Nuclear and quark matter:
exploring the QCD phase diagram
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Continuous

Phase diagrams

Maps showing the state of a substance in

equilibrium conditions

Phase boundaries: ,;;
phase transitions

1st order; o
e Latent heat atm

2nd order:

e Fuctuations
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Matter in “unusual conditions”
Enrico Fermi (1953)
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Phase diagram of QCD

Heckmann, Wambach, Buballa (2012)
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Vatter at the extreme

Densest and hottest substances being studied

A
=

* Nuclear/Quark Matter: :
interior of nuclel, neutron stars
cold and dense 4

Nucleus

\4

Nuclei and electrons

Mountains < 1 mm
- Nuclei, electrons and free neutrons

Pasta nuclei

OUTER CORE

Free neutrons, protons and electrons

Neutron
Star

INNER CORE
possibly continuous-
transition to
quark-gluon plasma

* Quark-Gluon plasma:

Life on earth K E
Acceleration 11 hillion years
e el ‘.

ultra-relativistic nucleus-nucleus P
collisions, early universe (Not and dense) e

Matter domination
Nucleus-nucleus collisions

Onset of gravitational collapse

Nucleosynthesis
Light elements created - D, He, Li

Nuclear fusion begins

Quark-hadron transition
Protons and neutrons formed

Electroweak transition
Electromagnetic and weak nuclear |
forces first differentiate S

Supersymmetry breaking

Axions etc.?

Grand unification transition
Electroweak and strong nuclear
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down

Energy Stopping Hydrodynarmic
Hard Collisions Evolution

Initial state

Early Universe




Quantum Chromo Dynamics

* Describes the interaction between quarks and
gluons, the strong interaction

* Quarks and gluons carry color charge

 Symmetries of QCD
e Color SU(3): confinement of colored dof's

* Chiral symmetry: right & left handed light quarks
do not mix, spontaneously broken in vacuum

* Expect two transitions @ large T:
deconfinement + chiral restoration
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Phases of QCD matter?

Quark-gluon plasma
Chiral symmetry restored

155 MeV - - - _

i \

8 Extrapolate using

s QCD-like models

O

T
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Hadrongas ~  \.--=-""""7"
Chiral symmetry broken Color super-

conductor

Neutron stars

Nuclel
Hp
Baryon chemical potential:tunes "'p — N —»



Phases of QCD matter?

T Focus on chiral transition!

155 Me ~ — — _ Uritical end point
‘ CrOSS over

A 7 Quark-gluon plasma
8 ‘0. -, Chiral symmetry restored
O &
O
m
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Hadrongas ~  \.--=-""""7"

Chiral symmetry broken Color super-

conductor
Neutron stars
Nucleli
Hg

Baryon chemical potential:tunes "'p — N —»



Freeze-out curve

T Conditions @ transition should be reflected in observables
LHC  RHIC
155 MeV e NICA

FAIR

Quark-gluon plasma
Chiral symmetry restored

-
.....
-
-

Hadron gas

Chiral symmetry broken Color super-

conductor

Neutron stars

Nuclel
Hp
Baryon chemical potential:tunes "'p — N —»



Finding a smooth cross over?

* Explore phase diagram using critical fluctuations

* Fluctuations diverge @ critical point

* Smooth cross over =@ derivatives help!

é-nB = Op/0u

p-uc

p-Hc

Higher derivatives
reveal criticality



Measuring derivatives?

o T
Z p— Tre_(E_:uNB)/T p p— V an
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Cumulants of baryon number fluctuations
measure W derivatives =i Cross over transition!



Fluctuations in H>O

Specific heat near

5000
critical point of H>O 3000 | P,=22.064 MPa
2000 r p =25.0 MPa
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Fluctuation of Entropy '™ | p =l Mba
. ' v 500 r Water
diverges at CP! % a0 |
= 200 t
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Where Is the snag?

Higher cumulants probe the tail of the distribution

+ Need high statistics DOth 5 ol et s cove o5
in experiment & theory I 2 eroson ]
©10°F ML 1
Experiments don’t measure £tk w4
neutrons = R I
(| T A R P £

Finite size & time effects: no diverg. " Netproton <A'1“:> )

Need to understand all other ANp = Np = Np

(non-critical) sources of fluctuations!

Other complications: momentum space cuts,
non-equilibrium eftects .....



alculation

Model ¢
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Dependence on freeze-out line
.

Kurtosis = x5/x5

Kurtosis
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STAR data on fluctuations

e [ransport theory
(no criticality) yields
only suppression!

e Can enhancement at low
energies be due to the

chiral critical point?

e Are other cumulants
consistent?
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Self consistent freeze-out

» Freeze-out line determined by fitting x% /x5 to data

» Yields good description of xk/x% and X5/x%

 Enhancement of X5/x% not reproduced!

Gabor Almasi, Krzysztof Redlich & BF



|_attice extrapolation

» Freeze-out line determined by fitting x% /x5 to data
» Yields good description of xk/x% and x%/x%

 Enhancement of X5/x% not reproduced!
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summary

Prospects for exploring the phase diagram of QCD
in nuclear collisions with fluctuations

Low cumulants described by model/lattice (n < 3)
XB/XB cannot be reproduced in model

Numerous effects not yet understood:

* Non-critical sources of fluctuations (e.g. volume)
* Non-equilibrium effects?

* Momentum cuts

* Protons vs. baryons?



