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WHY PHOTONS FROM THE HADRON GAS?
Direct photon production in high-energy heavy-ion collisions not fully 
understood 
‣ Yield and flow cannot be described simultaneously within same model 
‣ So far: hydrodynamic evolution with hadronic EoS for photon emission

2

ALICE collab.: Phys. Lett. B789 (2019) Paquet et al.: PR C93 (2016) Gale et al.: PRL114 (2015) Holt et al.: Nucl. Phys. A945 (2016)
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Importance of photons originating from 
late non-equilibrium hadronic phase? 
‣ Study photon production by means of hybrid 

approaches, e.g. MUSIC + SMASH

ALICE collab.: Phys. Lett. B789 (2019) Paquet et al.: PR C93 (2016) Gale et al.: PRL114 (2015) Holt et al.: Nucl. Phys. A945 (2016)
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Importance of photons originating from 
late non-equilibrium hadronic phase? 
‣ Study photon production by means of hybrid 

approaches, e.g. MUSIC + SMASH

ALICE collab.: Phys. Lett. B789 (2019)

In this talk

‣ Benchmark photon production in 
hadronic medium by means of 
hadronic transport approach (SMASH)

Paquet et al.: PR C93 (2016) Gale et al.: PRL114 (2015) Holt et al.: Nucl. Phys. A945 (2016)
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MODEL DESCRIPTION
• Simulating Many Accelerated  Strongly-interacting Hadrons 

• Novel hadronic transport approach  

• Effective solution of relativistic Boltzmann equation: 

• Collision integral modeled through decays and formations of hadronic resonances 

• Geometric collision criterion: 

• Strangeness production, dileptons, baryon stopping and bulk properties already studied 
successfully

http://smash-transport.github.io

3

pμ ∂μ f + m ∂pμ
(Fμ f ) = C( f )

dcoll <
σtot

π

Oliinychenko et al.: J. Phys. G 44 (2017)
Staudenmaier et al.: PRC 98 (2018)

Rose et al.: PRC 97 (2018)
Mohs et al.: arXiv 1909.05586

Weil et al.: PRC 94 (2016)
Steinberg et al.: PRC 99 (2019)

Tindall et al.: Phys. Lett. B770 (2017)
DOI: 10.5281/zenodo.3484711

http://smash-transport.github.io
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See also talk 
by J.-B. Rose 

in EM I

See also 
poster by 
J. Mohs

See also 
poster by J. 

Hammelmann

http://smash-transport.github.io
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SMASH DEGREES OF FREEDOM
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‣ +	corresponding	
anKparKcles	

‣ PerturbaKve	
treatment	of	
photons	and	
dileptons	

‣ Isospin	symmetry

4

As of SMASH-1.7
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PHOTONS IN SMASH

5

• Production in binary elastic and inelastic scattering 
processes 

• Cross sections derived from chiral effective field 
theory based on

‣ EM coupling  ≪ strong 
coupling 

‣ Assumption: Photons do not 
interact with medium after 
production 

‣ Photons directly printed to a 
separate photon output 

‣ Hadronic evolution proceeds 
as if no photon production had 
occurred

Perturbative Treatment

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

Pb-Pb @ Elab = 40 AGeV

t = -2.5 fm t = 6 fm  t = 12 fm
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THEORETICAL BACKGROUND
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• Chiral effective field theory with mesonic degrees of 
freedom 
‣ Pseudoscalar mesons 
‣ Vector mesons 
‣ Axial vector mesons 
‣ Photons 

• Applied in 3+1D viscous hydrodynamics code (MUSIC) 
‣ Consistent hybrid model of MUSIC + SMASH to study photon 

production 
‣ Photon production in non-equilibrium vs. equilibrium expansion 

• Further extensions possible, e.g. 
‣ Heffernan, Hohler, Rapp: Phys. Rev. C 91 (2015) 
‣ Holt, Hohler, Rapp: Nuc. Phys. A 945 (2016)

Turbide et al.: Int. J. Mod. Phys. A19 (2004)
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Exchange via (π,ρ,a1)

π± + ρ0 → π± + γ

π0 + ρ± → π± + γ

π± + ρ∓ → π0 + γ

π± + π∓ → ρ0 + γ

π± + π0 → ρ± + γ

π0 + ρ0 → π0 + γ

π0 + ρ± → π± + γ

π± + ρ∓ → π0 + γ

Exchange via (ω)

Turbide et al.: Int. J. Mod. Phys. A19 (2004)
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PHOTON PRODUCTION CROSS SECTIONS

7

• Cross sections derived from scattering matrix elements 
• Available and ready-to-use (C++):

https://github.com/smash-transport/phoxtrot

Example: ! |M|2 ! d�

dt
! �
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PROOF OF CONCEPT I

8

• Thermal photon rate: Number of photons produced per unit time and volume 
• SMASH setup: Infinite matter simulation with π and ρ mesons in equilibrium 
• Theoretical expectation nicely reproduced

Exchange via (π,ρ,a1) Exchange via (ω)
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PROOF OF CONCEPT I

8

• Thermal photon rate: Number of photons produced per unit time and volume 
• SMASH setup: Infinite matter simulation with π and ρ mesons in equilibrium 
• Theoretical expectation nicely reproduced

Exchange via (π,ρ,a1) Exchange via (ω)

‣ From now on: Combine 
channels with identical initial, 
final and mediating particles
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INTRODUCING FORM FACTORS

9

Exchange via (ω)

‣ Increase for low high photon energies 
‣ Reduction for high photon energies 
‣ Note: Increased π-ρ-ω coupling

Exchange via (π,ρ,a1)

‣ Reduction of photon production for 
low and high photon energies

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

• Required to describe finite extend of fields at vertices 
• Hadronic dipole form factor (FF)
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INTRODUCING FORM FACTORS

9

➡ Form factors are important to describe photon 
production at intermediate energies 

Exchange via (ω)

‣ Increase for low high photon energies 
‣ Reduction for high photon energies 
‣ Note: Increased π-ρ-ω coupling

Exchange via (π,ρ,a1)

‣ Reduction of photon production for 
low and high photon energies

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

• Required to describe finite extend of fields at vertices 
• Hadronic dipole form factor (FF)
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PROOF OF CONCEPT II
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• Photon rate parametrization provided in 

‣ Applied in hydrodynamic simulations
Turbide et al.: Int. J. Mod. Phys. A19 (2004)

Exchange via (ω)

‣ SMASH provides significantly higher 
photon rates 

‣ Note:  
Parametrization accounts for t-
channel contributions only, SMASH 
contains t- and s-channel

Exchange via (π,ρ,a1)

‣ Excellent agreement at T = 150 MeV 
within uncertainties

Form factors taken into consideration
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• From now on: 
Incoherently add (π,ρ,a1)-mediated and 
(ω)-mediated contributions for channels 
                                and 
‣ Distinguish only between: 

   and   , 
independently of electric charge and mediator
π + π → ρ + γ π + ρ → π + γ

π0 + ρ± → π± + γ π± + ρ∓ → π0 + γ

TEMPERATURE DEPENDENCE

11

‣ Photon production clearly increases with rising 
temperatures 

‣ ≈ 3 orders of magnitude between T = 100 MeV 
and T = 200 MeV

Observation
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QUANTIFYING THE DIFFERENCE TO PREVIOUS WORKS
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• Photon production cross sections for  
                            and  
provided in  
‣ Major difference:  No ω and a1 degree of freedom

π + ρ → π + γ π + π → ρ + γ
Kapusta et al.: Nucl.Phys. A544 (1992)

H. Nadeau et al.: Phys. Rev. C45 (1992)

Holt et al.: Nuc. Phys. A 945 (2016)

‣ SMASH < Kapusta for Eγ ≲ 0.4 GeV and vice versa 
‣ ω and a1 processes contribute significantly 

Also identified by:  

‣ Kapusta framework well applicable for photon 
production at low Eγ  

‣ More involved framework necessary for intermediate 
and high Eγ

Observation

Parametrization corrected for form factors to allow for appropriate comparison 
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EXTENSION TO FINITE-WIDTH     MESONS
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• Up to now: Γρ  = 0 GeV 

• In reality: Γρ  = 0.149 GeV 

• Extend framework to account for finite width 
‣ Electromagnetic current not conserved anymore for 

processes mediated by ρ mesons 
‣ Assumption: In/outgoing and mediating ρ mesons 

have identical masses 
=> Current conservation is enforced

ρ

‣ Significant enhancement of photon production 
for Eγ  ≤ 0.7 GeV while Γρ  = 0.149 GeV 

‣ Finite ρ width should not be neglected

Observation
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• Cross sections for direct photon production in hadronic scatterings successfully derived 
‣ Available at https://github.com/smash-transport/phoxtrot 

• Photon production implemented into hadronic transport approach (SMASH) 
‣ Good agreement with theoretical expectations and parametrization of thermal photon rate 

• ω and a1 -mediated processes contribute significantly 

• Clear enhancement of photon production, especially for low Eγ, once Γρ = 0.149 GeV

Summary

• Assess importance of non-equilibrium hadronic direct photon production by means of 
hybrid approach 
‣ MUSIC + SMASH with identical photon production framework

Outlook

AS et al.: PRD 99 114021 (2019)

14

https://github.com/smash-transport/phoxtrot
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BACKUP
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EFFECTIVE LAGRANGIAN

16
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FINITE-WIDTH      AND CONTACT TERM

17

• In case of finite-width ρ: 
‣ EM current not conserved: 

 

‣   while   

• Treatment in SMASH:   
‣ Mass sampled from spectral 

function 
‣ Systematic uncertainty of the 

model

∂μJμ ≠ 0

Δ =
m2

ρ − u

M2
ρ − u

≠ 1 mρ ≠ Mρ

mρ = Mρ

ρ

mρ
Mρ

‣ Δ differs at most 11% from unity 
‣ Contact term has no effect on 

photon rate 
‣ Assumption is justifiedmρ = Mρ

Observation

1. Benchmark deviation of Δ 
from 1 with 
‣ Assume  = 0.776 GeV 

2. Construct contact term to 
restore current conservation 
‣ Enforce  

while 

Mρ

kμ(ℳμ + ℳμ
c) = 0

kμℳμ ≠ 0

2 Assessments
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Analytic formula: 

In the case of Boltzmann statistics: 

Photon rate from SMASH: 

THERMAL PHOTON RATE

18

E
dR

d3p
= N

Z
(2⇡)4 �4(pA + pB � pC � p) |M|2 f(EA) f(EB) (1 + "f(EC))

⇥ 1

2(2⇡)3
d3pA

2EA(2⇡)3
d3pB

2EB(2⇡)3
d3pC

2EC(2⇡)3

E
dR

d3p
= N

Z
�4(pA + pB � pC � p) |M|2 f(EA) f(EB) f(EC)

d3pA d3pB d3pC
16(2⇡)8

E
dR

d3p
= E

dN

4⇡ p2dp �t V
=

1

4⇡ E �t V

dN

dE



Anna Schäfer A Non-Equilibrium Approach to Photon Emission from the Late Stages of Relativistic Heavy-Ion Collisions

FORM FACTOR
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COMPARISON TO OTHER SOURCES OF DIRECT PHOTONS
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• Qualitative comparison between hadronic 
SMASH photon rates and partonic AMY 
photon rates as in 
‣ Coincidence of hadronic and partonic rates 

observed in 
‣ A priori, neither framework expected to be viable 

close to Tc

Arnold et al.: JHEP12 (2001)

Gale et al.: PRL114 (2015)

Nflavour = 2

Arnold et al.: JHEP2001 (2001)

‣ Both photon rates decrease with rising Eγ 
‣ AMY provides significantly higher rate, 

especially around Eγ ≈ 0.5 GeV 

‣ But: SMASH lacks Bremsstrahlung, 
annihilation processes and LMP effect

Observation
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SIDENOTE: COMBINATION OF CHANNELS
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Exchange via (π,ρ,a1)

π± + ρ0 → π± + γ

π0 + ρ± → π± + γ

π± + ρ∓ → π0 + γ

π± + π∓ → ρ0 + γ

π± + π0 → ρ± + γ

π0 + ρ0 → π0 + γ

π0 + ρ± → π± + γ

π± + ρ∓ → π0 + γ

Exchange via (ω)

Exchange via (π,ρ,a1) 
and via (ω)

π + ρ → π + γ

π + π → ρ + γ

π + ρ → π + γ

Exchange via (ω)

Exchange via (π,ρ,a1)

π + ρ → π + γ

π + π → ρ + γ


