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SEARCH FOR LANDMARKS IN THE QCD PHASE DIAGRAM

e« Search for
* Phase boundaries

« Changes in microscopic degrees of freedom

» Restoration of chiral symmetry

» Bulk observables and rare probes offer different tools to
understand the nature of the matter created in HIC

» Electromagnetic radiation (y,y ")
» Reflects the whole history of a collision

* No strong final state interaction
~ leaves reaction volume undisturbed

« Virtual photons reconstructed via their dilepton decay
~ extra information: invariant mass
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EXPERIMENTAL CHALLENGES TECHNISCHE
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» Dileptons are rare probes
. . Low- i Intermediate- i
- High interaction rates = F e
« Good signal-to-combinatorial background ratio (S/CB) § 10 GBI E
o 10 Au+Au 20A GeV _;
« High acceptance (Mid-rapidity, low-M,,, low-p; coverage) O] central collisions E
= 11 M2 = (P,+ + P,-)? -
- Isolation of thermal radiation by subtraction ) 107 END E
of measured decay cocktail (7% 7, w, ¢), Drell-Yan, c¢ (bb) % 10°2 U 1
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THERMAL DILEPTON RADIATION AS MULTIMETER OF THE FIREBALL

Lifetime via low-mass yield
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UNIVERSITAT
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— search for "extra radiation” due to latent heat around phase transition (& critical point?)

« Temperature via slope of invariant mass spectrum
— flattening of caloric curve (T vs ¢) sign for a phase transition

* Pressure anisotropies via dilepton flow
— access to EoS at high baryon density via multi-differential measurements

« Spin polarization allows to distinguish different sources of thermal dileptons
— access information on production mechanism

« Electric conductivity probed in the limit p,, = 0 MeV/c, M,, — 0 MeV/c?
— access to transport properties of QCD matter

« Access to exotic QCD phases
— yield enhancement in vicinity of color superconducting phase (?)

Dileptons are rare probes — high-rate, high-efficiency detectors
— HADES at GSI, CBM at FAIR
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HADES EXPERIMENT AT GSI

* High-Acceptance Di-Electron Spectrometer

« Designed with a minimal material budget to
reduce conversion

- Large angular coverage: START VETO

- 15° <9 <85° ‘2
. 0° < <360° | MDC Il

* Accepted trigger rate up to

MDC IV

» 16 kHz for heavy-ion collisions
* 50 kHz with proton/pion beam
» Dedicated components for e*/e”:
* Time-of-Flight measurements
* Ring-Imaging Cherenkov Detector
» Electromagnetic Calorimeter

HADES allows for high efficiency
and high purity electron sample

RICH Magnet TOF
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DILEPTON INVARIANT MASS SPECTRA FROM HADES

« C(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
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HADES, Nature Phys. 15 (2019) 1040

simulated reference (GiBUU)
— analysis of NN measurement at the
same collision energy ongoing

measured NN reference measured NN reference

30 October 2024 Florian Seck | Dense Nuclear Matter EoS from Theory and Experiments | 28 Oct - 1 Nov 2024 | FRIB, East Lansing (MI), USA 6



TECHNISCHE
UNIVERSITAT
DARMSTADT

DESCRIPTION OF THE SPACE-TIME EVOLUTION
 Bulk observables are reasonably well described by simulations
 Hydrodynamics at high collision energies

« Microscopic transport model at low collision energies

« Pure transport simulations struggle to describe dilepton data
* “shining” or time-integration method

« “Combination” of hydrodynamics and transport model: coarse-grained transport

« Simulate events with a transport model & take ensemble average to obtain smooth
space-time distributions

* Divide space-time into 4-dim. cells

« Check if cell is thermalized (— enough interactions)

« Extract baryon density pg, medium velocity i, and temperature T (— m; spectra of pions)
« Calculate dilepton rates based on these inputs per cell

« Space-time integration via summation of the contributions from all cells
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BARYON DENSITY AND TEMPERATURE PROFILE IN AU+AU AT 1.23 AGEV U (e 2
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BARYON DENSITY AND TEMPERATURE PROFILE IN AU+AU AT 1.23 AGEV TECHNISCHE
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BARYON DENSITY AND TEMPERATURE PROFILE IN AU+AU AT 1.23 AGEV TECHNISCHE
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BARYON DENSITY AND TEMPERATURE PROFILE IN AU+AU AT 1.23 AGEV TECHNISCHE
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BARYON DENSITY AND TEMPERATURE PROFILE IN AU+AU AT 1.23 AGEV TECHNISCHE

UNIVERSITAT
DARMSTADT
T1=6.0fm/c P/P, T (MeV)
1 80
10 60
107" 40
5
3
= 0
N
-5
-10
-10 -5 0 5 10 -10 -5 0 5 10

X (fm) x (fm)

30 October 2024 Florian Seck | Dense Nuclear Matter EoS from Theory and Experiments | 28 Oct - 1 Nov 2024 | FRIB, East Lansing (MI), USA 8



BARYON DENSITY AND TEMPERATURE PROFILE IN AU+AU AT 1.23 AGEV TECHNISCHE
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BARYON DENSITY AND TEMPERATURE PROFILE IN AU+AU AT 1.23 AGEV TECHNISCHE
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BARYON DENSITY AND TEMPERATURE PROFILE IN AU+AU AT 1.23 AGEV TECHNISCHE
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BARYON DENSITY AND TEMPERATURE PROFILE IN AU+AU AT 1.23 AGEV TECHNISCHE
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BARYON DENSITY AND TEMPERATURE PROFILE IN AU+AU AT 1.23 AGEV TECHNISCHE
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BARYON DENSITY AND TEMPERATURE PROFILE IN AU+AU AT 1.23 AGEV TECHNISCHE
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BARYON DENSITY AND TEMPERATURE PROFILE IN AU+AU AT 1.23 AGEV TECHNISCHE
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BARYON DENSITY AND TEMPERATURE PROFILE IN AU+AU AT 1.23 AGEV TECHNISCHE
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BARYON DENSITY AND TEMPERATURE PROFILE IN AU+AU AT 1.23 AGEV TECHNISCHE
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BARYON DENSITY AND TEMPERATURE PROFILE IN AU+AU AT 1.23 AGEV TECHNISCHE
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BARYON DENSITY AND TEMPERATURE PROFILE IN AU+AU AT 1.23 AGEV TECHNISCHE
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BARYON DENSITY AND TEMPERATURE PROFILE IN AU+AU AT 1.23 AGEYV
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BARYON DENSITY AND TEMPERATURE PROFILE IN AU+AU AT 1.23 AGEYV
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BARYON DENSITY AND TEMPERATURE PROFILE IN AU+AU AT 1.23 AGEYV
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BARYON DENSITY AND TEMPERATURE PROFILE IN AU+AU AT 1.23 AGEYV

t=21.0fm/c UG
80
10 60
40
5
E o
N
-5 ' ]
-10
-5 0 5 10

30 October 2024

X (fm)

Florian Seck | Dense Nuclear Matter EoS from Theory and Experiments | 28 Oct - 1 Nov 2024 | FRIB, East Lansing (MI), USA

X (fm)

TECHNISCHE
UNIVERSITAT
DARMSTADT




BARYON DENSITY AND TEMPERATURE PROFILE IN AU+AU AT 1.23 AGEV U (e 2
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BARYON DENSITY AND TEMPERATURE PROFILE IN AU+AU AT 1.23 AGEV U (e 2
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BARYON DENSITY AND TEMPERATURE PROFILE IN AU+AU AT 1.23 AGEYV
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BARYON DENSITY AND TEMPERATURE PROFILE IN AU+AU AT 1.23 AGEYV
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COMPARISON OF THERMAL EXCESS DATA WITH THEORY TECHNISCHE
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 Good agreement between experiment and theory for excess radiation
Au+Au at \/syy = 2.42 GeV Ag+Ag at \/syy = 2.42 GeV Ag+Ag at \/syy = 2.55 GeV
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COSMIC MATTER IN THE LABORATORY TECHNISCHE
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Remarkable similarities between matter in neutron

» Laboratory studies of the matter
properties (EoS) in compact stellar
objects (neutron star mergers)

15

14 5;:
M. Hanauske et al., Particles 2 (2019) no.1 gg_,
L. Rezzolla et al., Phys. Rev. Lett. 122 (2019) no. 6, 061101 13 =
E. Most et al., Phys. Rev. D 107 (2023) 4, 043034
12
1015
 What are the measurable ! -
consequences of phase transition R i, ' e ; SRRy g 10" 5
and critical point in the QCD phase i T : R ' A : ' 3
diagram? ' | s
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5 10 15
X (fm) X (fm)

HADES, Nature Phys. 15 (2019) 1040
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EXCITATION FUNCTION OF THE LIFETIME OF THE FIREBALL TECHNISCHE
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« Excess yield in LMR tracks fireball lifetime 53 dN/dy|. 127 138 146 185 51
Nll — 20_ T T T T T \]-I[_IH-‘[ T ] T T T T T ]
Tiife X _ € r 03<M,<0.7Gevic2 1
N o I
charged pions > 18— ]
R. Rapp & H. van Hees, Phys. Lett. B 753 (2016) 586-590 v i -z 'IE
516_ T E ]
- Search for "extra radiation” due to latent heat around a4 + =
phase transition (& critical point?) 5 E
Z 125 g -
" : : T A g .
« 1St order phase transition could result in factor 2 larger yield — 10— -
S .
» Detectable by current & future experiments § 8 B
— IF§ ‘et‘ a:l.,lP‘h‘ys‘. IRle\{.‘Cj[O(?‘ (I292‘2? 1I,|0‘14‘9‘04I ~ %10 'O_ Savovhuk et a‘l.,J. PhysG 104}537 R2 (2023) % 6} _—— N"/ NT['+I'[+ —:
o C h 5 CMF i — ¢ CBM sim. (FAIR SIS100) ]
8 2-4: —— inmedium SF rate %4- ly] < 0.5, M = 50 MeV : :1; _ >U-J 4—_ 4 NABO" sim. (CERN SPS) - -qb X145 =
— 22k — qqrate - = 7)) - * STAR BES-II projection .
- [ i =30 o 2 ]
o - s Q - ]
_E 2¥ 7.22- L|.>j 0 1 | | Lo | 1 1 1 Lo |
ER 3 1k 1 2 3 4567 10 20 30 100 200
s [ 7 .
S g 3 Collision Energy \'sy, (GeV)
g 14
g =
* 1'2:_ E ly| <0.5,0.3<M[GeV]< 0.7
b0z 04 06 08 1 iz 14 0 F §_t 4w %

M, [GeV/c?] Eiab [AGeV]

30 October 2024 Florian Seck | Dense Nuclear Matter EoS from Theory and Experiments | 28 Oct - 1 Nov 2024 | FRIB, East Lansing (Ml), USA 12



EXCITATION FUNCTION OF THE TEMPERATURE OF THE FIREBALL TECHNISCHE
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* Invariant mass slope measures radiating source

temperature (free from blue-shift effects) % N o B W
250 A
lel M é : =205+12MeV // :
— & (MT)z exp (— —) s I AGO" //e%// :
R. Rapp & H. van Hees, Phys. Lett. B 753 (2016) 586-590 E 200 __ '; - - - __
ImIl © - 7% -
« Assumption: —2 ~ constant Q| T ’
" & 150~ A —
« Generally justified in the IMR (M, > 1.5 GeV/c?) GEJ N //’ i
« Strong melting of p meson allows temperature = 1005 / B
extraction in the LMR (M., = 0.3-0.7 GeV/c?) - oy 5
FS, T. Galatyuk et al., Eur. Phys. J. A 52 (2016) 5, 131 ~ HADES i 1
50— J + CBM sim. (FAIR SIS100) N
T,z Probes hottest regions - | f NAGO" sim. (CER'\: SR -
 T.ur Probes average fireball temperature 01 2 34 56 10 20 30 100 200
Collision Energy \'s,, (GeV)

Of Calonc curve (T VS 8) NAGO, AIP Conf. Proc. 1322 (2010) 1.
. agn R. Rapp, H. van Hees, Phys.Lett.B 753 (2016) 586-590

— evidence for a phase transition HADES, Nature Phys. 15 (2019) 1040
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DILEPTON FLOW

proton v,

(aN] \I\HH‘ I IIIIII\| I I

Z—g « (1+ 2).,v,cos(ng)), with v, = (cos(ng)) Ty %%

* Azimuthal anisotropies with respect to reaction plane

T T T T
® HADES (auau) Protons (10-30%) |
® FOPI (auau) protons (15-20%)

1 FOPI (auaw z=1 (20-30%) —
& INDRA (auau) =1 (b=55-7 5m) —
L]

. . EOS (avAu) Pratons -
* Interplay between medium 4-velocity u and temperature T 0.05 |

in-plane  _|

T)Imllgy(M,q,T, ug)

E895 (auau) Protons (12-25%)
E877 (AuAu) Protons

E877 (auaun n
Star FXT (auAu) Protons (1040%)  —
Star FXT (auAu) Protons (0-30%) |
Star BES (auau) Protens (10-40%) |
Star BES (auau) v (10-20%)
Star (avau b (0-60%)

R. Chatterjee et. al, Phys. Rev. C 75 (2007) 054909
G. Vujanovic et al., Phys. Rev. C 89 (2014) 3, 034904

+ 0=+ 0

* Pressure anisotropies in underlying space-time evolution _0.05
— collective velocities of medium cells

¢ PHOBOS (auaun' (0-60%)
B  NA49 (Porb) Protons (12.5-33.5%)
- Dileptons probe earlier times (high pg, high T) compared o1l out-of-plane jiaiodibia B
tO hadronﬂOW ) | I\HH‘ | IIIII\| | I\II\I‘ | | \\HH‘
10”" 1 10 10°
Possible sensitivity to the EoS at high density HADES, Eur. Phys. J. A 59 (2023) 4, 80 VSNN_ZmN (GeV)

T. Reichert et al., Phys.Lett.B 841 (2023) 137947
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DILEPTON V2 IN AG+AG COLLISIONS

M., < 0.12 GeV/c?: inclusive yield dominated by 1% decays
« Dilepton v, consistent with charged pion v,

«0.15 : — e QLTB| | e Q15
> I Ag+Ag |5,,=2.55 GeV 10-40% > I Ag+Ag |s,,=2.55 GeV 10-40% = Ag+Ag |/5,,=2.55 GeV
(oY 015 T T T | TT 11 ‘ T T T T ] 11711 | TT 11 | T T 11 | T T 11 | T T 11 I HADES work in progress 1 I HADES work in progress 7 r HADES work in progress ]
_ o, N 0.1 Mgs <120 MeV/ic? = 0.1 Mgzs < 120 MeV/c? 3 0.1 Mg < 120 MeV/ic? 3
Ag+Ag SNN_2'55 GeV 10-40% i i 1 E E E 1
01 HADES work in progress ] 0,05_} ] 0.05| ] 0.05' ]
0 1 of ] oL ]
i , ] :ji;g¢f ] —_—— ]
I N : = I == ; %++* K i ———
0.05 -0.05[ ey ] -0.05] | -0.05} |
) Fo—y Rt Foe ] R ]
- -0.1 —=—n* 0.1 ——m* 0.1 —=—n
- e — il - —— T g F—a— T
] _01:7 | | 1 _01ril.‘ s b b by by vl 1 _01:T‘.‘I ce b b b b be i b
0 """"""""""""""" ] 200 400 600 800 1000 208 -06-04-02 0 02 04 0.6 08 Y0 5 10 15 20 25 30 35 40

p, (MeV/c) L= Dy Centrality (%)

M., > 0.12 GeV/c?: inclusive yield dominated by thermal radiation
« Dilepton v, consistent with zero — early emission

_01 N0.157 T T ~ 0.15 L LI UL L | N0.15\"‘| LU L LS LN BRI UL |
. _ > Ag+Ag |'s,,=2.55 GeV 10-40% > Ag+Ag |sy=2.55 GeV 10-40% > Ag+Ag |'s,=2.55 GeV
| I HADES work in progress 1 HADES work in progress 7] r HADES work in progress 7]
B O_1*_ M, > 120 MeV/c? - 0.1 M, > 120 MeV/c? N 0.1j Mg, > 120 MeV/c? N
_015 \Ill\l\l‘\\Ill\\l\l\\\Il\\\lll\l\ll\\\7 0.05 1 0.05 : 005:
0.2 0.3 0.4 05 06 0.7 0.8 0.9 T ] i ;Hzqu — : |
2 0F ! ; | o = H= H 0f J
M., (GeV/c?d j ; PUwe=ons R ===
~0.05( e ~0.05( ] -0.05"
i Y* ++++: I —— '\(* 1 [—— '\(*
0.1 —=—n* 0.1 —=—x* 0.1 —=—x
I o—— T 1 I ——x i Fo——T
_01r_ | | 1 _01r_l.‘ P [ SR s 1 _01:\_‘.‘I ce b b b by Lo 1l
Y0 200 400 600 800 1000 208 -06-04-02 0 02 04 0.6 08 70 5 10 15 20 25 30 35 40
p, (MeVic) Y Yo Centrality (%)

30 October 2024 Florian Seck | Dense Nuclear Matter EoS from Theory and Experiments | 28 Oct - 1 Nov 2024 | FRIB, East Lansing (MI), USA 15



LOW-MASS LOW-MOMENTUM DILEPTONS

» Color superconductivity could manifest itself in an enhanced

yield of low-energy dileptons

 Thermal dileptons encode information on matter properties

« vyield in p,, = 0 MeV/c, M., — 0 MeV/c? limit
proportional to electrical conductivity

 Large
— experimental constraints highly desirable

 Determines time evolution of electromagnetic fields
generated by spectators

* Important for effects related to presence of strong
magnetic fields

electrical conductivity
) q — O) T}
6.,(T) = —e? lim Pem(qo, q UB)
q0—0 do

R. Kubo, J. Phys. Soc. Jap. 12 (1957) 570-586
G. Moore, J. Robert, arXiv:hep-ph/0607172 [hep-ph]

p=>500 [MeV]

. m— fluc (T'=1.01T,) free (T=1.01T,)
1074 == fluc (T=105T)) =—--- free (T=1.05T,)
7 T oz o e TECHNISCHE
L) uc (I'=1. e ree (1'=1. e o
p: 1010 UNIVERSITAT
I
> DARMSTADT
o,
c;se 10-12 1
3
~
TZ 10-14 i
T. Nishimura et al., PTEP 2022 (2022) 9, 093D02
arXiv:2201.01963
1016 :
0 100 200 300 400
w [MeV]
A ~ -
0.100F B ' ' 7
e A e e o - A ]
0.050+ ] 2= HMBT, Atchison & Rapp
[ F Boltzmann eq., Greif et al.
N *--n__}_ @-----0  Chapman-Enskog, Ghosh et al.
— [ e | ¥ — || === ChPT, Fernandez-Fraile & Nicola
N I A Rt LTS SR SN Ly —_ SYM, Huot et al.
b L _'_'—'-—-=--‘-—-. 4 ’
0.0105 ,,,,, ] FRG-VMD, Sass & Tripolt
0 005-* et | 1| === Hologr. mod., Finazzo & Rougemont|
. S Rt . 1 L} 1| +—° Lattice QCD - Aarts et al.
0.001~— : : ; : :
80 100 120 140 160 180
T [MeV] F. Geurts, R.-A. Tripolt, Prog. Part. Nucl. Phys. 128 (2023) 104004

thermal dilepton emission rate

8 2
d N . —C(EM
d*q d*x mw3M?

fe(qo,T) Imllgy (M, q,T, ug)
— _

—~—
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EXPERIMENTAL CHALLENGES

 Low momentum lepton tracks bent out of acceptance by magnetic field

Photon conversion suppressed via opening angle cut

Physical background of m° 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% B-field + low field run (5%) scheduled for 2025

5% of max. field

raw signal spectrum

£T3 0.6 s 0.6 e e s
*S § “>- iglle Ag+Ag |5,=2.42 GeV, 0-40%, | = 200A b 10 Ag+AQ 5,=2.42 GeV, | = 200A, 0-40%3
D B ) - HADES work in progress S HADES work In progress .
0] 0.5 0] 0.51 i Ay e 8 10 0y > 9, p, < 0.8 GeV/c b
\-_dg : \-_dg : [} " 102 \—; =
Q 0 4__ Q 0 4__ Em 10—4 -gi 2?&'%' airs -
i i kS, ace " E
0.3- 0.3 5 10_5;
- i i 10 =
0.2 0.2 -
: i : 10°
0.1+ 0.11
region of interest [ 10”7
:I R | ! ---"-'- = i-'--.- (i I'""I.'\ ‘T'T- 1 :IJILIIIIWILIIJI\IIIIJIlll\lll i
00 0.05 0.1 0.15 0.2 00 0.05 0.1 0.15 0.2 0 0102030405060.70.8
M., (GeV/c?) M., (GeV/c?) M, (GeV/c?)
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QCD PHASE DIAGRAM PROBED WITH DILEPTONS
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» Trajectories from coarse-grained UrQMD — -
2 100l N Quark-gluon
| plasma
- Measured average temperatures from HADES — Ag+Ag 2.55 GeV .
well above universal freeze-out region © &, ffﬁ\\‘Q’
‘é 80 B WQJ-OG@[/ # Ag+Ag 2.4 GeV . “\ Au+Au 2.4 GeV
. . R 0 AN
* Transition lines from two-flavor NJL model in @ {\\ \ I/ e*e
mean-field approximation 2 60_4,\\%{ g \\ \ R
.7 \ ﬂ‘
- Transition of chiral symmetry breaking 2 % L % \\ \\\\ /
| \
401 \ \\\ | AutAu 2.2 Gev
L \ \ |
~ Hadrons R Two-flavor
« Collisions at /syy = 2.2 GeV (E,;,=800A MeV) 20t CSC
might show sensitivity to precursor phenomena '
for the CSC phase Nuclei
FO curve: J. Cleymans, K. Redlich, Nucl. Phys. A 661 (1999) 379 750 - 800 - 850 - 900 - 950 | 10I00 1050 1100

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

Transition curves: T. Nishimura et al., Eur.Phys.J.A 60 (2024) 4, 82

Figure: FS, T.Galatyuk
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Baryon chemical potential My (MeV)
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Decompose spectral function using projectors for a spin-1 particle pgy, = p, P} + pr P~ with g, pgy = P + 2p7

VIRTUAL PHOTON POLARIZATION

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

E. Speranza et al., Phys. Lett. B 782, 395 (2018)

AN . .
= N (14 2gcos®0 + A, sin®B cos 2¢ + Ay, sin 26 cos @) E. Bratkovekaya of ol Prys. Lei B 376, 12 (1696)

d*x d*q dQ
Different virtual photon production mechanisms imprint different anisotropy parameters A

A coefficients related to between of spectral function:

Rotational symmetry of static thermal medium broken by virtual photon’s momentum direction
For moving medium: transform local coefficients to global frame accessible in experiment — comparison to data

Z
o FS et al., arXiv: 2309.03189
QM23 talk
Zpjx center of mass frame m local medium
. rotation angles y, §, w
of the collision v restframe
"ab" £
beam 1 beam 2

z
HX, CS, ...
A Zcs

y" rest frame

30 October 2024 Florian Seck | Dense Nuclear Matter EoS from Theory and Experiments | 28 Oct - 1 Nov 2024 | FRIB, East Lansing (MI), USA 19


https://indico.cern.ch/event/1139644/contributions/5453412/attachments/2709266/4706227/fseck_qm23.pdf

TECHNISCHE
UNIVERSITAT
DARMSTADT

« HADES measured anisotropy coefficient Ay of excess radiation in Ar+KCI collisions at 1.76 AGeV ({/syy = 2.62 GeV)

COMPARISON TO HADES DATA

» Polarization largely survives evolution of the expanding medium

» Best fit to data gives Ag = 0.51 + 0.17 and Ag = 0.01 £+ 0.10 in the two mass windows

« Calculation result gives A5 = 0.32 and Ag = 0.01 respectively FADES, Plys. Rev. © 84, 074502 (20T1)

T. Galatyuk et al., Eur. Phys. J. A 52, 131 (2016)
FS et al., arXiv: 2309.03189

S [ 015GeVicz< M, <05GeV/icz [ M, > 0.5 GeV/c2
- c ~ =
= = 1.5}= ! !
e -
s : | 4 % '!]
= | | |
= 41t
g - EIRER
N ~ % HADESdata B
B = - )
g - = fitto data -8 |
o 0.5 |
o - = CG + thermal, all p_ =
= - B
© | ==+CG + thermal, pT>0.25 GeV/c R
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COMPARISON TO NAG6O DATA

* NAG60 measured polarization coefficients Ag, A, and Ay, of data points: NAGO, Phys. Rev. Lett. 102, 222301 (2009)

excess radiation in the CS frame in In+In collisions at 158 AGeV - 0.4GeVic? < My, < 0.6 GeV/c? L 0.6 GeVIc < My, < 0.9 GeV/c?
@ = pT>0.6 GeV/c - pT>0.6 GeV/c
- Space-time evolution via isentropic fireball model with transition 5 | a
from QGP to hadronic rates at T=170 MeV g F I
NAG60, Phys. Rev. Lett. 96, 162302 (2006) = 1k t %
R. Rapp, H. van Hees, Phys. Lett. B 753, 586 (2016) %?: i B
[72]
2 [ -
. O 0.8 -
 Good agreement between data and theory — size and trend T [ % NA60data -
< | — fitto data i
« Near absence of a net polarization not related to thermal © oo —FEomal | - | | |
H | | | | l | | | | | | | | | | | | | | | | | | |
iIsotropy arguments 0.2 0.4 0.6 0.2 0.4 0.6
T — o0s(65°) oos(6F")
S é — inmed p j
S I }\CS j o8 " CS frame — aGP ] s 4 04GeV/c? < M, < 0.6 GeV/c? [ 0.6 GeV/c?< M,, < 0.9 GeV/c?
o 2 e - =06 0.3F g . ) - P, >06GeVic - P >06GeVic
i 150.4 0.2f - 2 -
L A r ] g 1.2+ —
1.5 - 0.2 0.1 = . C B + _L
L i E ] o)
: 10 0\\ 8 i tTs +
I i E p et B I
i + 4-0.2 0.1 E 8- B =+
i 1 : : O g8l i TH
i *_0'4 0.2 E 2 08 4 ' NAGO data -
0.5 -0.6 _0.3F = [ — fitto data i
L -0.8 g ] 0.6 — = FB + thermal L
Gi | | \ { | | i _0'45_ 0.4GeV/CZ<MW<O.6GeV/c2_; oo v b e b by |
~ 04 06 08 1 12 14 B R 3 3
M, (GeV/c?) 03 1 15 o 2(GeV/c2)'5 0> 0>
) T ) . F. Seck et al., arXiv: 2309.03189
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SUMMARY

* Unique possibility of characterizing the properties of baryon-rich matter with
multi-differential measurements of penetrating probes

+ Establish thermal nature of the radiation
* Flow, polarization, transport coefficients
* Microscopic degrees of freedom and possible new phases at high pg

« HADES provides high-quality data of the di-electron production in heavy-ion
collisions at SIS energy regime

(+ proton and light nuclei flow coefficients v, - vg)
 Au+Au at 1.23A GeV, Ag+Ag at 1.58 and 1.23A GeV

* Energy scan: Au+Au at 200-400-600-800A MeV in March 2025
(including a dedicated run with low magnetic field)

« Big discovery potential with CBM in the near future
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STEPS TO ISOLATE THERMAL RADIATION
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RICH photodetector upgrade

 Employing CBM at FAIR technology
(CBM FAIR phase-0)

Efficiency correction
NN reference subtraction
Freeze-out cocktail subtraction

« Simulated using Pluto event generator
with measured/estimated multiplicities

Acceptance correction

time ~ 10723 s

initial NN ——
collisions thermal radiation

freeze-out (119, n, ...)
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HADES LEPTON IDENTIFICATION PERFORMANCE

» Reconstruction efficiency ~ 70%
* Purity above 90%

« Hadron suppression of ~ 107>
 Ag+Ag runin 2019

* NJ& = 1.5 -10° for \/syy = 2.55 GeV (28 days)
* NJ¢ = 1.5 -10° for /syy = 2.42 GeV (3 days)

before cuts

B o
500 1000

pxq (MeV/c)

after cuts

500 1000
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—h

> T | | \ | 3
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MEASUREMENT OF NN REFERENCE IN HADES

 p+p and d+p collisions at
Ewn = 1.25 GeV

* n+p reaction tagged by
triggering on proton
spectator

HADES, Phys. Lett. B 690 (2010) 118
A. Larionov et al., Phys. Rev. C 102 (2021), 064913

« Ongoing analysis of p+p at
Eu, = 1.58 GeV and 4.5 GeV
« Empty target run p+C/p/O
as proxy for p+p/p+n

do/dM,+o- (Lb/GeV)

do/dMg+ o (Ub/GeV)

p +p. E=1.25 GeV
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DILEPTON SIGNATURE OF A FIRST ORDER PHASE TRANSITION

* |deal hydro simulations with and w/o first order nuclear
matter — quark matter phase transition

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

FS et al., Phys. Rev. C 106 (2022) 1, 014904
Isothermal speed of sound

110 —— With phase transition Without phase transition — S

n : ' —— Time evoluti C2 o 24 ]
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STATIC THERMAL MEDIUM

* Rotational symmetry only broken by virtual photon’s momentum direction

__Pr—PL

- In the helicity frame HX the only non-zero coefficient is Ag = P B o o e og tdons onr,
T+PL S
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POLARIZATION IN STATIC MEDIUM TECHNISCHE
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« Strong dependence on mass, momentum and baryon density for hadronic medium
« Rather small polarization for QGP except for M., < 0.5 GeV/c? approaching the photon point
inmed. p: T=80 MeV, ng/ny=0.2 inmed. p: T=80 MeV, ng/ny=2.1 QGP: T=170 MeV
15’:
0.5
0
0.5
>
D
S}
o

: : 1 0.5 1
M (GeV/c?) M (GeV/c?) M (GeV/c?)
FS et al., arXiv: 2309.03189
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POLARIZATION IN MOVING MEDIUM

» Helicity frames (HX’) of individual local fluid cells misaligned

« Transform local coefficients to global frame — accessible to experiment: HX, CS, ...

center of mass frame _ local medium
.. rotation angles y, §, w
of the collision N

restframe
ulabu 4,4
beam 1 é u=0
g | beam 2 b@@ <{\\ | é{_:@%e
nZ 2
HX’ CS’ \ / HX'
1
8, Ao Ng
)‘cp )\Bcp
L L
)‘cp )\ch
peam 2 beam 1
beam 1
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RESULTS FOR IN+IN COLLISIONS AT SPS ENERGIES

* NAB0 measured polarization coefficients Ag, A, and A4, of excess radiation in the CS frame in In+In
collisions at 158 AGeV beam energy

NAB0, Phys. Rev. Lett. 96, 162302 (2006)
R. Rapp, H. van Hees, Phys. Lett. B 753, 586 (2016)

» Space-time evolution via isentropic fireball model with transition from QGP to hadronic rates at T=170 MeV

« Strong dependence on the polarization frame as function of mass and momentum

’6‘2.5_ TENN] | | | I (T ERC ) ] ’6‘2.5 | T | | L [ LIS A ] 03 ’6‘2.5 T T T | T | | | TR N O | ] 01
3 | }\CS ] 2 }\CS ] 2 }\.CS 1®o.08
— | - — - 2 ~ -
i ] 1=0.1 | 0.04
1.5 N N 1.5 -1 —0.02
. 1 1 -0 1 -0
- ] ] 1 - +-0.02
i | 10+-0.1 ] 0,04
0.5 = n 0.5 —|i{0.06
i ] ] {-0.08
Oﬁj S O g S 1 0 T O S S | 1 _0 3 0 | I | S i _0 1
04 06 08 1 12 14 04 06 08 1 1.2 14 ' : 06 08 1 1.2 14 '
M, (GeV/c?) M, (GeV/c?) M, (GeV/c?)
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COMPARISON TO NAG6O DATA TECHNISCHE
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« Good agreement between data and theory — size and trend data points: NAGO, Phys. Rev. Lett. 102, 222301 (2009)
14l 04 GeV/c® < M, < 0.6 GeV/c? [ 0.6GeV/c2< M, <0.9GeV/c?
« Near absence of a net polarization g [ P 0sCevE P> 06Gevic
+ not related to thermal isotropy arguments E hdtl N
« thermal properties of the EM spectral function 8; 1} i B ﬂ%
T [ B
. . 8 0sl .
* Best fit to data gives Ay = —0.10 + 0.24 and Ay = —0.13 £ 0.12 s ! mﬁzdtata i
in the two mass windows © 0.6 — FB + thermal .
. . . _III|III|III|III_III|III|III|III
« Calculation results in Ag = —0.04 and Ag = 0.01 respectively 0.2 0.4 0.6 0.2 0.4 0.6
|cos(6°9)| |cos(6°°)|
 Best fit to data gives A, = 0.05 + 0.09 and A, = 0.00 £ 0.06 in 4L 04GeV/c® < M,, <06 GeV/c? - 0.6 GeV/c? < M,, < 0.9 GeV/c?
the two mass windows o roeceve [ Pr>06GeVie
. i : _ _ : = L0 .
Calculation results in A, = 0.04 and A, = —0.01 respectively 3T ! +_+_ _L
- 1 +++ =
 Best fit to data gives A9, = —0.04 + 0.10 and A, = 0.05 £+ 0.03 8- | - L B |
o
in the two mass windows 2 %°I1 4 'naso data b
| —fitto data i
 Calculation results in A9, = —0.02 and Ag, = 0.01 respectively 0.6~ — FB + thermal .
_IIII|IIII|IIII|_IIII|IIII|IIII|
2 3 1 2 3
[ 6]

! ! . F. Seck et al., arXiv: 2309.03189
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PREDICTIONS FOR AG+AG COLLISIONS & FUTURE EXPERIMENTS TECHNISCHE
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» Predictions for Ag in Ag+Ag at \/syy = 2.55 GeV
« Anisotropy coefficients integrated over p; in several mass ranges pr> 0.5 GeV/c
%, 015 <M,/ (GeVic?) < 0.3 ] %Bﬁ <M, / (GeVic?) < 0
:_G_ T T lllllllllllllllll a‘\ :[I\I[I‘Il[lIWII\IWII\I}II\'WII‘\Il‘l\l: o _— /_/,\J/ﬁ‘\{\\’\ —_ © L e |
3 }\e 0.8 € 18- Ag+Ag Sy =255 GeV 0-40% ] i e 4 - NN
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H —o.2 = E E 70'2} Y //S 7 :
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« Multi-differential measurements of the virtual photon polarization :
— large datasets needed: CBM, NA60+ and ALICE3 7 Y S P NI
» Search for onset of QGP 0.6~ 4 o8- ]
e e P T Ve e e e e
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EXPERIMENTAL DIFFICULTIES
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dN/dcos & (a.u.)

Virtual photon polarization influences detection efficiency
Efficiency + acceptance corrections need to be done carefully

Wrong efficiency evaluation can lead to wrong sign of polarization
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orrection with bad efficiency evaluation

correction with good efficiency evaluation c
_ ——- Without experimental filter g
16—5 — With € g, filter 35 + Corrected 51.64 + Corrected
] © data LU data
B D T D
w w0 4
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P. Faccioli, Particle Polarization in High Energy Physics, Springer 2023
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PROSPECT OF DISENTANGLING HADRONIC AND PARTONIC SOURCES

« Polarization plays important role in exploring the mechanisms underlying EM emission
* Multi-differential measurements of the virtual photon polarization
* resolve mass, pr, rapidity, lepton emission angles 6;, ¢, — large datasets needed

* future high-rate experiments CBM, NA60+ and ALICE3

[a») 057 T T T T ‘ T T T T I T T T T | T T T T | T ] D 057 T T T T ‘ T T T T I T T T T | T T T T | T ]
< - —j ] < - — inme .
o4f- HX frame Ll E 04t HX frame de E

g — QGP ] g = KGR 1

0.3 1 = 0.3 (T -

0.1

0.2} = :

-0.3f = —0.3f ﬁ

0.4 0.4 GeV/c? < M, < 0.6 GeV/c? 04F 0.6 GeV/c? < My, < 0.9 GeV/c? -

70'50_||HO.‘SHHI1IHI1.|5HHéI ‘12—.5 _O'SdllHO.‘5HHI1IIH1.|5HI‘élj‘lé.S
p. (GeVic) p. (GeV/c)

30 October 2024

Florian Seck | Dense Nuclear Matter EoS from Theory and Experiments | 28 Oct - 1 Nov 2024 | FRIB, East Lansing (MI), USA

35



	Default Section
	Slide 1
	Slide 2: Search for Landmarks in the QCD Phase Diagram
	Slide 3: Experimental Challenges
	Slide 4: Thermal dilepton Radiation as Multimeter of the fireball
	Slide 5: HADES experiment at GSI
	Slide 6: Dilepton invariant mass spectra from HADES
	Slide 7: Description of the space-time evolution
	Slide 8: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 9: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 10: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 11: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 12: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 13: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 14: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 15: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 16: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 17: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 18: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 19: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 20: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 21: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 22: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 23: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 24: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 25: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 26: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 27: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 28: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 29: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 30: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 31: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 32: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 33: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 34: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 35: Baryon density and temperature profile in Au+Au at 1.23 AGeV
	Slide 36: Thermal dilepton production
	Slide 37: Comparison of thermal excess data with Theory
	Slide 38: Cosmic Matter in the Laboratory
	Slide 39: Excitation Function of the Lifetime of the Fireball
	Slide 40: Excitation Function of the Temperature of the Fireball
	Slide 41: Dilepton Flow
	Slide 42: Dilepton v2 in Ag+Ag collisions 
	Slide 43: Low-mass low-momentum dileptons
	Slide 44: Experimental challenges
	Slide 45: QCD phase diagram probed with dileptons
	Slide 46: Virtual Photon Polarization
	Slide 47: Comparison TO HADES data
	Slide 48: Comparison to NA60 data
	Slide 49: Summary
	Slide 50
	Slide 51: Steps to isolate thermal radiation
	Slide 52: HADES lepton identification performance
	Slide 53: Measurement of NN reference in HADES
	Slide 54: Dilepton signature of a First Order Phase Transition
	Slide 55: Static thermal medium
	Slide 56: Polarization in static medium
	Slide 57: Polarization in moving Medium
	Slide 58: Results for In+In collisions at SPS energies
	Slide 59: Comparison to NA60 data
	Slide 60: Predictions for Ag+Ag Collisions & Future Experiments
	Slide 61: Experimental Difficulties
	Slide 62: Prospect of disentangling hadronic and partonic sources


