Quark-Gluon Plasma: Recreating matter of the early universe on earth
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Universe evolved from a Quark-Gluon Plasma to a Hadron Gas
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How did this happen ?

Is there a phase transition (a la vapor to liquid) transition ?

What are the properties of this matter ?



An old quest: Strongly interacting matter in unusual conditions
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Hagedorn catastrophe: A limiting temperature for the early universe?

\ 1 . . ~ .
2.0 |—p(m)=40Tm exp(m/1) o Particle accelerators in the 50s-60s discovered

v,=05 fm® a “hadron” zoo:
| .- 025w PV/T - mesons (pions,kaons,rho,eta,...): qq
baryons (Delta,Lambda,Sigma,Omega,...): qqq

P/T*

Apparent exponential increase in the density of

; L hadron states suggested the pressure of
100 T (IMSOV) 200 strongly interacting matter diverged at
€ a limiting temperature Hagedorn (1965)

K.Huang, S. Weinberg, PRL25 (1970)
“Ultimate temperature and history of the universe”



Hagedorn catastrophe: A limiting temperature for the early universe?

Thus, our ignorance of microscopic physics stands as a veil,
obscuring our view of the very beginning

Steven Weinberg, The First Three Minutes (1973)



QCD lifts the veil — allowing us to peer back in time



Key features of QCD: 1) Asymptotic freedom
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Key features of QCD: 1) Asymptotic freedom
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Quarks and gluons are increasingly weakly
coupled ("asymptotically free”) at shorter
distances due to the self-interactions

of gluons - force carriers of color charge

Gross, Wilczek, Politzer (2004)

Q[Gev] mmmmm) shorter distances mmmm) Higher Temperatures / Matter Densities

Major consequence: phase change of super-dense and super-hot QCD matter to a weakly
coupled gas of quarks and gluons -- thus lifting the putative veil on the early universe

Quark matter at the core of neutron stars?

Cabibbo, Parisi (1975)

Collins, Perry (1975)



Key features of QCD: Il) Quark (and gluon) confinement
l s sy, senus - DEfOTE ' i st yoosss QLEF

Potential between static
qguark-anti-quark pair grows linearly
at large distances -

intuitive picture of confinement of
color charge

Chromoelectric flux between Flux tube “snaps” at

quark-antiquark pair larger distances creating
color-less mesons



Key features of QCD: Il) Quark (and gluon) confinement
' s am v DEfOTE I i sy, wois QftEF

O O
¢ Q

Potential between static
qguark-anti-quark pair grows linearly
at large distances -

intuitive picture of confinement of
color charge

Chromoelectric flux between Flux tube “snaps” at

quark-antiquark pair larger distances creating
color-less mesons

QCD matter at low temperatures and densities is an interacting meson/baryon gas




Key features of QCD: Ill) Chiral symmetry breaking

separately describe motions of "left” and “right”
> -handed quarks

Quantum QCD vacuum C >

spontaneously breaks | ‘ <Cj RY L> 7£ 0

this chiral symmetry: N o s A

I l QCD equations of motion (if quarks are massless)
g g =5(=%)q. g, =5(1+7)q

The vacuum forces left & right-handed quarks to march lockstep

Nambu (2008)



Key features of QCD: Ill) Chiral symmetry breaking

separately describe motions of "left” and “right”
> -handed quarks

I l QCD equations of motion (if quarks are massless)
Q q =50-v%)9. q,=5(1+7v5)q

Quantum QCD vacuum B
spontaneously breaks <QRQL> # 0
this chiral symmetry: N ,L
The vacuum forces left & right-handed quarks to march lockstep

The existence of 99% of visible matter in
the universe is due to the spontaneous
breaking of chiral symmetry

..with a little assist from Prof. Higgs




Key features of QCD: Ill) Chiral symmetry breaking

Chiral condensate melts at high temperature restoring chiral symmetry <qq> — ()
“Order parameter” characterizing phase transitions
- sensitive to # of quark species (“flavors”), colors, and masses

Analogous to the destruction of magnetization due to ffffffff » ‘ff Kf\

thermal fluctuations above the Curie temperature fff ‘

MMMM



Key features of QCD: IV) QCD vacuum exhibits non-trivial topology

Topological Instanton
configurations

Lattice Gauge simulation
Derek Leinweber



Key features of QCD: IV) QCD vacuum exhibits non-trivial topology

o+

§ A3

Topological Instanton Lattice Gauge simulation
configurations Derek Leinweber

Real-world manifestations: ..
YN s —
° i ] The mass of the 17' meson ( > the proton)
¥ Is almost entirely generated by topology
7 1.5 =
. L t’Hooft (1976))
The decay of T — 2y i 88 2 8 ¢ ¥ Witten; Veneziano (1979)

Adler; Bell-Jackiw (1969)



Key features of QCD: IV) QCD vacuum exhibits non-trivial topology

-,

3 A3

-
Topological Instanton
configurations Lattice Gauge simulation

Derek Leinweber

|II

Quantum violation of an “axial” symmetry due to topology of the QCD vacuum
is also restored at high temperatures

Callan, Dashen, Gross (1978)
Gross, Pisarski, Yaffe (1981)

Pisarski,Wilczek (1984)



How can we study QCD matter ?
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How can we study QCD matter ?

—

Neutron stars
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Conjectured QCD phase diagram
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K. Fukushima



Hypercubic Lattice

4.5

B. Brandt,
Quark Matter.2025

First principles Lattice QCD results

The pressure and the speed of sound in a Quark-Gluon Plasma
as a function of Temperature (150 MeV ~ 1.75 Trillion Kelvin 1)

Pressure normalized to temperature

T T
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pp/T =25
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}J.B/T=O‘5
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[BW, PRD 105 (2022)]
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Hypercubic Lattice
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First principles Lattice QCD results

Critical (cross-over) Temperature from LQCD
compared to Heavy-lon collision results
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Heavy-lon collisions create the hottest/densest matter on earth in excess of 5.5 trillion Kelvin

Guinness Book of World Records
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The QGP is a nearly perfect fluid

BBC NEWS | Science/Nature | Early Universe was 'liquid-like'
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Early Universe was 'liquid-like’

Physicists say they have
created a new state of hot,
dense matter by crashing
together the nuclei of gold
atoms.

The high-energy collisions
prised open the nuclei to reveal
their most basic particles,
known as quarks and gluons.

The researchers, at the US
Brookhaven National

Laboratory, say these particles ,', re strong

were seen to behave as an
almost perfect "liquid".

The work is expected to help scientists explain the conditions
that existed just milliseconds after the Big Bang.

The details, presented to the
American Physical Society in
Florida, will be published
across a number of papers in
the journal Nuclear Physics A.

They summarise the work of
four collaborative experiments
- dubbed Brahms, Phenix,

bk People like me, who use
model calculations, are already
so excited about the data
because we believe they have
actually found the elusive
state known as the quark-
gluon plasma 9

Asst Prof Steffen Bass, Duke
University
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Perfect fluidity at RHIC and the LHC

Change in QGP energy density € due to gradients in the pressure P and the fluid velocity (x viscosity 1)

de (€+P———)

“Bjorken” relativistic hydrodynamics = 3 T
dr T

r~
n_ 1 _:n- 'l

5—%]’7 istgf

Viscous term smaller than ideal term for << 1

h Trelax.

From kinetic theory ; ~ Ln T
B Tquant.

J

sQGP




Ultra-cold matter

Ultra-hot matter

Perfect fluidity at RHIC and the LHC

h Trelax.
— ~
S kB Tquant.
Fluid T [K] 7 [Pa - s] n/n [k] | n/s [h/kg]
H-0 370 2.9 x 1074 85 8.2
4He 2 1.2 x 10=5 0.5 1.9
OLi (Jas| = o0) | 23 x 107° | < 1.7 x 10715 <1 < 0.5
QGP 2 x 1012 < 5 x 1011 - <04

Teaney, Schafer (2009)



Perfect fluidity at RHIC and the LHC

String Particle in four dimensions

Fifth dimension Four-dimensional
space-time

J.Maldacena, Nature 2003

87G :
Absorption cross-section of a graviton 0 (w) = —— [ dtdx et <[Txy(t, X), Ty (0,0)])
on a black brane W
From Kubo, 1) = U(O) From Bekenstein & Hawking, S — i Theorem: O'(O) = a
' 167G ' 4G '
Putting these together, n_ 41 Conjectured universal lower bound
S i3

Kovtun, Son, Starinets (2005)



Perfect fluidity at RHIC and the LHC

il
S

Y

h Trelax.

kB Tquant.

Pitch drop experiment (1927-)
-world’s longest running lab
experiment

QGP is 10,000 times more viscous than tar but...has nearly perfect response
to external forces (pressure gradients)



The unreasonable effectiveness of hydrodynamics in the little Bang

From lumpy glue (and quarks) to shower of pions, kaons,
protons - including traces of anti-matter

time in fermi/c

Number of Particles

aN
dq)

N , ,
= o> (1 + 2(v1 cos(@) + vz cos(2¢) + vs cos(3¢p) + vacos(4p) +...))

Efficient transfer of spatial anisotropy to momentum anisotropy:
Characterized by flow moments —v,,v;,...vg, ...



The unreasonable effectiveness of hydrodynamics

ATLAS 20-30% central

ALICE data viscosity: /s =0.2
viscosity: n/s = 0.2

>C
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0.5
centrality percentile Particle Momentum [GeV]

Theory curves: 3+1-D relativistic viscous hydrodynamics simulations: “IP-Glasma model”
Gale,Jeon,Schenke,Tribedy,Venugopalan, PRL 110, 012302 (2013)

Experimental data: ALICE & ATLAS Coll.
PRL 107, 012301 (2011) & Phys. Rev. C86, 014907 (2012)



Temperature dependence of QGP transport coefficients

Bayesian analysis of combined RHIC & LHC data

0.3

A Calibrated to: 0.08
LHC ~14 x hlghel’ energy Pb-Pb 2.76 and 5.02 TeV
—— Posterior median
- RHIC 200GeV, 30-40% - LHC 2.76TeV, 30-40% 90% credible region 0.06 -
; 02 - gg:_iLA\;&elim. : 02 - 0.2 -
5 § Bulk viscosity
S £ 2 2 0.04 -
S o1 S o1
= =
u_c_’ 8 0.1
0.02
i ‘ ° Particle Mom [Gev)
Particle Momentum [GeV] article Momentum [Ge . .
_ . . : 0 Shear viscosity i | ‘ ‘
RHIC viscosity n/s = 0.12 LHC viscosity n/s = 0.2 150 200 250 300 150 200 250 300
Temperature (MeV) Temperature (MeV)
1 Bernhard,Moreland,Bass, Nature Physics Letters (2019)
* eSFRG
— fit
0.8 GRG/HTL
* lattice .
o KSS Theory approaches to transport properties of
o the QGP: Functional renormalization group,
< . .
0.4 Lattice QCD, Hard Thermal loop perturbation theory,...
0.2
0. 1 2 3 4
TIT.

c Christiansen,Haas,Pawlowski,Strodthoff,PRL115 (2015)112002



Hard probes of the QGP: many-body structure at fine resolution

Jet
initial state pre-equilibrium
dww AMICS free-streaming
|
l
Teoll K lfm/C THydro ™~ lfm/c Tfreeze—out ™~ 10fm/c
Di-jets in Lead-Lead (Pb+Pb) collisions at the LHC Photon+jet event in Pb+Pb collisions at the LHC

ATLAS

EXPERIMENT

Pb+Pb, 5.02 TeV Py = 420.1 GeV

Run: 366011 Photon Jet = 289.7 GeV
=

Event: 999067412

Fcal = 3.74 Tev
2018-11-15 22:59:24 CEST




Hard probes of the QGP: many-body structure at fine resolution

k>>u
Radiative and collisional energy loss of quark/gluon

jets as they traverse the expanding QGP

Jetin medium

. Srenn - -..‘-‘.“
t‘ k; c-..o-ooob“'.s‘ '

No Suppression of
high-pr particles

'/ " Small enhancement
of low-pr particies

significant large
angle radiation
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Hard probes of the QGP: many-body structure at fine resolution

Energy loss in Pb+Pb / p+p

versus momentum

T T T T
CMS *PRELIMINARY PbPb s, =2.76 TeV f Ldt=7-150 ub™"]|

L *Z (0-100%) lyl <2

| —m— W (0-100%) p_'l'_ > 25 GeV/c, In'l <2.1
| _ —w— Isolated photon (0-10%) Inl <1.44
£=—e— Charged particles (0-5%) Inl<1
B "B — J/y (0-100%) Inl <2.4
g=g== *Inclusive jet (0-5%) Inl<2
—m— *b-jet (0-10%) <2
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Quenched jets

—
2 F
o

102
p, (M) [GeV]

Energy loss in Pb+Pb / p+p versus QGP fireball size

& | ATLAS No quenching .
e it RS fer- =
K 4 [IPﬂIFCﬁCPj ‘
[
ly| < 2.8
2015 data: Pb+Pb 0.49 nb™', pp 25 pb™'  [#120 - 30%
“..“.<T.AA.> z?nld Iuminosityl uncer.l | %gg :ggzg
40 60 100 200 300 500 900
ATLAS, 1805.05635 p; [GeV]

Other probes: Heavy Quarks, Hard Photons, Z-bosons, Z+Jet, even Top Quarks!



How does the QGP thermalize?

time

Relevant d.o.f How is entropy Universal non-equil. Transportin the Hadron Gas
in wave-fn.?  generated? dynamics? sQGP perfect fluid



How does the QGP thermalize?

A
. . /) — QGP undergoing hydrodynamic expansion
Universal dynamics

to ultra-cold atomic gases hydrodynamic attractor

non-thermal attractor

™ a

Memustum space anisorepy: A /Ay
£ & &
£ -
&

.....

Colliding Color Glass Condensate shockwaves

QCD thermalization: Ab initio approaches
and interdisciplinary connections
Jurgen Berges, Michal P. Heller, Aleksas Mazeliauskas, and R. V.
Rev. Mod. Phys. 93, 035003 (2021)
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Asymtotic Freedom led to the recreation of a novel form of matter:

Much remains to understand it fully






