


GSI in the 1980’s

1985, April |7 approval of SIS/ESR project by Federal Ministry (Dr. Riesenhuber)

1986, Nov 3 start of construction

1987, April 2 discussion of detector systems and experimental proposals

1990, April 23 inauguration of SIS/ESR




detector systems nuclear reactions at SIS
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Dilepton detector systems
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dileptons from proton induced
nuclear reactions

FTOF Counter

ke, . Acrogel Cherenkov
2, | KDC

% L Hodoscope

Counter

DiLepton Spectrometer

Scintillator Forward LeadGlass &%
Hodoscopes L

Rear GC

Rear LG

Side LG
Barrel DC —
Berenkor Fromt

Detectors

_Start Timing
Counter

Gas Cherenkov—"
Cylindncal DC ///7 1000 mm

Vertex DC

target

Beam

DLS @ LBL Berkeley

dileptons from photonuclear reactions
Large Acceptance Spectrometer

Electron Beam

Electromagnetic
Calorimeters

Cerenkov
Counters

Chambers
METERS Time of Flight
A Scintillators

CLAS@Jlab

Torus

KEK E325

dileptons from ultra-relativistic

voltage divider

heavy-ion collisions E BN

UV detector 2

................................................................................ |1 i~ 1/r electric field—:
.......... ‘ +

/

HV cathode

target radiator 1§ or radiator 2
-~ mirror 2 .
SiDC1/SiDC2 AN TPC drift gas volume
1 /

UV detector 1

magnetic fleld lines TPC read-out chamber

1 1 ] 1 1 L

CERES@CERN SPS



Dilepton detector systems

dileptons from relativistic
heavy-ion collisions

DiLepton Spectrometer

Scirkillator
Hodoscopes

Eerenkov
tec

B i Beam =

DLS @ LBL Berkeley

ete-:
penetrating
probes !!

dileptons from photonuclear reactions

Large Acceptance Spectrometer

Electron Beam

Calorimeters

Torus

Chambers

METERS Time of Flight/‘d
A Scintillators

CLAS@Jlab

Electromagnetic

Cerenkov
Counters

dileptons from proton induced

nuclear reactions

FTOF Counter

ke, . Acrogel Cherenkov
2, | KDC

£ Hodoscope

Counter

Rear GC

Rear LG

Side LG

Barrel DC —
From

e

Gas Cherenkov
Cylindrical DC /’/7

Vertex DC

_Start Timing
Counter

1000 mm
target

Beam

KEK E325

dileptons from ultra-relativistic

heavy-ion collisions

voltage divider

UV detector 2
........................................................................ 1 ie= 1/r electric field— : .
ain coils
............ _— /
W-shjeld """t HV cathode

target radiator 1§ irror radlator 2
-~ mirror 2 .
SiDC1/SiDC2 AN TPC drift gas volume
1 /

UV detector 1

magnetic field lines

TPC read-out chamber

1 1 ] 1 1 L 1

CERES@CERN SPS




On the way to the HADES project |

Formulation of the physics case



On the way to the HADES project |

Formulation of the physics case

1987: Nov.18-20.  8th. High energy heavy-ion study
(Berkeley)  G. Roche: First results on dilepton production at the BEVALAC



On the way to the HADES project |

Formulation of the physics case

1987: Nov.18-20.  8th. High energy heavy-ion study
(Berkeley)  G. Roche: First results on dilepton production at the BEVALAC

1989: first theoretical papers on dilepton emission:
M. Schifer et al., PLB 221 (1989) |
C. Gale and J. Kapusta NPA 495 (1989) 423c



On the way to the HADES project |

Formulation of the physics case

1987: Nov.18-20.  8th. High energy heavy-ion study
(Berkeley)  G. Roche: First results on dilepton production at the BEVALAC

1989: first theoretical papers on dilepton emission:
M. Schifer et al., PLB 221 (1989) |
C. Gale and J. Kapusta NPA 495 (1989) 423c

1989: 5/22- 6/3 The nuclear equation of state
(Peniscola) G. Roche: production of lepton pairs at the LBL Bevalac
meeting: P.Kienle - U. Mosel - G.Roche



On the way to the HADES project |

Formulation of the physics case

1987: Nov.18-20.  8th. High energy heavy-ion study
(Berkeley)  G. Roche: First results on dilepton production at the BEVALAC

1989: first theoretical papers on dilepton emission:
M. Schifer et al., PLB 221 (1989) |
C. Gale and J. Kapusta NPA 495 (1989) 423c

1989: 5/22- 6/3 The nuclear equation of state
(Peniscola) G. Roche: production of lepton pairs at the LBL Bevalac
meeting: P.Kienle - U. Mosel - G.Roche

1990: Feb.8./9. (GSI) |st. workshop on a real photon/dilepton program for SIS



On the way to the HADES project |

Formulation of the physics case

1987: Nov.18-20.  8th. High energy heavy-ion study
(Berkeley)  G. Roche: First results on dilepton production at the BEVALAC

1989: first theoretical papers on dilepton emission:
M. Schifer et al., PLB 221 (1989) |
C. Gale and J. Kapusta NPA 495 (1989) 423c

1989: 5/22- 6/3 The nuclear equation of state
(Peniscola) G. Roche: production of lepton pairs at the LBL Bevalac
meeting: P.Kienle - U. Mosel - G.Roche

1990: Feb.8./9. (GSI) |st. workshop on a real photon/dilepton program for SIS

1991: Jan.10./1 1. 2nd. workshop on a real photon/dilepton program for SIS
(Clermont-Ferrand)



On the way to the HADES project |

Formulation of the physics case

1987: Nov.18-20.  8th. High energy heavy-ion study
(Berkeley)  G. Roche: First results on dilepton production at the BEVALAC

1989: first theoretical papers on dilepton emission:
M. Schifer et al., PLB 221 (1989) |
C. Gale and J. Kapusta NPA 495 (1989) 423c

1989: 5/22- 6/3 The nuclear equation of state
(Peniscola) G. Roche: production of lepton pairs at the LBL Bevalac
meeting: P.Kienle - U. Mosel - G.Roche

1990: Feb.8./9. (GSI) |st. workshop on a real photon/dilepton program for SIS

1991: Jan.10./1 1. 2nd. workshop on a real photon/dilepton program for SIS
(Clermont-Ferrand)

1991:Nov.21./22.  3rd. workshop on a real photon/dilepton program for SIS
(Rauischholzhausen)



3rd. workshop on a real photon/dilepton
program for SIS

Rauischholzhausen castle
21./22. Nov. 1991




3rd. workshop on a real photon/dilepton
program for SIS

Rauischholzhausen castle Hans Specht:
21./22. Nov. 1991

Llectrors Parr &179@«:?/#&%7:7*&/&/’“ e S/S

) el $iptr  regecire-rmenss

— ReCepfapce £ = 5
( Saclor 0o -/oo0 Ho DLS )

- prass resol Horz Sy ~ L
( Saetor /o Ao DL )

2, Jalae lines Ffor aesior

O matero/ #1 Recepiarzce
C S/ze

O COSES



3rd. workshop on a real photon/dilepton
program for SIS

Rauischholzhausen castle
21./22. Nov. 1991

Hans Specht:

Llectrors Parr &179@«:?/#&%7:7*&/&/’“ e S/S

) el $iptr  regecire-rmenss

— ReCepfapce £ = 5
( Saclor 0o -/oo0 Ho DLS )

- 12255 eSOl Horr ey ~ LY

f./’aa/ar /o H DLS)

1 ey

tﬂlrm._ f.

2, Jalae lines Ffor aesior

- O makero/ #1 Accefarzce
- O S/ze

O COSES

1992: Jan.10 (GSI) formation of the HADES collaboration; spokesperson W. Kuhn
(High Acceptance Di-Electron Spectrometer)
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from the letter-of-intent to the accepted physics & technical proposal

1992: May |8 submission of Letter-of-Intent to Experimentausschuss (EA)

1992: Nov.I7  submission of HADES Design Study to EA

1993: Jan | | formation of a technical advisory committee:
P. Braun-Munzinger, W. Henning, R. Manner, A.Wagner, T.Ypsilantis

1993/1994 prototyping and test experiments

1994: April draft proposal submitted to Experimentausschuss

1994: May:18/27 proposal approved by EA and Wissenschaftlicher Rat

1994: 8 June decision by GSI directorate: HADES is part of GSI scientific program



the proposed and approved HADES detector setup

detector system for
lepton and charged
particle detection with
momentum Am/m = 2%

@ gas ring imaging Cherenkov detector (RICH) for e* e- identification

® a toroidal magnetic field produced by superconducting coils; field free target area
® tracking chambers before (MDC |, II) and behind (MDC lll, IV) the magnetic field

® time-of-flight (TOF) and multiplicity array for impact parameter selection

—> broad physics program: Tt-+ p,p + p,d + p, TT- + A p + A, A+ A



On the way to the HADES project Il

1994-1998 construction of HADES cave, beam line and installation of detector

1997: July successful test with Csl-RICH, MDC, and TOF prototypes
in U+Pb @ | AGev

1998: installation of a pion beam
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Detector installation 1988/1989

Feb. 1998 May 1998
empty magnet
cave installed
Aug. 1999
June 1998
RICH detector
two sector & installed

setup
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On the way to the HADES project IV

from the installation of the detector to first physics results

1999-2001 HADES commissioning

2001: Nov test experiment: 12C + 12C @ 1.0 AGeV w/o MDCII/IV; Am/m= 10%
2002: Nov first production run: 12C + 12C @ 2.0 AGeV with MDCIII/IV(4 sectors)
2006: Dez all MDC planes complete; Am/m= 2%

HADES detector completed in configuration proposed in 1994
2007: Feb first physics publications: PRL 98 (2007) 052302
2009: RPC installed, replacing TOFINO

2002 - now active physics program: TT- +p , ptp, d+p, TT- +A, p+A, A+A
~ 60 PhDs, > 40 papers in refereed journals

2012: April Au +Au @1.23 AGeV — Nature Physics 15 (2019) 1040

only few highlights of the broad physics program will be discussed
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Physics highlights

I: virtual photon emission

nucleon-nucleon bremsstrahlung and
electromagnetic properties of baryon resonances

dileptons from p + A reactions
in-medium modification of vector mesons

dileptons from relativistic heavy-ion reactions
in-medium modification of vector mesons

ll: strangeness production

strange baryon production and structure
in-medium properties of strange hadrons

lll: bulk properties of compressed nuclear matter

collective phenomena: particle flow patterns

IV: future perspectives

hyperon spectroscopy
X-symmetery restoration

13



Baryon resonances

baryons = composite particles with an internal structure of quarks and gluons

the excitation energy spectrum reflects the interactions among the constituents

>

excitation energy spectrum of the proton

N*(1 680) 5/2+ A(1 700) 3/2-

N*(1535) 1/2
N*(1520) /2

mass

y V V vy

N(938) 1/2+
| = 1/2"‘ | = 3/2"'

decay of baryon resonances via meson and Y, Y* emission



nucleon - nucleon bremsstrahlung
comparison of p + p and p + n bremsstrahlung @ +/snn = 2.4 GeV

HADES data: PLB 690 (2010) 118 quasi-elastic p-n bremsstrahlung
EPJA 7 (2017) 149 difficult theoretical problem
Nf 102F PP 2 enecay discussed since 1980’s
> 10PN\ 1-25 GeV - - = «’ Dalitz decay L.P. Kaplan, B. Kimpfer NPA 764 (2006) 338
ol — = Total QM (NEFF)
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O 4alf
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2 10°F © nDalizdecay § @ additional diagram for p+n:
ST N i < PO (involving pion em. formfactor)
S .2k ‘. -~ N e (b)
= 10 e~ R p n
[ T— 3 . N e -, *
=10 F AN LSS e
5 10 AN )
b '5 ’
© 10 \ LY e
10-6 M DLV BRI BRI B B | L n N p
O 0.102 0304 0.5 0.6 0.7 0.8

M (GeV/c’
| - M(GeVie) M. Bashkanov, H. Clement EPJA 50 (2014) 107
dilepton yield in p+n about an order .
) : p+n—d*— A+A— npri+t-
of magnitude larger than in p+p 15



electromagnetic structure of baryon resonances

access to internal structure by measurement of form factors F(qg?)
deviation from QED expectations for point-like particles

e.g. BABAR, Belle, BESS, CLEO HADES e.g. CLAS
q? = AE2 - A_p2 >0 Dalitz decays *
R R | ) F(q?)
timelike: B N cie. spacelike: _
IAEI > 1Apl IApl > 1AE] 9 =AE*-Ap*<0
ete-—RR 0" e'N—-eR e R

charge,

magnetic moment,... >\’\"/<

e+ e L . N
g2 (Mgr-Mn)2 || 0

transition formfactor
only access for 0 < g2 < 4Mee?

vector meson dominance model:
hadrons couple to e*e- via p

R —>Np —N ete-
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access to internal structure by measurement of form factors F(qg?)
deviation from QED expectations for point-like particles

e.g. BABAR, Belle, BESS, CLEO HADES e.g. CLAS
q? = AE2 - A_p2 >0 Dalitz decays *
R R | ) F(q?)
timelike: B N cie. spacelike: _
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ete-—RR 0" e'N—-eR e R

charge,

magnetic moment,... >\’\"/<

e+ e L _& N
g2 (Mg-Mn)2 || 0

transition formfactor
only access for 0 < g2 < 4Mee?

vector meson dominance model:
hadrons couple to e*e- via p

R —>Np —N ete-

for neutral mesons
mwo,n =2 yp 2y ete
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A (1232) excitationinp + p @ s = 2.42 GeV
HADES data: EPJA 51 (2015) 137
information from hadronic final states

p+p— A++(1232) n @ p it n
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comparison to Bonn - Gatchina partial wave analysis:
A (1232) dominantly populated inp + p @ /s = 2.42 GeV
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P+p—ppete @ s =242 GeV

information from dileptons A F

exclusive channel !! vector meson dominance: /
HADES data: PRC 95 (2017) 065205 N
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importance of pion cloud effect

first measurement of A Dalitz decay:
G. Ramalho and M. T. Pena, PRD95 (2017) 014003
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excitation of higher lying nucleon resonances

p+p@,s=318 GeV vector meson dominance

HADES data: EPJA 50 (2014) 82
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resonances by comparison with
resonance model:

Z Teis et al., Z . Phys.A 356 (1997) 421
J. Weil et al., EPJA 48 (2012) 11|

® exploiting the combined analysis of hadronic
final states and dilepton emission provides
unprecedented access to electromagnetic
structure of baryon resonances 19



pion beam @ GSI

CERBEROS 33.5 m from TT-target

silicon detectors

dispersive plane ~  / _ \ .- -
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M- + ‘p’— n e+ e-

exploiting the information from the hadronic final state
m+p~2R>nmrm- @, /s =1.49 GeV

the dilepton spectrum can be calculated
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dileptons from p + A reactions
iIn-medium modification of vector mesons

22



model predictions for in-medium mass of p meson

M. Lutz. G.Wolf, B. Friman  Cabrera, E. Oset, Vicente Vacas M. Post, S. Leupold, U. Mosel

NPA 706 (2002) 431 NPA 705 (2002) 90 NPA 741(2004) 84
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T N(1520)
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/’ ‘ L ¢ A1232)e—L P,
~ - N-l

- -1
oL N

in-medium vector meson spectral function modified due to coupling to resonance -
holes states (modifications confined to small momenta)

— collisional broadening (known from atomic physics)
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ete- fromp + p and p + Nb @ ,/snn = 3.18 GeV

HADES data: EPJA 48 (2012) 64
p+p @Jfsnn= 3.18 GeV
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e+e- fromp + p and p + Nb @ /snn = 3.18 GeV
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ete- fromp + p and p + Nb @ ,/snn = 3.18 GeV

HADES data: PLB 715 (2012) 304
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'R o & =
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p+p cocktail: based on known sources:
™, N, W, P, A, p+p bremsstrahlung
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ete-fromp + p and p + Nb @ J/snn = 3.18 GeV

do/dM,, [mb/(GeV/c?)]
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dilepton signals from cold nuclear matter

p + Nb @ {/snn = 2.42 GeV

><10-3 Pee< 800 MeV/C
| |

§ —— p+Nb
5 —e— p+p (scaled)
S
e
£
3
=
O
£ 05
N
\i/
ol
P.. < 0.8 GeV/c'
0 |

0.6 0.8

M., [GeV/c?]

remarkable difference between

p+p and p+Nb:

¢ reduction of W yield (absorption)

¢ broadening of p

HADES acceptance

first measurement

of vector meson decays
in relevant momentum
range

CLAS, KEK E325 acc.
only for pee > 0.8 GeV/c

|||l|||||||l||||||||||
% 0102 03 04 05 06 0.7 0.

M, [GeV/c?]

IIII[IIII
09 1

— manifestation of in-medium
modifications of vector mesons
at low momenta
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dileptons from relativistic heavy-ion reactions
iIn-medium modification of vector mesons
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dileptons from A + A reactions

collective kinetic energy is dissipated into intrinsic degrees of freedom

penetrating probes: ete- pairs, emitted over the full space-time evolution of the collision
different dilepton sources have be disentangled in the data analysis
p — ete

_ final state hadrons
mo, n = yete-

w, ¢ "etre-

s, K=A, Z, =

first chance hot and dense
collisions, collision zone freeze out
bremsstrahlung different dilepton sources
Pr'obing the interior have to be disentang|ed
of the fireball in the data analysis
>t
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Anzahl

100

80

60

40

20

S.Teis et al.,Z. Phys. A

resonance matter
transport calculations: GiBUU, UrQMD, IQMD, HSD

359 (1997) 297

' |

Au + Au 1.5 AGeV |

- 25

3,0

2,0
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Anzahl

resonance matter

transport calculations: GiBUU, UrQMD, IQMD, HSD
S.Teis et al.,Z. Phys. A

TAPS data:
359 (1997) 297 R. Holzmann et al. PRC56 (1997) R2920

' o ! v ' v ! ! % § | | | | | | | | | | [ §

. -1 3,0 Q — .

100 | — P < = C+C = =

Tt 105 % = TCO — Ca+Ca =

" 2 |

80 ~ 10 fm/c 420 1 O % %

80F 1,5 3 = E

I Au + Au 1.5 AGeV . = - -

40 1,0 10° 1 =

i ) | 1 | | | | | | | B
20 } 0,5 0 1 2

E, ..., [GeV/nucleon]

Nro = 172 * (N++Nr.) = 0.147+0.01
HADES data: EPJA 40 (2009) 45

)3 NTri,TrO = 3* Nno
pan+ = 0.45 pN

=
=}

PN = 2.5 Po
pan+ =045 pn=0.45°25 po=1.1 po

density of baryon resonances reaches nucleon density po in normal nuclear matter

baryon resonances start interacting among each other: resonance matter
U. Mosel,V. Metag , Nucl. Phys. News 3 (1993) 25; Phys. Bl. 49 (1993) 426

impact on particle production in relativistic heavy-ion collisions 58



dileptons from A + A collisions |

12C + 12C @ 1.0 and 2.0 AGeV

HADES data: PLB 690 (2010) 118

dilepton spectrum in C + C compatible with superposition of elementary

— | ' |
07, 1 E
Naé 5(pp*pn) 1.25 AGeV
S e C+C 1 AGeV
81 03} A C+C 2 AGeV =
— - o
(¢))
Eml 0* _% ’ 3
S “l) r
S10° et E
; ‘ ‘-
* { ¢ o \
;10-6 - 1 comp. subtracted f f‘z
L 0,,>9° ;
-7 ! | | I ' | '
107y 0.2 0.4
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O,

N+N
ee

L
.

3_
-

&

dN/dMA™ / dN/dM

0
0 0.2

M,, [GeV/c?]

n + p and p + p collisions;
N + N reference spectrum: ONN(Me+e) = 1/2 (Opp(Mete-) + Opn(Met+e-))

no radiation beyond binary nucleon-nucleon collisions in this light system !!

-...l...ol4...-
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dileptons from A + A collisions ||

40Ar + KCl @ 1.76 AGeV
HADES data: PRC 84 (2011) 014902
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' 3 _ D .
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S i & 1.76A GeV | £ Pf DosC2acey IO
— 10 : 9 _ - ; 5 - _ E
= WA - = "
Z 10°F B A TE 3 < S SRR + -
5" i O AC s axy
yd I e j+ ! o 5 O A L E
o 1/21pp+np]-M ! $+ <o SR
107F 1.25 GeV “ TR } Lg b
1 1 1 | | | 1 | 1 1 | | || = ol;' B | | (:) | _
O 02 04 06 é OO ] ] l O 2 ] l ] O 4 l l ] O 6 ]
Mee [GeV/cT] M., [MeV/c?]

dilepton excess yield compared to N+N reference spectrum and 12C + 12C
regeneration of baryonic resonances in the fireball

® onset of fireball radiation 30



dileptons from A + A collisions lli
Au + Au @ 1.23 AGeV ({snn = 2.42 GeV)

HADES data: Nature Physics 15 (2019) 1040

L) L !!!!I!iiﬁ!

— 1 1 1

y
r.—l

Au+Au \s,,=2.4 Ge\L
0~40%
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it | 4
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= _z
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for Me+e- > 0.15 GeV clear
dilepton excess yield above

mesonic (N,w,P) and
baryonic sources
(NN bremsstrahlung + A— N ete-)

NN reactions scaled by Apart
(number of pions)
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The onset of the excess radiation

HADES data: Nature Physics 15 (2019) 1040
system size dependence centrality dependence

-
o
T

i — | | | 7 P - !
8 B i CO_mAF\)l'JfXBtraCted ) X - Au+Au \s=2.42 GeV
u ° Ar-||-\|}E)CI * + * | % g_-
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6 oC+«C +} _________________ + H 2 2
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— — — S S — o = 1.44:0.17
| | | | |
0) 0.1 0.2 0.3 4 0.5 , 0.1 45365 560 365
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excess vyield ~<Apart>¢
a=1.44+0.17

® for Au + Au the number of e*e- pairs per participant
nucleon is = 6 times higher than in a free N+N collision;

6 generations of baryon resonances with T = |.5 fm/c — fireball lifetime of =10 fm/c

® dilepton radiation from the hot and dense collision zone increases with
system size and centrality of the collision
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fireball = thermal source??

statistical hadronization models: THERMUS
S.Wheaton, . Cleymans, Comp. Phys. Comm. 180 (2009) 84S

particle yields at freeze out determined by T, g

p(ﬂBvT) —

HADES data: EPJA 47 (2011) 21

Ar + KCI @ 1.76 AGeV
10°F .
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excellent description of particle yields also in SIS energy regime (except for =)



virtual photon radiation from the fireball

contributions from early NN collisions and HADES data: Nature Physics 15 (2019) 1040
final state particle decays subtracted

strong p broadening in the medium !!

efficiency and acceptance corrected interpretation:
1|_ [ | | I I I | I I I | I I I | I H .
S X Au+AU [S.=2.42 GV 0-40% a.) hadronic many-body effects
NN ref., n, o subtracted i b.) partial chiral symmetry retoration
Tyope = 71.8£2.1 MeVikg -
In-medium p: ]
_4| —CG _
% 1 O - — CG EFSLIA:Texas A&M 3
S~ = —— CG SMASH ]
@ AN — HSD -
8 B \\ pcollbroad. + A+ |
5 EI<.) i T — — Bremss. (NN, zN)
Z 10°F S E
O - P .
N= B / T RN :
z | / N
= b / \
10 = I Vacuum p: N\ E
- — - HSD ]
i [— SMASH \|
| | | / | | | | | | | | | | | |
0.2 0.4 0.6 0.8

M., (GeV/c?)

Mee = invariant quantity; not affected by

blue shift due to the expanding fireball
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virtual photon radiation from the fireball

contributions from early NN collisions and HADES data: Nature Physics 15 (2019) 1040

final state particle decays subtracted

efficiency and acceptance corrected

1I_ B | | | | | | | | | | | | | | H
—~~ B .
N Au+Au \s=2.42 GeV 0-40% |
NN ref., n, o subtracted a
Tyope = 71.8£2.1 MeVikg -
In-medium p: ]
_4| — CG FRA |
% 1 O - —— CG GSl-Texas A&M 3
N~ u —— CG SMASH ]
@ AN — HSD -
8 B \\ pcollbroad. + A+ |
5 EI<.) B T — — Bremss. (NN, tN) 7
Z 1 0_5 = I E
© - o :
N= B / T RN :
z | / N
A 1 0_6 = I/ Vacuum p: \ N\ E
~ — - HSD .
B [— SMASH \|

| | | / ] ] | ] ] ] | ] | | | |

0.2 0.4 0.6 0.8

M,. (GeV/c?

Mee = invariant quantity; not affected by
blue shift due to the expanding fireball

)

strong p broadening in the medium !!
interpretation:
a.) hadronic many-body effects
b.) partial chiral symmetry retoration

l+
thermal radiation (

dileptons as thermometer p”’ﬁ’v°(7\:>

fBE(qO,T)ImHem(MaquyuB)

emessivity:
2
lel — O('em L(MZ)

d4qd4x_ . M’
successful approach with coarse graining
(T. Galatyuk et al., EPLA 52 (2016) 131);
assuming thermalisation in cells of the

collision zone

T = (71.8 = 2.1) MeV

34



beam axis

Space time evolution of dilepton radiation

T. Galatyuk, F. Seck: simulation of space-time resolved dilepton emission

!

!

]

A
e

!

|

!

!

starting from a spectral function with a p pole one
ends up with a structure less invariant mass spectrum
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beam axis

Space time evolution of dilepton radiation

T. Galatyuk, F. Seck: simulation of space-time resolved dilepton emission

!

!

]

A
e

!

|

!

!

starting from a spectral function with a p pole one
ends up with a structure less invariant mass spectrum
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link to astrophysics: neutron star mergers

heated shell around dense remnant core in postmerger neutron star configurations

may reach T = 50-80 MeV and p = 2po

122 (2019) 061101
TEEm

E. Most et al., PL

15 | | = 10"

P v v ¢ s o~ o
/

° " I B TR W S

1013

45 -10 -5 0 5 10 15 -15-10 -5 0 5 10 15 15 -10 =5 0 5 10 15 15 -10 -5 0 5 10 15
X (fm) X (fm) X (fm) X (fm)

S.Bass et al.,, PPNP 41 (1998) 255

similar matter densities and temperatures reached as in neutron star mergers
although space and timescales differ by typically 20 orders of magnitude

[(;_wo B) 7]°*6oj

: - 10

(o_wo B) %
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FWHM [MeV]

counts / 1 MeV

HADES data: PLB 731 (2014) 265 (cited > 150 times)

link to astrophysics: dark photon search

annihilation of dark matter particles may explain observed positron excess (e.g. AMS)

annihilation mediated by dark photon U, linking dark matter to the visible world

X - " search for a peak structure on top
J@ 82 = o/ of a smoothly varying continuum
o ) v U
X € n Y } U_}e+e-
T[O—>Y U

107'E

102; P+p
- p+Nb

| II[IIIIL

APEX MAMI
. "6 =
combined 10 .
E,.I,..,...ll...l... 10—6 co v v b b by by 1 Coo | ]
0 01 02 03 04 05 O 0.1 0.2 0.3 0.4 0.5 10" 1
2
Mee [GeV/cT] MU [GeV/Cz] MU [GeV/Cz]

Br (Nn—ete-) < 2.3* 106 (90% CL); PDG entry 2016
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Near-threshold strangeness production
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The two pole structure of A(1405)

O /\(I‘E)S) |/2- = nucleon resonance near HADES data: PRC87 (2013) 025201
the KN threshold at 1432 MeV .
_ . € \ +
® important for understanding KN interaction Ptp f A(14E) +KT+p
+ F
® dynamically generated resonance: My 2 +Z
superposition of KN and 21T molecular states 1385 Me T+ n.
1405 MeV
two pole structure: 0151 (c) l T — | |
Kamiya et al.,NPA 954 (2016) 41 ' :
= A\(1520)
(&)
> 0.1 ﬂ -
. =
S
1" = I
‘,l s 0.05 —
3
1 0
750 © n
0 e m'h
| | | x10°
1.3 1.4 1.5 1.6
A/ 5o [MeV] MM(p,K") [MeV/c?]

® first confirmation of 2t pole at 1385 MeV
in p + p reaction at 3.5 GeV
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Enhanced =- (dss) production

HADES data: PRL |14 (2015) 212301

[1/(2.5 MeV)

dN / dM, .
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= /s = 3.18 GeV
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70 MeV
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| 1 | [~ -
1300 1350 1400 1450
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HADES data: PRL 103 (2009) 132301
Ar+KCl @ +/snn = 2.61 GeV

[1/(5 MeV)]

o 8 & 8 8
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»
N
o

first observation of =- in p + A reaction
=-(1321) > A+ 7
L5 A — p+m

-1- op
10 A X
| - @0k
- -3
S e T ¥ sHm
W 4 GiBUU
-3
10 b x o ﬁ UrQMD
i . 0 =5 0 05 1
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1 10 10° 10°

640 MeV below thrnn

f

|

;

4+ b
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® strong enhancement above SHM, UrQMD, GiBUU

® strangeness production requires deep off-shell

J{H~+H'HﬂHHHﬂHH#Hﬂ*¥ﬁ%“r production or multi-step or multi-particle

processes (production off correlated nucleons?)

|
1300

1350 1400 1450 1500

1550
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Strangeness production: Au+Au @,/s=2.4 GeV
HADES data: PLB 793 (2019) 457
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¢ production at subthreshold energies: important source of K-

HADES data: PLB778 (2018) 403
Au+Au @/snn = 2.4 GeV

sizeable contribution to low momentum K- from
® —K+* K- decays to be taken into account !

% ézm”“i‘sf“”"v"’z ®/K- = 0.34+0.06 in Al+Al; Ni+Ni (FOPI)
~ -9 b » .
> 107" K~ R ®/K- = 0.52+0.16 in Au+Au (HADES)
E ‘- 18‘ & °
e “E. —
= 1 ,_ 450 5/(;(; 5/50 & 10—11__
;_; —Teﬂ;—1 O4+2. cg 50<m-m,<75MeV/c &é‘ -_
oS- ¢ : o :
'g K' £ 7 =
NE 107" o— 50 500 450 2;,
E _Y' Teff= 8416 Mass/Z [MeV/c?] 'g_ | 2
L |0<m-m,sj00MeV/c? -
CGEH Vo ) s %{ - = - — K cocktail \\\T = 104 MeV-
£ i q) g +++ % - K thermal e
A . hvt | —=K fromo _ o~
0 # W x K- from ¢
®-.. noo 1020+ 1040 &g“ ---- Fit T=84 MeV q) N
w [MeV/c?) = ! l 1
13 T _103+10' M (1 - 0 50 100 150 200
10 eff — m-m,- [MeV/c?]
0 100 n %?O[Mev /C%?O ® assuming Teherm (K°) = T(K™),
’ 26% contribution from ®-decay
different slopes of K* and K- spectra reproduces experimental spectrum,

explained SO far b)’ |ater freeze-out Of K- — no difference Ta freeze out times

A. Forster et al. (KaoS) PRL9| (2003) 152301 for K*and K-
4)



in-medium effects in the strangeness sector
J. Schaffner-Bielich et al., NPA625 (1997) 325
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Density p/p,

exp. evidence for repulsive K9, K* - nucleus
potential and attractive K- - nucleus potential

by analysing meson momentum spectra
ANKE: EPJA 22 (2004) 301 }

Vk+a = 15-25 MeV

FOPI: PRL 102 (2009) 182501 :
repulsive

KaoS: PRL96 (2006) 072301

KaoS: PRL96 (2006) 072301  Vk-a=-80 MeV
attractive
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in-medium effects in the strangeness sector

J. Schaffner-Bielich et al., NPA625 (1997) 325
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K- atoms:
kaonic hydrogen (SIDDHARTA)

K- and ¢ absorption

K+: very low absorption in nuclei

HADES data: PRL 123 (2019) 022002
M-+ C,W 1.7 GeV/c

simultaneous measurement of K*, K-,and ®
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K- strongly absorbed in nuclear matter

0 100 200 300 400 X

10.6

(K-/K*)w/(K-/K*)c = 0.319£0.009(stat) compared to 0.93 without absorption

— sizeable K- absorption in nuclei

(P/K-)w =0.63%0.1 I (stat) = (P/K-). = 0.551£0.04(stat) — sizeable ® absorption in nuclei
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PP

C(k)

Femtoscopy: two body particle correlations

two particle correlation function

HADES data: PRC 94 (2016) 02520

p+Nb @/sny = 3.18 GeV
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short range correlations:

® insight into short range part of
the nucleon-nucleon interaction

® A-p scattering parameters

P(pi,p2)
P(p1)P(p2)

Cp1,p2) =

size of particle emitting source:

source size of p-p pairs:
rep=(2.0210.01 (stat)£0.12(sys)) fm

source size of \-p pairs:
ron=1.6210.02(stat)£0.19(sys) fm

information on A-p interaction:

comparison of A-p correlation function

with XEFT calculations for different
scattering parameters
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collective phenomena in heavy-ion collisions:

Particle flow patterns
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particle flow patterns

collective expansion of the fireball produces correlated emission of particles;
access to nuclear equation-of-state (EOS)

in perfectly central collisions isotropic expansion: radial flow

less central collisions: azimuthal anisotropy;
Fourier decomposition of transverse momentum / rapidity spectra

d°N 1 d*N v directed flow
" vi: triangular flow

Au+Au 1.23 AGeV; semi central collisions: 20-30%, b = 6.6 - 8.8 fm
HADES data: B. Kardan NPA 967 (2017) 812
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particle flow patterns

HADES data: B. Kardan NPA 982 (2019) 431

triangular flow vs(ycm) for protons triangular flow vs(pt) for protons
Hillmann et al., JPG 45 (2018) 085101
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high precision data on particle flow will further constrain nuclear equation of state
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future perspectives
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HADES uEgrade
_O"S

= ECAL (Pb glass)

W fory,et
. AE/Ex~5%
used in
“““ Ag +Ag 2019
RICH PMT readout
gain x5 in e* eff.
coll. with CBM@FAIR ~ ron |
used in Ag + Ag 2019 peam -
Target )
Veto F, Straw Tracker lRpC
Fm{d
; \X{ " Forward detector
y ,=a straws + RPCTOF
0.50 - 6.59
collab. with
PANDA@FAIR

data acquisition
upgrade to 200 kHz data rate

O(x) =150 pm
N O(TOF) = 70 ps
{ to be installed 2020
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Hyperon radiative and Dalitz decays

FAIR phase-0 program

A(1520) 1=0 using additional information from
['=15.6 'I_I forward detector and the
1=3/2- | Tyl = electromagnetic calorimeter
: (0.850.15)% | = 1 to reconstruct hyperon decays
| 2*(1385) P+PpP= A(1 520) +p + K+ @4.5 GeV
A(1405) | _ 16
=50 J = 3/2+ A(1115) + y (e+e-)
J— 1/2- l
— A
I
| 7 _ @ extend measurements of
| / [/ o = .
| L7 (1240.13)% electromagnetic form factors
: e to strange baryon resonances
| e (1192)
| 7 ] = 1/2*
1=1/2+ v & “« i i
100 % ® study reaction mechanism for

= production
P+p 2 =KrKtp—=> AT K+K+p @ 4.5 GeV
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Signatures for chiral symmetry restoration

X- partners: p(770) (vector |™=1-) and a;(1260) (axial-vector |T=1+*)
X- symmetry restoration: spectral functions of chiral partners become degenerate:

Weinberg sum rule: st(pV - Pa) = - Mq Q@

P mass stays almost constant while a; shows significant mass shift towards the p
accompanied with melting of the resonances when approaching X symmetry restoration

C.Jung et al., PRD 95 (2017) 036020
P.M. Hohler and R.Rapp PLB 731 (2014) 103
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=004 f ] 91 0L |
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[ 1 1 O .
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degeneration of p and a| spectral functions leads to an observable modification
of the Mee invariant mass spectrum near |.|1 GeV
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HADES in combination with CBM

Transverse to beam

good rapidity coverage for p— e+ e- over full incident energy range

! ‘p° Se'e
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3 4
Rapidity
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o
o

? 'p° '—> e'e |
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+— 4n

T 0 1 2 3 a4
Rapidity
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Summary: highlights

broad physics program with elementary reactions and heavy-ion collisons

dileptons:

® electromagnetic form factors of baryon resonances and hyperons;
evidence for vector meson dominance in baryonic transitions

® in-medium modifications of vector mesons in cold nuclear matter
at low momenta

® melting of p meson in hot and compressed matter in SIS energy regime;
evidence for thermal radiation from fireball

hadronic final states:

® 2-pole structure of A(1405)

® exceptiona

® particle yie

ly high yield of =- in p+A and A+A

ds consistent with statistical hadron models

® strange had

ron nucleus interaction

® particle flow in A+A: vi,v2,v3 = equation-of-state of nuclear matter
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