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Objective

Decode the phases of nuclear matter in the non-perturbative regime of QCD

Unravel the role of the strong interaction in the evolution of our universe
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Objective

Decode the phases of nuclear matter in the non-perturbative regime of QCD

Unravel the role of the strong interaction in the evolution of our universe
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Method

Recreate various forms of cosmic matter in laboratory — high-energy heavy-ion collisions
Investigate transient states of QCD matter under extreme conditions
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time ~ 10723 s >y .

LHC energies \/Syy = 2 —5TeV SIS energies \/syy = 2 — 5 GeV
parton parton collisions Nuclear stopping

Nparticles = WNanti—particles Nparticles > Nanti—particles
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Searching for landmarks of the QCD phase diagram

¥ Quarllxi“éluon plasma
i ~ deconfined,
X symmetric
s -
, x,Hédrons
I " confined,
x-SB o
‘ ‘ ‘ Nuclei Xégglc‘j_
200 400 600 800 1000

Baryochemical potential (MeV)

Borsanyi et al. [Wuppertal-Budapest], PRL 125 (2020)
Borsanyi et al. [Wuppertal-Budapest], PLB 730 (2014)
Borsanyi et al. [Wuppertal-Budapest], JHEP 1009 (2010) 073

Vanishing pug, high T (lattice QCD):

- crossover from hadronic to partonic medium
Tpe = 156.5 + 1.5 MeV (T, = 132*2 MeV at chiral limit)
Tpe = 158.0 £ 0.6 MeV

- no 1%t order transition found by IQCD at u$£¥ /T, < 3
Bazavov et al. [HotQCD], PLB 795 (2019)
Ding et al., [HotQCD], PRL 123 (2019) 062002
Dini et al., PRD 105 (2022) 034510
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Searching for landmarks of the QCD phase diagram
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Pawlowski, Rennecke, Sattler, arXiv:2512.20510 k [MGV]
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Worldwide experimental and theoretical efforts
Relevance for astrophysics

Large up, moderate T (IQCD inspired effective theories):

limits of hadronic existence?

1t order transition?

QCD critical point?

equation-of-state of dense matter?

what phases (quarkyonic, moat, soft deconfinement)?

Yiaofeng Luo- 20, s revied 26O 2022 s
P 50 Years of Quantum Chromodynamics

\ Properties
of QCD Matter

at High Baryon
 Density

Friman et al., Lect. Notes Phys. 814 (2011) 1
Chen, et al., doi:10.1007/978-981-19-4441-3\ 4 (2022)
F. Gross et al., Eur.Phys.J.C 83 (2023) 1125
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Searching for landmarks of the QCD phase diagram

;2507
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= , Quark-gluon plasma Experimental challenges:

® 200 — isolate unambiguous signals of new phases of QCD matter,
% i order of phase transitions, conjectured QCD critical point
g I — probe microscopic matter properties

€150

()

|_

Measure with utmost precision:
— light flavour (chemistry, vorticity, flow)
- event-by-event fluctuations (criticality)

—
o
o T T
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o
—

Hadrons — charm (transport properties)
[ — hypernuclei (interaction)
O: | | | | Nuclei nggic‘" - dileptons (emissivity)
0 200 400 600 800 1000

Baryochemical potential (MeV)

Andronic et al., Nature 561 (2018) no.7723
HADES, Nature Phys. 15 (2019) 10, 1040-1045
NAGO, Specht et al., AIP Conf.Proc. (2010) 1322
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Electromagnetic radiation as multi-messenger of fireball

oo

Encodes information on matter properties
enabling unique measurements

Electromagnetic radiation (y, y*)

Reflect the whole history of a collision - degrees of freedom of the medium
- fireball lifetime, temperature, acceleration, polarization
No strong final state interaction - transport properties
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Electromagnetic production rate
* em current-current correlation function

Nt (qe,q) = —lfd4x e 9 (xO)([j*(x),j (0)])

* Photons characterized by “transverse” momentum:

dN. a
)4
G0 girgig = 2/ @ WD) Imllen(qo = G ip. T)
\ .
determines both
spectral 1 0i0n and
function

_ _ _ ) ) dilepton rates
* Dileptons carry extra information: invariant mass

—> unique direct access to in-medium spectral functiV
lel CXZ
déxd*q ~ mw3M?

L(Mz)fB(q -u; T) Imllegyy(M, q; g, T)

McLerran, Toimela, PRD 31, 545 (1985) Iepton phase thermal Bose
Weldon, PRD42, 2384-2387 (1990) distribution

Gale, Kapusta, PRC 35, 2107 (1987) & NPB 357, 65-89 (1991) space factor
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Electromagnetic correlator in the vacuum

accurately known from e*e~annihilation

R x

vac
Imllgm

MZ

Beringer et al. (PDG), Phys. Rev. D (2012) 010001

plo § u, d, s quarks

s

¢ —— Data Intermediate-mass region (IMR)

perturbative QCD continuum
(quark degrees of freedom)

. & 10%E
Low-mass region (LMR) Sz -
3> 0
em spectral function is saturated T .T i
by light vector mesons o105
(VMD JP = 1~ for both y* and VM, B ¢
p playing the dominant role) °” o
oc 1
+
e 0 g
10‘10‘ s
€ ]

&

2
vac _— my vac
ImIlZ3E = z <—> ImDy* (M)

v=pw,¢ 7"

Sakurai, Ann.Phys. 11 (1960)

L L L L L ‘ L L L L L ‘ L L L
1 1.5 2 2.5 3
Invariant mass (GeV/c?)

/y%

M? as(M) 2
ImH‘e’,‘;f:—m<1+ : +--->Nc Z (eq)
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In-medium SF from hadronic many body theory

= p meson in medium interacts with hadrons from heat bath

additional contributions to the p-meson self-energy
1

D (M:q;T;ﬂB) =
g [M2 - My = Zpnn — Zpp = z:pM]

L

4
p 7 Em)s \
Zp,mzvvx\ /’M+M\‘AW\.

=)

S’

In-medium
pion cloud

R = A, N(1520),ay, ...

direct p-hadron o8 :.V’\D,\ AN

scattering
h=N,mK,..

Alam et al., Annals Phys.286 (2001) 159 (2001)
Leupold, Metag, Mosel, Int.J.Mod.Phys. E19 (2010) 147
Rapp, Acta Phys.Polon. B42 (2011) 2823-2852

ImD, [GeV~]

Rapp and Wambach, EPJA 6 (1999) 415

-10
vacuum
———- T=122MeV, p,=0.3p,
-8 |—-—-- T=146MeV, p=1p, 1
————— T=180MeV, p,=4p,
-6 | q=0.3GeV
4 |
-2
0.0 ——0 2 0.4 0.6 0.8 1.0 1.2

~ p-peak undergoes a strong broadening
~ baryon effects important
(even at pp ,, = 0! sensitive to pg, . = pp + pPp)
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Thermal dilepton measurements

Low-mass regime Intermediate-mass regime 4 o
C\I: E T T T T | T T T T | T T T T | T T T T | T T T T | T T T T first Chance W_./I
CBM Simulation collisions thermal radiation freeze-out

Au+Au 20A GeV
central collisions

Dileptons are rare probes

Decisive parameters for data quality:
interaction rates (IR) and signal-to-combinatorial background
ratio (S/CB): effective signal size: S,¢rr ~ IR X S/CB

Needs coverage of mid-rapidity, low-M,,, and low-p

Isolation of thermal radiation by subtraction
of measured decay cocktail (7°,1, w, ), Drell-Yan, c¢ (bb)

A

\\7\ Ll | s,

107,
0 0.5 1 1.5 2 2.5 3
M., [GeV/c?]

Seck [CBM], MSc 2015
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Electron pairs reconstruction

RICH photo camera upgrade, employing CBM at FAIR technology

* Significantly improved lepton detection efficiency il AL e e e L
* Pion suppression factor >10* 10 : Ag+Ag |Sy=2.55 GeV 0-40%
* Excellent double ring detection % i & a1 SUTT i
. . . O —
(factor of 8 better signal-to-background ratio) s 107°E A% .
el ZAA A .
R e - o of S =
£ 1B <10 S E
” - { > 200 N B ] =
= R s o T %, ;
260 = 140 = :7- ~60F ? 3 1 O E OoO 3:
—280" ] 120 - . _8oF 1 © o &) ]
~300 1 122: 1 ~100- Z —10 R v i
S S e A O I A—— 1070k A ~
3200 200605 80K100 ~40-20 0 20 40 60 80 10 ~540-520-500-480-460-440-420 © S W oS E
x [mm] x [mm] x [mm] oﬂ — A‘* .
‘ =2 10111 |
g T oo S0 F v E
CE é T noconversion rejection | N ——CB A , ]
B ol Aoshs 255 eV oo J 10 o raw signal q E
g .. HADES work in progress ; = - 3
i . o' ' 11*”“ -13[ > 9% p >0.1 GeVfc ||
1% TN ° "!'!; tIIflf § 10 El RTINS AT S N AU SATA AU A 1 b Ta
| T it H 0 200 400 600 800 1000 1200 1400
107" =

e I 2
E ] M. [MeV/c9]

105900200 300 400 500 600 700 800 900 1000

Mge (MeV/c?
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Measurement of

NN reference in HADES

* p+p and d+p collisions at E;, = 1.25 GeV
- n+p reaction tagged by triggering on proton spectator
HADES, PLB 690 (2010) 118

* Analysis of p+p at Ekin = 1.58 GeV and 4.5 GeV
- empty target run p+C/p/O as proxy for p+p/p+n

i1 1
C—@—C—O—CHz—CHz—O
n

Mylar

h

| NN ref. for \/Syy = 2.42 GeV

—_
T

o [ub/GeV/c?]
- 2 3

p+p 1.25GeV _
By > 9° ]

s
~~
S10° E
108 \ E
10-4\‘§\I\.\‘\.\‘\‘.‘I.‘._;
0 0.2 0.4 0.6 0.8 21
M. [GeV/cT]
S P B T
% 10k quasi-freen +p 1.25 GeV
9
g I Oy >9°
EA
= 1 * E
YA -
0] F \l
s ]I\\;\-\’\ '''' N ]
2107l e .
-8 | ~ N —— OBE K&K +10
102 Q0 @ — OBESEMy
10° E
10-4‘::.\..@”\:‘»\\ Sl 7
0 0.2 04 0.6 0.8 1

M., [GeV/c?]

s HADIES

1 NN ref. for \/Syy = 2.55 GeV

----- NN bremsstrahlung =

— — T T
B d) p+p.E,, = 1.58 GoV
S —¥— HADES work in progress J
O systematic uncertainties
0] —— GiBUU sum ]
= 2 = ye'e 3
0 == ye'e
= e p e N
© —on - e'e E
Ea.) —— A—Ne'e
o
B
©

PRSI W
0.6 0.8

2

M, [GeV/c?]
o 45 T T E
b E
\Q- 4| —— GiBuu 3
_i 3 + HADES work in progress é
T LE S VARRE
of . At e / ]
1.5E .
1EN =
05F E
CC; 0.1 0.2 0.3 0.4 0.5 0.6 N
M, [GeV/c?)

HADES, in preparation
GiBUU: Larionov et al.,
PRC 102 (2021) 064913
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Dilepton invariant mass spectra from HADES

w Clear excess visible above contributions from initial NN reference and freeze-out cocktail

Au+Au at \/syy = 2.42 GeV Ag+Ag at \/syy = 2.42 GeV Ag+Ag at \/syy = 2.55 GeV
Y;\ T | T T ] T T ‘ T T | T T | E T T 3 [ e e | [ T T 1 ‘ =1 F ‘ T T 7T ‘ L B
1073 A+ A R =242 GV b 102 Ag+Ag |s,=2.42 GeV 0-40% | Ag+Ag |/s\=2.55 GeV 0-40% |
: N 3 HADES work in progress HADES work in progress
10 2 %ﬁ _ & 10 Oy > 9% P, >01 GeVle Uye>9,p >0.1GeVe
=3 . = Au + Au back tracking = ro 3 3
=2 HANE o e —=— Data ] —=— Data 1
[ H g ° 7 - / -
T 10° gl» \‘-_;"\,_,EEH Au + Au ring-finder E810—5 NN Reference 5 SN E 5
> H i BBg o NN reference - Cocktail Sum E — E
§ | i T<ig, S E |
Sl B NS E40° E = .-
L ® o E Ll T E
] :3} N 2\ B 11% S| T 8 T T = ]
5 . % Tlidse s 1 " 1
Z 107 el o T 10”7 E E
TR e V. alftls [ 4 x| E B /\ i
ool e (1R < o0l . < o8l - ]
10 — ‘-‘_\,. A ~— 10 ! E -— 10 E ! E
g (. g : ] ?
Lol S \\ 5 10°° 3 107 £ 3
AR Al ol qortol S ] o L AR L1 VAN I .1 WP A
e - S — ; s 0 02 04 06 08 1 0 02 04 06 08 1 12
M, (GeV ) Mee (GeV/ 02) Mee (GeV/ Cz)
HADES, Nature Phys. 15 (2019) 1040
strongest isospin effect seen in np vs pp strongest isospin effect seen in np vs pp simulated reference (GiBUU)

~ measured NN reference ~ measured NN reference ~ measured NN in preparation
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Thermal dileptons at few GeV energies?
£ o
N
. . . . . -5
* Necessary ingredients to understand dilepton production in HIC:
- accurate description of fireball evolution -10
- realistic emission rates
ipe s . . -10 -5 0 5 10
- sensitivity studies for the Equation of State x (fm)
Qtojv T T T T T
Coarse-Grained transport approach CG GSI-Texas A&M: TG et al., EPJ A52 (2016) no.5, 131 NTAN rorli vl
= bulk evolution from microscopic transport N
- ilibri Rapp and Wambach, Adv.Nucl.Phys. (2000) 25
apply equmbrlum rates IocaIIy Jung, Rennecke, Tripolt, et al., PRD95 (2017) 036020 1
Sasaki, PLB 801 (2020) 135172 06 s
0.4f oo swasHvIS T Syme ]
ool el ]
+ Simulate events with a transport model TR T

Time 1 (fm/c)

~ ensemble average to obtain smooth space-time distributions
* Divide space-time into 4-dim. cells
* Check if cell is thermalized (— enough interactions)

» Determine baryon density pg, medium velocity %, and temperature T (— mt spectra of pions) g'ﬂf =
. . . - 5w
* Use in-medium spectral functions to compute EM emission rates S
= 10°

Huovinen et al., PRC 66 (2002) 014903
CG FRA: Endres et al., PRC 92 (2015) 014911
CG SMASH: PRC 98 (2018) 5, 054908

05
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Thermal dileptons from baryon-rich matter

g ~
HADES, Nature Phys. 15 (2019) 1040 In-medium
. o T T T T T T T T T ‘Planck-like’ .
<& 10 = / spectral function
= 3
- Au+Au \s=2.42 GeV ]
3 103 NN = dNy Aom LIM?Y 2 '
9 E (Tﬂreba”> =71.8+21 I\/IeV/kB § m = —? 2 f (qo, Tj mlly,,(M,q,T, ug)
3 -4 _
ECD 10 % § McLerran - Toimela formula, PRD 31 (1985) 545
o - ]
2 1070 =
e S 3 * Thermal excess radiation established at HADES
%” 10°° = = - p-meson peak undergoes a strong broadening in medium
% ; = HADES data 0-40% ] - in-medium spectral function from many-body theory
Z 10_ E  — in-medium p spectral function ConSiStentIy describes S|S18, SPS, RH'C, LHC energies
A - M2 x exp(-M_/(T)) Rapp and Wambach, Adv.Nucl.Phys. (2000) 25
1078 : :
8 | | | | | * Baryonic effects are crucial
0 02 04 06 08 1 12 , R = 4,N(1520),ay, -
A . 2
e*e invariant mass [GeV/c7] Sopm = |

h=N,m,K,..
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First measurement of massive y* emission from N*

baryon resonances (exclusive analysis t™p — e*e™n)

HADES, PRC 111 (2025) 024908

HADES, PLB 875 (2026) 140338 e+
1 O — T T T | T T |- | T T f U —]

a T+p— e'e' n

("% | p_= 685 MeV/c 1 e Study the structure of the nucleon .'. " e~
o o HADES cata I . as an extended object

) o) (quark core and meson cloud)
E I VMD1y + p incoh. i
© i VMD1 y + p constr. |
B 3g-core + meson cloud [Ramalho]
O g — - Lagranganmodel [Zetenyl _| * Dominance of the N*(1520) resonance at /Syy = 1.49 GeV
b R LELEELEET] Disp. theory [An Di & Leupold] ) )
~ | i - p meson as “excitation” of the meson cloud

+$ - Vector Meson Dominance - basis of emissivity
S | | calculations for QCD matter
o i
@)
©

O 1 I 1 | 1 1 I | | 1 1
0 200 400 600

M. [MeV/c?]

Ramalho, Pena, PRD95 (2017) 014003
Zetenyi, Nitt, Buballa, TG, PRC 104 (2021) 1, 015201
Speranza et al., PLB764 (2017) 282
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HADIES

= very good agreement between experiment and theory for excess radiation

Au+Au at \/syy = 2.42 GeV

LI L L L L L L

Au+Au s, =242 GeV 0-40%
Cocktail + measured NN sub.

v ol

ULLRRRLL |
R

LR
v ol

=  HADES data

psp

I M e G I o T T O o T T B A

02 03 04 05 06 07 08
M, (GeV/c?)

HADES, Nature Phys. 15 (2019) 1040

0.9

1/N, dN, /dM,, (GeV/c?)’
S 9 3

—_
9
(o2

—_
Q
~

Ag+Ag at \/[syy = 2.42 GeV

\I‘I\\\‘I\I\|\\\\l\l\l‘\\\l‘l\l\‘l\l\
i Ag+Ag \s=2.42 GeV 0-40%
HADES work in progress
Cocktail + sim. NN sub

| |

—=— Data

LR
Ll

Lo bin by |

06 07 08 09
M, (GeV/c?)

HADES, in preparation

1IN, dN*/dM, (GeV/c?)"

6

—_—
<

1077

Ag+Ag at \/syy = 2.55 GeV

!I‘I\I\[I\I\I\I\\l\l\lII\I‘I\II‘I\I\I\
r Ag+Ag \[s,,=2.55 GeV 0-10%
HADES work in progress

7° + 1 + sim. NN sub

T TJ@TTTT

—=— Data

— p—oe'e

— 0 —e'e

——— o-Dalitz - n’e*e’
——— A-Dalitz — Ne'e’
—— Freeze-out shinin
— Coarse graining (p + ®) |
= Merging of approaches |

VLRI VARER|

M., (GeV/c?)

Refined coarse-graining: treat the
“corona” of the fireball separately

Ou Ya Vogel, Seck, et al., in preparation



==u FAR

June 15, 2026

Tetyana Galatyuk | 66. Cracow School of Theoretical Physics | Dileptons

19/34

CBM dielectron performance (first year, 5 days / energy)

* CBM performance studies with realistic detector geometries, material budget, response, S/B and statistics

* Isolated dielectron thermal radiation yield, corrected for acceptance x efficiency:

- dominated by p contribution at low mass (M,, <1GeV/c?); can be reconstructed with precision of ~5%

Er T

F CBM Simulations ]
10%E AusAU [5,74.9 GeV E
min-bias, /R=100kHz

—e— 210" ev 'measured'
—— thermal radiation E
—— Rapp in-medium SF

4l -
s 10 E Rapp QGP 3

1.4x10° raw pairs

;10*‘:””“”“”” -:\104
R F CBM Simulations 7 RS
S 107E AusAu (541 GeV E S 10
8 R min-bias, IR=100kHz ~ —e— 2x10"° ev ‘measured" 8 3
";10 g —— thermal radiation 3 ";10
> —— Rapp in-medium SF >
al 4 -
% 107 Rapp QGP % 10
P
5 1
3
P4 a
<
- (2]
107 E E T
108 ' - 5
' e
HlinSeE
Pt S A S B ‘““\I‘..‘ 1 =
0 0.5 1 15 2 2.5

L 4

M., (GeV/c?)

TE AutAu |5=3.2 GeV E

Er T
F  CBM Simulations

F  min-bias, IR=100kHz —e— 2410 ev 'measuredé

— Rapp in-medium SF %

T vs. baryon density effects
from partonic to hadronic fireballs

4.9x10° raw pairs

SR
E  CBM Simulations
TE AutAu (5,=2.9 GeV
F min-bias, /R=100kHz

dM,, (GeV/c?)'
5 2 8

—e— 2x10'° ev 'measured' |

— Rapp in-medium SF %

1L+

1.5

2

25

M., (GeV/c?)

v

3.5x10° raw pairs
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Lifetime of the interacting medium =

5.3  dN/dyl o 127 138 146 185 251
~ 20 T T T T T T n\: T ﬂ‘: T T T T T T T _]
Q?c; C 0.3<M,;<0.7 deV/ c 4 Integrated low-mass excess yield radiation
kY 18; = 0.3 < M < 0.7 GeV/c2 tracks the fireball lifetime
~ 16— 7 Lz Heinz and Lee, PLB 259, 162 (1991)
$ E ; 5 n Barz, Friman, Knoll and Schulz, PLB 254, 315 (1991)
_‘1:1 4= l = Rapp, van Hees, PLB 753, 586 (2016)
> = - —
% - §¥ i P ) ] Search for emerging signatures indicative of a
~ 101= I.' co e Az 2 l* = 1st order phase transition (and critical point?):
:% 8t . l — — prolonged lifetime of the system due to latent heat
o Gi —— N./N E — “excess excess-radiation”?
(O] r Il 7+t B
'— C ¢ CBM sim. (FAIR SIS100) 7
>0; 41— } NAB0* sim. (CERN SPS) Ty X 1.45 -
8 5 - * STAR BES-Il projection =
o r ]
ﬁ 0 | | | | | L1 | ‘ | | | | | L1 | ‘ | ]
1 2 3 4567 10 20 30 100 20

Collision Energy \sy, (GeV)

TG, JPS Conf.Proc. 32 (2020) 010079
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Dilepton signature of a 15t order phase transition

Li and Ko, PRC 95 (2017) 055203
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Spinodal instabilities of
baryon-rich quark matter

Seck, TG, et al., PRC 106 (2022) 014904
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Ideal hydro simulations

Savchuk, TG, et al., JPG 50 (2023) 125104
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Chiral Mean Field EoS in UrQMD

Dilepton emission shows a significant effect: factor ~2
enhancement of dilepton emission due to extended “cooking”

Dilepton yield ratio

Jung, et al., PRD 95 (2017) 036020
Tripolt et al., NPA 982 (2019) 775
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Mapping the QCD “caloric curve” (T vs g)

S 400: , * Invariant mass slope measures radiating source (T)
[0) L Fireball average temperature i
S 3500 0 (free from blue-shift effects)
: - -8-NA60 -©- ALICE ITS3 - 3 nb™' (simulation, stat. only) 3
C dR s M
30QF. % HADES - CBM (simulation) i (M T)Zexp(—T)
- -5 NA60+ (simulation) Rapp, van Hees, PLB753 (2016)
250 :_ Model (Rapp et al.) .
= * Assumption: ™M _ const.
- MZ
200
C P Y °
150 . .
= Hadronisation temperature * Flattening of caloric curve (T vs ¢) —
100 _ evidence for a phase transition
o Lattice QCD
- PLB 795 (2019) 15
50 . SHM fit to experiment
- Nature 561 (2018) 7723
0 C 1 1 | I | I 1 1 | I I 2 1 1 | I I 3 1 1 L1 1111 4
1 10 10 10 10

\San (GeV)

https://github.com/tgalatyuk/QCD _caloric_curve
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HADIES

High ugp region of QCD phase diagram probed
with dileptons

Ag+Ag

Ag+Ag

Au+Au
VSNN = 2.42 GeV
= T T T T
“i) [ AUSAU (S = 242 GeV 0-40% s
%} 100k Cocktail + measured NN sub. | 10 £
o n KeT = 71.8+2.1 MeV. E
s i3,
s | Vi
107
T 4 :
z
°
Z’n 1 075
=10° E
® HADES data 1 0’5
1078 — in-medium p spectral function E
= M3 exp(-MkT)

VSNN = 2.42 GeV

(| (| | | ;
02 03 04 05 06 07 08 09 10
M, (GeV/c?)

[ M exp(-M,, /KT)

A REERE R R e A
Ag+Ag Vs =2.42 GeV 0-40%

= HADES work in progress <10°

Cocktail + sim. NN sub

KeTiratan = 735 £ 1.8 % 3.0, MeV

in-medium coarse-graining simulatio

10
1107

q10°F

s
Ag+Ag

[ M exp(-M,, /KT)
1 1

= HADES work in progress —
£ Cocktail + sim. NN sub 3

Ky T =

in-medium coarse-graining simulation |

V3NN = 2.55 GeV

R AR n R
V=255 GeV 0-40%

82206, +29,,MeV

1L Ll Lol | IR \\\71077
02 03 04 05 06 07 08 09
M., (GeV/c?)

02 03 04 0.

* Measured by HADES average temperatures from
‘Planck-like’ fit to invariant mass Ag+Ag, Au+Au

* Trajectories from coarse-grained UrQMD

0607 05 09
M., (GeV/c?)

* Probe time dependence of fireball T: M ,, versus v,

> Q
O i uark-gluon
s 100 plasma
= Ag+Ag 2.55 GeV s
o & r i
5 80r N*‘OG& | Ag+Ag24GeV Au+Au 2.4 GeV
AEENE T N
8 e, % \ ( / ete
£ 60 ", o A
© "G, 3 (R s
= S NI R S N /
40r 4 \\ | AutAu 2.2 GeV
Hadrons @
20r
Nuclear liquid-gas
Nuclei transition
0—750 800 850 900 950 1000

Baryon chemical potential M (MeV)

Freeze-out curve:d. Cleymans, K. Redlich, NPA 661 (1999) 379
Au+Au 2.4 GeV: HADES, Nature Phys. 15 (2019) 1040
Ag+Ag 2.4 GeV, 2.55 GeV: HADES in preparation



Dilepton flow

* Azimuthal anisotropies with respect to reaction plane

Z—g o« (14 23, v, cos(ng)), with v, = (cos(ne))

* Interplay between medium 4-velocity u and temperature T

agm L(MZ)

- B
d*qd*x w3 M? f7(q-wT)Imllgy(M,q,T, ug)

Chatterjee et. al., PRC 75 (2007) 054909
Vujanovic et al., PRC 89 (2014) 034904

* Pressure anisotropies in underlying space-time evolution
~ collective velocities of medium cells

* Dileptons probe earlier times (high pg, high T)
compared to hadron flow

Possible sensitivity to the EoS at high ug

Tetyana Galatyuk | 66. Cracow School of Theoretical Physics | Dileptons
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HADES, EPJA 59 (2023) 4, 80
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Dilepton v, in Ag+Ag collisions

* Mg < 0.12 GeV/c?: inclusive yield dominated by 7° decays

. rl T T T T ~ T T T [ \- T T i i i .
| 'Ag+Ag 5,=2.55 GeV 0-40% - ~ dilepton v, consistent with charged pion v,
- HADES work in progress e

- —=— Experimental Data

T T T T T T
\

* M., > 0.12 GeV/c?: inclusive yield dominated by thermal radiation

" I v’ from n°-Dalitz (UrQMD EO$) : _ o
0-05_ ~ dilepton v, consistent with zero — early emission
0
Eﬁm&ﬁ] S O R e s GV odess T T S O TR R e s Gev et T T ] s O AgiAL V5, 5,55 GeV 640%
- t HADES work in progress B t HADES work in progress E HADES work in progress
] I Mg, > 120 MeV/ ¢2 1 F Mg, > 120 MeV/ ¢? 1 M, > 120 MeV/ ¢?
_0_05_.‘..... 0.05}- - 0.05 - 005

: | | 0 ek 74{ 0
i 7 0 i 55 ]

_Jllllllll\\\l\\\‘JJJ‘I]J] E i E ’::‘ E
0% 02 04 06 08 1 12 —o.osx I | —oos]

M (GeV/CZ) | Exper|menta| Data 1 | — Experlmental Data i | —— Experlmemal Data
ee L

- y from 7[ Dalltz (UrQMD EOS) i L - y trom n Dalltz (UrQMD EOS) i L - 7 from ° Dalltz (UrQMD E S)
04l L 4 Ll el 01 I I I J
0'10 5 10 15 20 25 30 35 40 0. —'0 8 O 6 0 4 0 2 0 0 2 0 4 0 6 O 8 0. I0 200 400 600 800 1000 1200

Centrality (%) Y Yom p, (MeVrc)
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Dilepton v, in Ag+Ag collisions

) 0
Simulated v} subtracted o ,
* Mg < 0.12 GeV/c?: inclusive yield dominated by 7° decays

Al 0_1[] T T T T T T T T | T T T | T T T | T T T
> - Q%Bpl‘zbs Sr:)rv;z,fsrf;r\ésos"“)% 1 ~ dilepton v, consistent with charged pion v,
- Wi | o
- —=— Experimental Data . . . . . C
— ]f:om -Dalitz (UFQMD EOS) * M. > 0.12 GeV/c?: inclusive yield dominated by thermal radiation
[~ . . . . .
0.0\;_ ~ dilepton v, consistent with zero — early emission
07 Eﬁﬂ
i S O R e s GV odess T T S O TR R e s Gev et T T ] s O AgiAL V5, 5,55 GeV 640%
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Kubo, J. Phys. Soc. Jap. 12 (1957) 570-586
Moore, Robert, arXiv:hep-ph/0607172 (2006)

Transport properties of the medium i S

Geurts, Tripolt, PPNP 128 (2023) 104004

* Electric conductivity - can be directly obtained from i
the low-energy limit of the EM spectral function e 7 I R EE T el A
(at vanishing momentum) noey ] I|ome  sotmamen,cratete
— T SIE; 0--—-=  Chapman-Enskog, Ghosh et al.
O-el(T) = —ez lim _Imne‘m(thq = 0; T, ’uB) 3 N "~-~.§____"_-::_-_- —1 = ChPT, Ferandez-Fraile & Nicola
00 qg Soo0- Tt T — SYM, Huotetal.
. | | | =T == FRG-VMD, Sass & Tripolt
0.005+ \\*,,,,J_ﬂ,,,,‘,/:’;t”’, ]| === Hologr. mod., Finazzo & Rougemont
_____ i | ‘ { —o Lattice QCD - Aarts et al.
Non-monotonic trend of o,; as the phase transition occurs? 7 }
000155 100 120 140 160 180
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Kubo, J. Phys. Soc. Jap. 12 (1957) 570-586
Moore, Robert, arXiv:hep-ph/0607172 (2006)

Transport properties Of the medium Atchison, Rapp, NPA 1037 (2023) 122704

Flérchinger et al., PLB 837 (2023) 137647

Geurts, Tripolt, PPNP 128 (2023) 104004

* Electric conductivity - can be directly obtained from i
the low-energy limit of the EM spectral function A 7 I I s el ]
H H 0.050- 4| A=A HMBT, Atchison & Rapp
(at vanishing momentum) Bolzmann eq, Gref et l.
, 1 e B .3 3y, - Chapman-Enskog, G.hosh e.tal.
e (T) = —e® lim —Imllem(qo,q = 0; T, ptp) TV e e e oo T[T T et e N
qo do gl w || et Fr-- FRG-VMD, Sass & Tripolt
0.005 \\\\*—»,,,4.,,,,,:»::;*;’”, } 1| === Hologr. mod., Finazzo & Rougemont
" ) q —0 Lattice QCD - Aarts et al.
Non-monotonic trend of o,; as the phase transition occurs? }
0.001 80 100 120 140 160 180
T [MeV]

* Enhanced yield for soft dileptons predicted for

- normal

exotic QCD phases = 105 shallow meat
; g
— color superconducting phase 5
. 1076+
- moat regime B
T Lifshitz 10-7
pOillt T T T T
2.0 2.5 3.0 3.5 4.0
w/Mmefr

Broken phase

mogeneous phase

Experimental constraints highly desirable Nussinovet al., PRL135 (2025) 101904

Nishimura et al., EPJA 60 (2024) 82
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Low-mass low-momentum dileptons

* Low field pilot run (6h of data taking)

_.
2

g

- 106 million Ag+Ag events

~ Low Field Ipag = 200 A (6% out Of Imay)

Efficiency corrected spectra: agreement between data and
model calculations when in-medium p included

Ag+Ag sy = 2.42 GeV 0-40%
HADES work in progress

J
Oee > 9%, p, > 0.1 GeVlc, Imag =200
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— - NN Ref.
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v vl d e Pl
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el b b b L
02 03 04 05 06 0.7
M, (GeV/c?)

Udrea, CPOD2026

750

1

—_ -

e o

oo L
T TTT

LI L B B L L B B

i
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Excess yield extraction, low field Run

* Isolation of the excess by subtracting the experimentally
measured NN reference and freeze-out contributions

* Acceptance corrections applied to pair spectra
* Careful evaluation of systematic uncertainties is ongoing
* New Au+Au at \/syy = 2.23 GeV low-field data recorded in 2025

_
o
w

TTTTTT]

Pair Acceptance Corr. Factor
(=)
N

—_
o

June 15, 2026

T T T 1]

T T T T T

; —
Ag+Ag Sy = 2.42 GeV 0-40%, |

HADES Performance

= 0, > 9°,0.02< p, < 0.7 GeV/c, CG

— 0 > 9% p, > 0.1 GeV/c, CG

= 0, > 9°,0.02 < p, < 0.7 GeV/c, PLUTO p
— 0 > 9% p, > 0.1 GeV/c, PLUTO p

T

=200A

mag

Lol Lo

vl

02

'0‘4'

0.6
M., (GeV/c?)

approaches, difference taken
into systematics
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Dileptons and chiral symmetry of QCD

S. Weinberg, PRL 18 (1967) 507

Spontaneously broken in the vacuum foo ds M1, (s) My (s)] 2 2m.(Gq)
— Ss)— S)l=m = —2m
(017910} = (01G,.qr + Trq10) # O o TV av wln A

Restoration at finite T and up manifests itself

Condensates (gq) calculated by lattice QCD - .
through mixing of vector and axial-vector correlators

1.0 V' , ' ' ' ' ’ S ‘ ‘u‘=0‘MeV
Continuum
0.8 I~ Nt=16 o
N=12 ¢ 1500 a 1
0 6 i Nt:10 O
@ : Nt=8 v
g =
04+ 2
0.2+ 500 p p meson melts, a; mass
B ' decreases and degenerates
100 120 140 160 180 200 220 | with near ground-state mass
T [MeV] % 50 100 150 200 250 300
T [MeV]
Bazavov et al. [Hot QCD Coll.], PRD90 (2014) 094503 Hadronic many-body theory Hohler and Rapp, PLB 731 (2014)

FRG Jung, Rennecke, Tripolt, v. Smekal, Wambach, PRD95 (2017) 036020
Light mesons and baryons from lattice QCD, Aartz, QM2022, April 2022
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(additional) Signature for chiral symmetry restoration [(«:ill

- -1 E T T T T T T T T T T T T T T T T T T T T . .
- 107 ! ! E  Changes in yield and shape at My, > 1.1 GeV/c? due to

N F i i ] - - -
E A CBM Simulations ] chiral p — a; mixing
= 107F Au+Au \s=4.9 GeV E
2 E o s R , . ,
8 C min-bias, /R=1MHz § * ma; - y* - £7£~ (chiral mixing) is a dominant hadronic source in IMR
—e— 1.9x10" ev 'measured' E * 20-30% enhancement w.r.t. no chiral mixing is predicted
10 g — in-medium SF w/o p-a1y-mix E Dey, Eletsky, loffe, PLB252 (1990)

) — in-medium SF w/ p-alx-mix J Rapp, Wambach, ANP 25 (2000)
Sakai et al., arXiv:2308.03305 [nucl-th]

Experimental challenge: physics background (M,, > 1 GeV/c?)

107 - correlated charm: excellent vertex resolution - topological separation
g of prompt and non-prompt source employing DCA cut

108 - QGP: decrease towards lower energy

09 i - Drell-Yan: pp, pA measurements
g » Sensitivity to detect a signal (CBM, NA60+/DiCE, ALICE3)

10710 - is demonstrated
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Virtual photon polarization

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

dN . . . . . .
Trdiodn = N (1 + Ag cos? 6 + A,5in?6 cos 29 + Ag,, sin 26 cos @ + Agsin®6sin 2¢ + A5, sin 26 sin @)
» A coefficients related to difference between longitudinal and transverse spectral function components 4, = zT;ZL
TTOL
 Different virtual photon production mechanisms imprint different anisotropy parameters 41
HADES, Ar+KClI NAGO, In+In
. C 0.15GeV/c? < M,, < 0.5 GeV/c? 14 0.4 GeV/c? < M,, < 0.6 GeV/c?
2 - m rooP> 0.6 GeV/c
C - = -
2 15F 5 2l
£ 2 T
KA 8 F
T = 1 | I |
c 1
g f T T I 4+
AN [ % HADES data 4 L -
E;N 05 = fit to data % 0.8 n ¥ NAGO data
TEJ " — CG +thermal, all p_ % [ — fitto data
] o | = =:CG +thermal, p,>0.25 GeV/c 0.6 [~ = FB + thermal
0 i T B R B Coovv v v vy by
0.2 04 06 o3 T2 0 & 1 > 3 0.2 0.4 0.6
M (Gev/c?) 95—')( |COS(GICS)|

Seck et al., arXiv: 2309.03189 data points: HADES, PRC 84 (2011) 014902 data points: NA60, PRL 102 (2009) 222301



June 15, 2026 Tetyana Galatyuk | 66. Cracow School of Theoretical Physics | Dileptons 32/34

Disentangling hadronic and partonic sources

Polarization plays important role in exploring the mechanisms underlying EM emission

Seck et al., arXiv: 2309.03189
Coquet, Winn, Du, Ollitrault, Schlichting, PRL132 (2024) no.23, 232301

Speranza et al., PLB 782, 395 (2018)
Baym et al., PRC95, 044907(2017)
Bratkovskaya et al., PLB 376, 12 (1996)

<D 0-5_' L ‘ T T T | AN L N N BN I B N NN B B B B > 0-5_' LI | L | LA N R N B B B B BN B ]
< E . 1 < o . E
04f HX frame mmedp 1 o4 HX frame REL
03k T e E 0ab o 1 Multi-differential measurements of the y* polarization
g s E 02; C ] + resolve mass, pr, rapidity, lepton emission
: ] s 1 angles 6;, ; — large datasets needed
3 E 01 5« future high-rate experiments CBM, NA60+ and ALICE3
- = Of =
0.4 B 0.1 5« search for onset of QGP
—02f = —02F 4 ¢ important in disentangling p — a; chiral mixing
_035_ E o 35_ 1 from QGP around M, ~ 1.2 GeV/c?
-04F 0.4 GeV/c? <My, < 0.6GeV/c2 |  -04F 0.6 GeV/c2 < M, < 0.9 GeV/c? -
B e T I - B - R 1
P, (GeV/c) P, (GeV/c)
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The QCD phase StrUCture at high nu'B Study the possible occurrence of the

hadron-quark phase transition and its
signature in Gravitational Waves
Bauswein et al., PRL 122 (2019) 6, 061102

QCD phase transition in binary neutron star mergers: 10-20
* Affect neutron star cooling and merger dynamics m T Fpeak
* Potential impact on nucleosynthesis and kilonovae
40 .
> with PT
T 0.4 a2 10—21 -

8oL o 2

Z o

= N
70} wE

0.3 & 1022
60 -
10
—— DD2F-SF-1
50F , —— DD2F
Au+Au : Epp, = 1.23AGeV - _
40 4q “ AutAu : Eii —0.65AGev | [7]02> 1072 T T T
A BNSmerger : (p/po ; Tmax) ]. 2 3 4 5
5 _A BNSmerger : (pmax/po, T) f [kHZ]
s
20 —0.1
* NS mergers probe bulk properties of EoS —
10+ . . . .
microphysics only accessible through combined effort
0 n i Lloo Blacker et al., PRD 109 (2024) 4, 043015
0 1 2 Vijayan et al., PRD 108 (2023) 2, 023020

A * Consistency between EQOS infer from observables
Hanauske et al., Particles 2 (2019) no.1

Rezzolla et al., PRL 122 (2019) no. 6, 061101 from BNS mergers and new high precision HIC
Most et al., PRD 107 (2023) 043034
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Résumeé: The future is bright

Unique possibility of characterizing properties of
hot and dense QCD matter with dileptons

* Robust understanding of low-mass dilepton excess radiation
through p-baryon coupling (at LHC, RHIC, SPS and SIS18 energies)

* 1st order phase transition and QCD critical point is awaiting discovery
= might be detected in dileptons excitation functions

* Complementary program on exclusive measurements in m, p induced reactions

* Thermal dileptons enable unique measurements
- degrees of freedom of the medium
- restoration of chiral symmetry
- transport properties
- fireball lifetime, temperature, acceleration, polarization

* To fully exploit this observable, measurement at
unprecedented precision and statistics are needed
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Résumeé: The future is bright

Unique possibility of characterizing properties of
hot and dense QCD matter with dileptons

* Robust understanding of low-mass dilepton excess radiation
through p-baryon coupling (at LHC, RHIC, SPS and SIS18 energies)

* 1st order phase transition and QCD critical point is awaiting discovery
= might be detected in dileptons excitation functions

* Complementary program on exclusive measurements in m, p induced reactions

* Thermal dileptons enable unique measurements
- degrees of freedom of the medium
- restoration of chiral symmetry
- transport properties
- fireball lifetime, temperature, acceleration, polarization

* To fully exploit this observable, measurement at Thank YOU
unprecedented precision and statistics are needed .
for your attention!
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BONUS SLIDES
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Multi-differential (M,,, p1, v, 1g) emission probability
of dileptons, current and future

NAG60+/DiCE at SPS Lol http://arxiv.org/abs/arXiv:2212.14452

Toroidal Muon wall

ALICE, Run3 & Run4

STAR

Pb/p
beam

. L7
https://cds.cern.ch/record/2703140 ‘Miuon spectrometer
ALICE 3
. =250
TOF qJ
t,., =3 Quark-gluon plasma

2 200+
=)
/ ©

ALICE Magnet 0.8

ALICE 3 detector "0 ﬂ g 150}

layout vab, CERN-LHCC-2025-002 Muon identification 0.

http://cds.cern.ch/record/2803563 = 0

LHCb-II 100~ P
V4
Hadrons
50f
. @ Liquid . = ——
ol ‘ ‘ ‘ Nuclei Xe'gé“‘ e
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https://cds.cern.ch/record/2703140
https://cds.cern.ch/record/2776420?ln=en
http://cds.cern.ch/record/2803563
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Exploring the “terra incognita” with EM probes

W‘l 08 g T T T T T T T ‘ g
L , - [ 100 Heavy ion collisions -
_|q_,3 10 ?% J-PAZE-I-II v E
= 0L :
(- = g CEE+@HIAF E
O = ;3; ———"¢ NABO+@SPS -
= Y o Sy Yo ]
% 105 ?E BM@N ALICE3@LHC wuuenuna- >
ot = LAMPS ¢ O——-O ALICE@LHC ——— 3
(D) — @RAON SPHENIX@RHIC ]
E 104 ? HADES@GSI MPD@NICA — 7;
= o =
3 Yéoededede A= NAG1/SHINE %
10 = STAR FXT ):( STAR@RHIC =
o s :
107 d § S
— § ]
1 O ? 1 1 1 | | 11 1 ‘ | | | 11 | ‘ | % é

1 2 3 4567 10 20 30 100 200

Collision energy \'syy [GeV]

TG, NPA 982 (2019), update 2021 https://github.com/tgalatyuk/interaction rate facilities
CBM, EPJA 53 3 (2017) 60

CBM will play a unique role in the exploration of the
QCD phase diagram in the region of high uy with rare
and electromagnetic probes: high rate capability,
energy range 3 < /syy < 5 GeV

HADES: established thermal radiation
at high ug, limited to 20 kHz and /syy=2.4 GeV

STAR FXT@RHIC: BES program completed;
limited capabilities for rare probes

NAG60+ proposal: dimuon spectrometer at SPS, energy
range 6 < ./Syy < 17 GeV, >105 Hz rate capability

ALICE / ALICE 3: exploit the forefront
detector technologies and high
luminosity potential of the LHC for ions

Program needs ever more precise data
and sensitivity for rare signals


https://github.com/tgalatyuk/interaction_rate_facilities
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Justifying local thermal equilibrium
Au+Au \/syy = 2.42 GeV, central cell

Momentum distributions of nucleons

T=21fm/c =3 fm/c T =51fm/c
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Check for every cell:

* Gaussian shaped p, distribution builds up for nucleons with N > 3
* r(x) deviates from 1 by < 5%

* mrp spectra have exponential shape

44/36

Relaxation function r(x) vs time
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Determination of bulk properties

* Baryon density via 4-current

* Lorentz-boost to local rest frame (LRF)
where the baryon current vanishes

Lig?’

boost to LRF >
of the particle/

ensemble

* In Boltzmann approximation
d®N d3N
dp  dp,prdprdf

x exp(—E/T)

1 dN T
— — M —
mi/z me exp( mT/ )
* Fill mt spectra with particle momenta in LRF (mean flow v_,; vanishes)
* Fit exponential function to extract T (species of choice: pions)

2 dN/dM., [(GeV/c?)®]

—
—

(1/M

—_
<
[

74

45/36
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- o 53
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102

2/ ndf = 87.07 / 56
T =80.8+ 0.3 MeV

bl ol ol ol

central cellatt=7 fm/c f
pions boosted to local rest frame
!
0.5
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(1/N) d°N,,,/(dM dn) (20 MeV)!
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Measured excess dilepton spectra

NA60, EPJC 61(2009) 711
NAG0, Chiral 2010, AIP Conf.Proc. 1322 (2010)
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Strongly supports melting of p, in particular
due to baryon-induced effects
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