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Dilepton spectrometer concepts  
Technology has driven the transformation from specialized to multi-purpose detectors
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INTRODUCTION



Exploring the QCD phase diagram
o Astrophysical relevance

• Hadronization in the early universe
• Neutron stars
• Neutron star mergers

o lQCD / 𝜒EFT landmarks
• Chiral cross over at 𝜇! = 0 with pseudo 

critical temperature  (𝑇" = 154 9 MeV)
• Chiral condensate

o „Observations“
• Freeze-out conditions (SHM)
• „Mean“ fireball temperatures 

(”Planck”radiation)
• Liquid gas phase transition

o Conjectures
• 1st order chiral/deconfinement 

phase transitions @ high 𝜇!
• Exotic phases

Rare probes at high mu_B – ECT*| Joachim Stroth 5

0.8 $𝑞𝑞 !

0.2 $𝑞𝑞 !

𝟎. 𝟕𝟓 𝒒𝒒 𝟎𝟎. 𝟖𝟓
𝟎. 𝟖
𝟎. 𝟗

$𝑞𝑞 : 𝜒 EFT+FRG

𝑞*𝑞 : lQCD

ea
rly

un
iv

er
se

NS cores

NS merger

C.P.

arXiv:0711.3444
arXiv:1011.0615
HADES prelim.
arXiv:0511.071
arXiv:9903-063
STAR prelim.
HADES prelim.
arXiv:1005.3508
arXiv:1308.5596 

October 11-15, 2021



The (U)RHIC Standard Model
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Freeze-out conditions from SIS18 to LHC
ALICE ( 𝑠 = 2.76 𝐴TeV): 𝑻𝒄𝒉 = 𝟏𝟓𝟔. 𝟓 𝟏. 𝟓 ; 𝝁𝑩 = 𝟎. 𝟕 (𝟑. 𝟖)

HADES ( 𝑠 = 2.4 𝐴GeV): 𝑻𝒄𝒉 = 𝟔𝟖. 𝟐 𝟏. 𝟓 ; 𝝁𝑩 = 𝟖𝟖𝟑 (𝟐𝟓)

Ø Factor 1000 in beam energy / factor ~2 in temperature 

o Strangeness canonical treatment at low beam energies!
o Calculation carried out with vacuum masses!
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Au+Au ÖsNN= 2.42 GeV

Pb+Pb ÖsNN= 2.76 TeV

Nature 561, 321–330, 2018

1 ppm

1 ppm

HADES preliminary
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Hadron spectrum and QCD condensates

o Dynamical mass generation due to QCD condensates:

• Hadron masses: breaking of scale invariance (trace anomaly, gluon condensate)

• Parity splitting, Goldstone modes: breaking of 𝜒 symmetry (chiral condensate)

o Is quantum entanglement the origin of phase space “driven” particle yields?
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W. Weise, QNP2018

𝜌, 𝜔, 𝜙
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K. Fukushima, T. Kojo, W. Weise; arXiv:2008.08436v2 (also G. Baym, QNP2018)



The dilepton invariant mass distribution

1) „First chance“,  pre-equillibrium:
o 𝑁𝑁 → 𝑒-𝑒.𝑋
o Drell/Yan
o Open-charm

2) Excess (thermal) radiation from QGP 
and hadronic matter:
o 𝑞'𝑞 → 𝑒-𝑒. (QGP)
o In-medium 𝜌
o Multi-meson processes (‘4𝜋’):	 𝜋𝜌, 𝜋𝜔, 𝜋𝑎/, …

𝜌 − 𝑎/ mixing

3) Decays of long-lived mesons (cocktail):
o 𝜋0, 𝜂, 𝜔, 𝜑, . .
o Correlated 𝐷:𝐷 pairs – yield fixed from (1),

effect of the medium?

9

F. Seck, MSc 2015

Excess radiation = remainder after subtraction of (1) and (3)

LMR

IMR
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EXCESS RADIATION



Establishing excess radiation at Bevalac/SIS18 …
… and the solution to the so-called DLS puzzle.
o Strong enhancement of dilepton yield from p+n “bremsstrahlung” – first glimpse on the 𝜌 meson!
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HADES, PLB 690 (2010) 118–122 HADES, PLB 663 (2008) 43–48 
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Dileptons from 1.76 A GeV Ar+KCl collisions
o The excess radiation is evidenced after subtraction of a proper approximation for the contributions 

from first-chance NN collisions – the NN reference.

o Note the normalization to the 𝜋! multiplicity.
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HADES, PRC 84, 014902 (2011) HADES, PRC 84, 014902 (2011)
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IN-MEDIUM 𝜌-MESON



Dileptons from 158 A GeV Pb+Au collisions
o First low-mass dilepton spectrum from a heavy collision system. 

o Indications for strong baryonic effects on the in-medium 𝜌 spectral function.
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CERES, PLB 666 (2008) 425-429 CERES, PLB 666 (2008) 425-429
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The ground breaking NA60 dimuon measurement
• … and the success of the in-medium 𝜌

plus emission from a thermal source.
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L. McLerran and T. Toimela, Phys.Rev.D 31 (1985) 545
J. Kapusta and C. Gale, Phys.Rev.C 35 (1987) 2107-2116
G. Chanfray, R. Rapp, and J. Wambach, PRL 76 (1996) 368.
R. Rapp, G. Chanfray, and J. Wambach, Nucl. Phys. A617 ((1997) 472.
R. Rapp and J. Wambach, Adv. Nucl. Phys. 25, (2000) 1.

NA60, PRL 96 (2006) 162302 NA60, PRL 96 (2006) 162302
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Vector Meson Dominance in hot & dense matter

Generalized „Bremsstrahlung“ – Fourier transform of current-current correlation function 𝑗 𝑥 , 𝑗(0) :

Extension of the Gounaris-Sakurai formula to a thermal pion gas:

Hadronic current can be approximated by the imaginary part of the in-medium 𝜌 propagator. 
Inclusion of meson-baryon coupling, 𝜌 only:
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THERMAL RADIATION



Medium (excess) radiation from Thermal Emission Rates 𝝐 (“standard candle”): 

Theoretical approaches to medium radiation

Rare probes at high mu_B – ECT*| Joachim Stroth 18

𝜌;, 𝑇;, 𝑉;

isentropic expansion,
hydro

UrQMD

≡ .
𝑑&𝜖
𝑑𝑞

𝑇 𝑥 , 𝜇3 𝑥 , 𝑣⃗ 𝑥 𝑑𝑥

shining

coarse 
graining

Dilepton emission from 
Microscopic Transport.

𝑑&𝑁
𝑑𝑞

= .
𝛼,

𝜋.
𝐿 𝑀,

𝑀, 𝑓3 𝑞 ⋅ 𝑢; 𝑇 ImΠ56 𝑀, 𝑞; 𝑇, 𝜇3 𝑑𝑥

or

F. Seck, MSc 2015

October 11-15, 2021



Double-differential analysis of the NA60 data
o Temperature, pressure, lifetime, microscopic 

structure (and more) – all from one observable

o Open-charm subtracted throughout

Rare probes at high mu_B – ECT*| Joachim Stroth 19

NA60, EPJC 59 (2009) 607-623

T=205±12 MeV 

NA60, EPJC 59 (2009) 607-623, H. Specht Valencia 2010
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Inclusive dielectron yields from Au+Au ( 𝑠 = 2.4𝐴GeV)
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FIG. 1: Raw (before e�ciency correction) dielectron invari-
ant mass distributions obtained from the 40% most central
Au+Au collisions at

p
sNN = 2.42 GeV. Red circles: all same-

event unlike-sign combinations (N+�, foreground), blue tri-
angles: the expected combinatorial background (CB), black
squares: the raw signal (N+� - CB). Insert shows the ratio of
signal over CB versus invariant mass.

detector (SHOWER), both with high granularity, in the156

forward polar region. Directly around the target, still in157

the field free region, a Ring-Imaging Cherenkov (RICH)158

detector is mounted. In the very forward, field-free re-159

gion a scintillator hodoscope is placed which augments160

centrality selection and provides an estimate for the re-161

action plane. Ultra-thin segmented diamond detectors162

are mounted in the beam line to provide time-zero infor-163

mation and to synchronize the reaction trigger.164

Events from Au+Au collisions selected for this anal-165

ysis were triggered requiring a minimum of 20 hits in166

the ToF detector system, which corresponds to approx-167

imately 40% most central Au+Au collisions. The ob-168

served multiplicity distribution of charged particles is169

well reproduced by the Glauber Monte Carlo model and170

also agrees with transport-model calculations [30]. The171

event sample used in the analysis amounts to 2.6⇥109 col-172

lisions. Electron and positron candidates were formed by173

first combining high-quality tracks reconstructed in the174

MDCs with a unique hit in the time-of-flight detectors175

within a 3� region-of-interest defined by spatial match-176

ing between extrapolated tracks and ToF hits. Second,177

a velocity of � > 0.9 c was required. Last, a ring in the178

RICH had to be identified using a pattern recognition179

algorithm with a maximum declination ↵RICH  8� be-180

tween the Cherenkov cone and the track direction in the181

radiator.182

To further improve the purity of e+ and e� candidates,183

alternative approaches were adopted, each of them trad-184

ing e�ciency vs. purity in di↵erent ways. In the standard185

approach, a series of independent conditions on the cor-186

relation of the particle velocity and momentum, the mag-187

nitude of the SHOWER signal and a refined declination188

of the RICH ring, was required, as described in [27, 29].189

The second approach (ring-finder) combined these ob-190

servables and further parameters defining the ring quality191

to an input vector of an artificial neural network (im-192

plemented in the TMVA framework [31, 32]). Signal193

and background samples were defined either by select-194

ing high-purity samples from data or based entirely on195

full Monte Carlo simulations employing dedicated digi-196

tizers to model the true detector response. A third pro-197

cedure also used a neural network but did not require an198

identified ring in the RICH detector [33]. Rather, the199

region of interest on the RICH photo detector plane was200

searched for signatures of a ring (back tracking), hence201

reducing the bias of the ring finder. In the final step of202

data processing, all identified e� and e+ candidates of203

a given event were combined to “neutral” (unlike-sign)204

pairs. Most of these pairs, however, represent random205

combinations (i.e. do not stem from the same virtual pho-206

ton) and form combinatorial background (CB).207

The dilepton signal was finally extracted by subtract-208

ing from the total pair yield (N+�) an estimated dis-209

tribution of CB. For this we employed the same-event210

like-sign method as CB = 2k
�
N++ ·N���0.5, where211

the factor k accounts for a charge asymmetry of the212

toroidal spectrometer in the acceptance and reconstruc-213

tion. Such “charged” pairs cannot originate from a214

single virtual photon and hence qualify as proxy for215

(pseudo) random pairs. The k factor was computed with216

the help of the event-mixing method using the relation217

2k = N+�
mix/

�
N++

mix ·N��
mix

�0.5
.218

For invariant masses Mee > 0.3 GeV/c2, where the219

statistics of the like-sign same-event background is lim-220

ited, the mixed-event unlike-sign yield, scaled to the inte-221

gral of the like-sign yield, was used. For invariant masses222

below 0.3 GeV/c2, the same-event method was taken223

to properly account for correlated background. The fi-224

nally obtained invariant mass distributions for all pairs225

(N+�) and background pairs (CB) are shown in Fig. 1226

for the back tracking analysis procedure. The raw sig-227

nal emerges after subtracting CB from the N+�. Also228

depicted is the signal-to-background ratio (S/B), which229

reaches a minimum of 10% around Mee ' 0.25 GeV/c2.230

The signal spectra contain 190,000 and 20,000 electron231

pairs in the mass region below and above 0.15 GeV/c2,232

respectively. The signal distribution was further cor-233

rected for ine�ciencies due to the detector response and234

inactive regions within the acceptance of the spectrome-235

ter (coil region, fiducial areas). For that, individual e+236

and e� tracks in the acceptance were generated and em-237

bedded into real events on an event-by-event basis as238

well as reconstructed using the full analysis and recon-239

struction chain. For each 3-dimensional phase space bin240

HADES

HADES

HADES, Nat. Phys. 15(2019) 1040 HADES, Nat. Phys. 15(2019) 1040



Thermal dileptons Au+Au 1.23A GeV (HADES)
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0.3 < M < 0.7 GeV:
o In-medium spect. funct.
o fireball life-time
o fireball temperature(1)

M > 1 GeV/c2:
o r – a1 chiral mixing
o dominated by 

contribution from the 
hottest and densest 
region

o Microscopic transport(2):
• vacuum 𝜌 spectral function and Δ regeneration
• & explicit broadening and density dependent 

mass shift

oCoarse-grained UrQMD(3)

• thermal emissivity with 
in-medium propagator (4)

• 𝜌 − 𝑎/ chiral mixing(5)

(not measured so far)

(4) Rapp, van Hees; arXiv:1411.4612v 
(2) E. Bratkovskaya; 
(3) CG FRA Endres, van Hees, Bleicher;

arXiv:1505.06131
CG GSI-TAMU; Galatyuk, Seck, et al. 
arXiv:1512.08688

(4) Rapp, Wambach, van Hees; 
arXiv:0901.3289
(5) Rapp, Hohler;  arXiv:1311.2921v 

HADES, Nat. Phys. 15(2019) 1040
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Thermal dileptons Au+Au 1.23A GeV (HADES)
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0.3 < M < 0.7 GeV:
o In-medium spect. funct.
o fireball life-time
o fireball temperature(1)

M > 1 GeV/c2:
o r – a1 chiral mixing
o dominated by 

contribution from the 
hottest and densest 
region

oCoarse-grained UrQMD(3)

– thermal emissivity with ‘
in-medium propagator (4)

– 𝜌 − 𝑎/ chiral mixing(5)

(not measured so far)

(4) Rapp, van Hees; arXiv:1411.4612v 
(2) E. Bratkovskaya; 
(3) CG FRA Endres, van Hees, Bleicher;

arXiv:1505.06131
CG GSI-TAMU; Galatyuk, Seck, et al. 
arXiv:1512.08688

(4) Rapp, Wambach, van Hees; 
arXiv:0901.3289
(5) Rapp, Hohler;  arXiv:1311.2921v 
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The ”quest” for (non-)thermalization at SIS18
• pre-equillibrium state approximated by scaled reference measurement 𝑝𝑝 a nd 𝑛𝑝𝑝1234
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F. Seck et al.; arXiv-1512-08688
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Dilepton spectra from colliders

PHENIX STAR ALICE
Excess established at RHIC First excitation function for Most difficult S/B

thermal radiation Excellent opportunities in RUN3 
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ALICE, PRC 99 (2019) 2, 024002
PHENIX, PRC 81 (2010) 034911
PHENIX, PRC 93 (2016) 1

STAR, PRL 113 (2014) 2, 022301   
STAR, arXiv:1810.10159
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Centrality dependence – top RHIC energy
o Centrality dependence of excess yield in qualitative 

accordance with thermal radiation

o High statistics alone is not sufficient, systematic 
uncertainties have to decrease as well

42nd Erice School on Nuclear Physics | Joachim StrothSep. 16 – 22, 2021 25

PHENIX Collaboration; arXiv-1509-04667STAR Collaboration 
arXiv-1312-7397



Thermal radiation and chiral symmetry restoration
o Weinberg (QCD) sum-rules: 

overlapping spectral distributions signal restoration 

o Possibility to assess through 𝜌 − 𝑎/ mixing 
(0.8 < 𝑀ℓℓ/MeV < 1.3)

Rare probes at high mu_B – ECT*| Joachim Stroth 26

P. Hohler, R. Rapp; arXiv-:311.2921

October 11-15, 2021

R.Rapp, J. Wambach, Adv.Nucl.Phys. 25 (2000) 



POLARIZATION, FLOW, 
ELECTRICAL CONDUCTIVITY



Polarization measurements
o HADES mostly Δ Dalitz-like (Ar+KCl)

(Au+Au less pronounced)
o NA60: no evidence for polarization
o Theory: small but finite polarization in a thermal 

hadronic medium due to quantum statistics effects

Rare probes at high mu_B – ECT*| Joachim StrothOctober 11-15, 2021 28

HADES Collaboration, Phys. Rev. C 84, 014902 (2011)
NA60 Collaboration, Phys. Rev. Lett. 102 (2009) 222301
E. Speranza, A. Jaiswal, B. Friman; Phys.Lett.B 782 (2018) 395-400

NA60

HADES

Ar+KCl

Au+Au



Elliptic flow at SIS18 energies
o Elliptic flow at SIS18 energies influenced by shadowing effects due to the the projectile traget spectaots.

o Dilepton are expected to be less affected (penetrating probe)

o High statistics needed to enable flow measurements at higher invariant masses 
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Electrical conductivity
• x
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ALICE
ITS 3

HADES
𝑝" < 0.2 GeV/c

The challenge of low-mass and low p#



COLD MATTER



Vector mesons in cold matter
o Ideal probe to monitor possible mass shifts
o Low relative momentum to medium needed to increase sensitivity
o Broadening and/or mass shift?  
o New experiment at JPARC starting up!

Rare probes at high mu_B – ECT*| Joachim Stroth 32

KEK-PS E325, PRL 98, 042501 (2007)

KEK-PS E325  (𝜙)

HADES,  PLB 715 (2012) 

HADES (𝜔)
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“VACUUM“



𝜋! + 𝑝 → 𝑒"𝑒! +𝑛
• Effective transition form factor

(time-like) extracted by 
subtracting QED expectation.

• Δ, 𝑁∗-Dalitz decay:

• Baryonic contribution to in-
medium𝜌 selfenergy

42nd Erice School on Nuclear Physics | Joachim StrothSep. 16 – 22, 2021 34
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Pion cloud effect in Δ(1323)

o Exclusive dielectron production in p+p collisions.
o Effect of the pion cloud observed in the time-like 

electromagnetic transition formafactor 
(off-shell 𝜌 meson).

o Moderate contribution to the in-medium propagator

HADES: arXiv:1404.2136 [nucl-th]

October 11-
15, 2021 Rare probes at high mu_B – ECT*| Joachim Stroth
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Peña, Ramalho; arXiv-1205-2575
Peña, Ramalho + GiBUU.; arXiv-1512-03764 



FUTURE



QCD landmarks at high 𝜇#
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o First-order deconfinement phase transition
Search for nonmonotonic excitation function of:
– Excess yield (longer expansion due to softening of EOS)
– Step in the temperature (latent heat)

o 𝜒 symmetry restoration
– 𝜌 broadening observed, in agreement with expectations 

but no proof in itself – signatures of 𝜌 − 𝑎/ mixing

P. Salabura, J. Stroth, Prog.Part.Nucl.Sc. (arXiv:2005.14589) R. Rapp and H. v. Hess, PLB 753 (2016) 586
https://github.com/tgalatyuk/QCD_caloric_curve

October 11-15, 2021
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Dilepton signature of a first-order phase transition

o Dilepton radiation from hydrodynamical desciption (SIS18 energies) & thermal emissivities
o Factor of ~2 extra radiation in case of hydro with PT
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Hydro with PT

Seck, TG, Mukherjee, Rapp, Steinheimer, Stroth, arXiv:2010.04614 [nucl-th] (see also  Li and Ko, Phys. Rev. C 95 (2017) no.5, 055203  

0 0.2 0.4 0.6 0.8 1 1.2 1.4
)2 (GeV/ceeM

1

1.2

1.4

1.6

1.8

2

2.2

2.4

sp
ec

tra
 ra

tio
: w

ith
 P

T 
/ n

o 
PT

inmed. SF rate

 rateqq

October 11-15, 2021 Rare probes at high mu_B – ECT*| Joachim Stroth



The existing and upcoming high-𝜇$ experiments
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Future facilities for high 𝜇# physics
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BM@N – NICA

MPD  – NICA

DHS – JPARC-HI
CEE– HIAF

CBM– FAIRNA60+ – SPS
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… and the FAIR strategy
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The CBM experiment

o High-rate particle detector with 
free streaming data acquisition 
on real-time event 
reconstruction 

o Compact tracking with silicon in 
a 1 Tm magnetic field (dipole)
• Double-sided silicon strip
• MAPS based micro vertex 

detector

o Particle identification 
• Hadron ID: TOF
• Photons, π0, η: ECAL
• Electrons: RICH, TRD
• Muons: instrumented 

absorber (GEM, Straws)
Systematic exploration of baryon dominated matter 
in A+A collisions from 2 – 11A GeV beam energy
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Forefront Technologies (Green Cube)

• Technological advancements in high-performance & scientific computing, Big Data, Green IT 
(V. Lindenstruth, Goethe University)
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The challenges for future measurements
o High statistics, i.e. > 1010 collisions per system
o Excitation functions
o Precise reference for pre-equillibrium and mesonic cocktail
o Good controll on combinatoric background

• Conversion rejection – electrons
• Weak decay (fake match) rejection – muons 

o Scrutinize in-medium spectral functions (VMD) 
• Role of missing resonances
• Chrial mixing

• Hydro description for low energies (?)
• Micro/macro transport “duality”
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Summary
o Increasing effort world-wide to explore the high-𝜇? region of the QCD phase diagram 

with state-of-the-art detectors and dileptons. 

o Vector mesons valuable probe to monitor the properties of dense matter

o Strong modification of in-medium meson states due to meson-baryon coupling 

o Thermal rates can be used as “standard candle” to explore phase space “trajectories”

o Possible link to chiral symmetry restoration through 𝑎@– 𝜌 mixing 

o Further experimental progress depends on high-statistics data for cold-matter 
and hot & dense matter studies

o Dileptons important element of the search for QCD landmarks
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