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Heavy-ion Physics
and
the ALICE Experiment
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Large Hadron Collider (LHC):
The LHC is the last ring in a
complex chain of particle
accelerators. The smaller
machines are used in a chain to
boost the particles to their final
energies.

The LHC collides:

proton on proton
Heavy ions (lead on lead)
proton on lead

Why heavy-ions?
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27km tunnel:

50-150m below
ground

Two beams
circulating in
opposite directions

Total of 9300
magnets: beams
controlled by 1800
superconducting
magnets (up to 8T)



Need High Energy
Accelerator:

COLLIDER
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EXPERIMENTS
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High Energy is needed to create new particles
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Size: 16 x 26 meters

Weight: 10,000 tons



Our Universe ..... How did it start?
What is it made of?

13.7 Billion Years
| > Today

Tapan Nayak
August 2023 P y



HISTORY OF THE UNIVERSE A

Z34rk energy
accelerated
expansion

Structure

Cosmic Microwave :
formation

Background radiation

Accelerators is visible
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Astrophysical
Probes

Takes us back to
380,000 years after
the Big Bang




HISTORY OF THE UNIVERSE

LHC

Accelerators H eaVY'
LHC ions
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Cosmic Microwave

Background radiation

is visible

Particle Data Group,

Structure
formation

LBNL © 2015

A

Dark energy
accelerated
expansion

Supported by DOE

Takes us back to within
few Microseconds of
the Big Bang




Time Since Big | Temp (GeV) Characterization
Bang (1eV=11605K)

<103 sec ~infinity | All four forces (Gravity, Strong, Electromagnetic,
and Weak) are united
Quantum Gravity Era ~ 1043 sec 10%° Gravity separates (Planck scale). Strong, EM, and
Weak forces are still united. This is the first
instance of symmetry breaking among the forces.

Grand Unification Epoch ~ 103> sec Strong force separates. EM & weak forces united.

Electroweak Epoch ~10' sec Electromagnetic and weak forces split

Quark Epoch ~10° sec : Phase transition from a system of quarks and
(quark-gluon plasma) gluons (QGP) to hadronic matter.
Nucleosynthesis ~ 3 mins ] Protons and neutrons combine to form nuclei

Galaxy formation 379,000 yrs

Present Universe | 13-7 billionyrs

August 2023




Solving the mysteries of the Universe through
the exploration of the Sub-atomic world.

What are the
Elementary

Constituents
of Matter? What are the forces

that control their
behaviour at the
most basic level?
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1911: The Rutherford gold foil experiment

Source of
o. particles

Thin
gold foil

Screen

Discovery of the nucleus

In 1911: Earnest Rutherford postulated that
atoms have their positive charge concentrated
in a very small nucleus, and thereby pioneered
the Rutherford model, or planetary model of the
atom, through his discovery and interpretation
of the Rutherford scattering in his gold foil
experiment.



Structure of matter

L Matter L Atom L Electron L Neutron L Quarks
L Nucleus L Proton

MATTER ATOM NUCLEUs  Protons/  quaRks
heutrons




Fundamental forces of nature

Gravitational
force

* Attractive

Massive Massive Between two massive bodies
Body Body )
Weak in nature (weakest force)

Very long range (almost infinite)

Weak force

e Weak in nature
« Short range

Example: beta decay « Between fundamental particles

Electromagnetic
force

®—> <—@ Between electric or magnetic charges
& " stronger force with long range

Attractive or Repulsive

Strong force

Holds the atomic nucleus, Strongest and short range 10-3cm

Binds quarks together Basically attractive




Electromagnetic interaction Strong interaction
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The electromagnetic force
exhibits electromagnetic fields
such as electric fields, magnetic

fields and light




LockdOown: QUARK confinement and Asymptotic Freedom

1973: asymptotic freedom
D.J. Gross, F. Wilczek, H.D.
Politzer

1975: asymptotic QCD and
deconfinement
N. Cabibbo and G. Parisi; J.

Collins and M. Perry

QCD: Quantum Chromodynamics



Fundamental constituents of matter

Higgs particle is
responsible for giving
mass to all particles.

Leptons’




Quark Gluon Plasma (QGP)

T.D. Lee 1974
Hadron Gas Quark-Gluon Plasma
Hadron gas => Quark Gluon Plasma (QGP): (locally) thermally
« Heat up to very high temperature equilibrated state of matter in which quarks and
* Apply extremely high pressure gluons are deconfined from hadrons, so that color
=> the boundaries disappear forming a degrees of freedom become manifest over
system of free quarks and gluons nuclear, rather than merely nucleonic, volumes.




Heavy-ion collisions:
Creating the Quark-Gluon Plasma

* Take a high-mass atom like Au or Pb

* Take away the electron =>lon (Heavy-ion)

* Accelerate the lon to almost the speed of light
* Collide the lons => Create the Little Bang

* Study the aftermath by specialized detector
systems which surround the collision point =>
Experiment

23



The QCD Phase Diagram
he high'energy frontier Present Facilities:

20 w/s3=962.469V  RHIC Top Energies:

27 A%, e STAR
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Size: 16 x 26 meters

Weight: 10,000 tons



ALICE Collaboration

40 countries, 169 institutes, 1975 members

https://alice-collaboration.web.cern.ch/
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https://alice-collaboration.web.cern.ch/

\

! B R CENTRAL BARREL
> o o= S Acceptance: [n|<0.9
_ “ﬂ U B=0.5T N
NG — S i, < -4 ITS: ngh precision
SAMEES : vertexing and centrality

Ay = A . = ITS+TPC+TOF: charged
&l 7 o, ni veston o
- JANN|

s S track reconstruction, PID
-— _ B Ve , A RER" L7 Zi TRD: electron ID
" 4 RS ® » EMCAL: calorimeter

Muon Arm:
-4<n<-2.5

SPECIAL detectors:
VO
FMD
PMD

1Size: 16 x 26 meters égg
| Weight: 10,000 tons
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New Inner Tracking System (ITS)

B ¥yl
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Beam pipe

Based on CMOS Monolithic
Active Pixel Sensors (MAPS)

7-layer geometry (23 —400mm), |n| £1.5)
10 m? active silicon area (12.5 G-pixels)
Pixel pitch 28 x 28 um?

Spatial resolution ~5um

Power density < 40mW / cm?

Material thickness: ~0.3% / layer (IB)

Maximum particle rate: 100 MHz / cm?

28




The inner (left, middle) and
outer (gold colour) barrels of
ALICE’s state-of-the-art Inner
Tracking system (ITS) along
with the new Muon Forward
Tracker (MFT) (green panel).

10 m? active silicon area (12.5 G-pixels)

https://cerncourier.com/a/alice-tracks-new-territory/
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https://cerncourier.com/a/alice-tracks-new-territory/
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https://videos.cern.ch/record/2729677

Fast Interaction Trigger (FIT)

FIT is the

e fastest trigger,

 Online luminometer,

* initial indicator of the
vertex position, and

 The forward
multiplicity counter for
ALICE.

32
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« Test of pQCD calculations from cross section * Intermediary reference
measurements » Address cold nuclear matter effects in

« High multiplicity pp: what’s the behaviour? initial and final states

» Provide reference for p-Pb and Pb-Pb collisions

pp at 13 TeV p-Pb at 5.02 TeV

Run:285602

Timestamp:2018-04-30 08:13:04(UTC)
Colliding system:p-p

Eneray: 13 TeV
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-~ Pb-Pbat5.02TeV:
~ One PeV Collision

TibeSLPRA2S11-25 11:25:36(UTC) 35
System: Pb-Pb
Energy: 5.02 TeV
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Reconstructing the collision
What has just happened?

* What particles were created?

* Where were they produced?
 What were the parent particles?

=> Online (live):
* Online data quality monitoring, calibrations.
e Using Triggers to keep events of interest and
sends to storage.

=> Offline: Event reconstruction:
One collision (event) e Vertexing

* Tracking
e Particle identification of each of the tracks

* The data flow from ALICE during Run2 was about 4 GB/second
 The data expeqaepgn%wlgg next run (Run3) will be 3 TB/second

36



Dialing in various physics phenomena
Collision system and Collision centrality

p+p

"vacuum” reference
+
high multiplicity pp collisions
to look for onset of QGP formation

p+A

®
Cold nuclear matter Formation of
initial state effects Hot and dense matter

shadowing and gluon saturation

Centrality:
Level of overlap of the colliding
Lorentz contracted nuclei

37



Special theory of Relativity: Lorentz Transformation )
X = X
Fixed Frame , | Moving Frame ,
y y _ v y =y
c

1 7 = y-(z-vb)

X = vZ
1= 17 = y-(=-7)

6'2

Z
Transformation with velocity, v, along the z-axis. * In moving frame an object has
always the same length (it is
I = vy L invariant !)
, * From fixed frame moving
Pb ion .
. Moving L=L/y objects appear contracted by a
Pb ion with factor y (Lorentz contraction)
at rest velocity, v
For v =0.999999991 c
v= T7453.
Radius of Pbion: L Length (radius) along z-axis appear contracted by 7453 times.

0 M 2095 (~ 7fm) Only the longitudinal direction gets contracted — not the transverse on38



. . . . . final detected
Relativistic H@GVY—IOH Collisions particle distributions

made by Chun Shen . Kinetic
reeze-out

Hadronization
Initial energy
density

re-
e u?librium : :
ynamics viscous hydrodynamics _| free streaming
collision evolution ]
t~0fm/c T~1fm/c t ~ 10 fm/c T ~ 10" fm/c
sps : A t 2023
Initial State Fluctuations Hadronization = = !

Thermal Fluctuations Measurement



Centrality in heavy-ion collisions:

N 7
— Participants

part - NUmMber of

. e - articipants
before collision after collision P P

2 [ALICERo P b =50 Ty
S0 . ata . 10 3
& b womerm b: impact parameter, For Pb-Pb collisions, maximum of b ~ 14 fm
S oS .
b Vo ™3 Central collision, b ~0
1 Peripheral collision: b > 10 fm
107 | =]
8000 7000 1560029080 250" 3006035080

VOM amplitude (arb. units)



Charged particle multiplicity

q
“}
!

Phys.Lett. B 772 (2017) 567577
Phys. Rev. Lett. 116 (2016) 222302

Number of charged particles in one collision:
e Central collisions: 21400 + 1300
* Peripheral collisions: 230 + 38

LARGE NUMBER OF PRODUCED PARTICLES

| | | |
E
N — - 000 = ALICE, Pb-Pb /oy = 5.02TeV -
— o entral _—t> NZOOO % Pb'Pb 5-02 Tev
Nagge - moo — ¢ Daia —
= Npar 13
— aPTt(Hprért)
5 15000 — —
i 10000 |- .
Systematic uncertainties.
S 5000 Fit variance —
-: Centrality
1 | | | 1 |
Perioh | zl ! 50 100 150 200 250 300 350 400
res : era B Npart>
®geela
I (i e 3
3 4 5
n
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Particle density & Energy density

J. D. Bjorken, Phys. Rev. D 27, 140 (1983). 20~ ALICECMS STAR PHENIX AMPT B ]
L 0-5% o + o N o A
[ 5-10% N " g"' ]
O 151-10-20% v o /, .
D E— —_— q\g -+ 0-2% NA49 © LHC
— e nR2 > [ gsbo4c i
— —_— 3 10- NN _
\ - J) ;U;E - .
i RHIC i
dz —_ Tody B+ %‘ Extrapolated 5.02TeV—
i ‘O__?C‘),Q,—O"‘?’ 0 0-5% :
1 dE, [ © ]
TR T a’y 10 10 r 10 10
S,y (GeV
| _ 3N, w (GeY)
= m, >— _ 2
T T dn £.T ~ 16 GeV/fm“c
LARGEST ENERGY DENSITIES
S. Basu et al. PRC 93 (2016) 064902 EVER ACHIEVED ....
R. Sahoo et al. Adv. in HEP, Vol. 2015

August 2023
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Evidence for the production of thermal systems ()

Particle spectra Evolution of Kinetic freeze-out temperature

v:—_‘107= T T TTTTT T T T TTTTT 3E T T T TTTT T T T T TTTT EIIII[[ T T T TTTT . .
S o ' | o | Tin and radial flow velocity {( Bt )
R Se—
§ A====--- §
\%'_103_ ; 0.2_| LI T T 11 L B | T T L | T 71 LI B
E 102% ()] N . 4
z E - - r -
o} | ~ 0.16} .
10°F RN | el e - .
10‘3é' ..’s:**ﬁ‘% 3 []o-s%x2" 55-10%:;\.’....**;;:“& 3 \".. *‘{*}E‘E:%E 014: ]
10’45' ALICE °... E' 10-20% x 2° 720-30%x25 ".. o ' .‘._ *a*:"%# 0 1 2—_ T
10°F o HF | 30-40%x 27 [©]40-50% x 2° e 3 Ta W ' - ]
| Pb-Pby5,=5.02TeV 3 ,IF . - .
10 gr [+]pp f5=5.02 TeV }g@so-so%xzs Bso-m%xz‘ 3 ""l 0-1‘_ t . T
10"75' Uncertainties: stat. (bars), sys. (boxes) 3:?70-80% x2° 80-90%x22 — - Global Blast-Wave fit to x ]
B T A o T 0.08[ ™ (0.5-1GeVic) , K (0.2-1.5 GeV/c) , p (0.3-3.0 GeVic) '
Py (GeVie) pr (GeVIe) Pr (GeVi) :_ » ALICE Preliminary, pp, Vs = 7 TeV _:
] 0-06: = ALICE, p-Pb, Vs = 5.02 TeV :
Boltzmann-Gibbs Blast-Wave model: 0.04f- * ALICE. Pb-Pb, {5y, =2.76 TeV E
» Particle production from a thermalized source + a radial flow boost. £ ¢ ALIGE Preliminary, Pb-P, Vs_~1~=5-°2 v E
* Thermodynamic model with 3 parameters: T, ( Bt ), and n 0'020 01 02 03 04 05 06 0.7
(velocity profile). (B
N . E prsinh(p) mr cosh(p) v
E—— o | ml|———)Ki|————|rdr.
dp 0 Tiin Tiin _ _ _
* (Bt7) increases with centrality
The velocity profile p is given by n changes from peripheral to e Similar eyoly’uop of fit parameters for pp and p-Pb
5= tath~t By = tanh~" [(1)4 central (0.7 to 2.4 and is the ’ "IA":\e.rm.?Ilzatlol? 'Ir_‘ ptp? o f |
- - d : . similar multiplicities, <p> is larger for smaller
< source of radial flow P Br 9

. systems
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Evidence for the production of thermal systems (ll)

Particle y|e|dS in Pb-Pb at 5.02 TeV Thermal models:

At Chemical freeze-out => Particle

i - + B * * D - - B 3H 3H . .
i KGR g KR, BRSO 4 EBE 2 g AT e yields get fixed.

10° fan | " ALICE Proliminary Abu'r!dqnce. by thermodynamic
102 e | .~ Pb-Pb 15, =5.02TeV, 0-10% equilibrium: gy ( -m )

dN/dy

—— X exp

o o e e, dy

L v

T

chem

102 Model T(Mev) —V (im) eNDF] & Particle yields are well described by
— THERMUS 4 152+2  7832+484  58.7/10| | 5 5 | . |
107 - - GSl-Heidelberg 153+2  7260+410  41.910| | : : s statistical models

=+ SHARE 3 153 +3 5211+ 703 49.710 o) =

—— Hadrons are produced in apparent
05 g_ ........... . ............. ............. ..DDD ............. ............. . ............. ......... ¢‘¢¢ _é Chemical equilibrium in Pb_Pb
0 TDDDEEBGDDBUD ............. RS feper ¢I:]¢ ...... RS RN 3 L.

: g : : g : L g g + g : collisions at LHC.
05 Eousen s —— |:1 ........ ﬂ]éd’ ............. P + + ........... -

o

<4 S O L W M ..k WAPAN SO o o o o1t T., (Chemical freeze-out

(mod.-data)/c . (mod.-data)/mod.

- :Lm:*;“'m.m.: temperature) ~153 MeV
(| E—— T L sneemund T I R e s T =
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T (MeV)
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200

150
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50

Chemical and kinetic freeze-out temperatures

Collision energy dependence of T;, and T,
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s

Sumit Basu et al. PRC 94 (2016) 044901
ALICE Collaboration PRD 88 (2013) 044910
STAR Collaboration PRC 79 (2009) 034909
Cleymans et al. PRC 73 (2006) 034905

The difference between T,;, and T,
increases with the increase of
collision energy.
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Evidence for the production of thermal systems ()

Particle spectra Evolution of Kinetic freeze-out temperature

v:—_‘107= T T TTTTT T T T TTTTT 3E T T T TTTT T T T T TTTT EIIII[[ T T T TTTT . .
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10"75' Uncertainties: stat. (bars), sys. (boxes) 3:?70-80% x2° 80-90%x22 — - Global Blast-Wave fit to x ]
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Py (GeVie) pr (GeVIe) Pr (GeVi) :_ » ALICE Preliminary, pp, Vs = 7 TeV _:
] 0-06: = ALICE, p-Pb, Vs = 5.02 TeV :
Boltzmann-Gibbs Blast-Wave model: 0.04f- * ALICE. Pb-Pb, {5y, =2.76 TeV E
» Particle production from a thermalized source + a radial flow boost. £ ¢ ALIGE Preliminary, Pb-P, Vs_~1~=5-°2 v E
* Thermodynamic model with 3 parameters: T, ( Bt ), and n 0'020 01 02 03 04 05 06 0.7
(velocity profile). (B
N . E prsinh(p) mr cosh(p) v
E—— o | ml|———)Ki|————|rdr.
dp 0 Tiin Tiin _ _ _
* (Bt7) increases with centrality
The velocity profile p is given by n changes from peripheral to e Similar eyoly’uop of fit parameters for pp and p-Pb
5= tath~t By = tanh~" [(1)4 central (0.7 to 2.4 and is the ’ "IA":\e.rm.?Ilzatlol? 'Ir_‘ ptp? o f |
- - d : . similar multiplicities, <p> is larger for smaller
< source of radial flow P Br 9
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Evidence for the production of thermal systems (ll)

Particle y|e|dS in Pb-Pb at 5.02 TeV Thermal models:

At Chemical freeze-out => Particle

i - + B * * D - - B 3H 3H . .
i KGR g KR, BRSO 4 EBE 2 g AT e yields get fixed.

10° fan | " ALICE Proliminary Abu'r!dqnce. by thermodynamic
102 e | .~ Pb-Pb 15, =5.02TeV, 0-10% equilibrium: gy ( -m )

dN/dy

—— X exp

o o e e, dy

L v

T

chem

102 Model T(Mev) —V (im) eNDF] & Particle yields are well described by
— THERMUS 4 152+2  7832+484  58.7/10| | 5 5 | . |
107 - - GSl-Heidelberg 153+2  7260+410  41.910| | : : s statistical models

=+ SHARE 3 153 +3 5211+ 703 49.710 o) =

—— Hadrons are produced in apparent
05 g_ ........... . ............. ............. ..DDD ............. ............. . ............. ......... ¢‘¢¢ _é Chemical equilibrium in Pb_Pb
0 TDDDEEBGDDBUD ............. RS feper ¢I:]¢ ...... RS RN 3 L.

: g : : g : L g g + g : collisions at LHC.
05 Eousen s —— |:1 ........ ﬂ]éd’ ............. P + + ........... -

o

<4 S O L W M ..k WAPAN SO o o o o1t T., (Chemical freeze-out

(mod.-data)/c . (mod.-data)/mod.

- :Lm:*;“'m.m.: temperature) ~153 MeV
(| E—— T L sneemund T I R e s T =
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T (MeV)
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Chemical and kinetic freeze-out temperatures

Collision energy dependence of T;, and T,
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Sumit Basu et al. PRC 94 (2016) 044901
ALICE Collaboration PRD 88 (2013) 044910
STAR Collaboration PRC 79 (2009) 034909
Cleymans et al. PRC 73 (2006) 034905

The difference between T,;, and T,
increases with the increase of
collision energy.
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Photon Spectra and QGP temperature

Phys. Lett. B 754 (2016) 235-248

* Photons do not interact via the nuclear force -
transparent to the medium

 Photons are emitted in all stages and are unaffected

by the medium.

Core of the Sun:
Photosphere

. Convection zone
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LARGEST EVER TEMPERATURE REACHED IN THE LAB ....
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http://www.sciencedirect.com/science/article/pii/S0370269316000320

Fluctuations in the Little Bang

Uli Heinz, arXiv:1304.3634v1 [nucl-th] 11 Apr 2013

WMAP Heavy-ion Collisions  perrre—ermmews

« Hadrons detected by the experiment are mostly emitted at the freeze-out

« Similar to the CMBR which carry information at the surface of last
scattering in the Universe, these hadrons may provide information about
the earlier stages (hadronization) of the reaction in heavy-ion collision.

August 2023 Tapan Nayak



The Big Bang and Little Bangs

present 1002Y'S Universe LHC / RHIC produced system
(13.7 x 10" years)

High Energy
Accelerator:

A\ Heavy-ion
Freeze-out Collisions:
- Billions of
% Events (Little
S Bangs)
L
Q
% —
> Inflation g
©
e
3 t
One HUGE . + T
Event

Big Bang Little“Batrg
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ALICE upgrade: FOCAL

.
_ FoCal-H %é é\%

ALICE

Physics: — FoCal-E
- Initial State: Low-x Gluon Saturation
- Initial State: Nuclear PDFs 34<n<5.8 S
- Jet quenching, flow and correlations ... (baseline design @ 7m) K

Detector R&D done in India

All components from India: 1 mm
_ ngh reSO|ut|On Slllcon Pad DeteCtOF —_ Transverse segmentation 8 H :
- Readout chips (MANAS, Anulndra, AnuSanskar) ::##55

1 HG cell

Longitudinal segmentation
0 1 2 3 4 5
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.
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4
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Simulation of a
pi0 decaying to

two photons
‘ absorber ‘ LG layer m
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Silicon- Tungsten Calorlmeter 2015 test beam at CERN %

m0.2
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E " 0.15 B Data
2025_ ‘ s 05GV | L e Fit Curve
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02 e 40 GeV 0.1_-‘-‘_ E En/G V,
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01_— :'. F | \ '
A Y 0Qs- T L S .
IR LY Excellent energy resolution STt
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I NATATL -
VRV 3 &
0 1 | | |
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ITS 3

MOSS (Monolithic Stitched Sensor) CHIP Wafer

Real Wafer

Pad Wafer, 300 mm @

Diced Wafer

Tapan Nayak



European Particle Physics Strategy Update recommends full
exploitation of the LHC, including the heavy-ion programme —

ALICE Present and Future ALICE

2010-2012 2015-2018 2022-2025 2029-2032 2035-2037

DI XD XD DD LD LD
e

TPC, ITS, FMD, FIT
02 (online-offline)..

A Large lon Collider Experiment

Phase Ilb
Upgrade

ECAL
RICH

Absorber
Magnet

Muon chambers
FCT

a. ITS SPD (Pixel)
b. ITS SDD (Drift)
c. ITS SSD (Strip)
d. VO and TO

e. FMD

el

1. 1TS
2. FMD, TO, VO
3. TPC

4. TRD

5. TOF

6. HMPID

TOF
Tracker

Vertex detector

ALICE 3: a compact, next-
generation multipurpose
detector as a follow-up to the
present ALICE experiment.
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A “New ALICE 3” for LHC Run-5 (from 2035)

https://arxiv.org/abs/1902.01211

Superconducting RICH TOF
magnet system

CMOS imaging technologies: high-
precision spatial and time resolution

LHC Run-5:

Tracker: ~10 tracking barrel layers
e Hadron ID: TOF with outer silicon
layers

 Electron ID: pre-shower

» Conversion photons

absorber
Muon

AP e Low pr down to ~20 MeV/c
FCT

Extended rapidity coverage: up to 8 rapidity units
+ FoCal (Forward Calorimeters)
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Recreating the Big Bang conditions at CERN

, ; '~ v e
© W, " . Quark-Gluon,Plasma °
e M . '
KW o
Vv L T, Y £

. .o "". ’ ’ ’
RHlC" p_ossiBIe \ - ‘ ’ ' ’

criticalpoint ‘\A / F .
P 'RHIC-FXT. -

M ey,

Temperature

Neutron star mergers

\ LIGO, VIRGO

Baryon density

Future Circular Collider




