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The rise and fall of T, s of thermal dimuons

< 350
> 1 NABO In-In e : LM <1GeV
S | dN,/dn>30 v LuR I [] strong, almost linear rise of Tesr with dimuon mass
+’l mLMR; W/ DY [] follows trend set by hadrons
® IMR, w/o DY I
8 hadrons (m, 1, p, ®, ) [ (1 M>1GeV

L1 drop of Ty by ~50 MeV
| i L] followed by an almost flat plateau

. What can we learn from m; spectra?
~ radial flow

~ origin of dileptons

1.5 2 2.5
M (GeV)

NAGO, PRL 100 (2008) 022302
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Dileptons as

THERMOMETER
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Emiting source temperature

The time-differential invariant-mass spectrum, integrated
over 3-momentum and 3-volume at each time snapshot:

dNy _ M AN
1 [ d3xd3q - lfl-
=~ const Vgg(1) wfﬂ e_q_To .
M do
ImI ey, (M; T) _M /
~ const VFB(T)mTe T (MT)Y?

* assumed that the in-medium EM spectral
function depends only weakly on 3-momentum

** invoke approximation T/M « 1

€e

dN_/(dMdT) [arb. units]
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Temperature profile of dilepton yields
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Dileptons as thermometer at SPS

Acceptance corrected utu~excess yield

107 * IMR spectrum falls exponentially 3
3 U E . dR > M
g P * In the IMR the dilepton rate =it o< (MT)2exp(—=)
2 - * Independent of flow: no blue shift!
s 10—6 = —e— NAB0 Data
o ; — — — inmedium hadronic
S B QGP

=407 L total thermal
=107 = M=11-2GeV :(T)=205 +12MeV
= f M =11-24GeV : (T) =230 + 10 MeV
o 107
2 B ~ the only explicit temperature measurement
S 107 above T, in heavy-ion collisions!
g E T, =235 MeV 4
= I~ T, =170 MeV N
D 10—10 1 1 1 ‘ 1 1 1 ‘ 1 1 ‘ 1 1 1 AN ‘ 1

0 0.5 1 1.5 2 2.5

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

NAG0, Arnaldi et al., EPJC 61(2009) 711
NAGO, Specht et al., Chiral 2010, AIP Conf.Proc. 1322 (2010)
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Dileptons as thermometer at SIS18

Acceptance corrected e*e~excess yield

_ T e e e o * IMR spectrum falls exponentially 3
& 1072k Q_ * In the IMR the dilepton rate % o (MT)fexp(—g)
% af Au+Au \s\\=2.42 GeV ] + Independent of flow: no blue shift!

o 107°F T y=718:21MeVk,

<$ 107F 3

o 55 ] M=02-12GeV :(T)=718 +2.1MeV

2 10°F E
g % E ]

Um 10°%F E

% 2 = HADES data 0-40% =

Z 10 EE - in-medium p spectral function 35

v E — M2 x exp(-M,_/(T) ]

1O'BE i
PR ST SN AN S ST NN R S SN SNSRI N AN T L
0 02 04 06 038 1 1.2

e*e” invariant mass [GeV/c?]

HADES, Nature Phys. 15(2019) 1040
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Mapping the QCD “caloric curve” (T vs g)

ure [M.SV]
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Tem_pera
(é)]
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B ' AL 15\°§ 5 Signature for phase transition?
=7 i ~ phase transition may show up as a plateau!
5 Asd'”‘“f',“.// i ~ future high statistics experiments
L Tpc =156 + 1.5 Mel]
e e e s D e S Al P TR Y T e B G e e . .
i o Bazavov et al., PLB 795 (2019) 15-21 Nuclear liquid-gas
- 4 - phase transition
[ / .
B n 1 3 'Q’Au“””Au. 600 ;\Mcv
u HADES™"**"" ol [ @'%C,"%0 +*'Ag,""’Au, 30-84 AMeV
B ] 10 | 2 “Ne+""'Ta, 8 AMeV E
5 { = o + ]
r ] s A+
C 1 1 L ST | 1 1 1 Lol 1 ] i 6 ;”h 1
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. . | r— ) -
|
Collision Energy |'sy [GeV] AT :
Rapp and v. Hess, PLB 753 (2016) 586 05 G 10 15 20

TG et al.,, EPJA 52 (2016) 131
https://github.com/tgalatyuk/QCD caloric_curve

<Eg>/<As> (MeV)
Pochodzalla et al., PRL 75 (1995) 1040
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Mapping QCD “caloric curve”, > 2028

NA60+ at SPS

J-PARC-HI_).

Zero-degree
. Calorimeter

TT
e

Fireball average temperature
-0-NAB0 -©- ALICE ITS3 - 3 nb™' (simulation, stat. only)
-®- HADES -A- CBM (simulation)

-8~ NA60+ (simulation)

Model (Rapp et al.)

%
0
0
L
o
o

TTT T[T T [T T T[T [TITT[TTTT[T]
o

Hadronisation temperature

Lattice QCD
PLB 795 (2019) 15
50 SHM fit to experiment
Nature 561 (2018) 7723
O 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 111111
2
1 10 10

https://github.com/tgalatyuk/QCD caloric_curve
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'« | MPD at NICA
(Stage Il: inner
tracker,
endcaps)

ALICE 3
(>2030)



https://cds.cern.ch/record/2703140
https://github.com/tgalatyuk/QCD_caloric_curve
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Dileptons as

CHRONOMETER
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Dimuon invariant mass from NA60O

NAG0, Eur.Phys.J.C 49 (2007) 235

% | In-In Peripheral all p_ > [ In-In SemiCentral all p
= = T
8 10° % 10°
g g |
S |
10%— 10°H
r I
0= 1 L A .L.H\I h 102—_| i
0 0.2 0.4 0.6 0.8 1 1:2 1.4 (0] 0.2 04 0.6 0.8 1 1.2 1.4
M (GeV) M (GeV)
Penpheral data More central data
well described by meson decay ‘cocktail’ . -
clear excess of data above decay ‘cocktail

(n,m,p,w,d) and DD
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Excess as a function of centrality
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The dilepton clock

Centrality dependence of spectral shape

~ 3500
o " In-In SemiCentral R=C-1/2(L+U) @ :
< ook = 170.2<M<1.0 GeV :
(@) - a.” pT R E s/ L
™~ B RR= o o] P excess/p B
2 - 3/2(L+U) IE pro=1 e
o 2500f < ] + + C
o E c 5 + * + 4 a
> i : . ;
= 2000 : A A I -
Neiel = a4 ] # B
Z E ] ® A continuum/p [
© 15(1)_—' 3‘ A r
B 1 @ A -
1000;_ | 2] o A peak/p
: Ai/\ A JA A A fay | H
e M A *A & A 4
E LV, 0 - .
ob—— — 50 100 150 200 250
0 02 04 0.6 08 1 1.2 1.4 dN/dy
M (GeV)

Rapid increase of relative yield reflect the number
of p‘s regenerated in fireball
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The dilepton clock

NAGO: AIP Conf.Proc. 1322 (2010) 1

NAGO —e—i
tg,=5.2 fm ——
tq=7.2 fm —— 7
t,=6.2 fm ——

._.
o|
&

“explicit” measurement of interacting-fireball
] lifetime: tp5= (7+ 1) fm/c

2 -1
(I/Ng) d°N,/(dM dn) (20 MeV)
S

| T.=T,=175MeV, a=0.1 c’/fm ] |

c

all qr
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—
=
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The dilepton clock

53 dN/dyl . = 127 138 146 185 251
" " — 20 T T T T T T \Tn T T T T UL T

Integrated low-mass radiation PG | 03<M,<07GeVic® -

0.3 < M < 0.7 GeV/c? tracks the fireball lifetime X 8 ]

16— =

U. W. Heinz and K. S. Lee, PLB 259, 162 (1991) {: C ]

H. W. Barz, B. L. Friman, J. Knoll and H. Schulz, PLB 254, 315 (1991) > 14 =

p F ¥ E

© E ]

~ 10 ssneme —

2 F ® ]

The amount of radiation depends on both the volume @ 8 - E

Vrg and the lifetime of the fireball 755 o 6F == N/ Nppre

S a4 t CBM Ne0* — 1, x 145

()] C ) 3

Vrg, at a given collision energy and centrality class, is 3 2 FSTARBES =

. . o F HADES NAGB0 STAR ]

proportional to the number of charged particles > 5 oof Ll L] ——

ible through hadronic final-state observables ! 2 8456710 20 30 100 20

accessl 9 Collision Energy |sy, [GeV]

- Normalize the low-mass dilepton yields to the TG., JPS Conf.Proc. 32 (2020) 010079

number of charged particles or the number of pions
—> obtain a measure of the 7z
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Dilepton signature of a 15t order phase transition
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Net baryon density p./p,

Dilepton radiation in hydrodynamics

O implement 1st-order transition into CMF/PNJL
model by increasing scalar quark couplings

Seck, TG, et al., arXiv:2010.04614 [nucl-th]
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Dilepton signature of a 15t order phase transition
Factor of ~2 extra radiation in case of
hydro with phase transition o0 53 AWyl 127 138140 185 261
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Dileptons as

POLARIMETER
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Virtual photon polarization and dilepton anisotropy

The spin-1 structure of the EM correlator carries valuable
information on the production process of lepton pairs:

- Angular distribution of dilepton pairs

- Polarization states of the y* Speranza, Jaiswal, Friman, PLB782 (2018) 395

- Information on the production mechanism Speranza, PhD thesis, TUDa 2017

o ' pr, pi from realistic EM spectral functions
d4qdQy, N(1+ 2gc0s?6; + Apsin?6,cos2¢; + )
— M-)IStatic
" —— Ad Bjorken ] 0.4F

== A¢ Bjorken

dN dilepton production rate - ] sl
r 4., . — 1 Bjorken . /
d*x
0.0 0.0 /=
Pr — PL anisotropy v — 29 Static
Y 0.2F = 021

- pr + pL coefficient E———

— A¢ Bjorken
041 M= 610 MeV 1 -0.4r1 M= 1010 MeV iR
‘ ‘ . . —— A Bjorken
B /’{9 — Sﬂd) 0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
l=—* ar [MeV] at MeV)

1- 24

Speranza, Friman, Galatyuk, v. Hees, Rapp, Wambach, in preparation

Virtual photons from (unpolarized) thermal sources are polarized!
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Polarization measurements NA60O
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* NA60: no evidence for polarization
at least not at the level of statistical
and systematic uncertainties

NAG60: PRL 96 (2009) 222301
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HADES n+p /Syny=2.4 GeV

Helicity angle (in the y* rest frame)... 0I5 <M. (GeV/)<03  M.>03Gee
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Dileptons as

AMPEREMETER
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Transport properties of the medium

Electrical conductivity
Rapp, EMMI RRTF 2021

(Born term)

can be directly obtained from the low-energy limit of the EM spectral T
function (at vanishing momentum) 1 quench lat-QCD extract T=1.45T, 1
— 15/ — vacuump SF |
1) > _— T |
2 1 T=100
0, (T) = —e* lim — ImlIl ,g=0;T ) . |
et(T) 4030 54, em(q0, q ) = — T=140 q=1MeV ]
= — T=180
o 10 —- T=100 T, ]
Transport peak in the limit of very low mass and pr = —- T=140 T, ]
= T=180 T_ |
£
T T T = 5
o
o |
[ [
a left: spectral peak at 4
J a,=0.1, 0.2, 0.3
QL A = 1 | | | | | |
» (sharpest to broadcst)ﬂ OO 500 200 600 300 1000
7= Below: leading large q° qo [MeV]
S
©
o
Q.
n

1 Conductivity is reduced when
— ] thermal-pion interactions included

L

2 3 4 5

Energy q°/T 1 Transport peak broadens

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

N Experimental challenge

Ag+Ag, \syy = 2.42 GeV,
40% most central events|

Low et run Measure accurately low mass — low pr thermal excess yiled

All e'e” pairs

ALICE 3, simulations

ALICE 3 Study

Layout v1

M, (GeV/c?)
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S 1
§ 1 T[GeV]
large spread in literature
1 Greif, Greiner, Denicol, Phys.Rev. D93 (2016) 096012
<

Atchison, Rapp, Phys. Conf.Ser. 832 (2017) 012057 (2017)

0 02 04 06 08
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Dileptons and

CHIRAL SYMMETRY
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(additional) Signature for chiral symmetry restoration

* Changes in yield and shape at M,, > 1.1 GeV/c?
due to p — a4 chiral mixing

* ma, —» y* - £*¢~ (chiral mixing) is a dominant
hadronic source in IMR

o @ GOR nelation

= KIRE - SOPX > 5 .,
RO b ”"@M ¥

+ comdakimb W . o o
Mediuwm one e

Guy Chanfray, 1999 Lecture Notes

Dey, Eletsky and loffe, Phys.Lett. B252 (1990)
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15 | \\ i
|
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| —
05F J \ / — ==
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R.Rapp, J. Wambach, Adv.Nucl.Phys. 25 (2000)

106 | P
; _.-/"L;‘ ‘ e=1/2
T 107 | .‘ : :
> : )
vy f » * -~ . .
5 ol % V-A mixing
IE 10° g h
e F e ™
« in medium R
= e -,
= 107
] vacuum
10710 | -
E pQCD
lo-ll 1 1 1 L
00 5000 1000.0 1500.0 2000.0 2500.0
M (MeV)



=51 F-\lR 27 June - 8 July, 2022 Tetyana Galatyuk | Hadrons in medium | Summer School | Subatech, Nantes (France) | 26/33

4 TECHNISCHE
UNIVERSITAT
- DARMSTADT

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

F. Seck [CBM], 2015
E T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T T T T T
CBM Simulation

Au+Au 20A GeV
central collisions
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* Towards lower energy
- negligible correlated charm contribution
- decrease of QGP
- Drell-Yan contribution

F. Eisenhut [ALICE], DPG 2021
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* LHC energies
~ large contribution from c¢, bb and QGP
- negligible Drell-Yan
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Feasibility studies

F. Eisenhut [ALICE], DPG 2021
TG [CBMm], 2022 Usai [NA60+], 2020 " AHCE]
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* Towards lower energy * LHC energies
— Drell-Yan contribution > ~ excellent vertex resolution - topological
pp, PA measurements separation of prompt and non-prompt source

employing DCA cut
— choice of the py cut
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How can heavy-ion
experiments help us
understand binary
neutron star mergers?

HIC and BNSM



==u FAR

/dM,, [GeV/c?"

214
XCess'

1/N,, dNG

[HADES] in preparation

1072
107
107
10°°
10°
107
10

invariant mass

27 June - 8 July, 2022 Tetyana Galatyuk | Hadrons in medium | Summer School | Subatech, Nantes (France) | 29/33

TECHNISCHE
UNIVERSITAT
DARMSTADT

UL L B RLL B BLRLLLL BRRLLLL )

-= HADES data 0-40%

— M x exp(-M, /(T))

T

~ in-medium p spectral function
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Extreme and shiny

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
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The QCD phase structure

Hanauske et al., Particles 2 (2019) no.1
Rezzolla et al., Phys. Rev. Lett. 122 (2019) no. 6, 061101
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Possible HIC trajectories and NS merger
simulations within an effective hadronic model
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at highest ug
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18 orders of magnitude in scales
still similar T < 70 MeV, p < 3p, for both
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[1 Dileptons sensitive to dense phase
[l Important input to constrain the EoS of dense matter

~ strong connections between the fields



=51 F-\lR 27 June - 8 July, 2022 Tetyana Galatyuk | Hadrons in medium | Summer School | Subatech, Nantes (France) | 31/33

The future is bright
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* Future experiments aim at utmost
precision measurements for rare
probes (dileptons and photons)

* New theoretical developments are
expected to provide chirally and
thermodynamically consistent in-
medium vector-meson spectral
functions (e.g. FRG, lattice QCD)
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Detectors are high-tech prototypes

Success through perfect teamwork of experts in many fields
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Résume and take home message

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

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

* Complementary program on exclusive measurements in 7, p induced reactions with HADES

* Enable unique measurements: Fireball lifetime, temperature
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Thank you for your attention!




