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Observationsn nature

; - quark
Structure within
the Atom mass mass
fraction mass
P 938 MeV | <1.5% u 1.5-4.5 MeV
(uud)
d 5-8 MeV
n ¢)
(udd) 940 MeV <2%

size and the entire atom would be about 10 km ac:

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

Chiral Symmetry broken
Consequence : valence quarks acquire dynamical masseis

Quarks are confined inside hadrons Constituent Quark
Mass ~ 300 MeV
A Can we have deconﬁned matter? Review of particle physics (PDG), Phys. Lett. B 592 (2004)

A Can we restore the broken chiral symmetry?

A Macroscopic matter having quarks and gluons as fundamental degrees of freedom
‘ A Dynamics governed by strong interaction (QCD)
A Study different phases of QCD matter under extreme conditions of temperature and density

A Tool: relativistic heavy-ion collision experiments _
B. Mohanty, I¥ ALICHndia School



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

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

Point to note:
T.~ 160 MeV >
1eV~106K:; 100 MeV = 19K
3333

T,,n=15.7 x 10K

sun

_ guark -gluon matter
heating ro=0.16 fmd = 1.6 x 16Bcm?
my = 1.67 x 164g
Nuclear density = 2.5 x 16g/cm3
Densest element@s = 22.6 g/cm

compression quark -gluon matter

A heavy nuclei: generally Pb or Au

A kinetic energy >> rest mass energy

A Vary collision energy: create hot and dense nuclear matter over wide range of temperature and densities:

A Access different phases of nuclear matter as predicted by theoretical calculations: map out QCD phase diagram in thg laborato



QCD phase diagram

arXiv:2104.11406 _ _ _ _
Thermodynamic properties of macroscopic matter most readily express

via phase diagram

=

S ol gt ene et Quark-gluon plasma Graphical representation of different phases occupying different regions
2 T, (LQCD ® a plot whose axes calibrated in terms of external/control parameters

E | El: ) e "&‘a
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LT Critical point ,§ ® é'.
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Each point in the diagram corresponds to stable thermodynamic phase

o

1001~ Physical systems undergo phase transition when external parameters a

N .Hadrnns. ; tuned
- ¥ mi. A Color : : : -
’3” Superconductor Nuclear matter governed by strong interaction: believed to have a rich
¢ Nuclear phase structure, often expressed in terms off[,
matter o | Neufyon stars
EI [ 1

Baryon chemical potential H,(MeV) LC_)W (TmB): Conﬁneq phase: hadronaof
High (1y): deconfined phase: quark & gluatof

Largely conjectured, needs accelerators, goal to —s-quark-gluon plasma@GP)
make it part of textbook.



The phase diagram of QCD at low baryon density

300 Explored at collider energy:

The Phases of QCD
A BNL-RH I Cs,y=02 TeV
250 A CERN-L H C sy, @5.5 TeV
3
s 200 Theory:
E A N of baryons © N of antibaryons : very small or zero my
=
% - A Situation similar to early universe
O -
GEJ 00 E gg:ﬁ,';] %&bé)) A Crossover transition between hadronic matter and QGP
= F at T° 156 MeV
o0 :_ Nuclear
- Vacuum Matter\ _
ol 1 L e Ly b b Ly Main results:
0 200 400 600 800 1000 1200 1400 1600
Baryon Chemical Potential 1;(MeV) A High temperature QGP formed (e >> e, ~ 1 GeV/fm?3)

A Long lived QGP phase (perfect fluid)

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 A Smooth cross over between hadronic phase to QGP phase
Gao, Pawlowski, PLB 820 (2021) 136584 (no latent heat)

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



The phase diagram of QCD at high baryon density

300 : : :
The Phases of QCD Lattice QCD still not applicable beyond my/T > 3
250 ,_f'l_&qgi__ QCD inspired models suggest 15t order phase transition ending with a critical
% Quark-Gluon Plasma end point (CEP)
SH J-
200 "“‘W& Largemyaccessi bl e at | owesf<@MdGeV)i si on ene

NICAMPD i "
RHIC BEs “HICF;- %’i’

Temperature (MeV)

150 [0 e s + Limited measurements from first generation experiments: mostly bulk probes
- T Renewed experimental interest to discover landmarks of QCD phase diagram:
100 = Critical . experiments in operation, development or planning stage
- Point? %‘3’)
50 [ Investigate QCD phase structure at high my by measurements of indicative
- Nuclear observables as a function of collision energy/system size:
_ . Vacuum Matter
[},?K Y S S S o' AT S A What is the EoS of baryon dense matter?

0 200 400 600 800 1000 1200 1400 1600

Baryon Chemical Potential p;(MeV) Does a 1st order phase transition exist?

Where is the location of the critical point?

Can we detect acominement@ set o of de

o o Do D>

Do the de-confinement and chiral symmetry restoration coincide at high m,?

Relativistic heawon collisions are the only tool to create hot and dense QCD matter in the laboratory



Different stages of relat|V|st|c nuclear collisions

Time Evolution of Heavy lon Collision
space time diagram

QGP and hadronic phase

initial ctae hydrodynamic expansion

0.1fm/c 1fm/c 10fm/c t

o D % ©
% ,EJ 0%904-':0 . F I 51. ‘r
=] o
. ﬂu“c:f“u Freeze out ina are
@
of hadro

pre-equilibrium hadronization

From Qin, Guang-You Int. J. Mod. Phys. E24 (2015) no.02, 1530001

A Extremely small lifetime of fireball produced in relativistic he@rycollisions
A No direct detection possible of the transient system

A Indirect probes: final state particles coming out from the collision zone

A Need detectors

A Different types of particles: different detection techniques

A Multi-purpose detector system with different sudetectors



Collider vs. fixed target experiments
Comparison of collision energy

Available
Energy
S
Target 29 GeV¥
(450 GeV)
SEONERNG ﬂ & 200 GeV
Beams

Beam
(450 GeV] (450 GeV)

Cadlisions

\

acuum CHAMEER

= (E+ B —(py +py)°

collider:

p,+P,=0 - Cj\=E+E
fixed target: E= m,p, =0

= (ﬁin-l- zmy_plz
Sy = 2m-(E,+ 2m)
for E,>> m G5 = 1.40E,

Collider gives more energy

Courtesey:P. Senger



Collider vs. fixed target experiments
Comparison of collision rate

Collider Luminosity- = N:-N,-B/F  [crs?]

Fixed target Luminosity: = N-NJ/ F  [cnPs?]

N;, N, = beam particles per bunch
B = number of bunch crossings per sec
F = beam size in ém

Typical numbers:

N,=N, = 10
B=108 -~ L =10"cnrs?
F=16¢cn?

Reaction rate R = lo-

O = reaction cross section

o =p- (2 -R=4p-(ry A®)? with r=1.2fm
Au+Aucollisions: A=197 o=6 barn, 1 barn = £0cn?

Collider reaction rates fohu+Au
R=L -0=10?"cm3s!. 610%cm?= 6000 ¢

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

Ng = beam patrticles/sec
N;/F = target atoms/cmi= N, -r -d/A
with AvogadrosNumber N = 6.021(°3- mol,
material densityr [g/cm?],
target thickness d [cm]
atomic number A [g/mol]

Typical numbers:

Ny = 10s?

Au target:rr = 19.3 g/cm, A = 197
d = 0.3 mm (1% interaction rate)
L =1.810°°cnrést

Fixed targetreaction rates folAu+Au
R=L -0=1.810cm?3s!. 610%*cn? =10 st

Courtesey:P. Senger




How to achieve high baryon density in the laboratory?

e 25 1
10 A GeV Au + Au (b=0): p(0,0,0,1 EF J ' ' ]
2.0 L) L) L) L) l 1] 1] 1] T l 1] 1] > : :
i O] i 10 A GeV i
/ ——  3-fluid O 2.0 -
/ —— PHSD w F :
UrQMD ] > [ [
» QGSM I ‘» 1.5 4
— GBUU - $ [ ]
T S E— - o] A . _
-1 ? 1 O — b " ST T~ F~ =
8r - s [ T s 3fluid ]
0 i S —— PHSD ~
gl € o5 UrQMD .
i -% N 8r 0 QGsM
= t —— GiBUU A
l I g O v ‘«:' ;‘:L"»)I I L 1 \ L 1 I L 1L L 1 I L 1 L 1 ]
O.OO L L L L 5 L L L L 10 L L 1 1 15 m '%‘0 0‘5 1.0 1.5 2‘0
Elapsed time t (fm/c) Net baryon density p(t) (fm'S)

l. Arsene et al. PRC75 034902 (2007)

A Nuclear collisions at high energies (LHC, RHIC):
I Incoming nucleons leave the reaction zone (transparency) after depositing a part of their kinetic energy
I No baryon number transfer to the fireball
I Produce a medium with high temperature and vanishing net- baryon density
A Atlower energies (SPS, FAIR, NICA):
i Apart (or all) of the baryon number is transferred into the fireball (stopping)
I Create a medium with moderate temperature but high net-baryon density

A Different transport and hydrodynamics model calculations suggest highest densities (6-12) ¢ at the center for E,,, =57 20 A GeV
A Good agreement between different models

10



Net baryon transport at the central region (stopping)

60— e vy
o AGS vV g =4 GeV
20_—
> o SPS vV gy=17.3 GeV
T 10—
et A
o V 5= 62.4 GeV
(@} 20_—
8 % RHIC
a0l—
20—
Eﬁ_—
20—
20—
%9 T

Net proton as an indicator of net baryon density hemggeached in the collision
Higher the collision energy: central region becomes more and more baryon free
Low energy baryon stopping

High energy: transparency



Experimental landscape to explore dense baryonic matter

[Hz]

HADES(GSI) 247 2.9
STAR-BES 3.07 19.6

NA6L (CERN-  4.97 17.3
SPS)

BM@N (NICA)  2.0i 3.5
MPD (NICA) 2.77 11.0

CEE (HIAF) 1.87 2.7
CBM (FAIR) 277 4.9
J-PARC-HI 2.07 6.2
NA60+ (CERN-  4.9i 17.3
SPS)

800 - 770
720 - 210

520 - 300

880 - 670
580 - 300

880 -760
760 - 500
880 - 430
520 -230

Operational, Under Construction, Planning

Fixed target

Collider + Fixed
Target

Fixed Target

Fixed Target
Collider

Fixed Target
Fixed Target
Fixed Target
Fixed Target

2 x 104
2 x 103

103

5x 104
7 x 103

3 x10°
107
108

2x10°

Hadrons, Dileptons

Hadrons
Hadrons, Charm

Hadrons

Hadrons, dileptons,
charm

Hadrons
Hadrons, dilepton, charm
Hadrons, dileptons

Dileptons, charm

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



High Hj experimental set ups

HADES at SIS18 (running NABG1/SHINE at SPS (running)

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

Toroidal Muon wall
magnet

CBM/HADES at SIS100 (2028)

Dipole

Muon spectrometer

(completed)

STA

R at RHIC

N

J-PARC-HI BM@N
SP-41 - STR DCH-1,2
GEM -1,2 mRPC-2
\ CPC-1,2
( \ y v ¥
\ MPD at NICA B A\ A Y 3 - zbc
Zero-degree Target : \ | ’ /
N Calorimeter G | g IMIBIET Launu H = ,7
N [
5 | XTT ) 4 IR | ‘ X
! ..i i, n Reco A R u
f E ‘.—;_ I / 3 mRPC-1 Beam pipe
| Hatron ‘ I [ ST PM SP41
‘, Calorimeter | | — | = .
e
13

T. Galatyuk, COPD 2024



Key observables of baryon rich QCD Matter

. . T. Galatyuk, NPA 982 (2019), update 2023
b QCD matter EoSat large baryon densities, signals of phase https://github.com/tgalatyuk/interaction rate_facilities,

CBM, EPJA 53 3 (2017) 60

transition its order and CEP.

8

Hadron yields, collective flow, correlations, fluctuations Em - ' CrTT | Il-l e ! i E
. PR - - CBM@FAIR SIS100 eavy I1on collisions
(Multi-)strange hyperons (K, 9, G, ,n) o 107 3 Lo Tk E
production at (sub)threshold energies o sl ]
c10 S CEE+@HIAF =
S Ey YT ueaws ]
b Chiralsymmetry at large baryon densities S10°¢ BHIEN e T p—
(]LJ = éw%% ¢ O——O ALICPEH@E;T)((:——-» E
. ‘g . . - s @RHIC -
In-medium modifications of light vector mesons Tt HAvesess MPD@NICA -
— = [HHO =
Yy . - 0 3
] ¥ 4Y et+e ( e ¢ via dilepton measurements 103;_ STAW—* VHSHIE |t X _;
b Hypernuclel 102;_ j _
b Charmproduction and propagationin baryon rich matter 103_ i
E | | | L1 1 11 | | | | | L1 1 \l “" —-E

Excitation function in p+A collisions (J/f , DO, D*+) T2 34567 10 20 30 100 20

. o Collision energy sy, [GeV]
Charmonium suppression in cold nuclear matter

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

b CBM will measure rarest signals with highest interaction rates of 10°> 7 107 Au+Au collisions/sec¢


https://github.com/tgalatyuk/interaction_rate_facilities

FAIR : Facility for Anti-proton and lon Re search

Accelerator complex near GSI Darmstadt

APPA Laser \

A India among one of member countries

A 3 % share holder

A Major involvement in developing of accelerator
components and planned experiments

Continuation of APPA, 7/ J/
CBM and NUSTAR
experiments in
existing facility

. APPA, NUSTAR and
“===  PANDA investigate options

for further experiments at
green lines

A SIS100: synchrotron ring : BR =100 Tm
A Compressed Baryonic Matter (CBM):
A Relativistic Heawjon Collision Experiment

SIS100 Capabilities

Beam z A Fixedtarget: £ 21 2 A G ey~ 2b @GeVk
A Matter under extreme compressiong ~ (6 - 10)
p 1 1 29 10Ys : : .
q 1 > 4 | 10 A Largest heavjon reaction rate ever achieved
Ca 20 40 14 10%s A Construction progressing at steady rate
A First beam on target: 2028!
Au 79 197 11 10%s "
U 92 238 10 10%s




CBM detector setup

Fixed target experiment

/Polar coverage 2AS .f<25A, full 3 coverage

/Mid-rapidity coverage for all energies, down to low p,

/Highest ever luminosities for heavy-ion reactions (max. R, =

10 MHz)

Versatile multi-purpose detector systems
/Capable to measure hadrons, electrons, muons
Tracking based entirely on silicon

/Fast and precise track reconstruction
/Dplp~1%

Optimized for the highest luminosities

/Free-streaming front-end connectivity
up to 10 MHz

Online event selection and data reduction

Compressed Baryonic Matter // \\

HADES

Rtk

~-:_ AL _“ \\\‘ \"‘ suxTil T
* il

F A I R 1: Time-Zero Detector & Beam Diagnostics 5: Ring Imaging Cherenkov Detector
2: Silicon Tracking System / Micro Vertex Detector 6: Transition Radiation Detector
3: Superconducting Dipole Magnet 7: Time of Flight Detector

=== 1L
4: Muon Chambers 8: Forward Spectator Detector

A Alternate data taking by muons (MuCh) and electrons (RICH)
A Micro vertex detectors (MVD) not in the muon set up
A Muon Chamber (MuCh) detector system: Major Indian contribution

A Detection of muon pairs (ntm) emitted from the collision zone
16




CBM @518100 uniqueness and challenges

DAQ room: Green IT Cube: online
data pre-processin t selecti - .
o: :L:S e::ry nodei evaennd ::o(:ag:n More on th IS by
* C. Schmidt
P. Gasik

10.000 optical
connections

CBM simulation: 10 A GeV central Au+Au collisions

Most promising observables have extremely low production : precision measurements require high statistics
Accelerators with very high interaction rates (max. 10 MHz):

High particle multiplicity: ~ 750 particles/event : detectors need to handle high rate capability

FEE of all CBM detectors autonomous and self triggered: delivers time stamped hit messages

Raw data rates up to 1 TB/sec
First Level Event Selector (FLES): online event reconstruction and inspection up to software trigger decision

Too Too o o o o

17



MuCh@ FAIR SIS10&econstruction of dmuons (I+J-)

Major Indian contribution

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

A Detects muon pairs from various sources:

(r ,,wd/ y9* ntm

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

A Momentum dependent muon identification

A High areal particle density in the first station

A GEM detectors in the first two stations and RPC/STRAW in the
next two stations

A Angular acceptance :
Grin=9-7% h = 3! Qnax=25° degree : h,,,=1.44

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



Promising observables baryon rich matter
and
Physics performance with CBM
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Strangeness enhancemermassical signature of QGP
No strangeness present in the system before the collision

Energetically more favorable inpartonicmedium than in
hadronic medium

Consider a dense baryonic medium:

A r=10r,and T~0

u,d quarks are filled up to Fermi Level)(E

Atr =10r y B.= 450 MeV

To create aiu-bar/dd-bar pair we need 900 MeV
Strange quark levels are empty

To createssbar pair we need 2+ 300 MeV

T> T T>o o T

High baryon density assists production of strange barybrsds)
than mesons (¢ us)

More effect on multistrange baryons
Scarcity of data at lower (CBM) energies due to rare production

CBM aims to measure muktrange baryons with high pre%sion



Coal

Hypernuclel as a probe of dense baryonic matter

Thermal: Andronic et al., PLB 697 (2011)
escence: Steinheimer et al., PLB 714 (2012)

| IIHIII| | IIIII|I| | IIIIIII| | IIIIIII\ | IIIIIII| | |]IIIII| | I|IIIII| | IIHIII| | II|IHI| T T

CBM Simulations 0-5% Au+Au
gaHe — 3He p 7, B.R.=50%
e=1.2%, S/B=0.4, 6=2.6 MeV/c?

—a— 1.6x10'? ev 'measured' IR=500kHz
thermal

— — coalescence

JG\A H

1147 £ 10.7

|.,=81.7 £+ 9.1

Nay=115.6 + 10.7

N
Nl'aW

IIIHIII| IIIIIIII| IIIIIIIrDI IIIIIII’ IIIIIIII| II]IIIII| IIIIIIII| IIIIHII| | IIIHI| LU

L | | | | | |

3

4 5 6 7 8 910
Collision Energy \s,, (GeV)

A hypernucleuds 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 hypeiei
and heavy multstrange short lived objects in heaign collisions

Maximum yields around 5= 10 A GeVag~ 5GeV) (CBM energy)
Favorable production at higim,

(Discovery) and investigation of new hypernuclei and hypermatter will shed
light on hyperoAN & hyperorhyperon interactions

Essential ingredients for nuclear EoS at low T andrhjgh
Challenge:

Extremely low production yields
(~ 5 °Hin 1 million events dis= 5 GeV in central Au+Au collisions)

Requires interaction rates ~10 MHz for feasible detection
21



Entries

Strangenesandhypernucleat CBM

Simulation of 10 A GeV/c Au+Au collisions

& 2
40000 - , - — . He o=2.6 MeV/c
" & o=20MeVie =0 S/B =041, ¢, = 1.2%
30000 2 [° He—3He pr |
] " AA A P |
20000| 0
10000+
0% T Qos % — — 'ﬁf}s
. m, { He pt'} [GeV/e?]
m,  {A7} [GeV/c?]

ot o O O

Multi-strange hyperons and hypernuclei accessible at SIS100 energies
Reconstructionof decaytopology via dedicated KFParticleFindempackage

4x1082-in1week (R,=0.1 MHz) and 146 ; $He in 10 weeks (Ry=10 MHz)
Analysis tools successfully appliedto STAR BE Sdata 22



Dilepton as multmessenger probe of dense QCD matter

- - — - -
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Collision Energy \sy [GeV]

T. Galatyuk, JPS Conf. Proc. 32 (2020) 010079k

Collision Energy s, [GeV]

Tripolt et al., NPA982 (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]

Dileptons (e*e”/ntm) 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:
A Excess yield in LMR (0.3 < M, < 0.7 GeV/c?) — fireball lifetime: extra radiation due to latent heat around 15t order phase transition
A Invariant mass slope in IMR (1.5 < MIl < 2.5 GeV/c2) A caloric curve of the QCD matter: flattening would indicate mixed phase

A Probe chiral transition via r meson melting and chiral mixing of r and a,

No di-lepton measurements available between 2 A1 40 A GeV!
First experiment to use di-leptons for systematic measurements in both production channel (e*e- and ntm) in same coverag%?’



Diepton spectroscopy @ CBM SIS100

e*e” spectra C. Hoehne, Quark Matter 2023 nfm spectra

- 10_1 ’I_/\ 10712 I I I I | 1 1 I 1 | 1 1 1 ‘ I 1 1 I I 1 1 1 %
‘IQG '(;B;M'Silmt'“;“c;ns' I R B %\) 025 CBM Simulations ]
: 107 E Au+Au (s,=4.9 GeV E

S 10%E AutAu [5,=4.9 GeV E > g 9+be S“I‘; 1;36 T o
3 - min-bias, /R=1MHz —— 6x10'" ev 'measured"

8 ,[{ min-bias, /R=100kHz ~ —e— 2x10" ev ‘measured' - S 100 3 el el B
"0’)10 2 — thermal radiation = - Rann | dium SE E
& - —— Rapp in-medium SF = 104k — - PERRIEMSm A
S 10°F = S = Rapp QGP 5
© g Rapp QGP = = E E
> . f : % 1051 K Ttropan = 165.9 £ 15.0, 4y MeV ]
T 107K E > F 1
N : Z 10k .
~ 10_65 3 : = E
L E = %) = ]
E 1 = 7L .

107¢ ﬁti\ t RS 107

E ‘ 14, 1 = - i

108 MBS © 10°F =

E + T 1N o - ]

: o 3 —:

10°F X 187E 4By o (MT)Zexp(—4) ! |~| ‘&

S < B ]

10—10_1 e onoa o oo ox oo g bl L A — 10710 | R R R R T N [ R R ‘lll I

0 05 1 15 2 25 0 0.5 1 15 2 .5

M., (GeV/c?) M, (GeV/c?)

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 p° Dalitz for electrons and weak decay of p and K for muons
CBM plans an energy scan covering 6 energies

Expected di-electron performance:
5 days beam on target at R, = 100 KHz at each energy: ~ 2 x101° Au+Au events at each energy
ASufficient to measure di-electron excess yield in the low (duration) and intermediate mass (medium temperature) regions

Expected di-muon performance:
Aigh statistics runs after first 3 years with R, = 1 MHz

A\ccess IMR range with <10% errors in TEireball h



Charmin Heavylon Collisions

O 0.5 5 10 _—— IIIII T T T T IIIII T T T 1TTrrTTT T T 1T IIII
| | | | 'g_ | —@— ALICE (total unc,) . 7]
t [fm/C] (8] 1 04 = E i‘ll:l‘j\ESeF)‘(rtz:IiLrjnni;ry (total unc.) P 3
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L —A— LHCb Preliminary (total unc.) '¢’ -
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- % STAR . .

[0 HERAB (pA) e .
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0 B 16 (p . .
(shadowing,  Ac-quark diffusion [0 e ol i
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pre-equil. fields hadronization AD-meson § , g
diffusion in - S, ]
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10 ,”Q —
SRR A Ll 3

10 102 10° 10t

s (GeV)

Unlike lighter quarks, m.>>T
I thermal production of charm negligible (~ exp(-m./T) <<1)
I production of charm in first-chance N-N collisions
I charm probes the early phases of the produced medium: D meson /J / propagation in excited medium
Tot al charm production cross section close to thresholc
(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
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J. Steinheimer et. al
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Jly production in the sub-threshold domain

., Phys. Rev. C 95, 014911 (2017)
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Jy ->ntm
10 A GeV/c central Au+Au collisions
%102
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e \BGR—=465°/; GeV S/B = 0.38
_— 5 €e=0.79 %
= 40.4
VsS+B
0.1
Fitted with: pol2 + Gaussian
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m,,, (GeV/c?)

Kinematic threshold for J/y production: N + N—— N + N +J/y :threshold energy: E,,, = 12. 5 A GeV (as ~ 5 GeV)

Below as,, <5 GeV, Jly production will be kinematically impossible

In dense baryonic matter, model calculations predict:
A Jly production in 8 - 10 AGeV Au + Au collisions

A vi

a

sequent i
A If detected will open up new mechanisms of charm production

al mul tipl e

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

c ol

S

ons

a

nd subse/gw)e;nt

decay
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Take home message (instead of a summary)

A Relativistic 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,n}) plane

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

A QCD phase diagram is much less explored in the high my region:
Open questions:

A Quest for de-confinement and chiral phase transition at high m
A Quest 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:
A Promising observables are rare and statistics hungry

A Many 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:
A Discoveries, EoS of dense matter in connection to violent stellar processes

A Development of forefront detector technologies

CBM offers a verpright andpromising future!
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Dielectronmeasurements at CBM
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CBM Simulations
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Electron setup: R, = O(0.1MHz)

Challenge:

A No electron identification before tracking

A Background due to g-conversion in target,
material budget of tracker

Strategy:

A Sufficient pion suppression (>104)

A Reconstruction of pairs from g-conversion
p° Dalitz decays

A Topological cuts used to reject CB
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Dimuon measurements at CBM

Muon setup (R, = O(1 MHz))

Au+Au s, =4.3 GeV 0-5%

1 0_6 CBM-Simulations
L i Challenge:
\‘x A M at | ow energies

High areal particle rates in first detector

L+L.S. . track.combination

—N*

i Strategy:

dN/dM,,, (1/10 MeV/c?))
o

i Qap :CiBna ‘s . . . .
100 : "LVHI\ S Identification after hadron absorber with intermediate
: HLl WJ tracking layers
10710 |- | S Triple GEM detectors with pad readit
0 0-5 1 15 Muf(GeWCE)'S Remove last two absorbers for beam energie G4V
S °F roehn (a5 Gow 057
_S i | caM Simiatons A Clear peaks for the low mass vector mesons after
T \%NJLW Sy background subtraction with 5SM Au+Au collisions
o ; ,\\ ﬂ MHHMHWM "— L"L+SL+S S
\K‘MJ/\LQ MMW”WW% A Comparable S/B in both channles
102k A L |
& k“m% A Access to thermal signal is very feasible

0% o5 1 15 2 25 with good background description
M,, (GeV/c?) 30



Charmonium at SIS100 in p+A collisions

PPB,M. Deveaux, A. Toia, JP G45 (2018) 055103 J /ingp+Au @ 30 GeV/c
x10*

- — /N 03
i +Au 30 GeV }

B . ................................................................................................. : pCBM simulations ]/Ip
; - e=23%
i SIS-EL':'JO n 02— s/CB=1.2
e I 2 | IR=10MHz
\ SIS-100 % . 480]/ in4 wks
i S 3 T
f - ° 0

i \A L | al e I i

3.5 4

100 150 200 250 300 2.5 3
p.  (GeV) m,,, (GeVic?)

beam

N

o

b J /raconstred via et€-decay channel using
STS+MuCh+TRD detectors

J / pyopagation in cold nuclear matter

b Proberesonance-nucleon interaction

b Constraint on theoretical models b ~500 J /iry4 weeks with 10 MHz peak rate
31 12



CBMPhysicd’erformancestudies

Event generators as input:
UrQMD, (P)HSD, DCM-QGSM-SMM, Pluto
Heavy-ion (Au+Au) collisions

Detector geometry with realistic

material budget, segmentation and response
Good efficiency and S/B:
feasible detection of rare probes at SIS100

Multi-differential analysis with high statistics

In progress: free streaming data taking performance
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Transverse (p and Longitudinal (y) spectra: kinetic freerg

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)

p, [GeVic]

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

pr and rapidity spectra of light (p,K,p) and heavy strange hadrons available from AGS (2AT 8A GeV) and SPS (20 AT 80 A GeV)
Data can be described with a boost non-invariant blast wave model. Analysis results indicate:

A T, ~557 85MeV <b;>~0.48¢c i 0.55c for light hadrons
A T, ~957 110 MeV <b;>~ 0.44ci 0.47c for heavy strange hadrons

Radial flow leading to hardening of p; spectra
Mass dependent hierarchy of kinetic freeze 1 out: heavy hadrons leaving the medium early (higher T,;, low <b;>) 33
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Yield ratio of bulk hadrons: chemical freeze-out

f I | L o T rTTT T H | | T
180 - I
160 — 800 | . J
: [ A ]
r LA
14“ - o " d . 2 -
o - 1 - 600 ﬂl -
- ks o L . .
30l 4 15 [ 4 S. Chatterjee et. al. Adv.High Energy Phys. 2015 (2015) 349013
= B ; 1 = r 1
S 1 S a0l % ]
00~ - =4 = L s 1
[ A ] : @ -
a0 :— A —: 0 -._. ‘:@_ :
L -k . - il ]
wf . [ Ra R :
P RPN R ] o e
10 10% 10° 10 10 10°
VS (GeV) VSuw (GeV)
A 1CFOQ A AGS A 1CFQ A AGS
(3 2CFO: strange A spg (O 2CFO: strange A spg
r‘i‘;’ 2CFO: nonstrange A RHIC 15: 2CFO: nonstrange A RHIC
- Cleymans et al. LHC (yields: SCE) " Cleymans etal. LHC (yields: SCE)
Andronic et al. Andronic et al.

At chemical freeze-out inelastic collision ceases: no new hadrons formed: particle chemistry frozen
Chemical freeze-out studied using thermal models with grand canonical ensemble framework (T, ny)
Freeze-out parameters extracted from the ratio of particle yields (T,. ng )

Data analyzed from AGS, SPS, RHIC and LHC

Lower collision energy results lower Ty, and higher ny ., : higher net baryon densities

Strange hadrons seen to freeze-out earlier than light hadrons: flavor dependent hierarchy in chemical freeze-out
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High moments ko?

Search for Critical End Point (CEP)

STAR, PRL 128 (2022) 20, 202303
HADES, PRC 102 (2020) 2, 024914

(o)
— ¥
—Z 3 STAR (0 - 5%) —
- =
- & @ net-proton 1
-\_-JE\- -
we v O proton
i % = E (lyl <05, 0.4<p (GeVic)<20)]

— — GCE
B HRG = OB -
(05 <y<0) UrQMD net-proton
| (0.4 < p (GeVic) < 2.0) < proton |
1 1 | 1 1 1 1 | 1 1 1 1 1 | I 1
2 5 10 20 20 100 200

Collision Energy sy, (GeV)

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 C,/C,)

Fill the gap between 2-7.7 GeV

Future experiments need larger acceptance at mid-rapidity
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Dileptons at SPS: what did we learn?
Rapp, Wambach, Hees, arXiv:0901.3289

2000 —mrm4———
- semicentral In-In NAGOD —a—
[ allgy in-med p —-—" |
- T =T,=175 MeV QGP+DD |
1500 primp ===~ -
- [ FO + in-med p =— |
= 4rmix ===- |
3 I DY
< 1000 r
= - el m!
y .
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% ‘!I“—“w -f.
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500 | ITh~e=—"._—. -
J d|I‘-"""‘-l-|.._|_|_|_|__ -
{] g . T o e —
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Most precise di-lepton data till date has been measured by NAG0O experiment in 158 A GeV In+In collisions at CERN-SPS

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

M > 1 GeV/c ? :intermediate mass regime (IMR)

A Thermal radiation from partonic phase dominates
A Exponential fall of: APl aMl@MeV.TI>Tke 1558avi on: T = 205,



LMR: DI -lepton as chronometer
Relate fireball lifetime and thermal di

2 15
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Central Au+Au collisions
B p———— —_—
- hadronic 0.3GeV <M <0.7GeV
[ QGP
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20

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

=

~

-lepton yields

Integrated yield in the region below free

r/f'wmass 0.3<M <0.7

inv
Tracks the total fireball lifetime remarkably well

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

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

Promising tool to determine source life
Anomalous variation may be triggered by 1 st order phase transition
Needs good control over the in -medium spectral shape

Precision data in the low mass region
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IMR d+|eptons as fireball thermometer: caloric curve of QC
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R-A. Tripolt, Nucl.Phys.A005 (2021)
NAG60, EPJC:61(2009) 711
HADES; Nature Phys. 15(2019) 104
K @>6GeV R. Rapp and H. v. Hess,

12[1755

9]
PLB 753 (2016) 58t

/0 HADES Au-Au

K @<6GeV T. Galatyuk et al.: EPJA

* Theory estimate for T -
Nt

52|(2016) 131

} (preliminary)
;’ * Theory estimate for T -
¢ CBM (FAIR S[S100)
4 NA60+ (CERN SPS)
2 3456 10 20 30 100 200

\/i (GeV)

A Di-muons in the mass range: 1.5 < M., < 2.4 GeV/c2: dominant contribution from thermal radiation from QGP phase
A Exponential mass shape (exp(-M/T)) : can be used to determine the fireball temperature
A Extracted slope parameter not affected by medium expansion : no blue shift: stable thermometer

A HADES at SIS-18 (Au+Au collisions @ Gsyy = 2.4 GeV): 72 MeV
A NAGO at CERN-SPS (In+In collisions @ Gs, = 17.3 GeV) : 205 MeV

A Aim:

A Precision study of source temperature the region Gs,, ~3-20 GeV : caloric curve of QCD matter
A Any plateau in the caloric curve would indicate possible existence of a first order phase transition
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Hypernucleus production in STAR using FXT data

- Au+Au collisions
- 0-10%
- STAR Preliminary

-05<y<0 [

- 35GeV(3.0) |

(0.29 + 0.08 + 0.05)

(0.31+0.03 +0.05)

- 3.2 GeV(+1.5) |

Au+Au collisions -0.5<y<0
i 0_400/0 Linear Fit

[ - - - - JAM + Coalescence
[ ] PHQMD(soft EoS)
[ PHQMD(hard EoS)

3.5 GeV(+3.0)

(0.33 +£0.03 £ 0.02)
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<pT> vs mass follow the linear mass scaling up to 3.5 GeV:
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Density estimates

Atomic nucleus: Pl R
Radius R=12fmAY (0..= ¢ R?) /Q @};. @ .
Volume V =4/3 ¢ R®=4/3 ¢ 1.23 A fm3 [ g V@)

Nucleon densityr, = A/V =3/ ( 4 ¢ 1.28) fm-3° 0.14 fm3 (@) \T’f " /;\\i
Mass of nucleon m = 1.67 Q1024 g Nt L

Mass density of cold nuclear matter r , Om © 270 Mio t/cm?3

Neutron star:

Radius R° 10 km,

Volume V° 4200 km?3

Mass M° 2 solar masses =2 C2 01033 g

Average mass densityr = M/V © 1000 Mio t/cm3° 3.6 times nuclear density

Core density 51 10 times nuclear density

Limits of nucleon density:

Au-nucleus: R° 7fm, V ° 1400 fm3
Nucleon: R©°0.8fm, V° 2fms3
200 Nucleons: V° 400 fm3

At 31 4 0% nucleons overlap
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Expected particle yields Au+Au @ 10 AGeV

Particle M_ul_ti- M.uliti- yield yield yield in yield in IR

(mass plicity | plicity |decay BR |0(%) (s1) (s) 10 weeks | 10 weeks MHz
MeV/c?) |6 AGeV |10 AGeV| mode 6AGeV |10AGeV| 6AGeV |10AGeV

s (1115) [4.6-104| 0.034 | p * | 064 | 11 1.1 81.3 6.6-106 | 2.2-108 10
2-(1321) | 0.054 | 0.222 | s ~ 1 6 | 3.2:10% | 1.3:104 | 1.9-10%0 | 7.8-10%0 10
2+(1321) |3.0-10°|5.4-104| s '* 1 3.319.9.101| 17.8 5.9-106 1.1-108 10
q (1672) [5.8-10%|5.6-10°| sK | 0.68 5 17 164 1.0-108 | 9.6-108 10
q* (1672) - 7-10° | sK* | 0.68 3 - 0.86 0 5.2-106 10
3.H (2993) |4.2-102| 3.8-10 | 3He’ 0.25 |19.2| 2-10% | 1.8:10%| 1.2:10%° | 1.1-10%° 10
4 He (3930)|2.4-103| 1.9-102 [*Hep” -| 0.32 |14.7| 110 87 6.6-108 | 5.2.108 10
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IMR: r -a, chiral mixing and restoration of chiral symmetry

- 107'g &
O E CBM Siginiations &
Jung et. al. PRD 95, 036020 (2017) = 107F AurAu Vo498 GeV E
1500 Hohler and Rapp PLB 731 (2014) @] 10";— min-nias, IR=TMH: ?“
d, 3 - NP 15 9 T N—— =
— % TO™ - —— in-moaium SF w/o p-aly-mix 3
> 2 —_, 1 —— in-modium SF w/ p-aly-mix 3
© 1000 5 o
E Z 10°F —
S p
500 F :
10°F =
10°F .
0 : | H
0 5 100 150 200 250 300 1070555 I - R X
T [M@V] 19 Muu (GeV/C‘i)
Broadening of r-meson spectral function is qualitatively consistent with chiral symmetry
restoration ———eed to investigate the chiral partner a 1
No direct coupling of axial states to dilepton channel Hvacthim the (| *|I-— hadrons)
X-section has adipinthea ; mass range
Chiral Symmetry Restoration —mtxng of vector (V) and axial vector (A) correlators via
multiple pion (4 p and higher) states ——e#hanced dilepton production for M nm— 1 - 1.4

GeV/c ? (10 -20% enhancement for full mixing)

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

Precise estimation and subtraction of the combinatorial to detect the foreseen enhancement
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Dense Baryonic Matter: Nature & Laboratory

Neutron stars Neutron star merger Heavy-ion collisions

GW170817 E.,=107 20 AGeV
Temperature (T) < 10 MeV ~10-100 MeV < 120 MeV
Density (})< 10 <2-6 ,} <515, ]
Lifetime / 23
Reaction time (t) D 10ms 10s -




QCD Running Coupling

Coupling constant: measures strength of interaction

“'5 : April 2004
(~— Theory| o 2 £ a (Q¥) decreases logarithmically ag iQcreases (or decreases)—  running coupling
a(Q) Data —— |2 % 5
’ Deep Inelastic Scattering & . .
0.4 ‘ ¢+e Annihilation o e HighQ? =—= smalla, —> asymptotic freedom
il B Hadron Collisions o ]
Y Heavy Quarkoma B = . . . . ]
< Successful application of pQCD for describing high energy physics processes
\ hff—ﬂ; ot g(My)
. 245 MeV ===-=10.1209 . . . .
0.3} QD f5 0 . At large distance (small), comparable to the size of a nucleon, interaction between two
Ocerdy § 210 MeV 0.1182
“3) | 180 Mev — —0.1155 guarks is strong
e J
02 | Amplification of strong force with decreasi@pr increasing — infrared slavery
QCD vacuum is amti-screeningmedium
0.1+ Confinementof quarks inside the hadrons
L 10 Q [GeV] 100 SmallQ, pQCD inapplicable—» Aoarturbative domain

—p NO first principle analytical calculation till date
Phase transitions in strongly interacting matter occur in-4penturbative domain of QCD

Theory: Model calculations/numerical techniques

Experiment: Relativistic Healgyn Collisions
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DifferentCBMsetups

More on detectors: mimeview talk by Maksyrieklishyn

Setup Included subsystems Average dayl Average MSV Average event size in
interaction rate interaction rate 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 45




