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The QCD phase diagram landscape

Rennecke, Quark Matter 2025

U LQCD:
o Cross-over transition at small pg
o Calculations up to pg/T<4

quark-gluon plasma

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

U LQCD (low pug):
o QCD chiral symmetry restoration
close to phase boundary
—>changes in hadron properties

g 3 color supercgntfl"uctor
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Experimental investigation of the QCD
phase diagram

Experiments:

Rennecke, Quark Matter 2025
heavy-ion collisions

quark-gluon plasma

O Different collision energies explore
different regions of the phase diagram

O Small pg :
o Evidence of cross-over transition

o Perfect liquid

O Large pg :
0 A&, o Poorly known
0 1000 2000 o Existence of CEP and 1° order
us [MeV] transition not yet confirmed

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

Rennecke, Quark Matter 2025

O Investigating medium properties
along trajectory in phase diagram:
o Close or above phase boundary
o Need some source emitting all
over space-time evolution

» O Electromagnetic radiation:
o Real/virtual photons

O Temperature is one of the key
properties to characterize the

medium:
BN o Equation of state
0 . o Order of phase transition
0 1000 2000
L Yet remains poorly known
ps [MeV] HooTY

experimentally
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Messengers from the medium
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MADAI Collaboration
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Radiation fro

QGP and expansion

~10 fm/c

‘thermalized medium

Hadronization

~20-50 fm/c

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

O Sources of virtual photons:

N-N collisions: Drell-Yan

O O O O

decays)

Pre-equilibrium, quark-gluon plasma: qg— e*e-

Hadron matter: n*n"—p— e*e”, multi-pion processes

Final state decays (freeze-out): n°% n, ®, ¢ (2-body and Dalitz

- Measured spectrum: integration of all emitting sources

Hadronic‘ﬁhaée and f§€ézé-out



Messengers from the medium
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MADAI Collaboration

0.1 fm/c ~1 fm/c

Initial state Pre-equilibruim

Radiation fro

QGP and expansion

~10 fm/c

‘thermalized medium

Hadronization

~20-50 fm/c

Hadronic phase and fféeze-out

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

O Sources of virtual photons:

N-N collisions: Drell-Yan

O O O O

decays)

Pre-equilibrium, quark-gluon plasma: qg— e*e-

Hadron matter: n*n"—p— e*e”, multi-pion processes

Final state decays (freeze-out): 7% n, ®, ¢ (2-body and Dalitz

- Measured spectrum: integration of all emitting sources

O Virtual vs real photons:
o Realy: pr
o Virtualy: Mass and p;

L Mass key quantity to disentangle different

sources/stages of medium evolution
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Information carried by thermal radiation

CERN Yellow Rep. Monogr 7 (2019) 1159-1410
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Comprehensive precision experimental
program across the phase diagram

Ultimate dream: explore with thermal radiation the phase properties and
microscopic structure of strong-interaction matter from smallest to highest v

E I [ I I 1T 17T I [ I I [ 1T 11 | I E

=y VekkkAV =

= £ UPAROH calatyulc, NPASE2 (2019), update May 2025 3 W Different experiments optimized for thermal virtual
:_j _ photons foreseen in next decade:

= B eCrEani, = o ALICE3 @CERN LHC Lg=0

- i ot e, o NAB0+/DICE @CERN SPS 200< p <450<MeV
= Laves ¢ D— ACE g 3 o CBM @FAIR/SIS100 500< pg <700 MeV
— @RAON LHCO-1I .

=_ HADES @GS MPD@NICA SPHENIX@RHIC :_._=

- D,DEHII LHCDA 3 U Also LHCb might have a potential?

;_ i /8 —~ —— % _; o Mug=0 (pre-equilibrium), nuz=20-30 (fixed-target)
- d @sPS ¢ 3 [ Thermalradiation is a rare probe:

= 4 “ = o Requires high statistics/rate

- : _: U Large background:

= N N B T EE SR LS o State-of-the art tracking and PID

1 2 3 4567 10 20 30 100 200 &

o Excellent understanding of detector

Collision energy \s\, [GeV] response ;



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

In next decade unique

n T — ‘ opportunitiy to map-out the
| . ‘ | | |J| | el ‘ 'l ____Ru ‘ | ~ phase diagram at different pig

2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040 2041

L Compact, ultra-lightweight all-silicon tracker (few um pointing
resolution)

O PID: TOF (20 ps resolution) + RICH ~

a Very good performance in rejection of cc and bb corr bkg

Outer Tracker

ALICE 3

Inner Tracker

- 10 g B I o e o e TOF
a,('; ALICE 3 Study — Sum
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‘Tb ALICE 3 Study — e ; 10°= 00 < P, <4GeVic,n| <08 —cgcktail w/o p FD
-~ Pp. 15 = 14 TeV, Layout v1 e ee (Ao(E:) x1.9) o No bremsstrahlung included o CS —ee
8 10-1 . p,,>0.08GeVic, || <1.1 —— bb — e'e” | 810 DCA. <1.2 —bb — ee
g [ My >11GeV/c?, B=05T —— prompt — e*e (x0.2) | _§ I e 5 L2C ¢ L,=56 nb ™ 'measured'
Q - : 2 1= [ ]Syst. err. sig.+ bkg.
o |\ prompt sources s @
) o
= 3 /
o H= charm Z el S~ :
2 ; = NN RICH
--2. 10° . * ==,
oy Tt S
R 1074
10_2 | D] _ B e e L ey DV PRI R Magnet
[] - = = B
8 114 —
g . : Absorber
T A R N RS SRS R S § e ] EIEII+ """"" ¥ . sy
Y2 4 5 & 10 d2 14 96 18 20 i C : Muon identification
DCAee (0) 1= R N S T T ST ST ST T T Y
D 0 02 04 06 08 1 12 14 16 18 2 22 FCT

M. (GeV/c?)



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

ALICE 2

1] ] | |

NA60+/DiCE, CBM
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ALICE3

2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040 2041

O Fixed target experiment

O Muon spectrometer

O Ultra-light vertex spectrometer with MAPS
Q cc bkg small; Drell-Yan measurementin pA

Pb-Pb Vs 8.8 GeV NA60+/DiCE

—
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[}
1

0-5% central collisions

—h
o
(84}
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[1e1}000 UOIPEH 5%

2.5
M [GeV/c?]

Vertex
Dipole
(MEP48)

Pb/p beam

' Vertex
telescope

-

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

Muon
Dipole
(MNP33) Muon wall
Hadron
absorber

Muon tracking

10



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

ALICE 2

| e s ems

NA60+/DiCE, CBM
ALICE3

=

1

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

T ]

2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040 2041

U Fixed target experiment

O All silicon tracking

O Electron PID (TOF, RICH) and muon id
(instrumented absorber)

O cc bkg small; Drell-Yan measurement in pA
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Compressed Baryonic Matter

A\

‘-..

T,
o= i

o —

1: Time-Zero Detector & Beam Diagnostics
2: Silicon Tracking System / Micro Vertex Detector
3: Superconducting Dipole Magnet

4: Muon Chambers

5: Ring Imaging Cherenkov Detector
6: Transition Radiation Detector

7: Time of Flight Detector

8: Forward Spectator Detector

Gianluca Usai

11



Measuring medium temperature with

thermal dileptons

, e.m.
1 Rate of virtual photon per AN o — spectral
; i ee  _ .
Unit space-time and T 3M2f (q9,T) xIm 1, (M,q;ug,T) function
4-momentum volume xXaq 7
— 10?

u,d,s

—  3-looppQCD ] q
\ Naive quark model ~ ~<
‘ -

-I-[+

—~.

-
(=1

Geeshad / Geeepu ~1m 1_Iem(M

. ' Sum of exclusive Inclusive i
non—perturbatlve ”I * measurements " measurements - perturbatlve
in-medium ol vt v by v 1y 1w ) hadron-parton
spectral function(s) 05 f o 2 23 3 duality (flat SF)

~ ~ 2
~ ImIl,,,~ImD, ImIT,,,~ N, 2(e)> «~

O After integration of rate equation over momenta and emission 4-volume:

M>1.5 GeV dN,,,/dM oc M x(exp(—M / T) ‘Planck-like’=> thermometer

, , ) ‘ distinguishes partons and hadrons
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Thermal mass spectra and fits at different iz
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O Clear exponential fall-off in the high mass region- slope directly reflecting the system's temperature
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O All experiments - ALICE 3, NA60+/DiCE, and CBM - demonstrate precise temperature extraction capabilities
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Current Status of Temperature Measurements

L Only two precision measurements: % 400:_
o HADES - nuz=870 MeV = 3 O:— W HADES
o NAB0 - pg=220 MeV g o - ¢ NAGO
—  x STAR
300 H }
- 4
2501
E Model R. Rapp
200 + PLB 753 (2016) 586
— i PR
150 °
- S
100
E ? Hadronisation temperature
5OE- Lattice QCD (PLB 795 (2019) 15)
- —e— SHM fit to data (Nature 561 (2018) 7723)
O_ | | IIIIII| | | IIIIIII | | IIIIIII | | L1 1 111
1 10 107 10° 10

Vsyy (GeV)
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The Upcoming Revolution

O Precise mapping of T over wide
\s — g range:
o 2% uncertainty from all new
experiments

U At high ug (NA60+/DiCE, CBM):
o Possible flattening of caloric
curve (T vs g)
—>Evidence of 1° order phase
transition

O Probing time-dependence of medium:

o Multi-differential measurements
vs M, prandyv,

ESPP2026 - Strong Interactions Open WG Meetings
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Medium <T>vs u;

O Precise mapping of T over wide
\s — g range:
o 2% uncertainty from all new
experiments

U At high ug (NA60+/DiCE, CBM):
o Possible flattening of caloric
curve (T vs g)
—>Evidence of 1° order phase
transition

O Probing time-dependence of medium:

o Multi-differential measurements
vs M, prandyv,

ESPP2026 - Strong Interactions Open WG Meetings
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Time-Resolved Temperature Measurements

O Probe time-dependence of . g >7C 49(2007) 235 O Very large datasets needed for multi-differential
. . S [ In-In SemiCentral . :
medium: S alp, , studies for all experiments
Multi-differential - A
O U d e e t a M § 25002— I’I \\‘ 94007 LI N A Y B Y L B UL T T ]
measurements vs M, ;- 2000} ';' | g - ALICE 3 Study + -
prandv, S 1s00f :350: 0-10% Pb-Pb, \s,=5.02TeV | ]
Z 7t L 1 _
1000~ B 1= =
O First attempts by NA60 soL I T ]
experimentin In-In (but oF- 3001 1 _
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D 2000(— B 1200 L . "
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& & 1000f ? T "
g 100 g g ogol- FitRange: 1.1 <mg, < 1.8 GeV/ic? T N
§ ous § - - e T, (stat. unc. only) T i
© o k Lo Treai 1 ]
= 150 L1 l AR BN A A l L1 J L1l | I
2o 0 05 1 15 2 25 3 0-4
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USERNE, f G,
M (GeV/c?) M (GeV/c?)
ESPP2026 - Strong Interactions Open WG Meetings Gianluca Usai 17



Probing Time Dependence Through Collective Phenomena

Vujanovic et al, Phys. Rev. C 98, 014902 (2018)

O Probe time-dependence of medium:
o Multi-differential measurements vs
M, prand v,

reactlon plane

O Thermalradiation: time dependence of the

elliptic flow
o LMR dominated by hadron gas:

almost linear increase of v, vs M
o IMR dominated by QGP: smallv,

U Emission from early stage:
o More constraints on shear and bulk
viscosity, initial conditions
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Probing Fireball Lifetime Through Thermal Radiation

53 dN/dyl, = 127 138 146 185 251
O Excessyield in LMR tracks fireball lifetime: & 201 — ] 3 =07 & ST
o Search for ”extra radiation” due to latent 52 18i 0.3<M,<0.7GeVic= 3
heat around phase transition (& critical Xk - 7
point?) }imz_ + 7 E_E
o 1st order phase transition could result =, 141 7
in factor 2 larger yield due to fireball S 120 =
stalling at phase boundary © 10i E
S 8- =
oS AF N
E 6:_ $ CBM sim. (FAIR SIS100) S N”/ Nmf _E
" 41— } NA6O" sim. (CERN SPS) — Ty X 1.40
1%2] 2i * STAR BES-Il projection ;
8 — _
L>lj O_ | | Lo | | L] | ]
1 2 3 4567 10 20 30 100 20
Collision Energy | s,y (GeV)
TG, JPS Conf.Proc. 32 (2020) 010079
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[ Chiral symmetry spontaneously <‘7‘I>(T)/<q_q>01' ;
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Chiral symmetry restoration

broken in vacuum:
o Generates ~95% of the
visible mass
o Chiral partners p and a,
have Am = 500 MeV

Chiral Condensate
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dN/dM per 20 MeV

Experimental Evidence for Chiral Symmetry

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

- In-In SemiCentral Rapp/Wambach
| all pT Brown/Rho
dN Vacuum p
4000} oho, _
“gn 140 cockt. p (dashed)
= DD (dashed)
2000|—

1.4

0 02 04 06 08 1 1.2
M (GeV)

U Strong broadening of p observed
(>400 MeV) with no mass shift
- Suggests melting resonances scenario

Q p/a, chiral mixing:
o Degeneracy of spectral functions
o Vector spectral function flattens in
1<M<1.4 GeV
= ma,— lldominant source in IMR
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Restoration: the p/ a, chiral mixing

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

i Pb-Pb 0-5%
0L Vs = 8.8 GeV (p,,,=40 GeV)
5
10 =
il = Nno mixing
F - p-a, chiral mixing
10'7—1-11||x||l||||||1||1||||1l1|||1|
0 0.2 0.4 0.6 0.8 1 1.2

1.4
M [GeV]

O Effect of chiral mixing:
o Enhancement of yield in
1<M<1.4 GeV up to 30%
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Experimental Prospects for Detecting Chiral Mixing

1

o Excess spectrum with and w/o x-mixing - _ - 10grTTT T T T T T T
st :l T T T T T T T T T T T T T T T T T I: IA : ‘i) — . .
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O Sensitivity to detect a signal demonstrated for all experiments thanks to:
o The necessary mass resolution
o Sufficient statistical precision
o Background rejection capabilities
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dN/de™™ - 1/sin 6, (arb. units)

Virtual photon polarization

O Angular distribution of single lepton in y* rest frame depends on polarization of yx

dN
d4xd*qdQ

O Different virtual photon production

1.5

mechanisms imprint different
anisotropy A parameters

HADES, Ar+KCI NAGO, In+In
[ 0.15GeV/c? < M,, < 0.5 GeV/c? 14| QAGeVIE <M= 06 GaVic
L m o> 0.6 GeV/c
B = =+ = :
| No=0-51=0.17 S o[ A=-0.10%0.24
- 2 L
B 8 F |
- g~ 1 u
L g5 - | _um E—
T % HADES data e [ B B
| . &) 8
f = fit to data § 0.8 . & NA60 data
- = CG + thermal, all p_ % | —fittodata
| ==:CG+ thermal, pT>0.25 GeV/c 0.6 — = FB + thermal
RN A IR B RN B N B

1 2 3 0.2 0.4 0.6
CS
o lcos(67%)|

data points: HADES. PRC 84 (2011) 014902 data points: NAG0O, PRL 102 (2009) 222301

Seck et al., arXiv: 2309.03189
Coquet, Winn, Du, Ollitrault, Schlichting, PRL132 (2024) no.23, 232301
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Baym et al., PRC95, 044907(2017)
Bratkovskaya et al., PLB 376, 12 (1996)
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U Multi-differential measurements of the y* polarization
o Resolve mass, py, rapidity, lepton emission angles 6,
- large datasets needed
o Future high-rate experiments CBM, NA60+ and ALICES3

O Important in disentangling p — a, chiral mixingfrom QGP
around M ~ 1.2 GeV/c?
[ Search for onset of QGP 23



The FCC Horizon — Probing Extreme Temperature

O T evolution from hydrodynamic simulation

1.0 T T

Pb-Pb, FCC
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O Large secondary production of charm pairs in the
medium g2/ cc, qq | cc
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0 Up to 50-100% “enhancement” wrt primary charm
O Sensitive to QGP properties: Tvs 1, and 1,

C.M. Ko, Y. Liu, JPG43 (2016) no. 12, 125108
K. Zhou et al., PLB758 (2016) 434
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Charting the QCD Phase Diagram: A New Era of Precision
with Next-Generation Experiments

O Experimental roadmap:
o ALICE 3 will give us pristine measurements at uB=0
o NA60+/DiCE covers the high puB region 200-450 MeV
o CBM probes the high uB region 500-700 MeV
- Altogether, they provide large coverage of the phase diagram

U 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

L 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

O 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



Experiment

When

Overview of benchmarks

Strengths / Uniqueness

Measurement

Physics insight

CBM > 2028
@ SIS100

NA6O+DIiCE | > 2029
@ SPS

ALICE 3 > 2035
@ HL-LHC

FCC-hh >2060

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

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

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

x6-7 larger sqrt(sNN) and ~x10 larger
L_int

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

Measurements from beam energy scan
(3<+v/sNN <5 GeV)

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

Measurements from beam energy scan
(6 <vsNN< 17 GeV)

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

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

First order phase transition at high muB:
flattening of T vs efor sqgrt(s) <5 GeV
p-al 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%)

First order phase transition at high muB:
flattening of T vs evs 6<sqrt(s) <17 GeV
p-al 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%)
p-al 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%)
Thermal charm production from gg->c-cbarin QGP when

temperature ~1 GeV -> novel way to access initial QGP
temperature






(QFCC% 3 . - INFN
arkonia: large v enhancement? full Y meltin --

¢ Large charm yield from hard scattering + ¢ Y(1S) would melt when T > 350 MeV, may be

thermal production would lead to J/vy reached only at FCC  G.Aarts et al, JHEP 07 (2014) 097
enhancement (Rya>>1) ¢ However, large bb yields (~20 pairs in central
» Jlyyield could be sensitive to Pb-Pb) could lead to regeneration in the
secondary/thermal charm production bottomonium sector (Y Ra> 1)
_3,51‘4— Pb-Pb, midrapidity — < ] =
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A.Andronic, et al., based on JPG38 (2011) 124081

HP2018, Aix-Les-Bains, 04.10.18 A" Dainese for the FCCHI'wg



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

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

O ALICE3@LHC (ug=0):
o Matterin cross-over region
o Chiralrestoration

0 NAG60/DICE@SPS (ug=200-450) and
CBM®@FAIR SYS100 (ug =500-700)
o Matter close to onset of
deconfinement
o 1°order phase transition/CEP
o Chiralrestoration

% 1000 2000
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