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Abstract: The theoretical estimation of the phase diagram of the strongly interacting matter shows rich structures at higher
density regions. Various landmarks like critical point, quarkyonic, CFL and color superconducting phases make this region
an exciting place for detailed experimental investigations. Several new facilities capable of creating high density nuclear
medium are coming up. One such facility, called the Compressed Baryonic Matter (CBM) will take data at the Facility for
Antiproton and Ion Research (FAIR) by 2018. CBM, to be operational at very high beam intensity, focuses on the
measurement of rare probes like charmonia alongwith the conventional high multiplicity observables like pions. The physics
case, layout and feasibility of CBM have been discussed.

Over last three decades, a dedicated experimental
program has been undertaken worldwide to study
the phase-diagram of the strongly interacting
matter. The motivation of such a study was
originated from the statistical QCD prediction that
at extremely high temperature/density, the
“confined” hadronic phase of matter will undergo a
transition to the “deconfined” phase of colored
quarks and gluons, commonly known as the “Quark
Gluon Plasma” in analogy to the electromagnetic
plasma of electrically charged ions and electrons.
Experimentally, formation of such a state was
believed to be possible in the laboratory by
colliding two heavy nuclei at ultra-relativistic
energy. At a suitably high collision energy,
extremely short-lived high-temperature deconfined
state of matter might be produced which will
subsequently cool-down to produce experimentally
observable hadronic final states. The space-time
history of the collision zone can be investigated by
different observables which are expected to carry
the signatures from the time of collision till the
final-state particles are frozen out to reach the
detector.
Traditionally, over the years, accelerators with
increasingly higher beam energies are built
spanning the days of BEVALAC, AGS, SPS, RHIC
and more recently at LHC so as to produce matters
at increasingly higher temperature and lower
baryon density. The experimental investigations in
search of the deconfined phase were being guided
by the theoretically predicted phase-diagrams
which depicted various landmarks like the

transition line separating two phases, its
termination points among others.
From the extremely high quality datasets, it has
now been generally concluded that at very high
temperature and at nearly zero net-baryon density,
a dense matter consisting of dominantly partonic
degrees of freedom has been created at RHIC and
LHC[1]. From the observations of extremely low
viscosity per entropy (s) nearing the quantum
bound which implies significant momentum
transfer and the quenching of jets fragmenting into
heavy flavours among others, it is argued that the
matters created at RHIC and LHC are strongly
coupled liquid as opposed to the weakly-coupled
partonic gas predicted earlier to be produced in
high energy heavy ion collisions. As per the latticeQCD calculations at RHIC and LHC energy
regime, the transition is believed to be a cross-over
with no “smoking gun” signature on a particular
order of the phase-transition.
While the high temperature region of the phase
diagram is being investigated in minute details at
RHIC and LHC, the predicted phase diagram [2]
has gone through systematic evolution with a
present form shown in Fig.1. It should be noted
that, calculating the phase diagram in the entire (Tregion has several limitations, while the Lattice
Gauge Theory (LGT) is expected to give
reasonable description at low B, at high B, several
approximations and assumptions are made in LGT
calculations to obtain the results.
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pions) have been measured. The global observables
(e.g. charged particle multiplicity, total transverse
energy) are believed to carry the integrated spacetime history of the collision at freezeout and devoid
of acting as probes capable of shedding lights on
the interior of the fireball at early times. The
signals probing the interior of the system are
created early and of very low multiplicity. Fig. 2
shows the multiplicities of different species as
simulated by HSD[3] at Elab = 25 AGeV. At such
energy, the multiplicity of J/is 10 order of
magnitudes lower as compared to that of pions.
First generation low intensity experiments therefore
could not be run for long enough to measure such
probes with reasonable statistics. Additionally, over
the years, newer observables (e.g. elliptic flow)
Fig.1 : Predicted phase diagram of the strongly
have been proposed and investigated extensively at
interacting matter (courtesy: L. McLerran)
RHIC and LHC but not explored in detail in earlier
low energy heavy ion experiments. Now, with the
The present-day phase diagram as shown in Fig.1 is
advent of rich structures in high density region of
characterized by several landmarks e.g. (a) at high
the phase diagram, dedicated experimental facilities
temperature and B~0, the transition is cross-over
are coming up to explore cold matters at
as discussed earlier. This region is reminiscent to
significantly higher density.
the micro-second old universe, (b) over a wide
range of (T-B), starting from high B, low T, a
phase transition line indicates the existence of a 1st
order phase transition which is terminated at a
critical point at which the transition changes from
1st to 2nd order. The existence and location of the
critical point is a matter of detailed theoretical
investigations, (c) the region away from the critical
point appears to have complicated structure, a
system in which cooper-pair like system of quarks
is expected to be formed at very high density is
called the color superconducting phase, (d) more
recently, an interesting observation was that the
experimentally measured freezeout lines at high
Fig.2: The product of multiplicity and branching
and low B, follow different slopes crossing each
ratio for different hadrons at FAIR energy (25
other at a point. This led to the prediction of
AGeV)
another phase known as quarkyonic phase which
fills in region lying between the lines of two slopes.
Before going into such experiments in detail, we
The line which follows the results at LHC and
would like to discuss the status and prospects of
RHIC is said to represent the confinement
some of the conventional observables related to
transition, while the other at high B represents
specific phenomena at high net-baryon density
chiral phase transition. The quaryonic phase is said
environment.
to correspond to a phase in which the quarks are
still confined but chiral symmetry is almost
(a) Critical point search: RHIC beam energy scan
restored. A triple point is also said to exist in the
program has explored a wide range of center-ofphase diagram around this region of phase space.
mass energy in an attempt to find the critical point.
While newer avenues and procedures are being
A general aim was to see that all the observables
worked out in theory to understand the phase
like jet-quenching, NCQ scaling which were
diagram more precisely, experimentally efforts are
attributed towards the formation of the partonic
being made to scan the entire phase diagram using
matter disappear below a particular collision
newer accelerator facilities. The sophistication,
energy. The data at RHIC as shown in Fig. 3 shows
phase-space coverage and precision of the detectors
a trend in this direction even though the critical
have also been improved along with the increase in
energy below which the observables change its
colliding energy leaving the low energy points not
character cannot be identified clearly based on all
explored in detail. In earlier experiments conducted
observables taken together [4].
of low colliding energy, global observables and
particles of relatively higher multiplicity (e.g.
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recent calculation [5] in which density dependent
effect of the J/ suppression has been studied by a
two-component model. The model evaluates the
production of cc-bar and then their conversion to
J/if the invariant mass of cc-bar pair is below
DD-bar pair mass. The density dependent
absorption in a confimed hadronic medium is
considered to be an exponential function. The
suppression in a deconfined medium has been
simulated following a geometrical threshold model.
The results in Fig.4 show significant density
dependent effects for both the suppression
mechanisms. It was however, subsequently seen
that the suppression in deconfined matter is
Fig.3: STAR BES data on RCP. RCP reaches
dominant. It should however be noted that larger
binary limit as the collision energy is lowered
collision time at lower energy collisions lead to
(Quark-matter 2012).
more dominant CNM effect on suppression as
compared to those at RHIC and LHC energies.
More specifically, the fluctuation of conserved
quantities was studied using 2nd and higher order
moments of the distribution. At critical point, it is
expected that the fluctuation will show a strong
non-monotonic behaviour. At RHIC BES program,
even though variables directly comparable to the
theoretical predictions are believed to have been
measured, the non-monotonic behaviour is still a
matter of detailed investigations. For any exotic
phase search, the fluctuation of conserved
quantities still remain one of the most important
observables as this is said to be sensitive to any
phase transition, only issue is to find proper
variables which are sensitive to a particular type of
phase transition like deconfinement transition,
chiral transition, superconducting transition or
transition to quarkyonic phase among others.
(b) Deconfinement transition and Debye screening:
In the field of high energy heavy ion collisions,
quarkonia suppression plays a crucial role as it was
considered to be the “smoking gun” signature of
Debye screening. The observed J/suppression at
SPS energy however found explanations like
absorption by co-mover, dissociation of J/ by
hard collisions apart from the original explanations
based on Debye screening. The suppressions
similar and smaller compared to that at SPS were
observed at RHIC and LHC respectively which
could be explained by regeneration of J/ in the
medium at higher energy. Focus has therefore been
shifted towards measurement of higher cc-bar
states and all bb-bar states at LHC.
Theoretically, calculating the rate of production of
quarkonia at near threshold energy is a matter of
great challenge as the lattice gauge theory
calculations at non-perturbative regime is highly
non-trivial. A high density, low temperature system
has the advantage that the regeneration of J/will
be negligible. However, the production crosssection is very low and the mechanism of
suppression of J/ in high density medium is not
worked out in detail theoretically. Fig. 4 shows a

Fig.4: J/ suppression at FAIR energy (top) CNM
+ confined hadronic matter and (bottom) CNM +
deconfined matter at various densities.
However, these phenomenological calculations
must be followed by detailed density dependent
calculations at FAIR energy. The ratio of the yields
of D and J/ has also been studied as this is
expected to be sensitive to the J/suppression and
corresponding enhancement of D-production as per
the event wise conservation of charm.
Experimentally, tiny J/cross-section at low
energy collisions makes the requirement of data
taking period extremely long and was therefore not
feasible in earlier low intensity experiments. Till
now no J/ data have been taken in heavy ion
collisions below Elab = 158 AGeV. The focus of the
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rare probes like quarkonia.
(c) Chiral phase transition: The coupling of vector
mesons like  in strongly interacting medium
e.g. cold nuclear matter and the medium produced
in high energy nuclear collisions is a subject of
intense investigations both theoretically and
experimentally as it has connection with the
restoration of chiral symmetry in high density
nuclear matter. Most of the hadrons acquire their
masses via spontaneous chiral symmetry breaking
which is said to be restored at very high
density/temperature. As per QCD sumrules, partial
restoration of chiral symmetry will lead to the
changes in hadron spectral functions. Investigations
in heavy ion collisions can be used to study the
possible chiral transition in high density medium.
In this study, dilepton channels of the vector
mesons are preferable as the electromagnetically
interacting decay products pass the medium
without significant distortion. However, invariant
mass spectra of dileptons from AA collisions must
be analysed taking other sources like Drell-yan pair
production into consideration. Even though the
unambiguous proof of chiral phase transition is to
measure the mass-splitting of both the chiral
partners like a1 and , but experimentally it is
extremely challenging, if not impossible. It is
therefore worthwhile to investigate the invariant
mass spectra of the dileptons in the mass region of
Fig.5: (a) theoretical expectation of the medium
low mass vector meson in terms of mass shifting or
modification of rho mesons at different densities
of the change of their widths. Fig. 5 shows the
and (b) results from NA60 in dimuonic channel for
prediction and measurement of NA60 collaboration
the measurement of .
in In+In collisions at 158AGeV showing a
significant increase in width of mesons. This
result has been interpreted as an indication of the
chiral symmetry restoration. It should however be
noted that, in collisions involving cold matter
produced in A, eA or pA collisions, the widths of
 have already been found to increase upto
10% [6,7]. It is therefore a prerequisite that we
have measurement in pA collisions to study the
density dependent effects in nuclear collisions.
The spectra function of and  mesons at finite
temperature and baryon density recently calculated
[8] from an extensive number of mesonic and
baryonic self-energy diagrams shows a large
increase in the width with almost no shift in the
pole position. This produces a substantial
enhancement of the lepton-pair yield in the
invariant mass region below the vacuum  peak. As
Fig.6: Invariant mass spectrum measured by NA60
seen in the Fig.7, a comprehensive agreement [9]
collaboration in In+In collisions and fitted with the
with the experimental invariant mass spectra by
results from a recent calculation (see text)
NA60 collaboration could be obtained in In+In
collisions at all pT values.
(d) Exotic phases at high density: At high density
shown in Fig.1, new predicted phases include
color-superconductivity, CFL, quarkyonic among
others. Two important issues are whether the
density created in these collisions is high enough to
Available online at www.sympnp.org/proceedings
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find the
however, we will focus on the Compressed
observables for such phases. Fig.6 shows the
Baryonic Matter (CBM) experiment [11] in
density expected to created at FAIR AA collisions,
somewhat detail. The CBM experiment has been
which is comparable to the density required for the
proposed to take data at FAIR-Germany by 2018.
formation of some of those exotic phases [10].
Initially, CBM will take data in pA collisions using
30 GeV proton beam and AA collisions using ion
beams upto 12 AGeV. The layout of the CBM
experiment is shown in Fig.8. It is a facility which
can run in two modes, i.e., dimuon and dielectron
modes. Two modes of operation are complimentary
to each other so that the entire dilepton invariant
mass spectrum can be studied in detail. The muon
detection system (MUCH) in the dimuon setup
shown in Fig. 8 consists of a set of segmented iron
absorbers and sensitive detector layers sandwiched
between them which accepts the tracks coming out
of the dipole magnet. A silicon tracking station
(STS) stationed inside the dipole magnet is to be
Fig.7: Net baryon density at different colliding
employed to reconstruct the tracks in both the
energies.
modes. A micro-vertex detector (MVD) is used to
measure the vertex for measuring short lived
Based on the design-approaches, the emphases of
mesons decaying within a distance of 50 micron.
next generation (high B – low T) experiments are
The muon chambers (MUCH) is to be used as
of two types,
muon identifier and not for measurement of track
(a) low intensity beams but capable of exploring
momentum, which will be done entirely by the
the newly developed observables in minute detail.
STS.
BES at RHIC falls in this category in which
collisions at different center of mass energies are
being explored with the sophisticated equipments
capable of investigating details of the collision
(b) use higher beam intensity to reach the lowest
multiplicity frontier in a reasonable data taking
period. This approach requires advanced
technologies both for the accelerator and detector.
A list of present and planned such experiments and
their limitations in handling the reaction rates is
shown in table-I.
Tabel-I: List of high density experiments (present
and planned)
Experiment
BES@RHIC

NA61@SPS

MPD@NICA

CBM@FAIR

Energy Range
(Au/Pb beams)
CM energy: 7200 GeV
Kinetic energy=
20-160 AGeV
CMenergy=6.4
to 17.4 GeV
CM energy =
4.0 – 11.0 GeV
Kinetic energy=
2.0-35 A GeV
CM energy =
2.7 to 8.3 GeV

Reaction
rates (Hz)
1-800
(limited by
luminosity)
80 (limited
by detector)

~1000 (from
design
luminosity)
105 to 107
(limitation
by detector)

Even though high density nuclear matter is a
subject of investigations at other places like
NICA@DUBNA, BES@RHIC, in our discussion

Fig. 8: CBM experimental setup in dimuon mode
of operation

The MUCH in the dimuon setup is to be replaced
by a Ring Imaging Cerenkov (RICH) detector for
di-electron measurement. The setup also has TOF
and TRD for particle identification and then a
Projectile Spectator Detector (PSD) for centrality
measurement in AA collisions. Being a next
generation experiment, CBM focuses on the rare
probes like charmonia alongwith the high
multiplity particles like pions. Table II shows the
list of observables and the particles planned to be
measured at CBM
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Table-II:
Plan of measurement
at CBM
like J/multistrange hyperons, Ds among others.
Most importantly, the present design of CBM will
Matter property Observables
Measured
allow the most exotic states to be measured in
particle
relatively short data taking period.
In summary, the high baryon density region is an
Equation
of Collective
exciting place for exploration in the field of high
state
flow
of Pions,
kaons,
energy heavy ion collisions. Several accelerator
hadrons,
multistrange
facilities are gearing up with newest detector
particle
hyperons, open
technologies to deal with high intensity beams.
production at charm
These experiments are emphasizing on the rare
threshold
penetrating probes to understand the interior of the
energies.
collisions.
Apart
from
the
conventional
observables, for revealing the existence of the
Deconfinement Excitation
K,
exotic new states predicted to exist at high baryon
phase transition functions and J’,
density region the experiments require specialised
flow of (a) D0, D+-,c
techniques to be adopted.
strangeness,
We gratefully acknowledge the helps received from
(b) charm,
our colleagues Sourav sarkar, Partha Pratim
(c)low mass
Bhaduri and Pritwish Tribedy in this work.
lepton pairs.
(d)vanishing of
NCQ scaling of
elliptic flow

QCD critical
end point

Onset of chiral
symmetry
restoration

Excitation
function
of
event
by
event
fluctuaions
In-medium
modifications
of low mass
vector
mesons

High
multiplicity
identified
mesons
and
baryons
in
dilepton
channels , D

The R&D activities of the CBM experiment
include the feasibility simulation in which the
capabilities of measuring different observables are
being studied using the simulated data. On
hardware side, intense activities are ongoing in
which prototypes of next generation detector
technologies are being tested in a realistic
environment of high intensity. The activities which
are playing major roles are (a) development of
silicon detectors capable of handling tracking at
high rate and high multiplicity environment (b)
development of MVD detector using CVDdiamond which is expected to withstand very high
radiation environment (c) development and testing
of GEM chambers at a beam intensity of 1
MHz/cm2, which is expected to be the highest
intensity on the first detector station of CBM muon
chamber (d) self triggered radiation hard ASIC is
being developed for STS, MUCH and TRD
separately (e) High performance computing farm to
process data online as in self-triggered system all
hits above threshold are collected without any
online trigger selection. This leads to a huge
amount of data to be processed using high speed
computing [8]. Fig 9 shows the results of feasibility
studies of measurement of several exotic particles

Fig. 9: Feasibility studies for the observation of
different resonant states as simulated in a realistic
CBM environment and full simulation and
reconstruction framework.
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