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HADES as FAIR Phase-0 Detector
Large acceptance DiElectron Spectrometer – several upgrades since 2002
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new:
Lead-glass 

based ECAL

new:

MAPMT based 
photo detector 
(CBM Phase-0)



HADES Phase-0 detectors:  MAPMT RICH – ECAL
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Project Plan for the 2018 HADES Beam Time

Impressions of the Progress

Already many things are done: ECAL I



Exploring the QCD phase diagram at high 𝜇!
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T. Galatyuk, Nucl.Phys. A982 (2019), update 2021 and CBM, EPJA 53 3 (2017) 60
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Heavy-ion collisions and neutron star merger

Gravitational wave signal can probe 
the dense EOS during “ring down“ 
if frequencies in kHZ range are 
detected.

Moderately dense but hot medium in 
the surface region of the merger.

HIC observables!?

H. Stöcker courtesy Jocelyn Read
M. Hanauske, J. Steinheimer (priv. com.)
L. Rezzolla et al. arXiv:1807.03684
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The HADES mission

Characterize the microscopic properties of compressed baryonic matter

o From medium modifications to novel phases of QCD matter

o Dynamics of meson baryon coupling
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𝜌, 𝜔, 𝜙

Sep. 16 – 22, 2021

K. Fukushima, T. Kojo, W. Weise; arXiv:2008.08436v2
(also G. Baym, QNP2018)

0.8 $𝑞𝑞 !

0.2 $𝑞𝑞 !

𝟎. 𝟕𝟓 𝒒𝒒 𝟎𝟎. 𝟖𝟓
𝟎. 𝟖
𝟎. 𝟗

$𝑞𝑞 : 𝜒 EFT+FRG

𝑞$𝑞 : lQCD

C.P. / FO ?

arXiv:0711.3444
arXiv:1011.0615
HADES prelim.
arXiv:0511.071
arXiv:9903-063
STAR prelim.
HADES prelim.
arXiv:1005.3508
arXiv:1308.5596 

JS, JPS Conf.Proc. 26 (2019) 011013



Freeze-out conditions from SIS18 to LHC

ALICE   ( 𝑠 = 2.76 𝐴TeV): 𝑻𝒄𝒉 = 𝟏𝟓𝟔. 𝟓 𝟏. 𝟓 ; 𝝁𝑩 = 𝟎. 𝟕 (𝟑. 𝟖)

HADES ( 𝑠 = 2.42 𝐴GeV): 𝑻𝒄𝒉 = 𝟔𝟖. 𝟐 𝟏. 𝟓 ; 𝝁𝑩 = 𝟖𝟖𝟑 (𝟐𝟓 ) (?)

o Factor 1000 in beam energy / factor ~2 in temperature 

o Strangeness canonical treatment at low beam energies!
o Calculation carried out with vacuum masses!
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Au+Au ÖsNN= 2.42 GeV

Pb+Pb ÖsNN= 2.76 TeV

Nature 561, 321–330, 2018

1 ppm

1 ppm

HADES preliminary
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The Roper Resonance
o The second lowest (in mass) excitation of the nucleon is the Roper resonance.
o In constituent quark model first radial excitation of the nucleon, but too low mass.

The transition form factors measured at CLAS (JLAB) in 
the space-like region reveal a particular structure:

– Radially excited dressed-quark core with a “strongly bound 
pion” in the cloud.

C. Roberts, V. Burkert; arXiv:1710.02549v1

Sep. 16 – 22, 
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HI COLLISIONS WITH HADES



Ag+Ag ( 𝑠 = 2.55𝐴GeV)
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Room for optimization of data 
taking rate:
o Spill duty-factor

• Feed-back system in preparation
o Spill micro-structure

• Idle time
• Pile up

kHz modulation OFFkHz modulation ON

20us binning 20us binning

Quadrupole modulation – influence on HADES event rate

16 kHz (100%)
16 kHz (70 %)

45 % losses due
to parasitic users, 
beam breaks.
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R. Singh, P. Forck, S. Sorge; arXiv:1904-09195



Ag+Ag – offline analysis / event cleaning
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From recorded to clean events - reasons for losses:
o Reactions outside the target stack
o Pile-up events
o T0 inefficiency

𝑦 vs 𝑧 [mm] 

Event selection cuts
Removed events dominantly suffering pile-up (> 50%)

after cuts



Particle identification
Time-of-flight (𝛽)
+ 𝑑𝐸/𝑑𝑥 (Kaons, light nuclei)
+ Cherenkov rings (electrons / positrons)
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BULK OBSERVABLES



Analysis based on 1.6 ⋅ 105 evts.

Divided into eight centrality classes:

30-40%, 20-30%,  10-20%, and 0-10%

HADES y − p6 coverage for protons

Purity < 0.999, use β and dE/dx

Useful acceptance   y = y7 ± 0.5

y0 = 0.74

E-b-E Proton Distributions from   𝐴𝑢 +𝐴𝑢 𝑠 = 2.42AGeV

Centrality is derived from the
dE/dx signal in the forward 
hodoscope Σ8.

Loose cut on spectrometer activity 
to suppress peripheral reactions.

Sep. 16 – 22, 2021 16

HADES Phys.Rev.C 102 (2020) 2, 024914



Corrections applied to the data

Volume fluctuations
o Corecctions of proton cumulants based on “volume 

cumulants” derived from 𝑁9:6 distributions in N2LO.

Detector response
o Studied with the HADES simulation package
o Corrected using factorial moment method

o
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V. Skokov et al. Phys.Rev.C 88, 034911 (2013)
PBM et al. Nucl.Phys.A 960, 114 (2017)

HADES Phys.Rev.C 102 (2020) 2, 024914

M. Kitazawa, Phys. Rev. C 93, 044911 (2016).
T. Nonaka et al., Phys. Rev. C 95, 064912 (2017).



𝑁𝑝 scaling of factorial cumulants 𝐶𝑛
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𝛼 ≃ 𝑛 → signature of rather long-range correlation (Δ𝑦$%&& > Δ')
B. Ling, M.A. Stephanov; Phys.Rev:C 93, 034519

C( ∝ 𝑁)
*

𝛼 = 1.86 ± 0.04
C+ ∝ 𝑁)

*

𝛼 = 2.84 ± 0.05
C, ∝ 𝑁)

*

𝛼 = 3.89 ± 0.14
𝐶" = 𝐾"
𝐶# = 𝐾# − 𝐾"
𝐶$ = 𝐾$ − 3𝐾# + 2𝐾"
𝐶% = 𝐾% − 6𝐾$ − 11𝐾# + 6𝐾"
𝐾&: cumulants
𝐶&: factorial cumulants/correlator

8 centrality bins (color, 5% steps)
5 rapidity bins (sequence)
y ∈ 𝑦 + Δ$ (Δ$ = 0.1…0.5)

HADES
Au+Au 1.23 A GeV

HADES Phys.Rev.C 102 (2020) 2, 024914



Proton higher-order flow components (𝐴𝑢 +𝐴𝑢 𝑠 = 2.42AGeV)

The collective motion (flow) of protons, 
deuterons and tritons shows a distinct 
pattern which encodes properties of 
the fireball (e.g. equation-of-state).

The flow is encoded in the transverse 
mass spectra and in the angular 
variation of the yields.
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d𝑁
d𝜑

∝ 1 + 2:
&'"

(

𝑣& cos 𝑛 𝜑 − Ψ&

Hillmann, Steinheimer et al., J.Phys.G 45 (2018)

HADES, Phys. Rev. Lett. 125 (2020)



Sensitivity to the EoS: v3{YRP} and v4{YRP}

EOS A B

a (MeV) -124 -356

b (MeV) 71 303

g 2 1.17

[P. Hillmann, J. Steinheimer, M. Bleicher,  J.Phys G45 (2018) 085101]

preliminary preliminary preliminary

p d

p

– EOS A + coalescence in space and momentum

“... this ansatz provides a very good description of the measured deuteron flow data, if a hard equation of state is used ...“

Sep. 16 – 22, 2021 42nd Erice School on Nuclear Physics | Joachim Stroth 20

UrQMD with Skyrm potential



3-D HBT (𝜋𝜋) image of collision zone

o Identical particle correlations from Au-Au collisions, 
a.f.o. relative event-plane angle Φ and pair momentum.
(U.A. Wiedemann; Phys.Rev.C 57, 266 (1998),
U.A. Wiedemann, U. Heinz; Phys.Rep. 319, 145 (1999))

o Size modulations available for 6 bins 
in pair momentum. 

o Initial (nuclear overlap) eccentricity 
is relaxed at freeze-out 𝜖:;:6:<= > 𝜖>:;<=.

o Correlation volume ~ 2200 fm? at
vanishing transverse momentum.

42nd Erice School on Nuclear Physics | Joachim Stroth 21

HADES, Eur. Phys. J. A 56, 140 (2020)Φ = ∠𝑦𝑏 (long axis and impact parameter)

Sep. 16 – 22, 2021



STRANGENESS PHENOMENOLOGY



Universal strangeness centrality dependence

Strangeness production at 
SIS18 energies enabled by 
medium-effects

Suggests density-dependence 
of production 

𝑁𝑁 → 𝑁ΛK@: s = 2.5 GeV

𝑁𝑁 → 𝑁𝑁𝐾@𝐾A: s = 2.9 GeV

Data can be explained with a 
single slope:

𝑴𝒊 ∝ 𝑨𝐩𝐚𝐫𝐭
𝜶

. 

42nd Erice School on Nuclear Physics | Joachim StrothSep. 16 – 22, 2021 23



Refined fits including light nuclei A B C

𝑻 [𝐌𝐞𝐕] 64.0 ± 1.2 66.2 ± 0.7 64.2 ± 1.1

𝝁𝑩 [𝐌𝐞𝐕] 783 ± 2.5 801 ± 1.5 782 ± 2.5

𝑹 [𝐟𝐦] 9.9 ± 0.2 8.7 ± 0.14 9.9 ± 0.17

𝑹𝒄 [𝐟𝐦] 3.39 ± 0.4 2.68 ± 0.14 −

𝜸𝒔 1 1 0.056 ± 0.007

𝝌𝟐 2.5 6.5 3.5
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https://github.com/vlvovch/Thermal-FIST (V. Vovchenko, HS)
Comput. Phys. Commun. 244, 295 (2019), 1901.05249 [nucl-th])

A: strangeness canonical, excited nuclear states
B: strangeness canonical, w/o excited nuclear st.
C: grand canonical, excited nuclear states

all non-interacting gas, const. Breit-Wigner width

HADES 
work in progress



Canonical suppression of strangeness production (?)
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MESON BARYON COUPLING



Vector mesons in (cold) matter
o Line shape measurement notoriously difficult
o In Au+Au 𝜔 multiplicity ~ 10A,

o ΓBB/ΓCDC~ 5 ×10AE
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KEK-PS E325, PRL 98, 042501 (2007)

KEK-PS E325  (𝜙)

HADES,  PLB 715 (2012) 

HADES (𝜔)

Sep. 16 – 22, 2021

HADES,  PLB 715 (2012) 



The HADES Pion Beam Facility

o Production target 40 m upstream the experiment 
target position allows production of secondary 
beams

o Direct excitation of baryon resonance
o Combination with dilepton spectrometer world-

wide unique
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Extraction of partial waves from two-pion channel

Ø 𝑝@ = 656, 690, 748, 800 MeV

o 𝜋A + 𝑝 → 𝜋A + 𝜋" + 𝑛
– Hadronic final states used in PWA 
– (Bonn/Gatchina code)
– Use invariant masses and angular 

distribution.

o 𝜋A + 𝑝 → 𝑒A + 𝑒" + 𝑛
– Prediction for dilepton invariant mass 

assuming strict VMD. 

– Two-component model.

42nd Erice School on Nuclear Physics | Joachim Stroth 29Sep. 16 – 22, 2021

HADES Phys.Rev.C 102 (2020) 2, 024001.



𝜋& +𝑝 → 𝑒'𝑒& +𝑛

Effective transition form factor
(time-like) extracted by 
subtracting QED expectation.

R-Dalitz decay:

Baryonic contribution to in-
medium𝜌 selfenergy

42nd Erice School on Nuclear Physics | Joachim StrothSep. 16 – 22, 2021 30

>

>

D, N(1520), …
r

h = N



Pion cloud effect in Δ(1323)

o Exclusive dielectron production in p+p collisions.
o Effect of the pion cloud observed in the time-like 

electromagnetic transition formafactor 
(off-shell 𝜌 meson).

o Moderate contribution to the in-medium propagator

HADES: arXiv:1404.2136 [nucl-th]

Sep. 16 – 22, 
2021 42nd Erice School on Nuclear Physics | Joachim Stroth
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Peña, Ramalho; arXiv-1205-2575
Peña, Ramalho + GiBUU.; arXiv-1512-03764 



THERMAL RADIATION



Medium (excess) radiation from Thermal Emission Rates 𝝐 (“standard candle”): 

Theoretical approaches to medium radiation

RHIC-BES seminar series 2021 | Joachim Stroth 33

𝜌h, 𝑇h, 𝑉h

isentropic expansion,
hydro

UrQMD

≡ J
𝑑,𝜖
𝑑𝒒

𝑇 𝒙 , 𝜇C 𝒙 , �⃗� 𝒙 𝑑𝒙

shining

coarse graining

Dilepton emission from 
Microscopic Transport.

𝑑,𝑁
𝑑𝑀𝑑𝑦𝑑𝑝D𝑑𝛼

= J
𝛼(

𝜋+𝑀( 𝐿 𝑀
( 𝑓C 𝑞 ⋅ 𝑢; 𝑇 ImΠEF 𝑀, 𝑞; 𝑇, 𝜇C 𝑑𝒙

or

F. Seck, MSc 2015

April 27, 2021



Thermal dileptons Au+Au ( 𝑠 = 2.4𝐴GeV)

42nd Erice School on Nuclear Physics | Joachim Stroth

o Microscopic transport(2):
• Vacuum 𝜌 spectral function and Δ regeneration
• Explicit broadening and density dependent mass 

shift

o Coarse-grained UrQMD(3)

• Thermal emissivity with 
in-medium propagator (4)

• 𝜌 − 𝑎- chiral mixing(5)

(not measured so far)

(4) Rapp, van Hees; arXiv:1411.4612v 
(2) E. Bratkovskaya; 
(3) CG FRA Endres, van Hees, Bleicher;

arXiv:1505.06131
CG GSI-TAMU; Galatyuk, Seck, et al. 
arXiv:1512.08688

(4) Rapp, Wambach, van Hees; 
arXiv:0901.3289
(5) Rapp, Hohler;  arXiv:1311.2921v 
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HADES, Nat. Phys. 15(2019) 1040



Thermal dileptons Au+Au ( 𝑠 = 2.4𝐴GeV)

42nd Erice School on Nuclear Physics | Joachim Stroth

Coarse-grained UrQMD(3)

– Thermal emissivity with
in-medium propagator (4)

– 𝜌 − 𝑎- chiral mixing(5)

(not measured so far)
– Finer grid for calculation 

of emissivities at high 𝜇F
and moderate 𝑇.

(4) Rapp, van Hees; arXiv:1411.4612v 
(2) E. Bratkovskaya; 
(3) CG FRA Endres, van Hees, Bleicher;

arXiv:1505.06131
CG GSI-TAMU; Galatyuk, Seck, et al. 
arXiv:1512.08688

(4) Rapp, Wambach, van Hees; 
arXiv:0901.3289
(5) Rapp, Hohler;  arXiv:1311.2921v 
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pub. in preparation
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Dileptons Ag+Ag ( 𝑠 = 2.4 2, 2.55𝐴GeV)
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Reminder: Jan-Hendrik Otto, Friday evening



THE FUTURE



HADES during FAIR Phase-0
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not granted yet

100 % granted
run scheduled for 2022

50% granted
not scheduled yet 

due to lack in beam time

Au+Au BES < 1 A GeV

Iso-spin effects 

in dilepton 
production

Baryon resonances, 

meson baryon 
coupling in the 3rd

resonance region

Cold matter effects 

including line 
shapes and SRC

EM transition form 

factors of hyperons

15 Billion events Ag+Ag taken in 2019,
the only HADES Phase-0 run so far!

not granted yet

not granted yet



Hyperon Radiative Decays

o Baryon excitation spectrum likely the result of a 
complex interactions of baryon core with meson 
cloud. 

o Cloud in particular sensitive to soft perturbations 
(low-q)

o Baryons with strange (semi-heavy) quarks can add 
valuable extra information

together with PANDA@HADES
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S(1192)
J =  1/2+

L(1520)
G = 15.6 

L(1115)
J =1/2+ 

J= 3/2-

L(1405)
G = 50 
J =  1/2-

0.85%±0.15%

S*(1385)
G = 36 
J =  3/2+

1.2%±0.13%

I=0

I=1

100 %

CLAS  PRD83 (2011) 072004, PRC71(2005) 054609



The upgraded HADES detector (five new detector systems)
Improved physics performance through instrumentation of the very 
forward hemisphere using FAIR technology.

In particular important for the Hyperon Program.

40

Forward RPC
LIP Coimbra
• Based on R&D for neuLAND 
• TRB3 read-out

STS2
Jagiellonian Univ.
• PANDA straw technology
• PANDA PASTTREC FEE 

chip 

T0
GSI, TU Darmstadt
• LGAD technology
• In-beam detector 

STS1
TransFAIR, Jülich
• PANDA straw technology
• PANDA PASTTREC FEE 

chip 

iTOF
TransFAIR, Jülich
• APD read-out
• Enhances 

trigger purity

Sep. 16 – 22, 2021 42nd Erice School on Nuclear Physics | Joachim Stroth



The Future at FAIR

Physikalisches Kolloquium TU Darmstadt | Joachim Stroth 41
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The CBM experiment

Physikalisches Kolloquium TU Darmstadt | Joachim Stroth 43

Systematic exploration of baryon dominated matter 
in A+A collisions from 2 − 11 𝐴 GeV beam energy



High-rate operation – FLES 

Physikalisches Kolloquium TU Darmstadt | Joachim Stroth 44

Time-based particle reconstruction and 
event selection in the CBM experiment

Valentina Akishina1, Iouri Vassiliev2, Ivan Kisel1,2,3, Maksym Zyzak2 
1 Frankfurt University, Germany, 2 GSI, Darmstadt, Germany, 3 FIAS, Frankfurt, Germany
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(for the CBM Collaboration)
Novel Data-processing Concept of CBM

8 CHAPTER 1. THE COMPRESSED BARYONIC MATTER EXPERIMENT

The experimental challenge is to measure multi-di�erential observables and particles with very
low production cross sections such as multi-strange (anti-) hyperons, particles with charm and
lepton pairs with unprecedented precision. The situation is illustrated in Fig. 1.4 which depicts
the product of multiplicity times branching ratio for various particle species produced in central
Au+Au collisions at 25 AGeV. The data points are calculated using either the HSD transport
code [12] or the thermal model based on the corresponding temperature and baryon-chemical
potential [14]. Mesons containing charm quarks are about 9 orders of magnitude less abundant
than pions (except for the Â’ meson which is even more suppressed). The dilepton decay of
vector mesons is suppressed by the square of the electromagnetic coupling constant (1/137)2,
resulting in a dilepton yield which is 6 orders of magnitude below the pion yield, similar to the
multiplicity of multi-strange anti-hyperons.
In order to produce high statistics data even for the particles with the lowest production cross
sections, the CBM experiment is designed to run at reaction rates of 100 kHz up to 1 MHz.
For charmonium measurements - where a trigger on high-energy lepton pairs can be generated -
reaction rates up to 10 MHz are envisaged.

Figure 1.4: Particle multiplicities times branching ratio for central Au+Au collisions at 25 AGeV
as calculated with the HSD transport code [12] and the statistical model [14]. For the vector
mesons (fl, Ê, „, J/Â, Â

Õ) the decay into lepton pairs was assumed, for D mesons the hadronic
decay into kaons and pions.

1.3 CBM physics cases and observables
The CBM research program is focused on the following physics cases:

The equation-of-state of baryonic matter at neutron star densities.
The relevant measurements are:

• The excitation function of the collective flow of hadrons which is driven by the pressure
created in the early fireball (SIS100);

• The excitation functions of multi-strange hyperon yields in Au+Au and C+C collisions at
energies from 2 to 11 AGeV (SIS100). At subthreshold energies, � and � hyperons are

• CBM is the future fixed-target heavy-ion experiment 
at FAIR. 

• Observables include extremely rare probes (e.g. 
one Ω̅+ per 106 collisions). 

• Unprecedented rates of 105-107 collisions per 
second with up to 1000 charged particles are 
required for sufficient statistics in measurements. 

• Observables have complex signatures, no  simple 
hardware triggers. 

• Free streaming data.  
• Continuous time-slices instead of individual 

collisions. 
• On-line time-based collision reconstruction 

and selection is required in the first trigger 
level.

ttime-slice instead of isolated collisions
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Rare probe measurements require novel data-processing concept.

First Level Event Selection Package (FLES)

Geometry

CA Track Finder

Hits

MC

KF Track Fitter

Event Finder

KF Particle Finder

Event Selection

Quality Check

FLES

• Cellular Automaton track finder for track search in the 
Silicon Tracking System (STS). 

• Kalman filter based track fitter for track parameters 
estimation. 

• Event Finder based on the obtained set of tracks. 
• KF Particle Finder for short-lived particles 

reconstruction and physics analysis. 
• Module for a quality check.

4D Cellular Automaton Track Finder 

Parallel and SIMD-ised algorithm allows for timeslice-based reconstruction

CBM STS detector hits reconstructed tracks

CA Track Finder 

• efficient and stable track reconstruction; 
• vectorised and parallel algorithm; 
• linear scalability on parallel computer systems; 
• time-based performance comparable with event-based 

analysis;  
• 4D tracking is able to recover speed and efficiencies of 

event-based analysis.

Efficiency, % 3D 0.1 MHz 10 MHz

All tracks 92.5 93.8 91.7

Ghost level  1.8  0.6  0.6
Time, ms/ev 11.70  11.97 13.60
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• unbiased track parameters with a high resolution; 
• correctly estimated errors; 
• strong scalability on various computer systems;

• tracks are split into collision-corresponding groups 
based on the evaluated time;  

• adding all sub-detectors information is in progress;

• The FLES package is efficient, fast and is highly parallelized both on the data 
and task levels. 

• The reconstruction chain of CBM is being developed capable of the free-
streaming data processing. 

• It allows to reconstruct individual events out of continuous time-stamped data.   
• Reconstructed individual collisions serve as an input for the high-level physics 

analysis. 
• The performance of time-based chain is comparable with event-based 

analysis.

Conclusions

Strange Particle Reconstruction in Time-slices

Case 3D 10 ΜHz 
  K0s, % 22.9 21.2
Λ, % 21.9 19.6
 Ξ-, %  7.8  6.3

• short-lived particles are of particular physics interest; 

• particles are reconstructed via decay products; 

• events from event finder serve as input for KF Particle Finder; 

• time-based reconstruction performance is comparable to the event-based 
procedure; 

• Monte-Carlo particle identification is currently used; 

• work in progress: multi-vertex analysis and all detector sub-systems.
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4D Kalman Filter Track Fit Event Finder

collisions

  Linear scalability on different systems

Reconstructed 
track time in STS
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4D reconstruction performance shows that results of event-based feasability studies are valid.

Reconstructed 
track time in STS

300k mbias AuAu 10 AGeV events at 10 MHz, MC PID

Time-based particle reconstruction and 
event selection in the CBM experiment
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Novel Data-processing Concept of CBM

8 CHAPTER 1. THE COMPRESSED BARYONIC MATTER EXPERIMENT

The experimental challenge is to measure multi-di�erential observables and particles with very
low production cross sections such as multi-strange (anti-) hyperons, particles with charm and
lepton pairs with unprecedented precision. The situation is illustrated in Fig. 1.4 which depicts
the product of multiplicity times branching ratio for various particle species produced in central
Au+Au collisions at 25 AGeV. The data points are calculated using either the HSD transport
code [12] or the thermal model based on the corresponding temperature and baryon-chemical
potential [14]. Mesons containing charm quarks are about 9 orders of magnitude less abundant
than pions (except for the Â’ meson which is even more suppressed). The dilepton decay of
vector mesons is suppressed by the square of the electromagnetic coupling constant (1/137)2,
resulting in a dilepton yield which is 6 orders of magnitude below the pion yield, similar to the
multiplicity of multi-strange anti-hyperons.
In order to produce high statistics data even for the particles with the lowest production cross
sections, the CBM experiment is designed to run at reaction rates of 100 kHz up to 1 MHz.
For charmonium measurements - where a trigger on high-energy lepton pairs can be generated -
reaction rates up to 10 MHz are envisaged.

Figure 1.4: Particle multiplicities times branching ratio for central Au+Au collisions at 25 AGeV
as calculated with the HSD transport code [12] and the statistical model [14]. For the vector
mesons (fl, Ê, „, J/Â, Â

Õ) the decay into lepton pairs was assumed, for D mesons the hadronic
decay into kaons and pions.

1.3 CBM physics cases and observables
The CBM research program is focused on the following physics cases:

The equation-of-state of baryonic matter at neutron star densities.
The relevant measurements are:

• The excitation function of the collective flow of hadrons which is driven by the pressure
created in the early fireball (SIS100);

• The excitation functions of multi-strange hyperon yields in Au+Au and C+C collisions at
energies from 2 to 11 AGeV (SIS100). At subthreshold energies, � and � hyperons are

• CBM is the future fixed-target heavy-ion experiment 
at FAIR. 

• Observables include extremely rare probes (e.g. 
one Ω̅+ per 106 collisions). 

• Unprecedented rates of 105-107 collisions per 
second with up to 1000 charged particles are 
required for sufficient statistics in measurements. 

• Observables have complex signatures, no  simple 
hardware triggers. 

• Free streaming data.  
• Continuous time-slices instead of individual 

collisions. 
• On-line time-based collision reconstruction 

and selection is required in the first trigger 
level.

ttime-slice instead of isolated collisions

AuAu collision (UrQMD)

π+

Κ+

p

Ω+ Λ

Rare probe measurements require novel data-processing concept.

First Level Event Selection Package (FLES)

Geometry

CA Track Finder

Hits

MC

KF Track Fitter

Event Finder

KF Particle Finder

Event Selection

Quality Check

FLES

• Cellular Automaton track finder for track search in the 
Silicon Tracking System (STS). 

• Kalman filter based track fitter for track parameters 
estimation. 

• Event Finder based on the obtained set of tracks. 
• KF Particle Finder for short-lived particles 

reconstruction and physics analysis. 
• Module for a quality check.

4D Cellular Automaton Track Finder 

Parallel and SIMD-ised algorithm allows for timeslice-based reconstruction

CBM STS detector hits reconstructed tracks

CA Track Finder 

• efficient and stable track reconstruction; 
• vectorised and parallel algorithm; 
• linear scalability on parallel computer systems; 
• time-based performance comparable with event-based 

analysis;  
• 4D tracking is able to recover speed and efficiencies of 

event-based analysis.

Efficiency, % 3D 0.1 MHz 10 MHz

All tracks 92.5 93.8 91.7

Ghost level  1.8  0.6  0.6
Time, ms/ev 11.70  11.97 13.60
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• unbiased track parameters with a high resolution; 
• correctly estimated errors; 
• strong scalability on various computer systems;

• tracks are split into collision-corresponding groups 
based on the evaluated time;  

• adding all sub-detectors information is in progress;

• The FLES package is efficient, fast and is highly parallelized both on the data 
and task levels. 

• The reconstruction chain of CBM is being developed capable of the free-
streaming data processing. 

• It allows to reconstruct individual events out of continuous time-stamped data.   
• Reconstructed individual collisions serve as an input for the high-level physics 

analysis. 
• The performance of time-based chain is comparable with event-based 

analysis.

Conclusions

Strange Particle Reconstruction in Time-slices

Case 3D 10 ΜHz 
  K0s, % 22.9 21.2
Λ, % 21.9 19.6
 Ξ-, %  7.8  6.3

• short-lived particles are of particular physics interest; 

• particles are reconstructed via decay products; 

• events from event finder serve as input for KF Particle Finder; 

• time-based reconstruction performance is comparable to the event-based 
procedure; 

• Monte-Carlo particle identification is currently used; 

• work in progress: multi-vertex analysis and all detector sub-systems.
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  Linear scalability on different systems
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4D reconstruction performance shows that results of event-based feasability studies are valid.

Reconstructed 
track time in STS

300k mbias AuAu 10 AGeV events at 10 MHz, MC PID
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Novel Data-processing Concept of CBM

8 CHAPTER 1. THE COMPRESSED BARYONIC MATTER EXPERIMENT

The experimental challenge is to measure multi-di�erential observables and particles with very
low production cross sections such as multi-strange (anti-) hyperons, particles with charm and
lepton pairs with unprecedented precision. The situation is illustrated in Fig. 1.4 which depicts
the product of multiplicity times branching ratio for various particle species produced in central
Au+Au collisions at 25 AGeV. The data points are calculated using either the HSD transport
code [12] or the thermal model based on the corresponding temperature and baryon-chemical
potential [14]. Mesons containing charm quarks are about 9 orders of magnitude less abundant
than pions (except for the Â’ meson which is even more suppressed). The dilepton decay of
vector mesons is suppressed by the square of the electromagnetic coupling constant (1/137)2,
resulting in a dilepton yield which is 6 orders of magnitude below the pion yield, similar to the
multiplicity of multi-strange anti-hyperons.
In order to produce high statistics data even for the particles with the lowest production cross
sections, the CBM experiment is designed to run at reaction rates of 100 kHz up to 1 MHz.
For charmonium measurements - where a trigger on high-energy lepton pairs can be generated -
reaction rates up to 10 MHz are envisaged.

Figure 1.4: Particle multiplicities times branching ratio for central Au+Au collisions at 25 AGeV
as calculated with the HSD transport code [12] and the statistical model [14]. For the vector
mesons (fl, Ê, „, J/Â, Â

Õ) the decay into lepton pairs was assumed, for D mesons the hadronic
decay into kaons and pions.

1.3 CBM physics cases and observables
The CBM research program is focused on the following physics cases:

The equation-of-state of baryonic matter at neutron star densities.
The relevant measurements are:

• The excitation function of the collective flow of hadrons which is driven by the pressure
created in the early fireball (SIS100);

• The excitation functions of multi-strange hyperon yields in Au+Au and C+C collisions at
energies from 2 to 11 AGeV (SIS100). At subthreshold energies, � and � hyperons are

• CBM is the future fixed-target heavy-ion experiment 
at FAIR. 

• Observables include extremely rare probes (e.g. 
one Ω̅+ per 106 collisions). 

• Unprecedented rates of 105-107 collisions per 
second with up to 1000 charged particles are 
required for sufficient statistics in measurements. 

• Observables have complex signatures, no  simple 
hardware triggers. 

• Free streaming data.  
• Continuous time-slices instead of individual 

collisions. 
• On-line time-based collision reconstruction 

and selection is required in the first trigger 
level.

ttime-slice instead of isolated collisions

AuAu collision (UrQMD)

π+

Κ+

p

Ω+ Λ

Rare probe measurements require novel data-processing concept.

First Level Event Selection Package (FLES)

Geometry

CA Track Finder

Hits

MC

KF Track Fitter

Event Finder

KF Particle Finder

Event Selection

Quality Check

FLES

• Cellular Automaton track finder for track search in the 
Silicon Tracking System (STS). 

• Kalman filter based track fitter for track parameters 
estimation. 

• Event Finder based on the obtained set of tracks. 
• KF Particle Finder for short-lived particles 

reconstruction and physics analysis. 
• Module for a quality check.

4D Cellular Automaton Track Finder 

Parallel and SIMD-ised algorithm allows for timeslice-based reconstruction

CBM STS detector hits reconstructed tracks

CA Track Finder 

• efficient and stable track reconstruction; 
• vectorised and parallel algorithm; 
• linear scalability on parallel computer systems; 
• time-based performance comparable with event-based 

analysis;  
• 4D tracking is able to recover speed and efficiencies of 

event-based analysis.

Efficiency, % 3D 0.1 MHz 10 MHz

All tracks 92.5 93.8 91.7

Ghost level  1.8  0.6  0.6
Time, ms/ev 11.70  11.97 13.60
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State vector: (x, y, tx, ty, q/p, t)

• unbiased track parameters with a high resolution; 
• correctly estimated errors; 
• strong scalability on various computer systems;

• tracks are split into collision-corresponding groups 
based on the evaluated time;  

• adding all sub-detectors information is in progress;

• The FLES package is efficient, fast and is highly parallelized both on the data 
and task levels. 

• The reconstruction chain of CBM is being developed capable of the free-
streaming data processing. 

• It allows to reconstruct individual events out of continuous time-stamped data.   
• Reconstructed individual collisions serve as an input for the high-level physics 

analysis. 
• The performance of time-based chain is comparable with event-based 

analysis.

Conclusions

Strange Particle Reconstruction in Time-slices

Case 3D 10 ΜHz 
  K0s, % 22.9 21.2
Λ, % 21.9 19.6
 Ξ-, %  7.8  6.3

• short-lived particles are of particular physics interest; 

• particles are reconstructed via decay products; 

• events from event finder serve as input for KF Particle Finder; 

• time-based reconstruction performance is comparable to the event-based 
procedure; 

• Monte-Carlo particle identification is currently used; 

• work in progress: multi-vertex analysis and all detector sub-systems.
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KF Particle Finder
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  Linear scalability on different systems

Reconstructed 
track time in STS
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4D reconstruction performance shows that results of event-based feasability studies are valid.

Reconstructed 
track time in STS

300k mbias AuAu 10 AGeV events at 10 MHz, MC PID

Digitization

Event Finder

Particle Finder

Real-time event selection from free-streaming data with the
First Level Event Selector (FLES).
Up tp 1 TB/s – fully inspected in real time 
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The Green Cube at GSI as FLES

Up to 40.000 processor cores forseen for event selection



Summary

o HADES aims at a comprehensive program during FAIR Phase-0

o Au+Au BES

o Cold matter studies

o d, p, 𝜋 beam induced „elementary“ reactions

o Upgrades of the detector to enhance physics performance, in particular also for exclusive 
channels in proton induced reactions

o Strangeness production still not fully understood. Thermal description work reasonably well

o Very consistent picture of dilepton continuum 

o Many data on multi-differential observables thanks to high statistics (Bayesian analysis)

o Progress will finally depend on available beam time and support from theory

o Prepare for BES with CBM & HADES
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