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Ultrarelativistic Nucleus-Nucleus (A+A) Collisions
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Why photons?

-Produced at every stage

-No strong interactions

-Mean free path in medium > medium size

(..., Photons escape, virtually unscathed




The Standard model of Heavy lon Collisons
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Photon Production

Photous are produced throughout the evolution by different processes,
and Fly away to the detfectors
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Photon Production

Photous are produced throughout the evolution by different processes,
and Fly away to the detfectors
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Direct Photon
Puzzle




Data/Theory
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Direct Photon Puzzle

"The tnability to simultaneously describe both
the photon yield and anisotropy.”



Solution

- We are lacking a source of photons.

- Source can act as an extra knob for tuning.
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Two Models

(Early vs Late time production)




Photons from the
"bottom-up”
scenario

(QCD Kinetic Thermalization)



The modael

lustantavous

thermalization
(matching) e, Hydrodynamical evolution using VISH (2+1)

Tmin / Th yﬁdro 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) 10



Far-from equilibrium
QCD matter

Quanfum
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Far-from equilibrium
QCD matter

Too short

Over-occupation

Turbulence o
Thermalization

Classical Statistical

N

Direct photons from pre-equilibrium epochs! *

Nown-perturbative

*OGM. In Preparation
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Gluon occupation
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Rescaled moments:
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Fit the lattice results
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Kinetic Rates

dN

L = ‘Mlz & F [fl] 0 5(Pin — Pouf)

E
d4Xd3p

Leading Log 4(
Complete LO 4(

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

7 < 9 scatterings I %—<

gl < T
g Qs <> Q;

7 < 92 scatterings 1 %—<

- g
| <« 2 scatterings N Ei<

Colinearly enhanced,
iInelastic processes

LPM

Momentum transfer:
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Kinetic Rates

- dN,, _ ] /d3p3 d’p, d°p M]?
d*Xd>p 2 (2)'? 2E; 2E, 2E,
X (27T)454(P]—|—P2—P3—P)

X fi(p1) f2(p2) [1 % f3(p3)]

Small angle approximation = Expansion on momentum exchange

P p

pl=V (P +a)?~|pi|+a-pi/lpi

P3| = V(P2 — q)? ~ |pP2| — q - p2/|P2]
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Kinetic Rates

- dN,, _ l /d3p3 d’p, d°p M]?
d*Xd>p 2 (2)'? 2E; 2E, 2E,
X (27T)454(P|—|—P2—P3—P)

X fi(p1) f2(p2) [1 % f3(p3)]

Small angle approximation

dN 40

Ed4Xd3p o2 998 fo(p) (Ig + 1g)

Amplitude

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

- dN,, _ l /d3p3 d’p, d°p M]?
d*Xd>p 2 (2)'? 2E; 2E, 2E,
X (2#)454(P]—|—P2—P3—P)

X fi(p1) f2(p2) [1 % f3(p3)]

Small angle approximation

dN 40
Ed4 Xd3 p T 92 ororq(p) (Ig +1g)

Regulator

| 2.912E 2,912
with L = 2log T — 2log [ 1 A >
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Kinetic Rates

dN

E
d*Xd3p  2(2m)'?

Yy | /d3P3 dSPZ dSPI |./\/l\2
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Kinetic Rates

- dN,, _ l /d3p3 d’p, d°p M]?
d*Xd>p 2 (2)'? 2E; 2E, 2E,
X (27T)454(P|—|—P2—P3—P)
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Small angle approximation

dN 40
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Quark
Distribution



Kinetic Rates

dn,
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Occupation in the lattice

Gluon Distribution —) Jig (T,PL,PZ) = ; (Qs T) fs (PL, (Qs T)sz)
- Q. —1(z)
It fs (IDJ—7PZ) =fo—e 2(00) WF(PJ__str)
pP_L
: —5(%32)
< W, (pL — Qs,r) = 6(Qs —p1) +8(pL — Qs)e 2\ &

|< Distribution

Hard dipole approximation =  fg (T,PL,PZ) = s fq (T,PL,PZ)

* Q.Stat. kick in outside the region of iInterest.



ASSUMPTIONS

Bjorken Expansion

-

u = (coshn, uy, uy, sinh n)

v

Transverse Translation
Invariance

Weak coupling limit

a. — 0
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Photons from
pseudocritical
enhancement

(Non-perturbative partonic enhancement)
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The modael
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How to disentangle along exposure picture?
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HB I

(Hanbury Brown-Twiss correlations)



“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”

—Fbert A enbury Ervurn



HBT - What are they?

Intensity Interferometry

The distance between two sources
using interference at the level of
intensity

Main Object : HBT Correlator

29



HBT - What are they?

A little bit of History

Jsed to measure the size of astronomical

A and Cygnus A

lopeia

Cass

ht sources.

ig

OW?
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HBT - What are they?

A little bit of History

Jsed to measure the size of astronomical
Iight sources.

_¢¢ Cassiopeta A and Cyguus A

OWwW? ox op > 2rnh Photons behave classical
oxop S 2nh Photons behave quantuim

ox. —~ 2R

max

Quantum effects start af

29



HBT - What are they (for us)?

Main Object : HBT Correlator

In the context of Particle Physics

Two-particle correlations

Fermions Anticorrelate

Bosons Correlate

For dN
Clon o) — P1=P2 43 6,d3 o, 1. 1 \S(q,K)\z
1,2 . AN _ dN d S(0,p,)S(0, ps)

Prd3py P2 d3ps

Emission

Function

(rate)

5(q,K)  Fourier Transform of

d (Spin) Degeneracy

KM = (K°, K. ,0,K?)
" = (9°,90,9s, Q1) ,
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HBT - What are they (for us)?

1 |S(Q7K)‘2 -l M
(I'p,p — ~1—|——exp[—q-/-?fq},
( 1 2) o’S(O,pQS(O,pZ) 2 / J

Main Object : HBT Correlator

_Rg Rgs Rgl_ .
where Ri(K)= |R:, R R% are the HBT Radi
Ry R RY

In the context of Particle Physics :
(qiq))) = / 4°qq;9;9(q; K) = 5(R™);

Two-particle correlations

. B C(Q,K) —
9K = T5q [Clq, k) -]

Fermions Anticorrelate
Bosons Correlate

[n this talk, we will only be
inferested tn the diagonal!



A little but important caveat

Stars are relatively close to being “Static Sources’

B UT In the context of Particle Physics

/Y /7’ Pion Interferometry . . Dynamical

sources

Photon Interferometry |

f Radii are more like weighted 1}
_averages,infact. ~ J

32



MAIN POINT
OF MY TALK




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) Hydrodunamical evolution using VISH (2+1)

?

Thydro Trox

Pre-equilibrium

Photon Production Thermal Photon P».foa(ucfiom
from the Hadronic Phase

MC-Glauber

Enhancement Tmax

GG

oV 0,00 0% 4
¢ .

0}?’9’.‘#&{0\3 O

Thermal Photon Production
RENE MAGRITTE »:» From the Hadrowic Phase
EMPIRE oF LicHT "

Hydrodymamical 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

0.0

0.8 1.0

R - Thermal
{,"Q\Q —— Thermal+Pre-equilibrium
N —— Thermal (LE)

0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175
do[GeV]
—— Thermal
N - Thermal+Pre-equilibrium
7S —— Thermal (LE)

0.025

0.050 0.075 0.100

qs[GeV]

0.125 0.150 0.175

1 IS(g,K)I*
C : = -l |
(o1, P2) d 5(0,0)S(0, p3)

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
Increase them.

35



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

C(g;K)

1

9(q:K) = [d3q [C(q,

Longitudinal direction a

K) =1

Tected 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 It?
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But wait, there is morel

The Normalized Excess Kurtosis

_ @)
3((q?))?

A,

Measures "how much non-Gaussian is a distribution

Early-times non-Gaussianities strong, particularly at

small pair momenta.

Very interesting observable, hard to measure.
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Statistical Model

Exponential distribution

Lo
8 Ry
== =
. o . NZU-Z—l - +
Effective dilution of the signall Sl T ++
e <+
* 0.45 < K| <0.55 GeV * sl R
1010 B 095 < KJ— < 105 Gev N - exponential parameterization
[ ry = 0.10, Ngyt = 00 * - :_% ALICE data, Pb--Pb at |/s, = 2.76 TeV, 0-20%
| | Py (GeV)
X 1.005 9¢9s 143 :
g P341
O * ¢ 5 i ; : ; : Exponential-like source used as test model.
1.000------------=d-4-+--|-4- iii— % . .
f tirded 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

W,

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.
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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

B GARCIA@FIAS.UNI-FRANKFURT.DE
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Back-up Slides



Bottom-up
thermalization




Bottom-up thermalization

. Early Times. 2-2 broadening

| K QT < a 3/?

Three
Stages

Il Onset of thermalization
a 3? < Q1 < o2
1. Mini-jet quenching

a?? < QT < o135

BMSS. Phys.Lett. B502, 51 (2001)



l. Early Times: 2 <2 broadening | € Q1 < o %7

dN ] b Dominated by
T = —fl = hard gluons
dZPJ_dy A Q;
<PJ_> e Qs
_ | O
Instabilities freed hard Gluons ny ~
as QsT
Hard-hard interactions ) d°p Q?
dominated by soft exchange Mp ™~ A 7fg ™~ Oct
Longitudinal broadening <Pz> ~ Q. (QST)—]/3

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



l. Early Times: 2 <2 broadening | € Q1 < o %7

Dominated by

dN ] Pl ]
I — = | ~_ —2/3 hard gluons
dZPJ_dy A f ( Qs ) ' (QST) S
<PJ_> e Qs
-~ | Q@
Instabilities freed hard Gluons ny ~
as QsT
Hard-hard interactions ) d°p Q?
dominated by soft exchange Mp ™~ A 7fg ™~ Oct
Longitudinal broadening <Pz> ~ Q. (QST)—]/3

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



ll. Onset of thermalization

Occupation of Hard Gluon
drops below unity

Soft gluons dominate the
screening mass

Longitudinal momentum

Screening mass is dominated
by soft sector

a3? < Q1 < o3

Dominated by
hard gluons

(pL) ~ Q,

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



1. Mlnl'Jet Quenching 0(5_5/2 LOT K as—'3/5

Dominated by

soft gluons
Soft sector thermalizes <PL> ~ mp
\; Acts like a bath
Hard sector looses energy to soft bath Dy

Pz

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




1. Mlnl'Jet Quenching 0(5_5/2 LOT K as—'3/5

Dominated by
soft gluons

Soft sector thermalizes <PL> ~ mp

\; Acts like a bath

Hard sector looses energy to soft bath Dy

\? Temperature rises as

T = craQ,(Q,1)

Pz

—13/5~—1
Tth ™ Ceq (s /QS

2/5
T ~Eee/ s

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



The Standard Model of Heavy lon Collisions

Thermalization
of soft sector

CGC/
lustabilities

Rise of the
Soft sector

1000
.

Anisotropy: P_/P

100

ek
-

Thermalization

From Kurkela and Zhu
Phys.Rev.Lett. 115 (2015) no.18, 182301

Classical YM

/ ocS=0

Bottom-Up
o =0.015

\

=~
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ot
—y
7))
H
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o =0.15
S

[

ﬂj. l lllllllI

10

100

Rescaled occupancy: <po f>/<p>



lurpulent
thermalization

Of highly occupied
non-abelian plasmas
very far from equilibrium



Non-thermal

Fixed point

i

Far from
equilibrium

Close to

equilibrium \
Initial Conditions Thermal

Equilibrium




Non-thermal fixed point

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



Self - Similarity

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

fit.p) = t%f(p 1", p 1)

Transport and Turbulence

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




Momentum space anisotropy: A, /At

1/2
Ug

1/3
oL "

o)

s
S

o
)

—L

Finding the right
scenario

BGLMYV (const. anisotropy)

Occupancy N4 Og
&S :
Y SU(2) Lattice _®
2,08
%, 1o
Y %

28 %, "% >
. Cy © Q
% S, % O

RN 5

\\0 O/) @/7/') L %

’/’\\, /){g. & A @

S % A O
Ry

-4

§o=1

€€
Smaller occupancy

n0=1 /4 n0=1

Phys.Rev. D89 (2014) no.11, 114007



Gluon occupation: High

Hard Scale: A% ~ (p,)? Transverse p_|
10 — T
Initial occupancy: - & 67
_ z (er) 2% & |
N = s
b o=t — 2 §Y )
<1 3/2 o S o
| ng=1/2%2 ——
2 i 107
o 2
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Moments of the spectrum:

Occupancy: P,

-0.5 -0.25 0 0.25 0.5

Longitudinal momentum: p,/Q
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Rescaled moments:
(Qr) ™Y (p,/ Q)™ g* f(pr=Q,p,.7)

Occupancy: P,

-4 -3 -2 -1 0 1 2 3 4 5 6
Rescaled longitudinal momentum: (Qt)’ p,/Q

Phys.Rev. D89 (2014) no.11, 114007



Rescaled moments:
QY™ (p,/ Q™ g° f(py

Q,p,,7)

with

ana

Fit the lattice results
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Rescaled longitudinal momentum: (Qt)’ p,/Q
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Fit the lattice results

Gluon Distribution —) Jig (T,PL,PZ) = ; (Qs T) fs (PL, (Qs T)sz)
- Q. —1(z)
It fs (IDJ—7PZ) =fo—e 2(00) WF(PJ__str)
pP_L
: —5(%32)
< W, (pL — Qs,r) = 6(Qs —p1) +8(pL — Qs)e 2\ &

|< Distribution

Hard dipole approximation =  fg (T,PL,PZ) = s fq (T,PL,PZ)

* Q.Stat. kick in outside the region of iInterest.



Phenomenological Matching

<QZ> _ f deJ—Qsz (XL)
[P-Glasma
<Q§> = 2 G6V2 — RHIC, 200GeV, 0-57% (reference)

(Q?) =1.67GeV’  ———>  RHIC, 200GeV, 0-20%

(Q%) = 2.97 GeV? ————3>  ALICE, 2.76TeV. 0-20%
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Phenomenological Matching
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Phenomenological Matching
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