvtx . The vn coe�cients extracted below
are expected to be insensitive to single-particle weights as they are
relative quantities. Indeed, the coe�cients with and without these
corrections are identical.

The effect of wrongly identi“ed particles, particularly relevant
for pions misidenti“ed as kaons, is corrected by subtracting the
measured h…� per-trigger yield from the measured h…K per-trigger
yield scaled with the misidenti“cation fraction (percentage of pi-
ons identi“ed as kaons) extracted from MC. Similarly, this is done
for the contamination of the h…p per-trigger yield. The correction
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procedure is validated by applying it on simulated events and com-
paring the vn coe�cients with the input MC.

Compared to our previous publication [23] , the following analy-
sis details have changed: (a) event-multiplicity classes are de“ned
with the VZERO-A instead of the combination of both VZERO de-
tectors because the VZERO-A is in the direction of the Pb beam
and is thus more sensitive to the fragmentation of the Pb nucleus;
(b) the “ducial volume is reduced to |� | < 0.8 due to the use of
particle identi“cation; and (c) the condition that the associated
transverse momentum has to be smaller than the trigger trans-
verse momentum is not applied.

Fourier coe�cients can be extracted from the � � projection of
the per-trigger yield by a “t with:

1

Ntrig

dNassoc

d� �
= a0 + 2 a1 cos� � + 2 a2 cos 2� �

+ 2 a3 cos 3� � . (2)

From the relative modulations V hŠi
n� {2PC} = ahŠi

n / ahŠ i
0 , where ahŠi

n

is the an extracted from h…i correlations, the v i
n{2PC} coe�cient of

order n for a particle species i (out of h, � , K, p) are then de“ned
as:

vh
n{2PC} =

�
V hŠh

n� , v i
n{2PC} = V hŠi

n� /
�

V hŠh
n� . (3)

In the case that each of the particles is correlated with a common
plane, the v i

n{2PC} are the Fourier coe�cients of the corresponding
single-particle angular distributions.

4.2. Scalar-product method

Alternatively, the scalar-product method [69] is used to extract
the vn coe�cients:

vn{SP} =
�� (un,kQ�

n)/ M�
�

�� (Qa
nQb

n
�
)/( MaMb)�

, (4)

where un,k = exp in� k is the unit vector of the particle of interest k,
Qn =

�
l exp in� l is the event ”ow vector, M is the event multiplic-

ity, and n is the harmonic number. The full event is divided into
two independent sub-events a and b composed of tracks from dif-
ferent pseudorapidity intervals with ”ow vectors Qa

n and Qb
n and

Table 2
Summary of main systematic uncertainties. The uncertainties depend on pT and
multiplicity class and vary within the given ranges. v2{2PC, sub} is introduced in
Section 5.

Source v2{2PC} v2{SP} v2{2PC, sub}

Track selection and e�ciencies 2…20% 2…20% 0…3%
Particle identi“cation 2…6% 2…3% 2…7%
Contamination by weak decays (only p) 0…10% 0…10% 0…4%
Residual jet contribution … … 3…10%

Sum 2…20% 2…20% 3…14%

multiplicities Ma and Mb. The angle brackets denote an average
over all particles in all events, � the real part of the scalar product
and � the complex conjugate.

To determine Qn, either h, � , K or p are taken as particles
of interest from a pT interval and correlated with all unidenti-
“ed particles from the full pT range (reference particles). The two
sub-events a and b are de“ned within the pseudorapidity range
Š0.8 < � < Š0.4 and 0.4 < � < 0.8, respectively. The particle of
interest is taken from a and the reference particles from b and
vice versa. This results in a pseudorapidity gap of |� � | > 0.8 which
reduces correlations from jets and resonance decays.

Non-uniformities in the acceptance are corrected using the pre-
scrip tion in [28] . This correction is less than 5%. As above, the
coe�cients can be shown to be insensitive to single-particle ef-
fects. The contamination by secondary particles from weak decays
is estimated varying the DCA cut, as detailed above. The in”uence
of misidenti“ed particles is corrected for, e.g., in the case of kaons
by subtracting the v�

n from vK
n taking the particle ratios from the

data and the misidenti“cation fraction extracted from MC into ac-
count. The correction method is validated on simulated events.

Table 2 summarizes the uncertainties related to the v2 mea-
surements. Details of the separate contributions are given in the
text where they are introduced.

5. Results

The left panel of Fig. 1 shows the associated yield per trig-
ger particle for h…� correlations with 1 .5 < pT < 2 GeV/ c in the
0…20% event class. On the near side (|� � | < � / 2) a peak orig-
inating mostly from jet fragmentation is visible around � � � 0.
In addition, at large |� � |, the near-side ridge contribution can
Fig. 1. Left panel: associated yield per trigger particle as a function of � � and � � for h…� correlations with 1 .5 < pT < 2 GeV/ c in the 0…20% event class. Right panel:
projection of the left panel correlation onto � � averaged over 0 .8 < |� � | < 1.6 on the near side and |� � | < 1.6 on the away side. The “t using Eq. (2) and its individual
components are superimposed. The “gure contains only statistical uncertainty. Systematic uncertainties are mostly correlated and are less than 5% .
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Fig. 2. The Fourier coe�cient v2 for all charged particles, pions, kaons and protons as a function of pT is shown for the different multiplicity classes extracted for v2{2PC}
(symbols) and v2{SP} (shaded bands, with a line connecting the central values). The data is plotted at the average- pT for each considered pT interval and particle species
under study. Error bars and widths of the bands show statistical uncertainties and systematic uncertainties, essentially uncorrelated in pT, added in quadrature.
be observed. A similar ridge is also present on the away side
(� / 2 < � � < 3� / 2), but it cannot be distinguished from the re-
coil jet contribution as shown in [23] , since both are elongated
in � � . A similar picture holds for h…h, h…K andh…p correlations.
The per-trigger yield is projected onto � � (right panel of Fig. 1)
excluding the near-side peak by averaging over 0 .8 < |� � | < 1.6
on the near side, while on the away side the average over the full
range is used. This � -gap reduces the jet contribution on the near
side, while the away-side jet contribution is still present.

Before further reducing the jet contribution as in Ref. [23] , it
is interesting to study the Fourier coe�cients extracted from the
� � projections. For their determination, these projections are “t
with Eq. (2). This “t describes the data well and is shown in the
right panel of Fig. 1. The � 2/ ndf is about 0.5…1.5 for all the par-
ticle species and pT intervals. The “rst harmonic is found to be
negative and contains a contribution from the away-side jet. The
second harmonic has a similar magnitude as the “rst while the
third is much smaller. Including harmonics higher than the third
does not change the “t results or the � 2 signi“cantly. In the fol-
lowing, the third harmonic is not discussed because the extracted
v3 for kaons and protons have large uncertainties such that “rm
conclusions cannot be drawn.

Fig. 2 shows the v2 coe�cients for h, � , K and p as a func-
tion of pT for the different multiplicity classes extracted using
two-particle correlations ( v2{2PC}) and the scalar-product method
(v2{SP}). Both methods are generally in good agreement indepen-
dent of the multiplicity class and the particle species. Large devi-
ations (up to about 30%) are only observed below 0.5 GeV/ c and
for the two lowest-multiplicity classes. At higher pT and in the
higher-multiplicity classes, the agreement between the two meth-
ods is better than 10%.

In the 60…100% multiplicity class, the v2 coe�cients of all
the studied particle species are similar and increase as a function
of pT. There is a trend of vp

2{SP} being slightly lower than v�
2 {SP}

below 2.5 GeV/ c albeit within the uncertainties. This behaviour in
low-multiplicity p…Pb collisions is qualitatively similar to that in
minimum-bias pp collisions at

�
s = 7 TeV (not shown) where the

jet contribution dominates. Towards higher multiplicities, a differ-
ent picture emerges. In particular, in the 0…20% and the 20…40%
multiplicity classes, the particle species are better separated, with
vp

2 < v�
2 up to about 2 GeV/ c. There is a hint of vK

2 < v�
2 below

1 GeV/c. At higher pT, vp
2{SP} is slightly larger (about 1 � in the

0…20% event class) than that of pions, while in the case of vp
2{2PC}

the uncertainties are too large for a conclusion.
To further investigate this interesting evolution with multiplic-

ity, the subtraction method introduced in Ref. [23] , which removes
a signi“cant fraction of the correlation due to jets, is applied. The
per-trigger yield of the 60…100% event class is subtracted from
that in the 0…20% event class. In the upper panels of Fig. 3 the
resulting h…� and h…p correlation for 1 .5 < pT < 2 GeV/ c are
shown. In all considered pT-intervals and for all associated par-
ticles ( h, � , K and p) a double-ridge structure is observed with
a near-side ridge centred at � � = 0 and an away-side ridge cen-
tred at � � = � . Both are independent of � � within the studied
range of |� � | < 1.6, apart from an additional excess which is vis-
ible around � � = � � = 0. This excess is more pronounced for
pions than for kaons (not shown) and protons. This effect is a
residue of the jet peak originating in an incomplete subtraction,
possibly due to a bias of the event selection on the jet fragmen-
tation. Pions, which are most abundant, are most sensitive to this
effect. This residual peak on the near side is excluded by the se-
lection |� � | > 0.8 when the subtracted correlation is projected
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Fig. 3. Top panels: associated yield per trigger particle as a function of � � and � � for h…� correlations (left) and h…p correlations (right) for 1 .5 < pT < 2 GeV/ c for
the 0…20% event class where the corresponding correlation from the 60…100% event class has been subtracted. Bottom panels: projection of the top pane l correlations to
� � averaged over 0 .8 < |� � | < 1.6 on the near side and |� � | < 1.6 on the away side. The “gure contains only statistical uncertainty. Systematic uncertainties are mostly
correlated and are less than 5%.
onto � � . On the away side the full � � -range is projected and
a residual jet contribution cannot be excluded. The effect of this
residual jet contribution on the measurement is assessed as in [23]
by: (a) changing the range for the near-side exclusion region from
|� � | > 0.8 to 0.5 and 1.2; (b) subtracting the near-side excess dis-
tribution above the ridge also from the away side by re”ecting it
at � � = � / 2 and scaling it according to the pT-dependent differ-
ence of near-side and away-side jet yields (this difference arises
due to the kinematic constraints and the detector acceptance and
is evaluated using the lowest-multiplicity class); and (c) scaling the
per-trigger yield in the 60…100% event class such that no near-
side peak remains. The differences in the extracted quantities are
included in the systematic uncertainties (3…10% depending on pT

and particle species).
The lower panels of Fig. 3 show the � � -projections averaged in

the same � � regions as used for Fig. 1. As before, the Fourier co-
e�cients are extracted from these projections by a “t with Eq. (2).
These “ts are also shown in the lower panels of Fig. 3. Their
� 2/ ndf is about 0.6…1.3 for all particle species in the pT range
considered, showing that the data is well described by these three
Fourier coe�cients. Compared to the case without subtraction, the
“rst Fourier coe�cient is up to 10 times smaller, as expected
as a consequence of the signi“cant reduction of the jet compo-
nent, achieved with the subtraction procedure. The v2 coe�cients

reduce as well, but only by about 20…40%. A larger change is seen
for protons at low pT.

As already noted in Ref. [23] for unidenti“ed particles, no sig-
ni“cant near-side ridge is observed in the 60…100% multiplicity
class and it is assumed that the double-ridge structure is not
present in this event class. In the subtraction, along with the
jet component, a part of the combinatorial baseline is removed.
This has to be taken into account when the coe�cients Vn� ,
which are relative quantities, are extracted. The Vn� coe�cients
can be extracted from the “t parameters an with Vn� {2PC, sub} =
an/( a0 + b) where the baseline b is the combinatorial baseline of
the lower-multiplicity class which has been subtracted ( b is deter-
mined on the near side within 1 .2 < |� � | < 1.6). From the V hŠi

n�
extracted for the different particle-species combinations, v i

n is ob-
tained with Eq. (3).

Fig. 4 shows the extracted v2{2PC, sub} coe�cients for h, � ,
K and p as a function of pT. The coe�cient vp

2 is signi“cantly
lower than v�

2 for 0 .5 < pT < 1.5 GeV/ c, and larger than v�
2 for

pT > 2.5 GeV/ c. The crossing occurs at pT � 2 GeV/ c. The coef-
“cient vK

2 is consistent with v�
2 above 1 GeV/c; below 1 GeV/ c

there is a hint that vK
2 is lower than v�

2 . The observed behaviour
is rather different from that in the 60…100% multiplicity class (see
the top left panel of Fig. 2) or in pp collisions, which are as-
sumed to be mainly jet-dominated. The observation of a clear



170 ALICE Collaboration / Physics Letters B 726 (2013) 164…177

Fig. 4. The Fourier coe�cient v2{2PC, sub} for hadrons (black squares), pions (red
triangles), kaons (green stars) and protons (blue circles) as a function of pT from
the correlation in the 0…20% multiplicity class after subtraction of the correlation
from the 60…100% multiplicity class. The data is plotted at the average- pT for each
considered pT interval and particle species under study. Error bars show statistical
uncertainties while shaded areas denote systematic uncertainties.

mass ordering between the v2 of pions and protons including their
crossing and the hint for a difference between the v2 of pions and
kaons is rather intriguing. The mass ordering and crossing is qual-
itatively similar to observations in nucleus…nucleus collisions [13,
50…52,54]. Furthermore, in A…A collisions a mass ordering at low
transverse momenta can be described by hydrodynamic model cal-
culations [49,53] .

The reported results are consistent under a range of varia-
tions to the analysis procedure. Changing the multiplicity class
for the subtraction to 70…100% leads to large statistical ”uctua-
tions, in particular for protons and kaons. For hadrons and pi-
ons the v2 coe�cients change by about 8% below 0.5 GeV/ c
and less than 4% for larger pT. Repeating the analysis using the
20…40% event class and subtracting the 60…100% event class, re-
sults in qualitatively similar observations. On average the v2 val-
ues are 15…25% lower and the statistical uncertainties are about
a factor 2 larger than in the 0…20% case. For the 40…60% event
class, the statistical uncertainties are too large to draw a conclu-
sion.

The analysis was repeated using the energy deposited in the
ZNA instead of the VZERO-A to de“ne the event classes. The ex-
tracted v2 values are consistently lower by about 12% due to the
different event sample selected in this way. However, the pre-
sented conclusions, in particular the observed difference of vp

2 and
v�

2 compared between jet-dominated correlations (60…100% event
class) and double-ridge dominated correlations (0…20% event class
after subtraction), are unchanged.

6. Summary

Two-particle angular correlations of charged particles with pi-
ons, kaons and protons have been measured in p…Pb collisions
at

�
sNN = 5.02 TeV and expressed as associated yields per trig-

ger particle. The Fourier coe�cient v2 was extracted from these
correlations and studied as a function of pT and event mul-
tiplicity. In low-multiplicity collisions the pT and species de-
pendence of v2 resembles that observed in pp collisions at
similar energy where correlations from jets dominate the mea-
surement. In high-multiplicity p…Pb collisions a different pic-
ture emerges, where vp

2 < v�
2 is found up to about 2 GeV/ c. At

3…4 GeV/c, vp
2 is slightly larger than v�

2 , albeit with low signi“-
cance.

The per-trigger yield measured in low-multiplicity collisions
is subtracted from that measured in high-multiplicity collisions,
revealing that the double-ridge structure previously observed in
correlations of unidenti“ed particles, is present also in correla-
tions with � , K and p. The Fourier coe�cient v2 of these double-
ridge structures exhibits a dependence on pT that is reminiscent of
the one observed in collectivity-dominated Pb…Pb collisions at the
LHC: vp

2 is signi“cantly smaller than v�
2 and vK

2 at low pT while
the opposite is observed at 2.5…4 GeV/c; the crossing takes place
at about 2 GeV/ c.

These observations and their qualitative similarity to measure-
ments in A…A collisions are rather intriguing. Their theoretical
interpretation is promising to give further insight into the unex-
pected phenomena observed in p…Pb collisions at the LHC.
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