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Relativistic Heavy lon Collider
And
Large Hadron Collider




Relativistic Heavy lon Collider
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- RHIC: The high-energy

heavy-ion collider
(i) Dedicated QCD collider
(ii) Vs, = 200 - 5 GeV
(iii) U, Pb, Au, Cu, He, d, p

- RHIC: The highest energy
polarized proton collider!
Vs = 200, 500 GeV
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“Large Hadron Collider

-~ = | <~ Largest particle accelerator:
e Circumference is 26.659 Km.

<> Worlds Coldest place: 9300
magnets at -271.3°C (1.9 K)
— Colder than outer space

<> Worlds Loneliest place:
Internal pressure 103 atm.
10 times less than the
pressure on moon

< Fastest Race track: Trillions

<> Produces matter with temperature more than of protons race 11245 times
100,000 times the temperature of Sun a second with speed

<> Data recorded will fill around 100,000 dual layer 99.9999991% speed of light
DVDs every year

The CMS magnet system contains about 10 000 t The Sun never sets for such

of iron, which is more iron than in the Eiffel Tower experiments
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Heavy-lon Collisions and QCD Phase diagram

p+p like collisions oo KPP AvA collisions Colliding two nuclei we
™R A / expect to create the QCD
Tho »
\ x T 5 /Tch transitions
T

-- De-confinement
-- Chiral Symmetry
Restoration

in laboratory

Hydrodynamic
i Pre-Equilibrium . .
Evolution Phase (< ©) Universe: 5
.. QCD Ph. Transition: T~200MeV
a) without QGI/ b) with QGP
A B

J. D. Bjorken Physical Review D 27 (1983) 140



Experimental access to the Phase diagram of QCD

Physical systems undergo phase transitions when 4 1000
external parameters such as the temperature (T) or

S
a chemical potential (n) are tuned. ® S
Conserved Quantities: ol
Baryon Number ~ ug &
Electric Charge ~ uqy ™ small 10 & 1 .
Strangeness  ~ U~ small b
. 1
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Varying 6 ol f
arymg e’am_, E’ 28 -
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criestiont % Q’émper ature cmcf; ‘3z
Hadron Gas ) Centre-of-mass collision energy
faryon Chemical_ per colliding nucleon pair (GeV)

P. Braun-Munzinger, J. Stachel
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QCD

Produce a QCD matter where
Thermodynamics is applicable

Demonstrate existence

stablish — QCD Critical Point and/or
t Order Phase Transition at high u,

Establishing the Phase Diagram of

Chapter - 11
Thermal r.Pro}?em’es of ‘Matter
“NCERT - Book

Triple Point

The temperature of a substance remains constant during its change of state (phase change).
A graph between the temperature T and the Pressure P of the substance is called a phase
diagram or P — T diagram. The following figure shows the phase diagram of water and CO,
Such a phase diagram divides the P - T plane into a solid-region. the vapour-region and the
liquid-region. The regions are separated by the curves such as sublimation curve (BO). fusion
curve (AO) and vaporisation curve (CO). The points on sublimation curve represent states
in which solid and vapour phases coexist. The point on the sublimation curve BO represent
states in which the solid and vapour phas:
ates in which solid and liquid phase co
states in which the liquid and vapour phaz
the fusion curve
phas

co-exist. Points on the fusion curv
t. Point

AO represent
on the vapourisation curve CO represent
ses coexist. The temperature and pressure at which
he vaporisation curve and the sublimation curve meet and all the three
ance coexist is called the triple point of the substance. For example the
triple point of water is represented by the temperature 273.16 K and pressure 6.11107 Pa

s of a subs

P P
(atm) (atm)|
T |
73.0
56.0}-
218 |--=-
5.114-
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Pressure-temperature phase diagrams for (a) water and (b) CO, (not to the scale).

If successful QCD PD could




Particle Production — Thermalized Source
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Incorporates the various conservation laws.

Assumes thermal and chemical equilibrium.



QCD Phase Structure & Transition Temperature
at u; =0 MeV
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Establishing Quark-Gluon Plasma

If there is system of free quarks and gluons — Photons can be produced through:

Compton Annihilation Bremsstrahlung

DD G W

na gl/c[rocfynamic Jaicture: Sfoye of momentum
distribution of these Joﬁoums

1

T,=T, +§mvf

eff




Establishing Quark-Gluon Plasma

Taa Scaled pp + Exponential
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Perspective of Temperature Reached in
Heavy-ion Collisions

Nucleus-Nucleus collisions ~ 150 MeV

~10%2 K

~10° K Neutron Star Thermonuclear Explosion

~108 K

~6000 K Solar Surface
Room
~300 K . & Temperature
DHMR’s Two Yaor CMB Anisotropy Result ) ~ 1/ 40 ev
S Cosmic >
~3 K ' Microwave
Background
~10° K
~10-10 K Rhodium metal spin

cooling (2000)
(Low-T World Record!)

Trapped lons
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Collectivity

Px

©




Strong Collectivity

STAR PRL:

v, =(cosng)

Vs, = 200 GeV "¥’Au+"""Au Collisions at RHIC

‘ \ ' I ' |
(a) Light quarks

' | ' | ‘ \
(b) Strange quarks

[ STAR: preliminary +
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STAR: QM2009
Transverse Momentum p- (GeV/c) N

: Heavier hadrons have lower v, ( ~ hydrodynamic pattern)

: Collectivity grouped along baryon-meson lines
( ~ Hadronization by partonic recombination)

: Collectivity similar for hadrons with strange and light quark
(~ developed at partonic stage) ———




Partonic Collectivity
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dependence

recombination of quarks
quarks have v, before hadronization
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of constituent quarks

n, = 2 for mesons
n, = 3 for baryons




y (fm)

Properties of QGP

Energy density, b = 9.3 fm t = 1.000 fm/c
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\/iscosity:

Resistance to Flow
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Increasing precision

of key observable
0 0.5 1 1.5 2

Important experimental and theoretical developments

o Huovinen et al. (2001) Phys Let 8503, 58 — experimental techniques
o 4 PHENIX = Hydro 1 developed
; PHENIX K Hydro 2000 2000
2 « PHENIXp  — Hydro
— 02 = °
c 35 B § — 2 | p,dependence T
c | | ——e—— STAR [event-plane] & ol i g ideal hydro
8 — . g i s o E 3 identified particle flow
ud L Viscous Hydrodynamics, arXiv:0804.4015 2 o - 12002 2002
- i ] £
d‘: 30 L L 1 2 3 g rapidity LO pQCD
Transverse Momentum p_[GeV] o dependence 1 —
~ | MV Early success of hydrodynamics missing physics 2 77 AdS/CFT limit
— f lattice QCD equation of state and viscosit 2004 9 , —, 2004
> N o Y- K analysis improved
g a errors reduced -
25 — v 0.3-Luzum. Bomatschke (2008) Phys.Rev.C78. 034915 :
3 ——— T H
— . STAR charged hadrons, corrected .
> H
™ 7" =(e+putu’ - pg" +a" (g™ —u"u”) ] STy — fluctuations important :
- T o2l W8=0.16 COC IC 80,16 Gl = H
| § 02 : R 2006 for v, analysis in small systems g 2006
o H
20 - g o ~ — first flow results from :m 4 uEEElEe =
- iy g viscous fluid-dynamics li. ]
- | e ‘ 2008 - 2008
1 o .
- B (7= aoh =slion oLt | B
1 5 I g Bounds on shear viscosity but large uncertainties LOMM 16 JaColNCLce
B g from initial conditions. 5
~ (3
— 03 Gale et al. (2012) arXiv:1209.6330 201 0 201 O
~ . ||v2 — | ATLAS20-30%, EP — Vn
10— 5 :
§ [— v,correlations
— b 2012 2012
B fo — P(v,)
5 - g = kinetic theory
— o * lattice QCD
() 1 2 3 -
I Transverse Momentum p._[GeV] 2014 =+ AdS/CFT limit 2014
B Higher moments constrain viscosity and fluctuating = viscous hydro

+ flow data

initial conditions better, but temperature dependence|

|
of n/s is not yet determined.

b 05 1 15 2 25 3 35

* measure lower
bound to ~10%

approximate range of
maximal initial temperatures
probed by RHIC

by LHC

¢

. Ultra-Cold Quark-Gluon * determine (/s)(T) sliomye i
2 Atoms Helium Water Plasma 2 dependence ( ) ( )
10 + measure bulk viscosity

and relaxation times

LELELRLLL |
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TiGeV]

« constrain initial state
and its fluctuations

T

RHIC BES-Il upgrade required to

P

To determine (n/s)(T) different initial

Fluid Imperfection

10 :_ temperatures need to be accessible.
- Only possible with combined data from
B LHC and RHIC beam energy scan. !
i 0
. String Theory Limit
0
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“Matter we want to study

Calibrated
LASER

Calibrated
Ligﬁt ‘Meter




Quenching of Jets

leading particle suppressed

A+A

back-to-back jets disappear

Nuclear Modification Factor: R
%\}ﬁ\}ﬁ}f\}@}ﬁwﬁ}ﬁ}gmmwmmmm: o R=1
Q‘i‘« ; ‘:‘%‘3\ m‘t«ﬁ\m\@s ‘**«\ ¢ ol

‘\\M\\M\\M\\\ ﬁ\\\ ﬁ\\\*x * o e R —
%&%&%&%&%&kﬁkﬁxﬁ&‘%\%&%@‘i‘%\%&%ﬁiﬁxﬁxm Tranverse Momentum (GeVic) |




Experimental Evidence: Quenching of Jets

[ @ 710 Au+Auy sy, = 200 GeV Central Collisions High p; hadron

*oqt )
LR w0 1. Vitev (dNdy:800-1175)| Production suppressed

v - X.N. Wang

-m Y <= J. Alam et al. (Collisional)
$ w Production of photons
nu + xS + + + %1 which do not

—i

participate in strong
S — + ...... + ..... ,..| interactions is not

Nuclear modification factor R, ,

ugi2iditiedadennnannenannnd Suppressed
¢
0.1k &7t d+Au MB\ s, = 200 Gev [ ~NO suppression in d+Au
| PP P [ S collisions
0 5 10 19 20
STAR and PHENl)I!R@nsverse momentum pT (GeV/C) €initial > €c (Lattlce)

New J.Phys. 13 (2011) 065031

Interpretation : Energy loss of partons in a dense medium
7 9 F 21/29



Important experimental and theoretical developments

Increasing precision
of key observable

o S 10 15 20
pr (GeVic)
n'+h” l * d+Au FTPC-Au 0-20%
A 4 d+Aumin. bias

| pepmn. bias
« Au+Au centra

¥ 4, .
§ § "6 oA

&
ol . -
fes? ST YL AP AL =R

PbPb/pp
i

0 2 T Ag¢(radians)

T T
CMS Preliminary L., = 140 ub’

2010, 0-30%, Leading jet =]
e 2011, 0-10%. Inclusive jet
2.5 w——
|
.---_-IJ.

0.5

N

Jet P, > 100GeV/ic
s

o 1 2 3 4 5
& =In(1/2)

Full jet reconstruction
measurements and comparison
to theory over a wide range of
collision and jet energies

Precision RHIC data
are essential

2000

2002

2004

2006

2008

2010

2012

2014

RHIC BES-Il and detector

upgrades required to

experimental techniques
developed

x5 suppression in hadron R, 5

Away-side disappearance

d+Au “Null-Experiment”:
Jet-quenching unambiguously
a final-state/QGP effect

Strong modification of an
away-side jet: “Mach-Cone” ?

No direct photon suppression

Near-side modification:
“The Ridge”

Feasibility measurements/studies
of full jet reconstruction at RHIC

Ridge and Mach-Cone structure
consistently explained by v,
(initial state fluctuations)

LHC data: Increase of charged
hadron R, , at high momentum:
full jet measurements

Modification in jet fragmentation/
jet structures at the LHC (QM12)
suggests radiative energy loss
picture at high jet energies

- reduce § uncertainties

- determine ¢ (T) dependence

- characterize quasi particle
nature over a wide range
in jet energy

- constrain importance of
collisional vs. radiative
energy loss; QCD analog
to QED energy loss
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power was observed to
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Experimental Result: 1°* Order PT

Transverse Dynamics in High-Energy Nuclear Collisions

10-40% Centrality 7 ‘ @ s
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Observations consistent with 15t order

‘fﬁase transition exyectations
STAR: Physical Review Letters 2014 ' 23/29



Experiment and Theory Direct Link

10°EAU+AL 200 GeVe  » om0, ST
- Au+Au 200 GeV‘:'. *0-5% ] Shape of distribution

% 105 E_ 04<|z_||,<g§ (GeV/c) . ***!.* - 30_400/0 - 69
O g < ,** ® - § :
2104k oo W 0 70:80% Correlations
- E *; ® . ** E
O 103 3 x @ . * E
o x . s & 1 Moments relates to Correlation length (&):
(@) 102 _F * m L * _; 00 0noO c
Ziof st e seNEeg]  [seNmaEs

N R A A T ++| —; |<!6N24>_ 3<S§N22>2~§7‘
20  -10 0 10 20
Net Proton (AN,)
Moments relates to Susceptibility () :

STAR: Physical Review Letters 2010& 2014 ?
M. Stephanov: Physical Review Letters 2009;2011 StUdy BUIk properhes Of QCD matter
S. Gupta and R. Gavai : Physics Letters B 2011 Kurtosis x Variance ~ X(4)/ [X(Z) Tz]

M. Cheng .. F. Karsch ..: Physical Review D 2009

Skewness x Sigma ~ [x® T]/ [x® T?]
. 24/29



Data and QCD (Non-Zero T) 1°* Comparison

T (MeV) 1%t com}oam’son qf ﬁigﬁ energy_
519 16011 . 169 166, uclear collision data to 1%t
720 420 210 ° 54 20 10 m”ncip[e QCD calculations
2 F(a) m, ® Exp.Data < Lattice QCD -
R HRG .
1.9 =] Q‘,x
o I | 2lconf ) |
-S| S ! 1 & || Confirms formation of QGP
0.5 F 1 -
: o _
S g .
L] A— — N N— Quarﬁ-il-(acfron transition is
2 f-(b) m, - a cross over
R 1 ©
s S s o I
= : 0 S :
v O0OF LY | Science
p _ 1 b — AVAAAS
5 _ | + _ “Scale for the Phase Diagram of

456 10 2030 100 200 Quantum Chromodynamics”
\'Snn (GeV) Science, 332, 1525(2011)




Theory : Critical Point

’ Critical point estimates:
i Budapest-Wuppertal
Mumbai
é 0.9l IBRC
|._

0.8}

0070

TIFR, Mumbai



Experimental Result: Critical Point

Au + Au Collisions at RHIC

lyl <05, 0.4 < p; <2 (GeV/c)
II| I I IIIIII I I IIIIII|

(a) 0-5% Centra”ty M.A. Stephanov, Phys. Rev.
41 - Wy Lett. 107, 052301 (2011).
B ® net-proton i xcitingQ
3| A aigen | A W hascline | Period 1)
o | | proton | | - BES-1
K - (
- 2018-2020)
S
¥ L | Vs

X(4)/ X(z) B A * __________ 1l «. B

1 | AF% A Aﬁ 1 g a %ﬁu M /| —
J S I L S
5 10 20 50 100 200 5 10 20 50 100 200

Colliding Energy Vs (GeV) T, . SN

STAR: Physical Review Letters 2014
And STAR Preliminary - 27/29



QCD phase transition and primordial matter created in Laboratory.
System of de-confined quarks and gluons formed.

The de-confined cluarlés and gluons {ﬁmd'amenta[ constituent of any visible
atter ) exhibits the property of perfect fluidity with high degree of opacity.

Phase Diagram of Strong Interactions Eeing (aid out. Transitio

temperature and order of yﬁase transition established at zero Earyo
chemical potential.

Fxciting experimental results on critical point and phase boundary.
Susceptibility has a non-monotonic variation with beam energy.




QCD in 21°* Century

Standard Model & Origin of Mass T (MeV)
79 140 160 165 166
720 _ 420 _ o“"(Mev)szt . 20 10
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Towards a com}a[éw test @C QCD as a tﬁeory =





