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Early Stages and
Turbulence

(Retitled: highly occupied
non-abelian plasmas
very far from equilibrium)



Ultra-relativistic Nucleus-Nucleus (A+A) Collisions
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Ultrarelativistic Nucleus-Nucleus (A+A) Collisions




Ultrarelativistic Nucleus-Nucleus (A+A) Collisions
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Gluon Fields

Spectators

Spectators



Turbulent thermalization

e — WES —

Relaxation period.

Color Glass Condensate Fast production of particles
. | | Energy flows from IR
s the energy source of via quantum fluctuations and .
| . source to UV sink.
the system. secondary plasma instabllities.

Memory loss.

1<Q,t<log’(o; ")

Micha and Tkachev, Phys.Rev. D70 (2004) 043538
Berges et al. Phys.Rev. D89 (2014) no.11, 114007
Berges et al. arXiV: 2005.12299

Epelbaum and Gelis. Phys.Rev. D89 (2014) no.11, 114007

Berges, Boguslavski, Schlichting. Phys. Rev. D 85, 076005

Gluon distribution: flt,p;,v)

Berges et al. JHEP 05, 054 (2014)

Fig. from Berges et al. Nucl. Phys. Ag31, 348 (2014)
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Non-thermal fixed point

def. Parametrically long self-
similar regime guantum fields
under go in their way to
Thermal Equilibrium



Self - Similarity

def. distribution function depends on
a Universal, time-independent
function

ft,p) = t*(p, 1’ p.t")




Self - Similarity

def. distribution function depends on
a Universal, time-independent
function

ft,p) = t*(p, 1’ p.t")

Transport and Turbulence

def. Local flow of conserved
charges to accommodate better
the total corresponding charge. The
flow Is turbulent when is self-similar



Gluon occupation: High
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Moments of the spectrum:
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Momentum space anisotropy: A /Ay
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GIVEN THAT...

System later becomes Hydrodynamical
Hadrous are produced at later stages from lower energy densities

Hadrons observables are robust to change of lwitial Conditions

_THE QUESTION 15 THEN

Should we care (phenomenologically) about the early stages?



Find probe that “feels”
the turbulent stage

v

Pholons and diteplond




Direct Photons

The Standard Model of Heavy lon Collisions

TheGood = ———————— ‘_

*
------------------------------------------------------------

- No strong interactions

- Mean free path in medium > medium size N and HadwoveBuoomeivotons

Photons escape, virtually unscathed S

Photouns

The Bad

- Produced at every stage

- Their signal has to be extracted from Pre-equilibrium Prompt Photons 2
total by subtracting hadronic decays. Photons
The Ugly

- Compared with a lot of observables, signal is hard to get.



Direct Photon
Puzzle




Direct Photon Puzzle
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See also Shen, Nucl.Phys. A956 (2016) 184-191

14



Direct Photon Puzzle™

"The inability to simultaneously

d.ejcribe bOH'\
the photon yield and auisotropy,”



Cirt-]

Non-Thermal photons

from a thermalizing
QCD medium

Or.: Calewlate photon radiation fom
out-of-equilibrivm plasma, using e
bollom-up” acenario

-
<
~

-l
<

S,
Qo
O
=
O
B2,
-
©
O
O
©
Q.
w
=
-
-—
c
O
=
O
=

Q

=

Occupancy N4

BGLMYV (const. anisotropy)

Smaller occupancy

Higher anisotropy




Bottom-up thermalization

. Early Times. 2-2 broadening

| K Q1 < a 3/?

Three
Stages

l. Onset of thermalization
a 3? <« Q1 < o7
1. Mini-jet quenching

a? < QT < o135

BMSS. Phys.Lett. BSO2, 51 (2001)



l. Early Times: 2«2 broadening

dN,g B ]f p1
d’pidy as” \ O

] 3
Instabilities freed hard Gluons n, ~ Q

as Qs
Hard-hard interactions , d’p Q?
dominated by soft exchange Mp ™~ s 7f9 ™~ Oct
Longitudinal broadening (p,) ~ Qs (QST)—]/3

| K Q1 < a 3/?

Dominated by
hard gluons

(pL) ~ Q.

From Kurkela et al.
Phys.Rev. C99 (2019) no.3, 034910
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l. Early Times: 2«2 broadening

aNg _ 1o (pL) 1 ~2/3
dZPJ_dy B asf<Qs> of (QL

] 3
Instabilities freed hard Gluons n, ~ Q

as Qs
Hard-hard interactions , d’p Q?
dominated by soft exchange Mp ™~ s 7f9 ™~ Oct
Longitudinal broadening (p,) ~ Qs (QST)—]/3

| K Q1 < a 3/?

Dominated by
hard gluons

(pL) ~ Q.

From Kurkela et al.
Phys.Rev. C99 (2019) no.3, 034910
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Il. Onset of thermalization o’ <07« a7

Dominated by
hard gluons

Occupation of Hard Gluon dNg —2/3
drops below unity d2p | dy (QST) <PL> ~ Qs
i . 1/4 A3
oft gluons dominate the o Qz
screening mass T (0s1)1/2 pr
Longitudinal momentum (p;) ~ /asQs
—
Pz
. . . 3/4
Screening mass is dominated 2 9 Qs
by soft sector m (Q,7)!/2

From Kurkela et al.
Phys.Rev. C99 (2019) no.3, 034910



lll. Mini-jet Quenching o« °? <07 <a;"?P

Soft sector thermalizes

\? Acts like a bath

Hard sector looses energy to soft bath

\? Temperature rises as

T = craQ,(Q,1)

[HERMALLZATION
HAPPENS Al

Dominated by
soft gluons

(pL) ~ mp

Dz

From Kurkela et al.
Phys.Rev. C99 (2019) no.3, 034910



The Standard Model of Heavy lon Collisions

Thermalization

of soft sector -

CGC/
[nstabilities

Thermalization

Rise of the
Soft sector
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Anisotropy: P_/P

From Kurkela and Zhu
Phys.Rev.Lett. 115 (2015) no.18, 182301
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Photon Production: Kinetic Rates

dN
E . — : F i O in  [ou

Focus for now 2 <> 2 scatterings
\> Leading Log 4( I %—<

Dominate at hard scale Momentum transfer: gl < T

g Qs <> Q;

2 < 2 scatterings 1 %—<
Complete LO 4(
les

Dominate at softer sca | <3 2 scatterings §t§< 33% <

Colinearly enhanced,
OGM. arXiv: 1909.12294 iInelastic processes

Phys. Rev. D44 (1991) 2774-2788 LPM
JHEP 0112 (2001) 009




Kinetic Rates

N | d’ps d°p, d°
s = / P2 PL M (2m)* 84 (Py 4 Py — Ps = P) fi(p1) f2(p2) [1 + f3(ps)]
d4Xd3p 2(2 7T)]2 2E3 2E2 2E|
Pi p
_ 2 A~y .
Small angle approximation pl=V(pi+a) ~pil+a-p/p
> q

Expansion on momentum exchange ps| = V(P2 —q)? ~ |p2| — q - p2/|p2]

P2 P3
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Kinetic Rates

dN ] d3p3 d3p2 d3p] 4 4
E——1— = M|*(2m)" 8" (P + P2 = Ps — P) fi(p1) fa(p2) [1 £ f3(p3)]
d4Xd3,D 2 (2 7T)]2 / 2E3 2E2 2E| ‘ ‘ ( ) (
Pi p
_ 2 :
Small angle approximation pl=V(pi+a) ~pil+a-p/p
— q
Expansion on momentum exchange ps| = V(P2 —q)? ~ |p2| — q - p2/|p2]
P2 P3
dN 40

Rate: E

s aasLfg(p) (Ig+1g)

AXBp 92

Phys.Rev.C95 (2017) no.5 054904
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Kinetic Rates

dN ] d3p3 d3p2 d3pl 4 4
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Phys.Rev.C95 (2017) no.5 054904
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dN

Kinetic Rates

E
d4Xd3,D 2 (2 7T)]2 2E3 2E2

Small angle approximation

Expansion on momentum exchange

3 3 3

2E

p| = (Pl +q)? ~ |pi| +q-
%
P3\— (Pz—Q)QN\Pz\—q

)*

5'(P1 + P, —P3s—P) fi(p1) f2(p2) [1 =

dN 40
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| 2912 E 2.912
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Kinetic Rates

dN ] d3p3 d3p2 d3pl 4 4
E——r = M|?(2m)" 8" (Py + P2 — P3 — P) fi(p1) f2(p2) [1 & f3(p3)]
d4Xd3,D 2 (2 7T)]2 / 2E3 2E2 2E| ‘ ‘ ( ) ( |
P p
_ 2~y .
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— g
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Screening Masses
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Kinetic Rates

dN ] d3p3 d3p2 dBP] 4 4
E——1— = M|?*(2m)" 8" (P + P2 = Ps — P) fi(p1) fa(p2) [1 £ f3(p3).
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Distribution ——> Dynamical Lattice

Stmulations

Phys.Rev.C95 (2017) no.5 054904 23



Gluon occupation: Fit lattice results
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Other approximations

4 D
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Phenomenological Matching

(Q5)

Glauber /

(Q?) = 2GeV?
(Q?) = 1.67GeV?

(Q%) = 2.97 GeV?

_ S Q0 (x)
(S1)

[P-Glasma

— RHIC, 200GV, 0-5% (reference)
—_—D> RHIC, 200GeV, 0-20%

—_— ALICE, 2.76TeV, 0-20%
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3/4
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Phenomenological Matching
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SJ_ Npart d_y |

Entropy transport via

Entropy
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dSqep
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dNg,
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- HilH FO- HOH
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dn dn

C+ known to logarithmic
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Results

dNY

- Computed analytical solution for the full "oottom-up”

SCenario OGM. arXiv: 1909.12294

- Solution only includes hard scatterings via 2-2 processes.

- Thermal means QGP + Hadronic

“Bottom-up”, stage |

1074

— 0Q2=1.0GeV?
—— Q2=2.0GeV?

“Bottom-up”, stage

1071 ;

—— 02=1.0GeV?
—— Q2=2.0GeV?
Q2 =3.0GeV?

3.0

Thermal Stage

— Tp=0.2GeV
— Tp=0.3GeV
To=0.4GeV
To=0.5GeV

_6 : : : :
05 1.0 1.5 2.0 2.5 3.0
p 1 (GeV)
“Bottom-up”, stage lll
1071

' —— Q2=1.0GeV?

—— Q2=2.0GeV?

1072 02 = 3.0 GeV?

—— Q2=4.0GeV?
2.5 3.0
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Photon Production: Kinetic Rates

dN
E Y M2 @ FIf] @ 8(pr — po.
Tixasy — M@ FLA©8(pn = pou)
2 <% 2 scatterings j; %_<
Leading Log
Momentum transfer: gl < T
g Qs <> Qs

Very complex )9 SCCIJ[J[eI'ingS :/L%L %—<
\> Complete LO
Dominate at softer scales

- i
| & 2 scatterings N ﬁ%

Colinearly enhanced,
OGM. arXiv: 1909.12294 iInelastic processes

Phys. Rev. D44 (1991) 2774-2788 LPM
JHEP 0112 (2001) 009




AMY: JHEP 0112 (2001) 009

Photon Production: Kinetic Rates

7 < 9 scatterings 1 %—<
Complete LO 4(

- g
| <« 2 scatterings N ﬁ<

Thermal (AMY)

29



Photon Production: Kinetic Rates

7 <> 2 scatterings 1 %—<
Complete LO 4(

- R |
| <& 2 scatterings N N

“Non-Thermal

dN 40 E
Ed4Xd3p — ﬁ Ofasfq,eq(T, p) IQ/(T)V 5
LL :v (E> — L
Q

LO (E) %LL(E) v, (E) L c (E)
.V R R remss R anni R
0 0 ° Q 0

OGM, Loher, Mazeliauskas, Berges, Reygers. Phys.Rev.C 102 (2020) 2, 024915

OGM. arXiv: 1909.12294

30



2-2 small-angle approximated

Lo Q2=1.67GeV? R
: Vs =200 GeV ./
c 08 /
g N, :
s |\ _ /] —- Glasma (i)
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0.6- . / \ / Glasma (ii)
o \ g \. Glasma (iii)
- T )
®) _ \ / /\ == = (Glasma Tot.
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= / R Ny
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Direct photon fraction

2-2 small-angle approximated + 1-2 Ansatz

1.0' "l_l—l
0.81 ~ /
N\ -~ ;
N - \
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0.6 N Glasma (ii)
\ . Glasma (iii)
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0.4 _—— 7 \ == Thermal
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/- AR
/ ’ ’ d‘ \ \
0.2 \‘/‘ \\
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- ~ \
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Non-equilibrium photons become more relevant in the IR
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Early Thermalization vs "bottom-up”

- Early Thermalization: Thermal stage is initialized at

- Non-equilibrium photons increase the yields.

1071 -

10_23

dN

== = (Glasma == = (Glasma == = (Glasma il == = (Glasma
Early Hydro \ Early Hydro Early Hydro 11 Early Hydro
Late Hydro N === Late Hydro Late Hydro i\ Late Hydro
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i Q5=1.67GeV? | * '-_“ Q=1.67GeVv? | 1} Q5=2.89GeV? | : ‘.‘\ Q2 =2.89GeV?
11 Npare = 277.0 1A Noart=277.0 | | % Npart = 307.2 \ Npare = 307.2
iy “\ | AN\
1 3 "\ RN N
‘\ “ \ _ “\ “ \
| AN PRA\N N\ AN
“ . . ~ . \
. \ “ \ “ \ t‘ \
| \ e \ . \ ) \
“ \ “ \ “ \ e \
. \ . . \ “
e >y \ e \ ° \
. \ . . .
. \ . \ . \ . \
LL " LO ° \ LL " \ LO ° \
— '\ ............... s e o —— . o ———— M . W
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Early Thermalization vs "bottom-up”

- Early Thermalization: Thermal stage is initialized at

- Non-equilibrium photons increase the yields.

dN
S1d’p,dy

== = (Glasma il == = (Glasma
\ Early Hydro 11 Early Hydro
N === Late Hydro 1\ Late Hydro
! Vs =200 GeV f '-_‘\ Vs =2.76TeV
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A\ Npart = 277.0 ‘,\\ Npart = 307.2
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“ “ \
. \ . \
“ \ “ \
* \\ . \
« \\ ‘ \\
“ \ “
“ \ “ \
LO . \ LO ° \
—— s s - M . W
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DO YOU
SPEAK IT?

101 -

% p, >0.4GeV
F p, >0.6GeV
10°: g1 B pL>08Gev
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©
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-+ = VS =200GeV
101'5
% p, >0.4GeV
F p, >0.6GeV
10°; & p, >0.8GeV
i x10° % p,>1.0GeV
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\ 10_2 T _
% %‘ }% x1073
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DO YOU
SPEAK IT?

(with a caveat, perhaps)

- Prompt
- (Glass
Thermal
= Total
-+ PHENIX, 0 — 20%

- Prompt

- (Glasma
Thermal

= Total

-4+ PHENIX, 0 — 20%

- (Glasma
Thermal

= Total

- ALICE, 0 — 20%

= Prompt

- (Glasma
Thermal

- Total

-4 ALICE, 0 — 20%




Summary: First Part

O Early time photons are at relevant for the completion of direct photon observables.

O Surprisingly fair agreement to data for such a simplistic model

O This is a very best case scenario. In reality, pre-eq expected to be shorter.

So much to do still...

o Proper non-eq simulation of photons on a QCD background should
be performed

Work In progress with Berges, Ye and Spitz

O IR, and deep IR behaviour of non-equilibrium photons still not
understood. Many exciting possibiliities lie there.
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Cirt-

sing photon correlations to
probe the spacetime
evolution of the fireball

On. how to disentangle a long-expodure piclure

U




Direct Photons

‘LR«/UX 1 Red"

Hadron Gas
Quark }/
Gluon \‘ ‘ hermalization
Plasma ;
Z

Far-from equilibrium QCD

How to disentangle along exposure picture?
Use photon Haunbury-Brown-Twiss (HBT)

correlations fo extract space-time tnformation

Phys. Rev. C80, 0449 (2009)
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Use photon interferometry (H

The Plan

the evolution of the medium

Use two contras

How?

:ing scenarios to showcase

further discriminate results.

B8T) to extract information on

S| as a tool to



RENE MAGRITTE
EMmpPIRE oF LigHT

Early fime
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Photons from the
"bottom-up”
scenario

(QCD Kinetic Thermalization)
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Far-from equilibrium
QCD matter

Quanfum

Over-occupation Relaxation

Corrections

Noun-linear fields Tj{%“ / Thermalization

D S S———

Non-perturbative Classical Statistical Kinetic regime

~N S

Direct photons from pre-equilibrium epochs!

%*
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Far-from equilibrium
QCD matter

Too short

Over-occupation

Turbulence

/

—

Classical Statistical

N

Direct photons from first stage of ~ bottom-up

Thermalization

/

----|'>T

Nown-perturbative

OGM. arXiv: 1909.12294
OGM, Loher, Mazeliauskas, Berges, Reygers. Phys.Rev.C 102 (2020) 2, 024915
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The modael

lustantanous

thermalization

(matching)

HdeOJyhamicaf evolution usiwg VISH (2+7)

-7
s ST

Tmin 7/ Thydro Tmax
“ ¥

Pre-equilibrium Thermal Photon Production Thermal Photon Production
Photon Production From the QGP™ From the Hadronic Phase *

MC-Glauber

Tmin = O.1{m
Thydro = 0.6fm
Tmax — -|5fm

P. B. Arnold, et al, JHEP 12, 009 (2001)
S. Turbide, et al, Phys. Rev. C69, 014903 (2004)

* . .
Using the thermal rates in M. Heffernan, et al, Phys. Rev. C91, 027902 (2015) 42



RENE MAGRITTE
EMmpPIRE oF LigHT

AR
o

Early fime

Production

Late fime

enhancement
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Photons from
pseudocritical
enhancement

(Non-perturbative partonic enhancement)

o



The modael

Thydro “ H_ya(roa(_ymaical evolution u‘mg VISH (2+1)

&S

o ~
AT )

Tmax
SERIRS 'o/“"‘ 54
\%&ww'o‘s’// %v’
RECEIGBIER,
r ,n,w‘ V',‘,OQ, ?’,’b’o

Thermal Photon Production
From the QGP™

5

1

&

)

s

&
e

EAER Y

.

il

Thermal Photon Production
From the Hadronic Phase ™

MC-Glauber

dNenh dNthermal
E = h(T)E
d4xd3p (7) d4xd3p

Evhancement

aYOMhd TPC

h(T) =1+ ho exp {—(T_dzpc)z}

w Inspired by: H.van Hees, et al, Nucl. Phys. Ag933, 256 (2015)
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Direct photon yield

----- Prompt
—-= Thermal

] Full
f\. \++ -+ ALIJ_ICE,O

\‘+ ~—- Pre-equilibrium

N\ —20%
\\ \‘ _{_
N \‘.{.
“NTy
0”>\+
DN
.\>\
\18\'_{_'
AR N
Q} ..'J,_.}_'
\.
................. N\
1 2 3 4

----- Prompt
—-= Thermal+Prompt

] N[ —— Thermal (LE)+Prompt

4 ALICE, 0 — 20%

N
s ¢
1 2 3 4
p. [GeV]




How to disentangle along exposure picture?

A

\
b NI
1<, .

+=+=+ Prompt

—-- Thermal

— ==~ Pre-equilibrium
Full

4 ALICE, 0 — 20%
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1 2 3 4
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HB I

(Hanbury Brown-Twiss correlations)



HBT - What are they?

“IF THE RADIATION RECEIVED AT TWO PLACES IS MUTUALLY
COHERENT, THEN THE FLUCTUATION IN THE INTENSITY OF THE
SIGNALS RECEIVED AT THOSE TWO PLACES IS ALSO CORRELATED”

Lot Honbary Brvuon.

Main Object : HBT Correlator

(N7 N2)
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HBT - What are they?

A little bit of History

Jsed to measure the size of astronomical
Iight sources.

e Cassiopeta A and Cygnus A
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HBT - What are they?

A little bit of History

Jsed to measure the size of astronomical
Iight sources.

e Cassiopeta A and Cyguus A

OWwW? ox op > 2rnh Photons behave classical
oxop S 2rh Photons behave quantum

ox. —~ 2R

max

Quanfum effects start at

_Jrh

%
1 R
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HBT Correlators

Main Object: HBT Correlator

dN
C(phpZ) — AN dN
E, ——E
P d3 D P> d3 D5

Extract some information; The HBT Radli

1
5 (R by

(qiq;)) = / 4°q q;q,9(q; K)

9@ K = TEg [Cla k) =T

Pal.)’ \/arfafo(JaS
KM = (K°, K, 0, K?)
q“ — (q07 qu QS7 ql) ?

The HBT-Radu are the
characteristic scales of the correlator

llllllllllllllllllllllllllllllllllll
* Yo

¢ In this talk, we willonly be
», interested in the diagonal! ~

* .
., .
-----------------------------------
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A little but important caveat

Stars are relatively close to being "Static Sources’

B UT In the context of Particle Physics

!

,‘ /;ﬁ Pion Interferometry Dynamical
Photon Interferometry SOuUrces

!

# Radii are more like weighted 3 Z

: i
. averages, in fact.
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Use photon HBT not to
extract source sizes, but
to cross-compare models
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Some Results

(Hanbury Brown-Twiss correlations)



The Models

lustantanous

thermalization

(matching) Hudrodunamical evolution using VISH (2+1)

Thydro Tmax
]

Pre-equilibrium

Photon Production Thermal Photon Production

From the Hadronic Phase

| -
Q
0
=
(0]
—
Q
@)
>
—
hydro Enhancement Tmax
R

¢,

SIS ONERO I Il B B BB BB BB B e
0 IS

Thermal Photon Production

RENE MAGRITTE From the Hadrowic Phase
EMmPIRE oF LigHT '

Hydrodynamical evolution using VISH (2+1)



The HBT-Correlator

— == Thermal
—— Thermal+Pre-equilibrium
— = Thermal (LE)

K, =0.5GeV

— == Thermal

—— Thermal+Pre-equilibrium
- = Thermal (LE)

K, =1.0GeV

=== Thermal

—— Thermal+Pre-equilibrium
- = Thermal (LE)

K, =1.5GeV
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\\\ ——— Thermal (LE)
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7S —— Thermal (LE)

0.025

0.050 0.075 0.100

qs[GeV]

0.125 0.150

0.175

1 |S(q,K)[°
C : = -l |
(o1, P2) d S(0,p,)S(0, p,)

Longitudinal direction affected the
most by the inclusion of the
sources.

Non-gaussianities strong at early
times, thanks to Bjorken expansion

Early-times production reduces
effective radii, while late times
INncrease them.



((qig))) = /dzq 9iq;9(q; K) = %(R_1)U

. _ (::(CJ, ;<j) — 1
NG = T&q (Cq. k) —1

Longitudinal direction affected the most
by the inclusion of the sources.

Early-times production reduces effective
radil, while late times increase It.

Are these differences enough to
measure Iit?

Ro [fm]

The HBT-Radii
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But wait, there is morel

The Normalized Excess Kurtosis

(@

&= 30922

Measures "how much non-Gaussian Is a distribution

Early-times non-Gaussianities strong, particularly at

small palr momenta.

Very interesting observable, hard to measure.



Statistical Model

Exponential distribution

F:
i
== =
. - . NZU-Z—l - +
Effective dilution of the signall °le ++
| | | | | | | | | | | | | | | | | | 2510 +
e <+
* 0.45 < K, <0.55 GeV , ol +
101 O B 095 < KJ— < 105 Gev N - exponential parameterization
I ry = 0.10, Ngyt = 1010 * 05 :_% ALICE data, Pb--Pb at \[s,, = 2.76 TeV, 0-20%
| b, (Gev)
X 1.005 9¢9s 143 :
=2 193 ;
O % ¢ 5 i ; ; ; + Exponential-like source used as test model.
1.000------------"=d-H4-t-F-|-4- f14 P94 * . .
f 19411 Correlator simulated sampling from source.
* Error depends strongly on the average
0995 « o momentum of the pair.
0.00 0.05 0.10 0.15 0.20

a(GeV) Low momentum pairs statistically significant.



Summary

O

Even when the discrepancies of the Direct Photon Puzzle are solved,
we need to differentiate between the different models in the
market.

O Photon correlations are the tool that we need to do so.

O Yes, they are very hard measurements, but not impossible anymore.
We should start walking before we run.

O Remember that the endgame here Is to untangle the space-time
evolution of the medium created in a Heavy lon Collision.

W,
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<

Outlook

O Refine existing models to be able to compare against
experimental results.

O Get better grasp of the enhancement at

O Model/Simulate the pre-eq time expansion dynamics

O Compare new ideas in the HBT framework

O ‘New" non-equilibrium phenomena at lower photon energies

GARCIA@FIAS.UNI-FRANKFURT.DE
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