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Motivation: hydrodynamics 
Azimuthal particle correlations in AA collisions 
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Motivation: establishing baseline of PbPb collisions 
Controlled environment? pPb collisions 

  No deconfined medium is expected to be formed? 
  What about azimuthal anisotropy in pPb collisions?  

3/4/2013 Dragos Velicanu 4 

p Pb 
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Motivation 

•  Long range correlations can be explained by flow harmonics in PbPb 
•  Are these correlations in pPb also related to hydrodynamic flow? 
•  Or CGC? 
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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 are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) 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.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-
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Figure 10: The single-particle azimuthal anisotropy harmonics, v2–v5, extracted from the long-
range (2 < |Dh| < 4) azimuthal dihadron correlations as a function of Npart in PbPb collisions
at psNN = 2.76 TeV for 1 < passoc

T < 3 GeV/c in three ptrig
T ranges of 1–1.5, 3–3.5 and 8–20 GeV/c.

Most of the statistical error bars are smaller than the marker size. The systematic uncertainties
(not shown in the plots) are indicated in Table 2.

trigger and associated particle pT. The integrated yield of the near-side region shows an in-
creasing enhancement towards more central PbPb collisions, especially for low-pT associated
particles.

To further characterise the dependence of the correlations on relative azimuthal angle, a Fourier
decomposition of the distributions projected onto Df was performed, as a function of both cen-
trality and particle pT. Evidence of a factorisation relation was observed between the Fourier
coefficients (VnD) from dihadron correlations and single-particle azimuthal anisotropy harmon-
ics (vn). This holds for passoc

T . 3–3.5 GeV/c over the ptrig
T range up to at least 8 GeV/c in central

and mid-peripheral PbPb collisions, except for v2 in the most central events. The observed
factorisation is absent in pp and very peripheral PbPb data, indicating a strong connection
of the observed long-range azimuthal dihadron correlations to the single-particle azimuthal
anisotropy in heavy ion collisions, such as the one driven by the hydrodynamic expansion of
the system. The single-particle azimuthal anisotropy harmonics v2 through v5 were extracted
over a wide range in both pT and collision centrality, profiting from the broad solid-angle cover-
age of the CMS detector. The comprehensive correlation data presented in this paper are very
useful for studies of the path-length dependence of in-medium parton energy-loss, and pro-
vide valuable inputs to a variety of theoretical models, including hydrodynamic calculations
of higher-order Fourier components.

Acknowledgments
We wish to congratulate our colleagues in the CERN accelerator departments for the excellent
performance of the LHC machine. We thank the technical and administrative staff at CERN and
other CMS institutes, and acknowledge support from: FMSR (Austria); FNRS and FWO (Bel-
gium); CNPq, CAPES, FAPERJ, and FAPESP (Brazil); MES (Bulgaria); CERN; CAS, MoST, and

EPJC 72 (2012) 2012 "

Flow?	
  



Monika Sharma at EPS HEP-2013, Stockholm, Sweden July 18, 2013 5 

Data sets, trigger selection and multiplicity distribution 

•  Data sets 
  2013 pPb + Pbp, 31 nb-1 

  2011 PbPb, 2.3µb-1 (50-100%) 
•  Triggers 

  Minimum bias trigger 
  High multiplicity triggers in 2013 
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Data sets, trigger selection and multiplicity distribution 

•  Data sets 
  2013 pPb + Pbp, 31 nb-1 

  2011 PbPb, 2.3µb-1 (50-100%) 
•  Triggers 

  Minimum bias trigger 
  High multiplicity triggers in 2013 
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Results: Two-particle correlations in PbPb and pPb 

PbPb pPb 

•  PbPb and pPb use the same multiplicity selection, 220 =< Ntrk
offline <260 

•  Very strong long-range correlations in pPb 

PLB 724 (2013) 213 
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Discovery: pPb pilot run 

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 are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) 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.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-
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•  Explore in detail the multiplicity and pT dependence of the 2-particle correlations 
•  New observable: 4-particle correlations add greater sensitivity to collective effects 
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Discovery: pPb pilot run 

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 are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) 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.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-
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Multi-particle correlations 
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B. Cumulants of the distribution of |Qn|2

For sake of brevity, we now drop the subscript n and set n = 1 until the end of this paper, unless otherwide stated.
All our results can be easily generalized to the study of higher order vn’s by multiplying all azimuthal angles by n.

The moments of the |Q|2 distribution involve the multiparticle azimuthal correlations discussed in Sec. II D. While
〈

|Q|2
〉

involves two-particle azimuthal correlations, as seen in Eq. (19), the higher moments
〈

|Q|2k
〉

involve 2k-particle
correlations. For instance, we have

〈

|Q|4
〉

=
1

M2

∑

j,k,l,m

〈

ei(φj+φk−φl−φm)
〉

. (22)

These higher order azimuthal correlations can be used to eliminate nonflow correlations order by order, as explained
in Sec. II D. This will be achieved by taking the cumulants of the distribution of |Q|2, which we shall soon define.

1. Isotropic source

Following the procedure outlined in Sec. II D, we first consider an isotropic source (no flow). Using Eq. (21),
〈

|Q|2
〉

is then of order unity, and so are the higher order moments
〈

|Q|2k
〉

. However, by analogy with the cumulant
decomposition of multiparticle distributions introduced in Sec. II C, we can construct specific combinations of the
moments, namely the cumulants of the Q distribution, which are much smaller than unity: the cumulant

〈〈

|Q|2k
〉〉

to
order k, built with the

〈

|Q|2j
〉

where j ≤ k, is of magnitude 1/Mk−1.
As an illustration, let us construct the fourth order cumulant

〈〈

|Q|4
〉〉

. If the multiplicity M is large, most of the
terms in Eq. (22) are nondiagonal, i.e. they correspond to values of j, k, l and m all different. Then, using the
cumulant of the four-particle azimuthal correlation defined by Eq. (12) and summing over (j, k, l, m), it is natural to
define

〈〈

|Q|4
〉〉

as

〈〈

|Q|4
〉〉

=
〈

|Q|4
〉

− 2
〈

|Q|2
〉2

. (23)

The order of magnitude of
〈〈

|Q|4
〉〉

is easy to derive: each term of type (12) is of order 1/M3 as discussed in Sec. II D;
there are M4 such terms in the sum (22); taking into account the factor 1/M2 in front of the sum,

〈〈

|Q|4
〉〉

is finally
of order 1/M . As intended, two-particle nonflow correlations, which are of order unity, have been eliminated in the
subtraction (23).

A more careful analysis must take into account diagonal terms for which two (or more) indices among (j, k, l, m)
are equal. This analysis is presented in Appendix A2, where we show that diagonal terms are also of order 1/M :
they give a contribution of the same order of magnitude as direct four-particle correlations. In the following, we
shall assume that this property, namely that the contribution of diagonal terms is at most of the magnitude of the
contribution of nondiagonal terms, also holds for higher order moments.

Among these diagonal terms are the autocorrelations already encountered in the expansion of |Q|2 [see the discussion
below Eq. (20)], which we define as the terms which remain in the absence of flow and direct correlations. A
straightforward calculation (see Appendix A2) shows that their contribution to the cumulant

〈〈

|Q|4
〉〉

is −1/M . As
in the case of the second order moment

〈

|Q|2
〉

discussed previously, autocorrelations are a priori of the same order
of magnitude as other nonflow correlations. As we shall see later in this section, they can easily be calculated and
removed order by order.

22= + + = +

FIG. 3. Decomposition of
〈

|Q|4
〉

= 〈QQQ∗Q∗〉. In the right-hand side, the first term is of order unity while the second term
is of order 1/M .

Arbitrary moments
〈

|Q|2k
〉

can be decomposed into cumulants, which can then be isolated in a similar way. This
decomposition can be represented in terms of diagrams, like the decomposition of the multiparticle distribution in
Sec. II D. This is explained in detail in Appendix B. For example, the decomposition of

〈

|Q|4
〉

is displayed in Fig. 3.

9

6.2 Cumulant Method 33

cn{4} = hh4ii � 2 · hh2ii2 (15)

Finally, the reference flow vn can be calculated from the two-particle cumulant (vn{2}) and
from the four-particle cumulant (vn{4}), respectively, as

vn{2} =
q

cn{2} (16)

vn{4} = 4
q
�cn{4} (17)

6.2.2 Differential flow419

Similarly to the procedure for estimating the reference flow, four steps are needed to calculate
the differential flow as a function of pT. In this case, however, the two additional vectors should
be defined, pn and qn, with a similar role as Qn in reference flow,

pn ⌘
mp

Â
i=1

einyi (18)

qn ⌘
mq

Â
i=1

einyi (19)

where mp is the number of particle of interest (POI) and mq is the number of particles labeled420

as both POI and reference flow particles (RFP). The q vector is introduced in order to subtract421

effects of autocorrelations.422

The first step to extract the differential flow is to calculate the reduced (i.e., restricted to a
sub-phase window of interest) single-event average 2- and 4-particle correlations, respectively
given by

h20i =
pnQ⇤

n � mq

mp M � mq
(20)

h40i =[pnQnQ⇤
nQ⇤

n � q2nQ⇤
nQ⇤

n � pnQnQ⇤
2n

� 2 · MpnQ⇤
n � 2 · mq|Qn|2 + 7 · qnQ⇤

n

� Qnq⇤n + q2nQ⇤
2n + 2 · pnQ⇤

n + 2 · mq M
� 6 · mq]/[(mp M � 3mq)(M � 1)(M � 2)].

(21)

The next step is to estimate the event average, i.e.,

hh20ii =
Âevents(wh20i)ih20ii

ÂN
i=1(wh20i)i

(22)

hh40ii =
Âevents(wh40i)ih40ii

ÂN
i=1(wh40i)i

(23)

where the multiplicity weights are given by

wh20i ⌘ mp M � mq (24)

wh40i ⌘ (mp M � 3mq)(M � 1)(M � 2) (25)

ϕ1

ϕ2

ϕ3

ϕ4

Four particle correlations (Q-cumulant method): remove 2 
and 3 particle correlations 
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Yield vs pT 
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•  Similar pT dependence 
for PbPb and pPb 

•  Larger in PbPb (|Δη|>2) 
•  Expected behavior due 

to jets (Fig. b) 
 

 
Yield vs multiplicity 

•  Yield becomes 
significant at N~40-50, 
followed by a 
monotonic rise  

•  Larger in PbPb (|Δη|>2) 

PLB 724 (2013) 213 

Associated yield 

|ΔΦ|<1.2 
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•  v2 shows similar shape in pPb and PbPb,  but is smaller in pPb 
•  hydro calculation agrees with v2{4} 

PbPb 
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v2 in PbPb and pPb 
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•  v3 shows similar shape in pPb and PbPb; magnitude comparable  
•  Hydro prediction: v3{PP}, not including fluctuations 
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•  v2 is smaller in pPb than in PbPb;  turns on at N~40-50 

Multiplicity dependence of v2 
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•  v3 is essentially the same in pPb and PbPb;  turns on at N~40-50 

Multiplicity dependence of v3 

PLB 724 (2013) 213 



Monika Sharma at EPS HEP-2013, Stockholm, Sweden July 18, 2013 17 

Summary 

	
  
	
  Comparison of high statistics, high multiplicity pPb and 
PbPb data as a function of pT and multiplicity 

–  Large v2{4} and v3{2} in pPb 
–  Associated yield, v2{4} and v3{2} become apparent at about 

the same multiplicity; N~50 
–  v3{2} is essentially the same in pPb and PbPb at the same 

multiplicity 
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Back-­‐up	
  

18 
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Fourier decomposition: 

•  Away-side correlations contain non-flow effects 
•  Subtract the data for high multiplicity by low multiplicity to 

correct for this 
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Subtracting peripheral correlations in v2, v3 calculations: 

VnΔ (cent)−VnΔ (peri)×
Nassoc (peri)
Nassoc (cent)

×
Yjet (cent)
Yjet (peri)

Subtract Ntrk
offline<20 (70-100%) to 

avoid removing signal (Ntrk
offline ~ 40) 

Account for the fact that jet  
correlation increases with multiplicity 

Peripheral subtraction 
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Weighted by near-side jet yield, most of non-flow correlations are subtracted 

Test our procedure in HIJING 
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PbPb vs pPb: pT dependence  
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v2 in PbPb and pPb 

38 7 Results
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Figure 36: The differential v2{2} and v3{2} values (open markers) as a function of pT obtained
for |h| < 2.4 from long-range two-particle correlations with |Dh| > 2 for 1 < passoc

T < 2 GeV/c
is shown, together with the differential v2{4} values (solid markers) as a function of pT for
|h| < 2.4 obtained with three reference particles in the pT range of 0.3-3 GeV/c. The results refer
to 2.76 TeV PbPb collisions (left) and to 5.02 TeV pPb collisions (right).

(v2{2, |Dh| > 2}) for 1 < passoc
T < 2 GeV/c, are shown in Fig. 36 in open markers. At a given pT509

value, v2 is observed to be 3–4 times bigger than v3. While the requirement of |Dh| > 2 com-510

pletely removes the near-side jet-like correlations, additional non-hydrodynamical correlations511

from back-to-back jets, as well as effects of energy-momentum conservation on the away side512

of two-particle correlation function could still contaminate the v2 and v3 values obtained from513

two-particle correlations.514

In order to further restrict the residual non-flow effect on the away side, the technique of four-515

particle cumulant is used to extract the v2 value (v2{4}). See section. 6.2 for more details about516

this method. Note that no Dh gap is applied here (as well as in the two-particle correlation517

method) since, upon correlating four particles at the same time the non-flow correlations are518

naturally suppressed, especially for high multiplicity events (in fact, it is suppressed by an519

additional factor of 1/N as compared to two-particle correlation method). The measured v2{4}520

values as a function of pT are also shown in Fig. 36 in solid markers. As one can see, v2{4} is521

below v2{2} over the whole pT range, with similar behavior in pPb and PbPb collisions. This is522

expected because the event-by-event v2 fluctuation contribute to v2{4} and v2{2} in opposite523

ways, approximately following the relations:524

v2{2} =
q
< v2 >2 +s2

v2
, v2{4} =

q
< v2 >2 �s2

v2
, (30)

which always results in a larger value for v2{2} than v2{4}.525

Fig. 37 shows the multiplicity dependence of v2{2}, v2{4} and v3{2} for 1 < pT < 2 GeV/c526

in PbPb and pPb collisions. For Noffline
trk & 40, v2{2} and v3{2} show moderate increase with527

Noffline
trk in PbPb collisions, while they are approximately constant in pPb collisions. On the other528

hand, the v2{4} results show a very intriguing behavior, rapidly turning on at Noffline
trk ⇠ 40� 60529

in both pPb and PbPb , and then remaining approximately constant in Noffline
trk up to the highest530

multiplicity ranges explored in this analysis. Furthermore, the amount of event-by-event v2531
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Figure 36: The differential v2{2} and v3{2} values (open markers) as a function of pT obtained
for |h| < 2.4 from long-range two-particle correlations with |Dh| > 2 for 1 < passoc

T < 2 GeV/c
is shown, together with the differential v2{4} values (solid markers) as a function of pT for
|h| < 2.4 obtained with three reference particles in the pT range of 0.3-3 GeV/c. The results refer
to 2.76 TeV PbPb collisions (left) and to 5.02 TeV pPb collisions (right).
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method) since, upon correlating four particles at the same time the non-flow correlations are518

naturally suppressed, especially for high multiplicity events (in fact, it is suppressed by an519

additional factor of 1/N as compared to two-particle correlation method). The measured v2{4}520

values as a function of pT are also shown in Fig. 36 in solid markers. As one can see, v2{4} is521

below v2{2} over the whole pT range, with similar behavior in pPb and PbPb collisions. This is522

expected because the event-by-event v2 fluctuation contribute to v2{4} and v2{2} in opposite523

ways, approximately following the relations:524

v2{2} =
q
< v2 >2 +s2

v2
, v2{4} =

q
< v2 >2 �s2

v2
, (30)

which always results in a larger value for v2{2} than v2{4}.525

Fig. 37 shows the multiplicity dependence of v2{2}, v2{4} and v3{2} for 1 < pT < 2 GeV/c526

in PbPb and pPb collisions. For Noffline
trk & 40, v2{2} and v3{2} show moderate increase with527

Noffline
trk in PbPb collisions, while they are approximately constant in pPb collisions. On the other528

hand, the v2{4} results show a very intriguing behavior, rapidly turning on at Noffline
trk ⇠ 40� 60529

in both pPb and PbPb , and then remaining approximately constant in Noffline
trk up to the highest530

multiplicity ranges explored in this analysis. Furthermore, the amount of event-by-event v2531
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fluctuations could be estimated from Eq. 30, if one assumes that hydrodynamic flow would be532

the only source of correlations in v2{2} and v2{4}. Considering that this could be the case, then533

sv2

v2
=

s
v2

2{2}� v2
2{4}

v2
2{2}+ v2

2{4}
. (31)

The results for pPb and PbPb collisions are shown in the bottom panel of Fig. 37, indicating534

about 45–55% v2 fluctuations in PbPb collisions, as compared to ⇠ 60% in pPb collisions. Con-535

sidering the expected non-flow effects in v2{2}, these data serve as an estimate of an upper536

limit on v2 fluctuations in pPb and PbPb collisions.537
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•  v2	
  is	
  smaller	
  in	
  pPb	
  than	
  in	
  PbPb	
  
•  Peripheral	
  subtrac7on	
  has	
  a	
  small	
  effect	
  at	
  high	
  mul7plicity	
  

PbPb pPb 
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