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Observations in nature

Quarks are confined  inside hadrons

Such a big difference is not seen in molecules,  atoms and nuclei

Chiral Symmetry broken

Consequence : valence quarks acquire dynamical  masses ï
Constituent Quark

Mass ~ 300 MeV

Review of particle physics (PDG), Phys. Lett. B 592 (2004)ÅCan we have de-confined matter? 
ÅCan we restore the broken chiral symmetry?

Å Macroscopic matter having quarks and gluons as fundamental degrees of freedom

Å Dynamics governed by strong interaction (QCD)

Å Study different phases of QCD matter under extreme conditions of temperature and density

Å Tool: relativistic heavy-ion collision experiments
B. Mohanty, IVth ALICE-India School2



How to create nuclear matter under extreme conditions in laboratory?
T.D. Lee and G.C Wick (1974):

Å heavy nuclei: generally Pb or Au
Å kinetic energy  >> rest mass energy
Å Vary  collision energy: create hot and dense nuclear matter over wide range of temperature and densities:
Å Access different phases of nuclear matter as predicted by theoretical calculations: map out QCD phase diagram in the laboratory

Å Collide heavy nuclei at relativistic energies: distribute high energy or high nucleonic density over a volume much larger than proton
Å Create abnormal states of dense nuclear matter under extreme conditions of temperature and/or density in laboratory
Å Restore broken symmetries of physical vacuum temporarily

heating

compression

quark -gluon matter

Tc~ 160 MeV

rc~ (3 -4)r0

quark -gluon matter
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Point to note:

1 eV ~ 104 K ; 100 MeV = 1012 K
Tsun= 15.7 x 106 K

r0 = 0.16 fm-3 = 1.6 x 1038 cm-3

mN = 1.67 x 10-24 g
Nuclear density = 2.5 x 1014 g/cm3

Densest element (Os) = 22.6 g/cm3



QCD phase diagram 
arXiv:2104.11406

(MeV)

×Thermodynamic properties of macroscopic matter most readily expressed 
via phase diagram

×Graphical representation of different phases occupying different regions of 
a plot whose axes calibrated in terms of external/control parameters 

× (eg: T ,P, m)

×Each point in the diagram corresponds to stable thermodynamic phase

×Physical systems undergo phase transition when external parameters are 
tuned

×Nuclear matter governed by strong interaction: believed to have a rich 
phase structure, often expressed in terms of (T,mB)

×Low  (T,mB): confined phase: hadronic dof
×High  (T,mB): de-confined phase: quark & gluon dof
× quark-gluon plasma (QGP)Largely conjectured, needs  accelerators, goal to 

make it part of textbook.
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The phase diagram of QCD at low baryon density
Explored at collider energy:

Å BNL-RHIC : ãsNN = 0.2 TeV

Å CERN-LHC: ãsNN = 5.5 TeV

Main results:

Å High temperature QGP formed (e>> ec ~ 1 GeV/fm3)

Å Long lived QGP phase (perfect fluid)

Å Smooth cross over between hadronic phase to QGP phase 

(no latent heat)

Theory:

ÅN of baryons ºN of antibaryons : very small or zero mB  

ÅSituation similar to early universe

ÅCrossover transition between hadronic matter and QGP 

at Tº156  MeV

But still we do not know if QCD has a true phase transition!

Borsanyi et al. [Wuppertal-Budapest Collab.], JHEP 1009 (2010) 073

Isserstedt, Buballa, Fischer, Gunkel, PRD 100 (2019) 074011

Fu, Pawlowski, Rennecke, PRD 101, (2020) 054032

Gao, Pawlowski, PLB 820 (2021) 136584
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The phase diagram of QCD at high baryon density

Lattice QCD still not applicable beyond mB/T > 3

QCD inspired models suggest 1st order phase transition ending with a critical 

end point (CEP)

Large mBaccessible at lower collision energies (ãsNN < 20 GeV)

Limited measurements from first generation experiments: mostly bulk probes

Renewed experimental interest to discover landmarks of QCD phase diagram: 

experiments in operation, development or planning stage 

Investigate QCD phase structure at high mB by measurements of indicative 

observables as a function of collision energy/system size:

Å What is the EoS of baryon dense matter?

Å Does a 1st order phase transition exist?

Å Where is the location of the critical point?

Å Can we detect any ñonsetò of de-confinement?

Å Do the de-confinement and chiral symmetry restoration coincide at high mB?

Relativistic heavy-ion collisions are the only tool to create hot and dense QCD matter in the laboratory6



Different stages of relativistic nuclear collisions

ÅExtremely small lifetime of fireball produced in relativistic heavy-ion collisions
ÅNo direct detection possible of the transient system
Å Indirect probes: final state particles coming out from the collision zone
ÅNeed detectors
ÅDifferent types of particles: different detection techniques
ÅMulti-purpose detector system with different sub-detectors

Time Evolution of Heavy Ion Collision
space time diagram
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sNN = (E1 + E2)
2–(p1 + p2)

2 

collider: 
p1 + p2 = 0   → ÕsNN = E1 + E2

fixed target: E2 = m, p2 = 0 

sNN = (Ekin+ 2m)2–p1
2

sNN = 2m·(Ekin+ 2m)

for Ekin>> m : ÕsNN = 1.4·ÕEkin

Collider vs. fixed target experiments

Collider gives more energy

Comparison of collision energy

8Courtesey:P.  Senger



N1, N2 = beam particles per bunch
B = number of bunch crossings per sec
F = beam size in cm2

Typical numbers:
N1= N2 = 109

B = 104                                    → L = 1027 cm-2s-1

F = 10-5 cm2

Reaction rate R = L · σ
σ= reaction cross section
σ= p· (2 ·R)2 = 4 p·(r0·A

1/3)2 with  r0=1.2 fm
Au+Aucollisions: A=197 ­σ= 6 barn,    1 barn = 10-24 cm2

Collider reaction rates for Au+Au: 
R =L · σ= 1027 cm-2s-1 · 6·10-24 cm2 = 6000 s-1

NB = beam particles/sec
NT /F= target atoms/cm2 = NA ·r·d/A

with AvogadrosNumber NA = 6.02·1023·mol-1,
material density r[g/cm3], 
target thickness d [cm] 
atomic number A [g/mol]

Typical numbers:
NB = 109 s-1

Au target: r= 19.3 g/cm3, A = 197
d = 0.3 mm (1% interaction rate)
L = 1.8·1030 cm-2s-1 

Fixed target reaction rates for Au+Au:
R = L · σ= 1.8·1030 cm-2s-1 · 6·10-24 cm2 = 107 s-1

Fixed target Luminosity:L = NB·NT/ F    [cm-2s-1]Collider Luminosity:L = N1·N2·B / F     [cm-2s-1]

Å Fixed target experiments give more intensity hence more reaction rates
Å Useful for measurement of rare particles having extremely low production cross section

Collider vs. fixed target experiments

Comparison of collision rate

9Courtesey:P.  Senger



How to achieve high baryon density in the laboratory?

Å Nuclear collisions at high energies (LHC, RHIC):

ï Incoming nucleons leave the reaction zone (transparency) after depositing a part of their kinetic energy

ï No baryon number transfer to the fireball

ï Produce a medium with high temperature and vanishing net- baryon density

Å At lower energies (SPS, FAIR, NICA):

ï A part (or all) of the baryon number is transferred into the fireball (stopping)

ï Create a medium with moderate temperature but high net-baryon density

Å Different transport and hydrodynamics model calculations suggest highest densities (6-12)r0 at the center for Elab = 5 ï20 A GeV

Å Good agreement between different models 

I. Arsene et al. PRC75 034902 (2007)

8r0

8r0
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Net baryon transport at the central region (stopping)

Central region is baryon free (almost)

Net proton as an indicator of net baryon density hence mB reached in the collision 
Higher the collision energy: central region becomes more and more baryon free
Low energy baryon stopping
High energy: transparency

√sNN = 4 GeV

√sNN = 17.3 GeV

√sNN = 62.4 GeV

√sNN = 200 GeV

√sNN = 5500 GeV



Experiment ãsNN (GeV) mB (MeV) Mode Max. int. rate 

[Hz]

Observables

HADES(GSI) 2.4 ï2.9 800 - 770 Fixed target 2 x 104 Hadrons, Dileptons

STAR-BES 3.0 ï19.6 720 - 210 Collider + Fixed 

Target

2 x 103 Hadrons

NA61 (CERN-

SPS)

4.9 ï17.3 520 - 300 Fixed Target 103 Hadrons, Charm

BM@N (NICA) 2.0 ï3.5 880 - 670 Fixed Target 5 x 104 Hadrons

MPD (NICA) 2.7 ï11.0 580 - 300 Collider 7 x 103 Hadrons, dileptons, 

charm

CEE (HIAF) 1.8 ï2.7 880 -760 Fixed Target 3 x105 Hadrons

CBM (FAIR) 2.7 ï4.9 760 - 500 Fixed Target 107 Hadrons, dilepton, charm

J-PARC-HI 2.0 ï6.2 880 - 430 Fixed Target 108 Hadrons, dileptons

NA60+ (CERN-

SPS)

4.9 ï17.3 520 -230 Fixed Target 2x105 Dileptons, charm

Experimental landscape to explore dense baryonic matter

Operational, Under Construction, Planning 

World wide effort to experimentally study the high baryon density regime of the QCD phase diagram12



HighⱧ║ experimental set ups

1

CBM/HADES at SIS100 (2028)

STAR at RHIC (completed)

J-PARC-HI

CEE+ at HIAF (2027)

NA60+ at SPS (>2030, after LHC LS3)

NA61/SHINE at SPS (running)

© GSI/FAIR,Zeitrausch

BM@N

MPD at NICA

HIAF in China

HADES at SIS18 (running

T. Galatyuk, COPD 2024
13



Key observables of baryon rich QCD Matter

ƀ QCD matter EoSat large baryon densities,  signals of phase 

transition its order and CEP:

Hadron yields, collective flow, correlations, fluctuations

(Multi-)strange hyperons (K, ǭ, Ǵ, ǰ, ǹ)

production at (sub)threshold energies

ƀ Chiral symmetry at large baryon densities

In-medium modifications of light vector mesons

ɟ,ɤ,űŸ e++e-(ɛ++ɛ-) via dilepton measurements

ƀ Hypernuclei

ƀ Charmproduction and propagation in baryon rich matter

Excitation function in p+A collisions (J/ȑ, D0 , D+-)

Charmonium suppression in cold nuclear matter

T. Galatyuk, NPA 982 (2019), update 2023 
https://github.com/tgalatyuk/interaction_rate_facilities,

CBM, EPJA 53 3 (2017) 60

ƀ Key observables are rare: precision and sensitive measurements require high statistics 

ƀ CBM will measure rarest signals with highest interaction rates  of 10 5 ï107 Au+Au collisions/sec14

https://github.com/tgalatyuk/interaction_rate_facilities


FAIR:Facility forAnti-proton and Ion Research

ÅSIS100: synchrotron ring : BR =100 Tm
Å Compressed Baryonic Matter (CBM): 
ÅRelativistic Heavy-Ion Collision Experiment
ÅFixed target: Eb : 2-12A GeV (√√sNN ~ 2-5 GeV)
ÅMatter under extreme compression: rB ~ (6  - 10)r0

ÅLargest heavy-ion reaction rate ever achieved 
ÅConstruction progressing at steady rate 
ÅFirst beam on target: 2028!

SIS-100 Capabilities

Beam Z A Emax

[AGeV]
Intensity

p 1 1 29 1011/s

d 1 2 14 109/s

Ca 20 40 14 109/s

Χ

Au 79 197 11 109/s

U 92 238 10 109/s

Accelerator complex near GSI Darmstadt

ÅIndia among one of member countries
Å3 % share holder
ÅMajor involvement in developing of accelerator 

components and planned experiments

15



Fixed target experiment

ÅPolar coverage 2ÁЅ ʃLab < 25Á, fullʒ coverage

ÅMid-rapidity coverage for all energies, down to low pṶ

ÅHighest ever luminosities for heavy-ion reactions (max. Rint = 

10 MHz)

Versatile multi-purpose detector systems

ÁCapable to measure hadrons, electrons, muons

Tracking based entirely on silicon

ÁFast and precise track reconstruction

ÁDp/p ~ 1 %

Optimized for the highest luminosities

ÁFree-streaming front-end connectivity

up to 10 MHz

Online event selection and data reduction

CBM detector setup 

Å Alternate data taking by muons (MuCh) and electrons (RICH)

Å Micro vertex detectors (MVD) not in the muon set up 

Å Muon Chamber (MuCh) detector system: Major  Indian contribution

Å Detection of muon pairs (m+m-) emitted from the collision zone
16



CBM @ SIS-100: uniqueness and challenges

Å Most promising observables have extremely low production : precision measurements require high statistics
Å Accelerators with very high interaction rates (max. 10 MHz): 
Å High particle multiplicity: ~ 750 particles/event : detectors need to handle high rate capability
Å FEE of all CBM detectors autonomous and self triggered: delivers time stamped hit messages
Å Raw data rates up to 1 TB/sec
Å First Level Event Selector (FLES): online event reconstruction and inspection up to software trigger decision

CBM simulation: 10 A GeV central Au+Au collisions 

More on this by:
C. Schmidt
P. Gasik

17



MuCh@ FAIR SIS100: Reconstruction of di-muons (μ+μ-)
Major Indian contribution

ÅComprises of several detectors & segmented  hadron 
absorbers  made of graphite concrete and iron 

ÅDetects muon pairs from various sources:

(r,w,f, J/y) m+m-

Å Total absorber is segmented & detectors are placed inside
absorbers to facilitate tracking

ÅMomentum dependent muon identification

ÅHigh areal particle density in the first station

ÅGEM detectors in the first two stations and RPC/STRAW in the
next two stations

Å Angular acceptance :

qmin = 5.7o: hmax = 3: qmax = 25 o degree : hmin = 1.44

Muon reconstruction strategy :
primary tracks passing through STS, MuCh and TRD, and mass determination via TOF 18

J/y

m+

m-



Promising observables baryon rich matter 

and

Physics performance with CBM
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Collectivity:Need for multi-strange baryons

Strangeness enhancement: classical signature of QGP

No strangeness present in the system before the collision

Energetically more favorable in a partonicmedium than in 
hadronic medium

Consider a dense baryonic medium:
Å r= 10 r0 and T ~ 0
Å u,dquarks are filled up to Fermi Level (EF) 
Å At r =10 r0 EF = 450 MeV
Å To create a uu-bar/dd-bar pair we need 900 MeV 
Å Strange quark levels are empty
Å To create ss-bar pair we need 2ms = 300 MeV 

20

High baryon density assists production of strange baryons (L=uds) 
than mesons (K- = ¯us)

More effect on multi-strange baryons

Scarcity of data at lower (CBM) energies due to rare production

CBM aims to measure multi-strange baryons with high precision



Hypernuclei as a probe of dense baryonic matter

A hypernucleusis similar to a conventional atomic nucleus but contains at 
least one hyperon in addition to normal protons and neutrons. 

Theoretical models predict  production of single and double hyper-nuclei 
and heavy multi-strange short lived objects in heavy-ion collisions 

Maximum yields around  Elab = 10 A GeV (ãsNN ~ 5GeV) (CBM energy)

Favorable production at high mB

(Discovery) and investigation of new hypernuclei and hypermatter will shed 
light on hyperon-N  & hyperon-hyperon interactions

Essential ingredients for nuclear EoS at low T and high mB

Challenge: 

Extremely low production yields 
(~ 5  LL

5Hin 1 million events at ãsNN = 5 GeV in central Au+Au collisions)

Requires interaction rates ~ 1-10 MHz for feasible detection
21



Strangenessandhypernucleiat CBM

ƀ Multi-strange hyperons and hypernuclei accessible at SIS100 energies

ƀ Reconstructionof decay topology via dedicated KFParticleFinderpackage

ƀ 4 x 108ɂ- in 1 week (Rint=0.1 MHz) and 146 ǭǭ6He in 10 weeks (Rint=10 MHz)

ƀ Analysis tools successfully applied to STAR BESdata

Simulation of 10 A GeV/c Au+Au collisions

22



Dilepton as multi-messenger probe of dense QCD matter

Dileptons (e+e-/m+m-) are produced from different stages of the fireball: tracks entire collision history

Electromagnetic in nature: carry undistorted information of the fireball: serve as penetrating probe

In terms of their invariant mass, di-lepton (excess) provide useful information:
Å Excess yield in LMR (0.3 < Mll < 0.7 GeV/c2)         fireball lifetime: extra radiation due to latent heat around 1st order phase transition

Å Invariant mass slope in IMR (1.5 < Mll < 2.5 GeV/c2) Ą caloric curve of the QCD matter: flattening would indicate mixed phase

Å Probe chiral transition viar meson melting and chiral mixing of r and a1

No di-lepton measurements available between 2 A ï40 A GeV!

First experiment to use di-leptons for systematic measurements in both production channel (e+e- and m+m-) in same coverage

M2
mm= (P m++ P m-)

2

Tripolt et al., NPA 982 (2019) 775

Li and Ko, PRC 95 (2017) no.5, 055203

Seck et al., PRC (2022), arXiv:2010.04614 [nucl-th]

O. Savchuk et al., arXiv:2209.05267 [nucl-th]

T. Galatyuk, JPS Conf. Proc. 32 (2020) 010079k
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Di-lepton spectroscopy @ CBM SIS100

Thermal dileptons after subtraction of combinatorial bkg. and freeze-out cocktail (direct and Dalitz decay of low mass vector mesons)

Main  source of bkg. g-conversion and p0Dalitz for electrons and weak decay of p and K for muons

CBM plans an energy scan covering 6 energies 

Expected di-electron performance: 
Å5 days beam on target at Rint = 100 KHz at each energy: ~ 2 x1010 Au+Au events at each energy

ÅSufficient to measure di-electron excess yield in the low (duration) and intermediate mass (medium temperature) regions

Expected di-muon performance: 
ÅHigh statistics runs after first 3 years with Rint = 1 MHz

ÅAccess IMR range with <10% errors in TFireball

e+e- spectra m+m- spectraC. Hoehne, Quark Matter 2023
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Charmin Heavy-IonCollisions

Unlike lighter quarks, mc >> T

ï thermal production of charm negligible (~ exp(-mC/T) <<1)

ï production of charm in first-chance N-N collisions

ï charm probes the early phases of the produced medium: D meson / J/ɣpropagation in excited medium

Total charm production cross section close to threshold is unknown below ãs=20 GeV even in elementary reactions 

(let alone AA collisions)

Perturbative QCD calculations also come with large uncertainties

Large discovery potential for upcoming experiments to measure charm production close to threshold 

Åinitial cond.

(shadowing,

Cronin),

pre-equil. fields

Åc-quark diffusion 

in QGP liquid Åc-quark 

hadronization ÅD-meson 

diffusion in 

hadron liquid

c
D

t [fm/c]

0 0.5
| |

5
|

10

|
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J/yproduction in the sub-threshold domain

Kinematic threshold for J/yproduction: N + N            N + N +J/y: threshold energy: Elab = 12. 5 A GeV (ãsNN ~ 5 GeV)

Below ãsNN < 5 GeV, J/yproduction will be kinematically impossible 

In dense baryonic matter, model calculations predict:

Å J/yproduction in 8 - 10 A GeV  Au + Au collisions 

Åvia sequential multiple collisions and subsequent decay of heavy baryonic resonances (N* Ÿ N + J/y);

Å If detected will open up new mechanisms of charm production 

J. Steinheimer et. al., Phys. Rev. C 95, 014911 (2017)

Clear signal peak indicates feasible detection
Detectors: STS + MuCh + TRD + TOF
Improved performance with ML techniques: ~ 30k J/y in 4 weeks at peak int. rate of 10 MHz 

J/y -> m+m-

10 A GeV/c central Au+Au collisions
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Take home message (instead of a summary)
ÅRelativistic heavy-ion collisions are believed to produce exotic phases of nuclear matter in the laboratory. Vary 

collision energy                    map the QCD phase diagram in the (T,mB) plane

ÅExperiments at (RHIC) and LHC probe the high T region of the phase diagram: smooth cross over between 
hadronic and QGP phase

ÅQCD phase diagram is much less explored in the highmB region:

Open questions: 

ÅQuest for de-confinement and chiral phase transition at high mB

ÅQuest for the conjectured critical end point

Mission of CBM:

To probe the high net baryon density of the QCD phase diagram with bulk, rare and ultra-rare probes

Challenge:

ÅPromising observables are rare and statistics hungry

ÅMany aspects: transition between various phases, relevant EoS, spectral properties of the hadrons in medium, collective and 
transport properties requires better understanding: limited guidance from theory

Opportunities:

ÅDiscoveries, EoS of dense matter in connection to violent stellar processes

ÅDevelopment of forefront detector technologies

CBM offers a very bright and promising future! 27



Back Ups
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Dielectronmeasurements at CBM

Electron setup: Rint = O(0.1MHz)

Challenge:

Å No electron identification before tracking

Å Background due to g-conversion in target, 

material budget of tracker

Strategy:

Å Sufficient pion suppression (>104)

Å Reconstruction of pairs from g-conversion 

p0 Dalitz decays 

Å Topological cuts used to reject CB

29



ǐ Challenge:

Å μ at low energies

• High areal particle rates in first detector

ǐ Strategy:

• Identification after hadron absorber with intermediate 
tracking layers

• Triple GEM detectors with pad read-out

• Remove last two absorbers for beam energies < 4AGeV

Dimuon measurements at CBM

Ā Clear peaks for the low mass vector mesons after 

background subtraction with 5M Au+Au collisions

Ā Comparable S/B in both channles

Ā Access to thermal signal is very feasible

with good background description

Muon setup (Rint = O(1 MHz))

30



Charmonium at SIS100 in p+A collisions

J/ɣpropagation in cold nuclear matter

ƀ Proberesonance-nucleon interaction

ƀ Constraint on theoretical models

ƀ J/ɣ reconstred via ɛ+ɛ- decay channel  using 

STS+MuCh+TRD detectors

ƀ ~500 J/ɣ in 4 weeks with 10 MHz peak rate

12

J/ɣin p+Au @ 30 GeV/cPPB,M. Deveaux, A. Toia, JPG45 (2018) 055103
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CBMPhysicsPerformancestudies

ƀ Event generators as input:

UrQMD, (P)HSD, DCM-QGSM-SMM, Pluto

ƀ Heavy-ion (Au+Au) collisions

ƀ Detector geometry with realistic

material budget, segmentation and response

ƀ Good efficiency and S/B:

feasible detection of rare probes at SIS100

ƀ Multi-differential analysiswith high statistics

ƀ In progress: free streaming data taking performance

central Au+Au collision @ 10A GeV/c
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Transverse (pT) and Longitudinal (y) spectra: kinetic freeze-out

Hadrons emitted at the kinetic freeze-out: elastic collision ceases: particle momenta get frozen

pT and rapidity spectra of light (p,K,p) and heavy strange hadrons available from AGS (2A ï8A GeV) and SPS (20 A ï80 A GeV)

Data can be described with a boost non-invariant blast wave model.  Analysis  results indicate:

Å Tkin ~ 55 ï85 MeV  <bT> ~ 0.48c ï0.55c for light hadrons 

Å Tkin ~ 95 ï110 MeV  <bT> ~ 0.44c ï0.47c for heavy strange hadrons

Radial flow leading to hardening of pT spectra

Mass dependent hierarchy of kinetic freeze ïout: heavy hadrons leaving the medium early (higher Tkin low <bT>)

S. P. Rode, PPB, A. Jaiswal and A. Roy, Phys. Rev. C 98, 024907 (2018)

S. P. Rode, PPB, A. Jaiswal and A. Roy, Phys. Rev. C 102, 054912 (2020)

S. P. Rode, PPB, and  A. Jaiswal  Phys. Rev. C 108, 014906 (2023)
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Yield ratio of bulk hadrons: chemical freeze-out

S. Chatterjee et. al. Adv.High Energy Phys. 2015 (2015) 349013

Å At chemical freeze-out inelastic collision ceases: no new hadrons formed: particle chemistry frozen

Å Chemical freeze-out studied using thermal models with grand canonical ensemble framework (T, mB)

Å Freeze-out parameters extracted from the ratio of particle yields (Tch. mB,ch)

Å Data analyzed from AGS, SPS, RHIC and LHC 

Å Lower collision energy results lower Tch and higher mB,ch : higher net baryon densities  

Å Strange hadrons seen to freeze-out earlier than light hadrons: flavor dependent hierarchy in chemical freeze-out 34



Search for Critical End Point (CEP)

Fluctuation of conserved charges around CEP

Higher order cumulants sensitive to critical fluctuation

Non-monotonic behaviour observed ?

STAR BES-II: Hadronic interactions dominant @ 3 GeV 

(negative C4/C2)

Fill the gap between 2-7.7 GeV

Future experiments need larger acceptance at mid-rapidity

35



Dileptons at SPS: what did we learn?

M < 1 GeV/c 2: low -mass regime (LMR)
Å Only broadening of r observed, no mass shift
Å Can be connected to chiral symmetry restoration in a model dependent way

M > 1 GeV/c 2 : intermediate mass regime (IMR)
Å Thermal radiation from partonic phase dominates
Å Exponential fall of: ñPlanckò like region: T = 205 Ñ12 MeV. T > T C~ 155 MeV

Rapp, Wambach, Hees, arXiv:0901.3289

Most precise di-lepton data till date has been measured by NA60 experiment in 158 A GeV In+In collisions at CERN-SPS

36



LMR: Di - lepton as chronometer

Relate fireball lifetime and thermal di - lepton yields

Á Integrated yield in the region below free r/wmass 0.3 < M inv < 0.7

Á Tracks the total fireball lifetime remarkably well

Á Low mass thermal di - lepton yield (over the vacuum cocktail) is 
proportional to the fireball life time 

Á Less sensitive (< 10 %) to the model input parameters for fireball 
expansion

Á Promising tool to determine source life

Á Anomalous variation may be triggered by 1 st order phase transition

Á Needs good control over the in -medium spectral shape

Á Precision data in the low mass region

Model: R. Rapp, H. van Hees, PLB 753 (2016) 586

Central Au+Au collisions

37



ÅDi-muons in the mass range: 1.5 < Minv < 2.4 GeV/c2: dominant contribution from thermal radiation from QGP phase

ÅExponential mass shape (exp(-M/T)) : can be used to determine the fireball temperature

ÅExtracted slope parameter not affected by medium expansion : no blue shift: stable thermometer

Å HADES at SIS-18 (Au+Au collisions @ÕsNN = 2.4 GeV): 72 MeV

Å NA60 at CERN-SPS (In+In collisions @ ÕsNN = 17.3 GeV) : 205 MeV

ÅAim: 
ÅPrecision study of source temperature the region ÕsNN ~3-20 GeV : caloric curve of QCD matter

Å Any plateau in the caloric curve would indicate possible existence of a first order phase transition

dN/dM ~ (MT)3/2exp(-M/T)

IMR di-leptons as fireball thermometer: caloric curve of QCD
CBM

R.-A. Tripolt, Nucl.Phys.A1005 (2021) 121755

NA60, EPJC 61(2009) 711 

HADES, Nature Phys. 15(2019) 1040 

ҞǎNN>6GeV R. Rapp and H. v. Hess, PLB 753 (2016) 586

ҞǎNN<6GeV T. Galatyuk et al.: EPJA 52 (2016) 131

NA60 Collaboration , EPJC 61(2009) 711

R. Rapp and H. v. Hess, PLB 753 (2016) 586
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Hyper-nucleus production in STAR using FXT data

<pT> vs mass follow the linear mass scaling up to 3.5 GeV:

• Consistent with coalescence as the dominant process for hypernuclei production at 

mid-rapidity; 39



Atomic nucleus:
Radius    R = 1.2 fm A 1/3 (ůreac =  ɸR2)
Volume V = 4/3 ɸR3 = 4/3 ɸ1.23 A fm3

Nucleon density r0 = A/V = 3/ ( 4 ɸ1.23) fm -3 º0.14 fm-3

Mass of nucleon m = 1.67 Ö10-24 g 
Mass density of cold nuclear matter r0 Öm º270 Mio t/cm3

Neutron star:
Radius R º10 km, 
Volume V º4200 km3

Mass M º2 solar masses = 2 Ö2 Ö1033 g 
Average mass density r= M/V º1000 Mio t/cm3 º3.6 times nuclear density
Core density  5 ï10 times nuclear density

Limits of nucleon density: 
Au-nucleus:  R º7 fm,    V º 1400 fm3

Nucleon:      R º0.8 fm,  V º2 fm3

200 Nucleons: V º400 fm3

At 3 ï4 ȍ0:  nucleons overlap

Density estimates
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Particle

(mass

MeV/c2)

Multi-

plicity

6 AGeV

Multi-

plicity

10 AGeV

decay

mode
BR Ů(%)

yield

(s-1) 

6AGeV

yield

(s-1) 

10AGeV

yield in

10 weeks

6AGeV

yield in

10 weeks

10 AGeV

IR

MHz

ȿ(1115) 4.6·10-4 0.034 p +́ 0.64 11 1.1 81.3 6.6·106 2.2·108 10

ɂ- (1321) 0.054 0.222 ȿ -́ 1 6 3.2·103 1.3·104 1.9·1010 7.8·1010 10

ɂ+ (1321) 3.0·10-5 5.4·10-4 ȿ +́ 1 3.3 9.9·10-1 17.8 5.9·106 1.1·108 10

ɋ- (1672) 5.8·10-4 5.6·10-3 ȿK- 0.68 5 17 164 1.0·108 9.6·108 10

ɋ+ (1672) - 7·10-5 ȿK+ 0.68 3 - 0.86 0 5.2·106 10

3 
ȿH (2993) 4.2·10-2 3.8·10-2 3He -́ 0.25 19.2 2·103 1.8·103 1.2·1010 1.1·1010 10

4
ȿHe (3930) 2.4·10-3 1.9·10-3 3Hep -́ 0.32 14.7 110 87 6.6·108 5.2·108 10

Expected particle yields Au+Au @ 10 AGeV
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Broadening of r-meson spectral function is qualitatively consistent with chiral symmetry 
restoration               need to investigate the chiral partner a 1

No direct coupling of axial states to dilepton channel              in vacuum the  (l + l- hadrons) 
x-section has a dip in the a 1 mass range

Chiral Symmetry Restoration              mixing of vector (V) and axial vector (A) correlators via 
multiple pion (4 pand higher) states             enhanced dilepton production for M mm~ 1 - 1.4 
GeV/c 2 (10 -20% enhancement for full mixing)

IMR: r-a1 chiral mixing and restoration of chiral symmetry

Low energy measurements expected to be more sensitive to chiral transition effects
Å Thermal dimuon yield from QGP phase becomes smaller
Å Negligible contribution from open charm 

Precise estimation and subtraction of the combinatorial to detect the foreseen enhancement

Jung et. al. PRD 95, 036020 (2017)
Hohler and Rapp PLB 731 (2014)
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Dense Baryonic Matter: Nature & Laboratory
Neutron stars Heavy-ion collisionsNeutron star merger

Temperature (T) < 10 MeV ~10-100 MeV < 120 MeV

Density (ɟ)< 10 ɟ0 < 2-6 ɟ0 < 5-15 ɟ0

Lifetime / 

Reaction time (t) Ð ~10 ms ~10-23 s

GW170817 Elab = 10 ï20 A GeV
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QCD Running Coupling
Coupling constant: measures strength of interaction

as(Q
2) decreases logarithmically as Q2 increases (or r decreases)             running coupling

HighQ2   small as asymptotic freedom

Successful application of pQCD for describing high energy physics processes

At large distance (small Q), comparable to the size of a nucleon, interaction between two 
quarks is strong

Amplification of strong force with decreasing Qor increasing r infrared slavery

QCD vacuum is an anti-screeningmedium

Confinementof quarks inside the hadrons

Small Q, pQCD inapplicable          non-perturbative domain 
no first principle analytical calculation till date

Phase transitions in strongly interacting matter occur in non-perturbative domain of QCD  

Theory: Model calculations/numerical techniques
Experiment: Relativistic Heavy-Ion Collisions
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Different CBMsetups

Setup Included subsystems Average day-1  
interaction rate

Average MSV -
interaction rate

Average event size  in 
Au+Au collisions

ELEHAD MVD,STS,RICH,TRD,TOF,FPW 0.1 MHz 0.1 MHz 75 kB

MUON STS,MUCH,TRD,TOF,FPW 1 MHz 5 MHz 30 kB

HADR STS,TRD,TOF,FPW 0.5 MHz 5 MHz 50 kB

MUONELEHAD HADR

Different CBM setup depending on goal

Å ELEHAD: tracking, vertexing, e/p separation
Å MUON: Identification of muons
Å HADR: Highest rate for rare hadrons

More on detectors: mini-review talk by Maksym Teklishyn
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