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Phases of QED (Electrons and Nuclel) Matter
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Quantum Chromodynamics

Structure of QCD driven by SU(3) color gauge symmetry Gluon self-
interaction

In principle, all is calculable from the QCD Lagrangian:
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Quark propagator

Quark-gluon vertex
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Field strength tensor

N?-1=8gluons |
- N, * N; quarks '

charge=+2/3 | u(~5MeV) | ¢ (~1.5GeV) | t(~175 GeV)
charge=-1/3 | d (~10 MeV) | s (~100 MeV) | b (~5 GeV)

Quark masses
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http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/Nobel/

Strong coupling
Confinement
Infrared slavery
Non-perturbative

Yen-Jie Lee (MIT)

QCDRunNnni ng

0(Q%)

035 [
03 |
o2s|
02 |

0.15 |

0.05

August 2021

o1+ B l.'l"-:::"'"l.

Heavy Quarkonia (NNLO)
e'e” jets/shapes (NNLO+res) H* ]

EW precision fit (N°LO) e

= (M%) =0.1179 + 0.0009

LR | ' conrEEE
T decay (N°LO) Ho+ ]

low Q? cont. (N°LO) e -
HERA jets (NNLO) F—= ]

pp/pp (jets NLO) H=H

pp (top, NNLO) =+ 1

Coupl

1 10

0.2 fm 0.02 fm

Heavy lon Physics

100 1000

Q [GeV]
0.002fm  0.0002 fm

Weak coupli
Asymptotic
Perturbatiywv




and

mass =2.2 MeV/c2 =1.28 GeV/c? =173.1 GeV/c?
charge @ s

Mesons Confinement

o

(quark and anti-quark)

Baryons
(Three quarks) When the quarks form a hadron, the total color charge needs to be neutral

=4.7 MeV/c?
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Ultra-dense QCD (Quarks and Gluons) Matter

® Quar k

Increase the Temperature (T) o Anti-quark

Mesons

(quarkcand anti-quark) T<TC T"'TC ~ 2 trillion degrees T>TC

Baryons
(Three quarks)
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® Quark

Increase the Temperature (T) o Anti-quark

® @
® °
Mesons ‘

(quariand anti-quark) T<TC T"'TC ~ 2 trillion degrees T>TC

#g

]~} c " (2to 12) x nuclei density J >_J C
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Increase the Density (J )
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Baryons
(Three quarks)




Rough Estimation of the Critical Density

A Normal nuclear matter A

i = = ~ 0.16/fm’
ABaryon density  Po %wR?* %W‘FS’ /fm

Proton Charge Radius: Nature volume 575, pages147i 150 (2019)
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Rough Estimation of the Critical Density

A Normal nuclear matter A 1 R

' — = ~ 0.16/fm” ro =
ABaryon density o RS Ay /fm 0=

A Compressed nuclei: nucleons start to overlap!

r, = 0.84 fm

Rough estimation of critical density:

A At least a few times of the normal nuclear matter density

Proton Charge Radius: Nature volume 575, pages147i 150 (2019)
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Reminder: Thermodynamics

A At high temperature limit:
QGP as an ideal gas of non-interacting quarks and gluons

(2'”)3 eEi:”

D 1 + for Fermion
A Probability density: N (FE) = where {
=

- for Boson

With degeneracy D, chemical potential €, energy E, andh = ¢c = kp = 1

® Quark
e Anti-quark
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Relativistic Bose Gas

A At high temperature limit:
QGP as an ideal gas of non-interacting quarks and gluons

(27)3 o =7

D 1 + for Fermion
A Probability density: N (FE) = where {
-1

- for Boson

With degeneracy D, chemical potential €, energy E,andh = c = kg = 1

A For a relativistic Bose gas, neglecting the chemical potential (8 O)

4w D
A Energy density: e—/N pd?’p— i /
er — 1
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Relativistic Bose Gas

A At high temperature limit:
QGP as an ideal gas of non-interacting quarks and gluons

(27T)3 eEil_“g

D 1 + for Fermion
A Probability density: N (FE) = where {
-1

- for Boson

With degeneracy D, chemical potential €, energy E,andh = c = kg = 1

A For a relativistic Bose gas, neglecting the chemical potential (8 O)

4 D
A Energy density: € = /N pd3p - /
eT — 1
3D 2D =Y e [
- 4 — T4 eeeee =R
> o= Dri(e) =T o
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Relativistic Bose Gas

: D
Bose gas energy density | €= 20 ™
1 D
P = "¢= T4
Pressure €= 50
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Relativistic Bose Gas

: 72D
Bose gas energy density | €= o ™
1 D
P = "¢ = T4
Pressure 3¢ = a0
2 3 2
Entropy density g = de _ D AIdT 47D o o
TT T30 T 30
47r2D 5 Ar? D 3 4 €
— p— T e
S /d T“dr » S 90 S 5T
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Relativistic Bose Gas

2
. D
Bose gas energy density | ¢ = '”30 T
1 ™D A
Pressure P = 3¢ = o5 T
2 3 2
Entropy densit _de ™D 417D AmD o o
Py y ds T 30 T 30 d
A D 5 B A D 3 B 4 €
=/ds— 72T W) | s = oo T s=57
. D 3 3
Number Density N(E — —T ((3) ~0.12DT
Exercise with Fermi Gas €Cf — geb
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What Have We Learned So Far?

o o Ix

A

o 7D
Bose gas energy density: €= =5 T Speed of sound c.
Bose gas pressure P = ”QDT‘l P = 16 » 2 ap_dP 1
90 3 ST dp  de 3
. 2
Bose gas entropy density 3D s ¢ — de
90 3T cs ~ (.58
7
Fermi Gas €f = geb
Energy density and pressure increases very quickly with temperature! (T4)
Proportional to number of degrees of freedom (degeneracy D)
Similar dependence between Bose and Fermi gas except for a scale factor (7/8)!

Speed of sound is around 0.58 ¢
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Number of Degree of Freedom (D) for Hadron Gas

Hadron Gas:

A Suppose we focus on T< 400 MeV, it is a gas of pions
2
-
A D=3 for 7T+,7r_and7r0 »6:3X%T4
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Number of Degree of Freedom (D) for QGP

Hadron Gas:

A Suppose we focus on T< 400 MeV, it is a gas of pions
2

-
AD=3for 77,77 and 7° ® e=3x 1"

30
Non-interacting Gluon :
A Number of Gluons (Boson): D, = 2 (i X 8 (¢g0n = 16

16X jJump In
A Number of Quarks (Fermion): energy density!!!
= 2(spin) X 2(particle/anti-particle) X 3(color) X 3(flavor u,d,s) = 36
» e:(16+Z X 36) X W—2T4 = 47.5 X W—ZT‘L /
3 30 30
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Lattice QCD Equation of State

A Solve the QCD equation of state on a discrete

space-time lattice

A Reliable for zero net baryon density!

A Indeed, we see a rapid increase in the degrees 30

of freedom!!!

A Predicts a speed of sound ¢, ~ 0.4 — 0.55 20
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QCD Phase Diagram

Temperature

A

~1501...
MeV

Color Superconductor

>

Net Baryon Number Density
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QCD Phase Dilagram

Expansion of Early Universe

Temperature

Neutron Star For m

st 0.3-0.5 km

e oselectos

~150
MeV

1-2 km
0.5-2.0 p, ———— electrons, neutrons, nuclei

r core ~9 km
neutron-proton Fermi liquid

few % electron Fermi gas

e 0-3 km
quark gluon plasma?

Color Superconductor

Nuclei Neutron Star : >
Net Baryon Number Density
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- It's a quark-gluon plasma.
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QCD Phase Diagram

Temperature
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Relativistic Heavy lon Collisions (Simulation)

MIT Heavy lon Event Display: Pb+Pb 5.02 TeV

® Mesons @

Yen-Jie Lee, Andre S. Yoon and Wit Busza Acceleration



Time (fm/c) -5

Yen-Jie Lee (MIT) Heavy lon Physics 25 AEPSHEP:



Time (fm/c) -5 0)
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Time (fm/c) -5 0] 5
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The First Dedicated Heavy lon Collider
Relativistic Heavy lon Collider

AUu+Au

-3.8 km circumference 2
e == . AHM 7.7 - 200 GeV

15

-
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SPHENIX Data-Taking in 2023

Relativistic Heavy lon Collider

-

PHOBOS

i

SsPHENRIIX
/
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Lead+Lead (Pbe) coII|S|ons o Also smaller System dat/a:
2010-11: 2.76 TeV 0.16/nb Proton-lead (pPb) at 5.02 & 8.16 TeV

2015-18: 5.02 TeV 1.7/nb Xenon-Xenon (XeXe) at 5.44 TeV
A flying mosquito has about 4 trillieectronvolts(4TeV )of energy
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CMS Experiment at the LHC, CERN | Charged Particle

Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000
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CMS Experiment at the LHC, CERN
Data recorded: 2018-Nov-12 08:36:52.866176 GMT
Run / Event / LS: 326586 / 2491137 / 6
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Charged Particle
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ALHC delivers heavy iomecmdontisipars Yoar
A2018 PbPb col |l iush@BmzdatCMSr aeak d9%aGtBd st hr
AWe are actively prepaking3forRuhe firs

CMS event display =

Hadron Energy
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Reconstruct
Size of the CMS efelérse

~rc | CMS Experiment at LHC, CERN
il Data recorded: Mon Nov 8 11:30:53 2010 CEST

¥l Run/Event: 150431 / 630470
| Lumi section: 173
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Inner Structure of QGP
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Density of the Quark Soup

Count the number ofheaadnco¢l esi pnsduced i
ParticleleadsiLedoh tRavitionm+Pr ot on

10% At {J ~ 0.2 fm/c:

% CMS Lead+Lead
(- B OGOO.{}{}-O*O'O{}OO-O—O—O—O*O*O'GO‘OO{}{}OO OO
A 10 | 1 dE
2 | ~ 14 fm € — T
% " XeXe 544 TeV  PbPb 5.02 TeV A * TO dy
S 10%E CMS0-5% o ALICEO-5% ¥ y=0
O 5
© - pp 13 TeV ¢
o | = CMSNSD ALICE
m . d' . .
QL 10§ T — E&ﬁsi;’;‘ Energy density of the medium based on

i CMS dE/dd ~ 2 TeV: ~65 GeV/fm3

i Proton+Proton

1 | | | I I | I I | | | I | | | I I | I I | | | I | | 1 1

8 2 -1 0 1 2 3 > 100X denser than the proton!

Pseudorapidity (angl e)
At early time of the collision, the system can not be described by hadrons
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