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MOTIVATION

Heorv'y—lon Collisions create an Isolated Quantum Sysfem

which 1is Imhqﬂy far AWay from any equﬂibrium

Self—interachng

Equnding against the vacuum

A sy stem baHling to thermalize against all odds.
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CAN WE PROBE
THE ROLE OF
.=, DYNAMICS?



THE STANDARD MODEL OF HEAVY ION
COLLISIONS: A HYBRID MODEL
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WHAT CAN WE
USE TO PROBE
THE ROLE OF

n-Ls DYNAMI




ELECTROMAGNETIC PROBES

TBU: Photons and dilepton pairs

No strong interactions

Mean free poﬁrh in medium > medium size

L‘ Photons escape, virtually unscathed

AS A CONSEQUENCE...

Different sources Jrhrough the evolution

EMPs are particularly sensitive to the evolution

of the system

Direct Photons™ are not produced in decays

Photons® = virtual phofons, ie. dﬂepfon palirs also included in this notation

THE STANDARD MODEL OF HEAVY ION
COLLISIONS

HADRON STAGE
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ELECTROMAGNETIC PROBES

PhOJ[OIlS* Il_OJ[ pl’OdU_CQd 1n dQCQYS g

No strong interactions

Mean free poﬁrh in medium > medium size

L‘ Photons escape, virtually unscathed

AS A CONSEQUENCE... : ;

Different sources Jrhrough the evolution

EMPs are particularly sensitive to the evolution

of the system

Direct Photons™ are not produced in decays

Photons* = virtual phofons, ie. dﬂepfon pairs also included in this notation

-MPs are not produced Jrhrough decays
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HOWEVER, EM probes are yet to be fully understood.
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DIRECT EM PROBES

HOWEVER, electromagnehc probes are complicateol

drd3p

70 I 7;

SlIlCQ Jrhe y1€1d 1S £ dN dN 2 iHE dN.

$Bp B dz d3 p

given ]oy

This entangles the

And th
yielols originating in 1l e vy, even more

it i ghted |
different stages (as it is a welglite@ dvg )

HOW TO DISENTANGLE A LONG
EXPOSURE PICTURE?

COIIQlClJEiOIlS. We'll come

back to this.
HBT: Phys. Rev. C80, 0449 (2009)
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EARLY RADIATION: IS IT RELEVANT? prss oo, Pyt €35 (300) 5, 054504

(1) (ii) (111) thermal
Pre-equilibrium photons are computed using approximated 2-to-2 . 081
kinetic rates > s . LHC {/sxw=2.76TeV |
E 0.6 Npart = 383
. Ed3R L1, )fd3 R = 5
acxs + =
d’p 2P ) @y p TR Ok distiibtion 12043
© ¢) Related fo Screening masses =ls 0.9
Space-time evolution to fold the rates with. Use the "bottom-up’ 0 O g > A 5 g 10
thermalization scenario: T [fm/c]
1) Early times: 2-t0-2 broadening 1 < 70 < ag”? e A o
2) Onset of thermalization. 055_3/2 K710 K 0‘5_5/2 10! 5 —  Ainnals Phys 443 | OP >p168984
— Fromp — From
3) Mini-jet quenchinq aS_5/2 K70 K 0{513/5 - iLe—equ:Iibrium | - :_Le-equ:Iibrium

>
8 1094 —— Total 1IN -«f« —— Total
— ! -+ PHENIX, 0 — 20% | + -4+ ALICE, 0 —-20%

[nput Gluon distributions from classical statistics

Pheno. matching for the free parameters, ie. Qs 2%510_1

Caveat: pure "bottom-up” gives a long pre- i |

equilibrium stage. These should be taken as largest 1072
10—4‘. — ‘ I\




REFINEMENT: KINETIC THEORY

Pre—equﬂibrium photons are computed using approximqted 9-10-9
kinetic rates

&R _ &p 1 ., :
Lo Ed aas.l:fq(p)f(2£3 p’ [fe(P) + fo(P)]

Distributions are computed in QCD Kinetic Jrheory, using the
Fokker-Planck diffusion approximoﬁrion

0
(E tv-V )fg/q(t’ X,P) = —Vp Tg/q+Ssq

JP+ P
Qs

ICs: fg(tO,P) = fo 9(1 — ) omd fq(fo» X,p) =0

dE fo0; 1
Pheno. matching to energy (multiplicities) an 2N.CrAT (;)ﬂ)z =7 ()

Gluon number suppressed by large Q. Pre-eq. Photons relevant

at lower energies.

(1/2T[pT)d NY/de [GeV‘z]

(1/2np7)dNY/dpt [GeV~?]

1073 E

1074 E

10—5 4

1071

== pQCD

m— Hydro

== = pQCD+Hydro

mmmsm DQCD+Pre-Equil+Hydro: £ =1.5
¢ STAR Au+Au
¢ PHENIX Au+Au

== pQCD

m— Hydro

== = pQCD+Hydro

mmms DQCD+Pre-Equil+Hydro: £ =1.5
¢ STAR Au+Au
¢ PHENIX Au+Au
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DI-LEPTON PRODUCTION IN HICS

—® Di-lep’[on (ete/pru) pairs with invariant mass M~ few GeV's produced
during the initial state; late stage prooluchon is suppressed ]oy exp(—M/ T)

Do pre—equﬂibrium dﬂepfons ‘out-shine” the Drell-Yann, decay specfrq?

l—’ For some kinematic windows, it may be the case.
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New window into pre—equﬂibrium dynamics for 1GeV <M< 3GeV accessible with next
generation of heavy—ion detectors (ALICE3,LHCb)



RESCATTERING

DURING THE
HADRONIC STAGE



NEQ EFFECTS IN THE HADRONIC STAGE

Hadronic observables are sensitive to end (hqdronic) non-

equili]orium effects. Are the photons produced also sensitive?

T.ENTO

AFTERBURNER
MODEL A: THERMAL [microscopic]

PHOTONS
[T > 150 MeV| PHOTONS

THERMAL THERMAL

PHOTONS PHOTONS
[T > 150 MeV] 150> T > 120 MeV]

MODEL B:

A. Schafer, OGM, JF. Paquet, H. Elfner, C. Gale, Phys.ReV.C 105 (2022) 4, 044910

PHOTONS FROM HADRONIC
RESCATTERING

Main contributions

P
9-to0-9 scat. Bremssfrthung

Hy&rodynamical - Thermal R.G."IQS

® Rates obtained from convolution of process amphtucﬂe

and thermal distribution functions

QGP: AMY, JHEP 0112 (2001) 009
HRG: Turbide et al, Phys. Rev. C69, 014903 (2004)

Transpor’c - SMASH pho’cons

o Non—equﬂibrium proolucﬁon of phofons in hadronic

matter

® Perturbative production - no backreaction

® PhO'tOIlS are sqmple& Wheﬂ uncﬂeﬂying IMeson

scattering happens

Meson scattering Schéafer et al, PhysRev.D 99 (2019) 11, 114021




Note: Total is Weighted average! EQUILIBRIUM VS NON—EQUILIBRIUM

Au + Au @ vs = 200 GeV Pb + Pb @ Vs = 2.76 TeV

20 |
——— SMASH 2 o 2 Scatterings SMASH-2.0.1-fix

15 - Bl MUSICt <150 Mev

SOME TECHNICAL DETAILS
Average (smooth) ICsfor b = 5 fm EoS: HoTOQCD+SMASH

10 -
Transition Temperature T=150

Cl’l@Ck@d thIOHiC ObSQIVO_bIQS «

Bremsstrahlung

Comparison: Model A vs. Model B

Compufed yield and anisotropy of phofons

(p?—py)
(P1)

Photon anisotropies are measured relative to the

v(pL) =

Total

hadronic event plane

NON-EQUILIBRIUM EFFECTS

Vg SP [%]

ENHANCE PHOTON ANISOTROPIES

0.0 0.5 1.0 1.5 2.0 2.50.0 0.5 1.0 1.5 2.0 2.5

pr [GeV] pr [GeV]



QGP VS. HADRONIC MATTER

[RHIC]

2.5

2.0 -

0.5 A

= MUSICt> 150 Mev
w= == MUSICts 150 Mevy + SMASH
Bl MUSICrs 150 mev + MUSICr < 150 Mev

0.0
0.0

Au + Au

vs = 200 GeV

0.5 1.0 1.5 2.0 2.5
pr [GeV]

[LHC]

SMASH-2.0.1-fix

= MUSICt s 150 Mev
e == MUSIC+ts 150 Mey + SMASH
B MUSICys 150 Mmev + MUSICr <150 Mev

0.0

Pb + Pb

VE = 2.76 TeV

0.5 1.0 1.5 2.0 2.5
pr [GeV]

HADRONIC STAGE IS RELEVANT!

NON-EQ. EFFECTS SHOULD BE ACCOUNTED FOR.
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PHOTON HBT

Hanbury Brown-Twiss Interferometry

® Originqﬂy used to measure the size of astronomical lighf sources

e CﬁSSiopeia A avwf Cdbtgms A

o How? OX 5p > 2nh Pﬁofons {De&ave c@assimg@ 15
OX 5p S 27h P &ofons {Pe&ave 7Mnfm

Detectors Cly
OX, . ~ 2R 1
® Quantum effects start at . h
T =R
K" = (KY, K,,0,K% K

® Pair variables

qlu — (qoa qoa qsa QZ)

18



A tale of two sources

"Base” Calculation +

Glauber IC's
VISH 2+1 Hydro

evolution

Thermcﬂ QGP

and Hadronic

radiation®

Far-from-equilibrium Photons

-Boffom-up—like evolution + moﬁrching

—Pre—equﬂibrium photons are computed

using kinetic rates , PhysRev. C95 (2017) no.5, 054904
OGM. Annals Phys. 443 (2022) 168984

Pseudo-Critical Enhancement

-Phenomenological model.
At hadronization, non—perfurbative rise in
partonic cross-sections (Nucl Phys A933, 256 (2015) )

dNenh

E =
d4xd?p

B 2
h(T) =1+hoexp{—(T dZ"C)

}

107

1074

[GeV~?]

dN
2np, dp,dy

\'+ ~ =+ Pre-equilibrium

: .I. Total
1%\ 4 ALICE, 0 —20%
] Ve -{-

----- Prompt
—-= Thermal

\ —— Thermal (LE)+Prompt
L. \N. 4 ALICE, 0-20%

----- Prompt
— = Thermal+Prompt

.
.
.
.
N
N
Y
*
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A tale of two sources

"Base” Calculation +

Glauber IC's
VISH 2+1 Hydro

evolution

Thermcﬂ QGP

and Hadronic

radiation®

Far-from-equilibrium Photons

-Boffom-up—like evolution + moﬁrching

—Pre—equﬂibrium photons are computed

using kinetic rates , PhysRev. C95 (2017) no.5, 054904
OGM. Annals Phys. 443 (2022) 168984

. dN 40
A XdBp  9m?

Pseudo-Critical Enhancement

-Phenomenological model.
At hadronization, non—perfurbative rise in
partonic cross-sections (Nucl Phys A933, 256 (2015) )

d/\/emh L
d4xd?*p

E

B 2
h(T) =1+hoexp{—(T dZ"C)

}

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

K, =0.5GeV

— == Thermal
—— Thermal+Pre-equilibrium

—-= Thermal (LE)
Kl =1.0GeV

:::::::::::::::::::::

Comparison Decays
still needed

dilute signcﬂl

- ALICE Preliminary <+Data -
1.06-0-10% Pb-Pb |s,,=5.02TeV = —Bkgfit —
N Y correlation = HIJING

- Ypem ™ Vpu | i
1.05[]0.25 < k, < 0.35 GeV/C -

104 0.25 < kT < 0.35 GeV/c -

1.03(— -




((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

& —&- Thermal
»  Thermal+Pre-equilibrium
. %- Thermal (LE)
\0
\0
N,
\k
''''' G
-
T <
—.—.+
@ —4&- Thermal
L »  Thermal+Pre-equilibrium
N %+ Thermal (LE)
\0
N
~.
.
~.
% \.\
'~. 9
’."".5
".@
—4&- Thermal
»  Thermal+Pre-equilibrium
¢ - Thermal (LE)
\k.
\.
\.
~. @
\*"\_
\.\. <>
\.*5.5.
".4

OR/[%]
|
S

—100-

6Ro [%]
o !

+  Thermal+Pre-equilibrium
- Thermal (LE)

'
] <> <>,
4
+ Thermal+Pre-equilibrium
©¥- Thermal (LE)
4
4 L

*  Thermal+Pre-equilibrium

¢+ Thermal (LE)
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Electromqgnetic pro]oes produced throughout space-time evolution of HICs; eseape

collision unscathed as Jrhey do not interact strongly with the QGP

EM probes are carry sensitive information about the initial and early stages, which
we can use to lear about the equy evolution of the medium

Late time non—equilibrium effects are significomt for anisotropy
generation

Non-trivial to resolve the discrepancies in the phofon observables

Photon HBT can be the tool we use to Cross-compare different models

of photon production



