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NUCLEAR MATTER EOS AT ≳ ρ0
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P.T.H. Pang et al., arXiv:2205.08513 S. Huth, P.T.H. Pang et al., Nature 606, 276-280 (2022)

EoS info from Heavy-Ion Collisions (Symmetric Nuclear Matter + Symmetry Energy) has shown remarkable 
compatibility at 1.5ρ0, i.e., where we have reliable data available especially from SIS-18 experiments

I. Tews (09.12.22)
R. Kumar (08.12.22)
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P.T.H. Pang et al., arXiv:2205.08513 S. Huth, P.T.H. Pang et al., Nature 606, 276-280 (2022)

But this compatibility loosens at higher densities (~2.5ρ0) simply because no reliable experimental data is 
available yet, both for symmetric nuclear matter and symmetry energy 

I. Tews (09.12.22)
R. Kumar (08.12.22)



CURRENT HIC EOS DATA AT ≳ ρ0
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SYMMETRIC NUCLEAR MATTER:

Still loosely constrained above 2.5ρ0

(2 AGeV Au+Au)

S. Huth, P.T.H. Pang et al., Nature 606, 276-280 (2022)

P. Russotto et al., 
Phys. Rev. C 94, 034608 (2016)

SYMMETRY ENERGY:

No data above 2ρ0 (0.4 AGeV Au+Au)

P. Danielewicz (05.12)

W.G. Lynch, M.B. Tsang, 
Phys.Lett.B 830, 137098 (2022)



HIC EXPERIMENTAL REQUIREMENTS TO PROBE ≳ 3ρ0
(AND HOW CBM-FAIR FULFILLS THEM)
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HIGHER ENERGIES TO PROBE HIGHER DENSITIES
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Heavy-Ion Collisions at relatively higher energies (Au+Au sNN > 3A GeV) will give us 
a possibility to explore EoS where currently, the only reliable info comes from MMA
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P.T.H. Pang et al., arXiv:2205.08513

~7𝜌0

~5𝜌0

Au+Au sNN = 3.34 GeV

Au+Au sNN = 4.53 GeV



FACILITY FOR ANTI-PROTON AND ION RESEARCH (FAIR)
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SIS-100 Capabilities

Beam Z A Emax [AGeV]

p 1 1 29

d 1 2 14

Ca 20 40 14

…

Au 79 197 11

U 92 238 10.7

C. Höhne et al. (2011) CBM Experiment. In: B. Friman (eds) 
The CBM Physics Book. Lecture Notes in Physics, vol 814. Springer

M. Durante et al., Phys. Scr. 2019, 94, 033001

▪ Intensity gain: x 100 – 1000 (~109/s for Au) 

▪ Energy gain: 10 x energy (compared to SIS-18@GSI)

▪ Antimatter: antiproton beams

▪ Precision: System of storage and cooler rings

▪ Current estimate: SIS100 commissioning with beams starts in 
2028-29

▪ Recommendation from Heuer-Tribble Committee: downscale 
FAIR project (SIS100 & SFRS/R3B & CBM); Decision by FAIR 
council expected in Feb. 2023
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https://www.gsi.de/en/start/news/details/2022/10/26/fair-projekt-von-internationaler-expertinnengruppe-evaluiert
https://www.gsi.de/fileadmin/oeffentlichkeitsarbeit/fair/FAIR-report_221025.pdf


UPDATE ON FAIR CONSTRUCTION (OCTOBER 2022)
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CBM CAVESIS-100 TUNNEL

▪ Interior work on SIS-100 tunnel ongoing - SIS100 ready for 
commissioning w/ beams 2028

▪ CBM Building’s construction is on schedule and is ready for 
‘heavy installation’ from 2022-23

▪ CBM ready for beam in 2027-28, ∼12 months contingency for 
CBM global commissioning

▪ Updates on construction available at: GSI Webpage | 
YouTube | …

http://www.gsi.de/
https://www.youtube.com/c/FAIRGSITheUniverseintheLab


CBM PHYSICS GOALS
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Unanswered fundamental questions for QCD at high densities  

▪ Equation of State (EoS) of symmetric nuclear (and asymmetric
neutron) matter at neutron star core densities

▪ Phase structure of QCD matter (1st-order phase trans.? critical point?)

▪ Chiral symmetry restoration at large μB
▪ Bound states with strangeness

▪ Charm in cold and dense matter

Lect. Notes Phys. 814 (2011) pp.1-980
DOI: 10.1007/978-3-642-13293-3

Eur.Phys.J.A 53 (2017) 3, 60
DOI: 10.1140/epja/i2017-12248-y



BEAM-TARGET INTERACTION RATES AND RARE PROBES’ YIELDS
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[CBM], Eur.Phys.J.A 53 (2017) 3, 60
T. Galatyuk, Nucl.Phys.A 982 (2019) 163-169, update (06/2022)

CBM is designed to conduct its research program at up to 10 MHz beam-target interaction rates giving an 
unprecedent access to the ‘rare probes’

Particle Multiplicities (Statistical Hadronisation Model)
Au+Au 𝐬𝐍𝐍 = 𝟒. 𝟕 𝐆𝐞𝐕



CBM EXPERIMENTAL SETUP @SIS-100
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Projectile Spectator 
Detector (PSD)

Superconducting Dipole Magnet
Micro-Vertex Detector (MVD)
Silicon Tracking System (STS)

MUon CHamber (MUCH); or
Ring Image Cherenkov (RICH)

Transition Radiation 
Detector (TRD)

Time-Of-Flight (TOF)

Beam Monitoring 
(BMON) and         

T0 System



PARTICLE IDENTIFICATION WITH CBM
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TRD + ToF -
Electron, Light Nuclei, 

Heavy Fragments

ToF - Hadron Identification

𝐊−

𝐞−, 𝛍− , 𝛑− 𝐞+, 𝛍+ , 𝛑+

𝐊+

𝐩𝐩

RICH -
Electron ID

𝐞−

𝛑−

CBM Simulations
Central Au-Au Collisions @ 𝐬𝐍𝐍 = 𝟒. 𝟓𝟑 𝐆𝐞𝐕

Clear separation between pions 
and electrons, and light nuclei

Clear separation between charged 
protons, pions and kaons



CBM EXPERIMENTAL OBSERVABLES

AND EXPECTED PHYSICS PERFORMANCE

09/12/2022 - INT Workshop 22-84W K. Agarwal - The Role of CBM-FAIR in Probing Dense Nuclear Matter EOS 14



OBSERVABLE #1: COLLECTIVE FLOW (𝑣1, …)

09/12/2022 - INT Workshop 22-84W K. Agarwal - The Role of CBM-FAIR in Probing Dense Nuclear Matter EOS 15

O. Golosov et al., CBM Progess Report 2020
O. Golosov et al., J.Phys.Conf.Ser. 1690 (2020) 1, 012104

▪ Data-driven methods to perform extensive multi-differential 𝑣1 flow analysis for
protons have been developed

▪ Procedures for centrality determination, particle identification and corrections for
effects of detector’s azimuthal non-uniformity are applied

▪ Input model 𝑣1 from DCM-QGSM-SMM is recovered using data-driven methods
with projectile spectators

▪ Ongoing – Higher harmonics (𝑣2, …) and energy scan

CBM

P. Danielewicz, Science 298 (2002) 1592-1596

Collective flow driven by the pressure 
gradient in the fireball and thus carry the 

information about the underlying EOS

sNN = 4.93 GeV

sNN = 4.93 GeV



OBSERVABLE #1: COLLECTIVE FLOW (𝑣1, …)
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CBM

P. Danielewicz, Science 298 (2002) 1592-1596

Collective flow driven by the pressure 
gradient in the fireball and thus carry the 

information about the underlying EOS

▪ 𝑣1 calculated for strange hadrons (Λ, Ks
0) in data-driven mode reproduces MC-input

▪ Comparable 𝑣1 predicted by DCM-QGSM-SMM for STAR-FXT at 𝑠𝑁𝑁 = 4.5 GeV
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CBM

OBSERVABLE #2: HYPERNUCLEI

09/12/2022 - INT Workshop 22-84W K. Agarwal - The Role of CBM-FAIR in Probing Dense Nuclear Matter EOS 17

▪ Tools in place for the multi-
differential physics analysis of
strange hadrons and
hypernuclei

▪ Reconstruction based on the
dedicated KFParticleFinder
package (efficiency and cuts
optimization are ongoing)

I. Vassiliev, Quark Matter 2022
I. Kisel, J.Phys.Conf.Ser. 1070, 012015 (2018)

Au+Au 𝑠𝑁𝑁 = 4.7 GeV

UrQMD, 1012 events

Thermal: A. Andronic et al., Phys.Lett.B 697 (2011) 203-207
Coalescence: J. Steinheimer et al., Phys.Lett.B 714 (2012) 85-91

High-multiplicity event @ 10 MHz Hypernuclei Selection (𝚲𝚲
6He)

Hypernuclei carry essential information to 
study 2- and 3-body YN interactions and 

solve the ‘Hyperon Puzzle’→

Yields maximum at CBM@SIS-100 regime!

Projections are after first 
3 years of CBM running



OBSERVABLE #3: Τ𝑛 𝑝 like PARTICLE RATIOS
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ART Model

Au+Au Collisions

𝑠𝑁𝑁 = 3 GeV

𝜌max ≈ 3.6𝜌0

UrQMD - Au+Au

sNN = 4.53 GeV
5M Central Collisions
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Soft

Hard

ΤΣ− Σ+ ratio is expected to carry the 
𝐸𝑠𝑦𝑚(𝜌) information since its production is 

dominated by primordial pions (𝜋 + 𝑁 → Σ)

Q. Li et al., Phys. Rev. C 71, 054907 (2005)

▪ Experimentally, Σ baryons are difficult
to identify as they are short-lived
(𝑐𝜏Σ+ = 2.4 cm and 𝑐𝜏Σ− = 4.4 cm) and
decay with at least one neutral
daughter particle

▪ Tracking-Vertexing detectors located
close to the target, in combination
with the Missing Mass Method of
particle reconstruction allows to
achieve clean identification of ΣP. Kisel et al., EPJ Web Conf. 173 (2018) 04009



OBSERVABLE #4: FIREBALL CALORIC CURVE VIA DILEPTONS
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Nucl.Phys.A 1005 (2021) 121755
[NA60]: Eur. Phys. J. C 59 (2009) 607
[HADES]: Nature Physics 15 (2019) 1040

Theory: sNN > 6GeV - Phys. Lett. B 753 (2016) 586
sNN < 6GeV - Eur. Phys. J. A 52 (2016) 131

Terra Incognita

▪ Performance studies with realistic detector geometries, material budget, and
response for both, muon (𝜇+𝜇−) and electron setup (𝑒+𝑒−)

▪ Access to thermal signal is feasible with good background description; Mass
Resolution 𝜎𝑀𝑙𝑙

𝜔 = 14 MeV/c²

C
B
M

Muon Setup (𝜇+𝜇−) 
Rint = 𝒪 (1 MHz)

Electron Setup (𝑒+𝑒−) 
Rint = 𝒪 (0.1 MHz)

Any potential non-monotonous behaviour 
of fireball temperature within CBM energies 

would hint at a change of underlying 
degrees of freedom (hadronic to partonic)

Projections are after first 
3 years of CBM running

Projections are after first 
3 years of CBM running

Projections are after first 
3 years of CBM running



CBM DETECTOR SUBSYSTEM PROGRESS & FAIR PHASE-0
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RECENT (& BRIEF) ACHIEVEMENTS IN DETECTOR PROJECTS
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RPCs at tested at nominal 
rates at GIF++ (Nov.21)

Beam Monitoring (BMON) Detector Superconducting Dipole Magnet Micro-Vertex Detector (MVD) Silicon Tracking System (STS)

Muon Chambers (MUCH)
Ring Imaging Cherenkov 

(RICH) Detector
Time-of-Flight (ToF) Wall

Projectile Spectator 
Detector (PSD)

Transition Radiation 
Detector (TRD)

Magnet Yoke housed in BINP (Russia). 
Tendering for replacement started.

Pre-series STS module production for E16 (J-PARC) exp.

Photocamera and Mechanical 
Prototypes (Mirror Wall)

pcCVD diamond sensor (16-ch) 
for high-intensity tests

MVD’s TDR accepted.
Improved MIMOSIS-2 being submitted.

TRD-2D-addendum submitted.
TRD-1D pre-production by Q1-2023.

Full-size counters (all types) built and tested 
for high-rate and longer-term tests

Efforts to replace PSD with 
HADES-like FWALL. Still open issue.



mCBM @ SIS-18
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▪ Conceptual verification of the triggerless-streaming read-out 
and data transport of CBM at 𝒪 (1 MHz) interaction rates

▪ Major effort put towards mimicking the final DAQ/data 
transport system by integrating all subsystems to the 
Common Readout Interface (CRI)

▪ Systematic high-rate studies performed for various detector 
subsystems and underlying components with up to 10 MHz 
collision rates during 2021-22 campaigns

New mCBM DAQ with CRIs (prototype for CBM) in an entry node

mCBM data sent forward, backward and forward to bridge a similar distance as later with CBM



CBM CONTRIBUTION TO FAIR PHASE 0
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HADES-RICH: Already 1/2 (430 MAPMTs + FEE) of CBM-RICH STAR-eTOF: 10% (108 MRPCs) of CBM-TOF
CBM Online Reconstruction Software for STAR-BES

Double-ring 
pad pattern

Overlapping double-
ring pad pattern
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Au+Au sNN = 3 GeV



A LOOK INTO THE FUTURE

(ATLEAST INTO ONE OF THE SCENARIOS)
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GROWING MULTI-MESSENGER ERA (AT DENSITIES ≳ ρ0 )
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2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037

Heavy-Ion 
Collisions

STAR-FXT@RHIC [1]

HADES@SIS-18 [2]

ASY-EOS-II@SIS-18 [3]

MPD@NICA* [4]

CBM-HADES@SIS-100 [5]

GW 
Observations

LIGO (O4, O5) [6]

Einstein Telescope [7]

LISA [8]

X-Ray 
Observations

NICER (Cycles 5, 6) [9]

eXTP [10]

STROBE-X [11]

ATHENA [12]

[1] D. Morrison, Quark Matter 2022 | Link
[2] Proposal for Beamtime in 2023-24, GSI G-PAC (2022)
[3] Proposal for Beamtime in 2023-24, GSI G-PAC (2022)
[4] I. Maldonado, A. Ayala, EuNPC 2022 | Link

[5] First-Science and Staging Review of the FAIR Project (2022) | Link
[6] LIGO-Virgo-KAGRA Observing Run Plan | Link
[7] Einstein Telescope Homepage | Link
[8] LISA ESA Factsheet | Link

[9] NICER Proposals Guide – Cycle 5 | Link
[10] eXTP Homepage | Link
[11] STROBE-X White Paper for the Astro 2020 Decadal Survey | Link
[12] ATHENA ESA Factsheet | Link

https://indico.cern.ch/event/895086/contributions/4615174/
https://indico.cern.ch/event/1104299/contributions/5055310/
https://www.gsi.de/fileadmin/oeffentlichkeitsarbeit/fair/FAIR-report_221025.pdf
https://observing.docs.ligo.org/plan/
http://www.et-gw.eu/
http://www.esa.int/Science_Exploration/Space_Science/LISA_factsheet
https://heasarc.gsfc.nasa.gov/docs/nicer/proposals/ao5/nicer_prop_guide_ao5.html
http://www.isdc.unige.ch/extp/
https://arxiv.org/abs/1903.03035
https://www.esa.int/Science_Exploration/Space_Science/Athena_factsheet


Terra 
Incognita
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CBM’S ROLE VIS-À-VIS WORKSHOP OBJECTIVES
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Can we reconcile data from current 
and previous experiments?

What improvements on the constraints on the EOS 
can we expect from future heavy-ion experiments?

CBM

68% C.I.

95% C.I.

C
B
M
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What other observables could enable the 
extraction of the EOS? 

CBM

STAR BES-II/FXT (& AGS): D. Cebra (06.12)
Correlations: M. Stefaniak, H. Zbroszczyk (06.12) 
Fluctuations: V. Vovchenko (07.12)

HADES Collective Flow: B. Kardan (06.12)
Reanalysis of FOPI Data: D. Cozma (05.12)



SUMMARY AND OUTLOOK
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CBM@SIS-100 has significant discovery potential

▪ Equation of State (EoS) of symmetric nuclear (and asymmetric neutron) 

matter at neutron star core densities

▪ Phase structure of QCD matter (1st-order phase trans.? critical point?)

▪ Chiral symmetry restoration at large μB

▪ Bound states with strangeness

▪ Charm in cold and dense matter

Pushing the high-rate capability frontier

▪ to achieve high precision of multi differential observables

▪ to enable rare processes as sensitive probes

CBM Phase 0 activities (HADES, STAR, mCBM)

▪ performance optimisation of major components

▪ production of physics results with CBM devices

Efforts are ongoing to compensate for the loss of Russian in-kind contributions 

to CBM due the war in Ukraine and sanctions imposed on Russia

CBM@SIS-100 (Au-Au at sNN = 2.86 … 4.93 GeV) provides unique conditions in lab to probe QCD matter properties at 
neutron star core densities, including the high-density EOS, and the search for new phases at higher densities

MOVING TOWARDS A NEW MULTI-MESSENGER PHYSICS ERA

Tim Dietrich, Arnaud Le Fevre, Kees Huyser;
Background: ESA/Hubble, Sloan Digital Sky Survey



THANK YOU

09/12/2022 - INT Workshop 22-84W K. Agarwal - The Role of CBM-FAIR in Probing Dense Nuclear Matter EOS 28

40th CBM Collaboration Meeting, Oct. 2022, WUT, Warsaw





VOTE OF CONFIDENCE FOR CBM-FAIR
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GSI Press Release – Link
Report PDF – Link

▪ The Heuer-Tribble Committee suggests a stepwise approach for the 
realization of FAIR

▪ Completion of SIS-100 was noted to be “existential” to FAIR

▪ Further endorsement obtained that bringing CBM to life will extend 
FAIR’s first science programme at a “minimal cost”

https://www.gsi.de/en/start/news/details/2022/10/26/fair-projekt-von-internationaler-expertinnengruppe-evaluiert
https://www.gsi.de/fileadmin/oeffentlichkeitsarbeit/fair/FAIR-report_221025.pdf


OTHER SYMMETRY ENERGY OBSERVABLES AT ≳ 3ρ0
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G-C. Yong et al., Phys. Rev. C 106, 024902 (2022)



KF-PARTICLE FINDER
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OBSERVABLE #5: FEMTOSCOPIC CORRELATIONS & YN INTERACTIONS
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▪ Feasibility studies carried out to conduct measurements of
proton-proton and pion-pion correlations

▪ Further analysis with higher statistics and improved cuts
ongoing for precise reconstruction of source properties

Mean-Field Calculations + 
ALICE-LHC Measurements

UrQMD Au+Au 10 AGeV

(R = 3.6 fm, λ = 1)

D. Wielanek, Proc.SPIE Int.Soc.Opt.Eng. 11581 (2020) 115811E
D. Wielanek, Quark Matter 2022

p − p



AVAILABLE STAR-RHIC DATA
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Xiaofeng Luo, Qun Wang, Nu Xu, Pengfei Zhuang (Eds.), Properties of QCD Matter at 
High Baryon Density, Springer Singapore, eBook ISBN - 978-981-19-4441-3



ACCELERATOR PARAMETERS AND COMPARISIONS
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Xiaofeng Luo, Qun Wang, Nu Xu, Pengfei Zhuang (Eds.), Properties of QCD Matter at 
High Baryon Density, Springer Singapore, eBook ISBN - 978-981-19-4441-3



DETECTOR PARAMETERS AND COMPARISIONS
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Xiaofeng Luo, Qun Wang, Nu Xu, Pengfei Zhuang (Eds.), Properties of QCD Matter at 
High Baryon Density, Springer Singapore, eBook ISBN - 978-981-19-4441-3



PLANNED mCBM-SIS18 RUNS
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G-PAC Proposal for mCBM@SIS-18 (2023/24):
• https://indico.gsi.de/event/15266/contributions/64063/attachments/

40205/55084/mcbm-proposal-23-24-final.pdf
• https://indico.gsi.de/event/15901/#38-mcbm-presentation-at-the-g

https://indico.gsi.de/event/15266/contributions/64063/attachments/40205/55084/mcbm-proposal-23-24-final.pdf
https://indico.gsi.de/event/15901/#38-mcbm-presentation-at-the-g

