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Force Strength  Range Mediator
Strong 1 10~"5 m (Nucleus size) Gluon

EM 1072 Infinite Photon
Weak 107 10~'® m (Nucleon size) W= and Z°
Gravity 1040 Infinite Graviton
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Length Scales and Units

Scale inm Scalein 1078 m
10710 m Atom 100, 000,000
107" m Nucleus 10,000

107 m Proton 1000

<10~ 8m Quark <1
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Length Scales and Units

Scalein m
Systems of planets (distance Earth-Sun) 10 m
Stars: Sun’s radius 109 m
Planets, Earth’s radius 107 m
Rocks, humans, - - - 1 m
Grains of sands 103 m
Viruses 10~ m
Simple molecules 10-° m
Atoms 1010 m
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Length Scales and Units

Quantity High energy Unit

Value in Sl units

Length
Energy
Mass
=4
c

he

1 fm

1 GeV=10° eV

1 GeV/c?

6.577 x 1072% GeVs
2.998 x 1028 fms—!
0.197 GeV fm

10~ m

1.602 x 10-10J
1.780 x 10727 kg
1.054 x 1073 Js
2.998 x 108 ms1
3.159 x 10726 Jm
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Length Scales and Units (. = c = 1)

Mass | Mc?/c> — 1GeV
Length | he/Mc® — 1 GeV~' =0.197 fm
Time | he/Mc® —1GeV™'=657x10"2s
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BIG BANG Cosmology

~10*K ~ 1eV

~66x105s~1GeV'
~02fm~1GeV!

Time after Temperature Particle
Big Bang

of universe

ener‘gy
10— %3 1072 K——10'% GeV
10—3°% s 1027 K—————— 10 GeWVv
1012 o 10" K———————— 100 GeV
160 g 10" K 1 GeV
E=y
-
&
53107 3 K 10" % ewv

{= now)
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Elementary Particle:
Definition: A particle is considered to be elementary only if
there is no evidence that it is made up of smaller constituents

1 st 2™ 3" electro-weak
generation symmetry breaking  outside of
seryday matter exotic matter force particies (mass giving)  gtandard model
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Standard Model of Particle Physics — Local Symmetries

SU(3¢) x SU(2¢) x U(1em)
Noether Theorem:

Global Gauge Invariance «» Conserved Charges
Local Gauge invariance — Gauge fields (mediators) necessary

Question: Conserved charges .....?7777
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Symmetries:
» Space-time symmetries

- Continuous Lorentz transformation: Rotation and boost
Lorentz+translation invariance — Poincaré invariance
- Discrete Lorentz transformation: Parity, time reversal

» Internal symmetries

- Gilobal transformation: Global U(1) and SU(N)
~ Conservation of (electric) charge

- Local transformation: Local U(1) and SU(N)
~ Gauge fields (force carriers)
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Gauge fields and local gauge symmetry:
Maxwell’'s equations

v-E=2 v<E+ B o,
€0 ot
1 0E
V-B= B=-—
0, V x CatJr,qu
1 0A
s Ve c ot

Maxwell’s equations are invariant under “gauge transformation”:

A - A=A+VA

10N
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Gauge fields and local gauge symmetry:
Schrédinger equation in the presence of EM fields:

2m

2 CV—AY+a4W‘”:m;“‘”

This equation is only invariant if ¢)(x, t) transforms as

W(x,t) = exp (’e A(X. t)) (X, ).
he
Hence, together with

A - A=A+VA
1 0A
, P — _— — —
o = ¢ =¢——
the Schrédinger equation is invariant under
local U(1) gauge transformation
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e

virtual photon

green p n
green-
green antiblue blue p al
gluon
between quarks between nucleons

Strong Interaction

Color charge — Strong force
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Color charge — Strong force




Strong Force
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Strong Force vs. Electromagnetic Force
» Flux line (QED) vs. Flux tube (QCD)

9

=

- Static quark potential: V(r) = or + 2\

r
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Strong Force vs. Electromagnetic Force
» Confinement

gnap!

Color charges in the singlet state are not free
(at low energy)



