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Nov 2002 C+C at y/syy = 2.7 GeV

- Jan 2004 p+p at /s = 2.77 GeV

= Aug 2004 C+C at \/syy = 2.32 GeV

- Sep 2005 Ar+KCl (~Ca+Ca) at \/syy = 2.61 GeV

= Apr 2006 p+p at /s = 2.42 GeV

- Apr 2007 p+p at +/s = 3.18 GeV, d+p at \/syy = 2.42 GeV
- Sep 2008 p+Nb at /syy = 2.7 GeV

= Apr 2012 Au+Au at /syy = 2.42 GeV

= Jul-Aug-Sep 2014 -+ W/C/polyethylene

Mar 2019 Ag+Ag at /syy = 2.55 GeV and 2.42 GeV
Feb 2022 p+p at /s = 3.46 GeV

Color: data shown in this talk 3
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High Acceptance
Di-Electron
Spectrometer

= Fixed target setup

= Acceptance
= Full in the azimuthal angle

= From 18° to 85° in the polar angle:
adjusted for good coverage around
mid-rapidity

New detectors installed since 2019:

= RICH photodetection plane in cooperation with CBM
= Electromagnetic calorimeter

= Set of forward detectors in cooperation with PANDA

27.03.2023
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Two-fold physics goal

Not fully clear how it
was in the Antiquity, but
the modern era imagines
Hades holding a bident

Hades (Pluto). From s Btatue in the Vatican.

27.03.2023
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Heavy-ion collisions at \/syy = 2-2.4 GeV:

TWO - fO l.d p hys i CS g O a l = Microscopic properties of baryon

dominated matter
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Hades (Pluto). From s Btatue in the Vatican.
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Two-fold physics goal
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Hades (Pluto). From s Btatue in the Vatican.

Heavy-ion collisions at \/syy = 2-2.4 GeV:

Microscopic properties of baryon
dominated matter

Equation-of-State

Observables

E-b-e correlations and fluctuations

Strangeness production and
collective effects

Dileptons

Pion and nucleon beams:

Reference measurements
(vacuum, cold QCD matter)

Accessible only through
EM decays of resonances

- Electromagnetic structure
of baryons and hyperons

—4M?
27.03.2023
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Electromagnetic
probes

= Photons (virtual and real):
= Don't undergo strong interaction
= Probe all the stages of heavy-ion
collisions

Radiation from hot and dense matter is
isolated by subtracting:

= First-chance NN collisions

= Meson decays at the freeze-out

27.03.2023

T<6fm/c

T < 20 fm/c

10
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Electromagnetic spectral function

In vacuum, it is measured in ete~ annihilation experiments:

Low mass region LMR

EM spectral function is saturated by

light vector mesons - with JP = 1,

same as for (virtual) photon, mainly p°
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degrees of freedom



Hard Probes 2023 | Szymon Harabasz

Thermal dileptons at high pg A 5 < 242 eV

0-40% centrality

= Thermal dilepton production rates

L. D. McLerran, T. Toimela, PRD 31 545 (1985)
dNy; aZy, L(M?)

drqdix ;;n WfB(CIo,T)ImHem(M' q,T, ug)

Spectral function

CG FRA: PRC 92 014911 (2015)

CG GSI-Texas A&M: EPJA, 52 5 131 (2016)
CG SMASH: PRC 98 054908 (2018)

HSD: PRC 87 064907 (2013)

PLUTO: J. Phys. Conf. Ser 219 032039 (2010)

27.03.2023 10
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Thermal dileptons at high pg A 5 < 242 eV

0-40% centrality

 AUsAU, 8y, - 24 GeV Vacuum p: = Thermal dilepton production rates
L 0-40% centrality - gls\snleH L. D. McLerran, T. Toimela, PRD 31 545 (1985)

NN ref., n) subtracted

dNy  alnLl(M?)

dtqdix w3 TfB(OIo,T)ImHem(M; q,T, ug)

HADES
preliminary

Spectral function
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Thermal dileptons at high pg A 5 < 242 eV

0-40% centrality
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Thermal dileptons at high pg
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Role of medium effects -
coupling of p to resonances
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L Au+Au, 5, = 2.4 GeV

E NN ref., 1 subtracted
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------- Pluto thermal p
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NN\

R = A, N(1520),ay, ...
N\
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Au+Au /syy = 2.42 GeV
0-40% centrality

= Thermal dilepton production rates

L. D. McLerran, T. Toimela, PRD 31 545 (1985)
2 2

ANy U L(M?)
d*qd*x 3 M?

fB(qO: T)Imnem(M' q, T, :uB)

Spectral function

= Melting of p clearly visible

= Collisional broadening
is not sufficient to account for that

p melting handled properly by the local
thermal equilibrium approach (CG)

10
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ns at high pg

Thermal dilepto

—_ T T T T T T
&G [ Au+Au, {5 = 2.4 GeV

0-40% centrality
NN ref., n subtracted

HADES

preliminary
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dtqd*x
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n3

Au+Au /syy = 2.42 GeV
0-40% centrality

M2

fB(CIo'T)

’mnem(Ml q, T' .uB)

Boltzmann factor

= Boltzmann factor dominates the exponential
shape of the spectrum if ImITg/M? does not
change much with M

= True (average) source temperature - not
affected by the blue shift

11



Hard Probes 2023 | Szymon Harabasz

Discovering the QCD “caloric curve”

S 4001
é) C Fireball average temperature {)
< 350 -6-NAB0 -©- ALICE ITS3 - 3 nb™* (simulation, stat. only)
- C
- -B HADES A CBM (simulation)
300
- = NA60+ (simulation)
250 :_ Model (Rapp et al.)
2001
C o o °
150
E Hadronisation temperature
100 .
— Lattice QCD
- PLB 795 (2019) 15
50 - SHM fit to experiment
- Nature 561 (2018) 7723
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Temperature vs. energy density (collision energy as a proxy)
Up to now, only published data from HADES and NA6O

Phase transition may manifest itself as a plateau

N e o Ay 600 AWV
I id - [ O'2C,"%0 +™'Ag, ¥ Au, 30-84 AMeV
N UClea r ll q ul d gas 10 | & PNe+"""Ta, 8 AMev . -4
phase transition o o= *
s | e
s Sy
< 6 g .
3
= |

§(<EO'>.’<A0> -2 MeV)

0 5 10 15 20
<Eg>/<Ay> (MeV)
12


https://github.com/tgalatyuk/QCD_caloric_curve
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Lifetime of the fireball

= Thermal radiation is emitted during the whole

lifetime of the system

- The integrated yield in 0.3 < M., / (GeV/c?) < 0.7
Is the most sensitive to measure the lifetime

= At a phase transition “production” of the latent

heat would increase the lifetime

27.03.2023
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High-quality dilepton data hooy 7 24200
0-40% centrality

Ag+Ag at \/syy = 2.55 GeV

= Vector mesons peaks (w, ¢) visible

- F 5 T‘:'--. Fr 11 T T T T T T T T T T T
TR Ag+Ag |5=2.55 GeV 0-40% | | PRI Ag+Ag 5,,=2.42 GeV 0-40%. o _
S 10T T N neee WO progiess - Possibility to study cross-sections
0] F 3 ] = L e >, p >01GeVe | : . e :
© 1o o, ot . © 10 % T T and in-medium modifications of the
3 B 1 105 \:; -, Cocktail Sum |
ool "*'-be%.ﬂsg Do ] S0 T e spectral shape
E ety — cocktail sum E L Su e ]
= F N " 1 TE10°® E b Nt E . :
g, 10°F \ ; = | \\ " Py ] = First measurement of the yield
© i ® ] T 107 . E
F 107} o, [T i e R U : above vector meson masses
= \/ J{’*ﬁ% ¥ =107 VR R (“Intermediate Mass Region”)
: O 1 10°%) § E
A\ E \ 3 [ —_
1079$_\ T B AR 1 R | L La I L\ %_E 10_10_,,1,,L,,\ Lo | | \\\ S |.\" ,L,L: Ag+Ag at SNN - 2-42 Gev
0 02 04 06 08 1 12 0 02 04 06 08 1
2 . .
Meo (GeVic?) Mee (GeV/c?) = Energy, system size and centrality

dependence of the hot and dense
medium probed by dileptons

27.03.2023 14
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Momentum-dependent
dilepton spectra AgeAg T = 255 GeV

0-40% centrality

1I_ 10—3 ‘ | ‘ S, . ] . 0 . L L
< 10 HADES wiie n progrese - Possibility for multi-differential analysis
S 10_5 e % 3.25*5:;6(223;5 2'3.9 (x 10%) L. .
2 10°F 50 09 <p, Gav < 12 10) = ® meson clearly visible at high momentum
= LA 14<p.. (GeVie)' (x 10%) .
E@ 18 = “Disappears” at lower momentum:
kS 10;0 = Overwhelmed by the p contribution?
o 107 _
Z 1o - Broadened by medium effects?
-D — ] .

1012 : - Dedicated theory calculations needed

hpd

18_14 T 1 e to study the effect

%ﬁﬁ%?%ﬁ ‘I’
107
10—15 | \ | \
0 200 400 600 800

M., (MeV/c?)
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System size dependence
of dilepton production Aushu & AgrAg Y5 = 2.2 GeV

Various centralities
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.................................................... HADES work in progress _| R} 1071:_ .. HADES work in progress _|
> g E
Ag+A 'S_NN:2.42 GeV (0-10%) | Q - +i sT‘N: 42 Ge -20%) -
: g g\J'i —; Comparable (A > 3 1072% : Ag Agh— 242 V(wozof)§ } Comparable (Apart>
[ o | Aushuys, =242Gev (20:30%) part ~ g [ = ] Aurhuys,-242GeV (3040%)
] (0]
| —3| |
31 f
_ 8104 ] = Same collision energy
z 4 % . . .
E © 10° E = Pairs of centrality classes with
- < 10°F b - similar participant numbers
75_ l:[T:]m_ﬁ 10*7;_ :E _; g aps .
E ! | SSTITITIE VTV T W TITO . O = Possibility to isolate the system
0 0.2 0.4 0.6 0.8 1 0 01020304 050607 0809 )
M., (GeV/c?) M., (GeV/c?) size dependence
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Angular distribution of [*1™ in y* rest frame depends
on the polarization of y*:

dN B
d*xd*qdQ

Dilepton polarization Fhysin’0cos 20 + day sin 20 os6

+ A3sin?8 sin 2¢ + Ag,, sin 26 sin @)

Hard Probes 2023 | Szymon Harabasz

N(1+ Agcos?6

Distinct polarization patterns for different y* sources

-1y,

For thermal dileptons: 49 = ———
T L

. all other

coefficients are zero

27.03.2023
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- Angular distribution of [*1™ in y* rest frame depends
on the polarization of y*:

dN
d*xd*qdQ
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N(1+ Agcos?6

+A,sin?6 cos 2¢ + g, sin 26 cos ¢

D i l-e pton pOla rization +A$sinzesin2<p+/1$<psin26?sin<p)

- Distinct polarization patterns for different y* sources

: M-I,
+ = - For thermal dileptons: g = all other
Ag+Ag \/OSNN 2.4? GeV p 6 = T+,
0-40% centrality coefficients are zero
—_ X1\OTG\ T ‘ T T T T | T —_— X'I\OTG\ T ‘ T T T T ‘ T T T T
L[ AgAg Sy =242 GeV ] 4 1.4 Ag+Ag |5, = 2.42 GeV -
L 3 HADES work in progress - = - HADES work in progress 1
8 C  0-40% centrality ] 8 1.2 0-40% centrality .
8 2.5F 0.30<M,, (GeV/c?) <0.45 ] 8 - 045 < M,, (GeV/c?) < 0.60 1
§ E Inside HADES acceptance ] § 1;_ Inside HADES acceptance g
Z ; 7: Z 0 8; _
° :+ 'y ;1 + 1 Q- _J.
B {5 I I ] S B
= N prd - ]
€7} SRR ol 4yt gy
S E 0.4 ]
0.5 - 0_2; ]
a | I | : | P |
0—1 -0.5 0 0.5 1 O—1 -0.5 0 0.5 1
cos(6,.¢) cos(8,.¢)

27.03.2023 17
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Dilepton polarization

Ag+Ag +/Syn = 2.42 GeV

1/N_, dN***/dcos(8, )

0-40% centrality

X1\OTG\ T ‘ T T T T | T —_ X.I\OTG T T ‘ T T T T ‘ T T T
- Ag+Ag |s,, = 2.42 GeV . 2 1.4 Ag+Ag |5, = 2.42 GeV q
3~ HADES work in progress 7] £ - HADES work in progress
C  0-40% centrality ] 8 1.2 0-40% centrality =1 °
2.5 0.30 < M, (GeV/c?) < 0.45 - 8 L 0.45 < M, (GeV/c?) < 0.60
L ] ~ r ] .
C Inside HADES acceptance § 1; Inside HADES acceptance
n ] prd B
SR T © 08¢ .
1.5F ! ! - & Tl | ]
: by oel 4 bbby
L — : | [ 4
S E 0.4 ]
0.5;— — 0.2F ]
: ‘ L L L 1 | L ‘ L L L L : : L ‘ L L L ‘ 1 | 1 L :
0—1 -0.5 0 0.5 1 O—1 -0.5 0 0.5 1
cos(6,.¢) cos(8,.¢)

27.03.2023

d*xd*qdQ

Angular distribution of [*1™ in y* rest frame depends
on the polarization of y*:

dN
N(1+ Agcos?6

+A,sin?6 cos 2¢ + g, sin 26 cos ¢
+ A3sin?0 sin 2¢ + Ag,, sin 26 sin @)
Distinct polarization patterns for different y* sources

Hr-I1;,
HT+HL

For thermal dileptons: 49 = , all other

coefficients are zero

Reasonable statistics for lower energy data (10% of all)
Ongoing study of acceptance corrections

Flip of the polarization already visible?

17
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Dilepton polarization

Ag+Ag +/Syn = 2.42 GeV
0-40% centrality

1/N_, dN***/dcos(8, )

x10

-6

w

o
(3]

—h
wn

0.5

T Ag+Ag \s,, =242 GeV ]
— HADES work in progress .
L 0-40% centrality 1
L 0.30 < M, (GeV/c?) < 0.45 ]

JR——

Inside HADES acceptance

Py N E

[y

27.03.2023

x10°°

@3 1.4[ Ag+Ag s, = 2.42 GeV

1/N_, dN**“/dcos

- HADES work in progress
1.2 0-40% centrality
L 0.45 < M, (GeV/c?) < 0.60

Inside HADES acceptance
0.8

R —
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0.4
0.2

-—
-
-
—n—
——
—

(=]
—

|
_(34
(6,208
og

d¥xd*qdQ

Angular distribution of [*1™ in y* rest frame depends
on the polarization of y*:

dN
N(1+ Agcos?6

+A,sin?6 cos 2¢ + g, sin 26 cos ¢
+ A3sin?8 sin 2¢ + Ag,, sin 26 sin @)
Distinct polarization patterns for different y* sources

Hr-I1;,
HT'I'HL

For thermal dileptons: 4y = , all other

coefficients are zero

Reasonable statistics for lower energy data (10% of all)

Ongoing study of acceptance corrections

Flip of the polarization already visible?
A @ T=80.0MeV & p_=1.5p,

Predictions: N. Schwarz, Bachelor’s thesis,
Technical University Darmstadt (2023)

0 02 04 06 0.8 1 1" % 0 &

M (GeVv/c?)
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Dilepton azimuthal anisotropy Au+AU |5y = 242 GeV

Ag+Ag /syy = 2.95 GeV
0-40% centrality

Au+Au Ag+Ag
015:1 T ™ T | L L I: >N0.157‘””“‘”‘HH‘HH‘HH‘HHlHH‘HHHH?
i ALH-AU,m:QA GeV i i Ag+Ag SNN=2.55 GeV 0-40% ] - |n the region below 0.14 GeV/C2
0.1| 0-40% centrality =] 0.1 HADES work in progress ] ) 0 .
- | HADES prefiminary g ! dominated by 1’ Dalitz decay
e F 0.05- | : - Consistent with charged pion results
°¥ g ] 05 +$ ] = At higher mass v, consistent with 0
” i I : . ] L]
-o.os_—+++ B 005 # ] = Confirms dileptons as penetrating
- 1 i i probes of hot and dense medium
0.1+ = -0.1
—0_15— : L L | . k L ! L l . l . L L l L ] — :‘\\\\|I\\\‘\\\\‘\II\‘\\\\‘\\\\l\\\\‘\\\\‘\II\T
0 0.2 0.4 0.6 0.8 0.1550.1 0.2 03 04 05 06 0.7 08 09

M, [GeV/c?] M., (GeV/c?)

27.03.2023 Niklas SChild, talk, 30 Mal' 2023, 10:20 18
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Exclusive analysis of ['p — n e*e” at /s = 1.49 GeV
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> S ‘ 900<M . <1030 MeV/c?
2 f e
i\ci 1
= oo
2 B 0 ® g ee [*]
Al s P’®ge'e
%10 ! S p+p ® ne‘e” (QED)
~ - sum ET]
U’) L
© u ! A ! s . s
— 4 ‘ quasi-free
o C . _
S B p+p ®e‘en
() I
= 5
B -
S 2k N
3 C ‘ \\
z B ‘\
s Ir
L F _
C hmiymgm e m i m o PR GG
B oeD /
[a) -
) 810 o NDM2 M
o B - VDM1r only /
zq) 6 N VDM1g + rincoh. /.
o) A ES==== \VDM1g + r constr. i |~
7) i ///7- ///.7 TP, 2 = _/-//-?;'//'//
S W70 -
\w 7 . j,//,
g - Time-like FF [Ramalho] — 4
~ 2 I
w -
ho} | = = ()
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0 200 400 62300
27.03.2023 M ee (MeV/C )

Baryons as
extended objects

pp Vs = 2.42 GeV
T p+/s = 1.49 GeV

Ratios to the case with the point-like form factor ("QED")
Rising with the dilepton invariant mass

Vector Meson Dominance:

My

= VMD2 hasT =T, (M

2
) and overshoots the data at low M,

ee

= VMD1 hasT =T IZ“ and leaves room for a contribution of
0
direct N — y™ coupling

= Therefore the “strict VMD"” is excluded

Data: arXiv:2205.15914 [nucl-ex]
Zétényi: PRC 104, 015201 (2021)
Ramalho: PRD 95, 014003 (2017), PRD 101, 114008 (2020) 19
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New Feb 2022 data

—~ T T T T l T T T T I T
>
010" p+p, E, = 4.5GeV .
O All triggers
o - HADES gen2 7
e X Events = 1.68005e+10
(0] _— * —— - B
% % Comb. b
1 4| —*Comb. bgr. ]
= VR ”m"‘wﬁ“ ~Signal
% B ’:,,"’)1 "Wv ?:
s — ,""':. ]
Zm B -“‘H v"""‘ v
~107F A4 A **u* -
an
0 0.5 1.5
Mee (GeV/c?)

27.03.2023

400

300

200

100

x10°

[

T ‘ L | L

T T T | T

Study p, a;, w, and ¢ mesons, form-factors
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Ingredients for reconstruction and study of hyperons
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p+p /s = 3.46 GeV

HADIES Online Analysis
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40;_ ! p+p Vs =3.46 GeV
350 % Signal (u * 26) = (2.88 + 0.01) x 10°
E 4 Signal / Background = 37.38
E a Significance = 1674.3
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Data will serve as a baseline for CBM and STAR FXT (fluctuations, correlations, dileptons, etc.)
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Dilepton perspectives:
extracting electrical conductivity

Raw HADES data

HADES data
Ag+Ag, | Sy = 2.42 GeV,
40% most central event:

Low field run

All e'e™ pairs

27.03.2023

01 ¢f 3

cross sections from Tab.|

T S

This work, 7t,K,n, k=1 —e— ]

k=05 —o—
k=15 —a—

BAMPS

Lattice ~—e—<
SYM -
n-c hm
ChPT =: ==
0.001 L \PHSD | 4
0.05 0.1 0.156 0.2 0.25 0.3 0.35
T[GeV]

Greif, Greiner, Denicol, PRD 93, 096012 (2016)
Atchison, Rapp, JPCS 832, 012057 (2017)

Related to the spectral funct

001(T) = —e? lim —Iml'[em(qo,

qo—0 0490
where:
L. D. McLerran, T. Toimela, PRD 31, 545 (1985)

dNy aemL(M) B
d4.qd4.x T[ f ( 0’ T)

ion:

=0;T)

ImIle,(M,q; T)

Spectral function

Studies at different T are complementary

Plan:

= Validate spectral function

with dilepton data

at lowest possible M, p; ce

- Extract the number
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Summary

Electromagnetic probes allow studying the hot and dense medium

They measure the temperature and lifetime of the fireball

Structures in the excitation function will signify a phase transition

HADES provides high-precision data on dilepton multi-differential spectra and flow
harmonics with collision energy, system size, and centrality dependence

Further studies:

= Dilepton polarization

= Electrical conductivity of the medium

27.03.2023
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