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Searching for landmarks of the QCD matter
phase diagram

_,H"adrons

Z &7
S5 X
Quark-gluon plasma
~ deconfined,
X symmetric
CEP?

Chiral?
Quarkyonic?
CS symmetric?

L . confined,
x-SB o
| | | Nuclei {2
200 400 600 800 1000

Baryochemical potential (MeV)

Experimental challenges:

— isolate unambiguous signals of new phases of QCD matter,
order of phase transitions, conjectured QCD critical point

— probe microscopic matter properties

Measure with utmost precision:
— light flavour (chemistry, vorticity, flow)
- event-by-event fluctuations (criticality)
— charm (transport properties)
— hypernuclei (interaction) .

- dileptons (emissivity) \ Pfopertles
of QCD Matter

at High Baryon
Density

Worldwide experimental and theoretical efforts

Chen, Dong, Fukushima, Galatyuk, et al.,
doi:10.1007/978-981-19-4441-3\_4 (2022)
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Quest for critical phenomenon connected to the

1st order phase transition

200
pe/T =2 /T =3

Bazavov et al. [HotQCD], PLB 795 (2019) 15-21
Borsanyi et al. [Wuppertal-Budapest], PRL 125 (2020)

150 _h---..==.! K

Ss . . " .
‘555~.. A * Lattice QCD disfavours QCD critical point at ug/T < 3
— ~ ~ > a ~
> : . Te=3I%
é’ 100 - Lattice [1507.07510] - &40\ * Effective QCD theories!'-% and lattice-Padel®7! predict QCD critical
: Freeze-out points [various] L o point in a similar ballpark T~90 — 120 MeV, ug~500 — 650 MeV
® DSE+Lattice [1906.11644]
|| ® FRG [1909.02991] * If true, reachable in heavy-ion collisions at /Syy~3 — 5 GeV
90| o DSE+FRG [2002.07500] ’ y NN
® DSE+4+FRG [2010.13705 . R - . .
® DSE+Lattic[e [2106_083]56] * Including possibility that the QCD critical point does not exist
0 T T T T Cuteri, Philipsen, Sciarra, JHEP 11 (2021) 141
Vovchenko et al., PRD 97, 114030 (2018)
0 150 300 450 600 750
pp [MeV]
1DSE: Bernhardt, Fischer and Isserstedt, PLB 841 (2023) L.
2FRG: Fu, Pawlowski, Rennecke, PRD 101, 053032 (2020) Role played by thermal radiation?
SBHE: Hippert et al., arXiv:2309.00579
A “FSS: Sorensen and Sorensen, arXiv:2405.10278 [nucl-th] Not measured in the \/m~3 — 8 GeV regime

B 5IQCD-Pade: Basar, arXiv:2312.06952
B 6IQCD-Pade: Clarke et al., PoS LATTICE2023 (2024), 168
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FAIR project status

Apr'24
start of cable pulling six He tanks of the cryo
work, Q3/23 facility were installed

W ¥

b «
cryogenic bypass lines placed construction area south
in SIS100 tunnel, Apr'24

CBM ave; J’un‘24
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FAIR project status

Apr'24
start of cable pulling six He tanks of the cryo

installation of SIS100 dipoles Apr'24 transport of the first quadrupole magnet in tunnel, Mar24 work, Q3/23 facility were installed

BE b

CBM ave, Jun‘24 )

cryogenic bypass lines placed
in SIS100 tunnel, Apr'24
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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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Thermal dilepton measurements

Low-mass regime Intermediate-mass regime 4 o
CF 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,¢r ~ 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

71 \7\||\

107 05 1 15 2 25 3
M., [GeV/c?]

Seck [CBM], MSc 2015
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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;\ LI | T T T T 7 ‘ L [T L =] T T 1 I e e | [ T T 1 { T T T { T T ‘ T T B

10 A+ A R =242 GV ‘“8 1072 Ag+Ag Vs_w=g.42 GeV 0-40%. | Ag+Ag |sy=2.55 GeV 0-40% |

: > HADES work in progress B HADES work in progress 5

=4 ()] . o 1 2 gl
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H jo \% By reterence S Cocktail Sum ] ", E
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M., (GeV/c?) M., (GeV/c?)

M,, (GeV c?)

HADES, Nature Phys. 15 (2019) 1040

strongest isospin effect seen in np vs pp
~ measured NN reference

strongest isospin effect seen in np vs pp
~ measured NN reference

simulated reference (GiBUU)
~ analysis of NN measurement at the
same collision energy ongoing
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Thermal dileptons at few GeV energies?

1=14.0fm/c pa/po

* Necessary ingredients to understand dilepton production in HIC:
- accurate description of fireball evolution
- realistic emission rates S
- sensitivity studies for the Equation of State N

-5
Coarse-Grained transport approach CG GSlI-Texas A&M: TG et al., EPJ A52 (2016) no.5, 131 ~10
= bulk evolution from microscopic transport
= apply equiliorium rates locally e enmacea, St ot o PG S Sae0z0 T

Sasaki, PLB 801 (2020) 135172

* Simulate events with a transport model
~ ensemble average to obtain smooth space-time distributions

* Divide space-time into 4-dim. cells

* Check if cell is thermalized (— enough interactions) 5
* Determine baryon density pg, medium velocity u, and temperature T (— mr spectra of pions) é
« Use in-medium spectral functions to compute EM emission rates % o]

n
o

(T, O
g

Huovinen et al., PRC 66 (2002) 014903
CG FRA: Endres et al., PRC 92 (2015) 014911

05 TRy
: 25
CG SMASH: PRC 98 (2018) 5, 054908 M (GeVv/c?)
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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
- 7 I £ HE I R R L R R FT T [rrrrprrTrTTT T IR
<1600 8 40 ] 2000  .a | 3500 &{, can
“21400:, # 4 m . i E 1800% *#; o N 23 E *#‘9‘ L Nco||23
5 i ﬁw+ 4;*# ¢ Now< 3] 1600 R MR IE 3000; ¥ 0& .
o 12001 # ¥4 1 1a00F ;N ﬁ%*‘\ -| 25000 M s
1000/~ { #t # ' 7 1200F P A WY 1 20000 ;‘ ' E
800[ AL 1000[" TR ] g s
F C C »
600; ? t J 2 A 800 "m ", = 1500; a9 K E
i r 'Y C . A
- 6001 g IW W\ 1 1000 g ¥ E
400 T N 1 400/ § 4 5 & g A 2
200 ¢ S 1 ook 5 KX 1 s00F ‘,-f" B
F N = F ~!
Gimw J\\w\u o O:_MJH.‘m.‘m.‘]‘mk 1 ok 1
215 -1 05 0 05 1 15 2 215 -1 05 0 05 1 15 2 2715 -1 05 0 05 1 15 2
pz [GeV/c] pz [GeV/c] pz [GeV/c]

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

9/26

Relaxation function r(x) vs time

/>-<\ 1.8 T L A
e [ ]
1.6 [ Au+AU |5\ = 2.42 GeV .

r 0-10 % centrality ]

1.4 -
1.2F .

1 —== .
0.8t =
0.6} —— UrQMD v3.4 Skyrme -

— - GIBUU v2017 Skyrme .

0.4 === SMASHVI.5.1Skyrme ]

— = PHSD v40 b

0.2 —
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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

10/26

. _k
- o 53

-
<

o AL I RLLLL B R LI I R LI R LL B AL

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

M.-M, [GeV/c?]
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Baryon density and temperature profile
Au+Au /syy = 2.42 GeV

t=1.0fm/c PP, T (MeV)
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Baryon density and temperature profile
Au+Au /syy = 2.42 GeV

1=20fm/c PP, T (MeV)
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Baryon density and temperature profile

July 2, 2024

Au+Au /syy = 2.42 GeV
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1=3.0fm/c PP, T (MeV)
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Baryon density and temperature profile

July 2, 2024

Au+Au /syy = 2.42 GeV
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1=4.0fm/c

pB/po

.

1
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T (MeV)
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Baryon density and temperature profile

July 2, 2024

Au+Au /syy = 2.42 GeV
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1=5.0fm/c PP, T (MeV)
i 1 ‘80
60
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Baryon density and temperature profile

July 2, 2024

Au+Au /syy = 2.42 GeV
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1=6.0fm/c PP, T (MeV)
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107 i40
—-10 -5 0 10 -10 -5 10




Baryon density and temperature profile

July 2, 2024

Au+Au /syy = 2.42 GeV
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t1=7.0fm/c PP, T (MeV)
i1 ‘80
60
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Baryon density and temperature profile
Au+Au /syy = 2.42 GeV

1=8.0fm/c PP, T (MeV)
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Baryon density and temperature profile
Au+Au /syy = 2.42 GeV

1=9.0fm/c PP, T (MeV)
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Baryon density and temperature profile
Au+Au /syy = 2.42 GeV

1=10.0fm/c PP, T (MeV)
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Baryon density and temperature profile
Au+Au /syy = 2.42 GeV

t=11.0fm/¢c PPy T (MeV)
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Baryon density and temperature profile
Au+Au /syy = 2.42 GeV

t=12.0fm/c PPy T (MeV)

i 1 !80

10 |60

i
5
£ o

N

-5
-10

-0 -5 0 5 10 10 5 0 5 10
x (fm) x (fm)



July 2, 2024 Tetyana Galatyuk | EMMI Workshop | Aspects of criticality Il | Wroclaw 11/26

Baryon density and temperature profile
Au+Au /syy = 2.42 GeV

1=13.0 fm/c PP, T (MeV)
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Baryon density and temperature profile
Au+Au /syy = 2.42 GeV

t=14.0fm/c PP, T (MeV)
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Baryon density and temperature profile
Au+Au /syy = 2.42 GeV

1=15.01fm/c PP, T (MeV)
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Baryon density and temperature profile
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Au+Au /syy = 2.42 GeV
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1=16.0 fm/c PP, T (MeV)
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Baryon density and temperature profile
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Au+Au /syy = 2.42 GeV
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t=17.0fm/c pB/po ULLE),
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Baryon density and temperature profile
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Au+Au /syy = 2.42 GeV
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1=18.0 fm/c PP, T (MeV)
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Baryon density and temperature profile

July 2, 2024

Au+Au /syy = 2.42 GeV
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1=19.0 fm/c PP, T (MeV)
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Baryon density and temperature profile

July 2, 2024

Au+Au /syy = 2.42 GeV
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1 =20.0 fm/c PP, T (MeV)
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Baryon density and temperature profile

July 2, 2024

Au+Au /syy = 2.42 GeV
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t1=21.0fm/c P/P, T (MeV)
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Baryon density and temperature profile
Au+Au /syy = 2.42 GeV

t1=22.0fm/c PPy T (MeV)
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Baryon density and temperature profile
Au+Au /syy = 2.42 GeV

1=23.0fm/c PP, T (MeV)
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Baryon density and temperature profile

Au+Au /syy = 2.42 GeV

11/26

1=24.0fm/c
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Baryon density and temperature profile
Au+Au /syy = 2.42 GeV

1=25.0fm/c i L PP, T (MeV)
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Baryon density and temperature profile

July 2, 2024

Au+Au /syy = 2.42 GeV
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1=26.0fm/c PP, T (MeV)
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Baryon density and temperature profile
Au+Au /syy = 2.42 GeV

T (MeV)

1=27.0fm/c
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Baryon density and temperature profile
Au+Au /syy = 2.42 GeV

T (MeV)

1=28.0fm/c
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Thermal dilepton production femaBese  eiectromagnetic

distribution spectral function

e

. dNy a&m L(M?)
* McLerran-Toimela formula m =3 W‘fB(qo, T)Emr[em(M, q.T, yB)]

McLerran - Toimela, PRD 31 (1985) 545
Gale, Kapusta, PRC 35, 2107 (1987) & NPB 357, 65-89 (1991)
. i Weldon, PRD42, 2384-2387 (1990)
* In-medium p-meson undergoes a strong broadening

— additional contributions to the self-energy in the medium

through coupling to (anti-)baryons ancl mesons . / Eoh, R = A N(1520), aj, .
IO ITAS ) p
D,(M,q,T, = 5l . Ry Zo8,M =AAAS A
(M, q,T, i) [MZ — mg S — Spp — ZpM] prm = VWY faaats ANCAN, P
N2 h=N,mK,..

ImIl

e |f Tem~const. = thermometer

Rapp, Wambach, EPJA 6 (1999) 415

o

=)

T L g=01 Gevic | T T T g=01 Gevie |

< 10 3 o« 5
E = —q=025GeVic g of- —g=025GeVic
o F ~—q=05 GeVic 3 © E — ~—q=05 GeVic =

- gF- T — 40 Mev q=0.75GeVic = - sf T - 80 MeV q=0.75 GeVic =
% = - q=1.0 GeVic E % = 1 5 q=1.0 GeVic E
E q=15 GeVic E E —_ q=15 GeVic E
T 7 = —q=20 GeVic <7 Pp=1.9pPp —q=20 GeVic
oF PB 0.1 Po T al25 cevie E oF 3225 Gevie 3
sE- 3 5E- 3
4 3 1= E
= = = 5
2F- = 2f- 5
£ E £ ~
o ! — = — ] 0 —— v R E T N E s =

0 0.2 0.4 0.6 0.8 1 1.2 1.4 0 0.2 0.4 0.6 0.8 1 1.2 1.4

M (GeV/c?) M (GeV/c?)



—
S
w

1/N_, dN*/dM, (GeV/c?)'

.
S
(&)

1078

July 2, 2024

Thermal dileptons HADES systematics
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= very good agreement between experiment and theory for excess radiation

Au+Au at \/syy = 2.42 GeV

L B B
Au+Au sy, =242 GeV 0-40%
Cocktail + measured NN sub.
kgT =71.8 £2.1 MeV

T T T
Ll

= HADES data
—— in-medium p spectral function
—— M2 exp(-M,./KT)

T
i

o b b b P P b Ll

02 03 04 05 06 07 08 09
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Ag+Ag at \/[syy = 2.42 GeV

T T T T

T

L L I I L I L L N B B L B

Ag+Ag sy =242 GeV 0-40%
HADES work in progress
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stat = F-Vsys

= Data
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—— M2 exp(-M,./KT)
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Ag+Ag at \/syy = 2.55 GeV

L L L L B
Ag+Ag sy =2.55GeV 0-40%
HADES work in progress

Cocktail + sim. NN sub.

k.T=779*12 +1.8 +3.0 +0.6 1oy
B S 1.8 - 1245 - 2.3, - 0.6

= Data
—— in-medium p spectral function

—— M7 exp(-M.o/KT)

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

- in-medium spectral function from many-body theory consistently describes SIS18, SPS, RHIC, LHC energies
- p-meson peak undergoes a strong broadening in medium, baryonic effects are crucial!

Rapp and Wambach, Adv.Nucl.Phys. (2000) 25
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First measurement of massive y* emission from N~
baryon resonances (exclusive analysis 1™ p — e*te™n)

HADES, arXiv:2205.15914 [nucl-ex], with PRL
HADES, arXiv:2309.13357 [nucl-ex], with PRC

* Study the structure of the nucleon
as an extended object
(quark core and meson cloud)

* Dominance of the N*(1520) resonance at \/syy = 1.49 GeV

- p meson as “excitation” of the meson cloud
- Vector Meson Dominance - basis of emissivity

calculations for QCD matter

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

M. (MeV/c?)

600
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Lifetime of the interacting medium P\

5.3 dN/dyl . .~ 127 138 146 185 251
~ 20 T T T T T T T\[ Tﬂ‘: T T T T T T T _]
o Lgf 0.3<M,<0.7 GeVic® ]
x F ; E

3 k KE
14 ! E
Z e 7 ] E
1o Heweow 7 l* N

0\0 - . . 2 ]

8 8 . l‘ 3
< C a
2 6; ¢ CBM sim. (FAIR SIS100) T N" / Nﬂf E
>u; 4 } NABO" sim. (CERN SPS) Tip ¥ 1.45 S
8 5 - * STAR BES-Il projection =
&) C a
ﬁ 0 | | | | | L1 | ‘ | | | | | L1 | ‘ | ]

1 2 3 4567 10 20 30 100 20

Collision Energy \sy, (GeV)

TG, JPS Conf.Proc. 32 (2020) 010079

* Integrated low-mass excess yield radiation
0.3 < M < 0.7 GeV/c? tracks the fireball lifetime

Heinz and Lee, PLB 259, 162 (1991)
Barz, Friman, Knoll and Schulz, PLB 254, 315 (1991)
Rapp, van Hees, PLB 753, 586 (2016)

* CBM, NA60+ performance studies with realistic
detector geometries, material budget, response,
S/B and statistics ~ precision 1.5 - 4.5%

* Search for emerging signatures indicative of a
15t order phase transition (and critical point?):

- prolonged lifetime of the system due to latent heat —
“excess excess-radiation”?
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Dilepton signature of a 15t order phase transition

Seck, TG, et al., PRC 106 (2022) 1, 014904
See also Savchuk, TG, et al., J.Phys.G 50 (2023) 12, 125104

80

70

60

Isothermal speed of sound

Without phase transition

Coexistence lines

With phase transition

-0.1
-0.3
-0.5

4

- . -0.6
0 1 2 3 4

Net baryon density p,/p,

* |deal hydro simulations with and w/o 15t order

nuclear matter — quark matter phase transition

* Chiral Mean Field model that matches lattice QCD at
low up and neutron-star constraints at high density

Most et al., PRD 107 (2023) 4, 043034

Ratio: Hydro p.t. / Hydro p.t.
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Dilepton emission shows a significant effect:
factor 2 enhancement of dilepton emission

due to

extended “cooking”
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Dilepton signature of a 15t order phase transition & critical point

T T T T T T T
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- Spinodal instabilities of baryon-rich quark matter w  dashed-woftorderPT 00000l G0

— NJL blast-wave initial conditions (F>3) [ 1T O_OOOZ; ~ - OvCs E
- NJL with AMPT initial conditions (F~2) = 8 oo00z0b- *
Li and Ko, PRC 95 (2017) no.5, 055203 2 '4 E i
= Em 0.00015}— -
123 o.ooo1of— —
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0.000007”—‘+‘_H\"\H\H“—HH“
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Dilepton signature of a 15t order phase transition & critical point

I [T

I ‘so‘li‘d ‘—‘v‘vi‘th‘1‘St ‘o‘rd‘el" PT ‘ 1 0.00035

* Spinodal instabilities of baryon-rich quark matter s dashed-w/oTtorder PT -
- NJL blast-wave initial conditions (F>3) I ] T n.000251

- NJL with AMPT initial conditions (F~2) 8 :

Li and Ko, PRC 95 (2017) no.5, 055203 Lo oot
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| T=10 MeV
JE— ;):290 MeV
———  p=297 MeV

* Thermodynamically consistent spectral functions from FRG

* Dilepton rates at CEP T=10 MeV, u=292 MeV

Jung, Rennecke, Tripolt, v. Smekal, Wambach, PRD 95 (2017) 036020
Tripolt et al., NPA 982 (2019) 775

)]

=298 MeV

310

Dilepton yield ratio
- N

-
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Dilepton signature of a 1t order phase transition & critical point

* Spinodal instabilities of baryon-rich quark matter s

- NJL blast-wave initial conditions (F>3)
- NJL with AMPT initial conditions (F~2)

s
Li and Ko, PRC 95 (2017) no.5, 055203 2
=

100

* Thermodynamically consistent spectral functions from FRG s

* Dilepton rates at CEP T=10 MeV, u=292 MeV

Jung, Rennecke, Tripolt, v. Smekal, Wambach, PRD 95 (2017) 036020
Tripolt et al., NPA 982 (2019) 775
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40
* Current developments: realistic chirally-symmetric effective
hadronic theory for nuclear and neutron matter
= parity-doublet model
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Mapping the QCD “caloric curve” (T vs g)

< 400 - ;
> C _ Invariant mass slope measures true (no blue shift!)
()} L Fireball average temperature A
= 3500 + radiating source temperature:
— - -6-NA60 -©- ALICE ITS3 - 3 nb™' (simulation, stat. only) dR 3 M
= - CBM (simulation) - < (MT)2exp(—7)
— - HADES A simulation
300
- 7 NAGO (smutation) * Probe time dependence of fireball temperature:
250 Model (Rapp et al) My, versus v,, photon polarization — access to
C hottest fireball T
200
C [ ] e_o
150 e
- Hadronisation temperature » Search for flattening of caloric curve (T vs ¢) —
100 evidence for a phase transition
o Lattice QCD
C PLB 795 (2019) 15
50 - SHM fit to experiment
C Nature 561 (2018) 7723
O 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

Sy (GeV)

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



https://github.com/tgalatyuk/QCD_caloric_curve
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High uz region of QCD phase diagram probed with

dileptons

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

* Trajectories from coarse-grained UrQMD

Temperature (MeV)
B (o)} [0} 5
© O o S

N
o T T

Quark-gluon
plasma

Hadrons -
[ Nuclear liquid-gas
[ Nuclei transition

O | L L

750 800 850 900 950 1000
Baryochemical potential (MeV)

FO curve: Cleymans, Redlich, NPA 661 (1999) 379

Au+Au 2.4 GeV data: HADES, Nature Phys. 15(2019) 1040
Ag+Ag data: HADES preliminary

figure: Seck, TG



* Measured by HADES average temperatures from
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High uz region of QCD phase diagram probed with
dileptons

‘Planck-like’ fit to invariant mass Ag+Ag, Au+Au
* Trajectories from coarse-grained UrQMD

Exploring color
superconducting
phase with
dileptons?

T [MeV]

200
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25

0

0 100 200 300 400 500
w [MeV]

Nishimura, Nara, Steinheimer, Eur.Phys.J.A 60 (2024) 4, 82
Nishimura et al., PTEP 2022 (2022) 9, 093D02

Jaikumar, Rapp, Zahed, PRC 65, 055205 (2002)
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FO curve: Cleymans, Redlich, NPA 661 (1999) 379

Au+Au 2.4 GeV data: HADES, Nature Phys. 15(2019) 1040
Ag+Ag data: HADES preliminary

figure: Seck, TG



July 2, 2024 Tetyana Galatyuk | EMMI Workshop | Aspects of criticality Il | Wroclaw 20/26

Low-mass low-momentum dileptons

1="500 [MeV]
o . . . 5 — fluc (T=1.01T.) —— free (T=1.01T.)
* Color superconductivity could manifest itself in an enhanced 10 —- e (T=105T) == fro (T=105T)
H H S A\ w— fluc (T'=1.20T;) —-= free (T'=1.20T,)
Y|e|d of IOW—eneI’gy d||ept0n3 :E . © fluc (T=150T,) - free (T'=150T,)
-« 10—10
Nishimura et al., PTEP 2022 (2022) 9, 093D02 ':?D
=
<
£ 101
1076
0 100 200 300 400
. . . Lo w [MeV]
* Transport properties of the medium - electrical conductivity -
can be directly obtained from the low-energy limit
of the EM spectral function (at vanishing momentum)
2 1; 4 A
0.1 (T) = —e 11m06—1mHem(qo, q=0;T) 0.100; B e N
qO_) qO ] 4 1| A=A HMBT, Atchison & Rapp
Kubo, J. Phys. Soc. Jap. 12 (1957) 570-586 _ Fsas. | e s e
Moore, Robert, arXiv:hep-ph/0607172 (2006) - = "~-____:"":‘:_) —| === CnPT. Feméndez-Fraile & Nicoa
Atchison, Rapp, NPA 1037 (2023) 122704 S 0.010; g —-—--._.:;___:;,_,___:—- {— FRG_SJ&AB.H::;::ITE;N||
Flérchinger et al., PLB 837 (2023) 137647 0.0051 S R el ]| === Hologr. mod, Finazzo & Rougamont
Nishimura, Kitazawa, Kunihiro, arXiv:2312.09483 [hep-ph] ' —___‘__,';' ———— l } { o—9  Lattice QCD - Aarts et al.
Non-monotonic trend of o,; as the phase transition occurs? 000155 ©0 w0 etk 1w

.. . n
visible in a beam energy scan: Geurts, Tripolt, PPNP 128 (2023) 104004
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Low-mass low-momentum dileptons

= experimental challenges

* Low momentum lepton tracks bent out of acceptance by magnetic field
* Photon conversion suppressed via opening angle cut
* Physical background of 7° and n mesons

* Step towards measurement:

- dedicated Ag+Ag test run at HADES with low magnetic field
- new Au+Au at \/Syy = 2.23 GeV data recorded this year with 50% field + low field run scheduled for 2025

5% of max. field
0.6 —

6\ /G L7 T Lo H LR e
3 S r A Ag+Ag 5 y=2.42 GeV, 0-40%, | = 200A
@ 102 [0) 0 5' - HADES work in progress
0] G 05 .
= s 102
Q_OO 4
10 0.3
: 10
0.2r i
1 0.1H
region of interest 1
[ M e !
besesonsrienon 05 02
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Virtual photon polarization
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« Decompose spectral function using projectors for a spin-1 particle pgy, = p. B + pr Pp° with gy pry = 1 + 2p7

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

dN
d*xd*qdQ

= V(1 + Ag cos® 6 + Aysin®6 cos 2¢ + Ag,, sin 26 cos ¢ + Aysin6 sin 2¢ + A5, sin 26 sin )

 Different virtual photon production mechanisms imprint different anisotropy parameters 4

» A coefficients related to difference between longitudinal and transverse spectral function components /19 =

HADES, PRC 84 (2011) 014902
Seck et al., arXiv: 2309.03189
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¥ HADES data
= fit to data

= CG + thermal, all P,
=="'CG + thermal, pT>0.25 GeV/c

M, > 0.5 GeV/c?
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1
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- Best fit to data gives

Ag = 0.514+0.17 and
Ao = 0.01 +0.10 in the
two mass windows

— Calculation result

gives Ag = 0.32 and
Ag = 0.01 respectively



Comparison to NA60 data

* NA60 measured polarization coefficients 2g, A, and Ag,, Of excess
radiation in the CS frame in In+In collisions at \/Syy = 17.2 GeV

* Space-time evolution via isentropic fireball model with transition

from QGP to hadronic rates at T=170 MeV
NAG0, PRL 96, 162302 (2006)
Rapp, van Hees, PLB 753 (2016) 586

* Good agreement between data and theory — size and trend

* Near absence of a net polarization not related to thermal
isotropy arguments
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data points: NA60, PRL 102 (2009) 222301
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Seck et al., arXiv: 2309.03189
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Prospect of disentangling hadronic and partonic sources

* Polarization plays important role in exploring < Z4~HX frame  —wmees ] < 24, HX frame = —"me
the mechanisms underlying EM emission O'3; — acp ] 0'3; —acp ]
“F — sum _5 ) 5_ — sum _5

Seck et al., arXiv: 2309.03189

Coquet, Winn, Du, Ollitrault, Schlichting, PRL132 (2024) no.23, 232301 025
Speranza et al., PLB 782, 395 (2018) L
Baym et al., PRC95, 044907(2017) of
Bratkovskaya et al., PLB 376, 12 (1996) ot
—0.2; é —0.2; é
-03f 4 o3 |
* Multi-differential measurements of the virtual photon polarization 04 0.4GeV/c? <My, <0.6GeV/c? | -04F 0.6GeV/c2 <My, < 0.9GeV/c? -
- resolve mass, pr, rapidity, lepton emission angles 6,, ¢, B B V- A N - TS R R S
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— large datasets needed T T
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Multi-differential (M,,, pt, v, 1¢g) emission probability
of dileptons, >2030

ALICE, Run3 & Run4

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

Toroidal Muon wall
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Pb/p
beam

Muon spectrometer

CBM / HADES100kHz at FAIR

oy v - z
s
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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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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 7, p induced reactions with HADES

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

acceleration,
polarization
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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 7, p induced reactions with HADES

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

acceleration,
polarization

Thank you
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BONUS SLIDES
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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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CBM subsystems are on the verge of series production

- pre'prOdUCtlon IS ongoing In all SYStems Ring Imaging Cherenkov detector
1 of 2 photo cameras ready
Micro Vertex Detector Silicon Tracking System 50% FEE produced

sensor/module integration

Superconducting dipole magnet
award of contract to Bilfinger Noell GmbH 20.12.2023

Prototype of CBM online data
processing tests with BM

Forward Spectator
Detector

<

module pre-production concluded
MUon CHamber system

|
ZnS scintillators and LYSO crystals g I B ,l‘ !
read-out via SiPM or/and PMT Ty

of 1D an 2D

«

pre-production modules test f full-size GEM and RPC prototypes

options ready
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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 Cl1
0 6 i Nt:10 O
@ : Nt=8 v
q < 1000
04+ 2 —
0.2+ 500 p p meson melts, a; mass
o ' decreases and degenerates
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Light mesons and baryons from lattice QCD, Aartz, QM2022, April 2022
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= experimental challenge: physics background (M,, > 1 GeV)
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LHC energies: large contribution from c¢, bb
and QGP, negligible Drell-Yan

CBM energies: negligible correlated
charm contribution, decrease of QGP,
Drell-Yan contribution pp, pA
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Signature for chiral symmetry restoration:
chiral p — a; mixing

= experimental challenge: physics background (M,, > 1 GeV)
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Thermal dileptons from baryon rich matter
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