President’s International UNIVERSITAT
Fellowship Initiative FRANKFURT AM MAIN

BREXRITY

EXPERIMENTAL OVERVIEW ON
DILEPTONS

Joachim Stroth, Goethe University Frankfurt / GSI / HFHF

CBM Students Day @ 46th CBM Collaboration Meeting

IMP, Lanzhou, Chinese Academy of Science E 5 ][

October 19, 2025 H F H F



General remarks
Phenomenology
Non-equilibrium radiation
Excess radiation

The future
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The subtle probe for strong interaction

“If you want to study a hadronic system, better use a calibrated probe!”

Photon - Hadron

Interactions

R. P. FEYNMAN

California Institute of Technology

1972
W. A. BENJAMIN, INC.
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Electron hadron scattering
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Space and time-like virtual photons

pion electromagnetic form factor
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Thermal radiation from hadronic/partonic source
Photons couple to the electric charge carried by hadrons or quarks.
Acceleration of these charges due to collisions or annihilation can /R

produce (virtual) photons (generalised bremsstrahlung). The rate can be

N
calculated from the product of the leptonic (L) and hadronic (W) tensor. - / <f
P y* Lﬂ
R
T
%/

— =L ~ — ,T)—g ImII*
d4)€d4q (Q) 4 //tl/(q) 3M2 fB(QO ) 3 g,m/ em

N

The EM spectral function derives from a Fourier transform of the

hadronic current-current correlation function (thermal average):

I (q) = de e O(xy) ([ Jan@)s JEm(0)])
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Emission from a hadronic system

Mapping the partonic current to that of a pion gas: (Gounaris-Sakurai formula)

Lo, 1

370

' 1
Jim = —(uWu —dy*d) + (uy”u +dytd) — ESWS -

\/_ 3\/5
Hadronic current can be approximated by the imaginary part of the in-medium p propagator. Inclusion
of meson-baryon coupling, p only:

4
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The historical view
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“Drell-Yan root” (CERN, FNAL/BNL) — Medium modified parton distribution functions and anomalous yield
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Freeze-out hadrons seen in detectors

,First chance” ,Pre-equillibrium* Fireball

kinetic theory hydro or coarse-grained transport resonance decay hadronic cocktail

N SIS18 SIS100/AGS SPS RHIC LHC
10 nucleons

2 net-baryon free
— -3 | ..
< 0 partons collision zone

ssoftest” gluons perturbative

baryon stopping 10-5 | | |
1 2 3 .
one-boson exchange > 10 _ [Gev?o 10 \ scattering & PDFs
V SNN

nearly complete
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Excess Radiation as “Standard Candle” for (U)RHIC

Medium radiation from Thermal Emission Rates (¢):

Ree =J @ L(M) do; T) ImT1% (o, G 1, T) d Vs
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Dielectrons

HADES

“Fast” lepton, make use of radiative effects = Cherenkov (/) [and Transition (y)] radiation
o Challenge:

Field free region for RICH, ideally before magnetic field,
hadron blind detector for charged hadrons with f < ;. = 1/n

Excellent track — ring-center matching
o Advantage: — Effectively no invariant mass threshold

o Disadvantage: - Abundnt pairs from z° Dalitz decay and conversion

CERES .- HADES RICH
i . P

=280

20 0 20 40 80 80 100120
x [mm)

585888
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Dimuons

“Massive” leptons, make use of absence of strong interaction — hadron absorber

o Challenge:

Match track identified in the muon “arm” with the track measured in the spectrometer (before absorber)
* Track in first section is needed to provide DCA resolution!

(DCA = closest distance of reconstructed track w.r.t. interaction vertex)
Background from weak pion and kaon decay before absorber.

CMS o Advantage:

- Easy to trigger muon pairs: two tracks
behind absorber stack.

Charged Hadron (e.g. Plon)
= = = « Neutral Hadron (e.g. Neutron)
=== Photon

o Disadvantage
- Invariant mass limited to M;,,, > 2m,

Works better for larger lab momenta:

fixed target experiments (NA60+, CBM),
forward rapidity coverage (ALICE)
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Background rejection strategies

€ 3 ! ! E
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Exploration of the QCD Phase Diagram @ high-y

From medium-effects to novel phases of QCD matter

N
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HADES, Nature Phys. 2019
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Conjectures for

T 2 25MeV, ug 2 500 MeV:

o First order transition (CEP, mixed phase)?

« Chiral
- Deconfinement

o What phases?

* Hadron resonance “gas”

* Soft deconfinement

* Quarkyonic

* Moat regime ©
®

o Equilibration driven

by entangled pion cloud?



Non-equilibrium radiation
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ALICE p+p /say = 13.6 TeV  (after RUN3 upgrade)

Reference for IMR open charm contribution
+ Already substantial combinatorial background in p+p

+ Heavy flavour decomposition using ITS-2

ALICE (F. Eisenhut): QM2025
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ALICE Preliminary

pp Vs =13.6 TeV
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PHENIX: p+p 4 /sxy = 200 GeV reference

o Similar quality from updated PHENIX measurement - see Axel’s talk
o Precision measurements at SPS and SIS100 and theoretical guidance needed

Run 2015 p+p, Vs =200 GeV, Inl <0.35
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HADES - SIS18 energies

o Good description by models (PYTHIA, HSD, GiBUU,
only after tuning
o HADES uses A, scaled reference

(p +p;ntagged +p)
as proxy of early stage radiation

)

p+p /Nb 3.5 GeV/c

L L L T

T T%TTT
S ) _
oon® ‘Pow.' ".)

o

do/dM,, [mb/(GeV/c?)
Ta

3.5 GeV/c

T

10"
3
3102_
= .
o
E 14
0% Ve,
S -
Fu

do/d

ST T T & TTTT

Vic)
>

C]

L)

o p+p 3.5 GeV
0.1<P_<2.0 GeV/c —
Uy, > 9° E
n°—e'ey |
B ., A—e'eN ?
- . o - ‘e’ ]
* e - ‘o B
_ = —e'e
. owo-.??g‘ ﬁl Se'e
%, sum E
o , ]
Loy, L¢
T i —
t 0'3'0'.90 % { T 7 E
oo
Toogef § tid

do/dM,, [mb/Ge
(=]
@

-
o
&

“w"’f J\‘?

T |

-
o
&

HADES: PLB 715 (2012) 304-309

02 04 06 08

* p+Nb 3.5 GeV

|

L=
i
&
-
s
—e
o—
| ey

T ey

0.6 0.8 1 1.2

M.. [GeV/c?)

HADES: PLB 715 (2012) 304-309

GOETHE @,

UNIVERSITAT

FRANKFURT AM MAIN

doldP!® (mb/GoVi]

rq, 1Gewe’) < o.u . olku”p-w-’] <047 |
-
% oo,
o "3 1
o s
R
b

p+p 3 S GeV/c

o~ = . RS
Al A ¢
L, :
L ) ln / -
04 1

o8 os 1 2
P[GoV/c]

aldP [mb/GoVik]
3

soetae E
~ ’

....................

M, (Gevic] > 0.7

o/dP” [mb/GeVic]

do/dP* (mbiGeVic)

P{GeV/c]
P g
0 W, (GeVic) <018 > 016 <M, [GoVic’) <0.47
h .
1w . w0
. e —
3 .
10 \\ E ., .
\ . .
w* \\. ¢
A\ n . 3
\
. ASOURY,\ ANV I DY
8T 04T 0F 12 o7 oF 05 08 1 12
P{GeVic]
047 <M, [GaVie’] <07 g W, [GeVie') > 07
0 =
3
'm'
.
+ 3 .
! it PN
VA )
i N
km} Ne
04 0s o8 02 RE) 0s o8

1 12
P{GeVic)



Excess radiation




HFHF =x

GOETHE @4

UNIVERSITAT

FRANKFURT AM MAIN

Baryon driven p meting observed at SPS
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Dilepton spectra measured by HADES

o Significant excess radiation above contributions from initial state (from NN reference) and freeze-
out (meson cocktail) visible

o Excess radiation drops by four orders of magnitude for inv. mass of 0.2 down to 1 GeV
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Excess radiation measured by HADES

o Spectral distribution reproduced by a fit assuming thermal radiation
o Significantly higher temperature at higher collision energy

o No indication of a p bump at the lower beam energy energy — strong melting

o

Au+Au at \/syy = 2.42 GeV
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N. Holt, R. Rapp: Eur. Phys. J. A 56 (2020) 11, 292
P.Hohler, R. Rapp: Phys.Lett.B 731 (2014) 103-109

Ag+Ag at /syy = 2.55 GeV

T
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HADES work in progress
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Refined coarse-graining for low energies

o Treat the “corona” of the fireball separately

o Explains bump around vector mesons p, @
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Excess radiation in the IMR at SPS and SIS100

o Model independent extraction of temperature % 105-_ In-In dN,/dn>30
| - = 8
if Wlml'[em (M, q,T, ,ul-) ~ const . 8 - ; v excess dimuons
g - = ¥ Renk/Ruppert
© At SPS precise knowledge of open charm & 107F  Hees/Rapp
0 s F x Dusling/Zahed
contributions needed < - usingicahe
= [ .
o Role of Drell-Yan like contributions at SIS100 = 10°F
energies? 5 [ .
=5 | -
- EU project PRODY Zz |
) 10°F
| [Eur. Phys. J. C 59 (2009) 607-623] \ Y
-10|||||||1|l||11||111||11|§‘
1070 0.5 1 15 2 25

M (GeV)
NAGO, Eur. Phys. J. C 59 (2009)



HFHF =x

STAR BES-1: LMR di-electrons

o No significant deviation from the “standard model”of dilepton production
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STAR and PHENIX: IMR di-electrons

o Uncertainties from semi-leptonic open charm decays (no STAR di-electrons from run with HFT)

o Extraction of temperature in the IMR not possible
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STAR new data/analysis

STAR Au+Au |s,, = 54.4 GeV

o Attempt to extract temperature from LMR and IMR = MR MR T

[ —+— STAR RuRu + ZrZr 200 GeV (0-80%)
- —=— STAR Au+Au 54.4 GeV (0-80%)

—<— STAR Au+Au 27 GeV (0-80%)
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Future facilities for high u, physics
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HFHF =x

Possible dilepton signal of a first-order phase transition

o Modification of the expansion trajectory in the phase diagram

o Changes of the in-medium photon propagator
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The quest for the full excitation energy

Discussed already is some detail on Monday

53 dN/dyl , . 127 138 146 185 251
S 207 T T T T T 1 T\C -\H‘[ T T T T T T 171 T 7
o 18E 0.3<M;<0.7 GeVi/c? E
x F ] i
16 + 7 £
£ F -
212 g E
< 10 i —
8 8f =
2 6 — N,/N_, . -
Z C 4 CBM sim. (FAIR SIS100) ]
Z 4 4 NABO" sim. (CERN SPS) T x 1.45 -
%) Zi * STAR BES-Il projection B
8 C ]
L|>j 07 | | | L] | | | Lol | ]
1 2 34567 10 20 30 100 20

Collision Energy \sy (GeV)

GOETHE @

UNIVERSITAT

FRANKFURT AM MAIN

S : T L T | ‘\ \ T L ‘ ‘ \09 :
g 250j /S/ ]
~ r =205:12MeV/| _- -
(O] B — i
=200 A - B
s | AT ]
o =t i
o L i
= : ]
100~ / J
: ‘ H ADEST=7212MEV :
50 L 1 + CBM sim. (FAIR SIS100) ]
C + NABO* sim. (CERN SPS) i
O L Il Il Il Il Il L1l ‘ Il Il Il Il L1l ‘ Il il

1 2 3456 10 20 30 100 20

Collision Energy \syy (GeV)



HFHF c=u

GOETHE @

UNIVERSITAT

FRANKFURT AM MAIN

Polarisation & electrical conductivity

o Will be covered in Florian’s talk

o Polarisation sensitive to the difference of longitudinal and transverse components of the spectral function

o Conductivity accessible via the zero-energy limit of the spectral function
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Challenges for the interpretation of high-uy dilepton measurements

e Can we constrain the non-equilibrium radiation by reference measurements supported by
model calculation sufficiently precise?

e Can SHM provide yields for cases, where neutral meson yields are not determined
experimentally?

* What is the in-medium photon propagator in the presence of exotic phases?



Summary

e Dileptons are an excellent tool to explore the QCD phase diagram in the region of high pp
e Excess radiation is well described by thermal emission rates — standard candle established?!

* To fully exploit this observable, measurement at unprecedented precision and statistics are

needed

e Additional insight from polarisation measurements and from very-low mass (momentum)

dilepton (electrical conductivity)

* Promising perspectives to establish the full excitation function up to the exclusion region for CEP



Thank you for your attention




