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The QCD phase diagram 
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Courtesy of K. Fukushima & T. Hatsuda

Open questions:
o Origin of mass?
o Nature of confinement?
o Role of condensates?

o Lattice QCD 
Ø sign problem

o Experiment
Ø finite size and lifetime
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Flux tubes present at small distance disappear 
due to light quark pair excitation.

DCSB provides low-lying colorless states (pion 
cloud). In-between is true vacuum (no 
condensates). arXiv:hep-lat/0510051 
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Goldstone boson: Attraction between two dynamically dressed quarks approximately cancels 
the mass of the (gluon-dressed) quarks.
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A lot already known about nucleons and their 
excitations from (lattice) QCD:

o Confinement of light quarks nothing to do with flux 
tubes. Rather appears because the condensates 
are suppressed between the valence quarks.

o Resonance properties substantially driven by cloud-
meson core final state interaction.
L. Karatidis et al., arXiv:1608.03051 
J. M. M. Hall et al., arXiv:1411.3402

Chiral symmetry restoration

o in-medium 𝑎$/𝜌 spectral functions. Trend seen like 
conjectured by Rapp/Hohler. 

H. Meyer et al. arXiv: 1212.4200 & INPC2016

o Likely no generation of mass without confinement.

What does it take, to force the quarks forming a 
giant bubble?

Chiral Perturbation Theory: 
o Provides prediction for chiral order parameter 

a.f.o. baryon

o Sees strong repulsion (at low to moderate 
temperatures.
J.W. Holt, M. Rho, W. Weise arXiv1411.6681
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o Nearly complete stopping 
leads to baryon-rich 
matter in the overlap 
zone.

o Generally shorter lifetime 
and larger densities as 
beam energy goes from 
1 to 10 A GeV. 

o Substantial heating of the 
pion cloud.
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I.C. Arsene et al., Phys. Rev. C 75, 24902 (2007) 

5 A GeV

10 A GeV 
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Physics addressed by CBM

The QCD Equation-of-State
o Collective behavior (flow) 
o Multi-strange baryons

Search for novel phases and 1st order phase transition
o e-b-e observables (higher-moments)
o Excitation function of hadron multiplicities and 

virtual photons

Path to restoration of chiral symmetry 
o High-precision invariant mass distributions low- and 

intermediate mass range

Strange matter
o (Double-) lambda hypernuclei
o Meta-stable objects (e.g. strange dibaryons)  

Charm production (and propagation) at threshold
o Open-charm in pp, pA
o Backward production in pA (RpA)
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HADES contribution to the energy scan (+FAIR Phase 0) 
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VDM in radiative 
baryon-resonance decays

Regeneration of 
resonances

𝚵( multiplicity above 
SHM prediction

Higher moments of (net-)proton e-b-e multiplicity 

The deduced ratio (2) can be compared with correspond-
ing ratios at higher energies [1–6,18,36–38]. Figure 3
shows a compilation of such ratios as a function offfiffiffiffiffiffiffiffi
sNN

p
. So far, the lowest energy at which a Ξ−=Λ ratio

is available is
ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.61 GeV, i.e., 630 MeV below the
threshold in NN collisions. The corresponding ratio (open
circle) was extracted by HADES from Ar þ KCl reactions
at a beam energy of 1.76A GeV [12]. A steep decline of the
Ξ−=Λ production ratio is observed around threshold, where
now, a second data point (full circle) is available at an
excess energy of −70 MeV. This allows for comparisons to
model calculations (see below). To visualize the energy
dependence of the proton-induced data (full curve in
Fig. 3), we fitted the corresponding ratios with a function
fðxÞ ¼ C½1 − ðD=xÞμ&ν (with x ¼ ffiffiffiffiffiffiffiffi

sNN
p

, C ¼ 0.44,
D ¼ 2.2 GeV, μ ¼ 0.027, ν ¼ 0.78), a simple parametri-
zation which may be used to estimate the expected Ξ−=Λ
ratio in energy regions, where data are not yet available.
The Ξ−=ðΛþ Σ0Þ ratio has been investigated within a

statistical model approach. We performed a calculation
with the package THERMUS [39], using the mixed-canonical
ensemble, where strangeness is exactly conserved, while all
other quantum numbers are conserved only on average by
chemical potentials. The optimum input parameters for this
calculation (i.e., temperature, T ¼ ð121' 3Þ MeV, baryon
chemical potential, μB ¼ ð722' 85Þ MeV, charge chemi-
cal potential, μQ ¼ ð24' 20Þ MeV, fireball radius, R ¼
ð1.05' 0.15Þ fm, and radius of strangeness-conserving

canonical volume, Rc ¼ ð0.8' 2.1Þ fm) follow from the
best fit to the available HADES particle yields (π−, π0, η, ω,
K0, Λ) in pþ Nb collisions at 3.5 GeV [30–32]. We
obtained a Ξ− yield of 1.0 × 10−5 and a Ξ−=ðΛþ Σ0Þ ratio
of 8.1 × 10−4 (asterisk in Fig. 3). Both values are signifi-
cantly lower than the corresponding experimental data.
We also estimated the Ξ production probability within

two different transport approaches, both having imple-
mented the aforementioned strangeness-exchange chan-
nels. The first approach is the URQMD model [16,17]
(version 3.4 [42]). For Ξ− hyperons, we derived a yield
of ð6.9' 2.8Þ × 10−7 per event which is more than 2 orders
of magnitude lower than the experimental yield (1) and
decreases only by a factor of 2, if the channels YY → ΞN
(with cross sections from [13]) are deactivated; i.e., in the
model, hyperon-hyperon fusion is of minor importance for
Ξ production in proton-nucleus reactions at 3.5 GeV. The Λ
rapidity distribution, however, was fairly well reproduced
by URQMD [32]. The resulting Ξ−=ðΛþ Σ0Þ ratio amounts
to ð3.1' 1.2Þ × 10−5 (filled star in Fig. 3). The second
transport approach we used is the GIBUU model [40,41]
(release 1.6 [43]). We estimated a Ξ− yield of
ð6.2' 0.9Þ × 10−6, a value being considerably higher than
the prediction by the URQMD model, but still significantly

FIG. 2. Relative Ξ− yield as a function of the cut value of
various Λ and Ξ− geometrical distances (see text, abscissa units
are mm). The full (open) circles display the experimental
(simulation) data. The yields are normalized to those obtained
with the nominal cuts. The vertical and horizontal arrows indicate
the chosen cut values and the region of accepted distances,
respectively.

FIG. 3. The yield ratio Ξ−=ðΛþ Σ0Þ as a function of
ffiffiffiffiffiffiffiffi
sNN

p
orffiffiffiffiffiffiffiffi

sNN
p − ffiffiffiffiffiffiffi

sthr
p

(inset). The arrows indicate the threshold in free
NN collisions. The open symbols represent data for symmetric
heavy-ion collisions measured at LHC [1,36] (cross), RHIC [2,3]
(stars), SPS [4,5] (triangles), AGS [6] (square), and SIS18 [12]
(circle). The filled cross depicts pþ p collisions at LHC [37],
while the downward and upward pointing filled triangles are for
pþ A reactions at DESY [38] and SPS [18], respectively. The
filled circle shows the present ratio (2) for pð3.5 GeVÞ þ Nb
reactions (statistical error within ticks, systematic error as bar).
The full curve is a parametrization (see text) of the proton-
induced reaction data. The asterisk, diamond, and filled star
display the predictions of the statistical-model package THERMUS

[39], the GIBUU [40,41], and the URQMD [16,17] transport
approaches, respectively.

PRL 114, 212301 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
29 MAY 2015

212301-5

HADES
preliminary

HADES
preliminary
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Virtual photons as diagnostic tool for the phase diagram

Yield in low-mass window 
tracks fireball lifetime:
o Measure excitation function of 

r spectral function.
o Search for anomalous fireball 

lifetime around phase 
transition & CP.

Intermediate mass slope:,
o Measure Tslope (note, Tslope < 

Tinitia) ”caloric curve”
o Plateau around onset of 

deconfinement?
(see e.g. M. D’Agostino et al. NPA 
749 (2005) 5533)

CBM simulations
Au+Au 20A GeV

: If nature was kind!
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Galilei‘s telescope ... ... and a picture you can take on any clear night‘s sky.Modern CMOS camera ... ... and his drawing of the moon.

The CBM strategy …
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…. [  CMOS in CBM  ] ….

o CBM micro vertex detector (MVD) will use MAPS.
o More than 10 years of joint R&D activity (ILC, STAR, ALICE, CBM).

Ø Background suppression for di-electron measurements
Ø Determination of secondary vertices of open charm decays (τ = 10-12-10-13 s)
Ø Improved tracking for hyperon-ID 
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… and the challenges.
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high
net-baryon 
densities

Ø needs extremely high rates and precision!

AGS

11

e+e-

μ+μ-



The CBM strategy

o 105 - 107 Au+Au reactions/sec
o determination of displaced

vertices (σ » 50 µm)
o identification of leptons 

and hadrons 
o fast and radiation hard 

detectors and FEE
o free-streaming 

readout electronics 
o high speed 

data acquisition 
and 
online event selection 

o 4-D event 
reconstruction 
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A+A (low mult.)

Dipol
Magnet
Micro
Vertex
Detector

Silicon
Tracking
System

Ring
Imaging
Cherenkov

Transition
Radiation
Detector

Time of Flight
Detector

Projectile
Spectator
Detector

Muon
Detector

DAQ/FLES HPC cluster 
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Dipol
Magnet

Silicon
Tracking
System

Time of Flight
Detector

Projectile
Spectator
Detector

DAQ/FLES HPC cluster 

®ΛK-Hyperons and
hypernuclei
in central
Au+Au collisions at 
10A GeV Ha
dr
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Dipol
Magnet

Silicon
Tracking
System

Time of Flight
Detector

Projectile
Spectator
Detector

DAQ/FLES HPC cluster 

Hyperons with neutral 
daughter in central
Au+Au collisions at 
10A GeV

Micro
Vertex
Detector
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tsDipol

Magnet

Silicon
Tracking
System

Time of Flight
Detector

Projectile
Spectator
Detector

DAQ/FLES HPC cluster 

Open Charm in 
p+A
30 GeV and
Ni+Ni
15A GeV

Micro
Vertex
Detector
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e+e-

Dileptons in central
Au+Au collisions at 8A GeV
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Dipol
Magnet

Silicon
Tracking
System

Transition
Radiation
Detector

Time of Flight
Detector

Projectile
Spectator
Detector

Muon
DetectorDAQ/FLES HPC cluster 

µ+µ-

ω
φ

η

ρ

Di-muons in central
Au+Au collisions at 
8A GeV and
10A GeV (J/ψ) J/ψ®µ+µ-
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The CBM cave 
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FAIR time line

o Status FAIR as of 2015. 
Updated version will be 
presented in 
November to the FAIR 
council.

o Good news: BMBF has 
approved start of first 
section of civil 
construction (SIS100 
building, northern 
part).
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CBM FAIR Phase 0 experiments

1. Install, commission and use 430 out of 1100
o CBM RICH multi-anode photo-multipliers (MAPMT)  in 

HADES RICH photon detector

2. Install, commission and use
o 10% of the CBM TOF modules including read-out chain 

at STAR/RHIC (BES II 2019/2020)

430	MAPMTs
Read
out

Exist.	RICH

collider vertex
(~250 cm)

10
0 

cm

fixed target pos.
(~500 cm)

CBM MRPC active area
CBM electronics
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CBM FAIR Phase 0 experiments

3. CBM AT JINR (BM@N)
o Install, commission and use 4 Silicon tracking 

layers and the 
o Project Spectator as forward detector
o Nuclotron in JINR/Dubna (Au-beams up to 

4.5 A GeV in 2018/19)

4. mCBM at SIS18
o full system test with high-rate nucleus-

nucleus collisions from 2017 – 2020
o no magnetic field, system test only 

5. SPS/NA61
o MAPS
o PSD
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Next steps

2018-2021 FAIR Phase-0
o Continuation of measurements with HADES
o Contribution to the STAR BES-II (Emphasis on fixed target program)

2021 FAIR Start of Operartion
o First SIS100 beam on CBM Target
o HADES at SIS for reference measurements (mainly pA)

2025 Design Operation of FAIR 
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The CBM Collaboration: 60 institutions, 530 members
Croatia:
Split Univ.
China:
CCNU Wuhan
Tsinghua Univ. 
USTC Hefei
CTGU Yichang 
Czech Republic:
CAS, Rez
Techn. Univ.Prague
France: 
IPHC Strasbourg
Hungary:
KFKI Budapest
Budapest Univ.

Germany:
Darmstadt TU
FAIR
Frankfurt Univ. IKF
Frankfurt Univ. FIAS 
Frankfurt Univ. ICS 
GSI Darmstadt 
Giessen Univ.
Heidelberg Univ. P.I.
Heidelberg Univ. ZITI
HZ Dresden-Rossendorf
KIT Karlsruhe
Münster Univ. 
Tübingen Univ. 
Wuppertal Univ.
ZIB Berlin

India:
Aligarh Muslim Univ.
Bose Inst. Kolkata
Panjab Univ. 
Rajasthan Univ.
Univ. of Jammu 
Univ. of Kashmir
Univ. of Calcutta
B.H. Univ. Varanasi
VECC Kolkata
IOP Bhubaneswar
IIT Kharagpur
IIT Indore
Gauhati Univ.

Korea:
Pusan Nat. Univ. 

Poland:
AGH Krakow
Jag. Univ. Krakow
Silesia Univ. Katowice
Warsaw Univ.
Warsaw TU

Romania: 
NIPNE Bucharest
Univ. Bucharest

Russia:
IHEP Protvino
INR Troitzk
ITEP Moscow
Kurchatov Inst., Moscow
LHEP, JINR Dubna
LIT, JINR Dubna
MEPHI Moscow
Obninsk Univ.
PNPI Gatchina
SINP MSU, Moscow  
St. Petersburg P. Univ.
Ioffe Phys.-Tech. Inst. St. Pb.

Ukraine:
T. Shevchenko Univ. Kiev
Kiev Inst. Nucl. Research

26th CBM Collaboration meeting in Prague, CZ 
14 -18 Sept. 2015
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Summary

CBM scientific program at SIS100: 
o Exploration of the QCD phase diagram in the region of neutron star core densities   

® large discovery potential.

First measurements with CBM: 
o High-precision multi-differential measurements of hadrons incl. multistrange hyperons, 

hypernuclei and dileptons for different beam energies and collision systems 
® terra incognita.

Status of experiment preparation:
o Prototype detector performances fulfill CBM requirements.  
o 7 TDRs approved, 4 TDRs in preparation.

FAIR Phase 0:
o HADES with CBM RICH photon detector, use CBM detectors at STAR/BNL, BM@N/JINR, 

NA61/SPS. 
o mCBM@SIS18 including DAQ and FLES for full system test
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