
Long-range collectivity in high-energy collisions
and implications to quantum entanglement

Wei Li
Rice University

p p

Workshop on Quantum Entanglement at Collider Energies
CFNS, Stony Brook

September 10-12, 2018



Long-range collectivity in high-energy collisions
and implications to quantum entanglement

Wei Li
Rice University

p p

Workshop on Quantum Entanglement at Collider Energies
CFNS, Stony Brook

September 10-12, 2018



Mystery of quark confinement

“Vacuum”

2



Mystery of quark confinement

“Vacuum”

2



Lattice QCD

F. Karsch et al.

ε/
T4

εc ~ 0.6 GeV/fm3

Mystery of quark confinement

“Vacuum”

TC ~ 154 MeV ~ 2x1012 K

Liberated quarks/gluons at high T (weakly coupled)?

“Quark-Gluon Plasma”
(QGP)

“ideal gas”
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Creating the QGP

Total colliding energy:

~106 GeV

Gluon

Quark

Quark

Proton-proton

Too small, dilute!

1fm

γ ~ 100 - 2000

Colliding large nuclei instead!

~ 15 fm

T.D. Lee, RMP 47, 267(1975)
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High-energy heavy ion colliders

2000 -
• pp, pAu, dAu, He3Au, CuCu,  

CuAu, AuAu, UU, ...
• √sNN ~ 0.007 – 0.2 TeV

2010 -
• pp, PbPb, pPb, XeXe, …
• √sNN ~ 5 – 8 TeV

RHIC LHC

x25Long Island, NY Geneva, Switzerland
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Space-time evolution of a heavy ion collision

y=0 π, K, p, … Freeze-out

QGP

Pre-reaction

t

y=atan(βz)

y=∞y=-∞

10-20 fm/c
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Central PbPb
at 2.76 TeV

~ 20,000 particles!

Pb

Pb
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Central PbPb
at 2.76 TeV

~ 20,000 particles!

pp 7 TeV

10-20 particles

Pb

Pb



instead of a gas!?

Reaffirmed later 
by LHC experiments 
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Particle correlations and QGP fluidity
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θ

η = -ln(tan(θ/2))

Δη
p1

p2 z

ΔΦ

1 2

2D distribution of pairs in
Δη = η1-η2, Δϕ = ϕ1-ϕ2

η = 2 (θ≈15o)

η = 1 (θ≈45o)

η = 0 (θ=90o)

Particle correlations and QGP fluidity
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QGP fluid paradigm in AA collisions

Azimuthal correlations over 
wide rapidities (>4-5 units)

1<pT,1, pT,2<3 GeV
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QGP fluid paradigm in AA collisions

Azimuthal correlations over 
wide rapidities (>4-5 units)

A. Dumitru et. al., Nucl. Phys. A 810 (2008) 91

τO ≤ τ F.O. exp −
1
2
ya − yb

#

$
%

&

'
( ~ 0.1 fm

At large rapidity gap,
particles causally disconnected

Correlation at very early time

.τ0
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Azimuthal correlations over 
wide rapidities (>4-5 units)

“Elliptic flow”
1 + 2(v2)2 cos2Δϕ
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Power of Hydrodynamics 18 

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

v 2

pT (GeV/c)

Particle species dep. of v2

Data well described by nearly ideal hydrodynamics

Thermal-like pT spectra

QGP fluid paradigm in AA collisions

13



Final-state correlationsInitial energy density
(“Geometry”)

QGP fluid paradigm in AA collisions

η/s ~ 0.08-0.2 
(viscous correction)

Hydrodynamics
(!"#"$=0)
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(“Geometry”)

QGP fluid paradigm in AA collisions
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Correlations mostly seeded by fluctuations of nucleons
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Final-state correlationsInitial energy density
(“Geometry”)

QGP fluid paradigm in AA collisions

η/s ~ 0.08-0.2 
(viscous correction)

Hydrodynamics
(!"#"$=0)

Correlations mostly seeded by fluctuations of nucleons

Kovtun, Son, Starinets
PRL 94 (2005) 111601 

η/s approaches conjected quantum lower limit 

η/s ≳ 1/(4π) ~ 0.08
14



(Ntrk ≥ 110)

O(10-6) most violent events

High-multiplicity pp
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Discovery Phase II:  “Ridge” in pp (2010)
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(Ntrk ≥ 110)

O(10-6) most violent events

High-multiplicity pp
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Discovery Phase II:  “Ridge” in pp (2010)

– Beginning of a new paradigm!

QGP droplet at sub-fermi scales? Or NO QGP after all?
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Proton-lead collisions at the LHC
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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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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

8

η∆-4
-2

0
2

4

φ∆ 0
2

4

φ
∆

 dη
∆d

pa
ir

N2 d
 

tri
g

N1 1.6
1.7
1.8

 110≥ trk
offline = 5.02 TeV, NNNsCMS pPb  

 < 3 GeV/c
T

1 < p
(b)CMS ALICE

ATLAS LHCb

The “Ridge” tsunami in pPb collisions

Proton projectile
Nucleus Participants

Geometry in pA

“Flow” analysis

 (radians)φ∆
0 2 4

φ
∆d
pa

ir
dN  

tri
g

N1

3.0

3.1

3.2
Sum

∆1V

∆2V

∆3V

∆4V

|>2η∆|

Pa
ir

 d
en

si
ty

17



φΔ
0

2

4

ηΔ

)
η

Δ,φ
Δ

C
( 1

1.1
 

-4     
 -2     

 0     
 2     

 4

(a)

φΔ
0

2

4

ηΔ

)
η

Δ,φ
Δ

C
( 1

1.04
 

-4     
 -2     

 0     
 2     

 4

(b)

ATLAS =5.02 TeVNNsp+Pb  
-1bµ 1 ≈ L ∫ <4 GeVa,b

T
0.5<p<20 GeVPb

TEΣ >80 GeVPb
TEΣ

|φΔ|0 1 2 3

)φ
Δ

Y
(

0

0.2

0.4

0.6

 

(c)
ATLAS -1bµ 1 ≈ L ∫=5.02 TeV, NNsp+Pb   

|<5ηΔ<4 GeV,   2<|a,b
T

0.5<p

>80 GeVPb
TEΣ

<20 GeVPb
TEΣ

=14.3C
ZYAMb

=3.2P
ZYAMb

 [GeV]〉Pb
T

EΣ〈
0 50 100

in
t

Y

0

0.2

0.4

0.6

 

/3π|<φΔNear:  |

/3π|>2φΔAway: |

Difference

ATLAS -1bµ 1 ≈ L ∫=5.02 TeV, NNsp+Pb   

|<5ηΔ<4 GeV,   2<|a,b
T

0.5<p (d)

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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PRL 120 (2018) 092301

“Flow” in small systems

# of tracks# of tracks# of tracks

Flow-like behavior similar across all systems
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pp

Particle species dep. of v2“Thermal/hydro” spectra

Similar features for pPb and PbPb

p p

“Flow” in small systems
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v2 & v3

Total # of tracks

Opportunity of probing quantum fluctuations 
at sub-fermi and yoctosec scales!

Mäntysaari, Schenke, PLB 772 (2017) 681

and pp!Hydrodynamics in pA

“Proton shape” fluctuation?!

Eccentric proton

22



Small System Scans at RHICTesting hydro by controlling system geometry

Hydrodynamics translates
initial geometry into final
state

Test hydro hypothesis by
varying initial state
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arXiv:1805.02973, submitted to Nature Physics
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Consistent with hydrodynamics driven by initial geometry
23



Maybe an alternative origin of the “Ridge”

“Momentum Domains”
Or Color Electric Fields

Before the collision,

Lappi, Schenke,  Schlichting,  Venugopalan

JHEP 01 (2016) 061

(a.k.a., CGC)

Gluon interference
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Maybe an alternative origin of the “Ridge”

Before the collision,

ØNon-Geometry related 
ØNo final-stage interactions as for Hydro.

“Born to flow” (at t=0)
Lappi, Schenke,  Schlichting,  Venugopalan

JHEP 01 (2016) 061

Subdominant in large (than domain size) systems 
but highly relevant in small systems (pp, pA, etc.)

(a.k.a., CGC)

Gluon interference

“Momentum Domains”
Or Color Electric Fields

24



  

genuine B-JIMWLK termsgenuine B-JIMWLK terms
from THIS diagram:from THIS diagram:

B-JIMWLK four-point function (in Gaussian 
approximation), incl. “Nc corrections”:

  ridge in pp @ LHC ?!

A.D., J. Jalilian-Marian,
arXiv:1001.4820

Adrian Dumitru

  

Initial  Conditions and Initial  Conditions and 
Global Event PropertiesGlobal Event Properties
Initial  Conditions and Initial  Conditions and 

Global Event PropertiesGlobal Event Properties

 Initial conditions for hydro:
     - multiplicity
     - eccentricity

- ecc. fluctuations
- flux tubes and the ridge

 Ridge pure final-state effect or is it there in
pp @ LHC ?

Adrian Dumitru
RIKEN-BNL and Baruch College/CUNY
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Maybe an alternative origin of the “Ridge”

v2, v3, v4 in pPb at LHC from CGC

v2, v3 in pAu, dAu, He3Au at RHIC from CGC

M. Mace et. al., arXiv:1807.00825

M. Mace et. al., PRL 121, 052301 (2018)
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CGC
~ 0.1 fm/c

τ0

v2

“Hydro”vs.

Experimental observation of long-range collectivity 
in all hadronic, HM events (pp, pA, AA)

Where do we stand?
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CGC
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τ0

v2

“Hydro”

role of nucleon 
substructure?
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Cosmic debateCGC
~ 0.1 fm/c

τ0

v2

“Hydro”

role of nucleon 
substructure?

vs.

Experimental observation of long-range collectivity 
in all hadronic, HM events (pp, pA, AA)

Early-time origin(s)Where do we stand?
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Cosmic debateCGC
~ 0.1 fm/c

τ0

v2

“Hydro”

role of nucleon 
substructure?

vs.

Experimental observation of long-range collectivity 
in all hadronic, HM events (pp, pA, AA)

Early-time origin(s)Where do we stand?

?

Ø Importance to understand the proton
Ø Sensitivity to time history?

27



Heavy quarks as massive probes

mc,b >> TQGP : mainly from initial scattering, 
decoupled from the QGP medium

Do heavy quarks flow?
(charm, bottom)

28



Heavy quarks as massive probes

Strong charm flow in AA

D0c
u

PRL 118 (2017) 212301

mc,b >> TQGP : mainly from initial scattering, 
decoupled from the QGP medium

29
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Heavy quarks as massive probes

u
D0c ??

c
J/Ψ

c
??

c c- -

In small systems?

Future: detailed studies of c and b in pp and pPb
(Surprisingly!?) strong collective signal for charm

(e.g., B→D)

PRL 121 (2018) 082301
CMS-PAS-HIN-18-010

Theoretical inputs needed!
30



An alternative view of the proton

31

D. Kharzeev, E. Levin, PRD 95 (2017) 114008

Features of “thermalization” seen in pp, e+e-, etc from 
quantum entanglement?

A

B

Proton (or any hadron):  
a color singlet, pure quantum state

– entangled!



An alternative view of the proton

D. Kharzeev, E. Levin, PRD 95 (2017) 114008

Features of “thermalization” seen in pp, e+e-, etc from 
quantum entanglement?

A

B

“Thermal” distributions after quench (collision)

Proton (or any hadron):  
a color singlet, pure quantum state

“Born to thermalize” (at t~0) – same physics as CGC?
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– entangled!



Azimuthal correlations from n-parton states?
31

An alternative view of the proton

D. Kharzeev, E. Levin, PRD 95 (2017) 114008

Features of “thermalization” seen in pp, e+e-, etc from 
quantum entanglement?

A

B

“Thermal” distributions after quench (collision)

Proton (or any hadron):  
a color singlet, pure quantum state

“Born to thermalize” (at t~0) – same physics as CGC?

– entangled!



Cold atom system

32

Momentum space 
correlations?



Electron-Ion Collider (EIC)

e- A

~ 100 GeV/n

BNL JLab

ü Detailed imaging of p/A 
(cold QCD matter)

ü “Hot QCD matter” in e+A? ~ 20 GeV

33



Typical e+A

A. Angerami Quark Matter 2018, Venice, Italy May 18, 2018

Applications to the QGP: small systems

‣ Much discussion at this conference about 
signatures associated with collectivity in small 
systems

- Diffractive processes can be used to furnish 
models of initial conditions in these systems 

‣ Photons allow for creation of QCD systems of 
multiple sizes

- Potentially much smaller than in pp collisions
- Especially in “resolved” && collisions

26

5

where P (σ,W ) is taken from [23]; the coefficient of 11/9 takes into account the ω and φ contributions in the SU(3)
approximation (which somewhat overestimates the rather small contribution of φ mesons). The form of P (σ,W ) is
motivated by Pπ(σ,W ) for the pion and takes into account presence of the large-mass diffraction at high energies. It
is also constrained to describe the HERA data on ρ photoproduction on the proton, which requires to account for a
suppression of the overlap of the photon and ρ wave function as compared to the diagonal case of the ρ→ ρ transition.
The resulting P(ρ+ω+φ)/γ(σ) at W = 100 GeV is shown by the blue dot-dashed curve in Fig. 1.
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We build a hybrid model of Pγ(σ,W ) by interpolating between the regime of small σ ≤ 10 mb, where perturbative
dipole approximation is applicable and there is no dependence on the light quark mass mq, and the regime of large
σ, where the soft contribution due to the lightest vector meson dominates (hence we neglect the soft contribution of
configurations with the large mass and small kt). In particular, in our analysis we use the following expression:

Pγ(σ,W ) =

⎧

⎨

⎩

P dipole
γ (σ,W ) , σ ≤ 10 mb ,

Pint(σ,W ) , 10 mb ≤ σ ≤ 20 mb ,
P(ρ+ω+φ)/γ(σ,W ) , σ ≥ 20 mb .

(7)

where Pint(σ) is a smooth interpolating function. The resulting Pγ(σ,W ) is shown by the red solid curve in Fig. 1.
Our model for Pγ(σ,W ) satisfies the constraints of Eq. (2) and gives the good description of the total and diffraction

dissociation photon–proton cross sections at W = 100 GeV. Indeed, for σγp, we obtain
∫ 100 mb
0 dσσPγ(σ,W ) = 135

µb, which agrees with the PDG value of σγp = 146 µb [41]. For the cross section of diffractive dissociation, we obtain
∫ 100 mb
0 dσσ2Pγ(σ,W )/(16π) = 240 µb/GeV2. It agrees with our estimate of dσγp→Xp(t = 0)/dt ≈ 220 µb/GeV2,
which is obtained by integrating the data of [42] over the produced diffractive masses and extrapolating the resulting
cross section to the desired W = 100 GeV.
To quantify the width of CFs, one can introduce the dispersion ωσ. For the photon, it can be introduced by the

following relation:

∫

dσσ2Pγ(σ,W ) = (1 + ωσ)

(

e

fρ
σ̂ρN

)2

, (8)

where σ̂ρN is the ρ meson–nucleon cross section. The use of our Pγ(σ,W ) in Eq. (8) gives ωσ ≈ 0.93, which should
be compared to ωρ

σ ≈ 0.54 for the pure ρ meson contribution to Pγ(σ,W ) and to ωπ
σ ≈ 0.45 for CFs in the pion [35].
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Typical e+A

A. Angerami Quark Matter 2018, Venice, Italy May 18, 2018

Applications to the QGP: small systems

‣ Much discussion at this conference about 
signatures associated with collectivity in small 
systems

- Diffractive processes can be used to furnish 
models of initial conditions in these systems 

‣ Photons allow for creation of QCD systems of 
multiple sizes

- Potentially much smaller than in pp collisions
- Especially in “resolved” && collisions

26
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where P (σ,W ) is taken from [23]; the coefficient of 11/9 takes into account the ω and φ contributions in the SU(3)
approximation (which somewhat overestimates the rather small contribution of φ mesons). The form of P (σ,W ) is
motivated by Pπ(σ,W ) for the pion and takes into account presence of the large-mass diffraction at high energies. It
is also constrained to describe the HERA data on ρ photoproduction on the proton, which requires to account for a
suppression of the overlap of the photon and ρ wave function as compared to the diagonal case of the ρ→ ρ transition.
The resulting P(ρ+ω+φ)/γ(σ) at W = 100 GeV is shown by the blue dot-dashed curve in Fig. 1.
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where Pint(σ) is a smooth interpolating function. The resulting Pγ(σ,W ) is shown by the red solid curve in Fig. 1.
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dissociation photon–proton cross sections at W = 100 GeV. Indeed, for σγp, we obtain
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0 dσσPγ(σ,W ) = 135

µb, which agrees with the PDG value of σγp = 146 µb [41]. For the cross section of diffractive dissociation, we obtain
∫ 100 mb
0 dσσ2Pγ(σ,W )/(16π) = 240 µb/GeV2. It agrees with our estimate of dσγp→Xp(t = 0)/dt ≈ 220 µb/GeV2,
which is obtained by integrating the data of [42] over the produced diffractive masses and extrapolating the resulting
cross section to the desired W = 100 GeV.
To quantify the width of CFs, one can introduce the dispersion ωσ. For the photon, it can be introduced by the

following relation:
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(
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, (8)

where σ̂ρN is the ρ meson–nucleon cross section. The use of our Pγ(σ,W ) in Eq. (8) gives ωσ ≈ 0.93, which should
be compared to ωρ

σ ≈ 0.54 for the pure ρ meson contribution to Pγ(σ,W ) and to ωπ
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“Hot QCD matter” at EIC?

“Ridge” and “thermal” features should be observable 
at EIC in high-multiplicity e+Au events!
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Summary

Remarkable long-range collectivity observed
across all hadronic collision systems (pp/pA/AA)

Physics origin in small systems still under intense 
debate (CGC vs Hydro.) but a lot of progress made

e+A has a (qq)+A component
• A “ridge” should be observable at high multiplicities
• New insights to our understanding of the “ridge”

-

Understanding the proton is the key 
• role of quantum interference or entanglement?
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“Hot QCD matter” in UPC AA
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