The Liquid Universe —

quark gluon plasma and the creation of matter
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Fig. 1.1 The effective number of degrees of freedom g.(T') = e(T)/(n*/30T*). The full line is the prediction of the

standard model of particle physics, the dashed line shows a minimal supersymmetric extension of the standard model
(SPS1a) [6].

from D.J. Schwarz astro-ph/0303574
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Fig. 10.1 History of the first second of the Universe and the epoch of BBN. A sequence of thermodynamic transitions
takes place: the electroweak transition (~ 10 ps) is followed by the QCD transition (~ 10 us) and by e® annihilation
(~ 100 s). With respect to particles of the standard model, several important processes occur: baryons and antibaryons
annihilate (~ 1 ms), neutrino oscillations set in at ~ 0.1 s, neutrinos decouple and at the same time the neutron-to-
proton ratio freezes out (~ 1 s). During the epoch of BBN (~ 3 min) this ratio changes slightly due to neutron decay
(7 = 886 s). Regarding the cold dark matter candidates, WIMPs freeze out at ~ 10 ns and decouple kinetically at ~ 1
ms. The axion mass is switched on close to the QCD transition at ~ 1 us.

The tools need to study the early history of the universe:
- Accelerator based high energy and nuclear experiments (LHC, RHIC)
- Observational cosmology (LSST, HAWC, etc.)
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Nuclear Physics and the Universe

*Quark Gluon Plasma: quarks form protons and neutrons — RHIC, LHC

*Big Bang Nucleosynthesis — protons and neutrons form elements — F-RIB
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What is a Quark-Gluon Plasma?

size in atoms
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What is a Quark-Gluon Plasma?
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Whatis a Quark—Gluon Plasma?
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What is a Quark-Gluon Plasma?

Quarks are confined
(hadrons)...
... and gluons
are the guards...

Set the Quarks
Free !!!

How? Create a Quark-
Gluon Plasma !
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Phasediransitions

ICE WATER STEAM

Quark Gluon Plasma is another phase of matter!
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Phase Diagram
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Accelerating to discovery...

Previous Nuclear Collision Experiments.

Laboratory Accelerator Collisions:
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Fixed Target Mode

Before After
Proton hitting »
‘ - Result: Fast moving
fixed target 9 light particles
Collider Mode
Before After
<
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Colliding proton Possible result:

and antiproton . Slowly moving,
very heavy particles



The Relativistic Heavy Ion Collider

A Quark-Gluon Plasma Factory

Heh-heh. [ have a

e RHIC accelerates particles lot of kinetic energy!
from protons to gold to an

. *
energy of 100 + 100 GeV/A —— . v —
e RHIC can also accelerate —_o 0_:—

protons with their spins -

aligned. energy + energy = lots of energy
e Energy for particle production

at RHIC is 10 times that at the

CERN SPS.
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The Relativistic Heavy Ion Collider
A Quark-Gluon Plasma Factory?

Special Relativity takes over!

E=mc?




Brookhaven
National Laboratory,
Long Island, NY
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Particle Shower

Approach Collision
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- Reconstruct what happened
- Analyze data
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Forward Spectrometer
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FAIR: RHIC-II: LHC:

Facility for RHIC ppgrade Large Hadron Collider
Antiproton & with higher with ALICE, CMS,
Ton luminosity and ATLAS

Reseach upgraded detectors



Measurngipp/AAtNnal It Giexperiments

= UCUICaAlCU & ITI0UsL Vel odllicC lcavy 1011

detector

- Important for particle identified
fragmentation measurements in pp

*CMS/ATLAS

- Dedicated & most versatile p+p
detectors

- Important for calorimeter based jet

measurements in A+A.
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ask: what happens in Au+Au to jets f/‘/
which pass through medium? o

idea: p+p collisions @ same
sy = 200 GeV as reference

\(@

Prediction: scattered quarks
radiate energy (~ GeV/fm) in the
colored medium:

— decreases their momentum
(fewer high p particles)

— “Kills” jet partner on other side

Aut+Au



Perfect Liquid

ELLIPTIC FLOW

Off-center collisions
between gold nuclel
produce an elliptical
region of quark-
gluon medium.

The pressure gradients
in the elliptical region
cause it to explode
outward, mostly in

the plane of the
collision (orrows).

Sergei Voloshin, STAR

200 GeV Au + Au

(minimum bias)

STAR Data
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Measuring Shear Viscosity Using Transverse Momentum Correlations
in Relativistic Nuclear Collisions

Sean Gavin' and Mohamed Abdel-Aziz>
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Elliptic flow measurements at the Brookhaven National Laboratory Relativistic Heavy Ion Collider
suggest that quark-gluon fluid flows with very little viscosity compared to weak-coupling expectations,
challenging theorists to explain why this fluid is so nearly “‘perfect.” It is therefore vital to find
quantitative experimental information on the ° PEREEL S L ieasurements of

1€ current data to
>ra  measurements
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