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Ridge is everywhere

ATHIC 2025Yen-Jie Lee (MIT)

• The first unexpected discovery at LHC: Ridge in high multiplicity pp from CMS

• The origin may not necessary hydrodynamics, possible explanations includes:
• Initial state effect (e.g. CGC)
• Escape mechanism / Single or few scatterings (AMPT, PYTHIA with Rope Mechanism, …)
• Final state effect due to mini-QGP
• …

Motivation

2What have we learned from ee, ep, eA, MB pp and UPC collectivity searches?

pp pPb PbPb

* Yuuka Kanakubo’s talk on collectivity from few scatterings

* Debojit Sarkar’s summary talk on recent results

Phys. Lett. B 724 (2013) 213JHEP 09 (2010) 091



2Rohit Kumar Singh(IITM) 

Ridge is everywhere

ATHIC 2025Yen-Jie Lee (MIT)

• The first unexpected discovery at LHC: Ridge in high multiplicity pp from CMS

• The origin may not necessary hydrodynamics, possible explanations includes:
• Initial state effect (e.g. CGC)
• Escape mechanism / Single or few scatterings (AMPT, PYTHIA with Rope Mechanism, …)
• Final state effect due to mini-QGP
• …

Motivation

2What have we learned from ee, ep, eA, MB pp and UPC collectivity searches?

pp pPb PbPb

* Yuuka Kanakubo’s talk on collectivity from few scatterings

* Debojit Sarkar’s summary talk on recent results

Phys. Lett. B 724 (2013) 213JHEP 09 (2010) 091

The first unexpected discovery at LHC: Ridge in high multiplicity pp & pPb collisions from CMS



2Rohit Kumar Singh(IITM) 

 Discovery of “Ridge” in pp & pPb 

=> sign of collectivity? same origin?   

 Geometry + Fluctuations 

 Well described by hydrodynamics 

 Similar trend of  in three systemsv2
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Figure 10: Left: The v
sub
2 {2, |Dh| > 2}, v2{4} and v2{6} values as a function of N

offline
trk for

charged particles, averaged over 0.3 < pT < 3.0 GeV/c and |h| < 2.4, in pp collisions atp
s = 13 TeV. Middle: The v

sub
2 {2, |Dh| > 2}, v2{4}, v2{6}, v2{8}, and v2{LYZ} values in

pPb collisions at psNN = 5 TeV [43]. Right: The v
sub
2 {2, |Dh| > 2}, v2{4}, v2{6}, v2{8}, and

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

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

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

p
s = 5, 7, and 13 TeV. With the implementation of high-

multiplicity triggers during the LHC 2010 and 2015 pp runs, the correlation data are explored
over a broad particle multiplicity range. The observed long-range (|Dh| > 2) correlations are
quantified in terms of azimuthal anisotropy Fourier harmonics (vn). The elliptic (v2) and trian-
gular (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 N

offline
trk . 100, and reach

a relatively constant value at higher values of N
offline
trk . The pT dependence 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 in-
clusive charged particles, K0

S and L/L, possibly reflecting a common back-to-back jet origin
of the correlations for all particle species. Moving to the higher-multiplicity region, a parti-
cle 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 L/L. This behavioris similar to
what was previously observed for identified particles produced in pPb and AA collisions at
RHIC and the LHC. This mass ordering tends to reverse at higher pT values. Finally, v2 signals
based on four- and six-particle correlations are observed for the first time in pp collisions. The
v2 values obtained with two-, four-, and six-particle correlations at

p
s = 13 TeV are found to be

comparable within uncertainties. 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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The first unexpected discovery at LHC: Ridge in high multiplicity pp & pPb collisions from CMS
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Analysis Method
 Cumulant method:

 Multiparticle correlation technique 
 Non-flow suppression in a data-driven way

Collectivity – Multi-particle correlation 
Why do we need more than Two-particle correlation?  

Jets & Momentum conservation

Flowing resonance

Charge conservation

HBT, Coulomb

Background (non-flow)

Jörn Putschke, INT 2010

Jets connect theory and experiment
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pQCD factorization/jet spectrum:

Jets are the experimental signatures 

of quarks and gluons. They reflect the 

kinematics and “topology” of partons.

Goal: re-associate (measurable) 

hadrons to accurately reconstruct 

partonic kinematics

• pQCD calculates partons

• experiments measure fragments of 

partons: hadrons

Tool: Jet-finding algorithms:

Apply same algorithm to data and

theoretical calculations
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Nothing to do with a common reference plane 34

cn{4} = ⟨⟨4⟩⟩ − 2 ⋅ ⟨⟨2⟩⟩⟨⟨2⟩⟩

Phys.Rev.C83:044913,2011

dn{4} = ⟨⟨4′ ⟩⟩ − 2⟨⟨2′ ⟩⟩ ⋅ ⟨⟨2⟩⟩=> Differential cumulant : 

=>  Differential Flow : 

5

qn ⌘
mqX

i=1

ein i . (27)

The q-vector is introduced here in order to subtract ef-
fects of autocorrelations. Using those, we have obtained
the following equations for the average reduced single-
and all-event 2-particle correlations:

h20i = pnQ⇤
n �mq

mpM�mq
, (28)

hh20ii =
PN

i=1(wh20i)i h20iiPN
i=1(wh20i)i

. (29)

For detectors with uniform azimuthal acceptance the
di↵erential 2nd order cumulant is given by

dn{2} = hh20ii , (30)

where, again we use notation from Ref. [8]. We present
equations for the case of detectors with non-uniform ac-
ceptance in Appendix C.

Estimates of di↵erential flow v0n are being denoted as
v0n{2} and are given by [8]:

v0n{2} =
dn{2}p
cn{2}

. (31)

Below we present the corresponding formulae for re-
duced 4-particle correlations:

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 ·mqM � 6 ·mq

�

/


(mpM � 3mq)(M � 1)(M � 2)

�
, (32)

hh40ii =
PN

i=1(wh40i)i h40iiPN
i=1(wh40i)i

. (33)

The 4th order di↵erential cumulant is given by [8]:

dn{4} = hh40ii � 2 · hh20ii hh2ii . (34)

Equations for the case of detectors with non-uniform ac-
ceptance are again presented in Appendix C.

Having obtained estimates for dn{4} and cn{4}, we can
estimate di↵erential flow [8]:

v0n{4} = � dn{4}
(�cn{4})3/4

. (35)

Similarly to reference flow, we use the notation v0n{4} for
di↵erential flow harmonics v0n obtained from 4th order
cumulants. v0n{4} and v0n{2} are independent estimates
for the same di↵erential flow harmonic v0n.

V. SIMULATION RESULTS

We have tested the new method with extensive sim-
ulations. The results, presented below, show that the
method e↵ectively suppresses non-flow contributions, il-
lustrate the ability to remove the interference of the dif-
ferent harmonics, show the applicability for detectors
having significant acceptance “holes”, and give an exam-
ple of a di↵erential flow analysis. In the figures, v2{MC},
shown in the first bin, represents the Monte Carlo esti-
mate for vn, which was obtained using the known reaction
plane event-by-event. Other estimates in the figures are
obtained without using this information.

{MC}2v {2,QC}2v {4,QC}2v {6,QC}2v {8,QC}2v {FQD}2v {LYZS}2v

0.0475

0.048

0.0485

0.049

0.0495

0.05

FIG. 2. Elliptic flow extracted by di↵erent methods for 105

simulated events with multiplicity M = 500, v2 = 0.05 and
at the same time v4 = 0.1.

Figure 2 shows the results from a simulation of events
with anisotropic flow present in two harmonics, the sec-
ond and the fourth. Elliptic flow estimated by di↵er-
ent methods is shown in the figure. A clear bias is ob-
served in the estimates from fitting of the Q-distribution
method and the Lee-Yang Zero’s Sum method, labeled
as v2{FQD} and v2{LYZS}, respectively. Results ob-
tained with direct cumulants of di↵erent order, labeled
as v2{k,QC}, are una↵ected by v4 interference.
To demonstrate that the method works well even in

cases with rather bad acceptance we simulated 107 events
with v2 = 0.05 for a detector that had two large “holes”
(see Fig. 3a). Figure 3b shows the obtained v2 estimates
using Eqs. (11) and (12) which are valid for detectors
with perfect acceptance using open markers. Clearly
these values are strongly biased. The v2 estimates ob-
tained from the more general equations for cumulants,
namely Eqs. (C1) and (C6), which do account for the
acceptance e↵ects are shown as closed markers and agree
with the Monte Carlo estimate. In Fig. 3c we look in
more detail at the agreement with the Monte Carlo esti-
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Analysis Method
 Cumulant method:

 Multiparticle correlation technique 
 Non-flow suppression in a data-driven way

Collectivity – Multi-particle correlation 
Why do we need more than Two-particle correlation?  

Jets & Momentum conservation

Flowing resonance

Charge conservation

HBT, Coulomb

Background (non-flow)

Jörn Putschke, INT 2010

Jets connect theory and experiment

4

PDF Partonic x-section

pQCD factorization/jet spectrum:

Jets are the experimental signatures 

of quarks and gluons. They reflect the 

kinematics and “topology” of partons.

Goal: re-associate (measurable) 

hadrons to accurately reconstruct 

partonic kinematics

• pQCD calculates partons

• experiments measure fragments of 

partons: hadrons

Tool: Jet-finding algorithms:

Apply same algorithm to data and

theoretical calculations

ρ0
!+

!-

Nothing to do with a common reference plane 34

cn{4} = ⟨⟨4⟩⟩ − 2 ⋅ ⟨⟨2⟩⟩⟨⟨2⟩⟩

Phys.Rev.C83:044913,2011

dn{4} = ⟨⟨4′ ⟩⟩ − 2⟨⟨2′ ⟩⟩ ⋅ ⟨⟨2⟩⟩=> Differential cumulant : 

=>  Differential Flow : 

5

qn ⌘
mqX

i=1

ein i . (27)

The q-vector is introduced here in order to subtract ef-
fects of autocorrelations. Using those, we have obtained
the following equations for the average reduced single-
and all-event 2-particle correlations:

h20i = pnQ⇤
n �mq

mpM�mq
, (28)

hh20ii =
PN

i=1(wh20i)i h20iiPN
i=1(wh20i)i

. (29)

For detectors with uniform azimuthal acceptance the
di↵erential 2nd order cumulant is given by

dn{2} = hh20ii , (30)

where, again we use notation from Ref. [8]. We present
equations for the case of detectors with non-uniform ac-
ceptance in Appendix C.

Estimates of di↵erential flow v0n are being denoted as
v0n{2} and are given by [8]:

v0n{2} =
dn{2}p
cn{2}

. (31)

Below we present the corresponding formulae for re-
duced 4-particle correlations:

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 ·mqM � 6 ·mq

�

/


(mpM � 3mq)(M � 1)(M � 2)

�
, (32)

hh40ii =
PN

i=1(wh40i)i h40iiPN
i=1(wh40i)i

. (33)

The 4th order di↵erential cumulant is given by [8]:

dn{4} = hh40ii � 2 · hh20ii hh2ii . (34)

Equations for the case of detectors with non-uniform ac-
ceptance are again presented in Appendix C.

Having obtained estimates for dn{4} and cn{4}, we can
estimate di↵erential flow [8]:

v0n{4} = � dn{4}
(�cn{4})3/4

. (35)

Similarly to reference flow, we use the notation v0n{4} for
di↵erential flow harmonics v0n obtained from 4th order
cumulants. v0n{4} and v0n{2} are independent estimates
for the same di↵erential flow harmonic v0n.

V. SIMULATION RESULTS

We have tested the new method with extensive sim-
ulations. The results, presented below, show that the
method e↵ectively suppresses non-flow contributions, il-
lustrate the ability to remove the interference of the dif-
ferent harmonics, show the applicability for detectors
having significant acceptance “holes”, and give an exam-
ple of a di↵erential flow analysis. In the figures, v2{MC},
shown in the first bin, represents the Monte Carlo esti-
mate for vn, which was obtained using the known reaction
plane event-by-event. Other estimates in the figures are
obtained without using this information.

{MC}2v {2,QC}2v {4,QC}2v {6,QC}2v {8,QC}2v {FQD}2v {LYZS}2v

0.0475

0.048

0.0485

0.049

0.0495

0.05

FIG. 2. Elliptic flow extracted by di↵erent methods for 105

simulated events with multiplicity M = 500, v2 = 0.05 and
at the same time v4 = 0.1.

Figure 2 shows the results from a simulation of events
with anisotropic flow present in two harmonics, the sec-
ond and the fourth. Elliptic flow estimated by di↵er-
ent methods is shown in the figure. A clear bias is ob-
served in the estimates from fitting of the Q-distribution
method and the Lee-Yang Zero’s Sum method, labeled
as v2{FQD} and v2{LYZS}, respectively. Results ob-
tained with direct cumulants of di↵erent order, labeled
as v2{k,QC}, are una↵ected by v4 interference.
To demonstrate that the method works well even in

cases with rather bad acceptance we simulated 107 events
with v2 = 0.05 for a detector that had two large “holes”
(see Fig. 3a). Figure 3b shows the obtained v2 estimates
using Eqs. (11) and (12) which are valid for detectors
with perfect acceptance using open markers. Clearly
these values are strongly biased. The v2 estimates ob-
tained from the more general equations for cumulants,
namely Eqs. (C1) and (C6), which do account for the
acceptance e↵ects are shown as closed markers and agree
with the Monte Carlo estimate. In Fig. 3c we look in
more detail at the agreement with the Monte Carlo esti-
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  in   as a function of  v2{4} 185 ≤ Noffline
trk < 250 pT

• At low , PbPb has larger  than pPb  
• At high , similar magnitude and similar trend of subevent 
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4 subevent  in   v2{4} 185 ≤ (Noffline
trk ) < 250

Results

• At low , PbPb has larger  than pPb  
• At high , similar magnitude and similar trend of 4 subevent values
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4 subevent  in   v2{4} 185 ≤ (Noffline
trk ) < 250

Results

• At low , PbPb has larger  than pPb  
• At high , similar magnitude and similar trend of 4 subevent values
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  in different  bins with  > 6 GeV v2{4} Noffline
trk pPOI

T

Results

• Similar magnitude and trend for both PbPb and pPb when  > 6 GeV across all multiplicity binspPOI
T
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Summary & outlook

 The results of  with subevents for pPb & PbPb 
collisions at  = 8.16 TeV &  = 5.02 TeV, resp. 

 After using subevent to remove nonflow, we have obtained 
a significant positive value for  at high  in pPb 

 A remarkable similarity in high multiplicity pPb and 
peripheral PbPb collisions 
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 Final thoughts: 

 Enough evidence to show QGP is created in small and large 

systems! 

 Conditions under which QGP formation is possible needs further 

discussion 

 Where in system size is the onset of particle suppression? 

 Strong motivation for system size scan at the LHC (O-O, p-O)
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∙ dn{4}3sub = ⟨⟨4⟩a′ |bb|c⟩ − 2⟨⟨2⟩a′ |b⟩ ⋅ ⟨⟨2⟩b|c⟩
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Cross-check
  in HIJING in   d2{4} 60 ≤ (Ngen

trk ) < 120

• HIJING lacks collectivity => used to cross check non-flow subtraction of subevent cumulant
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Cross-check
  with toy model simulation  v2{4}

• Able to extract almost all input v2 with 4 subevent
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A Supplemental material383

A.1 Mapping between Noffline
trk and Ncorrected

trk in pPb and PbPb collisions384

Table A.1: Average multiplicity hN
offline
trk i and tracking efficiency corrected multiplicity

hN
corrected
trk i values in various N

offline
trk ranges.

pPb PbPb
N

offline
trk range hN

offline
trk i hN

corrected
trk i hN

offline
trk i hN

corrected
trk i

(0, 60) 27 33±1 23 39±2
[60, 120) 83 101±4 87 152±6
[120, 150) 132 160±6 135 233±10
[150, 185) 164 198±7 168 287±12
[185, 250) 202 245±10 216 368±16

A.2 Plot shown in Fig. 3 (right) with hNcorrected
trk i along the x-axis.385
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Figure 4: Comparison of v2{4} values with p
POI
T > 6 GeV based on the four-subevent method

as a function of hN
corrected
trk i between pPb and PbPb collisions. The solid lines and boxes indicate

the statistical and systematic uncertainties, respectively.


