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Why Dileptons?

 Abundant
* Limitation: formation and decouple
* Freeze-out temperature: T, T,

Hadrons
(Yield, p;)
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Why Dileptons?

 Abundant
/ * Limitation: formation and decouple

* Freeze-out temperature: T, T,

Hadrons

EM Probes

(Yield, py)

* Emitted from early to final stages
£ * Escape freely after emission
* Probe earlier and hotter phases
of medium

Photons Leptons

. M
7 (P (M Dileptons

 Temperature without blue-shift effect
* Only observable to directly access in-
medium spectral function

Z T.¢s» WARNING: blue-shift effects
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Why Dileptons?
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Quark—gluon Hadronic
plasma matter
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QGP phase and hadronic phase
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{Thermal dileptons can direct access the hot QCD medium at both }




How to Measure Thermal Dileptons?

Inclusive signals
(space-tlme mtegral)

 QGP radiation e 1% n,n >yete
* In-medium p decay °* w, P - ete, w-» ne*e, ¢ - ne‘e

Physical background (Cocktails):
Interested signals:  Drell-Yan
S
o J/Y > e*e, cc > e*eX
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How to Measure Thermal Dileptons?

Inclusive signals
(space time mtegral)

Physical background (Cocktails):
Interested signals:  Drell-Yan
S

 QGP radiation * 1% n,n >yete
* In-medium p decay * w, P -~ ete, w-» ne*e, ¢ - ne‘e
o J/Y > e*e, cc > e*eX

Physical background can be determined using the well-established
@’ cocktail simulation techniques

CInterested signals > == [ Inclusive signals } — (Physical background >




Examples of Data vs. Cocktail
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Clear enhancement compared to cocktail contributions in both
low mass region (LMR) and intermediate mass region (IMR)
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Dileptons as a Thermometer of Hot Medium

ﬁ Mass analyzer Thermometer
Sof

e 2

QGP: M3/2 * e-M/T

Emission source

—>

— = In-med. p: Breit-Wigner * eM/T
(8 J

Rapp and v. Hess, PLB 753 (2016) 586
Shuryak and Brown, NPA 717, 322 (2003)
STAR, PRL 92, 092301 (2004)

How thermal dileptons distribute their invariant mass will reveal the
temperature of their emission source
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[ Similar mass spectrum }

[ Similar temperature }
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d2N=°sS/dM/dy)/(dN  /dn) (20 MeV/c?)"

A LM Thermal Dilepton

“Excess” = “Inclusive” — “Cocktail Sum”

—&— STAR|Au+Au 54.4 GeV

—e— STAR|Au+Au 27 GeV (0-80%)

—— NAG60|In+In 17.3 GeV (¢

fit by (a*BW+b*MJ/2) x eMT

STAR Preliminary

(0-80%)
} ete-

N_ /dn > 30) TN

107

C Thw %449V =174 = 15 MeV

—  Au+Au 27 GeV

[ TAUHAUZTGeV _ 167 . 20 MeV

L In+in 17.3 GeV
Tihein 173GV _ 465 . 4 MeV
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[In-medium p dominated }

(- A\
[ Similar mass spectrum }

[ Similar temperature }
.

)
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STAR Preliminary
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[In-medium p dominated }

(- A
[ Similar mass spectrum }

[ Similar temperature }
g

)

"In medium p is produced A
from a “similar hot bath”
in 27/54.4 GeV Au+Au and

\17.3 GeV In+In Y
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—=— STAR Au+Au 54.4 GeV (0-80%) } ete-
—e— STAR Au+Au 27 GeV (0-80%)
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[ QGP dominated ]

~

/T,,\,IR from STAR data: ~ 320 MeV

T,wr from NAGO data:

fit by Mj’ijve'“"" . 205 + 12 MeV (1.2<M<2.0 GeV/c?) [1]
T 07 =338 =59 MeV ||| « 246 %15 MeV (1.2<M<2.5 GeV/c}) [2]

Tm:Au 27 GeV _ 301 = 60 MeV

STAR Preliminary

Y
Y
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0.5 1 1.5 2 2.5 .
NA60: EPJC (2009) 59: 607-623 M, (GeV/c)

[1]: Hans J. Specht, AIP Conf. Prcd 1322, 1 (2010)
June 15, 2022 Zaochen Ye at SQM2022 - Busan, Republic of Korea  [2]: Private comm. with Berndt Muller 18



n) (20 MeV/c?)!

(d2N=**/dM/dy)/(dN  /d

—
|
—_
o

—

<

»
Ig

ch

—
<
©

NG

“Excess”

— = STAR Au+Au 54.4 GeV (0-80%)
—e— STAR Au+Au 27 GeV (0-80%)

—>— NABO In+In 17.3 GeV (dN_/dn>30) K'H-

} ete-

fit by M*? x e™7
T A 44 GeV - 338 + 59 MeV

Tm:Au 27 GeV _ 301 = 60 MeV

IM Thermal Dilepton
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[ QGP dominated ]

(T, from STAR data: ~ 320 MeV

T,wr from NAGO data:
« 20512 MeV (1.2<M<2.0 GeV/c?) [1]
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June 15, 2022

Zaochen Ye at SQM2022 - Busan, Republic of Korea  [2]: Private comm. with Berndt Muller

\* 246115 MeV (1.2<M<2.5 GeV/c?) [2]

~

)

emission source is dominantly
\the partonic phase - QGP

/T,MR >T,. (156 MeV) indicating: o

[1]: Hans J. Specht, AIP Conf. Prcd 1322, 1 (2010)
19




A LM+IM Thermal Dilepton

“Excess” = “Inclusive” — “Cocktail Sum”
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Thermal Dilepton @ Medium Flow



Thermal Dllepton & Medium Flow
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/M <1GeV/c?:
* T rise linearly 2 In-medium
radiation pushed by radial flow

N T Peaks at m,

~
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Thermal Dllepton D Medium Flow
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1 dN mmT
mmT me X eXp( Teff )
/M <1GeV/c2: A

* T rise linearly 2 In-medium
radiation pushed by radial flow
N T Peaks at m,

)
M > 1 GeV/c2: N
* T, suddenly drop ~50 MeV >
dominant emission source from
hadronic to partonic matter
\* Ter ~ 200 MeV (< 246 MeV) -
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LM Thermal Dilepton at Low Energy Collisions

HADES Nature Phy5|cs 15 1040 1045 (2019)

1I_ — | I | I —_ ‘I_A 1 I T T T T I T T T T I T T T T 1 T 1 T I T T T T I T T T T I T T T T I_
& 1072 H AD ES T b 107 E HADES Ag+Ag [5,,=2.55 GeV 0-40% | _|
S 5 Au+Au \'s\,\=2.42 GeV|] 3 S o . E
© 103L NN 3 % g HADES work in progress .
O, g (T = 71-882.1 MeV/ky | 3 S B Cocktail + NN sub. -
2 104k ~ — 10°F E
= E E S - -
= S5 _: I i
g 10 S E ;Q 5
£5 . ol . g, 107¢ , E
Z 10°E = Z = dANOM, o« M2 exp(-M, k) s
% . C = HADES data 0-40% - 3, B ¥’IN=14 %
g 10 E— — in-medium p spectral function _? z 10_10 = kT =779 +1.2 +1.8 +3.0 406 MeV 3
~— g N —_— M3/2 eXP('Mee/(T)) ] ~— E 1 331at 1 2 2 3 0 6 E
10 E E - i
1 L | I | 1 1 l | 1 1 I | 1 | | [ 1 — 10—11 L | L Il 1 1 I 1 1 1 1 l 1 1 1 1 l L 1 1 1 | 1 1 L L I L | | | l | l
0 0.2 04 06 0.8 1 1.2 200 300 400 500 600 700 800 900

e*e” invariant mass [GeV/c?] M., (MeV/c?)

/ L] L] \

* High baryon density, uz~700-900 MeV
* In-medium p melt via frequent scattering with surrounding baryons

S T,vr ~ 70-80 MeV, much lower than that at RHIC and SPS

)
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Summary of Temperatures

<400 —
% = STAR Preliminary 3| Thermal dileptons in LMR
=350 4| TclosetobothT,and T,
— C 5% IMR % LMR STAR . P
300 ¢ IMR ¢ LMR NAG60 (In+In) —
- Y LMR HADES .
250 =
— [ LMR STAR BES-| .
— STAR: PLB 750 (2015) 64-71, arXiv: 1810.10159 _
200 =
: ~ ;#%i%a ‘+’. -
150 ; g %" b
- v o .
1 OO :_ TPC LQCD HotQCD: PLB 795 (2019) 15-21 % _:
- oT,SH eT,GCE eT,SCE oY =
50 [ Tcn SH: P. Braun-Munzinger et al. Nature 561, 321-330 (2018) =
T, GCE/SCE: STAR PRC 96, 044904 (2017) 3
O T | | | | | | I | | | | | | I | | | | | | I_
1 10 10° 10°
NAG60: EPJC (2009) 59 607623 HADES: Nature Physics 15, 1040-1045 (2019) M (MeV)
T. G.: JPS Conf.Proc. 32 (2020) 010079 B
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Summary of Temperatures

=400 1/ . . N\
© F STAR Preliminary J( Thermal dileptons in LMR
350 —
= C MR % LMR STAR 1| ¢ Tclose to both T, and T,
=300 — O IMR ¢ LMR NA6O (In+In) | * Emitted from hadronic
o50 B v LMRHADES E phase, dominantly around
— [ LMR STAR BES-I _ -
—  STAR: PLB 750 (2015) 64-71, arXiv: 1810.10159 = phase transition
200 — K /
: ~ ;ﬁ@&%i%& -
150 L ?*%"& o g=
- ©o -
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1 10 10? 10°
NAG60: EPJC (2009) 59 607623 HADES: Nature Physics 15, 1040-1045 (2019) M (MeV)
T. G.: JPS Conf.Proc. 32 (2020) 010079 B
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Summary of Temperatures
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2 3
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NAG60: EPJC (2009) 59 607623 HADES: Nature Physics 15, 1040-1045 (2019) M (MeV)

T. G.: JPS Conf.Proc. 32 (2020) 010079 B

-

\

~

Thermal dileptons in LMR
T close to both T, and T,
Emitted from hadronic
phase, dominantly around
phase transition J

Thermal dileptons in IMR
T is higher than T,
Emitted from QGP phase
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Note: yg (QGP) # g (Ch. freeze-out)
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Is Chiral Symmmetry Restored?

scalar quark condensate

< qq > | #0:chiral symmetry breaking

= 0: chiral symmetry restored

10—
I v [y
: ® Continuum = |
0.8} N,=16 ]
: N=12 ¢ ]
i Nt=10 0
06f N=8 V

Als
l
2
-

0.4}

0.2}

T [MeV]

220

LQCD BMW Collaboration: JHEP 09 (2010) 073
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Dilepton thermometer
says: medium is hot
enough to achieve the
chiral symmetry
restoration

Experimental evidence?
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Is Chiral Symmmetry Restored?

Chiral symmetry restoration

——>

mass difference disappears btw. chiral partners

\ 4

In-medium broaden p at RHIC,

SPS can be well described by
models considering CSR

Direct V vs. A

Axial-Vector

‘ comparison is

\4

meson

No dilepton decays
(a,) (a; chiral partner of p)

not available!

Rapp model: PRC 63 (2001) 054907, Adv HEP 2013 (2013) 148253, PLB 753 (2016) 586
PHSD model: NPA 807, 214 (2008); NPA 619, 413 (1997) PRC 97, 064907 (2018)
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June 15, 2022



Future Measurements Related to CSR

Chiral symmetry restoration

——>

Axial-vector meson show up in Vector meson
spectrum inside the medium via chiral mixing

| lllllHI

| llllllll

MR
Lol

Black continous line: expected
yield assuming chiral mixing

NA60+

Green line: expected yield
without chiral mixing

P-4

Pb-Pb vs=8.8 GeV
0-5% central collisions

NAG60+: experimental
performance assuming no \
chiral mixing (yellow band: B
systematic uncertainty)

0 02 04 06 08 1 12 1.4
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10710 ¢

— 107"
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— — —
o O O
4L 4 o
» & N

[ [
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1y,
Ty
m "’ =

vac

| | |

o-f,(1420) _

Rapp and Hohler: PLB 731 (2014) 103-109
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0.2 0.4 0.6 0.8 1 1.2 1.4
s!/2 [GeV]
Chihiro Sasaki, PLB 801 (2020) 135172
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T (MeV)

400

300

200

100

Future Thermal Dilepton Measurements

- Fireball Average Temperature
— Future measurements Current measurements
~ O ALICE ITS3(simulation) % IMR % LMR STAR(Prelim.)
O NAG60+(simulation) ¢ IMR ¢ LMR NAG60(Prelim.)
A CBM(simulation) m LMR HADES
| Y% STAR(projection) l
" | Model (Rapp etal) 4 ‘
i :
— ®
— Hadronisation temperature
B Lattice QCD
| PLB 795 (2019) 15
L SHM fit to experiment
L Nature 561 (2018) 7723
] ] IIIIII| ] ] IIIIII| ] ] Ll ] ] I |
3
1 10 10° 10 10"

Rapp and v. Hess, PLB 753 (2016) 586
TG etal.,, EPJA52 (2016) 131

V'S (GeV)

https://github.com/tgalatyuk/QCD_caloric_curve
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T (MeV)

Future Thermal Dilepton Measurements

f Fireball Average Temperature /"« STAR BES-II/FXT, Run23+Run25@RHIC
B FUtU'I‘A?LIiTéeEaIS_Fé%mentSI Current measurements * ALICE IT53
B i ti IMR LMR STAR(Prelim. °
B (D) lc\l:élf\3/|0+(sirrllu(gtrir2)l:1)a or) “( IMR t LMR NA6O((PrreeIilrrr]11.)) NA60+@SPS
[ ti LMR HADES °
400 % SBN(eimuiation) D HADES, CBM@FAIR
- l N - MPD@NICA Y.
300 | Model (Repp etal) 4 ‘ energy scan || Hgscan
- ¢ * Mass spectra
200~  Temperature/Yield
— @
B Hadronisation temperature @
100_— Lattice QCD / L. 5 \
PLB 795 (2019) 15 °
B SHM fit to( expe)riment T VS. COIIISlon energy'
O_ | | I | | | | 11 111 I| | | [ I[\Il?‘lﬁre 561 I(201IS)I77IZI3I 11 ¢ In-med' p broaden meChanism?
1 10 107 10° - \1/ 0*| « Critical endpoint?
Rapp and Hess, PLB 753 (2016) 586 S (GeV) |, Partial chiral symm. restoration?
TG et al., EPJA 52 (2016) 131 . .
https://github.com/tgalatyuk/QCD_caloric_curve K’ Medium CO“dUCthlty /
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Summary and Discussions
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Summary and Discussions

£ ~
Ve- TMR ~ 170 MeV, constant, >~ T, ~ T, at RHIC and SPS
r TMR ~ 70-80 MeV at SIS18, still >~ T,,.?
p§  Rho completely melt or lack of production rate?
Hadronic / \
— T'MR(SPS) ~ 246 = 15 MeV, T'MR(RHIC) ~ 320 £ 60 MeV

T9 [MeV]~240 (17.3 GeV), 255 (27 GeV), 280 (54.4 GeV) in
theoretical model [1]

Data suggest higher initial temperature T°?
Pre-equilibrium radiation contribution [2]?

Initial momentum anisotropy contribution|[3]? /

Q”g,g‘;,’;,g’°“ Future thermal dilepton measurements will tell us more
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Chiral Symmetry Restoration

Rapp and Hohler: PLB 731 (2014) 103-109

008 | Vacuum I T=100 MeV | Measure a, theoretically
2 006 | — Vector I — Vector 1+ Utilizing in-medium Weinberg sum rules
= — Axial-vector | —— Axial-vector -
< o to relate a,and p spectral function
< ol * pspectral function and T dependent
j order parameters describing RHIC/SPS
o BIUSONIRR | AN data as input
008 | T=150 MeV . T=170 MeV .

; ; * Observe how does a, spectral function
£  ivector | T ivector | behave under finite temperatures
<004 | |
S} [ ]

! &/ j
000 S RTOTO TR 5 Experimental evidence is
0.0 . 0.5 1.0 1.5 2.0 2.5 3.0 35

s (GeV?) | needed for final answer!
a, is theoretically observed to be merged with p

in hot medium =2 chiral symmetry is restored
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Summary of Temperatures from EM probes

- STAR Preliminary 7 IMRSTAR =
— % LMR STAR
: O IMRNA60 -
= $ L, ¢ LMRNA60 I
- ¥ LMR HADES =
= % { O STARBESH —
: & y9TALICE | A
= X1 y9" PHENIX | ~S
= ﬁr@#@#&}m E
| Q ~
— O o ]
:_ Tpc LQCD  HotQCD: PLB 795 (2019) 15-21 Q —:
L oT,,SH T, ,GCE eT,SCE Y -
- Tcn SH: P. Braun-Munzinger et al. Nature 561, 321-330 (2018) ]
[~ T, GCE/SCE: STAR PRC 96, 044904 (2017) .
1- 1 1 1 L1 1 11 I 1 1 1 1 111 I 1 1 1 L1 1 11 I 1 =
1 10 10° 10°

ALICE: PLB 754 (2016) 235 PHENIX: PRC 91, 064904 (2015) MB (MeV)

STAR: PLB 750 (2015) 64-71, arXiv: 1810.10159 NA60: EPJC (2009) 59 607-623

“Most photons are emitted from
fireball regions with T~T_ near the
quark-hadron phase transition, but
that their effective temperature is
significantly enhanced by strong

radial flow”

--- C. Shen, U. Heingz, J-F Paquet, C. Gale:
PRC 89, 044910 (2014)

HADES: Nature Physics 15, 1040-1045 (2019)  T.G.: JPS Conf.Proc. 32 (2020) 010079



Recent Direct Photon Measurements
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T4 extraction range
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Talk: EW probe in

heavy-ion collisions,

Andre G. S. Leiton
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— fit to new data
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fit to published data
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dN,_,/dn

* Extracted T is larger at a higher p; region
 Universal scaling of production yield with dN_/dn
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https://indico.cern.ch/event/1037821/contributions/4853823/
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Compare to Models

—@— STAR Au+Au 27 GeV (0-80%)
Rapp Model: In-med. p + QGP
mmimime PHSD Model: In-med. p + QGP

-
. -,

LR
—+

10-7;/ !
- STAR Preliminary
~ 10_8 __ 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I\'\
0.2 0.4 0.6 0.8 1 1.2,
M, (GeV/c?)

Rapp model: PRC 63 (2001) 054907, Adv HEP 2013 (2013) 148253, PLB 753 (2016) 586
PHSD model: NPA 807, 214 (2008); NPA 619, 413 (1997) PRC 97, 064907 (2018)

Both models can well describe the
p broadening at LMR

Rapp model: macroscopic many-body approach
medium described by cylindrical expanding
fireball with |QCD EoS; in-medium p-propagator;
resonance + Tt cloud + baryons

PHSD model: microscopic transport approach
medium described by Dynamical Quasi-Particle
Model (DQPM); microscopic partonic or
hadronic scattering; collisional broadening



Compare to Models

N —e— STAR Au+Au 27 GeV (0-80%)
% —+— NAG60 In+In 17.3 GeV (dN_/dn > 30)
=
o 10°E . Rapp Model PHSD Model
Q' ‘ ~‘r" TR — In-med. p + QGP  -:- in-med. p + QGP
= 25 Ry '“\ In-med. p in-med. p
2k -ose X — QGP --- QGP
=z R
T fit by M*? x e™T
= 10 T =301 = 60 MeV
s f =
© B
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g E Y o
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M, (GeV/c?)

Rapp model: PRC 63 (2001) 054907, Adv HEP 2013 (2013) 148253, PLB 753 (2016) 586
PHSD model: NPA 807, 214 (2008); NPA 619, 413 (1997) PRC 97, 064907 (2018)

June 15, 2022

Both models can well describe the
p broadening at LMR but
underestimate the IMR 2 QGP is
hotter than model expectation

Rapp model: macroscopic many-body approach
medium described by cylindrical expanding
fireball with |QCD EoS; in-medium p-propagator;
resonance + Tt cloud + baryons

PHSD model: microscopic transport approach
medium described by Dynamical Quasi-Particle
Model (DQPM); microscopic partonic or
hadronic scattering; collisional broadening
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