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Marcus Bleicher

Exploration of hot and dense nuclear 
matter with low mass dileptons
• Dileptons represent a clean and penetrating probe of hot

and dense nuclear matter
Reflect the whole dynamics of a collision
→ Correct description of dynamics essential! 

• Aim of studies: 
• In-medium modification of vector meson properties, 

signatures for onset of QGP formation
• Chiral symmetry restoration
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Marcus Bleicher

Tool: transport/hydro simulations
• Here: UrQMD (Hadron/String transport approach)
• based on relativistic dynamics
• all (well) known resonances up to 3 GeV included
• no phase transition (except in hybrid mode)
• no explicit in-medium effects

• Of course we are not the first ones to do dileptons
simulations

• Pioneering theory work done at Gießen for decades:
• à Mosel group
• à Cassing group
• à Continued by Bratkovskaya and Smekal

HFHF Retreat 2022 3
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Ultra-relativistic Quantum Molecular 
Dynamics (UrQMD)
Hadron/string transport approach

HFHF Retreat 2022

• Based on the propagation of hadrons
• Rescattering among hadrons is fully included
• String excitation/decay (LUND picture/PYTHIA) at higher 

energies
• Provides a solution for the time dependent n-body 

distribution (i.e. event-by-event simulations!) of hadrons

The collision term C includes more than 100 hadrons
• Soft/hard EoS can be switched on when needed

M. Bleicher et al, J.Phys. G25 (1999) 1859-1896
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List of included 
particles in the hadron 
cascade

nucleon � ⇥ ⌅ ⇤ ⇧
N938 �1232 ⇥1116 ⌅1192 ⇤1317 ⇧1672

N1440 �1600 ⇥1405 ⌅1385 ⇤1530

N1520 �1620 ⇥1520 ⌅1660 ⇤1690

N1535 �1700 ⇥1600 ⌅1670 ⇤1820

N1650 �1900 ⇥1670 ⌅1775 ⇤1950

N1675 �1905 ⇥1690 ⌅1790 ⇤2025

N1680 �1910 ⇥1800 ⌅1915

N1700 �1920 ⇥1810 ⌅1940

N1710 �1930 ⇥1820 ⌅2030

N1720 �1950 ⇥1830

N1900 ⇥1890

N1990 ⇥2100

N2080 ⇥2110

N2190

N2200

N2250

The model - UrQMD

• Binary interactions between all 
implemented particles are 
treated

• Cross sections are taken from 
data or models

• Resonances are implemented 
in Breit-Wigner form

• No in-medium modifications

HFHF Retreat 2022
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5



Marcus Bleicher

Channels for di-leptons

HFHF Retreat 2022 6
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FIG. 2: (Color online) Average η multiplicity in C+C reactions at 1 AGeV and 2 AGeV from UrQMD

(triangle) in comparison to the values reported by the TAPS Collaboration [42]. The circles refer to the

standard calculations which neglect the isospin asymmetry in the η production cross section and are shown

for completeness.

an unique interpretation of the experimental data in the low mass region a re-tuning is necessary.

However, pn reactions are not the major subject of this work, and the new prescription used here

for the treatment of η production provides sufficient robustness for the dilepton studies presented

in the next sections.

B. Dilepton radiation in UrQMD

In UrQMD, dilepton pairs are generated from the mesonic Dalitz decays π0 → γe+e−, η →

γe+e−, η′ → γe+e− and ω → π0e+e−, the direct decay of the ρ, ω and φ vector mesons and the

Dalitz decay of the ∆ resonance.

Decays of the form, with P being a pseudoscalar meson and V a vector meson,

P → γe+e−, V → Pe+e− (1)

can be decomposed into the corresponding decays into a virtual photon γ!, P → γγ!, V → Pγ!,

and the subsequent decay of the photon via electromagnetic conversion, γ! → e+e− [43, 44, 45]:

dΓP→γe+e−

dM2
= ΓP→γγ!

1

πM4
MΓγ!→e+e− , (2)

dΓV→Pe+e−

dM2
= ΓV→Pγ!

1

πM4
MΓγ!→e+e− , (3)

Schmidt, Santini, Bleicher, Phys.Rev.C 79 (2009) 064908
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where M is the mass of the virtual photon or, equivalently, the invariant mass of the lepton pair.

The internal conversion probability of the photon is given by:

MΓγ!→e+e− =
α

3
M2

√

1−
4m2

e

M2

(

1 +
2m2

e

M2

)

(4)

with me being the electron mass. The widths ΓP→γγ! and ΓV→Pγ! can be related to the corre-

sponding radiative widths ΓP→2γ and ΓV→Pγ:

ΓP→γγ! = 2ΓP→2γ

(

1−
M2

m2
P

)3

|FPγγ!(M2)|2, (5)

ΓV→Pγ! = ΓV→Pγ

[

(

1 +
M2

m2
V −m2

P

)2

−
(

2mV M

m2
V −m2

P

)2
]3/2

|FV Pγ!(M2)|2, (6)

where mP and mV are the masses of the pseudoscalar and vector meson respectively and

FPγγ!(M2), FV Pγ!(M2) denote the form factors with FPγγ!(0) = FV Pγ!(0) = 1. The factor 2

in (5) occurs due to the identity of the two photons in the P → 2γ decay. The form factors can be

obtained from the vector meson dominance model (VMD). In the present calculations the following

parametrisations are employed [7, 43]:

Fπ0(M2) = 1 + bπ0M2,

Fη(M
2) =

(

1−
M2

Λ2
η

)−1

,

∣

∣Fω(M
2)
∣

∣

2
=

Λ2
ω(Λ

2
ω + γ2ω)

(Λ2
ω −M2)2 + Λ2

ωγ2ω
,

∣

∣Fη′(M
2)
∣

∣

2
=

Λ2
η′(Λ

2
η′ + γ2η′)

(Λ2
η′ −M2)2 + Λ2

η′γ
2
η′

(7)

with bπ0 = 5.5GeV−2, Λη = 0.72GeV, Λω = 0.65GeV, γω = 0.04GeV, Λη′ = 0.76GeV and

γ′η = 0.10GeV. In (7) the abbreviations FP and FV have been used to denote respectively FPγγ!

and FV Pγ! .

The width for the direct decay of a vector meson V = ρ0, ω, φ to a dilepton pair varies with

the dilepton mass like M−3 according to [7]:

ΓV→e+e−(M) =
ΓV→e+e−(mV )

mV

m4
V

M3

√

1−
4m2

e

M2

(

1 +
2m2

e

M2

)

(8)

with ΓV→e+e−(mV ) being the partial decay width at the meson pole mass.

The decomposition of the ∆ → Ne+e− decay into the ∆ → Nγ% decay and subsequent conver-

sion of the photon leads to the following expression for the differential decay width:

dΓ∆→Ne+e−

dM2
=

α

3πM2
Γ∆→Nγ! . (9)
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Summary

• Use standard rates (VMD)

• Use time integration (shining)

• Automatically includes collisional broadening

HFHF Retreat 2022 8
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Comparison w/ DLS and HADES 9
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FIG. 3: (Color online) UrQMD model calculations for dilepton spectra from pp reactions at 1.04, 1.27, 1.61,

1.85 , 2.09 and 4.88 GeV in comparison to the DLS data [49], including the DLS acceptance filter and mass

resolution. The different color lines display individual channels in the transport calculation, as indicated in

the legend.

form σ(pp → ρX) ∼
∫

2.2 ( s
s0(M) − 1)1.47 ( s

s0(M))
−1.1 A(M) dM has been employed. Here A(M)

denotes the meson spectral function and the integration is performed within the appropriate kine-

matical limits. Close to the physical threshold for ρ meson production,
√

sth = 2mN + 2mπ, such

omission results in smaller values of the cross section than those of this work (see Section IVA)

and of other resonance model based approaches (see e.g. [14, 41, 50]). In our model, this contribu-
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FIG. 4: (Color online) UrQMD model calculations for dilepton spectra from p+p collisions at beam energies

of 1.25 GeV (left panel), 2.2 GeV (middle panel) and 3.5 GeV (right part). The different color lines display

individual channels from the transport calculation, as indicated in the legend.

tion arises naturally due to the possibility for baryonic resonances to decay into ρ. At rather low

energies, this leads to the emission of a ρ meson with a mass distribution strongly biased by energy

constraints. Here, the ρ mesons originates in particular from the decay of the N∗(1520) resonance.

For this chain the threshold is only M = 2mπ and not mpole
ρ . Early investigations on the role of

the N∗(1520) resonance for subthreshold ρ meson production were performed in Refs. [47, 51].

For higher beam energies all decays are possible as for the nucleus nucleus system. Both for

2.2 GeV and 3.5 GeV the dilepton spectra in the lower mass regime are dominated by the long-lived

resonances and the ∆ resonance. For higher masses the direct decay of the ρ meson becomes more

important and the double peak shape of the e+e−-pairs originating from ρ is visible. At a beam

energy of 3.5 GeV the contribution from the direct ω decay leads to a visible peak in the dilepton

spectrum at M ≈ 0.8 GeV.

IV. DILEPTON YIELDS IN C+C COLLISIONS

In this Section we present calculations for dilepton spectra in minimum bias C+C reactions at

1.0 AGeV and 2.0 AGeV and compare them to the data resulting from the measurements performed

by the HADES Collaboration [17, 18]. In order to make the comparison with the experimental

data, the filter function provided by the HADES Collaboration has been implemented [17, 18].

In agreement with the treatment of the experimental data, dilepton events with opening angle

Θe+e− ≤ 9◦ have been rejected and the spectra have been normalised to the mean π0 multiplicity.

11

We first discuss the results obtained applying the “shining” method for the extraction of the

dilepton yield and address Fig. 5, where the contributions to the spectra of the different channels

are additionally explicitly shown. Both spectra are dominated by the π0 decay for invariant masses

M ≤ mπ.
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FIG. 5: (Color online) UrQMD model calculations for dilepton spectra from C+C collisions at beam energies

of 2 AGeV (left) and 1 AGeV (right) in comparison to HADES data [17]. The different color lines display

individual channels in the transport calculation, as indicated in the legend.

In the case of C+C at 2 AGeV the η and ∆ Dalitz decays dominate for mπ ≤ M ≤ 0.5 GeV

with comparable magnitude. The present result for the ∆ Dalitz contribution to the spectra is

quantitatively similar to the result of Ref. [23] , whereas in [21] and [25] a smaller contribution was

found. The direct decay of the ρ meson start to play a sizable role for M ≥ 0.5 GeV. Due to the

rapid decrease of the ∆ Dalitz contribution, the relative importance of the ρ meson direct decay

channel grows with increasing invariant mass, from being at first comparable to the ∆ Dalitz to

becoming the dominant contribution in the region of the vector meson peak. The low invariant

mass region of the spectrum (M < 0.5 GeV) is successfully described by the UrQMD calculations.

However, an overestimation of the data is observed at higher masses. A qualitatively analogous

result has been found in the analysis of [23], were the “vacuum” calculation for C+C at 2 AGeV

resulted in an overestimation of the data in the region of the vector meson peak. However, the

enhancement being more localised around the peak than in our case and about a factor 1.5 lower

at M ∼ mpeak. The difference lies in the contribution originating from the direct ρ meson decay,

à overestimation of the r, around 2 GeV
à Descrepancy at 1GeV: Bremstrahlung

Schmidt, Santini, Bleicher, Phys.Rev.C 79 (2009) 064908

HFHF Retreat 2022

See GiBuu (Smekal/Larinov) 2021
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ppàppr (excl. vs. incl.)

14

clusive production, important at the energies relevant for this work, is separately shown. Moreover,

the contribution of the most important resonances is explicitly shown. To specify the order of the

relative scale, the contribution of some of the less important resonance is shown too. The full list of

resonances which couple to the ρ meson in the UrQMD model is given in Table I together with the

values of the respective branching ratios in the Nρ decay channel as used in UrQMD v2.3. Some

of the values for the branching ratios differ from the ones used in UrQMD v1.0 [13, 34]. However,

the same values are used since UrQMD v1.1. Above the threshold for meson production by string

fragmentation and decay, the pp → ppρ0 reaction channel is additionally populated by processes

involving strings.
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FIG. 7: (Color online) Cross sections for ρ0 meson production in pp collisions. Calculations are shown for

inclusive (pp → ρ0X) and exclusive (pp → ppρ0) in comparison to experimental data [56]. The contribution

of the most important resonances to the resonant exclusive production is additionally shown.

Unless explicitly specified, in the following we will discuss in terms of laboratory energies.

One observes that in collisions at laboratory energies of 1.04-2.09 GeV the ρ meson production is

determined by the excitation of ∆∗ and N∗ resonances in reactions pp → pN∗ and pp → p∆∗ and

the inclusive production of the ρ meson coincides with the exclusive production. In particular, the

latter is practically saturated by the contribution of the N∗(1520) resonance up to beam energies

of 1.61 GeV. On the contrary, at 4.88 GeV, the inclusive production dominates by far the exclusive

production. The first datapoints on inclusive production are well reproduced by the model, but

are far away from the energies spanned by the DLS and the HADES experiments. The exclusive

15

TABLE I: List of the non strange resonances included in UrQMD with non vanishing branching ratio into

the Nρ decay channel.

Resonance Br(Nρ) Resonance Br(Nρ)

N∗(1520) .15 ∆∗(1620) .05

N∗(1650) .06 ∆∗(1700) .25

N∗(1680) .10 ∆∗(1900) .25

N∗(1700) .20 ∆∗(1905) .80

N∗(1710) .05 ∆∗(1910) .10

N∗(1720) .73 ∆∗(1930) .22

N∗(1900) .15 ∆∗(1950) .08

N∗(1990) .43

N∗(2080) .12

N∗(2190) .24

N∗(2220) .22

N∗(2250) .25

production, on the contrary, is systematically overestimated.

Poor and often contradictory experimental information is available on the production cross

sections of N∗ and ∆∗ resonances. For example, in the case of the N∗(1520) resonance a reduction

of the cross section currently used in UrQMD by a factor 3 is possible in comparison to the

experimental data [56] and results even in a smaller value of the weighted least mean square.

For this reason, we investigated the effect that an eventual overestimation of the pp → p∆∗ and

pp → pN∗ cross sections would have on the ρ0 meson and, consequently, dilepton production. Due

to the lack of high quality data and to explore the effects of this change, we divide all pp → p∆∗

and pp → pN∗ cross sections by a factor 3 with exception for the pp → pN∗(1535) cross section

which is constrained by the η production. This procedure is surely too crude, but provides a rough

estimate of the consequences that an eventual insufficient modelling of the hitherto used pp → p∆∗

and pp → pN∗ cross sections might have on the model calculations for dilepton spectra. The

results obtained with the modified values of the pp → p∆∗ and pp → pN∗ cross sections are shown

in Fig. 8 and Fig. 9. We observe that the model calculations of the exclusive ρ0 meson production

cross sections moves closer to the experimental data and the DLS data are well described in all

mass range. In particular, the peak previously observed in the dilepton spectra for pp collisions at

2.09 GeV vanishes to a large extent. We notice that the readjustment of the exclusive production

of the ρ0 meson does not alter the inclusive production at laboratory energy of 4.88 GeV, neither

However, branching ratios are not well measured, 
pp->pN* production cross sections also not well known

BR into r+x

Schmidt, Santini, Bleicher, Phys.Rev.C 79 (2009) 064908

HFHF Retreat 2022 10



Marcus Bleicher

Test with reduced cross sections
16

the respective result for the dilepton spectra.
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FIG. 8: (Color online) Same as Fig. 7, but for a smaller value of the pp → p∆∗ and pp → pN∗ cross sections,

as explained in the text.

However, the main features of our results remain. In particular, the contribution to the dilep-

ton spectrum from ρ0 mesons at the lowest energies, although reduced, is still visible and distin-

guishable. Concerning the reaction C+C at 2 AGeV, we observe that the HADES data remain

overestimated in the peak region even when the readjusted cross sections are used, as shown in

Fig. 10. Many processes, such as multiple scattering, backwards reactions, Fermi motion, etc. . .

distinguish a heavy ion collision from a simple superposition of elementary reactions occurring

at the same beam energy. It is also clear that in the local equilibrium limit particle production

would be statistical and information on the employed elementary cross sections would be lost. In

the present case, which can be seen as an intermediate regime between the two limiting cases of

an elementary reaction and an equilibrated system, we find that a small readjustment of some

particular cross sections can still affect the dilepton spectrum, but differences are smaller than in

the elementary case.

V. PREDICTIONS FOR AR+KCL

In this section we consider the reaction Ar+KCl at 1.75 AGeV, recently measured and currently

analyzed by the HADES Collaboration. The predictions presented here refer to minimum bias

Divide all NNàNN*, ND cross section by 3
(except NNàNN(1535), constrained by eta production)
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FIG. 9: (Color online) Same as Fig. 3, but for a smaller value of the pp → p∆∗ and pp → pN∗ cross sections.

calculations and have been obtained adopting the shining method. All spectra are normalised to

the pion multiplicity.

The invariant mass differential dilepton spectrum is shown in Fig.11. Compared to C+C at

2 AGeV we observe a smaller contribution of the η resonances relatively to the e+e−-pairs orig-

inating from the ∆ Dalitz decay. Up to a dilepton mass of 0.4 GeV the biggest contribution to

this mass spectrum occurs from the long-lived mesons η and π0 and the baryonic resonance ∆.

Considering the contribution originating from vector mesons it is visible that the ω Dalitz decay

again plays only a subordinate role, while the e+e−-pair production from ω direct decay becomes

à r contribution in pp is reduced
improved description of DLS pp data

Schmidt, Santini, Bleicher, Phys.Rev.C 79 (2009) 064908

HFHF Retreat 2022 11



Marcus Bleicher

Comparison with standard calculation
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FIG. 10: (Color online) Upper panel: Same as Fig. 5, but for a smaller value of the pp → p∆∗ and pp → pN∗

cross sections. Lower panel: Ratio between the ρ0 contribution to the dilepton spectra of Fig. 5 and Fig.

10.
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FIG. 11: (Color online) UrQMD model calculations for dilepton invariant mass spectra from Ar+KCl

collisions at beam energy of 1.75 AGeV. The calculations were performed with the shining method.

important for higher invariant mass, such that in the (unfiltered) dilepton spectrum a peak at

M ≈ 0.8 GeV is visible. The direct decay of the vector meson ρ dominates the mass spectrum for

M > 0.5 GeV.

ratio of the r contributions

11

We first discuss the results obtained applying the “shining” method for the extraction of the

dilepton yield and address Fig. 5, where the contributions to the spectra of the different channels

are additionally explicitly shown. Both spectra are dominated by the π0 decay for invariant masses

M ≤ mπ.
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FIG. 5: (Color online) UrQMD model calculations for dilepton spectra from C+C collisions at beam energies

of 2 AGeV (left) and 1 AGeV (right) in comparison to HADES data [17]. The different color lines display

individual channels in the transport calculation, as indicated in the legend.

In the case of C+C at 2 AGeV the η and ∆ Dalitz decays dominate for mπ ≤ M ≤ 0.5 GeV

with comparable magnitude. The present result for the ∆ Dalitz contribution to the spectra is

quantitatively similar to the result of Ref. [23] , whereas in [21] and [25] a smaller contribution was

found. The direct decay of the ρ meson start to play a sizable role for M ≥ 0.5 GeV. Due to the

rapid decrease of the ∆ Dalitz contribution, the relative importance of the ρ meson direct decay

channel grows with increasing invariant mass, from being at first comparable to the ∆ Dalitz to

becoming the dominant contribution in the region of the vector meson peak. The low invariant

mass region of the spectrum (M < 0.5 GeV) is successfully described by the UrQMD calculations.

However, an overestimation of the data is observed at higher masses. A qualitatively analogous

result has been found in the analysis of [23], were the “vacuum” calculation for C+C at 2 AGeV

resulted in an overestimation of the data in the region of the vector meson peak. However, the

enhancement being more localised around the peak than in our case and about a factor 1.5 lower

at M ∼ mpeak. The difference lies in the contribution originating from the direct ρ meson decay,

in CC only 20% reduction
w/reduced cross sections
à thermalization?!
Schmidt, Santini, Bleicher, Phys.Rev.C 79 (2009) 064908

HFHF Retreat 2022

Standard
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Conclusions from this analysis
• Too much strength in r peak
• Resonance production not well enough constrained in pp
• Branching ratios not well enough constrained in pp

• Problems for CC remain, even if pp is fixed!

• Theory problems: 
• No proper finite temperature/density spectral function in the 

simulations (off-equilibrium effects)
• No coherent addition of amplitudes

HFHF Retreat 2022 13
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Possible solutions
• Use 1-fluid hydrodynamics at GSI energies
• Problematic, because of instant thermalization
à too high temperatures/densities à wrong dileptons (T4 !)
(but not too bad for hadrons)

• Use hybrid model at GSI energies
• Problematic because baryon currents separate only after the 

collision is over à not good

• Use coarse grained transport
• Better, but wrong evolution when reaching mixed phase 

(no proper softening of the EoS à wrong life time*)
* can be solved see (O. Savchuck, JS, TG, MB)  

HFHF Retreat 2022 14
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HYBDRID APPROACHES
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Hybrid Approach
• Essential to draw conclusions from final state particle

distributions about initially created medium
• Idea: Split reaction: initial state, dense phase, freeze-out 
à learn something about the EoS in dense stage

1) Non-equilibrium   

initial conditions

via UrQMD

2) Hydrodynamic
evolution    or
Transport
calculation

3) Freeze-out via

hadronic cascade

(UrQMD) 

(Dumitru, Bass, Bleicher et al, Phys.Lett.B 460 (1999) 411-416; Bass, Dumitru, Bleicher et al, 
Phys.Rev.C 60 (1999) 021902; Petersen, Bleicher et al., PRC 78:044901, 2008) 
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Di-Leptons from/in the medium

Santini, Bleicher, Steinheimer, Schramm, Phys.Rev.C 84 (2011) 014901
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low pt (muon excess), In+In, 160 AGeV
6
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FIG. 3. (Color online) Acceptance-corrected invariant mass spectra of the excess dimuons in In-In collisions at 158A GeV for
various bins of transverse pair momenta. The individual contributions arise from in-medium modified ρ mesons (dotted-dashed
line), 4π annihilation (double dotted-dashed line), quark-antiquark annihilation in the QGP (thin full line) and cascade ρ
mesons (dashed line). The sum of the various contributions is depicted by the thick full line. Experimental data from Ref. [3].

Santini, Bleicher, Steinheimer, Schramm, Phys.Rev.C 84 (2011) 014901

à r from cascade stage gives additional contribution!
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FIG. 3. (Color online) Acceptance-corrected invariant mass spectra of the excess dimuons in In-In collisions at 158A GeV for
various bins of transverse pair momenta. The individual contributions arise from in-medium modified ρ mesons (dotted-dashed
line), 4π annihilation (double dotted-dashed line), quark-antiquark annihilation in the QGP (thin full line) and cascade ρ
mesons (dashed line). The sum of the various contributions is depicted by the thick full line. Experimental data from Ref. [3].

high pt (muon excess), In+In, 160 AGeV
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pt distribution, In+In, 160 AGeV
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FIG. 6. (Color online) Acceptance-corrected transverse mass
spectra of the excess dimuons in four mass windows. Experi-
mental data from Ref. [3].

other mass bins the resulting spectra are a composition
of various sources, with exception of the high pT region
of the 0.6<M<0.9 GeV bin, where the cascade contribu-
tion clearly dominates. Turning the discussion around,
we can state that the lowest mass bin can be considered
as barometer of the radiation emitted by the in-medium
ρ. The reasonable agreement with the experimental ob-
servations suggests that the latter does indeed follow a
dynamical path as expected from hydrodynamical mod-
els.

If we adopt the sudden freezeout approximation we
obtain the result shown in Fig. 7. This is practically
identical to the previous one in the lowest and highest
mass bins, whereas major differences can be observed in
the two intermediate mass bins and are caused by the
reduction of the non-thermal emission.

To complete our analysis of the transverse mass spectra
of the dimuon excess, we follow the procedure adopted by
the NA60 collaboration and perform a quantitative anal-
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FIG. 7. (Color online) Same as Fig. 6, but with the sudden
freezeout approximation.

ysis of effective slope parameters. The measured spec-
tra have been divided into several invariant-mass bins, in
each of which the data have been fitted with the func-
tion (1/mT )dN/dmT ∝ exp(−mT /Teff), where the effec-
tive temperature parameter Teff is the inverse slope of
the distribution. The fit range was taken as 0.4<pT<1.8
GeV identically to the NA60 fit range[3]. We apply this
procedure to the results of our calculation. The resulting
exponential fits are shown in Fig. 8. In Fig. 9 the in-
verse slope parameters extracted from the fit procedure
are plotted vs. the dimuon mass, as done by the experi-
mental collaboration. We observe, that the model is able
to qualitatively describe the rise of Teff with mass up to
the pole position of the ρ followed by a drop in the inter-
mediate mass region observed experimentally. However,
at the quantitative level, the extracted values of Teff re-
produce the experimental ones only in the first and last
mass bin, whereas underestimate them in the second and
third mass bin. One should note that a variation in the
fit range, taking e.g. the fit range chosen in Ref. [12],

• High mass dileptons sensitive to QGP (yellow line)
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Hybrid also works for photons

Bauechle, Bleicher, Phys.Rev. C81 (2010) 044904

Hybrid, QGP: ChannelsComparisons

HFHF Retreat 2022

• Main effect is due to increase in lifetime due to softer expansion with Bag Model EoS
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Conclusion from hybrid approach
• Works very well at high energies (also for hadron yields)
• Allows to include in-medium spectral function
• Allows to use HG or QGP EoS
• Shows window to access QGP properties at high muon 

masses (M>1 GeV)

• Relies on separation of baryon currents
• à not applicable at FAIR energies

HFHF Retreat 2022 22
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COARSE GRAINING 
APPROACHES
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An alternative to hybrid models
• coarse grained transport simulations for leptons/photons
• First explored with UrQMD by 

Huovinen et al. Phys.Rev.C 66 (2002) 014903

Pb+Au, 160 AGeV Pb+Au, 160 AGeV

HFHF Retreat 2022 24
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HFHF Retreat 2022Huovinen et al. Phys.Rev.C 66 (2002) 014903

25



Marcus Bleicher

A first conclusion
• Both hydro and coarse grained UrQMD provide a similarly 

good description of the data

• Lets see, if we can merge “Rapp" and coarse graining

from Huovinen et al. Phys.Rev.C 66 (2002) 014903
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Coarse graining: Idea 
• Combining a realistic 3+1 dimensional expansion of the

system with full in-medium spectral functions for the
emission of dileptons

• Idea: Microscopic description
→ Average over a many single events

• Sufficiently large number of events
→ Distribution function f(x,p,t) takes a smooth form

• UrQMD model constitutes a non-equilibrium approach
→ the equilibrium quantities have to be extracted locally
at each space-time point

HFHF Retreat 2022

The In-Medium Case Phenomenological Approaches Coarse Graining Approach Results Outlook

The Idea: Coarse-Graining

Combining a realistic 3+1 dimensional expansion of the
system with full in-medium spectral functions for the emission
of dileptons

Idea: Microscopic description ! Average over a many

single events

Su�ciently large number of events ! Distribution function
f (~x ,~p, t) takes a smooth form

f (~x ,~p, t) =

*
X

h

�3(~x � ~xh(t))�
3(~p � ~ph(t))

+

UrQMD model constitutes a non-equilibrium approach ! the
equilibrium quantities have to be extracted locally at each
space-time point

12 / 30
Endres, Hees, Bleicher, PoS CPOD2013 (2013) 052
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Coarse graining

• Take an ensemble of UrQMD events and span a grid of
small space time cells.
For those cells we determine baryon and energy density
and use Eckart’s definition to determine the rest frame
properties
→ use equation of state to calculate T and μB

• Two EoS: Free hadron gas with UrQMD-like degrees of
freedom + Lattice EoS for T > 170 MeV

HFHF Retreat 2022
The In-Medium Case Phenomenological Approaches Coarse Graining Approach Results Outlook

Coarse Graining

Take an ensemble of UrQMD events and span a grid of small

space time cells.
For those cells we determine baryon and energy density and
use Eckart’s definition to determine the rest frame properties
! use equation of state to calculate T and µB

Two EoS: Free hadron gas with UrQMD-like degrees of
freedom + Lattice EoS for T > 170 MeV
[D. Zschiesche et al., Phys. Lett. B547, 7 (2002); M. He et al., Phys. Rev. C 85 (2012)]

Extract µ⇡ via simple Boltzmann approximation
13 / 30
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Anisotropy

• Large pressure anisotropy in the early stages of the
reaction

• Description developed for anisotropic hydrodynamics
[W. Florkowski and R. Ryblewski, Phys.Rev. C83 (2011)]

• Energy-momentum tensor takes the form (vμ = (0, 0, 0, 1))
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Anisotropy
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Large pressure anisotropy in the early stages of the reaction
Description developed for anisotropic hydrodynamics
[W. Florkowski and R. Ryblewski, Phys.Rev. C83 (2011)]

Energy-momentum tensor takes the form
T

µ⌫ = ("+ P?) uµu⌫ � P? g
µ⌫ � (P? � Pk)v

µ
v
⌫
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Dilepton rates
• Lepton pair emission is calculated for each cell of 4-dim. 

grid, using thermal equilibrium rates per four-volume and
four-momentum from a bath at T and μB 

• The ρ dilepton emission (similar for ω, φ) of each cell is
accordingly calculated using the expression
[R. Rapp, J. Wambach, Adv. Nucl. Phys. 25, 1 (2000)] 

• Multi-pion lepton pair production and QGP emission are
also 

• For cells with T < 50 MeV (mainly late stage) 
→ Directly take the ρ contribution from transport

HFHF Retreat 2022
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Dilepton Rates

Lepton pair emission is calculated for each cell of 4-dim. grid,
using thermal equilibrium rates per four-volume and
four-momentum from a bath at T and µB

The ⇢ dilepton emission (similar for !, �) of each cell is
accordingly calculated using the expression
[R. Rapp, J. Wambach, Adv. Nucl. Phys. 25, 1 (2000)]

d8N⇢!ll

d4xd4q
= �

↵2m4
⇢

⇡3g2⇢

L(M2)

M2
z2⇡fB(q0; T)ImD⇢(M, q; T, µB)

Multi-pion lepton pair production and QGP emission are also
included in the calculations

For cells with T < 50 MeV (mainly late stage) ! Directly
take the ⇢ contribution from transport

15 / 30
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NA60 di-muon excess (now with cg)
• In-medium ρ shows

broadening compared
to case without baryons

• 4π and QGP 
contribution dominate
especially above 1 GeV

• Significant part of the
excess at low masses also stems from the QGP 

HFHF Retreat 2022
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NA60 Excess Invariant Mass Spectra
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For comparison:
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T
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In-medium ⇢ shows
broadening compared to
case without baryons

4⇡ and QGP
contribution dominate
especially above 1 GeV

Significant part of the
excess at low masses also
stems from the QGP

) Good overall agreement between coarse-graining result and
NA60 data

) Results similar to fireball approach in spite of di↵erent
dynamics
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⇒ Good overall agreement between coarse-graining result and NA60 data

⇒ Results similar to fireball approach in spite of different dynamics

Endres, Hees, Bleicher, Phys.Rev.C 91 (2015) 5, 054911

31



Marcus Bleicher

pt spectra in In+In at 160 AGeV
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Spectra in pt Slices
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Strongest broadening at low pt

Note the momentum dependence of and thermal and
non-thermal ⇢ contribution
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Comparison of the spectral functions

• In [V. L. Eletsky et al., Phys. Rev. C64, 035303 (2001)]
not enough broadening due to low-density expansion of
the self energies
→ Overshoots data at peak as observed before

HFHF Retreat 2022
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Comparison of Spectral Functions
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In-medium self energies of the ⇢ were calculated using
empirical scattering amplitudes from resonance dominance

[V. L. Eletsky et al., Phys. Rev. C64, 035303 (2001)]

Not enough broadening due to low-density expansion of the
self energies ! Overshoots data at peak
Note: Di↵erent quantities spectral function (µB vs. ⇢e↵ )
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Cross check with RHIC

• QGP dominates thermal emission at low and high masses
• Also significant non-thermal ρ

• Missing contribution from charm at higher masses

HFHF Retreat 2022
The In-Medium Case Phenomenological Approaches Coarse Graining Approach Results Outlook

Comparison to STAR results
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QGP dominates thermal emission at low and high masses
Also significant non-thermal ⇢
Missing contribution from charm at higher masses
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HADES results

• At those low collision energies a significant in-medium 
broadening of the ρ spectral function appears

• High baryon chemical potential 
→ Good check for baryonic effects in spectral functions

HFHF Retreat 2022
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HADES Results
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At those low collision energies a significant in-medium

broadening of the ⇢ spectral function appears

High baryon chemical potential ! Good check for baryonic
e↵ects in spectral functions

Note the strong broadening of the ! as well!
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What about DLS data?!

• Experimental excess in mass range 0.2 to 0.6 GeV
• Possible reasons: Bremsstrahlung (low energy!), limits of

thermal description, quality of filter and data, . . . 

HFHF Retreat 2022
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What about the old DLS data...?
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Experimental excess in mass range 0.2 to 0.6 GeV/c2

Possible reasons: Bremsstrahlung (low energy!), limits of
thermal description, quality of filter and data, . . .
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Conclusion of coarse graining
• Looks good at first glance
• Our c/g code is also used for SMASH
• Simplified reimplementation used by GSI group w/UrQMD

• Why does it look good? 
• at SPS above phase transition
• At SIS below the phase transition
• à No problem with mixed phase expected at FAIR

• For FAIR: 
Need model that includes phase transition in initial stage 
and delayed expansion when entering mixed phase
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UrQMD with phase transition
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Figure 3. Invariant mass dilepton spectra in central Au-Au
collisions calculated using the CMF and the two CMF-PT
equations of state for energies available at SIS18 and at fu-
ture SIS100 accelerator. Changes in the hadronic in-medium
spectral function can be observed from 1.23 to 10 AGeV.

with chiral mixing at masses above 1 GeV. The calculated
dilepton emission spectra can then be directly compared
to the experimentally measured dilepton excess where the
initial- (NN Bremsstrahlung, Drell-Yan) and final state
decays are already subtracted. It should also be noted
that this in-medium rate becomes more similar to a pure
quark rate as the temperature or density is increased,
which is a consequence of the quark-hadron duality near
the deconfinement transition. This also means that the
spectral function is in principle also valid for densities
above the deconfinemnt transition and thus allows us to
make realistic predictions on the e↵ect of the phase tran-
sition. Further explicit e↵ects on the spectral function,
e.g., from a chiral critical point [57], are not part of this
work.

To understand and interpret the resulting dilepton
spectra and yields it is instructive to look first at the
regions in the phase diagram where the dileptons are
emitted in the three di↵erent scenarios. Figure 2 shows
the normalized emission rate as function of the baryon
density and temperature for the CMF, as well as PT1
and PT2 EoS (from left to right). For each EoS three
separate beam energies are presented, Elab = 1.23, 4
and 10 AGeV, from bottom to top. One can clearly ob-
serve that, once the system undergoes the phase transi-
tion and/or softening of the EoS, the emission at high
baryon densities increases. This occurs for PT1 already
at 1.23 AGeV and for PT2 at 4 AGeV. Therefore, for the
case of a phase transition, we would expect an increased

Figure 4. Excitation function of the dilepton temperature,
extracted through exponential fits to the mid-rapidity dilep-
ton invariant mass spectrum in two di↵erent mass ranges. The
low mass range shows a smaller temperature and a stronger
sensitivity to the existence of a phase transition.

dilepton emission and possible increase of the extracted
dilepton temperature at those beam energies.

III. RESULTS

The time and momentum integrated (excess) invariant
mass spectra of dileptons for central Au-Au collisions at
five di↵erent beam energies, calculated with the hadronic
in-medium spectral function, is presented in Fig. 3. Here,
the CMF EoS (solid lines) is compared to the two phase
transition scenarios PT1 (dashed lines) and PT2 (dotted
lines).
In addition to the peaks for the ! and � mesons, the

spectrum is very flat and no explicit ⇢ peak can be ob-
served. A slight broadening of the two vector mesons is
observed with the increase of beam energy, and thus the
increase of the systems density. Importantly, a system-
atic enhancement of the spectra as a result of the phase
transition is observed.
To get a better quantitative understanding of the e↵ect

of the phase transitions, the inverse slope as well as the
integrated yields can be useful tools. Thus, figure 4 shows
the dilepton temperature, extracted from an exponential
fit to the invariant mass distribution in two mass ranges,
0.3 < M < 0.5 GeV (solid lines) and 1.2 < M < 1.5 GeV
(dashed lines) as functions of the beam energy. These
mass ranges have been selected to avoid any contamina-
tion of the ! and � in the fit. As expected the low mass

6

range shows a smaller temperature than the intermediate
mass range and the extracted temperature is increasing
monotonically with the beam energy. The e↵ects of the
phase transition are essentially not visible in the interme-
diate mass range. However, the low mass range is more
sensitive. A decrease of the temperature is observed for
PT1 and PT2, at beam energies when the system passes
through the unstable region, which leads the system to
emit slightly longer at a lower temperature. The observed
e↵ect corresponds to only a few MeV in temperature and
thus would need a very precise experimental determina-
tion of the temperature to be used as a signal.

Finally, Fig. 5 shows the excitation function of the
dilepton emission rate (upper panel) as well as the mid-
rapidity dilepton yield integrated over the mass range
0.3 < M < 0.7 GeV (lower panel), both normalized by
the dN/dy|y=0 of charged pions, for the three EoS. The
strongest enhancement is observed for the dilepton emis-
sion rate dNll/dM at low masses (M = 50 MeV). Here, a
factor of 2-3 enhancement can be observed as soon as the
created system enters the unstable region of the phase
transition. This corresponds also to the beam energy
where the e↵ect is maximal, i.e., one can expect a max-
imum in the excitation function of the rate at that low
mass as function of beam energy.

A clear enhancement of the normalized yield is also
visible for both EoS with a phase transition. 3 While for
PT1 the enhancement is already significant at the low-
est beam energy, as here already the coexistence phase
is reached, for PT2 the enhancement occurs at higher
beam energies. PT1 even shows a maximum enhance-
ment, compared to the CMF EoS, at approximately
Elab = 6 AGeV, when the systems maximal compression
is significantly above the spinodal region and the phase
transition e↵ect becomes weaker. For PT2 the dilepton
excess increases up to the highest beam energy under in-
vestigation. However, we also expect to see a maximum
at even higher beam energy, especially of a phase transi-
tion with a critical endpoint. Unfortunately, simulating
the higher beam energies within the present approach
requires a careful treatment of relativistic e↵ects [58–65]
which is out of the scope of the current paper.

IV. CONCLUSIONS

It was shown that a first order phase transition in a dy-
namical non-equilibrium transport description of heavy-
ion collisions will lead to a significant enhancement in the
measured dilepton yield per charged pion. Unlike previ-
ous studies, in this setup, the whole evolution is treated
within a consistent dynamical framework that allows us

3
Note, that we have checked that this increase is genuinely due to

an increase of the dilepton yield and that the final pion number

is almost una↵ected by the EoS.

Figure 5. Upper panel: Dilepton emission rate dNll/dM at
M = 50 MeV, integrated over all momenta at mid-rapidity
and normalized by the charged pion yield, as function of the
projectile kinetic beam energy. At this low mass the enhance-
ment of the emission rate is very strong if a phase transition
is reached. The maximum enhancement occurs at the beam
energy when the system enters the phase transition. Lower
panel: Integrated dilepton yield over charged pion number in
one unit of rapidity, at mid-rapidity, as functions of the pro-
jectile kinetic beam energy. The dileptons are integrated in
the low-mass range of the invariant mass distribution. One
can observe a clear and significant increase of the dilepton
yield once the phase transition (or significant softening) is
reached. The maximum in the enhancement is reached only
once the initial compression has clearly surpassed the phase
transition coexistence densities.

to describe particle production as well as the dynami-
cal evolution of the system without the introduction of
additional parameters. In addition, since we use a mi-
croscopic transport model, e↵ects of finite viscosity and
a finite system size are naturally included. The di↵er-
ent magnitude of the signal, as compared to [28], can be
understood as a result of the finite viscosity as well as a
di↵erent treatment of the e↵ective degrees of freedom in
the coarse graining procedure as compared to the fully
consistent hydro approach.

The predicted enhancement factor of 2-3 for the emis-
sion rate at masses ofM ⇡ 50 MeV and 1.5 from the inte-
grated yield in the whole low-mass region is still sizeable
enough to be measured by the upcoming experiments.

In addition, a dilepton temperature reduction of about
5 MeV is observed in the low mass range when the system
created in the nuclear collision reaches densities in the
coexistence region of the transition.

Savchuk, Motornenko, Steinheimer, Galatyuk, MB, arxiv:2209.05267
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Figure 1. (Color online) Upper plot: Field energy per baryon
of three versions of the VDF EoS compared to those from
the hard and soft Skyrme parametrizations. Middle plot:
derivative of the field energy per baryon with respect to the
baryon density, entering the calculation of the MD-forces, for
the same EoSs. All VDF EoSs incorporate a phase transition
(see Table I) and show significant unstable regions at di↵erent
densities. Lower plot: pressure as function of the baryon den-
sity for all VDF EoSs, compared to the hard and soft Skyrme
models.

transition with or without a critical endpoint.

To implement the above EoSs in the QMD part of
the UrQMD model, we need to calculate the density de-
pendence of the average field energy per baryon V (nB)
within each model, which then can be used in the QMD
equations of motion given by Eq. (3). In particular,
V (nB) and its derivative need to be provided in order to
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Figure 2. (Color online) Upper plot: Field energy per baryon
of three versions of the CMF EoS compared to those from the
hard and soft Skyrme parametrizations. Middle plot: deriva-
tive of the field energy per baryon with respect to the baryon
density, entering the calculation of the MD-forces, for the
same EoSs. While the standard CMF essentially corresponds
to a smooth transition with only a very minor phase transition
at ⇢B ⇡ 4⇢0, the two scenarios PT1 and PT2 show significant
unstable regions at di↵erent densities. Lower plot: pressure
as a function of the baryon density for all CMF equations of
state, compared to the hard and soft Skyrme models.

numerically calculate changes in momentum at a given
time-step.

The VDF model can directly provide the mean-field
energy per baryon V (nB). In the CMF model, the nu-
cleon interaction is described relativistically via scalar
and vector mean fields which are not present in UrQMD.
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tive of the field energy per baryon with respect to the baryon
density, entering the calculation of the MD-forces, for the
same EoSs. While the standard CMF essentially corresponds
to a smooth transition with only a very minor phase transition
at ⇢B ⇡ 4⇢0, the two scenarios PT1 and PT2 show significant
unstable regions at di↵erent densities. Lower plot: pressure
as a function of the baryon density for all CMF equations of
state, compared to the hard and soft Skyrme models.

numerically calculate changes in momentum at a given
time-step.

The VDF model can directly provide the mean-field
energy per baryon V (nB). In the CMF model, the nu-
cleon interaction is described relativistically via scalar
and vector mean fields which are not present in UrQMD.

Steinheimer, Sorensen, Nara, Motornenko, 
Koch, MB 2208.12091

• Effects of a phase transition are visible in de-leptons!
• Enhancement on the order of factor 2-5

https://arxiv.org/abs/2209.05267
https://arxiv.org/abs/2208.12091


Marcus Bleicher

Summary

• Dileptons have the potential to map out in-medium 
spectral functions

• Dileptons allow to see the onset of QGP formation

• But: 1f hydro, hybrid models and coarse graining 
are not enough to capture all physics that we expect
(work underway to fix coarse graining!)

• Possible solution: multi-fluid hydrodynamics
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