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Rich structure of the QCD matter phase diagram
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Experimental explorations: QGP properties
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LHC & top RHIC /sy ~0.2—5TeV

Ultra-relativistic collisions:
 conditions of the early universe
* very high temperature
 close to zero net-baryon density
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Experimental explorations: critical point

T4  RHICBES
NAG1/SHINE@SPS

—

Energy and system size
scan at RHIC & SPS

Vs ~5—60GeV

Search for (tri-)critical point
and onset of deconfinement




Experimental explorations:

Large net-baryon densities

T A FAIR SIS100, NICA, SIS18
Vs ~2—5GeV

* Neutron star densities

* Models predict 1% order
phase transition with
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Net-baryon density at SIS100 FAIR energies

I. Arsene et al. PRC75 034902 (2007)
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Net-baryon density reaches a value 5-15 times of the normal matter:
« experimentally access the region of mixed / quarkyonic phase



CBM physics and observables

Quark matter equation-of-state at large baryon densities,
coexistence (quarkyonic) & partonic phases:
* Hadron yields, collective flow, correlations, fluctuations
* (Multi-)strange hyperons (K, A, X, E, Q)
production at (sub)threshold energies

M. Orsaria et.al. PRC89 015806 (2014)
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CBM physics and observables

Quark matter equation-of-state at large baryon densities,
coexistence (quarkyonic) & partonic phases:
* Hadron yields, collective flow, correlations, fluctuations
* (Multi-)strange hyperons (K, A, X, E, Q)
production at (sub)threshold energies

central Au+Au@E, =4 AGeV
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CBM physics and observables

Chiral symmetry at large baryon densities:
* In-medium modifications of light vector mesons
p, ®, 0 — ete (U*tW) via dilepton measurements
Electromagnetic radiation of produced matter
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Au+Au 20A GeV
central collisions
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CBM physics and observables

Charm production and propagation at threshold energies
* Excitation function in p+A collisions (J/y, ¢', D°, D)
* Charmonium suppression in cold nuclear matter

CBM SIS100
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CBM physics and observables

Strange nuclear matter:
* A-N, A-Ainteraction
* (Double-)lambda hypernuclei
* Meta-stable strange states

A. Andronic, PLB697 203 (2011)
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Main experimental requirements
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High statistics means high reaction rates:
10° - 107 Au+Au reactions/sec



Main experimental requirements

 High statistics needs high event rates:
10° - 107 Au+Au reactions/sec

 Particle identification: hadrons and leptons,
displaced (0 = 50 um) vertex reconstruction
for charm measurements

e Fast, radiation hard detectors &
front-end electronics

e Free-streaming readout & 4 dimensional
(space+time) event reconstruction

« High speed data acquisition & performance
computing farm for online event selection
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CBM at FAIR, Darmstadt

FAIR

SIS100

Compressed
Baryonic Matter
b Experiment
SIS100 primary beams: . NUSTAR
« 10%s Auup to 11 GeV/u NI

e 10°%s C, Ca, ... up to 14 GeV/u
* 10'Ys p up to 29 GeV

llya Selyuzhenkov = The CBM experiment at FAIR  02/06/2017 14



Fixed target vs. collider experiments

beam A detector beam B

> ®

Interaction point

Pros: symmetry acceptance: forward — backward
Acceptance (in the collision center-of-mass)
do not changes with beam energy

Cons: hard to reach high luminosity
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Fixed target vs. collider experiments

projectile target

> detector

Interaction
point

Cons: Asymmetric acceptance: only forward hemisphere
Acceptance (in the collision center-of-mass)
changes with beam energy

Pros: Easy to reach high luminosity — thicker target
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CBM Is a fixed target experiment

projectile target )&uced particles
- —  detector
Interaction
point

Need to measure as many particles as possible and
particles kinematics (energy/momentum)

type of the particles (mass, charge)




CBM building layout

HADES: p+p, p+A, A+A CBM: p+p, p+A, A+A
limited to low muiltiplicity A+A designed for high multiplicity
optimized for dileptons general purpose detector

Complementary operation of HADES and CBM at FAIR

llya Selyuzhenkov = The CBM experiment at FAIR  02/06/2017




CBM detector subsystems

Dipole Magnet

(inside bends charged particle's trajectories
dipole l STS (Silicon Tracking System)
magnet) charged particle tracking

MVD (Micro-Vertex Detector)
secondary vertex reconstruction

STS RICH TRD TOF ECAL PSD

RICH (Ring Imaging Cherenkov)

TRD (Transition Radiation Detector)
electron identification

TOF (Time of Flight detector)
hadron identification

MUCH (MUon CHambers)
muon identification

ECAL (Electromagnetic Calorimeter)
electron/photon identification

T PSD (Projectile Spectator Detector)
collision centrality and
reaction plane determination

FLES (First-level Event Selector)
online reconstruction / event selection

MVD MUCH
(inside
dipole magnet)

llya Selyuzhenkov = The CBM experiment at FAIR  02/06/2017 19



Subsystems preparation status

Dipole Magnet

TDRs approved by FAIR

Compressed Baryonic Matter Experiment

Technical Design Report
for the CBM

Superconducting Dipole
Magnet

The CBM Collaboration
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Technical Design Report
for the CBM

Time - of - Flight System
(TOF)

The CBM Collaboration

March 2013

Technical Design Report
for the CBM

Silicon Tracking System (STS)

The CBM Collaboration

GSl Report 2013-4
October 2013
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The CBM experiment at FAIR

Technical Design Report
for the CBM

Muon Chamber
(MUCH)

The CBM Collaboration

December 2013

Compressed Baryonic Matter Experiment

Technical Design Report
for the CBM

Ring Imaging Cherenkov
(RICH) Detector

The CBM Collaboration
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PSD

02/06/2017
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Technical Design Report
for the CBM

Projectile Spectator Detector
(PSD)

The CBM Collaboration

March 2013

TDR In preparation
MVD
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CBM event and track reconstruction

central AUAU@ 10AGeV

llya Selyuzhenkov  The CBM experiment at FAIR  02/06/2017 21



Particle identification: light hadrons

Beta (TOF detector) vs. charge*momentum (STS detector)

m2, GeV?/c?
-

2

!

N
3
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Particle identification: electrons and light nuclel

RICH (electrons) TRD+TOF

r[em]

TOF m® (GeV/c?)?

11 1 l—llllll L1 1 L1

0 20 0 -60 80 100 120 140 160
(TRD dE/dx) (keV-cm?/g)
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Physics performance study
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Fluctuations of conserved quantities

Moments of (net-)proton distribution:
1%- mean, 2™ - variance (o), 3 - skewness (s), 4™ - kurtosis (k)

5 Melanie Szala (Wed.)
" HADES (Net-)protons
i pre"minary m HADES 0-10 %
4~ m  HADES 30-40 % « Moments are connected to
- s oy epens 2__ (4),.(2)
- I P — susceptibilities, e.g ko"=y [y
3- + STAR 30-40 %
- * Sensitive to the correlation
b -
- 2r length of the system
¥ [
- o (phase transition/critical region)
1 t ?
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" £
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2 3456 10 20 30 100 __ 20
CBM VSN
SIS100
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Proton identification and acceptance

All simulated protons
Au+Au, 10AGeV UrQMD

Proton reconstruction efficiency

I I 1 1 1

-2 0 2 4 — 0 1 >

Lab rapidity Center-of-mass rapidity

sufficient proton coverage at midrapidity
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Anisotropic flow & reaction plane determination

_~“target
_spectators

Anisotropic flow v_is defined via Fourier decomposition of azimuthal (@)
distribution of produced particles relative to the reaction plane ¥ _:

Vo (Wep) = <C05[n<¢_‘PRP)l>
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Performance for elliptic flow (v,) of protons

Al

> 0.12L Au+Au E =10 AGeV b=6-8 fm
i UrQMD 3.3 +

0.1~ protons: |y/y |<O.2
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« “Input” model v, is recovered using “data-driven” method

« Statistical error projections promises high precision measurements of
(strange-)baryons v, in a wide p_range between 0.3 - 2.0 GeV/c at mid-rapidity

already after 2 months of CBM experiment operation
28



Hadrons and multi-strange hyperon

central Au+Au@E, =4 AGeV
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Reconstred hyperon yields in central collisions

UrQMD central Au+Au E,=10 AGeV
Decay topology reconstruction using the KFParticleFinder
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Strange nuclear matter

* A-N, A-Alinteraction
* (Double-)lambda hypernuclei
* Meta-stable strange states

g 10 EE ——He, °He =i jz
o £ » TIC : =
3 10°E %‘L , -2 “He, *He = ,\H -
S . .F & <, He 3
. 10y ™R \f; . He §
= 3L S -
= 10 Esé. =
S 2o =
Z 10°5 -
=) = . =
=gRT)EL m :
b B o —E]
1 ] -

-1 f_ I."I i e _f

O Ey =
102k | . - .
107 ;’ T a1

E=.|' 3

y =

107 g/ =
10-5 __-I ] -

A. Andronic, PLB697 203 (2011)

31



Feasibility of hypernuclel measurements

Branching Ratios: H. Kamada et al., PRC57 1595 (1998)

Background: UrQMD
(A3N>bound_)d+ﬂ:_ ?/’\H-)BHE+J'|:_ ZIL\H_)BHE-FP'FTC_
# 10°F central Au+Au ,5 x10° H ,§ 150;
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10° g 100
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Expected significant statistics to study different hypernuclei
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Dilepton measurements

Chiral symmetry at large baryon densities:
* In-medium modifications of light vector mesons
p, ®, 0 — ete (U*tW) via dilepton measurements
Electromagnetic radiation of produced matter
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Au+Au 20A GeV
central collisions
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Simulation results for central Au+Au at E =8 AGeV

cocktail+
background

di-electrons di-muons
CBM Simulation, Au+Au \[?NN =4.11 GeV, N, = 5.0M
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Charm production at threshold

emmssoo  suy
ENN | e .~ * Production at threshold
b'81°4§_ —B L iy o $£ 3 * Production in cold nuclear matter
W e 1+ Propagation in dense QCD matter
C O e i
10 ¥ G * LT S
C W NA27(pA) e . .
IR 1 Measure:
" R | Cross section &
. , 1 phase-space distributions
| % /' ALICE JHEP 1207 (2012) 191 ] of open and hidden charm
o se/ o Aiv05.A007 | in p+Aand A+A collisions

\'s (GeV)

No charm data at FAIR energies
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counts/event
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CBM FAIR phase-0 program
(before the start of operation in 2024-25)

e Use 430 out of 1100 CBM RICH multi-anode photo-multipliers (MAPMT)
iIn HADES RICH photon detector (2018)

« Use 10% of the CBM TOF modules including read-out chain
at STAR/RHIC (BES 11 2019/2020)

4 Silicon Tracking Stations
iIn the BM@N in JINR/Dubna
(start 2019 with Au-beams up to 4.5 A GeV)

* Project Spectator Detector at the BM@N experiment.
Tests and performance studies at the NAG61/SHINE SPS experiment.

 mini CBM at GSI/SIS18
full system test with high-rate A-A collisions (2018-2021)
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Summary

CBM physics program at SIS100:
* Precision study of the QCD phase diagram in the region of
extreme high net-baryon densities. Discovery potential

Unique measurements of rare diagnostic probes with CBM:
* High-precision multi-differential measurements of
hadrons incl. multistrange hyperons and dileptons
for different beam energies and collision systems.

Key experimental requirements:
* high-rate capability of detectors and DAQ
* online event reconstruction and selection

Status of CBM experiment preparation:
* Technical Design Reports: 6 approved, 4 in preparation
* Extensive performance studies for many physics observables
* Intermediate FAIR phase-0 program
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Challenges in QCD matter physics --The scientific programme of the Compressed Baryonic Matter
experiment at FAIR

CBM Collaboration (T. Ablyazimov (Dubna, JINR) et al.) show all 587 authors

Jul 6, 2016 - 11 pages

Eur.Phys.J. A53 (2017) no.3, 60
(2017-03-23)
DOI: 10.1140/epja/i2017-12248-y
e-Print: arxXiv:1607.01487 [nucl-ex] | PDE
Experiment: GSI-FAIR-CBM

Abstract (Springer)

Substantial experimental and theoretical efforts worldwide are devoted to explore the phase diagram of strongly interacting matter.
At LHC and top RHIC energies, QCD matter is studied at very high temperatures and nearly vanishing net-baryon densities. There is
evidence that a Quark-Gluon-Plasma (QGF) was created at experiments at RHIC and LHC. The transition from the QGP back to the
hadron gas is found to be a smooth cross over. For larger net-baryon densities and lower temperatures, it is expected that the QCD
phase diagram exhibits a rich structure, such as a first-order phase transition between hadronic and partonic matter which
terminates in a critical point, or exotic phases like quarkyonic matter. The discovery of these landmarks would be a breakthrough in
our understanding of the strong interaction and is therefore in the focus of various high-energy heavy-ion research programs. The
Compressed Baryonic Matter (CBM) experiment at FAIR will play a unigue role in the exploration of the QCD phase diagram in the
region of high net-baryon densities, because it is designed to run at unprecedented interaction rates. High-rate operation is the key
prerequisite for high-precision measurements of multi-differential observables and of rare diagnostic probes which are sensitive to
the dense phase of the nuclear fireball. The goal of the CEM experiment at SIS100 ( \/m = 2.7--4.9 GeV) is to discover
fundamental properties of QCD matter: the phase structure at large baryon-chemical potentials ( it > 500 MeV), effects of chiral
symmetry, and the equation of state at high density as it is expected to occur in the core of neutron stars. In this article, we review
the motivation for and the physics programme of CBM, including activities before the start of data taking in 2024, in the context of
the worldwide efforts to explore high-density QCD matter.

Abstract (arXiv)

https:/linspirehep.net/irecord/1474181
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