Emergent Properties of QCD and
its Phase Diagram




The Big Picture at RHIC

How do collective, many-body phenomena arise
from first-principles QCD?
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Thermodynamics of QCD

Quantum Chromodynamics shows a rapid crossover to QGP:
e/T4 (o< # degrees-of-freedom) plateaus when quarks and
gluons start to become the relevant degrees of freedom
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The QCD phase transition that occurred at one u-sec after the
Big Bang is accessible in lab experiments today



The density required is like
packing the entire earth
Inside a stadium

These densities can be achieved
in particle colliders
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The collision region is ~10-1> meters across
Fireball lasts for ~10-22 seconds
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Phases of QCD: Standard Model of

_ittle Bangs

distributions and
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QCD theory+modeling and constant experimental guidance from RHIC and
LHC now give us a detailed picture of the evolution of heavy ion collisions




Accessing Emergent Properties

S. Pratt. E. Sangaline, P. Sorensen, H. Wang Phys. Rev. Lett. (2015)
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QCD theory+modeling and constant experimental guidance now give us a
detailed picture of the evolution of nucleus-nucleus collisions

Emergent properties of QCD matter now experimentally accessible
Textbook Physics 10



Temperature Dependence of n/s
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Energy Scan and the QCD Phase Diagram

Provides access to the Temperature and g dependence of the EQS, n/s, c,...
A unique capability, a unique opportunity
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E-F-Theories suggest there should be a critical point at higher pg: is there?
Identification of this landmark - a significant discovery potential
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Do We Still Create QGP at Lower Energies?

Phase 1: Exploratory Scan
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The critical energy density for QGP is expected to be £.~0.6 GeV/fm3

It's not clear that QGP will be formed at the lowest energies



Global Correlations: 7.7 GeV to 2.76 TeV

conversion of density inhomogeneity
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Sensitivity to Low Viscosity QGP Phase

J. Auvinen, H. Petersen, Phys. Rev. C 88, 64908 (2013)
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Models show that higher frequency ripples are more sensitive to
the existence of a QGP phase

Higher harmonic v, goes away when the QGP phase disappears.
v, doesn't. .



Ripples from the QGP
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Correlations can be decomposed into An dependent harmonics

vi {2}(An) = <cosn(cp1 — cp2)> = Eciipcos(nA(p)qup/zci\;dAgp
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34 Harmonic Decomposition
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Centrality Dependence

N .t Scales out trivial 1/N system size dependence: linear superposition of p+p
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Centrality Dependence
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Centrality Dependence
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Centrality Dependence
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Centrality Dependence
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Centrality Dependence

0.1

0.08

0.06

0.04

0.02

B Npartvi23{2}

* é:s =200 GeV
RO ZNLT

A 39
b 27
— ¢ 19.6
& 14.5
vy 11.5
—m 7.7

23



Centrality Dependence
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Centrality Dependence
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Centrality Dependence
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Centrality Dependence
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Energy Dependence
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Above 20 GeV the ripples grow with energy, but below that
they barely change!
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Increasing Multiplicity

Independent of energy range, one expects higher energy collisions producing
more particles and higher pressure to more effectively convert geometry
fluctuations into v;.

Deviations from that expectation could be indicative of interesting trends like
a softening of the equation of state. What does v;2/N, look like?
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Anomalously Low Pressure?
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Anomalously Low Pressure?
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Anomalies in the Pressure?

STAR, PRL112 162301 2014) arX|v 1401 3043
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Are Data Indicative of Anomalies in the Pressure?

u, (GeV)
050403 02 0.1

- — Maximum in lifetime?

61— 0%-5%; m_= 0.26 GeV

J\

— Minimum in pressure?

Region of interest Vs,~20 GeV,
however, is complicated by a
changing B/M ratio, baryon
transport dynamics, longer nuclear
crossing times, etc.

: Requires concerted modeling effort:
0%-5%; p_>0.2 GeV the work of the BEST collaboration

T pe e is essential
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Are Data Indicative of Anomalies in the Pressure?

Similar trends in the fourth moment of the net-proton distribution
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Mapping the region of interest: BES-II
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Scan Enabled by Luminosity Upgrade
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Upgrade requires staging BESII over at least two years perhaps 3.
Stage |: sy = 5-9 GeV
Stage II: \/SNN = 9-20 GeV (requires addition of 3 MeV booster cavity)
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Successes and Next Steps

Theory and experiment have provided us with an accurate model
for the little bangs created at RHIC and the LHC

Provides access to emergent phenomena of QCD:

« Hottest man-made temperature: 300k times hotter than the center of the sun
« Data shown to prefer an Equation-of-State consistent with lattice QCD

« extracted n/s indicates this is the most perfect liquid ever known

Following on this progress at pyg~0 we want to:
 measure T dependence of n/s esp. near the cross-over
« explore the phase structure in the T-yg phase-diagram (critical point?)

Experimental and theoretical upgrades are underway

Results from initial scan are highly suggestive. BES-II focuses on
region with high discovery potential
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