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Introduction 
•  Our goal: characterizing the global properties of collisions in nuclear 

systems, from pp to p-A to A-A 
–  Small systems provide a baseline for studies of nucleus-nucleus 

collisions (and also some surprises!) 

•  Global characteristics of events → dominated by non-perturbative regime, 
useful for tuning models 
–  Multiplicity distributions in pp 

•  Initial state of nuclear collisions / Cold nuclear matter effects 
–  Multiplicity measurements in p-Pb 
–  Two-particle correlations in p-Pb 
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<dNch/dη> versus √s 
•  <dNch/dη> measured across three 

orders of magnitude in center-of-
mass energy, up to √s = 13TeV 

•  Event classes:  
–  INEL: inelastic events 
–  INEL>0: inelastic events with 

at least one charged particle 
within |η| < 1 

–  NSD: non-single-diffractive 
•  Efficiency of the trigger and event 

selection for each class is 
estimated using Monte Carlo 
models (including DPMJET, 
PHOJET, STARLIGHT, etc.) 

•  Power law scaling is observed for 
INEL and INEL>0 event classes 

PLB	753	(2016)	319	
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<dNch/dη> versus η 

•  Multiplicity measured versus pseudorapidity 
shows characteristic shape at  
√s = 0.9, 2.36, 13 TeV  

•  Results compared with Pythia 6, Pythia 8, 
Phojet, EPOS LHC 

•  Best agreement with Pythia 6 at √s = 13 TeV 
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Fig. 6. Left: measured pseudorapidity dependence of dNch/dη at
√
s = 0.9 TeV for INEL (full symbols) and NSD (open

symbols) collisions. The ALICE measurements (squares) are compared to UA5 pp̄ data [40] (triangles) and to CMS pp data at
the LHC [4] (stars). Right: measured pseudorapidity dependence of dNch/dη at

√
s = 2.36 TeV for INEL (full symbols) and

NSD (open symbols) collisions. The ALICE measurement (squares) for NSD collisions is compared to CMS NSD data [4] (stars)
and to model predictions, PYTHIA tune D6T [9] (solid line) and PHOJET [12] (dashed line). For the ALICE data, systematic
uncertainties are shown as shaded areas; statistical uncertainties are invisible (smaller than data marks). For CMS data error
bars show the statistical and systematic uncertainties added in quadrature.

on the detector acceptance and efficiency due to the lim-
ited hit statistics and the current alignment precision of
the detector is estimated by this method to be 1.5%. The
uncertainty in background corrections was estimated ac-
cording to the description in Section 3.

The total systematic uncertainty on the pseudorapid-
ity density measurement at 0.9 TeV is smaller than 2.5%
for INEL collisions and is about 3.3% for NSD collisions.
At 2.36 TeV, the corresponding uncertainties are below
6.7% and 3.7% for INEL and NSD collisions, respectively.
For all cases, they are dominated by uncertainties in the
cross sections of diffractive processes and their kinematics.

To evaluate the systematic error on the multiplicity
distribution, a new response matrix was generated for each
change listed above and used to unfold the measured spec-
trum. The difference between these unfolded spectra and
the unfolded spectrum produced with the unaltered re-
sponse matrix determines the systematic uncertainty.

Additional systematic uncertainties originate from the
unfolding method itself, consisting of two contributions.
The first one arises from statistical fluctuations due to
the finite number of events used to produce the response
matrix as well as the limited number of events in the
measurement. The unfolding procedure was repeated 100
times while randomizing the input measurement and the
response matrix according to their respective statistical
uncertainties. The resulting uncertainty due to the re-
sponse matrix fluctuations is negligible. The uncertainty
on the measured multiplicity distribution due to the event
statistics reproduces the uncertainty obtained with the
minimization procedure, as expected.

A second contribution arises from the influence of the
regularization on the distribution. The bias introduced by
the regularization was estimated using the prescription de-
scribed in [39] and is significantly lower than the statistical

error inferred from the χ2 minimization, except in the low-
multiplicity region. In that region, the bias is about 2%,
but the statistical uncertainty is negligible. Therefore, we
added the estimated value of the bias to the statistical
uncertainty in this region. The correction procedure is in-
sensitive to the shape of the multiplicity distribution of
the events, which produce the response matrix.

Table 2 summarizes the systematic uncertainties for
the multiplicity distribution measurements. Note that the
uncertainty is a function of the multiplicity which is re-
flected by the ranges of values. Further details about the
analysis, corrections, and the evaluation of the systematic
uncertainties are in [38].

Both the pseudorapidity density and multiplicity dis-
tribution measurements have been cross-checked by a sec-
ond analysis employing the Time-Projection Chamber
(TPC) [1]. It uses tracks and vertices reconstructed in the
TPC in the pseudorapidity region |η| < 0.8. The pseu-
dorapidity density is corrected using a method similar to
that used for the SPD analysis. The results of the two
independent analyses are consistent.

6 Results

In this section, pseudorapidity density and multiplicity
distribution results are presented for two centre-of-mass
energies and compared to results of other experiments
and to models. For the model comparisons we have used
QGSM [6], three different tunes of PYTHIA, tune D6T [9],
tune ATLAS-CSC [10] and tune Perugia-0 [11], and PHO-
JET [12]. The PYTHIA tunes have been developed by
three independent groups extensively comparing Monte
Carlo distributions to underlying-event and minimum-bias

EPJC	68	(2010)	89		
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Table 4. Mean multiplicity and Cq-moments (5) of the multiplicity distributions measured by UA5 [19] in proton–antiproton
collisions at

√
s = 0.9 TeV, and by ALICE at

√
s = 0.9 TeV and 2.36 TeV, for NSD events in three different pseudorapidity

intervals. The first error is statistical and the second systematic.

UA5 pp̄ ALICE pp
√
s = 0.9 TeV

√
s = 2.36 TeV

|η| < 0.5

⟨Nch⟩ 3.61± 0.04 ± 0.12 3.60± 0.02 ± 0.11 4.47 ± 0.03± 0.10
C2 1.94± 0.02 ± 0.04 1.96± 0.01 ± 0.06 2.02 ± 0.01± 0.04
C3 5.4± 0.2± 0.3 5.35± 0.06 ± 0.31 5.76 ± 0.09± 0.26
C4 19± 1± 1 18.3± 0.4± 1.6 20.6 ± 0.6± 1.4

|η| < 1.0

⟨Nch⟩ 7.38± 0.08 ± 0.27 7.38± 0.03 ± 0.17 9.08 ± 0.06± 0.29
C2 1.75± 0.02 ± 0.04 1.77± 0.01 ± 0.04 1.84 ± 0.01± 0.06
C3 4.4± 0.1± 0.1 4.25± 0.03 ± 0.20 4.65 ± 0.06± 0.30
C4 14.1± 0.9± 1.2 12.6± 0.1± 0.9 14.3 ± 0.3± 1.4

|η| < 1.3

⟨Nch⟩ 9.73± 0.12 ± 0.19 11.86 ± 0.22 ± 0.45
C2 1.70± 0.02 ± 0.03 1.79 ± 0.03± 0.07
C3 3.91± 0.10 ± 0.15 4.35 ± 0.16± 0.33
C4 10.9± 0.4± 0.6 12.8 ± 0.7± 1.5
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Fig. 11. Energy dependence of the Cq-moments (5) of the
multiplicity distributions measured by UA5 [19] and ALICE at
both energies for NSD events in two different pseudorapidity
intervals. The error bars represent the combined statistical and
systematic uncertainties. The data at 0.9 TeV are displaced
horizontally for visibility.

summarized in Table 4. For |η| < 0.5 and |η| < 1.0 our
results are compared to the UA5 measurement for pp̄ colli-
sions at

√
s = 0.9 TeV [19]. Note that the mean multiplici-

ties quoted in this table are those calculated from the mul-
tiplicity distributions and are therefore slightly different
from the values given in Table 3. The value of the pseudo-
rapidity density obtained when averaging the multiplicity
distribution for |η| < 0.5 is consistent with the value ob-
tained in the pseudorapidity-density analysis. This is an
important consistency check, since the correction methods
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Fig. 12. Comparison of multiplicity distributions in KNO vari-
ables measured by UA5 [18,19] in proton–antiproton collisions
at

√
s = 0.2 TeV and 0.9 TeV, and by ALICE at

√
s = 0.9 TeV

and 2.36 TeV, for NSD events in |η| < 0.5. In the lower part the
ratio between ALICE measurements at 0.9 TeV and 2.36 TeV
is shown. The error bars represent the combined statistical and
systematic uncertainties.

in the pseudorapidity-density and multiplicity-distribution
analyses are different.

Our data are consistent with UA5 proton–antiproton
measurements at 900GeV (Fig. 8a and Table 4). The en-

Multiplicity distributions 

•  Results compared to Phojet and 3 Pythia tunes 
•  Best agreement with Phojet at √s = 0.9 TeV and 

Pythia ATLAS-CSC tune at √s = 2.36 TeV 
•  KNO scaling: z = Nch/<Nch> 

–  scaling holds up to z ~ 4 
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Fig. 9. Expanded views of the low-multiplicity region of corrected multiplicity distributions for INEL and NSD events, left for
0.9 TeV and right for 2.36 TeV data. The gray bands indicate the systematic uncertainty. Distribution for NSD events are not
normalized to unity but scaled down in such a way that the distributions for INEL and NSD events match at high multiplicities,
which makes the difference at low multiplicity clearly visible. Left: data at

√
s = 0.9 TeV. Right: data at

√
s = 2.36 TeV. Note

that for |η| < 1.0 and |η| < 1.3 the distributions have been scaled for clarity by the factor indicated.
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Fig. 10. Comparison of measured multiplicity distributions for INEL events to models for the pseudorapidity range |η| < 1.0.
Predictions are shown based on the PHOJET model [12] (solid line) and PYTHIA tunes: D6T [9] (dashed line), ATLAS-CSC [10]
(dotted line), and Perugia-0 [11] (dash-dotted line). The error bars for data points represent statistical uncertainties, the shaded
areas represent systematic uncertainties. Left: data at 0.9 TeV. Right: data at 2.36 TeV. For both cases the ratios between the
measured values and model calculations are shown in the lower part with the same convention. The shaded areas represent the
combined statistical and systematic uncertainties.

high multiplicities and for the 0.9 TeV sample, the PHO-
JET model agrees well with the data. The PYTHIA tunes
D6T and Perugia-0 underestimate the data at high mul-
tiplicities and the ATLAS-CSC tune is above the data in
this region. At 2.36 TeV, ATLAS-CSC tune of PYTHIA
and, to some extent, PHOJET are close to the data. The
ratios of data over Monte Carlo calculations are very sim-
ilar in all three pseudorapidity ranges and suggests that

the stronger rise with energy seen in the charged-particle
density is, at least partly, due to a larger fraction of high-
multiplicity events.

From these multiplicity distributions we have calcu-
lated the mean multiplicity and first reduced moments

Cq ≡ ⟨N q

ch⟩/⟨Nch⟩q, (5)

EPJC	68	(2010)	89		
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<dNch/dη> in p-Pb collisions 
•  p-Pb collisions: sensitive to initial state nuclear effects 
•  Asymmetric system (center of mass shifted in lab frame ΔyNN = 0.465) 
•  Data compared with saturation models, HIJING, DPMJET 
•  For comparison with pp, p-Au, d-Au results at different √s, <dNch/dη> is 

scaled by <Npart> 
•  Results are consistent with extrapolated results from pp collisions at lower √s 

PRL	110	(2013)	032301	
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From single particle measurements ... 
 
 
 
 

     ... to two-particle correlations 



Two-particle correlations (2PC) 
•  Measurements of correlations in (Δφ,Δη) 
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2 ALICE Internal Note 2012

To understand the process of obtaining a certain shape in (Δη ,Δφ ) coordinates for minijets we look at
jets as streams of particles. While looking at pairs of particles coming from jets, there are two basic
options; see figure 2:

1. Both particles come from the same jet. In this case both particles are going in almost the same
direction; therefore, there is a small difference between their azimuthal angles, Δφ , and also a
small difference of their polar angle Δθ , and therefore (by η = − ln tan(θ/2)) small Δη . Pairs of
particles from the same jet form a minijet peak centered at (0,0) — later referred to as near-side
peak.

2. Particles are from two opposite back-to-back jets. Then, Δφ is close to 180◦. But there is no strong
correlation in Δθ . θ depends on how jets are correlated in η ; so, for many events and many jets,
Δη is almost uniform, producing a wide ridge for Δφ = π — later referred to as away-side ridge.

Fig. 2: The contribution of the minijets on the ΔηΔφ correlation function. Particles coming from the same minijet
produce the near-side peak (red), and particles from two opposite back-to-back jets produce the away-side ridge
(blue).

Figure 3 shows the ΔηΔφ correlation function for the 7 TeV pp collision data with contributions coming
from minijets marked with a dashed line.

Bose-Einstein correlations

By the statistics of quantum mechanics identical particles “like to be produced together” if they are
bosons. Literally speaking, it means that pairs of identical bosons are likely to be emitted in similar
direction, with small Δη and Δφ . Therefore we have an additional contribution from this kind of corre-
lations to the near-side peak. Figure 4 shows contribution coming from Bose-Einsein correlations.

Elliptic flow

Collective effects introduce correlations among particles which manifest as a contribution from the
anisotropy parameter (v2 =< cos2φ >) – elliptic flow - that adds a cos(2Δφ) type oscillation. Since
collective effects are expected in heavy-ion collisions we omit this contribution in the pp minimum bias
data.

Δϕ = 0#

Δϕ = π#

Study the underlying mechanism 
and dynamics of particle 
production 
•  For each trigger particle with pT 

count number of associated 
particles with pT, Δϕ, Δη#

•  Hard component (jets, mini-jets, in-
medium modification) 

12 7 Long-Range Correlations in 7 TeV Data
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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally

pp 

CMS	JHEP	1009	(2010)	091	
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Two-particle correlations (2PC) 
•  Measurements of correlations in (Δφ,Δη) 
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To understand the process of obtaining a certain shape in (Δη ,Δφ ) coordinates for minijets we look at
jets as streams of particles. While looking at pairs of particles coming from jets, there are two basic
options; see figure 2:

1. Both particles come from the same jet. In this case both particles are going in almost the same
direction; therefore, there is a small difference between their azimuthal angles, Δφ , and also a
small difference of their polar angle Δθ , and therefore (by η = − ln tan(θ/2)) small Δη . Pairs of
particles from the same jet form a minijet peak centered at (0,0) — later referred to as near-side
peak.

2. Particles are from two opposite back-to-back jets. Then, Δφ is close to 180◦. But there is no strong
correlation in Δθ . θ depends on how jets are correlated in η ; so, for many events and many jets,
Δη is almost uniform, producing a wide ridge for Δφ = π — later referred to as away-side ridge.

Fig. 2: The contribution of the minijets on the ΔηΔφ correlation function. Particles coming from the same minijet
produce the near-side peak (red), and particles from two opposite back-to-back jets produce the away-side ridge
(blue).

Figure 3 shows the ΔηΔφ correlation function for the 7 TeV pp collision data with contributions coming
from minijets marked with a dashed line.

Bose-Einstein correlations

By the statistics of quantum mechanics identical particles “like to be produced together” if they are
bosons. Literally speaking, it means that pairs of identical bosons are likely to be emitted in similar
direction, with small Δη and Δφ . Therefore we have an additional contribution from this kind of corre-
lations to the near-side peak. Figure 4 shows contribution coming from Bose-Einsein correlations.

Elliptic flow

Collective effects introduce correlations among particles which manifest as a contribution from the
anisotropy parameter (v2 =< cos2φ >) – elliptic flow - that adds a cos(2Δφ) type oscillation. Since
collective effects are expected in heavy-ion collisions we omit this contribution in the pp minimum bias
data.

Δϕ = 0#

Δϕ = π#

Study the underlying mechanism 
and dynamics of particle 
production 
•  For each trigger particle with pT 

count number of associated 
particles with pT, Δϕ, Δη#

•  Hard component (jets, mini-jets, in-
medium modification) 
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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally

pp 
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jet peak 
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To understand the process of obtaining a certain shape in (Δη ,Δφ ) coordinates for minijets we look at
jets as streams of particles. While looking at pairs of particles coming from jets, there are two basic
options; see figure 2:

1. Both particles come from the same jet. In this case both particles are going in almost the same
direction; therefore, there is a small difference between their azimuthal angles, Δφ , and also a
small difference of their polar angle Δθ , and therefore (by η = − ln tan(θ/2)) small Δη . Pairs of
particles from the same jet form a minijet peak centered at (0,0) — later referred to as near-side
peak.

2. Particles are from two opposite back-to-back jets. Then, Δφ is close to 180◦. But there is no strong
correlation in Δθ . θ depends on how jets are correlated in η ; so, for many events and many jets,
Δη is almost uniform, producing a wide ridge for Δφ = π — later referred to as away-side ridge.

Fig. 2: The contribution of the minijets on the ΔηΔφ correlation function. Particles coming from the same minijet
produce the near-side peak (red), and particles from two opposite back-to-back jets produce the away-side ridge
(blue).

Figure 3 shows the ΔηΔφ correlation function for the 7 TeV pp collision data with contributions coming
from minijets marked with a dashed line.

Bose-Einstein correlations

By the statistics of quantum mechanics identical particles “like to be produced together” if they are
bosons. Literally speaking, it means that pairs of identical bosons are likely to be emitted in similar
direction, with small Δη and Δφ . Therefore we have an additional contribution from this kind of corre-
lations to the near-side peak. Figure 4 shows contribution coming from Bose-Einsein correlations.

Elliptic flow

Collective effects introduce correlations among particles which manifest as a contribution from the
anisotropy parameter (v2 =< cos2φ >) – elliptic flow - that adds a cos(2Δφ) type oscillation. Since
collective effects are expected in heavy-ion collisions we omit this contribution in the pp minimum bias
data.
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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally

pp 

nearside 
jet peak 

Alice Ohlson (CERN) for ALICE 

awayside 
jet peak 

9 

CMS	JHEP	1009	(2010)	091	



Two-particle correlations (2PC) 
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To understand the process of obtaining a certain shape in (Δη ,Δφ ) coordinates for minijets we look at
jets as streams of particles. While looking at pairs of particles coming from jets, there are two basic
options; see figure 2:

1. Both particles come from the same jet. In this case both particles are going in almost the same
direction; therefore, there is a small difference between their azimuthal angles, Δφ , and also a
small difference of their polar angle Δθ , and therefore (by η = − ln tan(θ/2)) small Δη . Pairs of
particles from the same jet form a minijet peak centered at (0,0) — later referred to as near-side
peak.

2. Particles are from two opposite back-to-back jets. Then, Δφ is close to 180◦. But there is no strong
correlation in Δθ . θ depends on how jets are correlated in η ; so, for many events and many jets,
Δη is almost uniform, producing a wide ridge for Δφ = π — later referred to as away-side ridge.

Fig. 2: The contribution of the minijets on the ΔηΔφ correlation function. Particles coming from the same minijet
produce the near-side peak (red), and particles from two opposite back-to-back jets produce the away-side ridge
(blue).

Figure 3 shows the ΔηΔφ correlation function for the 7 TeV pp collision data with contributions coming
from minijets marked with a dashed line.

Bose-Einstein correlations

By the statistics of quantum mechanics identical particles “like to be produced together” if they are
bosons. Literally speaking, it means that pairs of identical bosons are likely to be emitted in similar
direction, with small Δη and Δφ . Therefore we have an additional contribution from this kind of corre-
lations to the near-side peak. Figure 4 shows contribution coming from Bose-Einsein correlations.

Elliptic flow

Collective effects introduce correlations among particles which manifest as a contribution from the
anisotropy parameter (v2 =< cos2φ >) – elliptic flow - that adds a cos(2Δφ) type oscillation. Since
collective effects are expected in heavy-ion collisions we omit this contribution in the pp minimum bias
data.
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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally
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To understand the process of obtaining a certain shape in (Δη ,Δφ ) coordinates for minijets we look at
jets as streams of particles. While looking at pairs of particles coming from jets, there are two basic
options; see figure 2:

1. Both particles come from the same jet. In this case both particles are going in almost the same
direction; therefore, there is a small difference between their azimuthal angles, Δφ , and also a
small difference of their polar angle Δθ , and therefore (by η = − ln tan(θ/2)) small Δη . Pairs of
particles from the same jet form a minijet peak centered at (0,0) — later referred to as near-side
peak.

2. Particles are from two opposite back-to-back jets. Then, Δφ is close to 180◦. But there is no strong
correlation in Δθ . θ depends on how jets are correlated in η ; so, for many events and many jets,
Δη is almost uniform, producing a wide ridge for Δφ = π — later referred to as away-side ridge.

Fig. 2: The contribution of the minijets on the ΔηΔφ correlation function. Particles coming from the same minijet
produce the near-side peak (red), and particles from two opposite back-to-back jets produce the away-side ridge
(blue).

Figure 3 shows the ΔηΔφ correlation function for the 7 TeV pp collision data with contributions coming
from minijets marked with a dashed line.

Bose-Einstein correlations

By the statistics of quantum mechanics identical particles “like to be produced together” if they are
bosons. Literally speaking, it means that pairs of identical bosons are likely to be emitted in similar
direction, with small Δη and Δφ . Therefore we have an additional contribution from this kind of corre-
lations to the near-side peak. Figure 4 shows contribution coming from Bose-Einsein correlations.

Elliptic flow

Collective effects introduce correlations among particles which manifest as a contribution from the
anisotropy parameter (v2 =< cos2φ >) – elliptic flow - that adds a cos(2Δφ) type oscillation. Since
collective effects are expected in heavy-ion collisions we omit this contribution in the pp minimum bias
data.
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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally
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To understand the process of obtaining a certain shape in (Δη ,Δφ ) coordinates for minijets we look at
jets as streams of particles. While looking at pairs of particles coming from jets, there are two basic
options; see figure 2:

1. Both particles come from the same jet. In this case both particles are going in almost the same
direction; therefore, there is a small difference between their azimuthal angles, Δφ , and also a
small difference of their polar angle Δθ , and therefore (by η = − ln tan(θ/2)) small Δη . Pairs of
particles from the same jet form a minijet peak centered at (0,0) — later referred to as near-side
peak.

2. Particles are from two opposite back-to-back jets. Then, Δφ is close to 180◦. But there is no strong
correlation in Δθ . θ depends on how jets are correlated in η ; so, for many events and many jets,
Δη is almost uniform, producing a wide ridge for Δφ = π — later referred to as away-side ridge.

Fig. 2: The contribution of the minijets on the ΔηΔφ correlation function. Particles coming from the same minijet
produce the near-side peak (red), and particles from two opposite back-to-back jets produce the away-side ridge
(blue).

Figure 3 shows the ΔηΔφ correlation function for the 7 TeV pp collision data with contributions coming
from minijets marked with a dashed line.

Bose-Einstein correlations

By the statistics of quantum mechanics identical particles “like to be produced together” if they are
bosons. Literally speaking, it means that pairs of identical bosons are likely to be emitted in similar
direction, with small Δη and Δφ . Therefore we have an additional contribution from this kind of corre-
lations to the near-side peak. Figure 4 shows contribution coming from Bose-Einsein correlations.

Elliptic flow

Collective effects introduce correlations among particles which manifest as a contribution from the
anisotropy parameter (v2 =< cos2φ >) – elliptic flow - that adds a cos(2Δφ) type oscillation. Since
collective effects are expected in heavy-ion collisions we omit this contribution in the pp minimum bias
data.

Δϕ = 0#

Δϕ = π#

Study the underlying mechanism 
and dynamics of particle 
production 
•  For each trigger particle with pT 

count number of associated 
particles with pT, Δϕ, Δη#

•  Hard component (jets, mini-jets, in-
medium modification) 

12 7 Long-Range Correlations in 7 TeV Data

η∆
-4

-2
0

2
4

φ∆
0

2

4

)
φ

∆,
η

∆
R

( -2
0
2

>0.1GeV/c                     
T

(a) CMS MinBias, p

η∆
-4

-2
0

2
4

φ∆
0

2

4

)
φ

∆,
η

∆
R

(

-1
0
1

<3.0GeV/c
T

(b) CMS MinBias, 1.0GeV/c<p

η∆
-4

-2
0

2
4

φ∆
0

2

4

)
φ

∆,
η

∆
R

(

-4
-2
0
2

>0.1GeV/c                   
T

 110, p≥(c) CMS N 

η∆
-4

-2
0

2
4

φ∆
0

2

4

)
φ

∆,
η

∆
R

( -2
-1
0
1

<3.0GeV/c
T

 110, 1.0GeV/c<p≥(d) CMS N 

Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally
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•  The nearside ridge was observed in high multiplicity pp and p-Pb collisions 
→ reminiscent of structures seen in Pb-Pb collisions where it is attributed to flow 

•  What could cause long-range correlations in η? 
–  correlations in the initial state? 
–  collective behavior of the system at  

later times in the evolution? 
•  What does the presence of the ridge in small  

systems tell us about ridges in heavy ion collisions? 

Ridges in high multiplicity collisions 

29 August 2016 Alice Ohlson (CERN) for ALICE 

P.	Chesler,	W.	van	der	Schee,		
arXiv:1501.04952	[nucl-th]	
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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally

pp 

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts and potential contributions from secondary particles (including those from
weak decays) are examined by loosening or tightening the track selections on dz/s(dz) and
dT/s(dT) from 2 to 5. The associated yields are found to be insensitive to these track selections
within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

p-Pb 

CMS	PLB	718	(2013)	795	CMS	JHEP	1009	(2010)	091	
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Double Ridge in p-Pb 
•  Nearside peak yields are mostly independent of 

multiplicity 
•  For the same trigger/associated pT we select the 

same jet population regardless of multiplicity  
•  Justification for subtracting low-multiplicity 

correlations from high-multiplicity correlations to 
isolate ridge structure 

•  Remaining yield on the awayside after subtraction 
of jet structures → a symmetric “double” ridge 

29 August 2016 Alice Ohlson (CERN) for ALICE 

PLB	719	(2013)	29	

0-20% 	 	 	 				60-100%	

Jet-like two-particle correlations in p–Pb collisions ALICE Collaboration

Table 1: Summary of the systematic uncertainties. The uncertainties are independent of multiplicity,
apart from the effect of the third Fourier component v3.

Source Near-side yield Away-side yield Uncorrelated seeds
Bin counting vs. fit 5% 5% 1%
Baseline estimation negl. 1% negl.

v3 component 0% 0–4% 0–1%
Track selection 2% 2% negl.

Tracking efficiency 3% 3% 3%
Pile-up 1% 1% negl.

MC closure negl. negl. negl.
Event generator negl. negl. negl.

Total 6% 6–8% 3%

V0A multiplicity class (%)
0 20 40 60 80 100

〉
as

so
c,

ne
ar

si
de

N〈

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

c < 5.0 GeV/
T,trig
p < 

T,assoc
p

T,assoc
p < c, 0.7 GeV/

T,trig
p < c0.7 GeV/

T,assoc
p < c, 0.7 GeV/

T,trig
p < c2.0 GeV/

T,assoc
p < c, 2.0 GeV/

T,trig
p < c2.0 GeV/

V0A multiplicity class (%)
0 20 40 60 80 100

〉
as

so
c,

aw
ay

si
de

N〈

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

c < 5.0 GeV/
T,trig
p < 

T,assoc
p

T,assoc
p < c, 0.7 GeV/

T,trig
p < c0.7 GeV/

T,assoc
p < c, 0.7 GeV/

T,trig
p < c2.0 GeV/

T,assoc
p  < c, 2.0 GeV/

T,trig
p < c2.0 GeV/

Fig. 2: Near-side (left panel) and away-side (right panel) per-trigger yields after long-range correlations
subtraction as a function of V0A multiplicity class for several pT cuts for trigger and associated particles:
0.7–5.0 GeV/c (red triangles), 0.7–5.0 GeV/c for pT,assoc and 2–5 GeV/c for pT,trig (blue circles) as well
as 2–5 GeV/c (black circles). Statistical (lines) and systematic uncertainties (boxes) are shown, even
though the statistical ones are mostly smaller than the symbol size.

5.0 GeV/c (red triangles), the near-side (away-side) per-trigger yield increases from about 0.14
(0.08) in the lowest multiplicity class up to about 0.25 (0.12) at 60%, and it remains nearly
constant from 60% to the highest multiplicity class.

The trigger particles can originate both from soft and hard processes, while the associated parti-
cles mostly belong to the minijets which originate from hard processes. Therefore, in the region
where the associated yields per trigger particle show a plateau, the hard processes and the num-
ber of soft particles must exhibit the same evolution with multiplicity. This can be more easily
understood with an example event containing Nminijets with Nassoc associated particles each and
a background of Nsoft particles with no azimuthal correlation. In this scenario, the associated
yield per trigger-particle is:

associated yield
trigger particle

=
Nminijets ·Nassoc(Nassoc �1)/2

Nminijets ·Nassoc +Nsoft
. (4)

8

PLB	741	(2015)	38		
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v2 in p-Pb 
•  Extract v2 by fitting subtracted distributions with Fourier series (ALICE, ATLAS) 
•  Or obtain v2 from harmonic decomposition with η gap (|Δη| > 2) (CMS)  

 
 

•  Similar mass ordering is observed for v2 in p-Pb and for v2 in Pb-Pb,  
for π, K, p, KS

0, Λ 

29 August 2016 Alice Ohlson (CERN) for ALICE 
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Figure 5: Top row: the v2 results for K0
S (filled squares), L/L (filled circles), and inclusive

charged particles (open crosses) as a function of pT for four multiplicity ranges obtained from
high-multiplicity triggered pPb sample at psNN = 5.02 TeV. Middle row: the v2/nq ratios for
K0

S (filled squares) and L/L (filled circles) particles as a function of KET/nq, along with a fit
to the K0

S results using a polynomial function. Bottom row: ratios of v2/nq for K0
S and L/L

particles to the fitted polynomial function as a function of KET/nq. The error bars correspond to
statistical uncertainties, while the shaded areas denote the systematic uncertainties. The values
in parentheses give the range of the fraction of the full multiplicity distribution included for
pPb.

collisions, as shown in Fig. 7. Due to limited statistical precision, only the result in the multiplic-
ity range 185  Noffline

trk < 350 is presented. A similar species dependence of v3 to that of v2 is
observed and, within the statistical uncertainties, the v3 values scaled by the constituent quark
number for K0

S and L/L particles match at the level of 20% over the full KET/nq range. To
date, no calculations of the quark number scaling of triangular flow, v3, have been performed
in the parton recombination model.

7 Summary
Measurements of two-particle correlations with an identified K0

S or L/L trigger particle have
been presented over a broad transverse momentum and pseudorapidity range in pPb collisions
at psNN = 5.02 TeV and PbPb collisions at psNN = 2.76 TeV. With the implementation of a high-
multiplicity trigger during the LHC 2013 pPb run, the identified particle correlation data in pPb
collisions are explored over a broad particle multiplicity range, comparable to that covered by
50–100% centrality PbPb collisions. The long-range (|Dh| > 2) correlations are quantified in
terms of azimuthal anisotropy Fourier harmonics (vn) motivated by hydrodynamic models. In
low-multiplicity pPb and PbPb events, similar v2 values of K0

S and L/L particles are observed,
which likely originate from back-to-back jet correlations. For higher event multiplicities, a
particle species dependence of v2(pT) and v3(pT) is observed. For pT . 2 GeV, the values

ALICE	PLB	726	(2013)	164	 CMS	PLB	742	(2015)	200	
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Collectivity in p-Pb? 
•  Non-zero v2{4}, v2{6}, v2{8}, v2{LYZ}  
•  Non-zero Fourier coefficients measured up to n = 5 
•  Ridges observed at √sNN = 200 GeV 
•  Ridges observed in 3He+Au 
 
•  Possible explanations for the ridges in small systems:  

–  hydrodynamics 
–  gluon saturation (CGC) 
–  extended color connections forming along the longitudinal direction 
–  final state parton-parton interactions 

29 August 2016 Alice Ohlson (CERN) for ALICE 

Study η dependence of the (double) ridge  
to gain insight into the origins of long-range structures in p-Pb collisions 

 
→	muon-hadron correlations in ALICE 

ATLAS	PRC	90	(2014)	044906	

PHENIX	PRL	114	(2015)	192301	

PHENIX	PRL	115	(2015)	142301	

CMS	PRL	115	(2015)	012301		
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µ-track(let) correlations 
•  Trigger particles measured in the 

Forward Muon Spectrometer 
(FMS): -4 < η < -2.5 
•  Composition of parent particles 

of reconstructed muons varies 
as a function of pT 

•  Associated particles reconstructed in 
the central barrel: |η| < 1 
–  ITS+TPC tracks:  

0.5 < pT < 4 GeV/c 
–  SPD tracklet: mean pT ≈ 0.75 

GeV/c (pT is correlated with 
differences of azimuthal and 
polar angles of hits in the SPD 
layers) 

29 August 2016 Alice Ohlson (CERN) for ALICE 

p

Pb FMS 
TPC 

SSD 

SDD 

SPD 

ITS 

V0 

+η 
−η 
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Associated Yield per Trigger Muon 

29 August 2016 

Forward-central two-particle correlations in p–Pb collisions ALICE Collaboration

Fig. 2: Associated yield per trigger particle as a function of Dh and Dj for muon-track correlations in
p–Pb (left) and muon-tracklet correlations in p–Pb (middle) and Pb–p (right panels), measured in 60–
100% (top row) and 0–20% (bottom row) event classes. The associated particle intervals are 0.5 < pa

T <
4.0 GeV/c for tracks and 0 < Djh < 5 mrad for tracklets. Statistical uncertainties are not shown.

panels), measured in 60–100% (top row) and 0–20% (bottom row) event classes is shown.
In the low-multiplicity class (60–100%), the dominant feature is the recoil jet on the away
side (p/2 < Dj < 3p/2). While in previous two-particle correlation studies at midrapid-
ity [24, 33] the away-side jet structure was mostly flat in Dh , from Dh = �1.5 to Dh = �5.0
it decreases, as expected considering the kinematics of dijets at large Dh . The near side
(|Dj|< p/2) shows almost no structure in Dj and Dh , since it is sufficiently separated from the
near-side jet peak at (Dj,Dh) = (0,0), so that no contribution from jets is expected. In the high-
multiplicity (0–20%) class, the away-side jet structure is also visible, and the associated yields
are considerably higher than for the low-multiplicity (60–100%) class. Moreover, in contrast to
the low-multiplicity class, a near-side structure emerges, similar to that previously observed at
lower pseudorapidities, revealing that the near-side ridge extends up to pseudorapidity ranges
of 2.5 < |h |< 4.

In order to isolate long-range correlations, we apply the same subtraction method as in previous
measurements [24, 33]. Jet-associated yields have only a weak multiplicity dependence [67],
thus the subtraction of the low-multiplicity event class removes most of the jet-like correlations.
The per-trigger yield of the 60–100% event class is subtracted from that in the 0–20% event
class, and the result is presented (labelled as Ysub) in the top panels of Fig. 3. After subtraction,
two similar ridges on the near and on the away side are clearly visible.

The magnitude of the contributing long-range amplitudes is quantified by extracting the Fourier
coefficients from the Dj projection of the per-trigger yield distribution, after the subtraction

7

60-100% 

0-20% 

muon-track 
p-going trigger 

muon-tracklet 
p-going trigger 

muon-tracklet 
Pb-going trigger 

Y = 1
Ntrig

d 2Nassoc

dΔϕdΔη

Structure observed around Δφ=0 at large Δη – nearside ridge in high-multiplicity events 

Alice Ohlson (CERN) for ALICE 
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Long-range correlations 
•  Subtract low-multiplicity correlations from high-multiplicity correlations to 

remove jet components and isolate long-range structures 
•   Project onto Δφ and fit to extract Fourier coefficients an 

Forward-central two-particle correlations in p–Pb collisions ALICE Collaboration

Fig. 3: Top panels: Associated yield per trigger particle as a function of Dj and Dh for muon-track
correlations in p–Pb (left) and muon-tracklet correlations in p–Pb (centre) and Pb–p (right) collisions
for the 0–20% event class, where the corresponding correlation from the 60–100% event class has been
subtracted. Statistical uncertainties are not shown. The associated particle intervals are 0.5 < pa

T <
4.0 GeV/c for tracks and 0 < Djh < 5 mrad for tracklets. Bottom panels: The same as above projected
onto Dj . The lines indicate the fit to the data and the first harmonic contributions as explained in the
text.

of the low-multiplicity class, as shown in the lower panels of Fig. 3. In order to reduce the
statistical fluctuations at the edges of the per-trigger yield distribution, the Dj projection is
obtained from a first-order polynomial fit along Dh for each Dj interval. In the p–Pb cases, the
near- and away-side amplitudes are quite different, while in the Pb–p case the amplitudes on
the near and away side are similar. A difference in the amplitudes of the near- and away-side
ridge might be due to a residual jet contribution in the subtracted distribution, which is taken
into account in the systematic error evaluation, as explained in Sec. 5.

The Fourier coefficients are then obtained by fitting Ysub with

a0 +2a1 cos(Dj)+2a2 cos(2Dj)+2a3 cos(3Dj) , (2)

leading to c2/NDF values typically below 1.5. The relative modulation is given by VnD{2PC,sub}=
an

a0+b , where b is the baseline of the low-multiplicity class (60–100%) estimated from the inte-
gral of the per-trigger yield around the minimum. Assuming that the two-particle Fourier coef-
ficient factorizes into a product of trigger and associate single-particle v2 [30], the vn{2PC,sub}
coefficients for particles reconstructed in the muon spectrometer are then obtained as

vn{2PC,sub}=VnD{2PC,sub}/
q

V c
nD{2PC,sub}, (3)

8
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subtracted 
(0-20%) – (60-100%) 

Δφ projections 
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Muon v2{2PC,sub} 
•  V2Δ measured by scaling an to the appropriate baseline  

 V2Δ{2PC,sub} = a2/(a0+b)  where b is the baseline in the  
       low-multiplicity event class 

•  V2Δ = v2
trigv2

assoc if factorization is valid 

29 August 2016 

Forward-central two-particle correlations in p–Pb collisions ALICE Collaboration

Fig. 3: Top panels: Associated yield per trigger particle as a function of Dj and Dh for muon-track
correlations in p–Pb (left) and muon-tracklet correlations in p–Pb (centre) and Pb–p (right) collisions
for the 0–20% event class, where the corresponding correlation from the 60–100% event class has been
subtracted. Statistical uncertainties are not shown. The associated particle intervals are 0.5 < pa

T <
4.0 GeV/c for tracks and 0 < Djh < 5 mrad for tracklets. Bottom panels: The same as above projected
onto Dj . The lines indicate the fit to the data and the first harmonic contributions as explained in the
text.

of the low-multiplicity class, as shown in the lower panels of Fig. 3. In order to reduce the
statistical fluctuations at the edges of the per-trigger yield distribution, the Dj projection is
obtained from a first-order polynomial fit along Dh for each Dj interval. In the p–Pb cases, the
near- and away-side amplitudes are quite different, while in the Pb–p case the amplitudes on
the near and away side are similar. A difference in the amplitudes of the near- and away-side
ridge might be due to a residual jet contribution in the subtracted distribution, which is taken
into account in the systematic error evaluation, as explained in Sec. 5.

The Fourier coefficients are then obtained by fitting Ysub with

a0 +2a1 cos(Dj)+2a2 cos(2Dj)+2a3 cos(3Dj) , (2)

leading to c2/NDF values typically below 1.5. The relative modulation is given by VnD{2PC,sub}=
an

a0+b , where b is the baseline of the low-multiplicity class (60–100%) estimated from the inte-
gral of the per-trigger yield around the minimum. Assuming that the two-particle Fourier coef-
ficient factorizes into a product of trigger and associate single-particle v2 [30], the vn{2PC,sub}
coefficients for particles reconstructed in the muon spectrometer are then obtained as

vn{2PC,sub}=VnD{2PC,sub}/
q

V c
nD{2PC,sub}, (3)

8
v2 of muons measured in  

muon-tracklet correlations 
or muon-track correlations 

measured in  
tracklet-tracklet correlations 
or track-track correlations Forward-central two-particle correlations in p–Pb collisions ALICE Collaboration

Assoc. tracks Assoc. tracklets
Systematic effect p–Pb p–Pb Pb–p Ratio
Acceptance (zvtx dependence) 3�4% 0�5% 0�3% 0�1%
Remaining jet after subtraction 4�10% 5�14% 1�2% 3�15%
Remaining ridge in low-multiplicity class 1�4% 1�6% 0�2% 2�8%
Calculation of v2 0�1% 0�1% 1% 0�2%
Resolution correction 1% 0�1% 0�1% 0�2%
Sum (added in quadrature) 7�11% 6�14% 2�4% 5�17%

Table 2: Summary of main systematic uncertainties. The uncertainties usually depend on pT and vary
within the given ranges.

where V c
nD{2PC,sub} is measured by correlating only central barrel tracks (or tracklets) with

each other (essentially repeating the analysis as in Ref. [24]).

In this Letter, v2{2PC,sub} values for muons in the acceptance of the muon spectrometer are
reported. Weak decays and scattering in the absorber of the muon spectrometer can cause
the kinematics of reconstructed muons to deviate from those of their parent particles, and can
influence the reconstructed v2, especially in case v2,parent has a strong pT dependence. Since we
cannot correct the measured v2 for the species-dependent inefficiencies induced by the absorber,
we denote the resulting coefficients by vµ

2 {2PC,sub} to indicate that the result holds for decay
muons measured in the muon spectrometer.

5 Systematic uncertainties
The systematic uncertainty on vµ

2 {2PC,sub} was estimated by varying the analysis procedure
as described in this section. The uncertainty on the ratio between the vµ

2 {2PC,sub} in Pb–p and
p–Pb collisions was obtained on the ratio itself, in order to properly treat the (anti-) correlated
systematics between the p–Pb and Pb–p data samples. A summary is given in Tab. 2.

The acceptance of the ALICE central barrel depends on the position of zvtx. To study its influ-
ence on vµ

2 {2PC,sub}, the analysis was repeated using only events with a reconstructed primary
vertex within ±5 cm instead of ±7 cm from the nominal interaction point. The yield per trig-
ger particle was not corrected for single track acceptance and efficiency of associated particles.
Since vµ

2 {2PC,sub} is a relative quantity, it is not expected to depend on the normalization.
This was verified in the case of the muon-track analysis, where good agreement was found be-
tween the second-order Fourier coefficients obtained with and without single-track acceptance
and efficiency corrections. Hence, no additional uncertainty was considered.

As observed in previous analyses [24, 33], the subtraction of the low-multiplicity class leads to
a residual peak around (Dh ,Dj)⇡ (0,0), possibly due to a bias of the event selection on the jet
fragmentation in low-multiplicity events [67]. The pseudorapidity gap [24, 25] used to calculate
V c

nD was varied from 1.2 to 1.0 and to 0.8 in order to estimate the contribution of the residual
near-side short-range correlations. Due to the large gap in pseudorapidity between the ALICE
central barrel and the muon spectrometer, this contribution does not affect the forward-central
correlation. The effect of the bias introduced by the multiplicity selection was addressed on the
away side by scaling the 60–100% multiplicity class. The scaling factor ( f ) is determined as the
ratio between away-side yields in high- and low-multiplicity classes after the subtraction of the
second-order Fourier component [67]. This procedure was applied in the calculation of both VnD

9
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Results: Tracklet vs. track comparison 

•  Agreement between track and tracklet results demonstrates that 
factorization of trigger and associate v2 is valid 
–  measured trigger muon v2 is the same even though associated track and 

tracklet pT distributions are different 

29 August 2016 

v2
µ{2PC,sub} in the p-going direction 

Alice Ohlson (CERN) for ALICE 18 

PLB	753	(2016)	126	



Results: v2
µ{2pc,sub} 

•  Data compared to calculations from 
AMPT with Pythia decayer 
–  qualitatively similar trends at low pT 

–  quantitatively different pT and η 
dependence between data and 
model, especially at high pT 

•  High pT (> 2 GeV/c) muon production 
dominated by heavy flavor decays 
–  Possible scenarios at pT > 2 GeV/c: 

•  HF muons have v2 ≠ 0 
•  different composition of the 

parent distribution and their v2 

29 August 2016 

v2
µ{2PC,sub} in the p-going and 

Pb-going directions 

Alice Ohlson (CERN) for ALICE 19 
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Results: Ratio in p- and Pb-going directions 

•  Ratio is independent of pT within 
statistical and systematic 
uncertainties 

•  Constant fit to the ratio:  
1.16 ± 0.06  with χ2/NDF = 0.5 

•  Ratios of observed quantities in 
the Pb-going and p-going 
directions should be sensitive to 
the initial state conditions 

29 August 2016 

Ratio of v2
µ{2PC,sub} in the  

Pb-going and p-going directions 

Alice Ohlson (CERN) for ALICE 

P.	Bozek,	A.	Bzdak,	V.	Skokov,		
PLB	728	(2014)	662	
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Model Comparisons 
•  Measured v2

µ{2PC,sub} is for decay muons measured in FMS 
–  in order to account for the effects of the  

absorber, future model calculations should  
use the efficiencies provided 

 
•  Published model predictions cannot yet be directly compared to data 

29 August 2016 
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Figure 1: The elliptic flow coe�cient on the proton- (�4 < ⌘ < �2.5)
(dashed line) and the nucleus-going (2.5 < ⌘ < 4) (solid line) sides
in 0 � 20% p+Pb collisions at

p
s = 5.02 TeV, as a function of the

transverse momentum, p?, from 3+1D hydrodynamics.
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Figure 2: Same as figure 1 but for the triangular flow.

in the Cooper-Frye formula [24]. The hydrodynamic sim-
ulations reproduce fairly well the measured elliptic and
triangular flow [6], the mass hierarchy of the elliptic flow
coe�cient and of the average transverse momentum of
identified particles [25], and the interferometry radii [26].

The centrality 0-20% is defined as events with the num-
ber of wounded nucleons Nw � 13. Charged particles are
analysed in three bins, the forward (Pb-going side) 2.5 <
⌘ < 4 and backward (p-going side) �4 < ⌘ < �2.5, and
the central bin |⌘| < 1. The central bin defines the refer-
ence event-plane for charged particles with 0.25 < p? < 5
GeV. The flow coe�cients vn{2}(p?) for charged particles
in the forward and backward bins are calculated with re-
spect to the reference particles from the central bin.

The elliptic and triangular flow as a function of the
transverse momentum is larger on the nucleus-going side
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Figure 3: The ratio of the Pb-going to p-going values of the ellip-
tic (solid line) and triangular (dashed line) flow coe�cients, from the
3+1D hydrodynamic calculation.

(Figs. 1 and 2). Since the average transverse momen-
tum is expected to be larger on the nucleus-going side
[20], the di↵erence for integrated flow coe�cients is pre-
dicted to be even larger. The origin of the e↵ect in the
hydrodynamic model can be linked to the longer lifetime
of the fireball on the nucleus going side, which results in
a stronger built up of the collective flow. Moreover, for
rapidities where the freeze-out happens earlier we expect
much stronger viscosity correction at freeze-out, reducing
the flow coe�cients [27]. As shown in Fig. 3, the ratio of
the flow coe�cients calculated in the forward and back-
ward rapidity bins weakly depends on p?, in the range
where the hydrodynamic model applies.

2.2. A multi-phase transport model

The AMPT model with the string melting mechanism
proved to be very e↵ective in describing various features
of p+Pb, d+Au and the high-multiplicity p+p interactions
data [13–15].2 The model is initialized with soft strings
(soft particles) and minijets (hard particles) from HIJING
[28]. In the string melting scenario both strings and mini-
jets are converted into quarks and anti-quarks that sub-
sequently undergo elastic scatterings with a given cross-
section, �, which is a free parameter.3 It was found that a
cross-section of 1.5 � 3 mb is su�cient to reproduce the
data in p+p and p+Pb collisions at the LHC [13, 14], and
d+Au interactions at RHIC [15]. In this paper we choose
� = 3 mb.

2We note that approximately 1 � 2 elastic collisions per partons
su�ce to describe the p+Pb data [13, 14].

3The AMPT model with � = 0 is equivalent to HIJING (plus
hadronic transport [29]).
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Figure 5: Same as Fig. 4 except jets are subtracted (JS) from the two-particle azimuthal correlation function reducing both vp
2 and vPb

2 for higher
values of p?.
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Figure 6: The AMPT and AMPT JS (jets subtracted) results for the ratio vPb
2 (p?)/vp

2(p?) as a function of the transverse momentum p?.
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Conclusions 
•  Global properties of nuclear collisions: pseudorapidity density has been 

measured in pp at √s = 0.9, 2.36, 13 TeV and p-Pb at √sNN = 5.02 TeV 
–  power law scaling across wide range in center-of-mass energy 
–  multiplicity distributions and pseudorapidity dependence used to tune 

models 
•  Two-particle correlations in small systems show features reminiscent of 

nucleus-nucleus collisions 
–  Double ridge structure in p-Pb shows mass ordering similar to Pb-Pb 

•  v2{2PC,sub} has been measured for muons at forward rapidities in p-Pb 
–  v2

µ{2PC,sub} has similar pT dependence in both directions 
–  v2

µ{2PC,sub} in the Pb-going direction is (16 ± 6)% higher than in the p-
going direction 

–  Results are compared to AMPT model calculations, pT dependence is 
similar, particularly at low pT 

•  Future measurements and model comparisons will allow us to gain 
understanding of the production mechanisms of multiplicities and  
long-range correlations in small systems 
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