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Quark-Gluon Plasma

V2

A  A

2

Initial state:
ε(x, y,η s )

Final-state collective flow:
f (pT ,η,φ) = N(pT ,η)


Vn (pT ,η)e

−inφ

n=-∞

+∞

∑

Radial flow Anisotropy flow
Vn = vn ein Ψn

Hydrodynamics
∂µT

µν = 0 (η, ζ, ...)

Standard paradigm of heavy ion collisions
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Quark-Gluon Plasma
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A  A
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Standard paradigm of heavy ion collisions

Initial state:
ε(x, y,η s )

Final-state collective flow:
f (pT ,η,φ) = N(pT ,η)


Vn (pT ,η)e

−inφ

n=-∞

+∞

∑

Radial flow Anisotropy flow
Vn = vn ein Ψn

Hydrodynamics
∂µT

µν = 0 (η, ζ, ...)

How good? Why it works?
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Strong flow signal was once considered a puzzle in AA! 
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In the hindsight, is it still a puzzle?
Or it may be naturally expected and related to fundamental nature of QCD?



Flow, “Ridge”, two-particle correlations …
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Flow, “Ridge”, two-particle correlations …
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A QGP droplet at sub-fermi scales in pp? 
Or there is NO QGP anywhere?!

p p ?

Rare, high multiplicity pp, Ntrk>110

η∆
-4

-2
0

2
4

φ∆
0

2

4

)
φ

∆,
η

∆
R

( -2
-1
0
1

<3.0GeV/c
T

 110, 1.0GeV/c<p≥(d) CMS N 

CMS

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

pp 7 TeV,  Ntrk ≥ 110

“Ridge”

JHEP09 (2010) 091 Small but much denser!

2010 surprise – “Ridge” in pp at the LHC
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“QGP” from large to small systems!?

Surprising at a first look but not unfeasible if considering 
(rare) MPIs + rescatterings in a (longer-lived) pp system

High-multiplicity
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“QGP” signatures in small systems!?

Universal QCD collectivity 
across AA, pA to pp
→ Role of strong final-state 
partonic rescatterings
(“hydro”) at sub-fermi scales

QGP everywhere!?

“Mass ordering”

Multi-particle correlations
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“QGP” signatures in small systems!?
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W. Li, arXiv:1704.03576

“Flow” in pp/pA sensitive to the initial geometry, esp. “proton shape”



“QGP” signatures in small systems!?
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vn-pT correlation from pp, pPb to PbPb



How small a QGP droplet can be?

It is evident that QCD collectivity or signatures of QGP 
liquid are not limited to large AA systems: 
• How small is too small? Under what conditions would partonic 

collectivity emerge, e.g., multiplicity? 
• Is partonic collectivity observed at extreme small scales 

really unexpected or a natural consequence of QCD in its 
non-perturbative regime?

Unlike QED, QCD force is intrinsically strong at low T. In this sense, 
emergence of a strongly correlated QED system is more puzzling.
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e+e- ep γA or γp

Inconclusive but potentially intriguing. Multiplicity reach is a main limitation:
Ø High multiplicity is not necessarily a requirement for collectivity to emerge 

but critical in making it stand out of non-collective backgrounds.
Ø More observables are needed, as for pp/pA/AA.

ZEUS

JHEP 04 (2020) 070
PRL 123, 212002 (2019)

Search for collectivity in e+e-, ep, 𝛾A/ 𝛾p?

PRC, 104 014903 (2021)

γPb γp

arXiv:2204.13486
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perturbative nonperturbative

“It is commonly believed that elementary 
collisions, such as e+e-, do not allow the 
description of multiple parton rescatterings.”

An earlier puzzle in e+e-

– but not proven!
Quantum thermalization via entanglement entropy?

F. Becattini et. al., EPJC (2010) 66, 377

JHEP 04 (2018) 145, PRD 98, 054007 (2018)
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Entanglement in an expanding QCD string
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J. Berges, S. Floerchinger, R. Venugopalan
JHEP 04 (2018) 145, PRD 98, 054007 (2018)

Entanglement entropy                                       drives system to 
“Thermalization” but NO “Ridge” (no final-state rescatterings) 

Particle production from QCD strings
Different regions (A, B) in a 
string are entangled

A local region, A, is in a 
mixed state
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Quantum thermalization via entanglement
Ultra-cold atom system

A. M. Kaufman et al, Science 353 (2016) 794

No classical interactions
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The Ultimate Small System – one “single parton”

Is QGP-like collective behavior intrinsic to non-perturbative 
QCD dynamics in general (e.g., hydro. to describe parton 
fragmentation in vacuum)?

– “QGP droplet” from a single parton in the vacuum?!



+

QED vacuum
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Filled with virtual electric charges



+

QED vacuum

Putting in a free electric charge → polarization and screening 
Free charges popping out only when E-field extremely strong            

(Schwinger effect)
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QCD vacuum

Filled with virtual color charges – chiral condensates
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QCD vacuum

Putting in a free quark (requires inf. energy)

q/g
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QCD vacuum

Putting in a free quark (requires inf. energy)

“QGP” expansion?

q/g
𝝅

𝑲

p

𝜸

The quark gains “mass” via interactions and expands like a QGP?



Boosting to a moving parton in the vacuum
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q/g

Dynamics of a “single-parton” in the vacuum

“QGP-like” expansion?

!
!
p
"…

p

p
Beam

 axis

Jet frame:
"∗= (!! , $∗, %∗)

Jet axis

!∗= 0

!∗= ∞

!∗= 0.86

“Colliding” into the vacuum (as a fixed target)
Ø QGP-like signatures?

Boosting to a moving parton in the vacuum

e/

e/
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Search for “QGP” from a single parton

High-multiplicity (𝑁!"
# >100) jets: 10-4 – 10-5,

dominated by gluons.
QGP-like signatures?
• Collective correlations
• Thermal production
• …
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Jets in pp to mimic e+e- at the TeV!

Abundant high-pT jets in pp at the (HL)-LHC
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In high-multiplicity jets,

comparable to mid-central CuCu, 
peripheral PbPb, central pPb

Search for “QGP” from a single parton

𝒅𝑵𝒄𝒉
𝒋

𝒅𝜼∗
~𝟔𝟎 − 𝟕𝟎

𝑑𝑁%&
' /𝑑𝜂∗ in the jet frame

Narrowing as multiplicity increases → larger “stopping by the vacuum”

Similar to lab-frame collisions 

26



0 1 2 3 4 5 6 7 8
*h

1

10
Tj

4-10

3-10

2-10

similar to the LUND plane

PYTHIA 8 

Search for “QGP” from a single parton

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
 (GeV)

T
j

1-10

1

10

210

)
-1

 (G
eV

T
dj

chj
dN  

je
t

N1

PYTHIA 8 pp 13 TeV

 R=0.8tAnti-k

 > 500 GeV
T

jet p
 > 800 GeV

T
jet p

<35ch
j > 500 GeV, N

T
jet p

<35ch
j > 800 GeV, N

T
jet p

>100ch
j > 500 GeV, N

T
jet p

>100ch
j > 800 GeV, N

T
jet p
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𝑗) spectra becomes harder as multiplicity in jet increases

General features reminiscent of pp collisions in the lab frame
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Complementarity to Jet substructure studies

Non-pert. components tend to be trimmed away in jet substructure 
observables (e.g., SoftDrop), while they are of primary interest for us! 

R. Kogler, RMP 91, 45003 (2019)

F. Dreyer, G. Salam, G. Soyez JHEP 12 (2018) 064

Non-perturbative

subjets

28



q/g

Dynamics of a “single-parton” in the vacuum

“QGP-like” expansion?
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Jet axis
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• No ridge in PYTHIA jets, as expected
• Particle production dynamics in a jet not very different from 

a pp collision in the lab frame.

MB pp data in the lab frame

Search for a “Ridge” in a jet
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Two-particle correlations in the jet frame 
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q/g

Dynamics of a “single-parton” in the vacuum

“QGP-like” expansion?
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Ridge and “QGP” signatures observable in high-multiplicity jets?

Search for a “Ridge” in a jet

HM pp data in the lab frame
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If adding v2=0.2
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Search for a “Ridge” in a jet

Fake v2 added
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Hydrodynamics

IS

Hadronization

Search for a “Ridge” in a jet
Can we model parton fragmentation (soft part) as a 
hydrodynamic system that is highly boosted?
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Hydrodynamics

IS

Hadronization

Search for a “Ridge” in a jet
Can we model parton fragmentation (soft part) as a 
hydrodynamic system that is highly boosted?

Initial state modeling? Elliptical from an early 
first branching?
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Strangeness enhancement in a jet
High particle density in a jet 
→ Strangeness enhancement?

No enhancement in PYTHIA 8
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in QGP medium

Jet quenching? In our view, parton fragmentation in the vacuum 
is also an energy loss process. 

Many “QGP” signatures to search for in HM jets

It has NO fundamental difference from parton energy loss in QGP. 
Same analyses in the jet frame can be performed to jets in HI.

q/g

Dynamics of a “single-parton” in the vacuum

“QGP-like” expansion?

!
!
p
"…

p

p
Beam

 axis

Jet frame:
"∗= (!! , $∗, %∗)

Jet axis

!∗= 0
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in vacuum medium

V.S.
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Jet quenching? In our view, parton fragmentation in the vacuum 
is also an energy loss process. 

Many “QGP” signatures to search for in HM jets

It has NO fundamental difference from parton energy loss in QGP. 
Same analyses in the jet frame can be performed to jets in HI.

Absence of any “QGP” signatures in 
HM jets may be indicative of 
quantum entanglement effects in e+e-

Stay tuned for the first result soon!
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Search for single-particle QGP at future facilities

𝑁!"
# # of events

>70 8.8M
>80 1.4M
>90 216k
>100 24K

pp at (HL-)LHC and FCC PYTHIA 8 (CP5) at 14 TeV, 4/ab (HL-LHC)

Ample HM jets produced
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Search for single-particle QGP at future facilities

𝑁!"
# # of events

>70 8.8M
>80 1.4M
>90 216k
>100 24K

pp at (HL-)LHC and FCC PYTHIA 8 (CP5) at 14 TeV, 4/ab (HL-LHC)

Ample HM jets produced

Stay tuned for the first result!June 19-23, 2023
Copenhagen
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Search for single-particle QGP at future facilities

Lepton (e, 𝜇)-hadron

A. Baty

e+e-

ILC/CEPC/CLIC

Muon-ion collider (to succeed the EIC)
D. Acosta, W. Li, NIM A 1027 (2022) 166334

– First workshop at Rice in 2023!

39



q/g

Dynamics of a “single-parton” in the vacuum

“QGP-like” expansion?
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Summary

How small is too small? Where else to find the collectivity?
Ø Collectivity may be intrinsically built into any QCD many-body 

system because ot its non-perturbative nature.
Ø Pushing to the ultimate small system – a single parton!

We conjecture that jet fragmentation shows 
QGP-like signatures. Observing them will 
shed light on: QCD vacuum,
QCD non-perturbative dynamics,
quantum entanglement in QCD.

Tremendous progress made in finding and understanding QCD 
collectivity in small systems that was not originally expected
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Radial flow in a jet
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HBT correlations in a jet – “size” of a parton
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1-D HBT correlation functions HBT radii of a jet:

Non-zero but dropping toward low 𝑘(∗ ,
opposite to AA collisions


