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How large is large? How small is small?
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Physics of QCD many-body systems

Nucleus

First-order?

C
rossover

Key objectives:
• Search for and study deconfined quark-gluon matter
• Understand nature of QCD phase transitions

Objectives
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vs.

Recreating “Little Bangs” in the lab

Colliding large nuclei!

~ 15 fm

T.D. Lee, RMP 47, 267(1975)

Nuclear Physics

Large volume to form a medium 
and interact with hard probes (jets)

“Large”

Gluon

Quark

Quark

Proton-proton

Point-like, too small for 
partonic rescatterings!

1 fm

High Energy Physics

“Small”
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QGP Hadronization Detection Pre-reaction 

Pb# Pb# Pb# Pb#

time 

V2

f (pT ,η,φ)

Final-state collective flow:

f (pT ,η,φ) = N(pT ,η)

Vn (pT ,η)e

−inφ

n=-∞

+∞

∑
Pre-equilibrium

Freeze-out;
Hadronic transport

Hydrodynamics
∂µT

µν = 0 (η, ζ, ...)+

Initial state:
ε(x, y,η s )

Standard paradigm of heavy ion collisions

Radial flow Anisotropy flow
Vn = vn ein Ψn
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“Mass ordering”
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ALIéDERé32328

Power of Hydrodynamics 18 

“Fine structure” (mass ordering) in hydrodynamic 
response predicted for π, K, p, Ξ, Ω :#

v 2
pT

ü Described by nearly ideal (η/s ~ 0.08-0.2) hydro. – “perfect liquid” 

ü Initial “geometry” driven:  𝒗𝟐,𝟑 = 𝜿𝜺𝟐,𝟑

Some tension between v2 vs v3

v n

“Fine imprints” of QGP 

Ultra-central

Collective flow in large systems

“Geometry” at work
event-by-event
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Collective flow in large systems

PbPb 2.76 TeV 
0-0.2%

Pb Pb
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pp MinBias 
p p

1 < pTa, pTb < 3 GeV
Flow appears to disappear in pp

largest to smallest

𝒅𝑵𝒄𝒉
𝒅𝜼
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PbPb 2.76 TeV 
0-0.2%

Pb Pb
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pp MinBias 
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Collective flow in large systems

Flow appears to disappear in pp

Ø When and how does it turn off as system size decreases (or if at all)?

Ø Is “QGP” always a “perfect liquid” no matter how small it is? 
(QCD is intrinsically nonperturbative, as opposed to QED)

largest to smallest

𝒅𝑵𝒄𝒉
𝒅𝜼

~𝟏𝟖𝟎𝟎
𝒅𝑵𝒄𝒉
𝒅𝜼

~ 𝟔
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AuAuCuCu

?
pp

How small a “QGP fluid” can be?

Smaller CuCu system 
at RHIC (2005)

Ø When and how does it turn off as system size decreases (or if at all)?

Ø Is “QGP” always a “perfect liquid” no matter how small it is? 
(QCD is intrinsically nonperturbative, as opposed to QED)
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How small a “QGP fluid” can be?

Fermi (1950): statistical approach in pp Landau (1955): hydrodynamics in pp

PRD48, 984 (1993)

K

π

p

multiplicity 8



AA

λm. f . p.

L

How small a “QGP fluid” can be?

Hydrodynamics applies when:

L >> λm. f . p. λm. f . p. ~
1
g4T

where
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AA

λm. f . p.

L

How small a “QGP fluid” can be?

Hydrodynamics applies when:

L >> λm. f . p. λm. f . p. ~
1
g4T

where

LT >>1
• For g ~1,

OR LT ~1
• In the limit of g→∞

P. Chesler QGP fluid in pp
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AA

λm. f . p.

L

How small a “QGP fluid” can be?

Hydrodynamics applies when:

L >> λm. f . p. λm. f . p. ~
1
g4T

where

LT >>1
• For g ~1,

OR LT ~1
• In the limit of g→∞

Experimental handles:

Ntrk L3 ~ s ~ T 3( )

Ntrk ~ LT( )3
P. Chesler QGP fluid in pp
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AA

λm. f . p.

L

How small a “QGP fluid” can be?

Hydrodynamics applies when:

L >> λm. f . p. λm. f . p. ~
1
g4T

where

LT >>1
• For g ~1,

OR LT ~1
• In the limit of g→∞

Experimental handles:

Ntrk L3 ~ s ~ T 3( )

Ntrk ~ LT( )3 Pushing to extreme domains of applicability: 
Ø Small Ntrk, L (and collision energy)?
Ø Different (hard) probes (to vary the coupling)

P. Chesler QGP fluid in pp
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Observation of “flow” in small systems

PYTHIA8, Ntrk ≥ 110

NO “ridge” in MC models

A QGP droplet at sub-fermi scales in pp? 
Or there is NO QGP anywhere?!

p p ?

O(10-6) most violent events

Rare, high multiplicity pp, Ntrk>110
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CMS

1<pT,1, pT,2<3 GeV

pp 7 TeV,  Ntrk ≥ 110

“Ridge”

JHEP09 (2010) 091

Small L, but large Ntrk
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Long-range angular correlations in p–Pb collisions ALICE Collaboration

Fig. 3: Left: Associated yield per trigger particle in Dj and Dh for pairs of charged particles with
2 < pT,trig < 4 GeV/c and 1 < pT,assoc < 2 GeV/c in p–Pb collisions at

p
sNN = 5.02 TeV for the 0–20%

multiplicity class, after subtraction of the associated yield obtained in the 60–100% event class. Top
right: the associated per-trigger yield after subtraction (as shown on the left) projected onto Dh averaged
over |Dj| < p/3 (black circles), |Dj �p| < p/3 (red squares), and the remaining area (blue triangles,
Dj < �p/3, p/3 < Dj < 2p/3 and Dj > 4p/3). Bottom right: as above but projected onto Dj av-
eraged over 0.8 < |Dh | < 1.8 on the near side and |Dh | < 1.8 on the away side. Superimposed are fits
containing a cos(2Dj) shape alone (black dashed line) and a combination of cos(2Dj) and cos(3Dj)
shapes (red solid line). The blue horizontal line shows the baseline obtained from the latter fit which
is used for the yield calculation. Also shown for comparison is the subtracted associated yield when
the same procedure is applied on HIJING shifted to the same baseline. The figure shows only statisti-
cal uncertainties. Systematic uncertainties are mostly correlated and affect the baseline. Uncorrelated
uncertainties are less than 1%.

the above-mentioned incomplete near-side peak subtraction on v2 and v3 is evaluated in the
following way: a) the size of the near-side exclusion region is changed from |Dh | < 0.8 to
|Dh |< 1.2; b) the residual near-side peak above the ridge is also subtracted from the away side
by mirroring it at Dj = p/2 accounting for the general pT-dependent difference of near-side
and away-side jet yields due to the kinematic constraints and the detector acceptance, which is
evaluated using the lowest multiplicity class; and c) the lower multiplicity class is scaled before
the subtraction such that no residual near-side peak above the ridge remains. The resulting
differences in v2 (up to 15%) and v3 coefficients (up to 40%) when applying these approaches
have been added to the systematic uncertainties.

The coefficients v2 and v3 are shown in the left panel of Fig. 4 for different event classes. The
coefficient v2 increases with increasing pT, and shows only a small dependence on multiplicity.
In the 0–20% event class, v2 increases from 0.06±0.01 for 0.5 < pT < 1 GeV/c to 0.12±0.02
for 2 < pT < 4 GeV/c, while v3 is about 0.03 and shows, within large errors, an increasing trend
with pT. Reference [34] gives predictions for two-particle correlations arising from collective
flow in p–Pb collisions at the LHC in the framework of a hydrodynamical model. The values
for v2 and v3 coefficients, as well as the pT and the multiplicity dependences, are in qualitative
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is used for the yield calculation. Also shown for comparison is the subtracted associated yield when
the same procedure is applied on HIJING shifted to the same baseline. The figure shows only statisti-
cal uncertainties. Systematic uncertainties are mostly correlated and affect the baseline. Uncorrelated
uncertainties are less than 1%.

the above-mentioned incomplete near-side peak subtraction on v2 and v3 is evaluated in the
following way: a) the size of the near-side exclusion region is changed from |Dh | < 0.8 to
|Dh |< 1.2; b) the residual near-side peak above the ridge is also subtracted from the away side
by mirroring it at Dj = p/2 accounting for the general pT-dependent difference of near-side
and away-side jet yields due to the kinematic constraints and the detector acceptance, which is
evaluated using the lowest multiplicity class; and c) the lower multiplicity class is scaled before
the subtraction such that no residual near-side peak above the ridge remains. The resulting
differences in v2 (up to 15%) and v3 coefficients (up to 40%) when applying these approaches
have been added to the systematic uncertainties.

The coefficients v2 and v3 are shown in the left panel of Fig. 4 for different event classes. The
coefficient v2 increases with increasing pT, and shows only a small dependence on multiplicity.
In the 0–20% event class, v2 increases from 0.06±0.01 for 0.5 < pT < 1 GeV/c to 0.12±0.02
for 2 < pT < 4 GeV/c, while v3 is about 0.03 and shows, within large errors, an increasing trend
with pT. Reference [34] gives predictions for two-particle correlations arising from collective
flow in p–Pb collisions at the LHC in the framework of a hydrodynamical model. The values
for v2 and v3 coefficients, as well as the pT and the multiplicity dependences, are in qualitative
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Observation of “flow” in small systems

Ridge in dAu at RHIC
(data taken in 2008)

PHENIX, PRL 111, 212301 (2013)

F. Wang, IS2013

STAR

PHENIX
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• Momentum collectivity 
at t ~ 0

Initial-State Correlations (ISC) Final-State Correlations (FSC)
• Initial geometry driven
• Final-state interactions

vs.

Origin of the ridge in small systems?

“Pre-equilibrium”

~ 0.1 fm/c

τ0

v2
CGC

Hydrodynamics

14



• Momentum collectivity 
at t ~ 0

Initial-State Correlations (ISC) Final-State Correlations (FSC)
• Initial geometry driven
• Final-state interactions

vs.

Origin of the ridge in small systems?

“Pre-equilibrium”

~ 0.1 fm/c

τ0

v2
AuAu/PbPb

pp, pA?

CGC

Hydrodynamics
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• Momentum collectivity 
at t ~ 0

Initial-State Correlations (ISC) Final-State Correlations (FSC)
• Initial geometry driven
• Final-state interactions

Ø Is there evidence/need for “new” physics?
Pushing the boundaries of knowledge to extreme domains

vs.

Origin of the ridge in small systems?

“Pre-equilibrium”

~ 0.1 fm/c

τ0

v2
AuAu/PbPb

pp, pA?

CGC

Hydrodynamics
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Centrality in AA has a geometric meaning 
but NOT the case in small system (pp, pA)
• L and Ntrk vary together in AA while L is

more or less fixed in pp/pA

Event activity represents the “system size”
• drawbacks: experiment dependent

Centrality vs. Event Activity (Ntrk) classification
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⟨Ntrk⟩(MB)
• pp: ~ 15
• pPb: ~ 40

Provide full information if possible 15
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Spectra and “radial flow” in small systems

How does spectra shape evolves with
• particle species
• Ntrk

• system size
• particle rapidity

|ycm|<1
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Spectra and “radial flow” in small systems

PLB 768 (2017) 103

Mass-dependent splitting of KET as Ntrk increases, faster in small systems

– common velocity field

KET = <mT>– m0
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Some features reproduced by color reconnection model
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Anisotropy flow in small systems
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Mass ordering of v2
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Smaller QGP more explosive?!
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v2{4} ≈v2{6} ≈v2{8}
Strong, direct evidence for long-range collectivity!

v 2

(“nonflow” insignificant for low pT)

For Ntrk > ~100, 

Everything flows ?!!

20
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Strong, direct evidence for long-range collectivity!

v 2

(“nonflow” insignificant for low pT)

For Ntrk > ~100, 

Does collective flow eventually turn off at very low Ntrk?
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Everything flows ?!!

Does collective flow eventually turn off at very low Ntrk?

Subevent cumulants to suppress nonflow at low Ntrk
PRC 97, 024904 (2018)
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Origin of flow in small systems
50%PbPb centrality 50%70% 70% PRC 102, 044905 (2020)

IP-Glasma (w/ ISC)+MUSIC+UrQMD
• Good description of PbPb data but 

not the case for pp/pPb data

v2{2} v3{2}
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Origin of flow in small systems

(1) Modeling of initial geometry? η/s? etc.
(2) Hydro. (grad. exp.) breakdown? 
(3) Other sources of correlations (ISC)?

why?
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• Good description of PbPb data but 

not the case for pp/pPb data
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Origin of flow in small systems

IP-Glasma (w/ ISC)+MUSIC+UrQMD
• Good description of PbPb data but 

not the case for pp/pPb data

50%PbPb centrality 50%70% 70%

ISC ISC

PRC 102, 044905 (2020)

(1) Modeling of initial geometry? η/s? etc.
(2) Hydro. (grad. exp.) breakdown? 
(3) Other sources of correlations (ISC)?

why?

v2{2} v3{2}
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(1) Role of initial geometry in small system
Nature Physics 15, 214 (2019)

v3
v3v3

v2 v2 v2

Ø 𝜀#
$%& < 𝜀#'%& ≈ 𝜀#

!()%&

Ø 𝜀*
$%& ≈ 𝜀*'%& < 𝜀*

!()%&

Expect from geometry:

23



Nature Physics 15, 214 (2019)

v3
v3v3

v2 v2 v2

How to model proton εs?

PRC 102, 044905 (2020)However,

(1) Role of initial geometry in small system

IP-Glasma+MUSIC+UrQMD

Can it be measured?

OR?

24



Universal fluctuation-driven geometry
Yan, Ollitrault, PRL 112, 082301 (2014)

εn

(1) Role of initial geometry in small system
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Predictions (nearly model indep.):

𝑣!{4}
𝑣!{2}

≈
𝒗𝟑{𝟒}
𝑣#{2}

(1)

(2)

v2{2} : v2{4} : v2{6} : v2{8}

(depending on Np)

Fine splitting of v2{m}:

Universal fluctuation-driven geometry
Yan, Ollitrault, PRL 112, 082301 (2014)

(m = 2, 4, 6, 8 …)
v2,3{m}

linear

εn

(1) Role of initial geometry in small system
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(2013)
(2016)

(2013)
(2016)

PRC 101, 014912 (2020)

Prediction (1) 
confirmed

(m = 2, 4, 6, 8 …)
v2,3{m}

linear

Universal fluctuation-driven geometry
Yan, Ollitrault, PRL 112, 082301 (2014)

εn

(1) Role of initial geometry in small system
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pPb PbPb

PRC 101, 014912 (2020)

pPb PbPb

Prediction (2) confirmed!

• )!{*}
)!{+}

≈ 𝒗𝟑{𝟒}
)#{+}

in pPb • 𝒗𝟑{𝟒}
)#{+}

similar in pPb and PbPb

(1) Role of initial geometry in small system
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pPb PbPb

PRC 101, 014912 (2020)

pPb PbPb

Prediction (2) confirmed!

• )!{*}
)!{+}

≈ 𝒗𝟑{𝟒}
)#{+}

in pPb • 𝒗𝟑{𝟒}
)#{+}

similar in pPb and PbPb

No room/need for “new physics”!

(1) Role of initial geometry in small system

How about pp?
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(2) Does hydrodynamics break down?

Hydro fails to describe vn{4} data in pp

Zhao et al., PLB 780, 495 (2018)

– If so, how to observe it decisively?

Wrong sign!

• Non-linear response: 𝑣! = 𝜅𝜀!
• 𝜅 is small (~0.1)      large smearing in v2

Ø v2 fluctuation does not follow that of 𝜀# in pp hydro. model
28



(2) Does hydrodynamics break down?

Kurkela et. al., arXiv: 1805.04081

pPb

PbPb

Transport approach more effective in 
retaining                ? AMPT?𝑣$ = 𝜅𝜀$

pp

Ø Dilute system with a few scatterings in pp (pA), instead of a QGP droplet?

Hydro fails to describe vn{4} data in pp

Zhao et al., PLB 780, 495 (2018)

Wrong sign!

28

– If so, how to observe it decisively?



(3) Do initial-state correlations exist?

v2-pT correlations as a promising observable

>0 for ISC

<0 for FSC

Still need to check its performance 
with nonflow at low Ntrk

ISC is predicted to be prominent at very low Ntrk

29

– If so, how to observe it decisively?

arXiv:2006.1572



(3) Do initial-state correlations exist?

v2-pT correlations as a promising observable
arXiv:2006.1572

ISC is predicted to be prominent at very low Ntrk

29

– If so, how to observe it decisively?

?

arXiv:1907.05176



Summary (Part I)
Lessons:

Puzzles/open issues:

• pp remains a big challenge:
o How to properly model proton eccentricity?
o Is hydro. really applicable to pp? wrong sign for v2{4}! 

• Low multiplicity region: 
o Does collectivity extend down to low Ntrk?
o Is ISC present and observable?

• Collective flow observed across all systems with high multiplicities

• Strong evidence for initial-geometry driven in pA and AA via high 
precision measurements
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AA

λm. f . p.

Keep pushing to extreme domains:

Heavy quark collectivity in small systems

Shrink the system size

pp/pAAA

L >> λm. f . p. λm. f . p. ~
1
g4T
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AA

λm. f . p.

Keep pushing to extreme domains:

Heavy quark collectivity in small systems

Shrink the system size

Increase λm.f.p.

pp/pAAA

Heavy flavor hadrons (D, B, J/ψ, …)
Ø Perturbative scale
Ø Produced at early stages

c,b

L >> λm. f . p. λm. f . p. ~
1
g4T
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Strong charm flow similar to light flavor in AA at RHIC and the LHC

Heavy quark collectivity in large AA systems

D0c
u

PRL 121 (2018) 082301

v 2
 {2

, |
Δ
η|

>2
}
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ü Strong charm flow, maybe some indication < v2(K)

Shrink the system size:  Ntrk ~ 900 Ntrk ~ 200

Heavy quark collectivity in small systems

u
D0c ??

In small systems?
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|yS
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L
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-W

0Prompt D
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ü Strong charm flow, maybe some indication < v2(K)

Shrink the system size:  Ntrk ~ 900 Ntrk ~ 200

Heavy quark collectivity in small systems

u
D0c ??

In small systems?

u
B±b ?? D0

ü Beauty flow < charm flow (flavor hierachy)?! 

Charm vs. Beauty
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ü Strong charm flow, maybe some indication < v2(K)

Heavy quark collectivity in small systems

ü (Surprisingly!?) large J/ψ v2 signal → ISC needed? 

Shrink the system size:  Ntrk ~ 900 Ntrk ~ 200

u
D0c ??

In small systems?

c
J/Ψ

c
??

c- c-

Open vs. Hidden
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ü Strong charm flow, maybe some indication < v2(K)

Heavy quark collectivity in small systems

ü (Surprisingly!?) large J/ψ v2 signal → ISC needed? 
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Heavy quark collectivity in small systems

Summary and outlook

pp pPb
v2 yield v2 yield

Open Charm Meson ✔ ✔ ✔ ✔
Open Beauty Meson ✔ ✔ ✔ ✔
Open Charm Baryon x ✔ x ✔
Open Beauty Baryon x x x x

Charmonia x ✔ ✔ ✔
Bottomonia x ✔ x ✔

Most ✔ to be improved with be0er precision 

Prompt D0 in HM pp

arXiv:2009.07065
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Future opportunities for small systems

Proposed LHC run schedule
HI-LHC HI yellow report: arXiv: 1812.06772

Detector 
upgrades

First OO 200 GeV likely at RHIC in 2021! Strong synergy with the LHC
Ø Smaller AA system with better controlled geometry

Run3

Run4

36



Where else to find “QGP”?
Keep pushing to extreme domains: smaller than pp?

e+e- ep γA and γp

ZEUS

• No ridge seen so far, esp. hard to reach high multiplicities
• v2 in γA: “flow” or “nonflow”? MC Models? Search at EIC? 

ATLAS-CONF-2019-022JHEP 04 (2020) 070
PRL 123, 212002 (2019)
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Keep pushing to extreme domains: QGP from a single parton?

Where else to find “QGP”?

38

AK4 jet pT>500 GeV

PYTHIA pp

Charged multiplicity from a jet



Keep pushing to extreme domains: QGP from a single parton?

Where else to find “QGP”?

38

Is soft fragmentation process reminiscent of “QGP” expansion? 

“Thermal” feature observed in e+e- related to a single-parton “QGP”?
F. Becattini, Z. Phys. C69, 485 (1996)

AK4 jet pT>500 GeV

Charged multiplicity from a jet

PYTHIA pp



Where else to find “QGP”?

39

Keep pushing to extreme domains: QGP from a single parton?

∆𝜙∗

|∆𝜂∗|>2

Not very different from beam axis0.3<jT<3 GeV

AK4 jet pT>500 GeV PYTHIA pp

𝑁&'(
)*&>40

∆𝜙∗
∆𝜂∗

jet-axis frame



Summary

Very exciting past 10 years with small systems!

• Discovered the collectivity at where it was not expected
and making rapid progress in understanding it

Exciting opportunities ahead to look for collectivity elsewhere 
and learn about QCD in most extreme conditions

• Understood better the collectivity at where it is expected 
– “Large systems” 

– “Small systems” 
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Evidence for later-time interactions?

<Ncoll> ~ 12

<Ncoll> ~ 11
“Absence” of jet quenching consistent with expectation

12

Nuclear modification factors



PRL 121 (2018) 082301



PRL 120 (2018) 092301
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Collective flow in AuAu at BES 2

Low energy AuAu are also effectively “small” L >> λm. f . p. λm. f . p. ~
1
g4T

Collective flow in AuAu vs Ntrk at BES2 highly interesting! 

STAR BES1


