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Photon Sources

Photons are messengers from all stages of the reaction
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All sources have to be treated properly in a full theory
calculation

Entering the precision era tfor heavy-ion physics, the same
approach should describe multiple olbservables

Here: Investigation of late non-equilibrium stage
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Hybrid Approach

Nuclel at 99 % [Quark Gluon Plasma] Hadronic Measurable Fragments
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Photon emission has been treated as thermal emission from the
nydrodynamic evolution e.g. J.-F. Paguet et al, PRC 93 (2016)

Hadronic observables require a hadron cascade afterburner

This work: Comparison of equilibrium and non-equilibrium emission
from hadronic stage
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Simulating Many Accelerated Strongly-Interacting Hadrons

Hadronic transport approach:
—Includes > 150 mesons and baryons
— Based on relativistic Boltzmann equation

https://smash-transport.github.io

. Lo ap £ o J. Weil, HP (now Elfner) et al,
p“ﬁﬂfz(aj,p) + m; F aafz(l’ap) — Leoll PRC 94 (2016)

— Open source code: C++, Git, Python Analysis, HepMC and RIVET
— Already used by HADES, CBM, JETSCAPE, BEST and individuals
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https://smash-transport.github.io

SMASH-VHLLE Hybrid Approach

Modular hybrid approach  EVESE

for intermediate and high Hadronic transport approach
energy ﬂeavy—ion Initial conditions
collisions VHLLE +

Open source and public 3+1 D viscous hydrodynamics

(event-by-event)

https://github.com/smash- Cornelius routine for hypersurface

transport/smash-vhlle-hybrid

+

Here: Simplified setting SmaSh‘hdrO”‘Smp'er |
, , ooper-rrye sampler
for qualitative study PEFTTYE SAmp
Particlization of fluid elements

A. Schéafer et al., arXiv: 2112.08724 =
Weil et al.; PRC 94 (2016) SMASH
DOI: 10.5281/zen0do.3484711 H : H
Huovinen et al.: Eur. Phys. J A 48 (2012) adronic transport approac
Karpenko et al.: PRC 91, 064901 (2015) - : :
Karpenko et al.: Comput. Phys. Commun. 185 (2014) Evolution of hadronic rescattermg

Hannah Elfner Hard Probes

03/28/23


https://github.com/smash-transport/smash-vhlle-hybrid
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MUSIC+SMASH

Averaged initial conditions from Trento

Ditterent settings:

A. Schéafer et al., PRC 105 (2022)

MUSIC as ideal hydrodynamic evolution
SMAGSH for hadronic rescattering and decays

— Run hydro to T=150 MeV and switch to transport

— Run hydro for photons to T=120 MeV

Simplified setup avoids additional complications, e.g.

vIScous corrections during hydrodynamic evolution
Hadronic production cross-sections calculated from

effective field theory Turbide et al.: Int.J.Mod.Phys. A19 (2004)

Consistency with thermal rates in MUS
Thanks to A. Schafer, O. Garcia-Montero, J.-F.

Hard Probes

C is crucial

Paquet, C. Gale
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Hadronic Photon Production

Pions most abundant species, therefore the most
important processes for afterburner at high beam energies

. Turbide et al.: Int.J.Mod.Phys. A19 (2004)
— 2 < 2 scatterings np — wy
— Bremsstrahlung zwr — @nwy

https://github.com/smash-

transport/phoxtrot

A. Schéafer et al, PRD 99 (2019)

=
9
IN

— 10_4 T p—
<|" 1 % T =150 MeV Theoretical Expectation T T =150 MeV Theoretical Expectation
E 10-5 T ‘})‘ sem T+ 1> p%+ y(6a) E 10-5 e 10+ % - 10 + y(6f)
Y— <« T+ %> p + y(6b) Y— — T+ p> w- %+ y(69)
(\II 10-6 — T 4+ p%> 1 + y(6C) (I\I 10-6 m+p - w->mn+ y(6h)
% m°+ p >+ y(6d) % ——
- — 1T+ p - %+ y(6e) - ./r—'\.;\.
O 10 O 10 / N
b .
m|mQ_ 10 B m|mQ_ 10 G ’ ’\\.
© O © © . \~\\
W q10-9 W 7109 ’ NS\
6d) +3 === (6e)+ 4 1 (6f) m— (6) (6h) + 2

IQ—S P e B B — ] IQ. R

B3 4 —— ulk 3

s 8 3 — s 8 2 - ———— s e

n N 2 ------------------------------ v n e

. 1 s s e —— e —— > 1l T o ¥ e e ¥ e e & o o 5 )
- —I:_..h_, T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
E [GeV] E [GeV]

Microscopic box calculations match thermal rates
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Comparison of Rates

In a thermal system, SMASH photon rates coincide with
the ones used in MUSIC
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Bremsstrahlung dominates low transverse momentum
Scatterings take over at higher transverse momentum

Hadronic decays are neglected

A. Schéafer et al., PRC 105 (2022)
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Hadronic Observables
MUSIC+SMASH hybrid describes hadronic spectra and

elliptic flow reasonably well A. Schafer et al., PRC 105 (2022)
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Unified approach to describe multiple observables
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Photon Yields

Hadronic thermal emission is much smaller than the one
from the hot and dense stage
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Non-equilibrium photons similar to equilibrium yields In
MUSIC

A. Schéafer et al., PRC 105 (2022)
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Elliptic Flow from Hadronic Stage

Au + Au @ VS =200GeV Pb + Pb @ Vs = 2.76 TeV
SMASH-2.0.1-1-g397f8f0
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A. Schéafer et al., PRC 105 (2022)
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Elliptic Flow from SMASH

Photon elliptic flow is weighted average

25 2 & 2 Scatterings
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Bremsstrahlung dominates again at low pt and scatterings
at higher pt

A. Schéafer et al., PRC 105 (2022)
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Time Evolution

Development of elliptic flow of late stage photons over time
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A. Schéafer et al., PRC 105 (2022)

Photon anisotropy is dominated by Bremsstrahlung photons
at all times

Peak at maximum emission from Cooper-Frye hypersurface
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Full Result

Photon yields are not affected much by late stage
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Elliptic tlow receives signiticant extra contribution below
transverse momentum of 1 GeV from non-equilibrium

evolution
A. Schéafer et al., PRC 105 (2022)
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nybrid approac

observables

Qualitative stud
SMASH

summary

ncluded photons from non-equilibrium hadronic rescattering in a

N

Jnified description for hadronic and electromagnetic

v in a simplified approach based on MUSIC and

Bremsstrahlung dominates low transverse momentum emission

and scatterings

at higher transverse momentum

Photon yields are not aftected by non-equilibrium evolution

Elliptic tlow receives a significant extra contribution when photons

are emitted out

of equilibrium

More Bremsstrahlung channels important for further studies

Addition of prompt photons and viscous effects important for a
future comparison to experimental data

Hard Probes

Hannah Elfner

03/28/23



How to Use SMASH?

Visit the webpage to find publications and link to SMASH-2.2 results
nttps://smash-transport.github.io
SMASH-2.2 has

Download the code at
nttps://github.com/smash-transport/smash

HepMC and RIVET

Checkout the Analysis Suite at
nttps://github.com/smash-transport/smash-analysis

~ind user guide and documentation at
nttps://github.com/smash-transport/smash/releases

Animations and Visualization Tutorial under
https: //Smash transoort github.io/movies.html|

Simulating Many Accelerated Strongly-interacting Hadro Edit ¢ Code  (lssues 0 Pull requests 0 Insights £t Sett ings

Manage topics

{D 6,590 commits ¥ 1branch © 2 releases 42 13 contributors sfs GPL-3.0

SMASH-1.5.1 -
18 ©
o 068109 [Dzip [Dtargz

WJ eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee -transport, /schaefer, /fix_bug_nuclear... i

[Latest release \
8 3rdparty Adjustments for runn ing with JetScape 4 months ago o FIrSt pUb“C VerS|on Of SMASH

SMASH-1.5
i bin Updated benchmark decaymodes 3 months ago O 8986653 E-)} elfnerhannah released this on 27 Nov 2018 - 6 commits to master since this release
e

B cmake Use lightweight tags for version 4 months ago Useful ext
B doc Updated links in README.md and CONTRIBUTING.md to link to the correct... 3 months ago e Here is an overview of Physics results for elementary cross-sections, basic bulk observables and
8 examples/using_SMASH_as_library ~ Update pythia version in README.md and removed trailing whitespace. 4 months ago infinite matter calculations
8 input Fix parity for light nuclei decays 3 months ago e User Guide
il src Merge pull request #132 from smash-transport/schaefer/fix_bug_nuclear... 2 months ago HTML Documen tation
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