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Spacetime profile of heavy-ion collisions

-9

d Volume
dT

3
=]

~ T—(2¢52+1) L 79

&
(=]

S
o
Temperature (MeV)

Temperature «=p

y (fm)
o

[ ¢Z is speed of sound ]

o
o

Figure credit: J-F
Paquet and Scott
Moreland

100

10
= 500 _
% 5 3
2 Hadrons 300=
2 @
Q >
@ 0 200 5
; g
Q =5 150 €
|c—£ \/-SNN=200 GeV |1J
- - o I
~10 Au-Au, 30 flO/o centrality | 1100

2 4 6 8 10
Time (fm/c)




Low-energy electromagnetic probes in heavy-ion collisions

Prompt
photons / Late-stage photons and
ep Other sources
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Early-time dynamics itself:
previous talk by Kirill Boguslavski
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Thermal y/171~

Early-stage emission  Early v/I"1”
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Early-stage emission  Early v/I"1”
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= Recent works focused on
emission from soft bath of
quarks&gluons

Transverse profile (fm)

* Multiple previous works on

Hadrons

formation of soft bath

Emission from the soft bath

= What is the spatial distribution?

= What is the rate of photon and dilepton emission at early times?

1 Rate determined by quark/gluon ratio and momentum distributions

e.g. thermal distributions = equilibrium emission rate (e‘energY/T)




Early-stage photons. &, i e
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IP-Glasma Hydrodynamics

= What is the spatial distribution? IP-Glasma+KgMPgST

»= What is the rate of photon emission at early time?

o Thermal rate w/ viscous corrections + rate suppression factor for chemistry
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_ Philip Plaschke,
Early-stage photons Thureday 10:00
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Hydrodynamics

Photon emission rate and relaxation to
(local) equilibrium calculated consistently

= What is the spatial distribution?

Conformal 0+1D boost-invariant

= What is the rate of photon

Ratio of non.eq rate to equil. rate

emission at early time?

0.8 |

06 |

04 |

0.2
energy rate, A=5 - - - -
= energy rate, A=10 ——
0 o s ‘ . ~energy rate, h=2Q — =
0.1 1
Evolution time: W=1/tg=T¢(1)t / (47n/s)

Evolution time over relaxation time
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Early‘Stage dileptOnS Maurice Coquet,

Wednesday 10:50
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Constraints from photons and dileptons
on early-stage momentum anisotropy

= What is the spatial distribution?
Conformal 0+1D boost invariant

= What is the rate of dilepton
emission at early time?

AND

How to differentiate them from
other sources, in particular Drell-

Yan

= Angular distribution of
dileptons




(dNy,in—plane - dNy,out—of—plane)

(dNy,in—plane + dNy,out—of—plane)
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Momentum anisotropy and photon polarization

= Previous slides: effect of quark&gluon momentum anisotropy on photon spectrum or
dilepton invariant mass spectrum

= Quark&gluon momentum anisotropy also polarizes photons (& [717)
(Full leading-order calculations including bremsstrahlung contributions)
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THERMAL AND MEDIUM-MODIFIED
PROMPT y /171~
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Photon emission rate

* Photon production:

d4k

4
d*N, fd‘*X
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Transverse profile (fm)
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Photon /I~ emission rate

Photon emission rate |

* Photon production: d4Ny fd4X d4ry/l+l_
d*k d3p

Spacetime profile

/ of plasma
(p, T(X), u*(X), ...)

PHENIX Collaboration (2012) PRL
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Photon emission rate

» Photon & [*1~ production: d*N, _f d*T,, /p+ -

d*x
P A

Photon/I*1~ emission rate

d*k (p, T(X), u*(X), ...

Degrees of freedom/Temperatures Electromagnetic emission rate

Gas of hadrons below T = 150 MeV Effective hadronic models

Deconfinement for T' ~ 150 — 200 MeV Extrapolated rates from low/high

temperatures

Strongly-coupled quark/gluons

for T ~ 200+ MeV Lattice QCD, effective models ,

holography




Photon emission rate in sQCD

Dibyendu Bala, Tuesday 17:50

= Given transverse and longitudinal spectral function py(w, k) and p;(w, k), the rates
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Medium-modified prompt photons
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No medium effects on Compton scattering
and g q annihilation

qtq—> gty
q+g—q+y

qtg—-oqtg+y’?
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Medium-modified prompt photons

Medium-modified DGLAP-like radiation [ Fragmentation
+medium-induced photons (“jet-medium”) [also [T17]
+non-perturbative fragmentation
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Photons from hadronic interactions Hannah Elfner, Tuesday 15:20
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In-medium vector and axial-vector spectral functions

In-mefilum propertles. fro.m (analytically continued) Ralf-Arno Tripolt, Thursday 9:20
Functional Renormalization Group (FRG)
p&a, spectral function at low T&large g Dilepton rate
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ELECTROMAGNETIC EMISSION AT
LOWER BEAM ENERGY




Low-energy collisions: extended
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Low-energy collisions: photons as probes
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Chun Shen,
Wednesday 14:20

.y =20.0
00-20% Au+Au@©19.6 GeV

Thermal photons

—— Dynamical deposition

Instantaneous 7y = 0.5 fm/c

1 2
pr (GeV)

Thermal photons sensitive to energy deposition



SUMMARY




Summary

= Study the early-stage of plasma with photons and dileptons
= Approach to equilibrium (thermal & chemical) and initial momentum anisotropy
= New measurements suggested or revisited

= Early stage increasingly important in small collisions or at lower collision energy

l I I I I 1 1 1 I

= Constraints on photon emission rate from

— 10TA |
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interactions < ety S T
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Outlook

» Pre-eq + thermal rate + jet-medium +
photons from hadronic transport: effect
on photon v,?

= Other sources of photons and dileptons?

= Important role of dileptons at low collision
energies (large ug)

= Chiral symmetry restoration

= Lower uncertainties on spectrum and v,,?

= What new measurements are possible?

29
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Results: Pb-Pb /syy =2760 GeV, 0-20%

Gale, Paquet, Schenke, Shen (2022) PRC
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Results: Au-Au +/syy =200 GeV, 0-20%

Ref.: PHENIX Collaboration (2012) PRL
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Thermal photon spectrum: Doppler shift

LAY fd4X1dry( OO, 2 X0, E
n E &y p, u ) ~cte—Teff

n n E
Photon emission rate: 13y _ -7

Ed3p

e

1dN, _Pu() _Pau()
In Edp)~ ln( d*Xe TX) ) + cte =In (qubalnsdxl e TX)

At midrapidity, P - u = py (cosh(ns) J14+ui —u; cos(qb))
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Doppler shift

>+cte
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Thermal photon spectrum: Doppler shift

y (fm)
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Thermal photon spectrum: Doppler shift
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Effect of transverse Doppler shift
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Effect of transverse Doppler shift

1/(2mip7) dNY/dpt (GeV-?)
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Not all Doppler shifts are equal
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Different origins of the Doppler shift
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Thermal photon spectrum

1 dN,
In E@ ~ |n fdgbdﬂs

_P-u(X)
dx, e TX) > + cte
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Crossover

Pions,

kaons,
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other hadrons

Spacetime profile of plasma: complicated, but can look at simple models

C
Bjorken hydrodynamics for longitudinal-dominated expansion: T(t) = T, (%0)

Cs
=» Black disk approx: T(z,7 <o) =T, (%)

=P (Gaussian approx:
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Thermal photon spectrum
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ReSUItS: AU-AU \VOSNN :200 GEV, 0‘20%

Paquet and Bass [ arXiv:2205.12299 |

10°F Moot T T 1 dN E Terf
P Nonprompt . In — cte — _ TO ~
. )
‘_| o This paper ] 27TE dE dy Teff Teff
(L% ¢ PRCO1,084004 | —Tuln,u
c\.g __ T, €xtraction range _
> 102k —0819GeVie ] centrality T,(GeV) L (GeV/e) | To(GeV) — T (GeV/e)
9 —2.0-4.0 GeVie | 4 0.8 <pr <1.9 GP\V/( 2 < pr <4
=S - : - 0%-20%  0.48 0277 +0.017 7095 | 0.64  0.428 +0.031 T0.03
Slam 104 5, —
o i ‘H i
o — i — .. i )
g L : Non-trivial relation between inverse slope and plasma
10 ; —

C 1 temperature

100 0%20% % ) o . .
R N Remember: Doppler shift introduces more complications
2 4 6 8

P, [GeV/c]
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Matching to 0+1D (boost-invariant) hydrodynamics

In 04+1D hydro, we can characterize T*Y with single component: energy density

0+1D dynamical models with smooth transition to hydrodynamics:

Kinetic theory (gluons, QCD, RTA) or AdS/CFT

Ref.: Giacalone, Mazeliauskas, SchIichting PRL

— 2016 All systems
onclusion:
4_ converge to
Properly scaled 0+1D systems 0410 &
approach hydro similarly +1D viscous
o hydro
]
- : (note: not all
I 505 /. — (o = 0.87 QCD Kkinetics
Timescale necessary to converge to £ 0 ///// — = U = 0.92 Boltzmann RTA systems have
hydro depends _g '//‘.: — Coo:0.98 YM kinetics the Same -Flnal
n 1 = 0-4".{’ -een Cy = 1.06 AdS/CFT :
» Strength of interaction plade 5 [ fre streaming energy density,
. s = =—viscous hydro but this can be
* Energy density of the system S -
1 0.1 1 10 rescaled)

(or “effective temperature” Typp X €+) ey @ = 71ut/(171/5)



Matching to 2+1D hydrodynamics: "KgMPgST"

Energy attractor: 743¢(7)/(743€)nydro

Take a 241D pre-hydro system: how does it approach hydrodynamics?
Better approximation [KgMPgST]: decompose T*V in 0+1D background + linear

—
Ty (Thydro)
ydro 2 _
—— d-x’ Gﬁ; (x, X, Thydro, TekT STXaﬁ(TEKTa X')
TX (Texr)

Ref.: Kurkela, Mazeliauskas, Paquet,
Schlichting, Teaney PRL2019, PRC2019

TMU(ThydrOa X)

Thydro ~ 1.0fm/c

. - T (e liron X)
Lo Response functions describing y
0979 ~. . .
s s one evolution of perturbations
: azeliauskas, _
07'%3331?%’ = Can be evaluated with QCD
7 . .
061 V3 kinetic theory
0s] g — =057 QD nciic " Also exhibits scaling with
" == (. = 0.92 Boltzmann RTA . .
' ,/,/'/ T o g interaction strength and
/4 r2er o = 1.06 AS/CFT energy density of system

free streaming

m—viscous hydro

[ See also Kamata, Martinez, Plaschke,

0.1 o 1o Ochsenfeld, Schlichting, PRD 2020 ] |—| 2¢(Thydro — Texr)
w = 71 /(4 /s) -« >

0.3
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