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Our Cosmic Roots
Recreating the Universe in the Laboratory
Brijesh K Srivastava
Department of Physics
Purdue University
USA
Radiochemistry Division,
B.A.R.C, Trombay, Mumbai
Dec. 16, 2010
1
An Old (and Fundamental!) Question:
What is the Structure of Matter in the Universe?
2
MOTIVATION
Both disciplines –physics and astronomy –have seen
stunning progress with in their own realms of study in the
past two decades . The advances made by physicists in
understanding the deepest inner workings of matter, space
and time and by astronomers in understanding the
universe as a whole as well as the objects within it have
bought these scientists together in new ways.
The questions now being asked about the universe at its
two extremes
 The very large
 The very small
---- Astrophysics
---- Physics
3
Why do so many things in this world share
the same characteristics?
People have come to realize that the matter of
the world is made from a few fundamental
building blocks of nature.
The word "fundamental" is key here. By
fundamental building blocks we mean objects
that are simple and structureless -- not made
of anything smaller.
4
Even in ancient times, people sought to organize the
world around them into fundamental elements, such as
earth, air, fire, and water.
Ancient Greeks:
Earth, Air, Fire and Water
By 1900, nearly 100 elements
By 1936, back to three particles:
proton, neutron, electron
5
6
7
Particles
Leptons
hadrons
Force carriers
meson
baryon
Gluons
Glue the quark
together
pion
u
d
9
Phase Transitions
Everyone knows that ice is frozen water, and that
steam is water vapor. To put it another way: ice, water
and steam are three different forms of the same thing.
We call those three forms solid, liquid and gas. And we
know that one form can turn into another form, if the
conditions are right.
10
How to Liberate Quarks and Gluons
Increase Temperature and/or Pressure
1,500,000,000,000 K
Water molecule is
~100,000 times
liberated with high
higher temperature
T and P
than the center of
our sun.
Librated Quarks and Gluons
Bayon
(pressure)
11
One Way to Increase Temperature or Pressure
Small “Bang”
Heavy alien object
hits the heavy earth
Tremendous kinetic
energy converted into
tremendous heat and
pressure.
12
13
The Relativistic Heavy Ion Collider
BRAHMS
PHOBOS
RHIC
PHENIX
STAR
14
15
Facts about RHIC
RHIC's beam travels at 99.995% the speed of light (186,000
miles per second, or 300,000,000 meters per second).
RHIC's beam is not continuous -- instead, it's made up of 57
separate "bunches", each containing billions of ions.
When the machine runs, thousands of subatomic collisions
take place each second.
Each collision sends out a shower of thousands of
subatomic particles.
16
Facts about RHIC
If quark-gluon plasma is formed in a RHIC collision, it will
last less than 0.00000000000000000000001 seconds.
The temperature inside a RHIC collision is over trillion
degrees, far hotter than the center of the sun.
RHIC ions are so small that, even at high speed, the force
of their impact is about the same as the impact of two
mosquitoes colliding.
In 20 years of running, RHIC will use less than one gram of
gold.
17
Phase Diagram of Nuclear Matter
To study the QCD under extreeme
conditions heavy ion collisions are
investigated at relativistic energies.
A new state of matter is expected to form,
reflecting the early Universe, few μs after
the Big Bang.
Initial state
Pre-equilibrium
QGP
and expansion
Hadronic interaction
and chemical freeze-out
Haronization and
mixed phase
Elastic scattering
and kinetic freeze-out
Particle ratio
Freeze-out temp.
18
The Large Detectors – PHENIX and STAR
19
20
The STAR Detector
Magnet
Coils
Central
Trigger
Barrel
(CTB)
ZCal
Time
Projection
Chamber
(TPC)
Barrel EM Cal
(BEMC)
Silicon Vertex
Tracker (SVT)
Silicon Strip
Detector (SSD)
FTPC
Endcap EM Cal
FPD
TOFp, TOFr
21
STAR Time Projection Chamber
p+p@200 GeV
Very few tracks per event
Au+Au@200 GeV
A Central Event
Typically 1000 to 2000 tracks per event
into the TPC
22
Different Stage after the Collision
• Right before the collision.
• Instantly (< 1 fm/c) after the collision. Highest energy
density (15GeV/fm3).
• After ~1fm, system thermalized, i.e. thermal
equilibrium. Temperature is the same everywhere.
System continue the expension and cool down.
Quarks and gluons start to fragment into hadrons. The
particle ratio kept on changing due to the chemical
reactions. At the point of Chemical Freezout, the
chemical reaction ceased
Hadron continue to interact with each other elastically.
Hadron is not changed but the momentum distribution
does. At Kinetic freezout, the elastic interaction
between hadrons stop. Hadron spree out and detected
by the experiment
23
What are the probes.
• soft hadron: Pions, kions, protons, etc
•coming from the fragmentation process after
chemical freezout.
•To study their behavior (cross section,
correlation, suppression, etc) can leads to the
estimation of the QGP properties, e.g.
temperature, pressure, energy density.
• Penetrating probes: direct photons, jet, heavy
flavor, etc
•Coming from the QGP, i.e. before the chemical
freezout. Directly bring the information of the
QGP properties.
24
Nomenclature: Rapidity vs xf
 xf = pz / pmax
 A natural variable to describe physics at forward
scattering angles
 Rapidity is different. It is a measure of velocity but it stretches the region
around v = c to avoid the relativistic scrunch
1  E  pz 

y  ln 
2  E  pz 
y  tanh 1 ( pz / E )
or
β
1. 6
1. 4
dn
dy
1. 2
1
y  y  tanh 1 
0. 8
0. 6
0. 4
0. 2
0
-6
-4
-2
0
y
2
4
6
Rapidity and pT are the natural kinematic variable for HI collisions
( y is approximately the lab angle … where y = 0 at 90 degrees )
When the mass of the particle is unknown, then y  
25
Centrality Definition : Impact Parameter
Important for A+A Collisions
First thing to look at is the total no of
charged particles
10-20%
20-30%
No. of charged particles in
|η| < 0.5
0-10%
dN ch

d
dN ch

d
b ~ 8-10
2.5 for pp collisions
550 for Au+Au collisions
b~1
26
Particle identification
dE/dx method
27
Bulk Properties
Temperature and Pressure
28
Identified Mesons and Baryons: Au+Au @ 200 GeV
29
Chemical Freeze-out
Elliptic Flow
 Nonzero impact parameter b > 0:
 Spatial anisotropy in the initial state
 Momentum anisotropy in the final state
 coordinate space  momentum space
 Fourier analysis
=> v2 = elliptic flow
dN
dN

PT dPT d 2PT dPT
dN 3
E 3
d p
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Jets and Energy Loss in the Medium
32
Lets look at some collision systems in
detail …
Initial state
Final state
Au + Au
d + Au
p + p
33
Evidence for Parton Energy Loss in
High Density Matter
Nuclear Modification Factor
dN / dpT d
NN
RAA 
, TAA  N bin /  inel
TAA d / dpT d
34
Jet Quenching
 Away-side jets vanish
 Trigger on a high pT hadron and look for associated
hadron as a function of relative azimuthal angle and
rapidity
The away side jet is
absorbed in the medium
Conclusions About Nuclear Matter at RHIC
RHIC has produced wealth of results :
1.
Temperature and particle ratios
--------- Thermometer
2.
Collectivity ( Flow)
---------- Barometer
3.
Suppression of high pT particle yields relative to p-p
-------- Opaque
4.
Dense Matter has been created
There is plenty of work for theorists (and experimentalists)!
36
Could we establish the connection
between
Astrophysics & Nuclear Physics
??
37
with some artistic
interpretation
CGC
Initial
Singularity
Glasma
sQGP
Hadron Gas
38
What is the Future ?
39
Dedicated Facilities for QGP search
LHC: Collider
Pb+Pb @5500GeV

RHIC: Collider
Au+Au @ 200GeV/A
h
S
T
A
R
AGS Layout
Bevalac
Bevalac:
Fixed Target
Au at 1GeV/A
AGS: Fixed Target
Au at 11.7GeV/A
(Ec.m.=4.86GeV)
SPS: Fixed Target
Pb at 158GeV/A
(Ec.m.=17.3GeV)
SPS
Layout
40
LARGE HADRON COLLIDER (LHC)
pp: √s = 14 TeV
pA: √s = 8.8 TeV
AA: √sNN = 5.5 TeV
Pt-5
CMS
Pt-2
Pt-8
ALICE
Pt-1
LHC-B
ATLAS
41
http://public.web.cern.ch/public/
42
LHC Energies
pp at 900 GeV and 14 TeV
Alice
43
The ALICE
detector
Central Detectors:
Inner Tracking System
Time Projection Chamber
Time-of-Flight
Transition Radiation Detector
Multiplicity Detectors:
Photon Multiplicity (PMD)
Forward Multiplicity (FMD)
Spectrometers:
HMPID
Photon Spectrometer
Calorimeters:
Muon Spectrometer
Zero Degree Calorimeter
EM Calorimeter
Trigger:
Trigger Detectors
Size: 16 x 26 meters
High-Level-Trigger
Weight: 10,000 tons
44
TPC
Strong2010: Nayak
45
Pb+Pb at 2.76 TeV
“O Omnipresent, the embodiment of all virtues, the creator of
this cosmic universe, the king of dancers, who dances the
Ananda Tandava in the twilight, I salute thee.”
( Source: Verse No. 56, Sivanandalahiri, by Sri Adi Sankara).
Presented by: The Department of Atomic Energy,
Government of India.
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“O Omnipresent, the embodiment of all virtues, the creator of this cosmic universe,
the king of dancers, who dances the Ananda Tandava in the twilight, I salute thee.”
( Source: Verse No. 56, Sivanandalahiri, by Sri Adi Sankara).
Presented by: The Department of Atomic Energy, Government of India.
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