Studying baryonic matter with HADES at
GSI/FAIR

v' GSI/FAIR facility and HADES detector

v Motivation (driven by obtained results) and new measurements:
focus on

= dileptons,

= strangeness
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Detectors: present and Future ..
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« HADES @ GSI/FAIR (S1S18-S1S100) covers high ug region -> import region to
cover in QCD phase diagrame- EOS, exotic QCD faces, neutron star merges,...

* Focus on penetrating (dilectrons) and rare (strangeness) probes — first complete
measurements at low energies!

 Reference measurements with proton/pion beams (radiative decays of baryons,

baryon resonance excitation and decays)



GSI- FAIR from 2022

- 18Tm (1.8 T magnets)

U7’3* 1.0GeV/u 10°%ions/s
Nj26* 2.0GeV/u 101%°

protons 4.5 GeV 2.8x10%3/s
Secondary pion beam ! 0.5-2 GeV/c

2T (4T/s) magnets

Au 8-10 GeV/u 10%2ions/s
protons 30 GeV 2.8x1013/s

Radioctive beams 1.5 GeV/u (Super FRS)
anty-protons

) Precision experiments in Atomic Physics
= . HESR: Anty-protons 1.5- 15 GeV/c -
exp PANDA
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~ HADES: Ag+Ag @1.65 AGeV(2019)
n+p, T+A, p+p, p+A

pp,pA, AA (Ag+Ag@4.5 AGeV




pion beams & HADES - unique in world

uclear ' hysics
International

WS

pglee

Pion beam tracker

dispersive plane

\\\\\\‘ﬁ ’

HADMU1

W (MeV)

I I
107:_ ) _-—-_““ i3
s C -
- o "E"):'_\_--_D
o0 L - - (]
é— I , 0 -
< | - pion target
£
':% 108 D .
s o
[nl
U:) X
o -
=
O p+Be 3.5 GeV
10°| e ciBe 2.0 AGeV
o l l
0.5 1 1.5 2 2.5
pion momentum [GeV /]
1708 (+/- 150) channel openings
1433 1810
1076 1215 1486 1611 1688 1722 1896 1958
! ] e | ] | | [ S
| | T — | | | I
Nn Nnr Nn KA KX| No Nn° Né
KN Np K=

Diamond detectors

start detector

silicon detectors

b i = rbean
ALA — :\
, MDmuz HADESta{
o T -~

(x2,y2)

2 Double-Sided Silicon sensors
100 x100mm?2, 300um thick
2 x128 channels

Mean focus: radiative decays
of baryons — microscopic
input to emissivity
calculations

Cold matter physics (Vector
mesons, kaons, hyperons)

i, KA/Z | plo/dp/N -> impact
on baryon spectroscopy PWA



High Acceptance Di-Electron Spectrometer
Spectrometer with AM/M - 2% at p/®

electrons : RICH (hadron blind)
hadrons: TOF & dE/dx vs p

Flow and correlation measurements

Centrality from track mult. (Glauber Model)
2004-2104: HI (C+C, Ar+KCl, Aut+Au \s~2.4-2.6 GeV
p+p, d+p, p+N Vs =2.4-3.0 n+p Vs ~2.4-3.0 Vs= 1.5 GeV

D N N AU N NN

Upgrade 2018/2019
« New RICH photon det

; (HADES/CBM) — 2-3 ® e,sf

* Forward tracking straws
50 +RPC — Al=rec.
in pp/pA (HADES/PANDA)

« el. Calorimiter (lead glass)-

neutrals
 Planned: 200 kHz DAQ ,

10X count rate increase



HADES & CBM at SIS100

RICH

Dipole

« Complementary covarage
HADES more backward —better
for p+A (cold matter physics
studies @ highest Eyeqm )

* Limited granularity —

Max Ag+Ag @ 4.5 GeV

=
(=}

0.6 B L L T L B L I

> Ve > VO = Ve T
T [ploe'e o | PP s e'e ° [ ploe'e
= 05 El:ln=1 23 AGeV =z 0‘5' Ekin=3'5 AGeV = 05 El:ln:11 AGeY
E= i - i g= i
0.4 0.4 0.4 =
[ [ +— 4
0.3} 0.3F 0.3}
i s -+ HADES
0.2 0.2 0.2
0.1 0.1 0.1
03 % 4 0 1 2 3 a == o 1 2 3 a

Rapidity Rapidity



Dielepton
radiation




Emissivity of QCD matter
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Meclerran - Teimela formula, Phys. Rew. D 31 {1985) 545

Successful approach at SPS/RHIC. Does it work at low energy? u

Bulk evolution from transport —determine (T, o) locally
Apply emissivity formula with in medium IT,,,
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Electromagnetic current-current correlator

In vacuum
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Dielepton excess from UrHIC SPS/RHIC
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Broadenning ,melting” of p:

baryon-p interactions are driving force for the

observed effect (model of Rapp/Wambach)

IMR — T measurement! T >T.:, (Na60)




Thermal dileptons from Au+Au

Excess yield fully corrected for acceptance
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Successfull description with Coarse-Grained
(CG)) approach + emissivity formula

Dileptons as thermometer
Mass spectrum falls exponentially > “Planck-like”

Fit d_NNngeXp(_M) in range M=0.2-0.8 GeV/c?
dM T
<T>emiu:ing source 72+12 MeVIkB

Strong melting of p meson

In agreement with microscopic model of Rapp
& Wambach (interactions with baryons !)

Same model describe also RHIC(STAR), SPS
(CERES, Na60 data)

Robust understanding across
QCD phase diagram

Standard candle of HI?



Dileptons- thermomether of HI collisions?

R. Rapp, H. van Hees, PLB 753 (2016) 586
T.Galatyuket al.: EPJA 52 (2016) 131
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* Model calculations with in-medium p describing LMR and IMR of RHIC/SPS/SIS18
* Lookfor deviations , platou (phase transition.),..



Medium effects present also in cold matter..

data: HADES PLB715 (2012) 304 _slow sources” p...< 0.8 GeV/c
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remarkable difference between p+p, p+A : reduction of  yield (absorption), broadenning of p



Expected performance p+p, p+A, A+A @ 4.5 GeV
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10 — fold increase in statistics 6-fold increase in stat
M>m, w.rt p+ Nb/p+p M>m, w.r.t Au+Au

* Programme in FAIR/Phase0 (4 weeks running)
* prominent /e signals expected -

« first measurement beyond 1 GeV (small partonic contribution)—look for p — a4 chiral mixing

J ds(A, — Ag1) = my < q7 > (Weinberg sum rules)



Scrutinizing baryon-vitrual photon couplings

p meson spectral function : AM)=— Z'mﬁp(l\/lz) 2
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A(1232)—>Ny* Transitions
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N*(1520)/N*(1535)—>Ny"* Transitions

Exp.Excl.e'e” / N(1520) QED

o O |

(A [
200 300

l T E I Vel l =l { Tl
w+'p'— e*e’n (eff.corr.) .
p = 685 MeV/c Ba

_/

N(1520)

| AN

400 500 600
M, [MeV/c?]
16F IR I I B *
HADES '
12+ Preliminary |
100 .
8- .
6l m:ﬂm ¢H _:
4 B’jﬁ}] -
21 F{;}][Eb] ]

N R I e b byl 1
1000 200 300 400 500 600

g% = My, [MeV/c]

(R ——————
-0.1
-0.2
S
)
-0.3
— — Bare loud
- —- = Meson clou
0.4 Total y
0.5% ! > 3 7y 5

Dominant role of N*(1520) and off-shell p in decay

Dominnat role of pion cloud

G. Ramalho and M. T. Pena, PRD95, 014003 (2017)

« 2019-2022

continuation of the programme in 1.7<Vs<2.0 GeV



Strangeness
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Strangeness production: Au+Au @\/s=2.4 GeV
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Subthreshold production

QK+ A= _0.15GeV  QPK—= —0.5GeV

First high statistics measurements
of A and K_%at high u;

Strong constraints on strangeness
production and propagation mechanism

¢ /K~ (~0.6!) strong contribution to
K~ production!



Strangeness production - 4,4

Au+Au @ 1.23 AGeV
[ | [ [
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Cascade & Hyperon production
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Large sample of Ap, Zp pairs for correlations
studies (pA,pp) — details of A-N potential



Hyperon Electromagnetic decays Aete~ invariant mass
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Summary

Combination of HI and hadron beams with HADES allows for comprehensive
studies of virtual photon radiation from baryon rich matter (em. structure of
baryons —role of pion cloud.)

Big impact on understanding of emissivity of strongly interacting matter over full
QCD phase diagramme— extraction of T, evolution of in-medium p spectral
function

Complete measurements of strangeness with unprcedented statistics->challange

for modesl (=, ¢) production need reference measurements

Outlook : continuation of experimental programe (HI and pion beam experiments)
at SIS18 till 2022 and later at SIS100 (excitation functions of dilepton production,

complementingmeasurements o Compressed Baryonic Matter experiment)



Bulk properties: vq,v,,v5 for p /d/t

Example:  Elliptic flow (v,) of Protons, Deuterons and Tritons
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Proton number fluctuations

R. Holzman CPOD2017
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Unfolding + vol. flucs. corr.

E-b-e eff corr. of factorial moments + vol. flucs

. COrr

|*t time this kind of analysis in fixed-target
experiment at v sy, = 2.42 GeV

Detailed systematic study of experimental and
instrumental effects:

[1 E-b-e changes of efficiency

L1 Corrections for volume fluctuations

[ Proper selection of p;-y bite

0 Protons bound to nucle

NOT YET completed..
volume corrections .. on-going

Garg et al., |. Phys. G: Mucl. Part. Phys. 40 (2013)
A, Bzdale, V. Koch, PRC B6 (2012); X. Luo, PRC 91 (2015); M. Kitasawa, PRC 93 (2014
V. Skokov et ol PRC BB (2013) 03491 |; A.Rustamov et of, NPA 960 (2017} 1 14



1/N_, dN,,/dM,_ (GeV/c?)’

HADES: Dilectron excess vs sys. size and centrality
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Additional radiation from hot and dense phase
of collision identified for the first time at such
low energy
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Statistical production of hadrons at SIS18 ?

« Grand canonical ensamble

1025, " Duta vege261 G =
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3107 NP s « Strangeness: canonical suppression +
= — v Ti
-3 | . .
10 = AMKCL % e strangeness conservation inside
105 e volume with R
(73] | —
2 15 | o ..works also well for p+Nb@ 3.5 GeV
% N ISR S ’ T . except = !
L ]
':Q_ ' 10°F " @ Data s, 32 GeV 4 M
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But not for Au+Au when light ions oo, |
A ™ ™ m A K o E

are inlcuded!



¢ production at subthresold energies: important source of K-
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¢/ K- ratio strongly increases below threshold !
so far strangeness exchange nY—K- N was suggested as the main source of K-
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¢, K~ rates consistent with Statistical Hadronization Models, but NOT explained

consistently by any transport model
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HBT results-

Hades follows more trend from STAR/NA49
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Bertsch-Pratt parametrisation: § — (¢o, gs, q1)

Fit 3'd

HBT correlations

Integration over azimuth. ang. ¢ = FRos, Rg — 0

boost into longitudinal co-moving system (LCMS), pi1- = —p2-

d Coulomb effect

clearly visible
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p -meson : the main player

0 _ . - [Hatsuda+Lee 91,
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M2 J, s 872 ™ M4 UM 7 8IME T4 Leupold et al 98, ...]
1 ) 0.08— :
Idsg(p\, —py)=f; — p 4 V[t—>2nmv]
. B _ﬁ 0,061 - Alt—>(2n+l)mv ] i
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( =) 2 @ 0.04 I Il
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! A= P ’ ;;5 } - ImlIl, i
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* in vacuum p-a; mass splitting NI s | i)
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v SR — both spectra functions overlap

Thermal emission dominated by in-medium p-spectral function
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Consistency of hadronic description of Chiral
Symmetry Restoration — removal of p/a; mass splitting

M. Holher & R.Rapp

Use spectral functions of p constrained by e+e- data

Use (u,=0) results on evolution of quark/gluon condensates with T from lattice QCD

Use QCD sum rules (spectral functions <> quark and gluon condensates) and

Weinberg sum rules (spectra functions of Vector (p) <> Axial vector (a; ) states)

Predict evolution of a; spectral function in T up to T,

— Vector i
— Axial-vector |

— Vector

—— Axial-vector

— Vector
—— Axial-vector

T=150 MeV

— Vector

= Axial-vector

T=160 MeV

— Vector

= Axial-vector

T=170 MeV

— Vector
= Axial-vector

: » Compatible with

chiral restoration

scenario for pg =0:

|l pand a; becomes

| degenerate around T,_!



Dalitz decays and em. Transition Form Factors

HADES: Resonance production with pion and proton beams

3 1
example Dalitz decay Az - Nz2y*

M,, = My — My

dI'(A > Ne'e) 2 2 (2 2( qz 2( 5 Transition Form Factors
dqz _f(mA1q ) GM(q ]+3GE(q 1+2mZGc(qJ 1
/
” P
E)?)El?”ke QCD Dalitz decays A P(QY)
e
.......... e N—-e N

JLAB, MAMI,

p" Bonn,

F(g?) carry information about
baryon structure : mesonic (cloud)

(low g?), quark d.o.f (large g?)

charge,
magnetic moment,...

At
radius




