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What is nuclear physics?

e All those applications come from understanding nuclei and the

protons/neutrons inside of them
e Protons/neutrons form 99% of the visible mass in the universe!

e We don’t understand details of what nuclei look like microscopically
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e Low energy nuclear physics studies
how nuclear isotopes can decay

e Searching for new elements, etc.
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Low energy nuclear physics
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e What is ‘high energy’ nuclear physics?

126

82

50

28

IS

(Number of Neutrons)

L]

Il

|EEEEEEE

28 50

Type of
ecay
mpt
mp"
la
“ Fission
M Proton
@ Neutron

B Stable Nuclide
—Unknown

82 7

Number of Protons



How are atoms held together?

e Electric (or electromagnetic) force Elactrostatic Fores

e Opposite signs attract each other

e Same sign charged repel each other
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How are nuclel held together?

 All protons have positive charge

Electrostatic Force
* How does the nucleus stay together?

e There is another force - the strong force!
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The Standard Model

i Standard Model of Elementary Particles
e The SM describes 3 funhdamental d

three generations of matter interactions / force carriers
(fermions) (bosons)
forces of nature ' : -
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Quantum Electrodynamics

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
= (fermions) (bosons)
e Quantum Electrodynamics (QED) | | N
mass =2.2 MeV/c? =1.28 GeVI/c? =173.1 GeVI/c?
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Quantum Chromodynamics

_ Standard Model of Elementary Particles
¢ Q u a ntu m C h ro m Odyn a m ICS (QC D) three generations of matter interactions / force carriers

(fermions) (bosons)

2.2 MeV/c? =1.28 GeV/c? =173.1 GeVI/c? 0

_ - @ |- @ I @ : *
 Interaction quarks and gluons b Charm o gf:, '
) — —

* Color charge instead of electric e Fa Fa

e Theory of strong force

Mass

NI

Charge down‘J strang(iJ bottom‘J
)
<
7
oF:
) M 9
g % W 9
g O x
= °F
i <O
1 Os



Confinement

e Quarks are always stuck together by gluons - confined

* Protons/neutrons have 3 quarks stuck together
* Nuclei are many protons/neutrons stuck together

e High energy nuclear physics wants to understand quarks/gluons

Proton Neutron

Phys.Rev.D 81:034504,2010
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Studying quarks and gluons

o 3 quark picture is simple; gluons important at higher energies!
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A collision on iceworld!

e A meteor hits an

—

heats up ice world!
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Discovery of liquid water!

Liguid water discovered!

e Same molecules

Same force

Different phase of matter




Phases of water
Liquid Water Ice

15



Phases of water
Liquid Water Ice

10



Physicist’s view of water

Tem pera ture
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e Water is very complex! Temperature

* Electromagnetism is well understood! -



Phase diagram for strong force

e What does the phase
diagram look like for

nuclear matter?
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How to study quarks and gluons

e If we can heat up nuclei enough, can we ‘melt’

the protons/neutrons into quarks and gluons?

19



Quark-Gluon plasma

e High energy nucleus collisions get very hot

e Protons/neutrons melt into a new form of matter

e Quark-Gluon plasma - deconfined! 20



Phase diagram for strong force
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Phase diagram for strong force

Temperature
7 |- o Quark-Gluon
C
Critical Point Plasma

outer crust 0.3-05km
-— ions, electrons
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few % electron Fermi gas
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Phase diagram for strong force

Temperature

- Radius of the Visible Universe —»
Quark Soup
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-— ions, electrons

) rust ' kn
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Heavy lon Collisions

Temperature

~5 Trillion K
(105 x center of
the sun)
Quark-Gluon
T ® Plasma

Critical Point

e (Created with ion collisions!

e Hottest man-made form of matter

e QGP cools into particles
You are here

\

e Neutron stars

e Detect particles, infer quark-gluon plasma

properties

900 MeV
e QGP shows very complex behavior! Quark Density

24



Relativistic Heavy lon Collider
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~Large Hadron COIIlder
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L HC Schedule
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Run 4 J 1S4 Run 5

Last updated: January 2022

e LHC mostly does collisions for high-energy physics

e Nucleus collisions ~1 month of each year

27



Heavy lon Collisions
Time: 0.10

rapidity

MADALUS



Compact Muon Solenoid
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pp Event (Not nucleus collision!)
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Min-Bias PP (13 TeV) https://github.com/abaty/OpenGL_LHC



Nucleus-Nucleus (PbPb) Collision

CMS CMS Experiment at the LHC, CERR
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“Perfect Liquid”

Nature Physics volume 15, 1113-1117 (2019)

e QGP behaves like a liquid! -
e Viscosity - ‘thickness’ of 10

the fluid

n/s

e QGP ‘“flows’ very easily

4  Theoretical limit from

0 0.5 1.0 1.5 2.0

TIT
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Speed of sound in QGP?

e How fast do pressure waves travel through the QGP?

e How fast do you have to go to make a ‘sonic boom’ in QGP?

34
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QGP Speed of Sound

CMS PbPb (0.607 nb™) 5.02 TeV
: 0.35
In air: 343 m/s CMS-HIN-23-003

In water: 1500 m/s

In steel: 5000 m/s

non-interacting limit
0.3

In QGP: 150,000,000 m/s ~ 0.25
Q)
80')
Excellent agreement with 0.2
Lattice QCD! ® CMS Ultra-Central Data
015 —— Lattice Quantum Chromodynamics
Testing how well we Trajectum Hydrodynamic Simulation
Nat. Phys. 16 (2020) 615
understand quarks and gluons!  , ’ 2529
| 150 200 250 300 350
T (MeV)
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Proton-nucleus collisions

e Can we make a small ‘droplet’ of QGP in Proton

proton-ion collisions? @ _’

e There seems to be evidence but i1t is still

under debate! 5
euteron

e We also study proton-ion collisions at LHC ® —>

37
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The Electron-lon Collider

A machine that will unlock thbsecrets of the strongest force in Nature
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Graphic from BNL
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EIC Physics

Take pictures of
quarks/gluons How do nuclei spin?
inside proton/nuclei

Upper limit on
number of gluons
in the nucleus?
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EIC Schedule
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Imaging Barrel Electron Direction 1.7T Superconducting Solenoid
EM Calorimeter Tracking

Forward Calorimetry
(EM and Hadronic)

Backward
Calorimetry

Dual-radiator RICH

High-performance
DIRC

Endcap
Electromagnetic
Calorimeter







ePIC Collaboration
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Particle vs Nuclear Physics

e So how are nuclear and particle physics different?

Knowledge of particles

Standard Model of Elementary Particles

interactions / force carriers

three generations of matter

(fermions) (bosons)
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Summary

e High energy nuclear physics studies the strong force

e Tells us how nuclei and protons/neutrons are held together
e High-energy nucleus collisions create a hot quark-gluon plasma in the lab
By studying the QGP we learn more about the strong force

e A new particle collider on US soil (EIC) will do nuclear physics
e You can be the next generation of physicists!

CMS Experiment at the LHC, CERN
' Data recorded: 2018-Nov-08 20:48:06.756040 GMT
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) Run / Event / LS: 326382 / 309207 / 7




