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SEARCHING FOR LANDMARKS OF THE QCD MATTER

PHASE DIAGRAM
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Borsanyi et al. [Wuppertal-Budapest Collab.], JHEP 1009 (2010) 073
Isserstedt, Buballa, Fischer, Gunkel, PRD 100 (2019) 074011

Gao, Pawlowski, PLB 820 (2021) 136584

Cuteri, Philipsen, Sciarra, JHEP 11 (2021) 141

[ vanishing ug, high T (lattice QCD)

] crossover

o Tpe = 156.5 £ 1.5 MeV (physical quark masses)
o T, =132%2 MeV (chiral limit)

[0 no critical point indicated by lattice QCD at u$Ef /T, < 3

Bazavov et al. [HotQCD], PLB 795 (2019) 15-21
Ding et al., [HotQCD], PRL 123 (2019) 6, 062002
Dini et al., Phys.Rev.D 105 (2022) 3, 034510

L] large up moderate T (IQCD inspired theories)
L1 limits of hadronic existence?
L1 1t order transition?
1 QCD critical point?
[] equation-of-state of dense matter?

The CBM Physics
Book

Compressed Baryonc Wit n
Laberatory Experiments

high up region —
large discovery potential!

Friman et al.,
Lect. Notes Phys. 814 (2011) 1
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SEARCHING FOR LANDMARKS OF THE QCD MATTER
PHASE DIAGRAM

<2507 [1 experimental challenge:
> .
= )4 Quark-gluon plasma [0 locate the onset of QGP
2 200¢ /{/” H [J detect the conjectured QCD critical point
g : g [] probe microscopic matter properties
£ 150 iy CEP |
g " %@ g,
100l <q%>,, [ 1 measure with utmost precision:
[ \W‘ [] strangeness (chemistry)
505 Hadrons [0 charm (transport properties)
[ [] e-b-e correlations and fluctuations (criticality)
0: | | | | Nuclei \éﬂé‘ié' O dileptons (emissivity of matter)
0 200 400 600 800 1000

Baryochemical potential (MeV
y P ( ) almost unexplored (not accessible)

so far in the high ug region
[HADES], Nature Phys. 15 (2019) 10, 1040-1045

Andronic et al., Nature 561 (2018) no.7723
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QUEST FOR HIGMEST HREREION AND 0
years progress
SENSITIVITY FOR RARE SIGNALS in technology since AGS

(begin of high ug explorations)
LHC
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()]
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J-PARC-HI
AGS . STAR FXT CBMgs100
ST B HADES Y cee
1 T T T T 1
1980 1990 2000 2010 2020 2030

Time = advances in accelerator and detector technologies
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Temperature
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THE EXPERIMENTAL LANDSCAPE FOR ELECTROMAGNETIC PROBES

collider domain > fixed-target domain

low \VSNN

~800 MeV

~200 MeV

Baryochemical potential



beam axis

EXTREME AND SHINY

[1 electromagnetic radiation (y,y")
] reflect the whole history of a collision

| no strong final state interaction
~ |eave reaction volume undisturbed

] encodes information on matter properties

spectrometer
chronometer
barometer
thermometer
polarimeter

amperemeter



DILEPTON INVARIANT MASS SPECTRA
characteristic features

1 1 1] rrr1r 1] rrr1rT1 717 1. 1T 1771

I. ‘primodial’ g annihilation (Drell-Yan):
i. NN ->ete X
ii. short-lived states

Au+Au 20A GeV
central collisions

ii. thermal radiation from QGP and hadronic matter:
g »ete”, ntn™ »ete”
[ short-lived states A, N ™, ...
[1 multi-meson reactions (‘4’): mp, tw, ma,

|IEI{000 IN0-8Z834

iii. decays of long-lived mesons:

. | N O % n, w, @, correlated DD pairs, ...
10705 1 15 2 25 3
F. Seck, MSc 2015 M., [GeV/c?]

excess vield = dilepton yield after subtraction of (measured) decay cocktail (i. and iii.)
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ELECTROMAGNETIC PRODUCTION RATE

em current-current L (qe,q) = —i j d*x ' %9 (x ) (([* (), ;¥ (O)]))
correlation function

] photons characterized by “transverse” momentun:
dN. a
determines both photon CIOW - —%fB(C[ ‘W T) Imllem(qo = q; 1, T)
and dilepton rates q

| dileptons carry extra information: invariant mass
- unique direct access to in-medium spectral function

dNy, ag L(M)
m = T:;n (q u; T) Imlleym (M, q; up, T)

L.D. McLerran, T. Toimela, Phys.Rev. D31, 545 (1985)
H.A. Weldon, Phys.Rev. D42, 2384-2387 (1990)
C. Gale, J. Kapusta, Phys.Rev. C35, 2107 (1987) & Nucl.Phys. B357, 65-89 (1991)
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EM CORRELATOR IN THE VACUUM
ImITS%<

accurately known from e e ~annihilation R « v

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

low-mass regime & 10%¢
cf) ; = —— Data
. . e r ploy

em spectral function is S5 I u, d, s quarks
saturated by light vector mesons Tot0E
(VMD J* = 1~ for both y* and o[ ©

VM, p playing a dominant role) R M"&q‘"
T 1p
T i

-1 A Lo b v b v v v by o |

10 05 1 15 2.5

2 3
Invariant mass (GeV/c?)

é >MMA<
_ -
/j&

f

m2\? 2
g =y (—) ImDEe< (b1) lmﬂgf:f——m<1+

v=p,w,$
Sakurai, Ann.Phys. 11 (1960)

intermediate-mass regime

perturbative QCD continuum
(quark degrees of freedom)

M +--->NC S (o)

q=u,d,s

]
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IN-MEDIUM EM SPECTRAL FUNCTIONS

connection to chiral symmetry y,

[l . is broken spontaneously by dynamical
formation of a quark condensate (gq)

[1 condensates (gq) constrained by lattice QCD

pv(s)/s

<qq>1/<qg>o
1.0
0.8
0.6
—— QCD sum rules
0.4 ®  Jjattice QCD
\\
\
0.2 °
..‘\'
’
R
0.08 0.10 0.12 0.14 0.16 0.18 0.20
T (GeV)

Hohler and Rapp, Annals Phys. 368 (2016) 70-109
Holt, Hohler, Rapp, Phys.Rev. D87 (2013) 076010

10

S. Weinberg, Phys. Rev. Lett. 18 (1967) 507
QCD and chiral sum rules...

°dq
j ?S[nv(s) — My ()] = miff = —2my(qq)
0

... accurately satisfied in vacuum

[0)0] ] S D B A LI o B2 Sy STt 2 0 8 R P . 20T VA 0.030 e e s
s r — Total AV SF @® ALPEH 2(n+1)x data |
® ALPHH 3raga 0.025 '+ Total SF E
0.06 — Total vector SF f==+ Total a; SF fo. ]
= pSE 0.020 -=- continuum £

= p'SF a 170t
== continuum ] t |
0.04 Z 0015 |
Y L]
0.010 ot !
0.02 f ]
0005 o _. . !
0.00 0.000 - emmeeemattiz 22 e TP T
00 05 10 15 20 25 30 00 05 19 15' 20 25 30 35

s (GeV?) s (GeV?)

... remain valid in medium
Kapusta and Shuryak, Phys.Rev. D49 (1994) 4694

| restoration finite T and pup manifests itself

through mixing of vector and axial-vector
correlators

Tetyana Galatyuk | Phase structure of QCD at high uB | 28 Mar 2022



IN-MEDIUM EM SPECTRAL FUNCTIONS Functional Renormalization Group

quantitative agreement of the (gq) with lattice QCD

tion to chiral symmet
connection to cnlral sy etry X.
0.8} E
- . . . . — . . v . . 06k
008 Vacuum T T=140 MeV £ (g0
r <
o 996f — Vector T — Vector 0AL:
- . B .
0 — Axial-vector = Axial-vector
S 0% E 1 0.2}
002 : 0.0 s ! s D . L
0 50 100 150 200 250 300
000 T i i i } : i i t i 1 t T[MeV]
008 T=150 MeV T T=170 MeV
» 006 — Vector - = Vector 1400
s - . T e 1 emmmemmm—— u =0 MeV
0 = Axial-vector [ = Axial-vector 1200 Sy
= o4 i ] \\
N I 1000 ~
\\
002 « = 800 g
s ——— 1 (] w
ﬂ — <
0.00 L L L 1 n " RPN, = L L L L 1 L Ll 600
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” " 400 f— ,-ng
s (GeV?) s (GeV-)
200 = ma
0
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T [MeV]

p meson melts, a;mass decreases and
: Jung, Rennecke, Tripolt, v. Smekal, Wambach, PRD95 (2017) 036020
ner with near ground- m
dEge erates t ear grou d-state mass Tripolt, Jung, Tanji, v. Smekal, Wambach, NPA982 (2019) 775

Fu, Pawlowski and Rennecke, Phys. Rev. D101 (2020) no.5, 054032

Hohler and Rapp, Phys. Lett. B 731 (2014) 103
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LATTICE-QCD RESULTS FOR N(939) — N*(1535)
parity doubling occur at high T

P
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Euclidean correlator ratios

.

I T
positive parity

I T

T T T T T | T

negative parity

L Ll

Nucleon > N*(1535) 1
>, -1
R 10 =
3 1075
: 3]
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T/a N -7ta
T T

W
[\

v
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T/T =190
TIT =152
TIT =127
TIT =1.09
TIT =095
T/T =0.84
TIT=0.76
TIT =0.24

I my is found to be independent of the
hadronic medium

1 indicates my=(T) » my(T) = my*®

Aarts et al., Phys. Rev. D 92 (2015) no.1, 014503
Allton et al., PoS LATTICE2015 (2016) 183
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DEGREES OF FREEDOM OF THE MEDIUM

guark-to-hadron transition

thermal dilepton rate in 2-flavor

QCD (quenched lattice QCD)

1.0e-05 T T T T T
of L B dwW/dwd3p 11T, ——
10°F =] - free HG 3 1.0e-06 - 13T —
— in-med HG | [ 1.5T¢ ——
10°F - QGPBorn 1.0e-07 F \ i
: c= HLT ; N\ o
107F : 1.0e-08 |
- -8: \\\. T=150Mev_: 1.0e-09 :
o 10 °F \\\ E i
B 1.0e-10 |
G 10°F I
Y F 1.0e-11
£ ook o 1 2 3 4 5 6 71 8
E‘\
“'2 of Ding et al., Phys.Rev.D 83 (2011) 034504
'Q®10 E Ding et al., Phys.Rev.D 94 (2016) 3, 034504
[0} F
[0 B A1
oob ~ p-meson melts
F ~ spectral function merges into QGP description
10°F
e L direct evidence for transition

00 05 10 15 20

M., [GeV] hadrons to quarks and gluons?

Rapp and Wambach, Adv.Nucl.Phys. (2000) 25
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IN-MEDIUM SPECTRAL FUNCTIONS FROM HADRONIC MANY BODY THEORY

p meson in medium interacts with hadrons from heat bath

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

additional contributions to the p-meson self-energy T
1 ’ vacuum '
D,(M,q,T,ug) = T=122MeV, p4=0.3p
(o) yYnH i, 4B B 0
[Mz - mpz) - met - 2:pB - 2:pM] -8 —-—-- T=146MeV, p=1p,
fmeee T=180MeV, p,=4p,
o
227 > g=0.3GeV
. . e Zn’ \ ( ! (O] |
in-medium D p - b 4 = v
. =AW VW + VAN, S
pion cloud prm \ / + Q -4
N/ ZT[ ] —
-2

m———m 2

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

- p o T o et ST SR D
direct p-hadron 3,/ —aAn NN 00 02 04 06 08 10 12

scattering M [GeV]
h=N,m,K,..

~ p-peak undergoes a strong broadening

Alam et al., Annals Phys.286 (2001) 159 (2001) ~ baryonic effects are crucial
Leupold, Metag, Mosel, Int.J.Mod.Phys. E19 (2010) 147

Rapp, Acta Phys.Polon. B42 (2011) 2823-2852
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\

dileptons as spectrometer




MEASURED EXCESS DILEPTON INVARIANT-MASS SPECTRA

strongly supports melting of p, in particular due to baryon-induced effects

—6
1
1.8_X' 0 L N P | NI et St (vl Pt N (o Rt P L, . K 5 L = 10-6 f T T T T T T
_E[\ bS8 AGeV)rAu e CERES:00 - NAGD ——
el (7% central) - = in-med p++¢ § { no baryons
; ]4:_ <Nch>=335 — - 47t mix E - full model
s t % -=+QGP o odm|
8 I.Z:— SR 4 ,E_ 10
=N — total ] o
e F -—- total (no bar p)1 .%
=1 N p>0.2GeV z:L 10-8 3
= FATR: N 2.1<n<2.65 | Ay
.04, = \: ©_>35mrad ~
2 £ { - o : 3 all qp
2 0.2:—_:' - $ . § 5 T =475 MeV; a=0.1 ¢*/fm
Tl ok e Mt Ml o P PR - ~ 10 ' ' ! ' ' '
0 0.2 0.4 0.6 0.8 1 1.2 02 0.4 0.6 0.8 1 12 1.4
M, [GeV] M (GeV)
[CERES/NA45], Phys.Lett.B 666 (2008) 425 [NAG0], EPJC 61(2009) 711

Rapp, Wambach, Eur.Phys.J. A6 (1999) 415-420 (1999)
Rapp, Wambach, van Hees, Landolt-Bornstein 23 (2010) 134

16 Tetyana Galatyuk | Phase structure of QCD at high uB | 28 Mar 2022




DILEPTON MASS SPECTRA FROM SPS to RHIC to LHC ENERGIES

-

ch

et
<
3

A
Q
=

Excess[Data-Cocktaill/(dN_/dy) (20 MeV/c?)"

[STAR], Phys. Rev. Lett.113 (2014) 2, 022301
[STAR], Phys. Rev., C92 (2015) 2, 024912
[STAR], Phys.Lett. B750 (2015) 64—71
[STAR], arXiv:1810.10159, 2018

= BES 200 — 19.6 GeV

I STAR __RappSum oo PHSD Sum
Au+Au 0-80% ... Rapp Rho — - PHSD Rho |
— - Rapp QGP ----PHSD QGP ]

= Data .. PHSD a1
Cocktail Uncert. -~ PHSD Delta ]

27 GeV x10°

Lo, Y L]

. I1.5I {2
M,, (GeV/c?)

17

[PHENIX] Phys.Rev. C93 (2016) 1, 014904 [ALICE] Phys.Rev.C 99 (2019) 2, 024002

= — e . . . . g
& i L ® Daa _
] Au+Au |sp= 200 GeV Min. Bias 10° g _ ALCE —— Codkai sum E
> 102 _ = 10 EPb-Pb, {5, =2.76 TeV, 0-10%—— =’ ~1ce E
e — sum E N Pro” Q4GB <08 L D20 v tes
o O Y pusny cocktail excluding p ] > 1k S See & T =
Q PHENIX " p broadening (Rapp) ] 8 p— igle:e(% gscaf{nz,ePYTHlAB) E
g ______ QGP (Rapp) | = 10_1 — DD — €€ (; jrd scaling, PYTHIA 6)
[ 3 8
g E T W , 1
3 : N e
g | = 1w 3
z E e\ 0 R
< = _ 4 E — RRapp, Adv. HEP 2013 (2013) 148253 ) =
= 8 35 and PRC 63 (2001) 054907 =

3 B 3 E e PHSD, PRC 97 (2018) 064907 .
£ 8 25 E =
g 0 0.5 1 Q4 g = .
= M. (GeV/c?) ° 7

© 05 E
o 0E

0 01 02 03 04 05 06 07 08 09 1
ey (GeV/C?)

I baryon effects important even at net-baryon density pg = 0

LI sensitive to pp, . = pp + pg (pN and pN interactions identical)
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TOWARDS FEW GeV ENERGIES

challenges % 0
LI implementation of in-medium effects in microscopic transport simulations 5
LI justification of thermalization in hydrodynamical simulations 10
-15

-15  -10

x [fm]

coarse-grained transport approach
= bulk evolution from microscopic transport
= apply equilibrium rates locally

| simulate many events
~ ensemble average to obtain smooth space-time distributions

T T

Au+AU |5, = 2.42 GeV 3

0-10 % centralty

— UrQUD 3.4 Shyrme
— ¢ GIBUU V2017 Skysme

==+ SMASH v1.5.1 Skyrme
— - PHSD W0

| average hadron distributions in suitable space-time
| determine for each cell the bulk properties like T, pg, s, B

| use in-medium spectral functions to compute EM emission rates
Rapp and Wambach, Adv.Nucl.Phys. (2000) 25
Jung, Rennecke, Tripolt, at al., PRD95 (2017) 036020

Huovinen et al., PRC 66 (2002) 014903 Sasaki, Phys.Lett. B801 (2020) 135172

CG FRA Endres et al.: PRC 92 (2015) 014911
CG GSI-Texas A&M TG et al.: Eur.Phys.J. A52 (2016) no.5, 131
CG SMASH: Phys.Rev.C 98 (2018) 5, 054908

88383833833

dN,/(dM dr)

33833

© et et b e
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THERMAL DILEPTONS at SIS ENRGY REGIME

| thermal rates folded with coarse-grained medium

[HADES], Nature Phys. 15(2019) 1040 . .
—— ' evolution from transport works at low energies

T L B e A S B S S S H

& 1072k 4
o g =
> - £ Au+Au |s=2.42 GeV -
E 5
% : Tiepay = 718221 MeVk, 3 7] radiation from a baryon-rich source
2‘” 10_4E§_ ? O Nn/Npart ~ 10%
=4 105k | [] m densities a factor ~70 lower as compared to SPS regime

8 E o
g - ]

Z 10°F 1 Orwi . funct .

% voescunoaon E RW |q-med|um spectral unction consistently
Z 107°E  —inmedum pspectal unciion E describes the low-mass dilepton excess for
T 10°8 - M explM, /D) 1 SIS — SPS — RHIC BES — RHIC — LHC energies

E. PRI NS ST NS N S SRS N N L L
0 02 04 06 08 1 1.2

e*e” invariant mass [GeV/c?] Robust understanding of emissivity of
matter across QCD phase diagram
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<& T HaDESworkinprogiess ]
THERMAL DILEPTONS at SIS ENRGY REGIME S o im0z Gevercor
s r 1
. . — 100- .
Energy, centrality and system size dependence ; ;
80 1 Tl
= - - i} i }] ]
IH 7\ L ‘ L ‘ UL ‘ UL \ L ‘ T 171 ‘ T 11 t '._| T T T T T ‘ T T T | T T T ‘ T T T ‘ T = [ _
o 1073 ;-L-\lll HADES work in progress 1 o 1072 Ag+Ag |[s\=2.42 GeV 0-40% 60 @ @ [‘l]jj ]
S E Ag+Ag sy=2.55 GeV 0-10% E S HADES work in progress E o) L FT ]
() 4 Data with pair correction (O] 4 a.>9%p >0.1GeVic _ Q / L i
— 10 e'e e E 407 & ]
%10 S Freeze-out cocktail sum % % —data E § a [:] Ag+Ag, Sy = 2.42 GeV ]
§o10_5 ok "-..-"-_ s 2“’10—5 f — Cocktail sum 3 )z 5 20 E Au+AU, (5= 242 GeV ]
] % K "~ E S i —— Reference ] O - 1
. = . b ~ 106 - I S AN AU I I
510°%% ", £10 E Y 0~"80 100 150 200 250 300
ZO i : i\ *"-t E Zo . 8 (A >
© —7; f‘;\ f\”*.l.* i ; o} 1077 -2 = ] part
| AN 1 3 NS 4
[ E : = ! ]
Z 0 oo/ W 1 2 1 @ Z [T
— 107°¢ ey Ty /_\ ‘ g — 3 E 8 \ >q__) HADES work in progress =
H \\"‘ ah 3 ] —9 L, _ ©
10°°E "\ \J . : 10 : %104_ 0 i
10—10:‘ . ,\.. N IR ‘ ‘\.;‘\'.(/'\. el I: 107105_, peapselieatt 0 | a0 T N 5 (4]
0 0. 04 06 038 1 12 14 0 0.2 0.4 0.6 0.8 1 L o J
i
M, [GeV/c?] M., [GeV/c?] s
[t
(] Ag+Ag /Syn=2.55 GeV (4x10°) Eﬁ @
L1 vector mesons peaks (o, ¢) visible ol [ ] hovto.fsm-242Gev |
F AI R [0 access M,,>1 GeV/c? - (e ] e iumzazcer
ol el ven lon b Lo e
f — 8 50 100 150 200 250 300

[0 3 days of data taking! ete™ statistics similar to the 4 weeks Au+Au run
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quark core

MESON CLOUD

exclusive analysis m™p —» ete™n

HADES, in preparation

meson cloud

g 4P \\ Quasi-free ] study the structure of the nucleon as an
N » T+p - efen .
2 3 extended object (quark core and meson cloud)
5 27 N ~ excitation of a baryon can be carried by the meson cloud
S = guiis 1 dominance of the N*(1520) resonance
s [ L - ~ Vector Meson Dominance
5 8l - om0 (the basis of emissivity calculations for QCD matter)
_q;o : -l- - - Xgmf p only
E“’ 6 VDM + p incoh.
o - HHEE VDM1y + p constr.
~ 4 R A% G/ 22z
b B — — 1
© o I [ —/—=—— @ Connection to “soft deconfinement”?
0 200 400 600 & e Fukushima, Kojo, Weise, PRD 102 (2020) 9, 096017
M., (MeV/c?)
Ramalho, Pena, Phys. Rev. D95 (2017) 014003 ‘

Quantum percolation of the
Zetenyi, Nitt, Buballa, Galatyuk, Phys. Rev. C arXiv:2012.07546 n 1, interaction meson clouds
Speranza et al., Phys.Lett. B764 (2017) 282 g

Thard
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dileptons as thermometer




DILEPTONS AS THERMOMETER

acceptance corrected u*u~excess yield

- 107°¢
N(S) E In+In {5,=17.3 GeV L1 IMR spectrum falls exponentially
[ 3

2 10°: o ke ] in the IMR the dilepton rate % oc (MT)Zexp(—2)
o F — —— inmedium hadronic
< 70 total thermal [l independent of flow: no blue shift!/

2107 =
s E
Q C
5 10_8; (T) =205 +12 MeV
o -
2 - ~ the only explicit temperature measurement
c 109 . . . .
S = above T, in heavy-ion collisions
g c T, =235 MeV 4
5 -10 i L \Tc\=1\70 \Mewv L | L L | L L \\\ | L

1077 0.5 1 1.5 2 25

Dimuon invariant mass M,,, (GeV/c?)

[NA60] EPJC 61(2009) 711
[NA60] Chiral 2010, AIP Conf.Proc. 1322 (2010)
Rapp and v. Hess, PLB 753 (2016) 586
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MAPPING QCD “CALORIC CURVE" (T vs €)

. [NAGO] EPJC 61(2009) 711

= 107¢
) F In+in {S=17.3 GeV
%J 10—6 ; NA60 —e— NAG60 Data ) 400
= E _ , > C _ Rapp and v. Hess, PLB 753 (2016) 586
o E ——— inmedium hadronic [o) C Fireball average temperature
= ol St e S 3500 3 TG et al., EPJA 52 (2016) 131
§§10‘ 3 : - -8-NAB0 -©- ALICE ITS3 - 3 nb™" (simulation, stat. only) https://github.com/tgalatyuk/QCD caloric_curve
% 1078 ; 300 ; - HADES -A- CBM (simulation)
2 E - -5 NAG0+ (simulation)
> I —
s 107° E 250 — Model (Rapp et al.)
g £ T,= 235 MeV 4 =
510-107‘ Al A R R N R 200:
0 0.5 1 1.5 2 25 - A id-
Dimuon invariant mass M, (GeV/c?) C . Nuclear ||C|UI(.3| _gas
t [ e O
150F- . phase transition
- Hadronisation temperature 12 A A 600 eV
[HADES] Nature Phys. 15(2019) 1040 100 | Lo
- : : : : - Lattice QCD 10 F 2 2Ne+"*Ta, 8 AMev . d
= 3 - PLB 795 (2019) 15 4/
© 403 «HADES data 50 SHM fit to experiment 0 <Epr<Az
= e HADES  aaouon o Nature 561 (2018) 7723 s 8r + a
Em 10—4;, Y VSTN:ZAZGeVé 07 1 Lol 1 | 1 Lol 1 Lo is —,c— ]
S 1 10 10 10° 10* F ;
§3 10°F = VSN (GeV) e . g
:% 10’6; , . L 2’ B(<Eg>/<Ap> - 2 MeV) 1
S T E ot coptmA. ooy ] signature for phase transition?
0 L e ~ phase transition may show up as a plateau! R R L
E. . | | ] ] ! ! : . . . . <Eg>/<Ay> (MeV)
02 03 04 05 06 07 08 09 ~ future high statistics experiments
Mee (GEV)

Pochodzalla et al., PRL 75 (1995) 1040
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https://github.com/tgalatyuk/QCD_caloric_curve

SIGNATURE FOR CHIRAL SYMMETRY RESTORATION

Dey, Eletsky and loffe, Phys.Lett. B252 (1990)

3 T T T T T
[l Changes in yield and shape at M,, > 1.1 GeV/c? due to p — a4 chiral mixing 25 4 i
¢ S—— o
[l ma, = y* = Il (chiral mixing) is a dominant hadronic source in IMR “F b= = e
15 | -
\
1k TOUGY
05 \(‘,“_ =
0

0 0.5 1 1.5 2 2.5 3

o ® GOR aclakion 8 Rty mixing oo

e &« E,"q))(m) = S’»&?Q - & TN R.Rapp, J. Wambach, Adv.Nucl.Phys. 25 (2000)
T R (0)
+ CO‘U[GQC(LW a a + a “T a - = .::53":}. . e=1/2
W N'E m7§ \ Q‘f.‘_,. - V-A mixing
; _ . Y«E 10* | h : 30% more yield
Taaly— PP ledion, ofjed are gene, Al NS e,
2 dewily, effecds than tempoabuw A

M > 7. G‘e\/ % w'm? pQCD

! ! ‘ ;
00 500.0 1000.0 1500.0 2000.0 2500.0
M (MeV)
Guy Chanfray, 1999 Lecture Notes
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There is no such

EXPERIMENTAL CHALLENGE thing as a free lunch
Physics background (M,> 1 GeV/c?)

F. Seck [CBM], 2015 F. Eisenhut [ALICE], DPG 2021
- L I L Y I L Y I B B T T T T L10°‘=r||]||:|||||||||||||1|||||v|||_
[\ 2| . . ] £ ALICE 3 Stud: — sum
§ 10 : CBM Simulation % 03— D-10%Pb:’by{s_-502TaV —— Rapp in-medium SF

! 10° 5 e
o 10K Au+Au 20A GeV Si = TOF+RICH (4o, re]) . ::Ta?i:a 5
g “ ‘ central collisions T (L 02 P sca <08 g
> 1 g .S £ No bremsstrahlung included —— bb - ee
—_ it a F 4 L,=56nb"'measured
§$ 1 0—1 Ll % 10k [ Syst. er. sig.+ bkg.

s =
_2 2

S10 =

&
s,,b
'y, oa
&
on

covvnd vl vveond vl vvved v el vl v

3 |
107 wE \
_71 . 1 b 10—l:llll|lllllllllllllllx\lllll||I
107, 05 1 15 2 25 3 0 02 04 08 08 1 12 14 16
m,, (GeVic
M., [GeV/c?]
] towards lower energy [ ] LHC energies
[J decrease of QGP [ negligible Drell-Yan

1 Drell-Yan contribution
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There is no mission

EXPERIMENTAL CHALLENGE impossible
Physics background (M,> 1 GeV/c?)

F. Eisenhut [ALICE], DPG 2021

Usai [NA60+], 2020

i SR RN R T TR R
Tﬁ 1 Black continous line: expected I R S 'y o] ]
S Vield assuming chiral mbng. o [ g e s T
s 10 - & 'E 02<p <dGeVic,In|<08 —4— L=56nb" 'measured’ 3
E Green line: expected yield =2 £ Nobremsstrahlung included [ syst. err. sig. { 2%) + bkg. (0.01%) 5
8 ] witout chiral mixing 3 [ DCAw=120,p, >12GeVic [ Syst orr. cZ (4%) + cocktail (4%) ]
§ 32 il Optimistic unc. estimate |
LS, i T E 3
20 107 - i ! ]
=2 ] 10+ e -~ =
s 1 eb-Pbvs-saGev [ 3
'§, 9 0-5% central collisions I Il
T 10° wk E
2 S NABO+: experimental - =
= = ] performance assuming no C. L R L. I | ! g
o 1 chiral mixing (yellow band: g = ' -
E b systematic uncertainty) € ‘2:_ o =
0 02040608 1 12 14 3 I e
M [GeVic )] 1 b e 3
0z 04 06 08 1 12 m’.((ls;v/cz)
| towards lower energy [l LHC energies
[1 Drell-Yan contribution = [1 excellent vertex resolution = topological separation of
pp, PA measurements prompt and non-prompt source employing DCA cut

[] choice of the p; cut
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dileptons as amperemeter




TRANSPORT PROPERTIES OF THE MEDIUM

Electrical conductivity

Rapp, EMMI RRTF 2021

EM spectral function connected to electrical conductivity: —
quench lat-QCD extract T=1.45T _
2 5 — 15/ — vacuump SF H
0o1(T) = —e* lim — ImIl,(q0,q = 0; T) 2 — T=100
q0—0 8¢ ’ ’ = — T q=1MeV
ool —-T=100 T, B
Transport peak in the limit of very low mass and p; Z —-T=140 T,
: — - T=180 Fn
=
) (RTINS P SRR FR N D/ R PR (R TR TR ER —
b a
]
= : !
o 10} left: spectral peak at .
o a,=0.1, 0.2, 0.3
= (sharpest to broadest) .
2 | & = . 1000
= Below: leading large q° qO [MCV]
5 8 (Born term) 3
g [l _
2 &\\ o ] conductivity is reduced when
e e D thermal-pion interactions included
0 2 3 4 5
E 0 /T
e [ transport peak broadens

Moore and Robert, arXiv:hep-ph/0607172
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HADES, data

6\ T T T T T T T
< — = HADES data 5
= L = —= 10
AgHAG, 5y = 2.42 GeV|
Qo 40% most central events|
= Low field run
- , 10°
o) All e'e pairs
Q
Q'_

10°

10?

0.6

0.8
M, (GeV/c?)

Pr e < 200 MeV/c

- — —
AutAu, |5, =24GeV  — . HSD4.0

10§ e st bmasessommeonnn. 3
<P, e ——— SMASH 1.6CG 1
NN ref., g

1 elnssbtacied  _ _ GsiToxas ASM CG

= === Pluto thermal p

ol yvvd vrvued and sl

1/N_, dN“/dM,, ((GeV/c?)")

L1

|

ol

: : M, (GeV/cz) Atchison, Rapp, Phys. Conf.Ser. 832 (2017) 012057 (2017)
e
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og/T

EXPERIMENTAL CHALLENGE

Measure accurately low mass — low p; thermal excess yiled

0.1

0.01

0.001

cross sections from Tab.|

N

This work, ©,K,n, k=1
x=0.5 —eo—
k=15 —a—
BAMPS — - & —
Lattice —o—
SYM == == =
n-c hm
ChPT =+ =:=
N L N ,PHSD ,

= ek

0.15 0.2 0.25 0.3
T[GeV]

large spread in literature

Greif, Greiner, Denicol, Phys.Rev. D93 (2016) 096012

N T

ALICE 3, simulations

ALICE 3 Study

Layout vi

3 4
Mg, (GeV/c?)




dileptons as chronometer




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

THE FIREBALL LIFETIME

53 dN/dyl . = 127 138 146 185 251
~ 20 — R : S —
Y F 03<M,<0.7 GeV/c? 1
Rapp, Acta Phys.Polon.B 42 (2011) 2823-2852 = 181 —
T T T T %\I’)Ag;? e $16: *:'
10°f O fm %“14§ 3
'% o % 12 $ =
> < 10 -
(Ql © = . ]
é o 8 % =]
o > E ]
% 107 F 1 % 61 S N|I/Nn'+7r‘ -
< ;3( 4 — Ty x 145
& W o a
= - HADES ~ NA60 STAR ]

z o 2 34567 10 20 30 100 200
108 b Te=Tey=175 MeV, 2,=0.1 c?/fm Collision Energy \'s\, [GeV]

all qp
0.2 0.4 0.6 0.3 1 12 1.4 | Integrated low-mass radiation
i{end 0.3 < M < 0.7 GeV/c? tracks the fireball lifetime
Heinz and Lee, PLB 259, 162 (1991)
“explicit” measurement of interacting- e o aae ey

fireball lifetime: Tpp~ (7 £ 1) fm/c (] Signature for phase transition (and critical point)?

~ |atent heat ~ longer life time ~ extra radiation
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DILEPTON SIGNATURE OF A 15t ORDER PHASE TRANSITION

T=10 MeV
. . ) = |
| em spectral function from FRG flow equations — L
=}
| dilepton rates at CEP T=10 MeV, u=292 MeV < s
2 =2
Tripolt, Jung, Tanji, v. Smekal, Wambach, Nucl. Phys. A982 (2019) 775 g E‘ "/\\
Jung, Rennecke, Tripolt, v. Smekal, Wambach, Phys. Rev. D 95 (2017) 036020 =] \\x,_,\
| ]
0.0 0.2 ‘ 04 0.6 0‘.8 1.0
800 850 900 950 1000 siGey]
s [MeV)
. . . . . 110 “With phlase tr§n5lition : Wlthou‘l phase transition -
| dilepton radiation in hydrodynamics g ‘ — Timo avoldh 2 =
< 0] gl 06 =
O implement “strong” 1st-order transition into E § i .0,5 =
CMF/PNJL model by increasing scalar quark — | 8 i 03 £
couplings £ o 2
© i 0.0 ©
g g
] factor of ~2 extra radiation in case of g g
. . © 88
hydro with phase transition oo 05 | BT
: ; 2 é " L 1‘ : : " 06 0 02 04 06 08 1 1.2 1.:2)
. M,, (GeV/
Net baryon density p./p
Seck, TG, et al., arXiv:2010.04614 [nucl-th] B

Li and Ko, Phys. Rev. C 95 (2017) no.5, 055203
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invariant mass
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WHAT HAVE WE LEARNT FROM EXCESS
RADIATION AT ENERGY OF few GeV?

Radiation from a source
[ | long-lived (t=13 fm)

L l'in local thermal equilibrium

C1(T) = 72 MeV
Lip=2-=3pg

elliptic flow (v5) . polarization
0.5 -
[ AutAu, f5 = 24 GeV
[ [ AuvAu, fsy =24 GeV g F ox)f’/:c‘gwancy ° b
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Hanauske et al., Particles 2 (2019) no.1
Rezzolla et al., Phys. Rev. Lett. 122 (2019) no. 6, 061101

m— Au+Au : E, = 1.23A GeV
— AutAu : By, = 0.65A GeV

Ao BNSmenger: (p/py, Ta
¢ BNSmerger

possible HIC trajectories and NS merger
simulations within an effective hadronic model

32

NS merger

ey Au+Au
o« ‘\ISNN = 24 GeV

[1 T <70 MeV, p < 3p, for both
(note the different isospin)

[] dileptons sensitive to dense phase

[] important input to constrain the EoS of dense matter

~ strong connections between the fields
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CONNECTING BNS MERGERS TO HEAVY-ION COLLISIONS

¢ ¢

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

logyy N [Az?At] N [fm*/c]
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0 ) 10 15 20

70 _: | | | | | | | l—:

Mtot = 2.8 M@ = - Elab = 600 A MeV -

60 = B E

= © -

50 = = 2.2 —

% 40 §/4=22 = % j/’Al 82.2 =
~ 30 =

1.0 2.0 30 1.0 2.0 3.0
n/nsat n/nsat

self-consistent relativistic-hydrodynamic calculations
employing same equation-of-state for simultaneous description of BNS merger and HIC
entropy per baryon (S/A) similar ~ BNS merger and HIC E,, < 1 GeV
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https://arxiv.org/abs/2201.13150

EFFECTIVE THEORY FOR NUCLEAR MATTER

Parity-doublet model describes nuclear
liquid-gas transition together with a chiral
phase transition

Tripolt, Jung, Smekal, Wambach, Phys. Rev. D 104, 054005 (2021)
provides a natural description for the parity-
doubling structure of the low-lying baryons

p and al spectral functions

near chiral CEP in FRG
T=33MeV, pyg=924 MeV

W= P
— a

0.01 / \

p + N — N*(1535)

10—10 / |
0 200 400 600 800 1000
w [MeV]
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preliminary dilepton spectrum from
UrQMD and coarse-grainig

107

/ 1=
10°°

by III|IIIIIII|III|III|IlIIIIIlI
3 4
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© K~ 1
<. 4D o -
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=z 1 0—5 : UrQMD v3.4
© E . Au+Au M= 2.42 Gevj
0-10 %
105k . NN |
:g‘....’

—  Rapp p=0
== Tripolt FRG
— Sasaki PLB 801 (2020) 135172

‘?: directly translates into 510 £

] ‘ enhancement of the T T T S

S 10 W thermal dilepton rate 02 04 06 038 1 12 14

£ / ‘1 M,../GeV

[ 10°® [

& o0 ' =~ peak due to process If detected ~ strong evidence in support of the parity-

doubling scenario as providing the mechanism for
chiral symmetry restoration in dense nuclear matter
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THE FUTURE IS BRIGHT

lﬁl'l 08 = T T T T T 171 T T T T T T T T E
L , - CBM@FAIR SIS100 Heavy ion collisions 3 [ future experiments aim at utmost
10 e -V = precision measurements for rare
et = 2 3 .
© - 3 . probes (dileptons and photons)
6| 3 ]
5 10°¢ R SUS s = [ new theoretical developments are
- - 2 NA60+@SPS = . P
B.s08 02020000 OO - expected to provide chirally and
c10°" ¢ BMeN.. ALICE@LHC = thermodynamically consistent in-
o) - LAMPS SPHENX@RHIC 3 medium vector-meson spectral
T 10%  HADEseGs MPD@NICA - functions (e.g. FRG, lattice QCD)
o & o =
3l Yeoeededefe—H  NAG1/SHINE -
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o F F_
s d j:
— T
10 g_ | | | | | 11 | | | | | | L1 1 | | % —é
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TG, Nucl.Phys. A982 (2019), update 2021
CBM, EPJA 53 3 (2017) 60
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RESUME AND PROSPECTS - high ug

Open questions:
[1 Quest for deconfinement / chiral symmetry restoration conditions at high u_B
L] Quest for the conjectured QCD critical point

Challenges:
] Rare and statistics ,hungry“ observables
| Many aspects — nature of transitions between the various phases, relevant EoS, spectral properties of
hadrons in the medium, collective and transport properties of the medium, ... — await a better understanding

Objectives:
[] Dileptons enable unique measurements
o Degrees of freedom of the medium
o Restoration of chiral symmetry

o Transport properties
o Fireball lifetime, temperature, acceleration, polarization

~ Systematic energy scan with full exploration of all relevant
observables offer important complementarities

Thank you for your attention!
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Words are powerless to express my gratitude
to you,
to your families,
to your countries for the support of Ukraine!

We will win!

There will be new cities.

There will be new dreams.

There will be a new story.

There will be, there’s no doubt!

And those we’ve lost will be remembered.
And we will sing again.

And we will celebrate anew!

Glory to Ukraine!
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