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Abstract. This review summarizes recent discoveries in high-energy proton+proton and
proton+nucleus collisions, with particular attention on the observation of long-range azimuthal
correlations in high multiplicity collisions. These correlations, which resemble those seen in ultrarelativistic nucleus–nucleus collisions, provide a unique window into the physics of the very early
collision stage in high energy nuclear interactions. Here we present a compilation of the most important experimental results and briefly discuss successes and challenges for a selection of theoretical
approaches.
Keywords. Quantum chromodynamics; quark-gluon plasma; correlations.
PACS No. 12.38.Mh

1. Introduction
The years since the turn-on of the Relativistic Heavy Ion Collider (RHIC) in 2000 have
seen a rapid expansion of our understanding of the properties of strongly interacting matter at extreme temperatures. The first five years of data led to the characterization of the
matter produced in RHIC heavy-ion collisions as a near-perfect liquid [1–4], often termed
as the strongly-coupled quark-gluon plasma (sQGP).
Crucial input to our understanding of the sQGP came from the measurements of ‘collective flow’, i.e. the correlated emission of particles in azimuthal angle around the axis of
the colliding beams. The azimuthal particle emission patterns are thought to arise from a
hydrodynamic expansion of the produced medium [5,6], where the final-state momentum
correlations reflect the initial event-by-event collision geometry [7–12]. Such correlations have also been extensively studied in PbPb collisions at the Large Hadron Collider
(LHC) [13–20]. Comparison of RHIC and LHC data to hydrodynamical model calculations (see e.g. [21] for a recent review) has shown that the shear viscosity to entropy
density ratio needed to describe the data is close (with a factor of two) to a lower bound
suggested by AdS/CFT-based calculations of η/s = 1/4π [22].
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Traditionally, effects of the sQGP on final-state particle production and correlations in
AA collisions have been characterized relative to baseline measurements in pp and pA
collisions, with the implicit assumption that in the smaller, and therefore shorter-lived,
systems no QGP effects should occur. However, the very high collision
energy and high
√
luminosity for pp collisions reached at the LHC (so far up to s = 8 TeV and L ≈
1034 cm−2 s−1 ), make it possible to select rare pp collision with produced particle multiplicities close to those seen in e.g. non-central CuCu collisions at RHIC. As collective
flow effects have been seen in CuCu collisions, it is natural to ask whether a high multiplicity selection of pp collisions might show similar effects. The argument can also naturally be extended to pPb collisions at LHC, where even higher particle densities can be
reached.
In this review we shall show that indeed non-trivial long-range azimuthal correlations
have been observed in high multiplicity pp and pPb collisions at LHC. The characteristics
of these correlations will be compared to AA collisions at LHC and RHIC, as well as dAu
collisions at RHIC. Challenges to our theoretical understanding of the origin of these
correlations will be discussed, followed by an outline of key future measurements.
2. Long-range near-side azimuthal correlations in pp
Before LHC start-up, studies with pp Monte-Carlo (MC) event generators like PYTHIA
showed that by selecting sufficiently rare events in the tails of the particle multiplicity
distribution, particle densities could be reached that were comparable to those in peripheral CuCu collisions at RHIC, i.e. dNch /dη ≈ 20–30. This led to the general question
of the emergence of collective effects in high multiplicity pp collisions, following the
observations in AA collisions. In the ALICE and CMS experiments, special triggers were
implemented that allowed√an online selection of high multiplicity pp collisions for the
2010 LHC data taking at s = 7 TeV.
Of particular relevance here is the dedicated CMS high multiplicity trigger. In the first
stage (L1), the total transverse energy summed over the entire set of CMS calorimeters
(ECAL, HCAL, and HF) was required to be greater than 60 GeV. In the second stage,
tracks were built from the three layers of pixel detectors in the high level trigger (HLT).
online
) with |η| < 2, pT > 0.4 GeV, and a distance of closest
The number of tracks (Ntrk
approach of less than 0.12 cm to the highest multiplicity vertex was determined, and
online
were retained for offline analysis, sampling a total integrated
events with high Ntrk
luminosity of 980 nb−1 . Compared to a typical minimum bias trigger, the number of high
multiplicity events was enhanced by about a factor of 1000, with an efficiency of close
to 100%. The key properties of the trigger were the fact that only tracks from a single
vertex were counted, making it insensitive to ‘pileup’of multiple events occurring in the
same LHC bunch crossing, and the large pseudorapidity coverage, making the trigger less
susceptible to statistical fluctuations in local particle density.
To search for possible collective effects in the high-multiplicity pp event selection,
such as those suggested in [23–30]. two particle angular correlation functions were measured [31,32] as a function of the azimuthal and pseudorapidity differences between the
two particles, φ and η. Specifically, the ratio



SN (η, φ)
−1
(1)
R(η, φ) = (N  − 1)
BN (η, φ)
bins
732
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was constructed, where SN and BN are the signal and random background distributions.
It should be noted that for measurements discussed later, different variants of correlation
function definitions were used. However, the physics conclusions here are insensitive to
the exact definition of the correlation functions, and the reader will be referred to the
original publications for mathematical details.
For high-multiplicity pp collisions, 2D η–φ distributions were generated in bins of
event multiplicity and particle pT and compared to a reference analysis for minimum bias
collisions. The comparison is shown in figure 1 for inclusive particles (pT > 0.1 GeV,
top panels) and for particles with 1 GeV < pT < 3 GeV (bottom panels). The minimum
bias correlation function is dominated by particle emission from clusters (e.g. resonance
decays, string fragmentation) with low transverse momentum in the region at η ≈ 0
and intermediate φ, and shows some contribution from jet-like particle production near
(η, φ) ≈ (0, 0) due to jet fragmentation and a broad elongated ridge around φ ≈ π
due to back-to-back jets. The shallow minimum at φ ≈ 0 at large |η| is due to
momentum conservation. As expected, the jet-like contributions are more pronounced for
the 1 GeV < pT < 3 GeV particle selection.
A dramatic modification of the correlation structure is observed in the intermediate
pT range for high multiplicity events: A ‘ridge’-like structure emerges in the near-side,
long-range region (φ ≈ 0, |η| > 2). The evolution of the structure was studied as
a function of pT and multiplicity, and found to be most pronounced in the pT ≈ 2 GeV
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Figure 1. 2D two-particle correlation functions for 7 TeV pp (a) minimum bias
events with pT > 0.1 GeV, (b) minimum bias events with 1 < pT < 3 GeV, (c) highoffline ≥ 110) events with p > 0.1 GeV and (d) high-multiplicity
multiplicity (Ntrk
T
offline
≥ 110) events with 1 < pT < 3 GeV. The sharp near-side peak from jet
(Ntrk
correlations is cut off in order to better illustrate the structure outside that region.
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range (in terms of the associated yield per ‘trigger’ particle), and to increase linearly
offline
≈ 40. The detailed results will be discussed below in
with multiplicity above Ntrk
comparison with pPb collisions. This structure, which was not predicted or reproduced
by any of the common pp MC event generators, resembles correlations seen in AA data,
which are generally interpreted as resulting from the hydrodynamic flow of the produced
medium.
These results led to a wide range of proposed theoretical explanations, ranging from
colour connections in hard scattering processes and multiparton interactions [33–38], to
correlations in the gluon structure of the colliding system [39–45] and hydrodynamic
effects in a dense medium possibly formed in these collisions [46–55]. Among many
studies, it is appropriate to mention the quantitative work done on rapidity correlations
in strong colour fields [56–58], which provided a quantiative comparison to the experimentally observed two-particle correlations and inspired experimental studies to strengthen or
refute the connection to this theoretical approach. A brief review of the experimental pp
data discussed here can also be found in [59], while [60] provides a discussion of some
of the theoretical approaches to long-range correlations in pp and pA collisions. As we
shall discuss below, further light was shed on many of these approaches by comparison to
correlations in pPb collisions.

3. Long-range near-side azimuthal correlations in pPb
In September 2012, the LHC provided a short ‘pilot run’ of pPb collisions at a nucleon–
√
nucleon centre-of-mass energy sNN = 5.02 TeV. Although the LHC experiments only
recorded datasets of about 2 million pPb collisions each, these data allowed to explore
a similar range of particle densities as those seen in rare pp collisions, due to the large
number of ‘participants’ (Npart ), i.e. inelastically hit nucleons, in central (impact parameter b ≈ 0) pPb collisions. CMS presented the first comparison of pp and pPb correlations
as a function of charged particle multiplicity and pT shortly thereafter [62], leading to
another breakthrough in our understanding of collective effects in nuclear collisions.
Following the approach for pp collisions [63], the pPb events were divided into classes
offline
, where primary tracks with |η| < 2.4 and
of reconstructed track multiplicity, Ntrk
pT > 0.4 GeV were counted, following the procedure established in [13,14].
offline
≥ 110) showed the
As for high-multiplicity pp, high-multiplicity pPb events (Ntrk
typical same-side jet peak and back-to-back correlation structures. In addition, a striking
‘ridge’-like structure at φ ≈ 0 and extending to |η| of at least 4 units was seen.
Surprisingly, the magnitude of this structure in pPb, for the same multiplicity, was found
to be more than five times larger than in pp collisions. What had been a tiny effect in
pp collisions that could only be teased out by selecting extremely rare events turned into
a major feature of the azimuthal particle emission in pPb, resembling a wide range of
results in AA collisions [13,14,18,20,64–67].
A quantitative comparison to pp results was performed using a one-dimensional projection of the correlation function onto φ for 2 < |η| < 4 [13,14,63]. The associated
yield for this projection was determined using a ZYAM procedure [68]. The results of this
offline
. In addition to pPb data
procedure are shown in figure 2 as a function
of pT and Ntrk
√
(solid circles), results for pp data at s = 7 TeV [63] are plotted as open circles and
734
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Figure 2. Correlated yield obtained from the ZYAM procedure as a function of |φ|
averaged over 2 < |η| < 4 in different pT and multiplicity bins for 5.02 TeV pPb
data (solid circles) and 7 TeV pp data (open circles). The pT selection applies to both
particles in each pair. Statistical uncertainties are smaller than the marker size. The
subtracted ZYAM constant is listed in each panel. Also shown are pPb predictions for
HIJING [61] (dashed curves) and a hydrodynamic model [54] (solid curves shown for
1 < pT < 2 GeV).
offline
HIJING [61] calculations are shown as dashed lines. For Ntrk
≥ 35, the data show local
maximum near |φ| ≈ 0, which is not seen in HIJING, and corresponds to long-range,
near-side ‘ridge’ correlations.
The figure also shows a comparison to hydrodynamic calculations [54] including ellip√
tic and triangular flow for pPb collisions at sNN = 4.4 TeV in the 1 < pT < 2 GeV
columns. The comparison uses v2 = 0.066 and v3 = 0.037, and yields near-side correlations that are comparable to the data for intermediate multiplicity selections. However,
the comparison does not include a correction for the correlations from e.g. back-to-back
jets and other effects and therefore did not allow quantiative conclusions about a possible
hydrodynamical origin of the data. It took new developments by the ALICE and ATLAS
Collaborations, discussed below, to facilitate such comparisons over the full φ range.
offline
dependence of the integrated correlated yield in the near-side region
The pT and Ntrk
(|φ| < 1.2) can be seen in figures 3a and 3b, respectively. Shown are both pp (open
circles) and pPb (solid circles) data. For both systems, the ‘ridge’ yield shows a distinct
peak for 1 < pT < 2 GeV, as well as a rather similar multiplicity dependence, while
offline
.
overall the effect in pPb is stronger than in pp by a large factor for the same Ntrk
This might be related to the different contributions to the overall particle multiplicity in
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Figure 3. Near-side associated yield for 2 < |η| < 4 and |φ| < 1.2 in 7 TeV pp
(open circles) and 5.02 TeV pPb (solid circles). (a) Associated yield as a function of
offline ≥ 110. (b) Associated yield for 1 < p < 2 GeV shown
pT for events with Ntrk
T
offline
as a function of Ntrk . Shaded areas denote the systematic uncertainties.

pp vs. pPb collisions. While in pPb collisions high-multiplicity events predominantly
result from central collisions with upward fluctuations in the number of participants, high
multiplicity events in pp contain a large number of jets (as seen in PYTHIA calculations).
One would expect that the multiplicity of jet fragmentation products, which contributes
offline
, is less correlated with the particle density driving an early collective evolution
to Ntrk
of the system. Still, the qualitative similarity of pp and pPb in figure 3 remains one of the
strongest indications of a common underlying mechanism for the pp and pPb correlations.
4. Observation of the away-side ridge
As described above, the superposition of long-range back-to-back correlations from dijet
pairs made a direct comparison to e.g. hydrodynamic calculations difficult and did not
allow for a characterization of the CMS long-range correlations in terms of the usual
vn Fourier components. In AA collisions the large multiplicity from ‘soft’ particle productions reduces the contribution from jet-like correlations to a perturbation that can be
corrected for in a multitude of ways. In pPb collisions however the back-to-back jet
correlations need to be explicitly subtracted to quantitatively characterize non-jet related
correlations over the full φ range.
A method for performing this subtraction was independently developed by the ALICE
and ATLAS Collaborations [69,70]. When examining the evolution of the pPb correlation
functions vs. event activity (i.e. forward multiplicity or calorimeter energy), they realized
that the correlations could be decomposed into a nearly event-activity-independent part,
reminiscent of pp jet-like correlations, and an event-activity-dependent part that included
the long-range, near-side ridge reported by CMS, as well as its ‘twin’ at φ > π . This
suggested a procedure where jet-like correlations for a given kinematic selection of particles are determined in low-activity ‘peripheral’ events (where, like in the CMS result,
the pPb data do not show any unusual correlation structures), and then subtracted from
larger event activity ‘central’ results (with a proper normalization, dependent on the exact
736
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definition of the correlation function). Like the first CMS result, the ALICE and ATLAS
papers were based on a sample of 2M collisions obtained in the LHC pPb pilot run.
The ALICE data were divided into four event classes based on cuts on the total charge
deposited in the VZERO detector. Similarly, the ATLAS data were divided into intervals
of ETPb , the sum of transverse energy measured in a forward calorimeter on the Pb-going
side (3.1 < η < 4.9).
Figure 4 shows the associated yield per trigger particle vs. φ for η < 1.8 for the
four ALICE event-activity classes in pPb and minimum bias pp collisions at 2.76 TeV,
after a ZYAM subtraction. The figure illustrates the similarity between the peripheral pPb
and minimum bias pp collisions, both dominated by jet-like correlations. It also shows
the correlated evolution of the excess above the jet-like correlation in the near-side and
away-side φ hemispheres.
Shortly after ALICE, the ATLAS Collaboration presented a very similar analysis of
pPb correlations based on a (central–peripheral) subtraction technique. The ATLAS measurement extended over |η| < 5, using a slightly different definition for the correlation
function following [66,71]. The motivation for the peripheral-subtraction method is convincingly demonstrated in figure 5. In figure 5b, the integrated yield in the near-side
(circles) and away-side (squares) region is shown as a function of event activity. The
near- and away-side yields increase in a near-parallel fashion, resulting in a near-constant
difference between them. This can be understood as the evolution of a common process
on both near- and away-side with event activity, with an additional constant contribution
from jet-like correlations on the away-side.
Following these observations, ALICE and ATLAS quantified the full φ correlation structure by subtractng the per-trigger yield of the lowest (60–100%) from that of
the higher event-activity selections. For the 0–20% selection, the resulting 2D correlation function from ALICE is shown in figure 6. This shows both the near-side ‘ridge’,
previously characterized by CMS, as well as a corresponding away-side structure also

trig

Figure 4. Per-trigger yield for 2 < pT < 4 GeV and 1 < pTassoc < 2 GeV.
Data are shown for pp collisions at 2.76 TeV and 7 TeV, and four different event√
activity classes in pPb collisions at sNN = 5.02 TeV, after ZYAM subtraction. Only
statistical uncertainties are shown.
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Figure 5. (a) Yield-per-trigger φ distribution for peripheral (bZYAM
) and central
Pb
C
(bZYAM ) events. (b) Integrated per-trigger yield as a function of ET for 2 < |η| <
5. Systematic uncertainties are shown as shaded boxes.

extending over the full range in η studied here. A small remaining peak at φ ≈ 0,
η ≈ 0 indicates that the subtraction procedure, while qualitatively very successful, is
not exact.
After subtraction, the remaining φ correlations can be characterized by their v2 and
v3 Fourier components, excluding a small region of |η| < 0.05 to avoid the remaining
near-side jet-like correlations. The resulting coefficients are shown for three more central
activity classes in figure 6, as a function of pT . An increase of v2 is seen with increasing pT , with a small dependence of magnitude on the selected event activity. A similar
behaviour is seen for v3 , although with larger uncertainties. The ATLAS analysis agrees

(a)

(b)
trig

Figure 6. (a) 2D correlation function for 2 < pT < 4 GeV/c and 1 < pTassoc < 2
GeV/c in 5.02 TeV central (0–20%) pPb, after subtraction of peripheral (60–100%)
correlations. (b) Fourier coefficients v2 (black closed symbols) and v3 (red open symbols) in 5.02 TeV pPb for different event activity and particle pT selections, after
subtraction of peripheral (60–100%) correlations.

738

Pramana – J. Phys., Vol. 84, No. 5, May 2015

Long-range correlations in high multiplicity pp and pA collisions
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Figure 7. Transverse momentum dependence of v2 for PHENIX dAu data (filled circles) and ATLAS pPb data (open squares). Also shown are hydrodynamic calculations
for different models of initial collision geometry.

with the ALICE results within uncertainties, and shows a pT dependence that is reminiscent of that seen in AA collisions. The magnitude of the observed coefficients is also
comparable to that seen in hydrodynamical model calculations [72].
The original CMS pp and pPb analyses relied on large rapidity separation η to isolate
novel effects on the near-side from contributions of jet-like and other short-range correlations. The ALICE and ATLAS subtraction method to remove the jet-like component
allows an investigation also for smaller rapidity separations. This prompted the PHENIX
Collaboration to perform a reanalysis of dAu data measurement in the PHENIX central
arm spectrometers, where each arm covers π/2 in azimuth and |η| < 0.35. The PHENIX
analysis [73] largely followed the methods used by ATLAS [70]. Correlations were studied for 0.48 < |η| < 0.7. Unlike the LHC results, the PHENIX φ correlations are
dominated by the Second Fourier harmonic, with no significant v3 component observed.
The resulting dependence of v2 on particle pT for central collisions is shown in figure 7,
comparing PHENIX results with the data from ATLAS. Interestingly, while the shape of
the pT dependence is similar, the PHENIX results show a significantly larger v2 than seen
in pPb despite the significantly smaller particle multiplicity and therefore energy density.
A natural explanation for this observation, assuming hydrodynamic origin of the correlations, can be found in the increased initial anisotropy of the dAu collision system, due to
extended shape of the deuteron projectiles.
5. Higher-order correlations
The long-range correlations seen by CMS in pp and pPb collisions, by ALICE and
ATLAS in pPb collisions and by PHENIX in dAu collisions strongly resemble those commonly interpreted as signatures of hydrodynamic flow in AA collisions. Still, as discussed
above, a large range of alternative or supplementary models exists. Additional information compared to that from two-particle correlations discussed so far can be obtained from
studies of higher-order correlations, i.e. correlators involving more than two particles. A
Pramana – J. Phys., Vol. 84, No. 5, May 2015
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v2

commonly used tool for this purpose are cumulants [74]. In particular, a four-particle
method using Q-cumulants [75] was recently applied to pPb by ATLAS [76], extracting
v2 {4}. Comparison of fourth-order correlations with two-particle correlations can yield
important insights into the physical origin of the correlations, by (partially) eliminating
pure two- or few-particle effects.
A comparison of elliptic flow coefficients obtained from two-particle and four-particle
correlations by ATLAS is shown in figure 8, plotting v2 {2} (circles) and v2 {4} (stars) as a
function of pT for four selections of event activity. Although statistical uncertainties are
large for this analysis, which was performed with the 2012 pPb pilot run data, v2 {2} and
v2 {4} are found to be comparable below pT ≈ 2 GeV, suggesting a genuine multiparticle
origin of the correlations. This is expected for hydrodynamical models, where the fact that
v2 {2} > v2 {4} is expected due to the contribution of fluctuations in the flow magnitude to
v2 {2}.
The CMS experiment also performed an analysis of higher-order correlations in
pPb [77]. As the CMS analysis is based on the full 2013 pPb dataset of 31 nb−1 , statistical uncertainties are significantly reduced and a much larger range of pT and multiplicity
offline
, as in
selections can be explored. In this analysis, the same multiplicity variable, Ntrk
the previous CMS pp and pPb analyses was used. Employing a similar high-multiplicity
offline
offline
range to Ntrk
> 300,
trigger as for pp collisions allowed an extension of the Ntrk
−7
corresponding to a fraction of 10 of the pPb inelastic cross-section.
A comparison of the CMS results on v2 {4} results with v2 {2, |η| > 2} and ATLAS
offline
. While the ATLAS and CMS
v2 {4} results is shown in figure 9, as a function of Ntrk
results are generally of comparable magnitude, the CMS suggest a sharp decrease in
offline
≈ 60 that is not seen in the ATLAS data. This decrease follows
v2 {4} below Ntrk
the trend seen in the peripheral subtracted v2 {2, |η| > 2} data (open symbols, ATLAS
and dashed line, CMS). This may reflect statistical fluctations, or a systematic difference
in the determination of the cumulants, where CMS uses very narrow multiplicity bins that
are subsequently added, while ATLAS uses bins in ETPb that may correspond to rather
wide multiplicity distributions in each bin.
offline
, the CMS data show a rather flat value of v2 {4}, with a near conFor large Ntrk
stant difference between v2 {2, |η| > 2} and v2 {4}. The magnitude of this difference can

Pb

ΣET > 80 GeV ATLAS
0.3 p+Pb sNN=5.02 TeV
Lint = 1 μ b-1, |η| < 2.5
0.2

Pb

Pb

55 < ΣET < 80 GeV

Pb

40 < ΣET < 55 GeV

25 < ΣET < 40 GeV

v2 {2}
v2 {4}
v2 {2PC}

0.1
0

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

p [GeV]
T

Figure 8. Elliptic flow coefficient as a function of pT in pPb obtained from twoparticle (circles) and four-particle (stars) correlations and from the Fourier decomposition of two-particle azimuthal correlations (squares).
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3 GeV in 5.02 TeV pPb (filled symbols). v2 {2, |η| > 2} after 70–100% peripheral
subtraction is shown as a dash–dotted line. Also shown are ATLAS results from [76]
as open symbols. Shaded areas denote systematic uncertainties.

be explained by eccentricity fluctuations in a Glauber picture of the pPb geometry, followed by a hydrodynamic expansion. It is also interesting to note that the subtraction of
offline
> 200.
peripheral correlations does not have a significant effect for large Ntrk
6. Direct comparison of pPb and PbPb results
The large dataset in the CMS pPb analysis allows a direct comparison of high-multiplicity
offline
[77]. For this purpose, the PbPb
pPb collisions with PbPb collisions at the same Ntrk
dataset was reconstructed with the same event selection, reconstruction and analysis
algorithms as pPb, to reduce systematic uncertainties in this comparison. The highest
offline
> 300 used in this analysis corresponds to a PbPb selecmultiplicity selection of Ntrk
tion of 60% centrality. For the v2 {4} coefficient one observes that the PbPb pT -integrated
offline
offline
are up to a factor of 1.5 larger than in pPb for large Ntrk
.
values as a function of Ntrk
This is expected in a hydrodynamic picture, as the initial eccentricity in pPb is purely
driven by fluctuations [7], whereas the nuclear overlap zone in PbPb peripheral collisions
in addition has a large average eccentricity. A direct comparison is however possible for
the v3 coefficient, which in a hydrodynamical picture is driven by initial geometry fluctuations in both systems, and can therefore be compared directly. Such a comparison is
offline
. The
shown in figure 10 for v3 integrated over 0.3 < pT < 3 GeV as a function of Ntrk
figure shows that the peripheral subtraction for v3 has almost no effect in PbPb and in pPb
offline
offline
> 150. For low Ntrk
the sign of the correction is actually opposite to that
for Ntrk
for v2 , due to the φ structure of jet-like correlations at large η.
A quantitative comparison of the PbPb and pPb results reveals a striking similarity. For
offline
≈ 50, and then rises to a value of v3 ≈
both systems, v3 becomes measurable for Ntrk
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pPb sNN = 5.02 TeV

PbPb sNN = 2.76 TeV
0.3 < pT < 3 GeV/c

v3

0.03

0.02

0.01

v 3{2, |Δη|>2}
offline

v 3{2, |Δη|>2} , Ntrk

0.00

0

(a)

100

200
offline

Ntrk

<20 sub.

300

0

(b)

100

200

300

offline

Ntrk

offline for 0.3 < p <
Figure 10. The v3 {2, |η| > 2} values as a function of Ntrk
T
3 GeV, in 2.76 TeV PbPb collisions (a) and 5.02 TeV pPb collisions (b). The error bars
correspond to statistical uncertainties, while the shaded areas denote the systematic
uncertainties.

offline
0.026 for Ntrk
> 300. Close inspection shows that the PbPb and pPb data agree within
uncertainties (in particular after peripheral subtraction) over the entire multiplicity range.
While the common origin of the initial eccentricity from flucutuations in both systems
offline
selection lead to expect some
and the similar final-state particle density from the Ntrk
offline
in a hydrodynamic picture, the significance of the observed
similarity of v3 vs. Ntrk
near-perfect agreement needs to be studied in more detail in hydrodynamic calculations,
as well as in other models of the origin of these correlations.

7. Identified particle correlations in pPb collisions
One of the triumphs of the hydrodynamic description of heavy-ion collisions was the
explanation of the ‘mass-splitting’ seen in the pT dependence of elliptic flow coefficients
of particles with different masses, as expected from the embedding particles of different masses in a common underlying velocity field [78,79]. ALICE has investigated the
mass dependence of the azimuthal correlations seen in pPb collisions [80], using a similar
subtraction technique as in the study of charged hadron correlations.
Figure 11 shows the resulting v2 {2PC, sub} as a function of pT for h and identified
π K and p. A clear mass ordering is visible, with e.g. the proton v2 crossing from below
v2π at low pT to above v2π at pT ≈ 2 GeV. Such a behaviour is not seen in peripheral collisions. Yet again, the qualitiative observations for pPb collisions resemble those
commonly understood as resulting from a hydrodynamic expansion in AA collisions.
8. Summary and open questions
The experiments at RHIC and LHC have presented new results on particle production
and particle correlations in pp, pPb and dAu collisions at an accelerating pace over the
last years. Many of the results, in particular on particle correlations, have defied expectations for a ‘baseline’ or ‘reference’ system in studies of nuclear interactions, prompting a
critical examination of the common approach to define QGP-related observables by their
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Figure 11. Fourier coefficient v2 {2PC, sub} as a function of pT for hadrons (black
squares), pions (red triangles), kaons (green stars) and protons (blue circles) for central
(0–20%) pPb collisions, after peripheral subtraction. Shaded areas denote systematic
uncertainties.

absence in proton-induced collisions. The results on long-range correlations, now seen on
both the near- and away-side in azimuthal particle correlations, have inspired a wide range
of theoretical approaches, ranging from a straightforward, and not always well-justified,
application of models developed for AA collisions to attempts of a QCD-based understanding of initial-state correlations, to exotic new mechanisms. While a final conclusion
would be premature, it is undeniable that many of the gross features of the correlations
seen in pPb collisions bear a strong resemblance to those in AA collisions. This includes
the magnitude, pT - and multiplicity dependence of v2 and v3 Fourier components, the
increase of v2 seen with the change from proton to deuteron-induced reactions, and the
mass ordering seen when studying correlations for different hadron species. In addition,
measurements of 4-particle cumulants clearly disfavour a two-particle effect as the underlying cause for most of the observed correlations. Further conclusions can be drawn if
one assumes a common mechanism for the effects seen in pp and pPb collisions. As the
‘jet-content’ for a given multiplicity is much small in pPb collisions (because high multiplicity in pPb implies large Npart but not necessarily large number of jets as in pp), the
correlations are much stronger in pPb than in pp. Any explanation of the correlations in
terms of jet–hadron, jet–jet or jet–medium interactions appears to be on shaky ground. It
is therefore of critical importance to obtain a more complete characterization of the general properties of high-multiplicity pp events, as well as more differential information on
the structure of the observed pp long-range correlations.
While hydrodynamic models, when applied to pPb data ‘out of the box’, can describe
many of the observed features, there are profound questions regarding their applicability.
What is the mechanism for ‘equilibration’ or ‘isotropization’ at work in the extremely
small and short-lived pp or pPb system? Compared to AA collisions, a much larger sensitivity to the exact definition of the initial-state geometry (e.g. is the energy deposit for
each binary collision applied in the overlap zone of two nucleons or at their centres?)
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is seen. This is both an opportunity to sharpen our understanding of the initial geometry, and a potential stumbling block should more sophisticated approaches including the
sub-nucleonic structure yield less impressive agreement with the data. Potential future
experiments with a ‘controlled’ initial geometry using e.g. He-3 projectiles at RHIC
should provide important insights.
Finally, one needs to consider that the final solution to these questions will not necessarily be an exclusive triumph of one of the proposed models, but may reflect the interplay
of several of the proposed correlation sources from precollision to final-state effects. A
comprehensive description of a wide range of signatures in a wide range of systems will
be required to eventually demonstrate a full understanding of these discoveries.
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