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With results from... 

p+p @ √s = 7, 13 TeV 
p+Pb @ √sNN = 5.02, 8.16 TeV 

p+p @ √s = 200 GeV 
p+Au @ √sNN = 200 GeV 
d+Au @ √sNN = 19.6, 39, 62.4, 200 GeV 
3He+Au @ √sNN = 200 GeV 
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Collectivity is...  
•  A working definition: multiple particles correlated across 

rapidity due to a common source  

•  Note 1: collectivity does not imply a specific physical interpretation  
(i.e. collectivity ≠ hydro) 

•  Note 2: correlations between particles which do not have a “collective” 
origin (jets, resonance decays) are commonly called “non-flow”...  
in small systems this does not imply that non-non-flow is flow 
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ALI-PUB-14107

A reminder about A+A: dihadron correlations 
•  Features in minimum bias p+p 

and A+A 
–  nearside jet peak 
–  awayside jet peak (extended 

in Δη) 
•  In A+A 

–  long-range correlations in Δη 
–  decomposed into Fourier 

harmonics vn 
 
–  commonly attributed to 

hydrodynamic flow 
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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

CMS	JHEP	09	(2010)	091	
ALICE	PLB	708	(2012)	249	

1+ 2vn cos(n(
n
∑ ϕ −Ψn ))



Ridges in small systems 
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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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Figure 3: Two-particle correlation functions for events recorded in the Pb+p configuration,
showing the (a) low and (b) high event-activity classes. The analysed pairs of prompt charged
particles are selected in a p

T

-range of 1� 2GeV/c. The near-side peak around (�⌘ = �� = 0) is
truncated in the histograms.

with very high event activity (Fig. 2 b) shows an additional, less pronounced, long-range
structure centred at �� = 0, which is not present in the corresponding low-activity
sample. The structure, often referred to as the near-side ridge, is elongated over the full
measured �⌘ range of 2.9 units. This observation of the ridge for particles produced
in proton-lead collisions at forward rapidities, 2.0 < ⌘ < 4.9, extends previous central
rapidity measurements at the LHC.

Two-particle correlations for events recorded in the Pb+p configuration are shown in
Fig. 3, again for particle pairs with 1 < p

T

< 2GeV/c. The 50 � 100% (a) and 0 � 3%
(b) activity classes in the Pb+p sample exhibit the same correlation structures as the
corresponding classes in the p+Pb sample. While the shape and magnitude of the jet
peak and the away-side ridge appear to be of similar sizes in both beam configurations,
the near-side ridge is more pronounced when probing particles in the direction of the lead
beam. By selecting the 3% of events with the highest event activity, the near-side ridge
in the Pb+p sample is evidently much more prominent compared to that in the p+Pb
sample.

A similar picture is found when analysing particle pairs with larger transverse momenta
in the interval 2 < p

T

< 3GeV/c. In Fig. 4 the correlation functions in this p

T

range
are presented for the 3% highest-activity events recorded in the p+Pb (a) and Pb+p

(b) configurations. The near-side ridge is present in both samples; however in the p+Pb
sample it is only marginally visible while in the Pb+p sample a strongly pronounced ridge
is found. The short-range jet peak in this higher p

T

interval is more collimated compared
to the 1� 2GeV/c interval, because of the higher average total momentum of the particles.
As a result, the near-side ridge is visible towards |�⌘| values slightly below 2.0 without
being covered by the jet peak.

8

•  Nearside ridge observed  
in p+p and p+A collisions 

  

  
•  Symmetric double ridge observed after subtraction of jet-like features 

•  Our goal: to quantify these long-range correlations in small systems 
ALICE	PLB	719:29	

(2013)	

0-20% 	 	 	 				60-100%	



v2 of light hadrons 

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

for π, K, p, KS
0, Λ, at LHC 

•  mass ordering develops with multiplicity, not observed at lower 
multiplicity in p+Pb 

12 7 Summary
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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		
ALICE	JHEP	06	(2015)	190			
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v2 of light hadrons 

 
•  Similar mass ordering is observed for v2 in p+Pb at  
√sNN = 5.02 TeV and d+Au at √sNN = 200 GeV 

12 7 Summary
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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		

PHENIX	PRL	114	(2015)	192301			
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FIG. 3. Measured v2(EP ) for midrapidity charged tracks in
0%–5% central d+Au at

p
sNN = 200 GeV using the event

plane method in Panel (a). Also shown are v2 measured in
central p+Pb collisions at

p
sNN = 5.02 TeV [2, 3, 6], and our

prior measurements with two particle correlations (v2(2p))
for d+Au collisions [16]. A polynomial fit to the current
measurement and the ratios of experimental values to the fit
are shown in the panel (b).

The v2 is measured as v2(pT ) = hcos 2(�Particle �
 Obs

2 )i/Res( Obs
2 ), where the average is over particles

in the pT bin and over events. The second order event
plane direction  Obs

2 is determined using the MPC-S
(Au-going). The study of correlation strength as above
indicates that the elementary-process contribution to the
event plane v2 result is similarly small, less than 10%
fractionally out to pT = 4.5 GeV/c. The event plane res-
olution Res( Obs

2 ) (⇠ 0.151±0.003) is calculated through
the standard three subevents method [28, 29], with the
other two event planes being (i) the second order event
plane determined from central-arm tracks, restricted to
low pT (0.2 GeV/c < pT < 2.0 GeV/c) to minimize
contribution from jet fragments; and (ii) the first or-
der event plane measured with spectator neutrons in the
shower-maximum detector on the Au-going side (⌘ < -
6.5) [25, 29]. The systematic uncertainties on the v2
of charged hadrons are mainly from the tracking back-
ground(2%) and pile-up e↵ects(5%), as described above,
and also from the di↵erence in v2 from di↵erent event
plane determinations. To estimate the systematic un-
certainty of the latter we compare the v2 extracted with
the MPC-S event plane with that using the south (Au-
going) beam-beam counter, and the two measurements
of v2 are consistent to within 5%. The di↵erence for v2
from the di↵erent centrality determinations as discussed
previously is less than 3%.

The v2 of charged hadrons for 0%–5% central d+Au
events with event plane methods are shown in Fig. 3(a)
as v2(EP ) for pT up to 4.5 GeV/c, along with a polyno-

mial fit through the points. Also shown are our earlier
measurement with two particle correlations (v2(2p)) and
the v2 measured in the central p+Pb collisions at LHC.
Figure 3(b) shows the ratios of all of these measurements
divided by the fitting results. The v2 from our prior mea-
surements, with subtraction of peripheral data to reduce
jet contributions, exceed the current measurement; dif-
ferences range from about 15% at pT = 1.0 GeV/c and
increases to about 50% at pT = 2.2 GeV/c. The dif-
ference is about 1.5 � for the top three points with the
largest deviations from the fit. It may be due to di↵erent
jet-like correlation being present in central and periph-
eral collisions [30]. The present measurement, without
peripheral subtraction, is performed with |�⌘| > 2.75,
far away from the near-side main jet peak. The contri-
bution from jet, which includes both near and away-side,
has been found to be less than 10% from the study of c2
shown in Fig. 2. Even if there is a 30% enhancement of
jet-like correlation from p+p to central d+Au collisions,
it will only raise from 10% to 13% our estimate of the
jet-like contribution to the v2 in central d+Au collisions.
The present v2 measurement is closer to that of p+Pb
collisions [2, 3, 6]. It is about 20% higher than that of
p+Pb at pT = 1 GeV/c, and the di↵erence decreases to
a few percent at pT > 2.0 GeV/c.
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FIG. 4. Measured v2(pT ) for identified pions and
(anti)protons, each charged combined, in 0%–5% central
d+Au collisions at RHIC. In panel (a) the data are compared
with the calculation from a viscous hydrodynamic model [31–
33], and in panel (b) the v2 data for pions and protons in
0%–20% central p+Pb collisions at LHC are shown for com-
parison [12], they are measured from pair correlations with a
peripheral event yield subtraction

Figure 4 shows the midrapidity v2(pT ) for identified
charged pions and (anti)protons, with charge signs com-
bined for each species, up to pT = 3 GeV/c using the
event plane method; the systematic uncertainties are
the same as for inclusive charged hadrons. A distinc-
tive mass-splitting can be seen. The pion v2 is higher
than the proton’s for pT < 1.5 GeV/c, as has been seen
universally in heavy-ion collisions at RHIC [34–39]. Fig-
ure 4(a) also shows calculations of viscous hydrodynamics



v2 of muons from heavy flavor decays 

•  Significant muon v2 observed  
→ Azimuthal anisotropy of heavy flavor in p+Pb! 

•  v2
µ smaller than hadron v2, independent of 

multiplicity and decreasing with pT 
–  warning: decay kinematics and c/b fraction must be taken 

into account when making comparisons to v2
h 

Heavy-flavor µ ridge in 8 TeV pPb 
n  Correlation of 4-6 GeV muon from c & b decay with charged particles 

17 

µ-h h-h 
µ-h ridge smaller 

than h-h ridge 

v2
µ < v2

h, implication on 
heavy quark thermalization? 

Uncertainty dominated by 
hadron background 

CONF-2017-006 

Heavy-flavor µ ridge in 8 TeV pPb 
n  Correlation of 4-6 GeV muon from c & b decay with charged particles 

17 

µ-h h-h 
µ-h ridge smaller 

than h-h ridge 

v2
µ < v2

h, implication on 
heavy quark thermalization? 

Uncertainty dominated by 
hadron background 

CONF-2017-006 
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v2 in the d+Au beam energy scan at RHIC 
•  Significant v2 measured at low beam energies  

→ indications of collectivity down to √sNN = 39 GeV 
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Energy dependence of ridge in d+Au
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Julia Velkovska, QM 2017
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Midrapidity event-plane measurements of v2

12

200 GeV 62 GeV 39 GeV 20 GeV

Nearly identical Increase at high pT ?

Julia Velkovska, QM 2017

PHENIX	talk	by	J.	Velkovska	



p+Au, d+Au and 3He+Au 
•  Change initial collision geometry by doing a system scan  
•  Similar v2 measured in p+Au, d+Au and 3He+Au, but v3 higher in 3He+Au Triangular flow at 200 GeV in different systems:

insights about the role of preflow

14

v2 in d/3He+ Au
Nearly identical  

v3 smaller in  d+ Au  

See talk by Qiao Xu: Wed 11:20 , Session 6.1
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Quark Matter 2017 Qiao Xu

Motivation

Run15 Run16/Run8 Run14
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2
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3
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1

• Does initial geometry play a role?
RHIC geometry control experiments:change projectile/target

2nd and 3rd order harmonics
2nd and 3rd order harmonics

2nd order harmonics

Quark Matter 2017 Qiao Xu

Charged v
2
 Comparison between systems

11

• v
2
(3HeAu) ~ v

2
(dAu) > v

2
(pAu) ~ v

2
(pAl)

• Geometry control works!

PHENIX	talk	by	Q.	Xu	



v2 of pions and protons in p/d/3He+Au 
•  Mass ordering also observed in d+Au, 3He+Au 

•  Consistent with hydrodynamic picture, but non-hydro models are also able 
to capture different behavior of pions and protons.   
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Quark Matter 2017 Qiao Xu

Identified particles v
2
 in p/d/3He+Au

18

Central p+Au Central 3He+AuCentral d+Au

Phys. Rev. Lett. 114, 192301, 2015

• Mass-ordering feature is observed in p+Au
• Less pronounced in p+Au than in d+Au and 3He+Au
• consistent with hydrodynamic flow (common velocity field)

Details see Poster J17
by Weizhuang Peng

PHENIX	talk	by	Q.	Xu	
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v  Different	trend	towards	low	mulLplicity	due	to	subtracLon	technique	

Template	Fit� Low	Mult.		
Sub.�

v2 from dihadron correlations in p+p 
•  How to remove non-flow (nearside and awayside jet structures)? 

–  nearside removed by |Δη| cut 
–  ATLAS: template fit method,  

assume that flow coefficients  
in lowest two multiplicity bins  
are equal  

–  CMS: subtraction of low  
multiplicity correlation function,  
assume that that vn = 0 in lowest  
multiplicity bin 

•  Result depends on assumptions about multiplicity dependence of jet and vn 
structures → still an open question, further studies are necessary 
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We have to ensure that we’re not measuring correlations of a 
few particles in many events, but rather correlations of 

many particles in a single event.  
~ Jürgen Schukraft
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Multi-particle cumulants 
•  c2{k} measures correlations from groupings of k particles,  

explicitly subtracts correlations from < k particles 

 
•  c2{k} are related to v2{k} 

•  v2{LYZ} − removes all lower-order correlations 
•  Cumulants provide a measure of correlations between many particles,  

strong correlations between small(er) number of particles are suppressed 
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III. CONTRIBUTION OF FLOW AND NON-FLOW TO MULTI-PARTICLE CUMULANTS

Let’s first consider the case where there are only flow correlations for events with finite multiplicity. The moment
of p(v

n

) distribution can be extracted from multi-particle correlations: A 2k-particle azimuthal correlator is obtained
by averaging over all unique combinations in one event then over all events [31, 32]:

�2k� = �ein∑k

j=1(�2j−1−�2j)� = �v2k
n

�
. (6)

where �x2k� ≡ ∫ x2k
p(x)dx is the 2k-th moment of the probability distribution for x, and we have used the fact that

statistical fluctuations (sstatn ) drop out after averaging over many events. The 2k-particle cumulant is then obtained
by proper combination of correlations involving ≤ 2k number of particles, whose expression can be obtained with the
following generating function [31]:
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The formulae for the first three are [31]:
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which leads to the following cumulant-based definition of harmonic flow v
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Eqs. 6–10 play a crucial role for understanding how the flow and non-flow contribute to multi-particle correlations, so
we shall discuss them in more detail below.

Let’s consider the usual expressions for two- and four-particle correlators in terms of q
n

and Q
n

for one event with
M particles [32, 33],
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The advantage of using per-particle normalized flow vector q
n

is that all quantities in the equation are smaller than
one, and the terms can be sorted in powers of ! = 1�M � 1 and q

kn

∼ q

k

n

[27]. The event-by-event weights are
slightly modified from those in Ref. [32]: W�2� = M(M − 1)�2, W�4� = M(M − 1)(M − 2)(M − 3)�4! etc 2. Each
term has a simple interpretation. The two-particle correlator �2� has two terms: the first term Q

2
n

contains M

2

pairs, the second term corresponds to contribution of M duplicate pairs: �1 = �2. Four-particle correlator �4� has
P

M,4 =M(M−1)(M−2)(M−3) quadruplets, expressed as Q4
n

(M4 quadruplets) minus contributions from quadruplets
where the same particle appears more than once, e.g. combinations such as �1 = �2 = �3 = �4, �1 = �2 = �3 ≠ �4,
�1 = �2 ≠ �3 ≠ �4 ... etc. In total, there are M

4 − P
M,4 quadruplets containing duplicated particles. The removal

of duplicate combinations insures that the statistical fluctuation associated with finite particle multiplicity drops out
from q

n

after averaging over many events.

1 This definition of vn{2k} assumes the sign of cn{2k} is negative for even k, and positive for odd k, which is not true for arbitrary p(vn)
distribution [27].

2 Since the correct weight should consider only unique 2k-particle combinations instead of all permutations, therefore. the weight for
2k-particle correlation need to be divided by (2k)!. However since all events are a↵ected by the same factor, this does not matter much
in practice except for discussing the statistical power between di↵erent cumulant methods.
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Higher-order multiparticle cumulants in p+Pb 

•  Excellent agreement between v2{4} ≈ v2{6} ≈ v2{8} ≈ v2{LYZ} 
–  v2{2}, even with |Δη| gap, is higher due to residual non-flow, 

fluctuations, etc 

The CMS Collaboration / Physics Letters B 765 (2017) 193–220 203

Fig. 10. Left: the vsub
2 {2, |!η| > 2}, v2{4} and v2{6} values as a function of Noffline

trk for charged particles, averaged over 0.3 < pT < 3.0 GeV/c and |η| < 2.4, in pp collisions 
at √s = 13 TeV. Middle: the vsub

2 {2, |!η| > 2}, v2{4}, v2{6}, v2{8}, and v2{LYZ} values in pPb collisions at √sNN = 5 TeV [43]. Right: the vsub
2 {2, |!η| > 2}, v2{4}, v2{6}, 

v2{8}, and v2{LYZ} values in PbPb collisions at √sNN = 2.76 TeV [43]. The error bars correspond to the statistical uncertainties, while the shaded areas denote the systematic 
uncertainties.

physics boundaries (i.e. c2{4}/σc2{4} < −2 and c2{6}/σc2{6} > 2), 
so that the statistical uncertainties can be propagated as Gaus-
sian fluctuations [62]. The v2{4} and v2{6} results, averaged over 
0.3 < pT < 3.0 GeV/c and |η| < 2.4, for pp collisions at 

√
s = 13 TeV

are shown in the left panel of Fig. 10, as a function of event mul-
tiplicity. The v2 data obtained from long-range two-particle corre-
lations after correcting for jet correlations (vsub

2 {2, |!η| > 2}) are 
also shown for comparison.

Within experimental uncertainties, the multi-particle cumulant 
v2{4} and v2{6} values in high-multiplicity pp collisions are con-
sistent with each other, similar to what was observed previously 
in pPb and PbPb collisions [40]. This provides strong evidence for 
the collective nature of the long-range correlations observed in 
pp collisions. However, unlike for pPb and PbPb collisions where 
vsub

2 {2, |!η| > 2} values show a larger magnitude than multi-
particle cumulant v2 results, the v2 values obtained from two-, 
four-, and six-particle correlations are comparable in pp collisions 
at 

√
s = 13 TeV within uncertainties. In the context of hydrody-

namic models, the relative ratios of v2 among two- and various 
orders of multi-particle correlations provide insights to the details 
of initial-state geometry fluctuations in pp and pPb systems. As 
shown in Ref. [46], the ratio of v2{4} to vsub

2 {2, |!η| > 2} is re-
lated to the total number of fluctuating sources in the initial stage 
of a collision. The comparable magnitudes of vsub

2 {2, |!η| > 2} and 
v2{4} signals observed in pp collisions, compared to pPb collisions 
at similar multiplicities, may indicate a smaller number of initial 
fluctuating sources that drive the long-range correlations seen in 
the final state. Meanwhile, it remains to be seen whether other 
proposed mechanisms [32–34] in interpreting the long-range cor-
relations in pPb and PbPb collisions can also describe the features 
of multi-particle correlations seen in pp collisions.

6. Summary

The CMS detector has been used to measure two- and multi-
particle azimuthal correlations with K0

S , $/$ and inclusive charged 
particles over a broad pseudorapidity and transverse momentum 
range in pp collisions at 

√
s = 5, 7, and 13 TeV. With the imple-

mentation of high-multiplicity triggers during the LHC 2010 and 
2015 pp runs, the correlation data are explored over a broad par-
ticle multiplicity range. The observed long-range (|!η| > 2) cor-
relations are quantified in terms of azimuthal anisotropy Fourier 
harmonics (vn). The elliptic (v2) and triangular (v3) flow Fourier 

harmonics are extracted from long-range two-particle correlations. 
After subtracting contributions from back-to-back jet correlations 
estimated using low-multiplicity data, the v2 and v3 values are 
found to increase with multiplicity for Noffline

trk ! 100, and reach a 
relatively constant value at higher values of Noffline

trk . The pT depen-
dence of the v2 harmonics in high-multiplicity pp events is found 
to have no or very weak dependence on the collision energy. In 
low-multiplicity events, similar v2 values as a function of pT are 
observed for inclusive charged particles, K0

S and $/$, possibly re-
flecting a common back-to-back jet origin of the correlations for all 
particle species. Moving to the higher-multiplicity region, a particle 
species dependence of v2 is observed with and without correcting 
for jet correlations. For pT ! 2 GeV/c, the v2 of K0

S is found to be 
larger than that of $/$. This behavior is similar to what was pre-
viously observed for identified particles produced in pPb and AA
collisions at RHIC and the LHC. This mass ordering tends to re-
verse at higher pT values. Finally, v2 signals based on four- and 
six-particle correlations are observed for the first time in pp col-
lisions. The v2 values obtained with two-, four-, and six-particle 
correlations at 

√
s = 13 TeV are found to be comparable within un-

certainties. These observations provide strong evidence supporting 
the interpretation of a collective origin for the observed long-range 
correlations in high-multiplicity pp collisions.
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Fig. 10. Left: the vsub
2 {2, |!η| > 2}, v2{4} and v2{6} values as a function of Noffline

trk for charged particles, averaged over 0.3 < pT < 3.0 GeV/c and |η| < 2.4, in pp collisions 
at √s = 13 TeV. Middle: the vsub

2 {2, |!η| > 2}, v2{4}, v2{6}, v2{8}, and v2{LYZ} values in pPb collisions at √sNN = 5 TeV [43]. Right: the vsub
2 {2, |!η| > 2}, v2{4}, v2{6}, 

v2{8}, and v2{LYZ} values in PbPb collisions at √sNN = 2.76 TeV [43]. The error bars correspond to the statistical uncertainties, while the shaded areas denote the systematic 
uncertainties.

physics boundaries (i.e. c2{4}/σc2{4} < −2 and c2{6}/σc2{6} > 2), 
so that the statistical uncertainties can be propagated as Gaus-
sian fluctuations [62]. The v2{4} and v2{6} results, averaged over 
0.3 < pT < 3.0 GeV/c and |η| < 2.4, for pp collisions at 

√
s = 13 TeV

are shown in the left panel of Fig. 10, as a function of event mul-
tiplicity. The v2 data obtained from long-range two-particle corre-
lations after correcting for jet correlations (vsub

2 {2, |!η| > 2}) are 
also shown for comparison.

Within experimental uncertainties, the multi-particle cumulant 
v2{4} and v2{6} values in high-multiplicity pp collisions are con-
sistent with each other, similar to what was observed previously 
in pPb and PbPb collisions [40]. This provides strong evidence for 
the collective nature of the long-range correlations observed in 
pp collisions. However, unlike for pPb and PbPb collisions where 
vsub

2 {2, |!η| > 2} values show a larger magnitude than multi-
particle cumulant v2 results, the v2 values obtained from two-, 
four-, and six-particle correlations are comparable in pp collisions 
at 

√
s = 13 TeV within uncertainties. In the context of hydrody-

namic models, the relative ratios of v2 among two- and various 
orders of multi-particle correlations provide insights to the details 
of initial-state geometry fluctuations in pp and pPb systems. As 
shown in Ref. [46], the ratio of v2{4} to vsub

2 {2, |!η| > 2} is re-
lated to the total number of fluctuating sources in the initial stage 
of a collision. The comparable magnitudes of vsub

2 {2, |!η| > 2} and 
v2{4} signals observed in pp collisions, compared to pPb collisions 
at similar multiplicities, may indicate a smaller number of initial 
fluctuating sources that drive the long-range correlations seen in 
the final state. Meanwhile, it remains to be seen whether other 
proposed mechanisms [32–34] in interpreting the long-range cor-
relations in pPb and PbPb collisions can also describe the features 
of multi-particle correlations seen in pp collisions.

6. Summary

The CMS detector has been used to measure two- and multi-
particle azimuthal correlations with K0

S , $/$ and inclusive charged 
particles over a broad pseudorapidity and transverse momentum 
range in pp collisions at 

√
s = 5, 7, and 13 TeV. With the imple-

mentation of high-multiplicity triggers during the LHC 2010 and 
2015 pp runs, the correlation data are explored over a broad par-
ticle multiplicity range. The observed long-range (|!η| > 2) cor-
relations are quantified in terms of azimuthal anisotropy Fourier 
harmonics (vn). The elliptic (v2) and triangular (v3) flow Fourier 

harmonics are extracted from long-range two-particle correlations. 
After subtracting contributions from back-to-back jet correlations 
estimated using low-multiplicity data, the v2 and v3 values are 
found to increase with multiplicity for Noffline

trk ! 100, and reach a 
relatively constant value at higher values of Noffline

trk . The pT depen-
dence of the v2 harmonics in high-multiplicity pp events is found 
to have no or very weak dependence on the collision energy. In 
low-multiplicity events, similar v2 values as a function of pT are 
observed for inclusive charged particles, K0

S and $/$, possibly re-
flecting a common back-to-back jet origin of the correlations for all 
particle species. Moving to the higher-multiplicity region, a particle 
species dependence of v2 is observed with and without correcting 
for jet correlations. For pT ! 2 GeV/c, the v2 of K0

S is found to be 
larger than that of $/$. This behavior is similar to what was pre-
viously observed for identified particles produced in pPb and AA
collisions at RHIC and the LHC. This mass ordering tends to re-
verse at higher pT values. Finally, v2 signals based on four- and 
six-particle correlations are observed for the first time in pp col-
lisions. The v2 values obtained with two-, four-, and six-particle 
correlations at 

√
s = 13 TeV are found to be comparable within un-

certainties. These observations provide strong evidence supporting 
the interpretation of a collective origin for the observed long-range 
correlations in high-multiplicity pp collisions.
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v2{2} and v2{4} in d+Au at lower beam energy 
•  Negative c2{4} measured at all energies  

→ measurable v2{4}down to 20 GeV! v2{2} and v2{4} in the d+Au beam energy scan
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What about cumulants in p+p? 

•  Excellent agreement between v2{4} ≈ v2{6} in p+p 
–  in A+A, the agreement between higher order cumulants is interpreted 

as the successful removal of non-flow effects → is this true in p+p? 

The CMS Collaboration / Physics Letters B 765 (2017) 193–220 203

Fig. 10. Left: the vsub
2 {2, |!η| > 2}, v2{4} and v2{6} values as a function of Noffline

trk for charged particles, averaged over 0.3 < pT < 3.0 GeV/c and |η| < 2.4, in pp collisions 
at √s = 13 TeV. Middle: the vsub

2 {2, |!η| > 2}, v2{4}, v2{6}, v2{8}, and v2{LYZ} values in pPb collisions at √sNN = 5 TeV [43]. Right: the vsub
2 {2, |!η| > 2}, v2{4}, v2{6}, 

v2{8}, and v2{LYZ} values in PbPb collisions at √sNN = 2.76 TeV [43]. The error bars correspond to the statistical uncertainties, while the shaded areas denote the systematic 
uncertainties.

physics boundaries (i.e. c2{4}/σc2{4} < −2 and c2{6}/σc2{6} > 2), 
so that the statistical uncertainties can be propagated as Gaus-
sian fluctuations [62]. The v2{4} and v2{6} results, averaged over 
0.3 < pT < 3.0 GeV/c and |η| < 2.4, for pp collisions at 

√
s = 13 TeV

are shown in the left panel of Fig. 10, as a function of event mul-
tiplicity. The v2 data obtained from long-range two-particle corre-
lations after correcting for jet correlations (vsub

2 {2, |!η| > 2}) are 
also shown for comparison.

Within experimental uncertainties, the multi-particle cumulant 
v2{4} and v2{6} values in high-multiplicity pp collisions are con-
sistent with each other, similar to what was observed previously 
in pPb and PbPb collisions [40]. This provides strong evidence for 
the collective nature of the long-range correlations observed in 
pp collisions. However, unlike for pPb and PbPb collisions where 
vsub

2 {2, |!η| > 2} values show a larger magnitude than multi-
particle cumulant v2 results, the v2 values obtained from two-, 
four-, and six-particle correlations are comparable in pp collisions 
at 

√
s = 13 TeV within uncertainties. In the context of hydrody-

namic models, the relative ratios of v2 among two- and various 
orders of multi-particle correlations provide insights to the details 
of initial-state geometry fluctuations in pp and pPb systems. As 
shown in Ref. [46], the ratio of v2{4} to vsub

2 {2, |!η| > 2} is re-
lated to the total number of fluctuating sources in the initial stage 
of a collision. The comparable magnitudes of vsub

2 {2, |!η| > 2} and 
v2{4} signals observed in pp collisions, compared to pPb collisions 
at similar multiplicities, may indicate a smaller number of initial 
fluctuating sources that drive the long-range correlations seen in 
the final state. Meanwhile, it remains to be seen whether other 
proposed mechanisms [32–34] in interpreting the long-range cor-
relations in pPb and PbPb collisions can also describe the features 
of multi-particle correlations seen in pp collisions.

6. Summary

The CMS detector has been used to measure two- and multi-
particle azimuthal correlations with K0

S , $/$ and inclusive charged 
particles over a broad pseudorapidity and transverse momentum 
range in pp collisions at 

√
s = 5, 7, and 13 TeV. With the imple-

mentation of high-multiplicity triggers during the LHC 2010 and 
2015 pp runs, the correlation data are explored over a broad par-
ticle multiplicity range. The observed long-range (|!η| > 2) cor-
relations are quantified in terms of azimuthal anisotropy Fourier 
harmonics (vn). The elliptic (v2) and triangular (v3) flow Fourier 

harmonics are extracted from long-range two-particle correlations. 
After subtracting contributions from back-to-back jet correlations 
estimated using low-multiplicity data, the v2 and v3 values are 
found to increase with multiplicity for Noffline

trk ! 100, and reach a 
relatively constant value at higher values of Noffline

trk . The pT depen-
dence of the v2 harmonics in high-multiplicity pp events is found 
to have no or very weak dependence on the collision energy. In 
low-multiplicity events, similar v2 values as a function of pT are 
observed for inclusive charged particles, K0

S and $/$, possibly re-
flecting a common back-to-back jet origin of the correlations for all 
particle species. Moving to the higher-multiplicity region, a particle 
species dependence of v2 is observed with and without correcting 
for jet correlations. For pT ! 2 GeV/c, the v2 of K0

S is found to be 
larger than that of $/$. This behavior is similar to what was pre-
viously observed for identified particles produced in pPb and AA
collisions at RHIC and the LHC. This mass ordering tends to re-
verse at higher pT values. Finally, v2 signals based on four- and 
six-particle correlations are observed for the first time in pp col-
lisions. The v2 values obtained with two-, four-, and six-particle 
correlations at 

√
s = 13 TeV are found to be comparable within un-

certainties. These observations provide strong evidence supporting 
the interpretation of a collective origin for the observed long-range 
correlations in high-multiplicity pp collisions.
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Significant effects from non-flow in p+p 
•  Different methods of multiplicity class selection introduce different 

amounts of non-flow → cumulant measurements show some sensitivity to 
these effects, can multiplicity fluctuations change the sign of c2{4}? 

•  An open question... discussions ongoing! 
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Reducing non-flow effects 
•  v2{4} with Δη gap (ALICE) 

Katarina Gajdosova

Looking for a needle in a stack of non-flow

cumulants
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• 2-particle cumulants with a |Δη| gap can 
suppress some 2-particle non-flow 

• 4-particle cumulant suppresses lower order 
non-flow 

11

cn{4, |�⌘|} = hh4ii|�⌘| � 2 · hh2ii2|�⌘|

• New observable: 4-particle cumulants with a 
|Δη| gap

• further suppression of non-flow in multi-
particle cumulants
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•  v2{4} from 2- and 3-subevents (ATLAS) 

•  2-subevent method is equivalent to  
v2{4,|Δη|>0}  

Long-range collectivity via subevent cumulants 19 
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Removing non-flow effects in p+Pb 
•  v2{4} with Δη gap (ALICE) 

•  both techniques reduce non-flow effects at low multiplicity,  
give consistent results at higher multiplicity 
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•  v2{4} from 2- and 3-subevents (ATLAS) 

Long-range collectivity via subevent cumulants 19 
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Removing non-flow effects in p+p 
•  v2{4} with Δη gap (ALICE) 

 
•  non-flow signal significantly reduced, ATLAS demonstrates significant negative 

c2{4} with 3-subevent method 
–  3-subevent method is also more stable against non-flow  

fluctuations 
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Correlations between flow harmonics 
•  Symmetric cumulants (SC) shown in Pb+Pb provide more stringent 

constraints on models  

 

•  Qualitatively similar results across systems: v2 and v4 correlated, v2 and v3 
anticorrelated at higher multiplicity in Pb+Pb and p+Pb 

13$New$insights$of$mul01par0cle$azimuthal$correla0on$with$SC$in$p1p,$p1Pb,$and$Pb1Pb$
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Correlations between flow harmonics 
•  In A+A, normalized SC(2,3) and SC(2,4) show different sensitivities to 

initial state models and transport properties 

•  Will these observables give us more information on initial state fluctuations 
and expansion dynamics in small systems as well? 
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Observations 
•  v2 and higher harmonic vn have been measured in several small systems  

(p+p, p/d/3He+A) across a wide range in beam energies (0.02-13 TeV) 
•  Many features in p+p and p+A are reminiscent of A+A 

–  long range correlations in Δη → v2, v3 > 0 
–  mass ordering 
–  heavy flavor v2 > 0 
–  symmetric cumulants 

•  No clear evidence so far of a “rapid onset” of collectivity (vs. mult. or √s) 
•  Cumulants are promising technique for studying  

multiparticle correlations → collectivity 
–  however, removal of non-flow is challenging, particularly in p+p 
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Open questions 
•  Does this mean that the interpretation of vn coefficients in small systems is 

the same as in A+A (hydrodynamics)?   
•  Can theoretical models explain the full set of experimental data? 
•  If we observe collective effects in small systems, what does it mean for our 

understanding of heavy ion collisions? 

•  What is it that is behaving collectively?   
–  Remember: interpretation must be consistent with measurements in 

other sectors (jets, heavy flavor, etc) 

•  Lots of exciting new results and lots of open questions means lots more 
interesting physics to come! 
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Quantifying the ridge, measuring vn 
•  Standard flow techniques: event plane, scalar product 
•  High-low multiplicity subtraction 

–  subtract correlation function in low-multiplicity events from correlation 
function in high-multiplicity events to remove jet features 

–  assumption: multiplicity invariance of jet peaks, no vn at low multiplicity 
•  Harmonic decomposition 

–  fit correlation function at large |Δη| with Fourier series 
–  assumption: awayside jet peak can be described by v1 term 

•  Template fitting 
–  fit high-multiplicity correlation function by vn terms plus scaled low-

multiplicity correlation 
–  assumption: shape of jet features does not change with multiplicity 
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Aside: how do the jet peaks depend on multiplicity? 
•  Can measure the multiplicity  

dependence of the nearside  
peak independent of assumptions  
about vn 

•  However, multiplicity-dependence of near- and away-side jet peaks are not  
necessarily the same  
–  particularly in p+p, in high multiplicity events the recoil jet is more 

likely to be found in the region where multiplicity is determined, in 
low-multiplicity events it is less likely 
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