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Outline

I Color Glass Condensate, saturation basics
I Glasma initial stage color field
I Glasma flux tubes and strings
I Non-flow particle correlations
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Gluon saturation
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A heavy ion event at the LHC

How does one understand what happened here?
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Heavy ion collision in spacetime

The purpose in heavy ion collisions: to create QCD matter,
i.e. system that is large and lives long

compared to the microscopic scale

t � 1
T

L� 1
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T > 200MeV
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t

strong fields
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gluons & quarks in eq.

hadrons in eq.

freeze out

color fields
nonequilibrium quarks, gluons

quark-gluon plasma
hadron gas

freezeout

Concentrate here on the earliest stage
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Gluon saturation, Glass and Glasma

Small x : the hadron/nucleus wavefunction is
characterized by saturation scale Qs � ΛQCD.

H
pT ∼ Qs: strong fields Aµ ∼ 1/g

I occupation numbers ∼ 1/αs

I classical field approximation.
I small αs, but nonperturbative
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CGC: Effective theory for wavefunction of nucleus
I Large x = color charge ρ, probability distribution Wy [ρ]

I Small x = classical gluon field Aµ + quantum flucts.

Glasma: field configuration of two colliding sheets of CGC. (Here y ∼ ln
√

s)
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Gluon saturation in IMF: nonlinear interactions
Saturation when phase space density of gluons large

I Number of gluons xG(x ,Q2)
I Size of one gluon ∼ 1/Q2

I Transverse space available πR2
p

I Coupling αs

Estimate in terms of gluon numbers
Nonlinearities important when

πR2
p ∼ αsxG(x ,Q2)

1
Q2

Solve for Q2 = Q2
s ; “saturation scale”

(LHC kinematics: Qs ≈ 1 .. 2GeV)



7/19

Gluon saturation in dipole picture: unitarity

σ̂

P

γ∗ z

1 − z

rT

I Scattering amplitude: unitarity limit N ≤ 1
(probability < 1)

I Two gluon exchange:

N (r) ∼ αs
r2xG(x ,Q2 ∼ 1/r2)

πR2
p

2-gluon exchange wrong when Q2 ∼ 1
r2 . Q2

s ∼ αsxG(x,Q2
s )

πR2
p

Gluon saturation in target rest frame
I Degree of freedom is scattering amplitude (not number of partons)
I Saturation appears as unitarity constraint

=⇒ Built into formalism; does not look dynamical.
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Wilson line

Classical color field described as Wilson line

V (xT ) = P exp

{
ig
∫

dx−A+
cov(xT , x−)

}
∈ SU(3)

Relation to color charge ρ : ∇T
2A+

cov(xT , x−) = −gρ(xT , x−)

Physical interpretation: Eikonal propagation of parton through target color field

Qs is characteristic momentum/distance scale

Precise definition used here:

C(xT ) =
1

Nc

〈
Tr V †(0T )V (xT )

〉
= e−

1
2 ⇐⇒ x2

T =
2

Q2
s
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r/a
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y = 5.18
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CGC color field is ISR

I In partonic picture: gluon field is cascade of ISR
I Gluons have kT , but ordered in k+, not kT

I EFT cutoff: color charge/field
I Many color charges: conservation only on average

Quantitative calculations:
I Do not count gluons
I In stead: d.o.f is eikonal amplitude
I Unitarity constraint, not ΛQCD, cuts off

∫
0

dkT
kT

=⇒ typical kT ∼ Qs

Now: initial stage of heavy ion collision in this picture
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Glasma fields
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How to obtain intitial glasma fields

Now let two dense color field systems collide

η = cst.

t

z

x+x−

(3)

Aµ = ?

(4)

Aµ = 0

(2)

Aµ = pure gauge 2

(1)

Aµ = pure gauge 1

τ = cst.

Need LC gauge fields Ai
(1,2) =

i
g

V(1,2)(xT )∂iV
†
(1,2)(xT )

V (xT ) = Wilson line for nuclei (1) and (2)

τ = 0: match using [Dµ, Fµν ] = Jν :

Ai
∣∣∣
τ=0

= Ai
(1) + Ai

(2)

Aη|τ=0 =
ig
2

[Ai
(1),A

i
(2)]

Aτ = 0 gauge choice

τ > 0 Numerical CYM or approximations

This is the glasma field =⇒ Then average over initial Wilson lines.
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Initial glasma fields
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I Initial condition is longitudinal E and B field,
at τ ∼ 1/Qs evolves to E2

z ∼ B2
z ∼ 2E2

x ∼ 2B2
x ∼ 2E2

y ∼ 2B2
y

I Depend on transverse coordinate
with correlation length 1/Qs =⇒ gluon correlations

I Fix gauge, Fourier-decompose: Gluons with pT ∼ Qs

I Configuration naturally has Chern-Simons charge NCS ∼ εµναβFa
µνFa

αβ ∼ E · B
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Dilute limit, polarization, coherence

I V (xT ) ≈ 1− i 1
∇T

2 ρ(xT )

I Gluon spectrum reduces to Bertsch-Gunion =⇒

How to understand longitudinal fields at τ = 0?
I ∃ 2 linear polarization states for gluon with kT :

I E⊥(⊥ kT ) & Bz
I B⊥(⊥ kT ) & Ez

I Both polarizations produced
I Boost invariant energy

dE
dη

=
1
τ

Tr E iE i +
τ

2
Tr FijFij + τ Tr EηEη +

1
τ

[Di ,Aη][Di ,Aη]

I Only phase consistent with finite energy @ τ = 0 :
1 polarization in purely Bz and other in purely Ez

I Then decohere with τ
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(Epelbaum, Gelis,
arXiv:1307.2214: quantum
fluctuations change the
picture)
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Glasma flux tubes and strings
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Color flux tubes and strings: where is the energy?

“2-component” picture partons + strings
I t = 0 Longitudinal (jet axis)

momentum of receding partons
I Longitudinal motion: shift to

potential energy of (homogenous?)
color electric field

I String breaking: release to kinetic
energy of newly created partons

η = cst.

t

z

x+x−

(3)

Aµ = ?

(4)

Aµ = 0

(2)

Aµ = pure gauge 2

(1)

Aµ = pure gauge 1

τ = cst.

Glasma fields: 1-scale problem
I Total

√
s =∞, carried by beams

I Count energy /unit rapidity (spacetime
rapidity η)

I Fields boost invariant =⇒ no
longitudinal (beam direction)
momentum

I Energy carried by kT of gluons
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Color flux tubes and strings: transverse coordinate

For strings, I have only questions:
I What is “thickness” of string?
I Does a string have both momentum and

position? Uncertainty relation? 2-scale
argument?

Classical-Yang-Mills
I Fields in coordinate space:

=⇒ kT by Fourier-transform
I Heisenberg uncertainty relation satisfied
I For very small scale substructure (hot spots in

proton), becomes limiting factor!
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Color flux tubes and strings: time and rapidity

I Volume of one unit ∆η grows as ∼ τ
I String with constant tension: dE

dη ∼ τ . . . until string breaks

I Boost-invariant fields redshifted =⇒ after coherence lost dE
dη ∼ cst
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Azimuthal particle correlations
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Azimuthal correlations, vn’s

Experimental observation
I Azimuthal anisotropy in particle production
I In AA, (high Nch) pA & pp, LHC and RHIC
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Show as yield/trigger or as vn:
ATLAS, Phys. Rev. C 90 (2014) 4, 044906

What is the origin of the effect?
I Collective flow?
I Initial state gluon correlations?
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Azimuthal correlations from flow
In large systems (nucleus-nucleus) this dominates
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I Spatial substructure of nuclei
=⇒ Temperature/pressure gradients

I Interactions/collectivity:
=⇒ Anisotropic force

anisotropy in momentum

Large system (AA):
I Nucleons in nuclei, “MC Glauber” dominates
I Lifetime long =⇒ response hydrodynamic

Proton-proton, proton-nucleus systems:
I Subnucleon scale important
I Lifetime shorter =⇒ Pre-equilibrium flow,

viscosity & other “semi-hydro” features much
more important
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Domains in the target color field

Physical origin for initial state particle correlations

1/Qs

How is color field seen by individual quark?

I Momentum transfer from target E-field
I “Domains” of size ∼ 1/Qs

(Note actual calculation has Wilson lines, with
correlation length, not explicit domains)

I Several probe particles inside domain:
multiparticle azimuthal correlations.

I ∼ Q2
s S⊥ domains (S⊥= size of interaction area, πR2

A, πR2
p)

I ∼ Nc
2 colors

I Relative correlation ∼ 1
Nc

2Q2
s S⊥

=⇒ stronger in small systems

I Manifestation in momentum & coordinate space =⇒ relevant for both flow &
non-flow
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Conclusions

I Gluon saturation & CGC: a weak-coupling &
nonperturbative picture in the “BFKL”
kinematic regime

I Classical color fields
I Natural way to include gluon saturation
I Measurable in dilute-dense processes like DIS
I Can calculate dense-dense collision

I My personal opinion: glasma fields best
thought of as perturbative gluons

I Understand time dependence
I High kT -spectrum perturbative,

kT -factorization
I But IR is regulated at kT ∼ Qs

=⇒ requires nonperturbative calculation
— can be done with CYM
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Glasma at τ = 0
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Energy density and Chern-Simons charge at τ = 0

At exactly τ = 0 can do a lot of things analytically
( changing notation αi ≡ Ai

(1), β
i ≡ Ai

(2) )

〈ε(xT )〉 = (−ig)2
(
δijδkl + εijεkl

)〈
Tr
(

[αi
xT
, β j

xT
][αk

xT
, β l

xT
]
)〉

(∼ ~E2 + ~B2 =
τ=0

E2
z + B2

z )

〈ν̇(xT )〉 = (−ig)2 δijεkl
〈

Tr
(

[αi
xT
, β j

xT
][αk

xT
, β l

xT
]
)〉

(∼ ~E · ~B = Ez · Bz)

Here ν̇ related to axial charge per unit area dN5

d2xT dη

∣∣∣
τ.1/Qs

≈ τ2

2
g2Nf
2π2 ν̇(xT , τ = 0+)

Nuclei independent =⇒ for 〈·〉 factorize out Weizsäcker-Williams gluon distribution

〈
Tr
(

[αi
xT
, β j

xT
][αk

xT
, β l

xT
]
)〉

=
1
2

if abc if a′b′c
〈
αi,a

xT
αk,a′

xT

〉〈
β j,b

xT
β l,b′

xT

〉
, W ik (xT ,yT ) ≡

〈
αi,a

xT
αk,a

xT

〉
Nc

2 − 1
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Distributions in Gaussian approximation

In Gaussian approximation WW-distribution from dipole DxT yT = 1
Nc

〈
Tr
(

VxT V
†
yT

)〉

W ik (xT ,yT ) =
1
2
δijG(r)+

1
2

(
δij − 2

rT
i rT

j

r2

)
h(r) =

1
g2Nc

(
∂ i

xT
∂k

yT
ln(DxT yT )

ln(DxT yT )

)((
DxT yT

)CA
CF − 1

)

Unpolarized G(r) =
1

g2Nc

1−
(

D(r)
)CA/CF

ln (D(r))

(
∂2

r +
1
r
∂r

)
ln (D(r))

Linearly polarized h(r) =
1

g2Nc

1−
(

D(r)
)CA/CF

ln (D(r))

(
∂2

r −
1
r
∂r

)
ln (D(r))

〈ε〉 only depends on G(r = 0); correlations on both G(r) and h(r)

I GBW parametrization G(r) = 1−e−(CA/CF)Q
2
s r2/4

g2Ncr2/4 & h(r) = 0

I MV model: ln D(r) ∼ −r2 ln r =⇒ G(r = 0) diverges, need to regulate
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Glasma graph approximation

For correlations need 8-point functions

〈αi,a
xT
αk,c

xT
αi′,a′

yT
αk′,c′

yT
〉, αi

xT
=

i
g

V (xT )∂iV (xT )

(This is why higher cumulants difficult)

I T. L. and S. Schlichting, Phys. Rev. D 97 (2018) no.3, 034034 :
used short distance “Glasma graph” approximation, factorize

〈
αi,a

xT
αk,c

xT
αi′,a′

yT
αk′,c′

yT

〉
=

disconnected︷ ︸︸ ︷〈
αi,a

xT
αk,c

xT

〉〈
αi′,a′

yT
αk′,c′

yT

〉 [
r = |xT − yT |

]
+
〈
αi,a

xT
αi′,a′

yT

〉〈
αk,c

xT
αk′,c′

yT

〉
+
〈
αi,a

xT
αk′,c′

yT

〉〈
αk,c

xT
αi′,a′

yT

〉
︸ ︷︷ ︸

connected

I Full more complicated result obtained by J. L. Albacete, P. Guerrero-Rodŕıguez and

C. Marquet, JHEP 1901 (2019) 073, P. Guerrero-Rodŕıguez, arXiv:1903.11602 [hep-ph].
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Correlation functions

I Glasma graph correct for
short distance

I Full result has larger
longer-distance correlation
(softer power law)
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h✏0(x?)✏0(y?)i � h✏0(x?)ih✏0(y?)i
h✏0(x?)ih✏0(y?)i
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h⌫̇0(x?)⌫̇0(y?)i
h✏0(x?)ih✏0(y?)i

<latexit sha1_base64="MXKgvyaWV3pWzecaEpdQCvoFJUI="></latexit>

P. Guerrero-Rodŕıguez, arXiv:1903.11602 [hep-ph].
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Time evolution
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Time evolution

Analytical expression for Glasma fields at τ = 0+. How to go beyond?

I Classical Yang Mills on the lattice:
Widely used (e.g. IPglasma), subject for another talk . . .

I Series in τ ?
G. Chen, R. J. Fries, J. I. Kapusta and Y. Li, Phys. Rev. C 92 (2015), 064912 ;

M. E. Carrington, A. Czajka and S. Mrowczynski, [arXiv:2012.03042 [hep-ph]].

Problem: ε(τ = 0) in the MV model is UV-divergent; although fine for τ > 0
(On the lattice regulate by lattice spacing)

I Boost invariant free field evolution:

Eη(τ, k⊥) = Eη0 (k⊥)J0(kτ) E i(τ, k⊥) = − iεij k
j

k
Bη0 (k⊥)J1(kτ)

Bη(τ, k⊥) = Bη0 (k⊥)J0(kτ) Bi(τ, k⊥) = − iεij k
j

k
Eη0 (k⊥)J1(kτ).

P. Guerrero-Rodŕıguez and T.L., [arXiv:2102.09993 [hep-ph]].
See also J. P. Blaizot, T.L. and Y. Mehtar-Tani, Nucl. Phys. A 846 (2010), 63-82;
H. Fujii, K. Fukushima and Y. Hidaka, Phys. Rev. C 79 (2009), 024909
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Free field time evolution

〈ε(τ, xT )〉 =
g2

2
(δijδkl+ εijεkl)f abnf cdn

∫
pT ,kT ,uT ,vT

〈αi,a
uT
αk,c

vT
〉1〈αj,b

uT
αl,d

vT
〉2

× eipT ·(xT−uT )eikT ·(xT−vT )

(
J0(pτ)J0(kτ)−

pT · kT

pT kT
J1(pτ)J1(kτ)

) u?
<latexit sha1_base64="7CZh51mjMwecY8jNO4isXzDPrIE=">AAAB6nicbZDLTgIxFIbP4A3xhrp000hMXJEZL9El0Y1LTORiYEI65QAN7UzTdkzIhJfQlVF3Po4v4NtYcBaK/quv5/+bnP9ESnBjff/TKywtr6yuFddLG5tb2zvl3b2mSVLNsMESkeh2RA0KHmPDciuwrTRSGQlsRePrmd96QG14Et/ZicJQ0mHMB5xR60b3aS/rKtRq2itX/Ko/F/kLQQ4VyFXvlT+6/YSlEmPLBDWmE/jKhhnVljOB01I3NagoG9MhdhzGVKIJs/nCU3I0SDSxIyTz989sRqUxExm5jKR2ZBa92fA/r5PawWWY8VilFmPmIs4bpILYhMx6kz7XyKyYOKBMc7clYSOqKbPuOiVXP1gs+xeaJ9XgtHp+e1apXeWHKMIBHMIxBHABNbiBOjSAgYQneIU3T3iP3rP38h0tePmfffgl7/0LJ/KOTw==</latexit>

v?
<latexit sha1_base64="/PzAd2uPiWxvV9GqLaAzwpcjAyo=">AAAB6nicbZDLTsJAFIZP8YZ4Q126aSQmrkjrJbokunGJiVwMNGQ6nMKEmXYyMyUhDS+hK6PufBxfwLdxwC4U/FffnP+f5PwnlJxp43lfTmFldW19o7hZ2tre2d0r7x80dZIqig2a8ES1Q6KRsxgbhhmObamQiJBjKxzdzvzWGJVmSfxgJhIDQQYxixglxo4ex72sK1HJaa9c8areXO4y+DlUIFe9V/7s9hOaCowN5UTrju9JE2REGUY5TkvdVKMkdEQG2LEYE4E6yOYLT92TKFGuGaI7f//OZkRoPRGhzQhihnrRmw3/8zqpia6DjMUyNRhTG7FelHLXJO6st9tnCqnhEwuEKma3dOmQKEKNvU7J1vcXyy5D86zqn1cv7y8qtZv8EEU4gmM4BR+uoAZ3UIcGUBDwDG/w7nDnyXlxXn+iBSf/cwh/5Hx8Ayl4jlA=</latexit>

x?
<latexit sha1_base64="iJsLZ3MltcxmrnBlcIaxTRH0sq0=">AAAB6nicbZDLTsMwEEUn5VXKq8CSTUSFxKpKeAiWFWxYFok+UBtVjjtprdqJZTuIKupPwAoBOz6HH+BvcEsW0HJXx3OvpbkTSs608bwvp7C0vLK6VlwvbWxube+Ud/eaOkkVxQZNeKLaIdHIWYwNwwzHtlRIRMixFY6up37rAZVmSXxnxhIDQQYxixglxo7uH3tZV6KSk1654lW9mdxF8HOoQK56r/zZ7Sc0FRgbyonWHd+TJsiIMoxynJS6qUZJ6IgMsGMxJgJ1kM0WnrhHUaJcM0R39v6dzYjQeixCmxHEDPW8Nx3+53VSE10GGYtlajCmNmK9KOWuSdxpb7fPFFLDxxYIVcxu6dIhUYQae52Sre/Pl12E5knVP62e355Valf5IYpwAIdwDD5cQA1uoA4NoCDgGd7g3eHOk/PivP5EC07+Zx/+yPn4BiyEjlI=</latexit>{ <latexit sha1_base64="TKJDfokaD0VVc1flEwdShH8SR0Y=">AAAB43icbZDLTgJBEEVr8IX4Ql266UhMXJEZH9El0Y1LNPJIgJCepgY69DzSXWNCJnyBroy684/8Af/GBmeh6F2drns7qVt+oqQh1/10CkvLK6trxfXSxubW9k55d69p4lQLbIhYxbrtc4NKRtggSQrbiUYe+gpb/vh65rceUBsZR/c0SbAX8mEkAyk42dFdN+uXK27VnYv9BS+HCuSq98sf3UEs0hAjEoob0/HchHoZ1ySFwmmpmxpMuBjzIXYsRjxE08vmm07ZURBrRiNk8/fPbMZDYyahbzMhp5FZ9GbD/7xOSsFlL5NRkhJGwkasF6SKUcxmhdlAahSkJha40NJuycSIay7InqVk63uLZf9C86TqnVbPb88qtav8EEU4gEM4Bg8uoAY3UIcGCAjgCV7hzUHn0Xl2Xr6jBSf/sw+/5Lx/AZCIiwE=</latexit>⌧

<latexit sha1_base64="CgBosUnwK8RM50R3rcvs0JdHndA=">AAAB5XicbZDLSsNAFIZP6q3WW9Wlm2ARXJXEC7osunFZwV6gDWUyPWmHTi7MnAgl9BF0JerOF/IFfBsnNQtt/VffnP8fOP/xEyk0Oc6XVVpZXVvfKG9WtrZ3dveq+wdtHaeKY4vHMlZdn2mUIsIWCZLYTRSy0JfY8Se3ud95RKVFHD3QNEEvZKNIBIIzykd9YumgWnPqzlz2MrgF1KBQc1D97A9jnoYYEZdM657rJORlTJHgEmeVfqoxYXzCRtgzGLEQtZfNd53ZJ0GsbBqjPX//zmYs1Hoa+iYTMhrrRS8f/uf1UgquvUxESUoYcRMxXpBKm2I7r2wPhUJOcmqAcSXMljYfM8U4mcNUTH13sewytM/q7nn98v6i1rgpDlGGIziGU3DhChpwB01oAYcxPMMbvFsj68l6sV5/oiWr+HMIf2R9fAMRS4vk</latexit>

{<latexit sha1_base64="TKJDfokaD0VVc1flEwdShH8SR0Y=">AAAB43icbZDLTgJBEEVr8IX4Ql266UhMXJEZH9El0Y1LNPJIgJCepgY69DzSXWNCJnyBroy684/8Af/GBmeh6F2drns7qVt+oqQh1/10CkvLK6trxfXSxubW9k55d69p4lQLbIhYxbrtc4NKRtggSQrbiUYe+gpb/vh65rceUBsZR/c0SbAX8mEkAyk42dFdN+uXK27VnYv9BS+HCuSq98sf3UEs0hAjEoob0/HchHoZ1ySFwmmpmxpMuBjzIXYsRjxE08vmm07ZURBrRiNk8/fPbMZDYyahbzMhp5FZ9GbD/7xOSsFlL5NRkhJGwkasF6SKUcxmhdlAahSkJha40NJuycSIay7InqVk63uLZf9C86TqnVbPb88qtav8EEU4gEM4Bg8uoAY3UIcGCAjgCV7hzUHn0Xl2Xr6jBSf/sw+/5Lx/AZCIiwE=</latexit>

⌧
<latexit sha1_base64="CgBosUnwK8RM50R3rcvs0JdHndA=">AAAB5XicbZDLSsNAFIZP6q3WW9Wlm2ARXJXEC7osunFZwV6gDWUyPWmHTi7MnAgl9BF0JerOF/IFfBsnNQtt/VffnP8fOP/xEyk0Oc6XVVpZXVvfKG9WtrZ3dveq+wdtHaeKY4vHMlZdn2mUIsIWCZLYTRSy0JfY8Se3ud95RKVFHD3QNEEvZKNIBIIzykd9YumgWnPqzlz2MrgF1KBQc1D97A9jnoYYEZdM657rJORlTJHgEmeVfqoxYXzCRtgzGLEQtZfNd53ZJ0GsbBqjPX//zmYs1Hoa+iYTMhrrRS8f/uf1UgquvUxESUoYcRMxXpBKm2I7r2wPhUJOcmqAcSXMljYfM8U4mcNUTH13sewytM/q7nn98v6i1rgpDlGGIziGU3DhChpwB01oAYcxPMMbvFsj68l6sV5/oiWr+HMIf2R9fAMRS4vk</latexit>

✓
<latexit sha1_base64="Mme7ttWvhBPHPvWvi8dbPdECuHU=">AAAB53icbVDJTgJBEK1xRdxQj146EhNPZMYleiR68YiJLAlMSE9TAy09S7prTAjhG/Rk1Jv/4w/4NzY4BwXf6VW9V6l6FaRKGnLdL2dpeWV1bb2wUdzc2t7ZLe3tN0ySaYF1kahEtwJuUMkY6yRJYSvVyKNAYTMY3kz15iNqI5P4nkYp+hHvxzKUgpNtNTo0QOLdUtmtuDOwReLlpAw5at3SZ6eXiCzCmITixrQ9NyV/zDVJoXBS7GQGUy6GvI9tS2MeofHHs2sn7DhMNLN72az+7R3zyJhRFFhPxGlg5rVp8z+tnVF45Y9lnGaEsbAWq4WZYpSwaWjWkxoFqZElXGhpr2RiwDUXZF9TtPG9+bCLpHFa8c4qF3fn5ep1/ogCHMIRnIAHl1CFW6hBHQQ8wDO8wbsjnSfnxXn9sS45+cwB/IHz8Q2PQYzE</latexit>

〈ε(τ,xT )〉 = [· · · ]
∫

uT ,vT

[· · · ] δ(|xT − uT |−τ)

2πτ
δ(|xT − vT |−τ)

2πτ
(1 + cos(θxT−uT − θxT−vT )).

Interpretation: interfering spherical expansing waves from uT ,vT to xT
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Free field time evolution

For energy density correlator this structure generalizes:
Correlators of charges at τ = 0 =⇒ correlators at τ > 0

y?
<latexit sha1_base64="e0KGCZQEra8N4yQs4FMclHdI3v4=">AAAB6nicbZDLTsMwEEUn5VXKq8CSTUSFxKpKeAiWFWxYFok+UBtVjjtprdqJZTtIUdSfgBUCdnwOP8Df4JYsoHBXx3OvpbkTSs608bxPp7S0vLK6Vl6vbGxube9Ud/faOkkVxRZNeKK6IdHIWYwtwwzHrlRIRMixE06uZ37nAZVmSXxnMomBIKOYRYwSY0f32SDvS1RyOqjWvLo3l/sX/AJqUKg5qH70hwlNBcaGcqJ1z/ekCXKiDKMcp5V+qlESOiEj7FmMiUAd5POFp+5RlCjXjNGdv39mcyK0zkRoM4KYsV70ZsP/vF5qossgZ7FMDcbURqwXpdw1iTvr7Q6ZQmp4ZoFQxeyWLh0TRaix16nY+v5i2b/QPqn7p/Xz27Na46o4RBkO4BCOwYcLaMANNKEFFAQ8wSu8Odx5dJ6dl+9oySn+7MMvOe9fLgqOUw==</latexit>

x?
<latexit sha1_base64="iJsLZ3MltcxmrnBlcIaxTRH0sq0=">AAAB6nicbZDLTsMwEEUn5VXKq8CSTUSFxKpKeAiWFWxYFok+UBtVjjtprdqJZTuIKupPwAoBOz6HH+BvcEsW0HJXx3OvpbkTSs608bwvp7C0vLK6VlwvbWxube+Ud/eaOkkVxQZNeKLaIdHIWYwNwwzHtlRIRMixFY6up37rAZVmSXxnxhIDQQYxixglxo7uH3tZV6KSk1654lW9mdxF8HOoQK56r/zZ7Sc0FRgbyonWHd+TJsiIMoxynJS6qUZJ6IgMsGMxJgJ1kM0WnrhHUaJcM0R39v6dzYjQeixCmxHEDPW8Nx3+53VSE10GGYtlajCmNmK9KOWuSdxpb7fPFFLDxxYIVcxu6dIhUYQae52Sre/Pl12E5knVP62e355Valf5IYpwAIdwDD5cQA1uoA4NoCDgGd7g3eHOk/PivP5EC07+Zx/+yPn4BiyEjlI=</latexit>

{<latexit sha1_base64="TKJDfokaD0VVc1flEwdShH8SR0Y=">AAAB43icbZDLTgJBEEVr8IX4Ql266UhMXJEZH9El0Y1LNPJIgJCepgY69DzSXWNCJnyBroy684/8Af/GBmeh6F2drns7qVt+oqQh1/10CkvLK6trxfXSxubW9k55d69p4lQLbIhYxbrtc4NKRtggSQrbiUYe+gpb/vh65rceUBsZR/c0SbAX8mEkAyk42dFdN+uXK27VnYv9BS+HCuSq98sf3UEs0hAjEoob0/HchHoZ1ySFwmmpmxpMuBjzIXYsRjxE08vmm07ZURBrRiNk8/fPbMZDYyahbzMhp5FZ9GbD/7xOSsFlL5NRkhJGwkasF6SKUcxmhdlAahSkJha40NJuycSIay7InqVk63uLZf9C86TqnVbPb88qtav8EEU4gEM4Bg8uoAY3UIcGCAjgCV7hzUHn0Xl2Xr6jBSf/sw+/5Lx/AZCIiwE=</latexit>

⌧
<latexit sha1_base64="CgBosUnwK8RM50R3rcvs0JdHndA=">AAAB5XicbZDLSsNAFIZP6q3WW9Wlm2ARXJXEC7osunFZwV6gDWUyPWmHTi7MnAgl9BF0JerOF/IFfBsnNQtt/VffnP8fOP/xEyk0Oc6XVVpZXVvfKG9WtrZ3dveq+wdtHaeKY4vHMlZdn2mUIsIWCZLYTRSy0JfY8Se3ud95RKVFHD3QNEEvZKNIBIIzykd9YumgWnPqzlz2MrgF1KBQc1D97A9jnoYYEZdM657rJORlTJHgEmeVfqoxYXzCRtgzGLEQtZfNd53ZJ0GsbBqjPX//zmYs1Hoa+iYTMhrrRS8f/uf1UgquvUxESUoYcRMxXpBKm2I7r2wPhUJOcmqAcSXMljYfM8U4mcNUTH13sewytM/q7nn98v6i1rgpDlGGIziGU3DhChpwB01oAYcxPMMbvFsj68l6sV5/oiWr+HMIf2R9fAMRS4vk</latexit>

r?
<latexit sha1_base64="GUE/QnPj2MeoIhE3LfE0DNvMyws=">AAAB6nicbZDLTgIxFIbP4A3xhrp000hMXJEZL9El0Y1LTORiYEI65QAN7UzTdkzIhJfQlVF3Po4v4NtYcBaK/quv5/+bnP9ESnBjff/TKywtr6yuFddLG5tb2zvl3b2mSVLNsMESkeh2RA0KHmPDciuwrTRSGQlsRePrmd96QG14Et/ZicJQ0mHMB5xR60b3upd1FWo17ZUrftWfi/yFIIcK5Kr3yh/dfsJSibFlghrTCXxlw4xqy5nAaambGlSUjekQOw5jKtGE2XzhKTkaJJrYEZL5+2c2o9KYiYxcRlI7MovebPif10nt4DLMeKxSizFzEecNUkFsQma9SZ9rZFZMHFCmuduSsBHVlFl3nZKrHyyW/QvNk2pwWj2/PavUrvJDFOEADuEYAriAGtxAHRrAQMITvMKbJ7xH79l7+Y4WvPzPPvyS9/4FI2COTA==</latexit>

<latexit sha1_base64="IfgaX77qSXrxo8FLCDGKge034x8=">AAAB6nicbZDNTgIxFIXv4B/iH+rSTSMxcUVmjEaXRDcuMZEfAxPSKRdoaGeatmNCJryEroy683F8Ad/GgrNQ8Ky+3nOa3HMjJbixvv/lFVZW19Y3ipulre2d3b3y/kHTJKlm2GCJSHQ7ogYFj7FhuRXYVhqpjAS2ovHNzG89ojY8ie/tRGEo6TDmA86odaMH08u6CrWa9soVv+rPRZYhyKECueq98me3n7BUYmyZoMZ0Al/ZMKPaciZwWuqmBhVlYzrEjsOYSjRhNl94Sk4GiSZ2hGT+/p3NqDRmIiOXkdSOzKI3G/7ndVI7uAozHqvUYsxcxHmDVBCbkFlv0ucamRUTB5Rp7rYkbEQ1ZdZdp+TqB4tll6F5Vg0uqv7deaV2nR+iCEdwDKcQwCXU4Bbq0AAGEp7hDd494T15L97rT7Tg5X8O4Y+8j28j9I5K</latexit>s?
<latexit sha1_base64="LhuGxzkNMiifcK+h+7R7RVZ2S1g=">AAAB8nicbZDLSsNAFIZP6q3WS6Mu3QwWwVVJRNFl0Y3LCvYCTQiT6Wk7dHJhZiKUkBfRlag7H8UX8G2c1iy09V99c/5/4PwnTAVX2nG+rMra+sbmVnW7trO7t1+3Dw67Kskkww5LRCL7IVUoeIwdzbXAfiqRRqHAXji9nfu9R5SKJ/GDnqXoR3Qc8xFnVJtRYNe9kMpcFUHupSjTIrAbTtNZiKyCW0IDSrUD+9MbJiyLMNZMUKUGrpNqP6dScyawqHmZwpSyKR3jwGBMI1R+vli8IKejRBI9QbJ4/87mNFJqFoUmE1E9UcvefPifN8j06NrPeZxmGmNmIsYbZYLohMz7kyGXyLSYGaBMcrMlYRMqKdPmSjVT310uuwrd86Z72XTuLxqtm/IQVTiGEzgDF66gBXfQhg4wyOAZ3uDd0taT9WK9/kQrVvnnCP7I+vgGXfeRQA==</latexit>

s̄?

<latexit sha1_base64="bXBkk2DWqU4VxQ4xCEvi1Jin5zI=">AAAB8nicbZDLSsNAFIYn9VbrpVGXbgaL4Kokouiy6MZlBXuBJoTJ9LQdOrkwcyKUkBfRlag7H8UX8G2c1iy09V99c/5/4PwnTKXQ6DhfVmVtfWNzq7pd29nd26/bB4ddnWSKQ4cnMlH9kGmQIoYOCpTQTxWwKJTQC6e3c7/3CEqLJH7AWQp+xMaxGAnO0IwCu+6FTOVYBLmXgkqLwG44TWchugpuCQ1Sqh3Yn94w4VkEMXLJtB64Top+zhQKLqGoeZmGlPEpG8PAYMwi0H6+WLygp6NEUZwAXbx/Z3MWaT2LQpOJGE70sjcf/ucNMhxd+7mI0wwh5iZivFEmKSZ03p8OhQKOcmaAcSXMlpRPmGIczZVqpr67XHYVuudN97Lp3F80WjflIarkmJyQM+KSK9Iid6RNOoSTjDyTN/JuofVkvVivP9GKVf45In9kfXwDX36RQQ==</latexit>

t̄?
<latexit sha1_base64="duy0bAdpIMFjJio5F26GnP0nCPE=">AAAB6nicbZDNTgIxFIU7+If4h7p000hMXJEZo9El0Y1LTOTHwIR0ygUa2pmmvWNCJryEroy683F8Ad/GgrNQ8Ky+3nOa3HMjLYVF3//yCiura+sbxc3S1vbO7l55/6Bpk9RwaPBEJqYdMQtSxNBAgRLa2gBTkYRWNL6Z+a1HMFYk8T1ONISKDWMxEJyhGz1gL+tqMHraK1f8qj8XXYYghwrJVe+VP7v9hKcKYuSSWdsJfI1hxgwKLmFa6qYWNONjNoSOw5gpsGE2X3hKTwaJoTgCOn//zmZMWTtRkcsohiO76M2G/3mdFAdXYSZinSLE3EWcN0glxYTOetO+MMBRThwwboTbkvIRM4yju07J1Q8Wyy5D86waXFT9u/NK7To/RJEckWNySgJySWrkltRJg3CiyDN5I++e9J68F+/1J1rw8j+H5I+8j28leo5L</latexit>

t?

3

3
1

10-4

10-3

10-2

10-1

 0  1  2  3  4  5
Qs r

Qs tau = 0

Qs tau = 1

Qs tau = 2

Qs tau = 4

Qs r
<latexit sha1_base64="n4IqcWr3Q2bkRjHiQK+BXx6+OkY=">AAAB7XicbVDLSgNBEOyNrxhfqx69DAbBg4RdH+gx6MVjAuYByRJmJ7PJmNmZZWZWCEv+wYsHRbz6P978GyfJHjSxoKGo6qa7K0w408bzvp3Cyura+kZxs7S1vbO75+4fNLVMFaENIrlU7RBrypmgDcMMp+1EURyHnLbC0d3Ubz1RpZkUD2ac0CDGA8EiRrCxUrPe090z1XPLXsWbAS0TPydlyFHruV/dviRpTIUhHGvd8b3EBBlWhhFOJ6VuqmmCyQgPaMdSgWOqg2x27QSdWKWPIqlsCYNm6u+JDMdaj+PQdsbYDPWiNxX/8zqpiW6CjIkkNVSQ+aIo5chINH0d9ZmixPCxJZgoZm9FZIgVJsYGVLIh+IsvL5PmecW/qFzVL8vV2zyOIhzBMZyCD9dQhXuoQQMIPMIzvMKbI50X5935mLcWnHzmEP7A+fwBJKOO2g==</latexit>

3

8(N2
c � 1)

<latexit sha1_base64="mlj3BitItAooLAg/D5xQ6/iZ9xI=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCXViSVrHLohtXUsE+oI1hMp20QyeTMDMRagj+ihsXirj1P9z5N07bLLT1wIXDOfdy7z1exKhUlvVt5JaWV1bX8uuFjc2t7R1zd68lw1hg0sQhC0XHQ5IwyklTUcVIJxIEBR4jbW90NfHbD0RIGvI7NY6IE6ABpz7FSGnJNQ96vkA4qaZJrXTj4vvKqX2SumbRKltTwEViZ6QIMjRc86vXD3EcEK4wQ1J2bStSToKEopiRtNCLJYkQHqEB6WrKUUCkk0yvT+GxVvrQD4UuruBU/T2RoEDKceDpzgCpoZz3JuJ/XjdWfs1JKI9iRTieLfJjBlUIJ1HAPhUEKzbWBGFB9a0QD5GOQ+nACjoEe/7lRdKqlO1q+fz2rFi/zOLIg0NwBErABhegDq5BAzQBBo/gGbyCN+PJeDHejY9Za87IZvbBHxifP7wClBw=</latexit>

3

N2
c � 1

<latexit sha1_base64="0TCtE1bNup7g2DUgknynSolydaE=">AAAB+nicbVBNS8NAEJ34WetXqkcvwSJ4sSStoseiF09SwX5AG8Nmu2mXbjZhd6OUmJ/ixYMiXv0l3vw3btsctPXBwOO9GWbm+TGjUtn2t7G0vLK6tl7YKG5ube/smqW9lowSgUkTRywSHR9JwignTUUVI51YEBT6jLT90dXEbz8QIWnE79Q4Jm6IBpwGFCOlJc8s9QKBcFrL0pv7qodPnMwzy3bFnsJaJE5OypCj4ZlfvX6Ek5BwhRmSsuvYsXJTJBTFjGTFXiJJjPAIDUhXU45CIt10enpmHWmlbwWR0MWVNVV/T6QolHIc+rozRGoo572J+J/XTVRw4aaUx4kiHM8WBQmzVGRNcrD6VBCs2FgThAXVt1p4iHQWSqdV1CE48y8vkla14tQqZ7en5fplHkcBDuAQjsGBc6jDNTSgCRge4Rle4c14Ml6Md+Nj1rpk5DP78AfG5w9r45N1</latexit>

C
or

re
la

to
rs

<latexit sha1_base64="23ST/6BA8CvVH+djfANdAomhpUU=">AAAB+3icbVBNS8NAEN34WetXrEcvwSJ4Kokf6LHYi8cK9gPaUDbbSbt0kw27E2kJ/StePCji1T/izX/jts1BWx8MPN6bYWZekAiu0XW/rbX1jc2t7cJOcXdv/+DQPio1tUwVgwaTQqp2QDUIHkMDOQpoJwpoFAhoBaPazG89gdJcxo84ScCP6CDmIWcUjdSzS12EMWY1qRQIilLpac8uuxV3DmeVeDkpkxz1nv3V7UuWRhAjE1Trjucm6GdUIWcCpsVuqiGhbEQH0DE0phFoP5vfPnXOjNJ3QqlMxejM1d8TGY20nkSB6YwoDvWyNxP/8zophrd+xuMkRYjZYlGYCgelMwvC6XMFDMXEEMoUN7c6bEgVZWjiKpoQvOWXV0nzouJdVq4frsrVuzyOAjkhp+SceOSGVMk9qZMGYWRMnskrebOm1ov1bn0sWtesfOaY/IH1+QP7xZUP</latexit>

(h"(x?)"(y?)i � h"(x?)ih"(y?)i) /(h"(x?)ih"(y?)i)
<latexit sha1_base64="5O61gr2oGF+ea0m9J2gbXb20/nk="></latexit>

h⌫̇(x?)⌫̇(y?)i/(h"(x?)ih"(y?)i)
<latexit sha1_base64="PSHlDu2KXymypcBNhzc9bko+Y8s="></latexit>

MV Model
<latexit sha1_base64="Dtos01JnbdUJ4dx4n1HoavbcQZE=">AAAB+HicbVDJSgNBEO2JW4xLRj16aQyCpzDjgh6DXrwEIpgFkiH0dCpJk56F7hoxDvkSLx4U8eqnePNv7CRz0MQHBY/3qqiq58dSaHScbyu3srq2vpHfLGxt7+wW7b39ho4SxaHOIxmpls80SBFCHQVKaMUKWOBLaPqjm6nffAClRRTe4zgGL2CDUPQFZ2ikrl3sIDxiWm3QatQDOenaJafszECXiZuREslQ69pfnV7EkwBC5JJp3XadGL2UKRRcwqTQSTTEjI/YANqGhiwA7aWzwyf02Cg92o+UqRDpTP09kbJA63Hgm86A4VAvelPxP6+dYP/KS0UYJwghny/qJ5JiRKcp0J5QwFGODWFcCXMr5UOmGEeTVcGE4C6+vEwap2X3rHxxd16qXGdx5MkhOSInxCWXpEJuSY3UCScJeSav5M16sl6sd+tj3pqzspkD8gfW5w+jpZMV</latexit>

Explicit equation in paper.
(Tehcnical note: glasma graph approximation, WW distributions, work to do still . . . )
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Subnucleon structure
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Subnucleon scales: IPglasma
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Hydro description of pA data: subnucleon structure
I Color field fluctuations
I Hot spots inside nucleon

Bayesian fits of HI data: same conclusion =⇒
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Subnucleon scales: hotspot model

S. Demirci, T.L. and S. Schlichting, [arXiv:2101.03791 [hep-ph]] :
Analytically tractable dilute-dense model with proton hotspots

Parameters:
I Proton radius R
I Hot spot radius r
I Hot spot number Nq

I IR cutoff for color fields m
=⇒ Energy density correlator

〈ε(xT )ε(yT )〉 − 〈ε(xT )〉 〈ε(yT )〉

 0
 0.02
 0.04
 0.06
 0.08
 0.1

 0.12
 0.14
 0.16
 0.18
 0.2

<
ε(

x)
ε(

y)
>

 /
 µ~  4

 Q
s4 Disconnected-Disconnected

Proton fluctuations
Nucleus fluctuations

Sum

 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9

0 1 2 3 4 5

<
ε(

x)
ε(

y)
>

/S
um

|x-y|/R



10/10

Hotspot model eccentricities
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I For reasonable parameter values hot spots dominate eccentricity
I Future: constrain from coherent and incoherent exclusive DIS J/Ψ data
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