
Florian Seck

(TU Darmstadt)

Dense Nuclear Matter EOS from Theory and Experiments

October 28 ïNovember 01, FRIB

DECODING THE COMPOSITION OF QCD MATTER WITH 

THERMAL DILEPTONS



S E A R C H  F O R  L A N D M A RK S  I N  T H E  Q C D  P H A S E  D I A G RA M

30 October 2024 2

Å Search for

Å Phase boundaries

Å Changes in microscopic degrees of freedom

Å Restoration of chiral symmetry

Å Bulk observables and rare probes offer different tools to 

understand the nature of the matter created in HIC

Å Electromagnetic radiation (‎ȟ‎ᶻ)

Å Reflects the whole history of a collision

Å No strong final state interaction

leaves reaction volume undisturbed

Å Virtual photons reconstructed via their dilepton decay

extra information: invariant mass
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HADES, Nature Phys. 15 (2019) 1040
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Å Dileptons are rare probes

Å High interaction rates

Å Good signal-to-combinatorial background ratio (ὛȾὅὄ

Å High acceptance (Mid-rapidity, low-ὓЉЉ, low-ὴT coverage)

Å Isolation of thermal radiation by subtraction

of measured decay cocktail (“ȟ–ȟ,‫ȟ•), Drell-Yan ὧӶὧὦὦ
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Å Lifetime via low-mass yield

Ÿ search for òextra radiation ò due to latent heat around phase transition (& critical point?)

Å Temperature via slope of invariant mass spectrum

Ÿ flattening of caloric curve (Ὕvs ‐) sign for a phase transition

Å Pressure anisotropies via dilepton flow 

Ÿ access to EoS at high baryon density via multi-differential measurements

Å Spin polarization allows to distinguish different sources of thermal dileptons

Ÿ access information on production mechanism

Å Electric conductivity probed in the limit pee = 0 MeV/c, Mee Ÿ 0 MeV/c2

Ÿ access to transport properties of QCD matter

Å Access to exotic QCD phases

Ÿ yield enhancement in vicinity of color superconducting phase (?)
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Dileptons are rare probes  Ÿ high -rate, high -efficiency detectors

Ÿ  HADES at GSI, CBM at FAIR
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Å High-Acceptance Di-Electron Spectrometer

Å Designed with a minimal material budget to 

reduce conversion

Å Large angular coverage: 

Å 15° < —< 85°

Å 0° < ‰< 360°

Å Accepted trigger rate up to

Å 16 kHz for heavy-ion collisions

Å 50 kHz with proton/pion beam

Å Dedicated components for Ὡ+/Ὡī:

Å Time-of-Flight measurements

Å Ring-Imaging Cherenkov Detector

Å Electromagnetic Calorimeter
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HADES allows for high efficiency 

and high purity electron sample



D I L E P T O N  I N V A R I A NT  M A S S  S P E C T R A  F R O M  H A D E S

30 October 2024 6

Å Clear excess visible above contributions from initial NN reference and freeze-out cocktail
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HADES, Nature Phys. 15 (2019) 1040

Au+Au at ▼╝╝ Ȣ GeV Ag+Ag at ▼╝╝ Ȣ GeV Ag+Ag at ▼╝╝ Ȣ GeV

measured NN reference measured NN reference
simulated reference (GiBUU)

Ÿ analysis of NN measurement at the 

same collision energy ongoing
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Å Bulk observables are reasonably well described by simulations

Å Hydrodynamics at high collision energies

Å Microscopic transport model at low collision energies

Å Pure transport simulations struggle to describe dilepton data

Å ñshiningò or time-integration method

Å ñCombinationò of hydrodynamics and transport model: coarse -grained transport

Å Simulate events with a transport model & take ensemble average to obtain smooth 

space-time distributions

Å Divide space-time into 4-dim. cells

Å Check if cell is thermalized (Ÿ enough interactions)

Å Extract baryon density ɟB, medium velocity ό, and temperature T (Ÿ mT spectra of pions)

Å Calculate dilepton rates based on these inputs per cell

Å Space-time integration via summation of the contributions from all cells

l+l -
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Å McLerran-Toimela formula

Å ɟ-meson spectral function broadens

Å Additional contributions to the self-energy in the medium

through coupling to (anti-)baryons and mesons

Å If  ͯ ὧέὲίὸȢŸ thermometer

L. McLerran, T. Toimela, Phys. Rev. D 31 (1985) 545
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electromagnetic 
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distribution

T = 40 MeV

ɟB = 0.1 ɟ0

T = 80 MeV
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vacuum                                 medium

R. Rapp, J. Wambach:  Eur. Phys. J. A 6 (1999) 415
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Å Good agreement between experiment and theory for excess radiation
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Au+Au at ▼╝╝ Ȣ GeV Ag+Ag at ▼╝╝ Ȣ GeV Ag+Ag at ▼╝╝ Ȣ GeV
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Å Remarkable similarities between matter in neutron star mergers and HIC in the few GeV regime
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HADES, Nature Phys. 15 (2019) 1040
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L. Rezzolla et al., Phys. Rev. Lett. 122 (2019) no. 6, 061101

E. Most et al., Phys. Rev. D 107 (2023) 4, 043034

Å Laboratory studies of the matter 

properties (EoS) in compact stellar 

objects (neutron star mergers)

Å What are the measurable 

consequences of phase transition 

and critical point in the QCD phase 

diagram?



Å Excess yield in LMR tracks fireball lifetime  

† ᶿ
ὔ

ὔ  

Å Search for òextra radiation ò due to latent heat around 

phase transition (& critical point?)

Å 1st order phase transition could result in factor 2 larger yield

Å Detectable by current & future experiments

E X C I T A T I O N F U N C T I O N  O F  T H E  L I F E T I M E  O F  T H E  F I R E B A L L

FS et al., Phys. Rev. C 106 (2022) 1, 014904

R. Rapp & H. van Hees, Phys. Lett. B 753 (2016) 586-590

O. Savchuk et al., J. Phys G 104537 R2 (2023)
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