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The QCD phase diagram landscape

CEP

❑ LQCD: 
o Cross-over transition at small B
o Calculations up to B/T<4

❑ Functional QCD methods: 
o CEP around 500-600 MeV
o First order phase transition

❑ LQCD (low B):
o QCD chiral symmetry restoration 

close to phase boundary
                →changes in hadron properties

Rennecke, Quark Matter 2025
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Experimental investigation of the  QCD 
phase diagram

CEP FAIR/RHIC/SPS

Experiments:

❑ Different collision energies explore 
different regions of the phase diagram

❑ Small B  :
o Evidence of cross-over transition
o Perfect liquid

❑ Large B  :
o Poorly known
o Existence of CEP and 1° order 

transition not yet confirmed 
experimentally

Rennecke, Quark Matter 2025

3ESPP2026 - Strong Interactions Open WG Meetings Gianluca Usai



Experimental investigation of the  QCD 
phase diagram: e.m. radiation

CEP FAIR/RHIC/SPS

❑ Investigating medium properties 
along trajectory in phase diagram:
o Close or above phase boundary
o Need some source emitting all 

over  space-time evolution

❑ Electromagnetic radiation:
o Real/virtual photons

❑ Temperature is one of the key 
properties to characterize the 
medium:
o Equation of state
o Order of phase transition

❑ Yet remains poorly known 
experimentally

Rennecke, Quark Matter 2025
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Messengers from the medium

❑ Virtual and real photons emitted at all stages of medium evolution

❑ Sources of virtual photons:

o N-N collisions: Drell-Yan

o Pre-equilibrium, quark-gluon plasma: qq→ e+e-

o Hadron matter: +-→→ e+e-, multi-pion processes

o Final state decays (freeze-out): 0, , ,  (2-body and Dalitz 
decays)

→ Measured spectrum: integration of all emitting sources

Radiation from thermalized medium

_
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Messengers from the medium

❑ Virtual and real photons emitted at all stages of medium evolution

❑ Sources of virtual photons: ❑ Virtual vs real photons:
o Real : pT
o Virtual : Mass and pT

→ Measured spectrum: integration of all emitting sources

❑ Mass key quantity to disentangle different 
sources/stages of medium evolution

o N-N collisions: Drell-Yan

o Pre-equilibrium, quark-gluon plasma: qq→ e+e-

o Hadron matter: +-→→ e+e-, multi-pion processes

o Final state decays (freeze-out): 0, , ,  (2-body and Dalitz 
decays)

_

Radiation from thermalized medium
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Information carried by thermal radiation
❑ Spectral information:

o Changes of dof: Melting of (770) into partonic continuum
o Chiral symmetry: degeneracy of - 𝑎1 chiral partners
o Total baryons main catalyst of medium effects?

▪ Measure in different regions of B

❑ Diagnostics of produced medium:
o (early) temperature at large mass
o Lifetime of radiating phase
o Collective phenomena: virtual photon elliptic flow
o Production mechanism: spin polarization

change in degrees of freedom,
restoration of chiral symmetry,
lifetime

temperature

pre-equilibriun

Pb-Pb  sNN = 5 GeV

Rapp and Wambach, Adv.Nucl.Phys. (2000) 25

CERN Yellow Rep.Monogr. 7 (2019) 1159-1410

→ These measurements together provide a multi-dimensional 
tomograph of the QCD medium
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Ultimate dream: explore with thermal radiation the phase properties and 
microscopic structure of strong-interaction matter from smallest to highest B

Comprehensive precision experimental 
program across the phase diagram

❑ Different experiments optimized for thermal virtual 
photons foreseen in next decade:
o ALICE3 @CERN LHC            B=0
o NA60+/DiCE @CERN SPS 200< B <450<MeV
o CBM @FAIR/SIS100              500< B <700 MeV

❑ Also LHCb might have a potential?
o  B =0 (pre-equilibrium), B =20-30 (fixed-target)

❑ Thermal radiation is a rare probe:
o Requires high statistics/rate

❑ Large background:
o State-of-the art tracking and PID
o Excellent understanding of detector 

response 8

Galatyuk, NPA 982 (2019), update May 2025



Comprehensive precision measurements of thermal radiation 
across the phase diagram: ALICE3@CERN LHC

In next decade unique 
opportunitiy to map-out the 
phase diagram at different B

❑ Compact, ultra-lightweight all-silicon tracker (few m pointing 
resolution)

❑ PID: TOF (20 ps resolution) + RICH
❑ Very good performance in rejection of cc and bb corr bkg

A Large Ion Collider Experiment

11Thermal dielectrons

Pair DCAee <  1.2 sigma 
• Reject 94% and 96% of ccbar and bbbar pairs
• Keep 73% of prompt pairs
5.6 nb-1 (one month Pb-Pb running)

Extracted T from dN/dmee: 
• 1.5% stat and 2% systematic uncertainties from charm (4-10% in Run4)

Differential analysis in pT gives access to early phase of the collision

B=0.5T

2
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Comprehensive precision measurements of thermal radiation 
across the phase diagram: NA60+/DiCE@CERN SPS

In next decade unique 
opportunitiy to map-out the 
phase diagram at different B

❑ Fixed target experiment
❑ Muon spectrometer
❑ Ultra-light vertex spectrometer with MAPS
❑ cc bkg small; Drell-Yan measurement in pA

2

_
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Comprehensive precision measurements of thermal radiation 
across the phase diagram: CBM@FAIR/SYS100

In next decade unique 
opportunitiy to map-out the 
phase diagram at different B

❑ Fixed target experiment
❑ All silicon tracking
❑ Electron PID (TOF, RICH) and muon id 

(instrumented absorber)
❑ cc bkg small; Drell-Yan measurement in pA

2

_
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‘Planck-like’→ thermometerM>1.5 GeV distinguishes partons and hadrons

Measuring medium temperature with 
thermal dileptons

❑ Rate of virtual photon per
Unit space-time and 
4-momentum volume
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Thermal mass spectra and fits at different BA Large Ion Collider Experiment

11Thermal dielectrons

Pair DCAee <  1.2 sigma 
• Reject 94% and 96% of ccbar and bbbar pairs
• Keep 73% of prompt pairs
5.6 nb-1 (one month Pb-Pb running)

Extracted T from dN/dmee: 
• 1.5% stat and 2% systematic uncertainties from charm (4-10% in Run4)

Differential analysis in pT gives access to early phase of the collision

B=0.5T

❑ Clear exponential fall-off in the high mass region- slope directly reflecting the system's temperature
❑ All experiments - ALICE 3, NA60+/DiCE, and CBM - demonstrate precise temperature extraction capabilities
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Current Status of Temperature Measurements
❑ Only two precision measurements:

o HADES – B=870 MeV
o NA60    – B= 220 MeV
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The Upcoming Revolution

❑ Probing time-dependence of medium:
o Multi-differential measurements
       vs M,  pT and v2

❑ Precise mapping of T over wide 
     s – B range:

o 2% uncertainty from all new 
experiments

❑ At high B (NA60+/DiCE, CBM):
o Possible flattening of caloric 

curve (T vs )
 →Evidence of 1° order phase 

     transition

15ESPP2026 - Strong Interactions Open WG Meetings Gianluca Usai



Medium <T> vs B

❑ Probing time-dependence of medium:
o Multi-differential measurements
       vs M,  pT and v2

❑ Precise mapping of T over wide 
     s – B range:

o 2% uncertainty from all new 
experiments

❑ At high B (NA60+/DiCE, CBM):
o Possible flattening of caloric 

curve (T vs )
 →Evidence of 1° order phase 

     transition
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A Large Ion Collider Experiment

11Thermal dielectrons

Pair DCAee <  1.2 sigma 
• Reject 94% and 96% of ccbar and bbbar pairs
• Keep 73% of prompt pairs
5.6 nb-1 (one month Pb-Pb running)

Extracted T from dN/dmee: 
• 1.5% stat and 2% systematic uncertainties from charm (4-10% in Run4)

Differential analysis in pT gives access to early phase of the collision

B=0.5T❑ Probe time-dependence of 
medium:
o Multi-differential 

measurements vs M, 
pT and v2

Time-Resolved Temperature Measurements

❑ First attempts by NA60 
experiment in In-In (but 
limited statistics)

❑ Very large datasets needed for multi-differential 
studies for all experiments

Eur.Phys.J.C 49 (2007) 235
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❑ Probe time-dependence of medium:
o Multi-differential measurements vs 

M, pT and v2

❑ Emission from early stage:
o More constraints on shear and bulk       

viscosity, initial conditions

❑ Thermal radiation: time dependence of the 
elliptic flow
o LMR dominated by hadron gas: 

almost linear increase of v2 vs M
o IMR dominated by QGP: small v2

Probing Time Dependence Through Collective Phenomena

18



Probing Fireball Lifetime Through Thermal Radiation

❑ Excess yield in LMR tracks fireball lifetime:
o Search for ”extra radiation” due to latent 

heat around phase transition (& critical 
point?)

o 1st order phase transition could result 
in factor 2 larger yield due to fireball 
stalling at phase boundary 
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[Fodor et al 10]
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Chiral Restoration

❑ Chiral symmetry spontaneously 
broken in vacuum: 
o Generates ~95% of the 

visible mass
o Chiral partners ρ and a1 

have Δm ≈ 500 MeV

❑ LQCD:
o Drop of chiral condensate 

for incresing T
 → Chiral restoration

Chiral symmetry restoration
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PRL 96 (2006) 162302; 
AIP Conf.Proc. 1322 (2010) 1

❑ Strong broadening of  observed        
(>400 MeV) with no mass shift

→ Suggests melting resonances scenario

❑ /𝑎1 chiral mixing:
o Degeneracy of spectral functions
o Vector spectral function flattens in 

1<M<1.4 GeV 
→  𝑎1→ ll dominant source in IMR

❑ Effect of chiral mixing:
o Enhancement of yield in 

1<M<1.4 GeV up to 30%

Experimental Evidence for Chiral Symmetry 
Restoration: the / 𝑎1 chiral mixing

Rapp and Wambach, Adv.Nucl.Phys. (2000) 25

21



❑ Sensitivity to detect a signal demonstrated for all experiments thanks to:
o The necessary mass resolution
o Sufficient statistical precision
o Background rejection capabilities

Experimental Prospects for Detecting Chiral Mixing
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Virtual photon polarization
❑ Angular distribution of single lepton in 𝛾∗ rest frame depends on polarization of 𝛾∗

❑ Different virtual photon production 
mechanisms imprint different 
anisotropy  parameters 

λθ=0.51±0.17 λθ=-0.10±0.24

❑ Multi-differential measurements of the ∗ polarization
o Resolve mass, pT, rapidity, lepton emission angles 𝜃,φ 
→ large datasets needed

o Future high-rate experiments CBM, NA60+ and ALICE3

❑ Important in disentangling 𝜌 − 𝑎1 chiral mixingfrom QGP 
around M ~ 1.2 GeV/c2

❑ Search for onset of QGP 23



AA

24

C.M. Ko, Y. Liu, JPG43 (2016) no. 12, 125108

❑ T evolution from hydrodynamic simulation

900 MeV at  = 0.2 fm/c
650 MeV at  = 0.5 fm/c

Pb-Pb, FCC

❑ Large secondary production of charm pairs in the 
medium                                             

❑ Up to 50-100% “enhancement” wrt primary charm
❑ Sensitive to QGP properties: T vs , and 0

gg® cc,  qq®cc

K. Zhou et al., PLB758 (2016) 434

The FCC Horizon – Probing Extreme Temperature

24



Charting the QCD Phase Diagram: A New Era of Precision 
with Next-Generation Experiments

❑ Experimental roadmap:
o ALICE 3 will give us pristine measurements at μB≈0
o NA60+/DiCE covers the high μB region 200-450 MeV
o CBM probes the high μB region 500-700 MeV

→ Altogether, they provide large coverage of the phase diagram

❑ The technical challenges are significant but addressed:
o All experiments feature cutting-edge tracking and PID
o Rates exceeding 100-200 kHz up to MHz level enable rare process studies
o Sophisticated background subtraction techniques are being implemented

❑ These measurements will finally allow us to:
o Characterize the phase transition nature in different regions of the phase diagram

                →Measure the temperature evolution (with precision at the percent level)
o Help locate the critical endpoint
o Probe chiral symmetry restoration

❑ Thermal Dileptons as Tomographic Probes: The Future of QCD Phase Studies
      →With this next generation of experiments, we're entering a new era of precision in mapping the QCD phase diagram

25



Overview of benchmarks
Experiment When Strengths / Uniqueness Measurement Physics insight

CBM

@ SIS100

> 2028 Explore a high muB region where CEP 
and first order phase transition could 
be found

No data are so far available; 
complementary with CERN-SPS

thermal dielectrons and dimuons, 
differential in mass, pT, azimuthal angle, 
polarization

Measurements from beam energy scan        
(3 < √sNN < 5 GeV)

First order phase transition at high muB:
flattening of T vs e for sqrt(s) < 5 GeV
-a1 chiral-mixing

Medium properties (T) as a function of time in phase 
diagram: Multidifferential studies: M-pT-v2-polarization

Experimental precision on T of a few MeV (2%)

NA60+/DiCE

@ SPS

> 2029 Explore a high muB region where CEP 
and first order phase transition could 
be found

No data are so far available; 
complementary with FAIR-SIS100

thermal dimuons,differential in mass, pT, 
azimuthal angle, polarization

Measurements from beam energy scan         
(6 < √sNN< 17 GeV)

First order phase transition at high muB:
flattening of T vs e vs 6<sqrt(s) < 17 GeV 
-a1 chiral-mixing
 
Medium properties (T) as a function of time in phase 
diagram: Multidifferential studies: M-pT-v2-polarization

Experimental precision on T of a few MeV (2%)

ALICE 3

@ HL-LHC

> 2035 Explore zero muB region

No precision data on thermal 
radiation available so far - Unique 
pointing resolution of few um 
(remove HF backgrounds); ultra-low 
material budget

thermal dielectrons differential in mass, pT, 
azimuthal angle, polarization

-a1 chiral-mixing

Medium properties (T) as a function of time in phase 
diagram:  Multidifferential studies: M-pT-v2-polarization

Experimental precision on T of a few MeV (2%)

FCC-hh >2060 x6-7 larger sqrt(sNN) and ~ x10 larger 
L_int

Total charm hadron yields and yield increase 
wrt pp scaling with Ncoll

Thermal charm production from gg->c-cbar in QGP when 
temperature ~1 GeV -> novel way to access initial QGP 
temperature





AA Quarkonia: large  enhancement? full Y melting?

HP2018, Aix-Les-Bains, 04.10.18                                                             A. Dainese for the FCC HI wg 28

◆ Large charm yield from hard scattering + 

thermal production would lead to J/

enhancement (RAA>>1)

➢ J/ yield could be sensitive to 
secondary/thermal charm production

◆ Y(1S) would melt when T > 350 MeV, may be 

reached only at FCC

◆ However, large bb yields (~20 pairs in central 

Pb-Pb) could lead to regeneration in the 

bottomonium sector (Y RAA > 1)

A.Andronic, et al., based on JPG38 (2011) 124081

G. Aarts et al, JHEP 07 (2014) 097



Experimantal investigation of the  QCD 
phase diagram: e.m. radiation

CEP FAIR/RHIC/SPS

❑ Three nexw experiments optimized for 
thermal radiation in the next decade

❑ ALICE3@LHC (B=0):
o Matter in cross-over region
o Chiral restoration

❑ NA60/DiCE@SPS (B =200-450) and 
CBM@FAIR SYS100 (B =500-700)
o Matter close to onset of 

deconfinement
o 1° order phase transition/CEP
o Chiral restoration
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