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MISSION

Decode emergence of phases of strong-interaction matter in non-perturbative regime of ©.CD

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

Nature of phase transitions in
strong-interaction matter?

Neutron star
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COSMIC MATTER IN THE LABORATORY
= Accessible through heavy-ion collisions at (ultra-)relativistic energies

L—‘
SIS energies \/Syy = 2 —5 GeV

LHC energies \/syy = 2 TeV
Nuclear stopping

parton+parton collisions
Nparticles > Nanti—particles

N. particles — Nanti—particles
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Searching for landmarks of the QCD matter phase diagram

Baryochemical potential (MeV)

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

Vanishing ug, high T (lattice QCD):

- crossover from hadronic to partonic medium
Tye = 156.5 + 1.5 MeV (T, = 132*3 MeV at chiral limit)
Tpe = 158.0 + 0.6 MeV

- no critical point indicated by lattice QCD at u$EP /T, < 3

Bazavov et al. [HotQCD], PLB 795 (2019) 15-21
Ding et al., [HotQCD], PRL 123 (2019) 6, 062002
Dini et al., PRD 105 (2022) 3, 034510
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Searching for landmarks of the QCD matter phase diagram

%:250, b7 & *  Vanishing ug, high T (lattice QCD):
= “" Quarki'aluon plasma - crossover from hadronic to partonic medium
© ool . Tye = 156.5 + 1.5 MeV (T, = 132*3 MeV at chiral limit)
= deconfined, Tpe = 158.0 £ 0.6 MeV/
§ ¥ ¥ symmetric pc = LI
o . - no critical point indicated by lattice QCD at u$EP /T, < 3
£ 1507 W@;@ CEP? peg, Bazavov et al. [HotQCD], PLB 795 (2019) 15-21
lg I e Nfip, Ding et al., [HotQCD], PRL 123 (2019) 6, 062002
L . ) Dini et al., PRD 105 (2022) 3, 034510
L Chiral?
100+ Quarkyonic?
i CS symmetric? * Large ug, moderate T (IQCD inspired effective theories):
/ ,,""(’H;drons - limits of hadronic existence?
S0f " confined, - 1storder transition?
: X’SB quuld' - QCD Critical point? Sd‘V‘ears"cfQuah'(hmChramodynamits
| : : : Nuctei ¢ equation-of-state of dense matter? ‘
0 200 400 600 800 1000 g ’
Baryochemical potential (MeV)
Gao, Pawlowski, PLB 820 (2021) 136584 Worldwide experimental and theory efforts
Cuteri, Philipsen, Sciarra, JHEP 11 (2021) 141 5
McLerran, Pisarski, NPA 796 (2007) 83 Relevance for astrophysws

Glozman, Philipsen, Pisarski, arXiv:2204.05083 [hep-ph]
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Multi-messenger signals from neutron star merger

KOLLISION VON NEUTRONENSTERNEN

Durchbruch in der
Astronomie

) tagesschau

 GW170817 17 Aug 2017 12:41:04 UTC
First detection of a binary neutron start merger
through gravitational waves
LIGO + VIRGO, PRL 119 (2017) 1611001

* GRB 170817A ~1,7 s later:
Observation of the same event through
electromagnetic waves (gamma-ray burst)

Fermi GBM + INTEGRAL + LIGO + Virgo, Astrophys.J.Lett. 848 (2017)

R LIGO - Virgo

Fermi/GBM

frequency (H
counts/s (arb. scale)

Q1
o

GW————

LIGO, Virgo

y-ray

Fermi, INTEGRAL, Astrosat, IPN, Insight-HXMT, Swift, AGILE, CALET, H.E.S.S., HAWC, Konus-Wind



ASTROPHYSICAL “COLLIDER”

LS220-M132 EOS 1.32+132Mpy @ =10km 1~20ms n~(2-—3)nsge T <70MeV

T ——— T H‘ o
%; 09 ms
15

RS

E—— oy o N 0
’ﬁ N Q: {ms

Hanauske, Journal of Phys.: Conf. Series 878 (2017) 012031
Rezzolla et al., Phys. Rev. Lett. 122, no. 6, 061101 (2019)

* Violent Universe can now be
~"heard” through gravitational waves
—seen through electromagnetic radiation



LABORATORY COLLIDER

Au+Au syy =24GeV O =7fm 1~10"23s n~(2—-3)ng, T <70 MeV

10'5

15-10 -5 0 5 10 15 -15-10 -5 0 15-10 -5 0 5 10 15 -15-10 -5 0 5 10 15 -15-10 -5 0
X (fm) X (fm X (fm) X (fm)

X (fm)
time ~ 10723 s >
., First chance” , Pre-equillibrium” Fireball Freeze-out Late stage

* Heavy-ion collisions at (ultra-)relativistic energies:
— 18 orders of magnitude in scales, still similar T and n
—unique role played by electromagnetic radiation
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Searching for landmarks of the QCD matter phase diagram
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HADES, Nature Phys. 15 (2019) 10, 1040-1045
NAG0, Specht et al., AIP Conf.Proc. (2010) 1322
Andronic et al., Nature 561 (2018) no.7723

Experimental challenge:

- locate the onset of new phases of QCD
- detect the conjectured QCD critical point
- probe microscopic matter properties

Measure with utmost precision:
- event-by-event fluctuations (criticality)
- strangeness (vorticity)
- dileptons (emissivity)
- hypernuclei (equation-of-state)
- charm (transport properties)

Almost unexplored (not accessible)
so far in the high-ug region
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Quest for highest energy

LHC 000
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Quest for utmost precision and
sitivity for rare signals
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~20 years progress

in technology since AGS
(begin of high ug explorations)

2040
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Time = advances in accelerator and detector technologies
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High Aceptance DiElectron Spectrometer
HADES at SIS18, GSI-Darmstadt, Germany

Fixed target setup

High acceptance
— Full azimuthal coverage, 18°-85° polar angle
— Pair acceptance ~ 0.35

Efficient track reconstruction particle identification

— 6-coils super conducting toroid Bp = > 0.36 Tm

—~ MDC - 4 planes of mini-drift chamber (~30.000 cells)
- START, RICH, RPC, ToF, ECAL, FW

* Precise: mass resolution few %

* Heavy-ion, p and secondary 7 SIS18 beams

Fast: interaction rate up to 50kHz accepted trigger rates

New detectors installed since 2019:

Focus on rare and penetrating probes * RICH photodetection plane in cooperation with CBM
¢ Electromagnetic calorimeter

* Set of forward detectors in cooperation with PANDA
* Capability of neutron detection with R3B (ongoing)
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Particle identification

By means of: momentum, velocity, specific energy loss, Cherenkov radiation

80—
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All combined in a multivariate analysis (neural network)
~ Best purity and efficiency
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Upgrade of HADES RICH employing CBM
technology - MAPMT based photo camera
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Electron pairs

13

HADIES

* Significantly improved lepton detection efficiency (60%)
* Pion suppression factor ~10~*

* Excellent double ring detection
- recognition of conversion pairs even with opening angle a = 0
- factor of 8 better signal-to-background ratio

My, (MeV/c?)

S/B ratio
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= o ]
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Event characterization centrality estimators TN

Target Spectators. " \%/: :
] ] Event plane / "
Centrallty estlmator reconstruction Rt
Off-line centrality selection based on hit or track multiplicity _ o )
and/or Forward Wall (FW) integral charge Hits of charged projectile spectators in the FW
Resolution determined from sub-event resolution
Centrality determination based Using Glauber MC - based on method by J.-Y. Ollitrault, arXiv:nucl-ex/9711003
on FW avoids bias on e-b-e distributions agree with obs
fluctuation observables transport model calculations Uy =vn 0 [Ry R, = (cos[n(¥, — Prp)])
4 a F R T o o
16 E. 103; ‘+Dma min. Lias l 2ADES1| 23 AGeV l? S o HADIES I I —Io—ﬁm I—
% ; + Data central (PT3) Al © ; § __Au+Au 1.23 AGeV —— N2 n
I —— GlauberMC x NBD(y, k) x &(c) ] [e] 1 L ) —o- 03 7]
s 1ok . o | e
10 CCE 08l 96 ]
Fe i S [ ]
, " g | 2 | g E @ o6l ]
10 R g 2| 2 ] s I .
1- |: N S ]
= Woar ]
10 10_1;/ *; 0_2i _i
f pe \ : |
1075 ‘ : ' ' T T T T A
0 50 100 150 200NTOF+2R§8 0 10 20 30 40 50 60 70 80

hits Centrality [%]
HADES, PRC 102 (2020) 2, 024914 HADES, EPJA 54 (2018) 5, 85 HADES, PRL 125 (2020) 262301
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Quest for critical phenomenon connected to the 15t order phase transition

CRITICALITY
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CRITICAL PHENOMENA

Discovered ~200 years ago

Cagniard de la Tour (1777-1859)

Ann. Chim. Phys., 21 (1822) 127-132

using steam digester invented by
Denis Papin in 1679

r-'- 8

(p?) =(p)* _ Txr P
(p)? v ' V(g_s T

* Increase in density fluctuations near T,
* At T, thermal susceptibility y; diverges

Probing criticality with fluctuations
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Event-by-event fluctuations and statistical mechanics

cf. Friman et al., EPJC 71 (2011) 1694
Stephanov, RPL 107 (2011) 052301

* In strong interactions, baryons, charges and strangeness are conserved (N = B, Q, S)
* These quantities N fluctuate event-by-event

Cumulant generating function Grand partition function

n 0" (InZgcr) uN
Gy(t) = Ine™) = ¥¥-1 1y e Kn & I InZgep(T,V,u) = In Z eT Zcg(T,V,N)
N

n

Cumulants measure chemical potential
derivatives of the (QCD) equation of state

* Higher order cumulants describe the shape of * Higher order cumulants sensitive to the

measured distributions and quantify fluctuations correlation length ¢ ~ phase structure
— z2

variance Ky = ((6N)?) = g2 _/\ width k2 =3¢
— z45

skewness k3 = ((6N)3) _/\_ asymmetry ey =<
— 7

kurtosis ks = ((6N)*) — 3((6N?))2 ————— sharpness Ky =¢

Correlation length ¢ — o diverges at critical point
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High moments ko?
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Critical point search

STAR, PRL 128 (2022) 20, 202303
HADES, PRC 102 (2020) 2, 024914

__I T T T T T T T T T T I T I_
L . _
—2 ; STAR (0 - 5%) —
-o 8 @ net-proton -
<t (=
_g S O proton —]
| £2 S (lyl <05, 0.4<p (GeV/c)<2.0)|
B e S R
I (-0.5<y<0) I
| 04< pT(GeV/c) <2.0) |
1 1 1 1 | I | I l 1 1 | 1 1 1 | | 1 1
2 5 10 20 50 100 20

Collision Energy \s,, (GeV)
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= Discontinuities of the higher moments
of particle number distributions, visible in
a beam energy scan?

Energy gap between 3 and 7.7 GeV,
important for critical point search

- Future experiments!
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Multi-particle correlators

Cumulants k,, hold information on multi-particle correlators C,
Ling, Stephanov, PRC 93 (2016) 034915

Investigate C, vs. (N,,) to isolate relevant physics
Bzdak, Koch, Strodthoff, PRC 95, 054906 (2017)

\ 1000}

Cs o (N,)* Cy o (N,)”
a = 2.84 + 0.05 a =3.89 +0.14
o ol
o (b) | s000- (C) 7 3
\ | A3
: e 2000 /g
-2001 AN : / §
ﬁ b g /ﬂ -
&
%)
2
T

—400 0-5% \ : v
4001 W o axmacess®

b (N

a=n - signature of long-range correlations (Ay o > 1)

Poberezhnyuk et al., PRC100 (2019) no.5, 054904
180

60 -
40 +

201 QvdW-HRG, Q/B=0.4,S=0

0 200 400 600

Mo MV |\ apES Aur 6 - 0.8A GV
2-04-9-9" "0
gmproved by G-PAC

» Stopping of nucleons may produce multi-particle “clusters”
* Quarkyonic or baryquark matter?
* Remnants of nuclear liquid-gas phase transition?

Bzdak, Koch, Skokov, EPJC (2017) 288

Kojo, Hidaka, McLerran, Pisarski, NPA 843 (2010), 37
Koch and Vovchenko, arXiv:2211.14674 [nucl-th]
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Rare sub-threshold strangeness production Au+Au /syy = 2.4 GeV

HADES, PLB 793 (2019) 457

/\t 1 | 1 T
E [ a=145+006 1 * Universal scaling with participant number M~(Apart)a (same observation in Ag+Ag data)
?\: | x%NDF =5.90/10 = 0.59 | * Does not reflect the hierarchy of NN production thresholds
2 - K*A: —130 MeV
- K*K™: —440 MeV

* Not expected if strangeness produced in isolated NN collisions

Quarks are easily reshuffled
between hadron states?

, Quantum percolation at p~1.8p,
1 of the interaction meson clouds

: Fukushima, Kojo, Weise, PRD 102 (2020) 9, 096017
10—5 L 1 1 ® . W '.'.‘ =
P i . .
80 100 200 308 . Connection to “soft deconfinement”?
Part . e°
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Hadron production and flow

21

COLLECTIVITY
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Azimuthal anisotropy N

with respect to reaction plane (RP) ,

Fourier coefficients of the distribution

dN o
FICEET) x1+2 Zn:1vn cos(n(¢ — Wep))

side-splash, bounce-off .~ / I \

squeeze-out

. . v, > 0 when spectators
v, deflection of matter in the RP v <0 Iotpg spectator ;ss taster thapn freball
(signal of the phase transition?) passINg M€ Tpassing ~ gx ands
Paech et al., NPA 681 (2001) Texpansion =  Squeeze-out P
306 ; TTTTTT T T T T Irrr T T \.I I;:AIDES ‘A“\M’lewl-“lo;‘r\‘: \{ > 0.1 _I L T T T rrIrrr T I. T ’\-‘\A\D\és (A“A‘I”P,;w;(:o\w:)l‘_
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B osF | e B b ] L 4;’% & INDRA (a2t s 575m) |
N+ B EB95 aumvpeens2asn) ] L \‘ i
© 04:— L . ;“ E:ZF:X:;:::M _: 005__ ﬁ‘l e ] __
E T gunuaren S ! LAY S ]
0.3 } Eé + { : \“ ° # in-plane : H H
E ] ] 0_,,«% ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ] constrain equation-of-state by means
02t j E Co I it of microscopic transport model
-7 ] I \ / i §
01 ﬁ% 3 Co / S T et ]
Foe 1 -005- 5 SmEES ™
) o = i SarsES waantcomn ]
C woamomu 7 [ o gHoBcSumn’mmy 1
r W StarBES (wwpomnsioss | [ W NA4O (pope) Prowns (125335%) |
-0.1— e o] o 1; out-of-plane @ :;Vé\:és::::vml N
_IIIHH 1 1 \I\III\ 1 L \\Illll L Il IlHHl_ e 1 \I\lll\ 1 1 \\Illll L Il IlHHl 1 1 \I\III‘
107" 1 10 10? 107" 1 10 10°
Syn-2my, (GeV) \Syn-2my, (GeV)

HADES, arXiv:2208.02740



=51 F-\lR 23 Jan, 2023 Tetyana Galatyuk | Bormio Winter Meeting | Bormio , Italy | 23 M

Azimuthal anisotropy and EoS

* High precision multi-differential data for protons and light nuclei
* Data compared to QMD and BUU models
= higher moments provide more discriminating power
= consistent description of all flow harmonics over the whole phase space and at all centralities is missing

o T[T T T [T T[T T[T [ TT T [ TT T [ TT T TT T TTT[T . HApES o AubAu (S =24 GeV o HADES Al (Su=24Gev o ﬂﬁQ$§\y‘\\y\uu‘my‘élﬁ'\\u‘ﬁ'\‘z'f‘\sﬁv < I‘\‘\A\[\)‘EﬁwwH\Y\\\HH‘A\H*\AYU“{;\NI-W‘Z.?YGWEWV
> L [« JHADES AutAu 125 AGeV Iy, }<0.05 (20-30%) ] iio.s} E“"m“’“; ‘ T ‘ E Proens [ ‘ ‘_' jm‘ s il [ [1Protons e | > 0 035 [=]Protons 1
L om 4 £ ] b JAM (MD4) r JaM (MD4) | - -
0.2/~ *+ KaoS auau1acev -008<y,, <0 M2:3) 1 Rt E or :B:A{? s 2 aow
. g E 4 >
[+ KaosS sisi1Acev Iy, <02 (M3) 1 3 06k 3 © ot 002 E
£ o FOPI auau 1.2 AGeV Iy, 1<0.14 2=1(M3) B E 1 oos- - -0.05- b r
0.1 [ = | FOPI Aurau 1.2 AGeV Iy, 1<0:3 (21-30.9%) — 0'5? E i3 E
C ] o4 [ E —o1k g 0.1 R of- 4
L ] 03f 3 b :
3 £ [ ] E 1 001 4
0 r ] 02f sy 018F S T A 0151 ] [ e onnsy
L i r “ieee JAM (MD1) [ ] L <« 4 co e JAM (MD1) 7
C ] o= mm am (uoa) | [ yi<oos . H 1 -002F <005 == e
C ] E 06<p,<09Geve a7 ool 08<p,<09GeVic 1 _go 08<ps08Geve ] [ 00sps09Gee = Gisw
E ] .2~ N - T il I N | P L il T il I N | |
0.1 ] e R T N N3 o e e s e e 0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
- E Centrality (%) Centrality (%) Centrality (%) Centrality (%)
Lo.2[~ -
r ] == JAM (NS3) hard momentum independent NS3
-0.3~ 0 e JAM (MD1) hard momentum dependent
:\ 11 | | ‘ 111 | 111 | 111 | 111 Il Il 1 Il 1 1 | |: ----- JAM (MD4) SOﬂ momentum dependent MD4
0 02 04 06 08 1 12 14 16 18 2 UrQMD “hard EoS” (UrQMD 3.4)
p. (GeV/c) £== GiBUU “soft EoS” (GIBUU 2019, Skyrme 12)
t

HADES, arXiv:2208.02740
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Higher-order flow components

Allow to reconstruct 3D picture of the HADES, PRL 125 (2020) 262301
particle emission pattern in
momentum space

1 HADES
2 Au+Au \/sNN =2.4 GeV

Protons
Centrality 20-30%
10< p,< 1.5 GeV/c

ycm

— 00

Shape determined by flow coefficients v; — v, 02
—— 04

Complex evolution of shape as function —— 06
of rapidity paramerized with — 08

1
v1,3,5(ycm) =aYem + bycgm 2"

V,46Vem) = c + dyén

* Mid-rapidity: almost elliptical shape

* Forward/backward rapidity: triangular shape Yem i
~ interplay: central fireball pressure —
interaction with spectator matter
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“|deal fluid scaling” (relation between v, and v,)

HADES, PRL 125 (2020) 262301

T3
[+110-20% T

= F 1
° Scallng properﬂes N 2;7 ]T\20-30%*£ HADES Au+Au ﬁ:ZAGeVi
. . . . 2 =1/2 1sb [+180-40% & E

— prediction for ideal fluid: v4(P) /v2(P)=1/ st
: . 13 T 3
— slightly higher values (~ 0.6) osb i -.-iii ]
expected in more realistic scenario | ..., (2003) 031902 13 aliadiuiE ?@% E
Borghini, Oliitrault, PLB 642 (2006) 227 2 I ]
Gombeaud, Ollitrault, PRC 81 (2010) 014901 ’°-5?pmgo..s <005 T 10<p <15GeVic |
N 2; = 3
15t B
i :
* Observed ratios for p, d and t o5t E
- independent of p, and centrality o 9
- close to predicted value of ~ 0.6 05 Deuter ]
N>N : { -H \‘7
N 2k E
- confirmed by transport models . et al, PR 90 (2014) 054601 1QMD ra ]
Hillmann et al., J.Phys. G 47 (2020) 5, 055101 UrQMD F 1
Mohs et al., PRC 105 (2022) 034906 SMASH '_ E
05 E
oF = 3
Hydro-like matter at SIS energies? 95 Titons ly, | <0.05 3 ~ 10<p,<15GeVic |
I + | IR R

S O AT I PO P IO P PO PP I S IR R MR A B
0 02 04 06 08 1 12 14 16 18 2 -1 -0.5 0 0.5 1
p, (GeVic) Yem
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Electromagnetic radiation

26

EMISSIVITY
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Electromagnetic radiation from QCD fireball

t=14fm/c t=28fm/c

[t
[t

10"

beam axis
A
Hrrsepree e b

45-10 -5 0 5 10 15 -15-10 -5 0 5 10 15 -15-10 -5 0 5 10 15 -15-10 -5 0 5 10 15 -15-10 -5 _ 0 5 10 15 -15-10 -5_0 5 10 15
) X (fm) X (fm) X (fm) X (fm) X (fm)

Encodes information on matter properties

Electromagnetic radiation (y,y") enabling unique measurements

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

McLerran, Toimela, PRD 31, 545 (1985)
Weldon, PRD42, 2384-2387 (1990)

* 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 functior/
dNu Clz

Txdia = 3MZL(MZ)fB(q w; T) Imllgm (M, q; i, T)

lepton phase thermal Bose

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

B ImIIgE
accurately known from e*e~annihilation R « v

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

= 10%F
Low-mass regime LMR g < ° o — Data Intermediate-mass regime IMR
? I N Y S— u, d, s quarks
em spectral function is saturated ? (. perturbative QCD continuum
by light vector mesons (VMD J = o2 10F (quark degrees of freedom)
1~ for both y* and VM, %
. . . v o $ 0.0.0
p playing a dominant role) ° e V ------------------------
o1
et mt
p 10—1\\\3\\\\\\\\\\\\\\\\\\\\\\\\\\\
0 0.5 1 1.5 2 25 3
e T Invariant mass (GeV/c?)
v N
m2\* M
g = ) (—) ImDyee (M) Imizc =
v=p,w,p v

Sakurai, Ann.Phys. 11 (1960)
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In-medium spectral functions from hadronic many body theory
= o meson in medium interacts with hadrons from heat bath

Rapp and Wambach, Eur.Phys.J. A6 (1999)

additional contributions to the p-meson self-energy _1p [2ppand Wambach, EurPhysJ AGCIO99) .
1 ' vacuum :
— T=122MeV, p,=0.3p
Dp (Ml q, T; .uB) - [M2 _ mz g ¥ ¥ ] _8 |—-—- T=146MeV. p:=1po 0
p prT pB pM EESEE T=180MeV, py=4p,

)y TP 5
- s X > T q=0.3GeV
. . AT )N ! (O] t
in-medium s P, . S =
. = aAN VW + AANEAN, a
pion cloud prm \ p + Q |
N3 ) = .
T |
|
R = A, N(1520),ay, ... | ey o
. p Epairis -, e
direct p -hadron L,B.M =N AN %.0 0.2 0.4 0.6 0.8 1.0 1.2
scattering M [GeV]

h=N,mK,..
~ p-peak undergoes a strong broadening
~ baryon effects important

Alam et al., Annals Phys.286 (2001) 159 (2001)
Leupold, Metag, Mosel, Int.J.Mod.Phys. E19 (2010) 147 (even at PBper = 0! sensitive to PB.or = PB + pp)

Rapp, Acta Phys.Polon. B42 (2011) 2823-2852
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Thermal dilepton measurements

There is no such thing
as a free lunch

‘I_ F T T T ‘ T T T T T T ‘ T T T ‘ T T T ‘ T T T I T T T ]
NO 1 0—3 Au+Au SNN=2.42 GeV 7;
S 5 0-40%
O, 4P ]
g 10 Er » Au+Au back tracking 3
$ 105l “iimg * AurAuring-finder ] « Decisive parameters for data quality:
= g . =E8 Bg o NN reference 3 . . ) . ) )
Q,_ 5 - ~8g ] - interaction rates (/R) and signal-to-combinatorial background ratio
5 10° - ‘. A HE E (S/CB): effective signal size: Se¢s ~ IR X S/CB
% 107 L E\ }[ﬁ] 1 N * |solation of thermal radiation by subtraction of measured decay cocktail
Zo‘i i sageh o § i[j 1 i « Mid-rapidity, low-M,,, low-p; coverage (acceptance correction)
= 10°¢ 5 E
i = i ]
10°%% ° =
10*10_:__\_ L. L_!_J__L_\_L_\ L Il | \I Il ‘ Il Ik ‘ L 1, } I} L
0 02 04 06 038 1 1.2 - , : | £ : : .
Mee (GeV/Cz) -15 -10 75)([?"\)5 1 15 -15 =10 75)((?7“)5 10 15 =15 - . ) O m’S 10 15 -15 -10 —SX(?M)S | 15

2 2 first chance ——— freeze-out
M? = (Po+ + Pe-) collisions thermal radiation
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Thermal dileptons from baryon rich matter

There is no mission

HADES, Nature Phys. 15(2019) 1040 impossible
T I T T T I T T T I T T T I T T T I T T T I T T

5 0k ]
> 10_3; Au+Au | s\ =2.42 GeVE:
O, g (Typay = 71.852.1 MeVik,
S 10 E
e r ]
\§ 10—55— = * Thermal excess radiation established at HADES (Au+Au, Ag+AQ)
&8 . - . - p-meson peak undergoes a strong broadening in medium
% 10 '§_ _§' - in-medium spectral function from many-body theory consistently
%, ~7[ T HADESdata0-40% ] describes SIS18, SPS, RHIC, LHC energies
pd 1 O E  — in-medium p spectral function E
: = 3 Rapp and Wambach, Adv.Nucl.Phys. (2000) 25
s — MEZ x exp(-M_/(T)) . , ]
10 E  Baryonic effects are crucial
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 I 1 1
0 02 04 06 08 1 1.2 R = A N(1520), ay, ..
e*e” invariant mass [GeV/c?] % p = NN .

h=N,nK,..
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First measurement of massive y* emission from N* baryon resonances

HADES, arXiv:2205.15914 [nucl-ex]

4.5 L L L B L B R
_aE qias"fr?e_n = T p s n4+n +at HADES, PRC 102 (2020) 2, 024001
~35E T E p HADES, PRC 95 (2017) 065205
S o p,=685MeVic 4 ~ included in PWA (Bonn-Gatchina)
2t E to provide partial wave decomposition
3°%F E _ L
£ oF = * mp-on+e +e
8. .F ] "
S 1.5 E - probe baryon resonance — nucleon transition
o = -
B 1 =
© E 3
0.5 =
e * Dominance of the N*(1520) resonance at \/syy = 1.49 GeV
8f quasi-free = - p meson as "excitation” of the meson cloud
@ 7 TP —>een = - Vector Meson Dominance - basis of emissivit
—5 [ p =685MeVic E
< o T E calculations for QCD matter
8 F QED E
~ 4 ——— Time-like FF [Ramalho] —
8 F = — Lagrangian model [Zétenyi] =
S 3 —
S .k E
s 2F E
(=== E
E P I R B R R
% 100 200 300 400 500 600

M., (MeV/c?)
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Dielepton excitation functions
= search for emerging signatures indicative of a first-order phase transition

L2~ Excess yield in LMR tracks fireball lifetime: Invariant mass slope_ measures .radlatlng source
extra radiation” due to latent heat around temperature: flattening of caloric curve
phase transition (& CEP?) (T vs €) — evidence for a phase transition

53 dN/dyl , .~ 127 138 146 185 251
Fen 207 T T T T \T\[ ‘TC T T T L T 7] - = |
Tl | 0.3<M,<0.7 GeV/cz ] Bos0r Tt
< °F E = r -7
16 E o I ]
—_*al 3 5200~ -
% C 7 © L _
S 120 = e 1
% B E 2-150? —
\o\o 10; 7: lq_.) L _
S aql 7 L _
£ 8 ] 1001 -
E 6; N _— N" / N,{.,.,-y B B ‘HADES'r:nizMev .
> 41— t CBM N60 — Ty X 1.45 — 50; + CBM sim. (FAIR SIS100) _]
a2 oF + STAR BES-Il E B ! )
§ © HADES | NAGO STA‘R ] C + NA6O* sim. (CERN SPS)

C I L I L L I 1 | Lo | | R |

W% 2 34567 10 2030 100 200 %Y 2 3456 10 2030 100 20
Collision Energy | sy, [GeV] Collision Energy /sy, [GeV]

Rapp and v. Hess, PLB 753 (2016) 586
TG., JPS Conf.Proc. 32 (2020) 010079 TG et al., EPJA 52 (2016) 131

https://github.com/tgalatyuk/QCD caloric_curve
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Dilepton signature of a 15t order phase transition

Seck, TG, et al., PRC 106 (2022) 1, 014904

Isothermal speed of sound

110 — Nith r}ase' transition Without phase transition
- i
g
S‘ 100 = 0.6
§ § 0.5
(0]
;:' 90 - "t>l;<5 0.3
[0} [
S sol 8 o2
© 0.0
qé. 70 L -0.1
2 -03
60 - -0.5
b 0.6
0 1 2 3 4 0 1 2 3 4

Net baryon density p,/p,

¢ ldeal 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

Most et al., e-Print: 2201.13150 [nucl-th]

Ratio: Hydro p.t. / Hydro no p.t.

See also:

Savchuk, TG, et al., arXiv:2209.05267 [nucl-th]
Tripolt et al., NPA 982 (2019) 775

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

24
—— inmedium SF rate

2.2 —— qqrate

1.8

||I‘|||||||||I!|l

1.6

1.4

ol b b b b 1y

1.2

||||\||||JI

e e b b e b b oy

02 04 06 08 1 12 14
M, [GeV]

ot

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


https://arxiv.org/abs/2201.13150
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Dileptons and chiral symmetry of QCD

¢ Spontaneously broken in vacuum by
dynamical formation of a quark condensate

(0lgql0) = {0lg.qr + qrq.LI0) # O

—
(@)

o o
o)

Al,s ~{qq)r/ {qq)o
(a)
%

e
~

0.2}

Continuum B |
N,=16
N;=12
N=10

N;=8

< 0O< o

100 120

Bazavov et al. [Hot QCD Coll

140 160 180 200 220
T [MeV]

. ], PRD9O0 (2014) 094503

S. Weinberg, PRL 18 (1967) 507

e QCD and chiral sum rules ...

I

“°d
?S[nv@ — My (s)] = m2f2 = —2m,(qq)

. accurately satisfied in vacuum

Hohler, Rapp, Annals Phys. 368 (2016)
Holt, Hohler, Rapp, PRD87 (2013) 076010

0.08 0.030 ! : .
— Total AVSF @ ALPEH 2(n+1)r data
E ﬁ{%ﬁg %2’&2&“‘ 0.025---- Total a; SF
0.06 — Total vector SF 1 -=- Total a; SF fo--.
opRE 0.020 -~ continuum F
- p'SF @

s SR

aor Titbeea. 0000 e "

10

15 20 25 30 3=

s (GeV?) s (GeV?)

How does chiral symmetry restoration
at finite T and uz manifests itself?
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Signature for chiral symmetry restoration: p — a, chiral mixing

Restoration at finite T and up manifests - 10'grT—TT T T T T3
itself through mixing of vector and N E  CBM Simulations E
axial-vector correlators S 102 AutAu [Sy=4.9 GeV =
p=0MeV ‘ G 0 [ min-bias, IR=1MHz .
1500 3 ; ——1.2x ev 'measured' §
3 - 1.2x10"® d
251 = 10 = — in-medium SF w/o p-a1 x-mix 3
> C —— in-medium SF w/ p-aly-mix
- S
= 1000 'c> 10 =
= [0} -
P < 10°
500 - =
107 3
% 50 100 150 200 250 300 108
T [MeV] 8
10°
p meson melts, a; mass decreases and &
degenerates with near ground-state mass 1071 P R
0 0.5 1 1.5 2 2.5

M, (GeV/c?)

Hadronic many-body theory Hohler and Rapp, PLB 731 (2014)
Functional Renormalization Group Jung, Rennecke, Tripolt, v. Smekal, Wambach, PRD95 (2017) 036020
Light mesons and baryons: lattice QCD results, Aartz, QVI2022, April 2022
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“Youmay say Imadreamer... vt rm not the only one”

l—l1 08 = T T T =
N = . . - E :
T - CrerAR S Heavy ion collisions 7 FProgram needs ever more precise
010 e | Vo kok-kAV < data and sensitivity for rare signals
E 5 — é:_ n
10 ;% CEE+@HIAF = * CBM will play a unique role in the exploration of the
O - ] G ¢ NAG0+@SPS 7 QCD phase diagram in the region of high uz with rare
© 105 - BN — and electromagnetic probes: high rate capability
© = LAVPS ¢ O—— O ALICE@LHG = _ o .
) — @RAON PHENIX@RHIC * HADES: established thermal radiation at high ug,
T 10% & HADES@GSI MPD@NICA - limited to 20kHz and /5yy=2.4 GeV
; N Fﬁ NAG1/SHINE % ; * STAR FXT@RHIC: BES program completed;
103 = STAR FXT ):( STAR@RHIC = limited capabilities for rare probes
- = g ] * CEE+@HIAF proposal: multipurpose detector based
102 = 4 s = on TPC, anticipated rate capability 500 kHz
- % . « J-PARC-HI proposal: highest proton beam intensities,
10 ‘ L ‘ ‘ L = addition of heavy-ion option (HI booster)
1 2 3 4567 10 20 30 100 200
Collision energy \syy [GeV] . aLice 5 ALICE 3: exploit the high luminosity potential
TG, NPA 982 (2019), update 2021 https://github.com/tgalatyuk/interaction rate facilities of the LHC for ions

CBM, EPJA 53 3 (2017) 60


https://github.com/tgalatyuk/interaction_rate_facilities

uction accelerator tunnel finished

S
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The Compressed Baryonic Matter experiment strategy

* Fixed target experiment
- obtain highest luminosities

7\

HADIES

* Versatile detector systems
- optimal setup for given observable

N
 ARBND

)

* Tracking based entirely on silicon
->fast and precise track reconstruction

ST

* Free-streaming FEE -
- nearly dead-time free data taking B e,

]

* On-line event selection
- high-selective data reduction

* 2027 — installation and commissioning w/o beam, Q4 2027 ready for beam
* 2028 — commissioning with SIS100 beam
* 2029 — HADES moves to CBM cave
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Summary: The future is bright!

Encouraging prospects for studying hot and dense matter in the laboratory

* Results from Au+Au suggest a thermalized strongly interacting medium created at \/syy = 2.42 GeV

- Thermal models fit yield and spectra

- Data sensitive to the EoS

- Thermal origin of dilepton excess spectrum
- System with multi-particle correlations

* Complementary program on exclusive measurements in =, p induced reactions
 Strong scientific program for FAIR Phase-0
* ... and for FAIR

Thank you for your attention!



e ——
-
=51 F-\lR 23 Jan, 2023 Tetyana Galatyuk | Bormio Winter Meeting | Bormio , Italy | IiAI)I:&

The HADES Collaboration




N
N
N
N
N
mw
&




==u FAR

Bonus slides

23 Jan, 2023

Tetyana Galatyuk | Bormio Winter Meeting | Bormio , Italy |

45




51 F-\lR 23 Jan, 2023 Tetyana Galatyuk | Bormio Winter Meeting | Bormio , Italy |

How to find CEP with heavy-ion collisions?

180 ,
160 k=
140
120
:> 100 H=== FRG:Fu et al S
L 7777771 FRG:inhom O
E g0 || Lattice: WB e
H Lattice: HotQCD g ©®
= + = DSE: Fischer et al. & :
60H------ DSE: Gao et al. Q
B  freezeout: STAR e
40 H € freezeout: Alba et al. |
@ freezeout: Andronic et al.
20 B  freezeout: Becattini et al.
1 e freezeout: Vovchenko et al. N
¥ freezeout: Sagun et al.
0 T T | |
0 200 400 600 800 1000

pp [MeV]

Gao, Pawlowski, PRD 102 (2020) 3, 034027
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107

/dM,, [GeV/c?!

107°

A
excess

1078

L, dN

107

1/N

108

- HADES data 0-40%
= in-medium p spectral function

— M2 x exp(-M_/(T))

Au+Au s =2.42 GeV
(T, o) = 71.8£2.1 MeV/k,

fireball

0.2

o

2 100f

Tslope

HADES, in preparation

MeV/k )
B

0.

-
n
o

60

20F

80f

40f

P TR N N - L
4 06 08 1 1.2

e*e” invariant mass [GeV/c?]
HADES, Nature Phys. 15(2019) 1040

Inverse slope (p;)

i Au+Au, |5, = 2.4 GeV
[ 0-40% centrality
[ HADES

[ —e—Data

[ — Fittodata: Ty, =Ty, + 0.5M B

Lol b b b by b b
200 300 400 500 600 700 800
M, (MeV/c?)

Tetyana Galatyuk | Bormio Winter Meeting | Bormio , Italy |

47

HADIES

What have we learnt from excess
radiation Au+Au /syy = 2.4 GeV?

* Radiation from a source
- long-lived (=13 fm)
- in local thermal equilibrium
- (T) =~ 72 MeV
-0 =2-30

Elliptic flow (v5)

0.15
E [Au+AU, Sy = 2.4 GeV
0.1 0-40% centrality
[ | HADES preliminary
0.05}
N r
> O
=
~0.05f
0.1
o4 1]
015 02 04 06 08
M, [GeV/c?]

1/N, dN“*/dcos(a, )

o« Polarization

x1
= — ]
1.6F AutAu, S = 2:42 GeV A
| 0-40% centrality ]
1.4[ 0.45 < M,, (GeV/c?) < 0.6 e
1 '2% Fit ¢ x (1+ B x cos*(0t,.,)) E
1 with B = -0.9 + 0.8(stat) + 0.3(syst) .
08 ]
0.6~ T -
I / \
0.4 ] \\
0.2
o= L1 A I
-1 -0.5 0 0.5 1

pT’ee (MeV/c)

40% most central events|
Low field run

Alle’e” pairs

M.
0.6 0.8
M., (GeV/c?)
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The QCD phase structure at high g

Possible HIC trajectories and NS merger

simulations within an effective hadronic model LS220-M135 simulation (Lattimer-Swesty, NPA 535 (1991) 331-376)

50

T T \ T
80} "
0 \ _ 0.
60[ \\ - e
_o0F ‘ 10
% — AutAu: Epp=123AGeV || :
= Lo = ’ — AutAu : Eyp = 0.65AGeV “Bo-10 -5 0 510 0
= [, » Ao BNSmerger: (p/po, Tmax) x [km]
- 44 ‘ & DBNSmerger: (pumax/po, T)
by
204 501 * 18 orders of magnitude in scales, still similar
" . = * T<70MeV, g < 3 g, for both
i é * Dileptons sensitive to dense phase
% 1 2 3 4 50
plpo ~ One EoS for simultaneous description of
Hanauske et al., Particles 2 (2019) no.1 nuclear physics and observations

Rezzolla et al., Phys. Rev. Lett. 122 (2019) no. 6, 061101
Most et al., e-Print: 2201.13150 [nucl-th]


https://arxiv.org/abs/2201.13150
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Connecting BNS mergers to heavy-ion collisions

@ @ Most et al., e-Print: 2201.13150 [nucl-th]

log,q N [Az?At] N [fm*/c]

0.0 0.5 1.0 1.5 2.0 2.5 3.0 0 d 10 15 20
70 _: | | | | | | I_:
Mtot = 2.8 M@ = o Elab = 600 A MeV -
60 = B =
- O -
_. 90 = | = 2.2——
g 40 T8 S/jll 8=
= — 9 S[A=" E
& 30 = E
20 _; _;
10 |- = =
0 - - =

1.0 2.0 3.0 1.0 2.0 3.0

n/nsat n/nsat

Employing same equation-of-state for simultaneous description of BNS merger and HIC
Entropy per baryon (S/A) similar ~ BNS merger and HIC E;p < 1 GeV


https://arxiv.org/abs/2201.13150
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Correlated pion-proton pair emission
ntp and w~p analysis

HADES, PLB 819 (2021) 136421
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* High statistics allows multi-differential analysis
) . o ) ) UrQMD, Reichert et al., NPA 1007 (2021) 122058
* Input to transport model calculations (i.e. fix in-medium NN < NA cross sections) RVUU, Godbey et al.,, PLB 829 (2022) 137134

Sensitivity to in-medium spectral function cf. Hees and Rapp, PLB 606 (2005) 59-66

* Understanding of “kinematical” mass shift with S-matrix formaliSm  pashen et al, Phys. Rev. 187 (1969) 345
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Are we creating a thermal medium in experiments?

Hadron yields and statistical hadronization model (SHM)

T eI E PL-Pb {5,=2.76 TeV, 0-10% contallty | * Factor 1000 in beam energy / factor ~2 in temperature
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Andronic et al., Nature 561 (2018) no.7723 ————
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Kaon and A production and anisotropy in Au+Au

HADES, PLB 793 (2019) 457-463
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Uppe = +40 MeV - pﬂ
0
No simultaneous description of
(repulsive) KN potential relevant to describe K K? and A results
distribution but not acting on (helping) A?
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A polarization at HADES

HADES, PLB 835 (2022) 137506

i PRC103 (2021) 3, L031903, HADES p_<[0.2,1.5] GeV/c y<[-0.5,0.3]
M _ T
| Au+Au, b=6fm, ]y|<05 Au+Au: Ag+Ag:
8l— === hadronic EoS u 10-40% o 10-40%
L == crossover EoS O 20-40% O 20-40%
s 1PT E0S
= STAR 20-50% p_<[0.5,6.0] GeV/c n|<1
B PRC104 L041902 (2021), o p,<[0.5,6.0] GeVie
E Au+Au, b=5fm, |y|<1, p_<[0.4,2.0] A PRC76 024915 (2007)
6 __ s AMPT model X Nature548 62 (2017)
B v PRC98 014910 (2018)
- ALICE 15-50% p_ [0.5,5.0] GeV/c |y|<0.5
41— ¢ PRC101 044611 (2020)
N STAR 20-50% p_[0.7,2.0] GeV/c ye[-0.2,1]
- + PRC104 6, 061901 (2021)
2 —
B v
(1] e R R - - 7
1 lIIIIII 1 1 IIlIIII 1 1 IIIIII| 1 1 IIIIIII 1 1 11 11
1 10 10? 10°

VSan - 2my [GeV]

Tetyana Galatyuk | Bormio Winter Meeting | Bormio , Italy |

53 HADIES

Strongest polarization signal
observed at SIS18 energies

* Performed multi-differentially in
transverse momentum, rapidity and
centrality

* Further constraints for the EoS of
compressed baryonic matter



