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Elementary Particle Physics 
or 

High Energy Physics

Studying Fundamental Interactions (Forces) 
 in Nature

People have long asked, 
“ Of what is the world made ? ” and “ What holds it together ? ”



Particle Physics:  
fundamental constituents of matter and their interactions  
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30 1 The Story of Matter

Fig. 1.19 Murray Gell-Mann. (Image courtesy of the Santa Fe Institute)

fit together to explain the existence of other particles will be outlined in Chapter 3.
Gell-Mann was awarded the Nobel Prize for Physics in 1969 as a result of his work
relating to the identification and understanding of the fractionally charged quarks.

We have now completed our brief survey of the Standard Model. The scale
explored so far is illustrated in Fig. 1.20. Further details of the many additional
subatomic particles will be given in Chapter 3, along with a discussion of what new

Molecule: 10–9 m

Atom: 10–10 m

Electron: < 10–18 m

Nucleus: 10–15– 10–14 m

Neutron: 10–15 mProton: 10–15 m

Two up and one
down quark (uud)

Two down and
one up quark (udd)

Quark: < 10–19 mFig. 1.20 The characteristic
sizes of the particles
(electrons, protons, neutrons,
and quarks) that constitute the
atomic world

Particle Physics: Shorter distance and higher energy 
cm:                     
    Flow（flow dynamics）
10-5cm:               
    Molecule（Molecular dynamics）
10-8cm:               
    Atom（quantum mechanics）
10-13cm:              
    Nucleus（Nuclear physics）
10-13~10-18cm:    
    Quark（Quantum 
                 Chromodynamics）
10-33cm:            
    String

Physics at different scales never talk to each other
4



Standard Model of Particle Physics
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The"Standard"Model"
!  Over"the"last"~100"years:"The"discovery"of"many"subVatomic"

particles"and"advances"in"theoretical"physics"has"led"to""""""
The"Standard"Model"of"Particle"Physics"

!  A"new"“Periodic"Table”"of"fundamental"elements"

M
at
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r"p

ar
ti
cl
es

" Force"particles"
One"of"the"greatest"
achievements"of"20th"
Century"Science"""

Fermions" Bosons"
4+

Described+by+one+simple+equation!+

4"

(1895 - 2012)

Spin 1
2 Spin 1

Spinless



History of unification
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-decayγ

-decayβ

-decayα

Gravity

Planets

Apple Atom

Quantum 
Mechanics

Standard 
Model

Weak force

General Relativity

Grand Unification

Quantum  
Electrodynamcis 

String

Mechanics

Electrc Magentic

Electromagnetism

Light

Special Relativity

Electroweak

Strong

From Hitoshi Murayama’s talk



Particle Physics:  
fundamental constituents of matter and their interactions  
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SM
Why so?



Why is the solar system so stable ?
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F = GN
Mm
r2 The MASS!



Why is the atom stable ?
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iℏ
∂
∂t

ψ = −
ℏ2

2m
∂2

∂x2
ψ −

e2

r
ψ

H
e

Coulomb force

F = − K
e2

r2

Schrodinger Equation

No hydrogen atom exists if electron is massless

The MASS!

Hydrogen
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Why is the Sun 
shinning as 
millions of years 
ago ? 
It looks sooooo 
stable!



The sun is shinning through 
the Weak interaction which is weak.
Why so weak?

Nothing last for ever!
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4p → 4He + 2e+ + 2νe + 26.73 MeV

Why the Sun is shining? 2

< 0.420 MeV 1.442 MeV

PP-I

< 18.8 MeV

hep

0.862 MeV 0.384 MeV
< 15 MeV

PP-II PP-III

15%85%

0.02%90% 10%

0.24%100%

𝟑He  𝟑He → 𝟒He  𝟐Ɖ 𝟑He  𝟒He → ૠBe  𝜸 𝟑He Ɖ → 𝟒He eା  𝝂𝒆

𝟐H Ɖ → 𝟑He  𝜸

Ɖ Ɖ → 𝟐H eା  𝝂𝒆 Ɖ eି  Ɖ → 𝟐H 𝝂𝒆

ૠBe  eି → ૠLŝ 𝝂𝒆 ૠBe  eି → ૠLŝ∗  𝝂𝒆
ૠBe  Ɖ → ૡB 𝜸
ૡB → ૡBe∗  eା  𝝂𝒆

ૠLŝ Ɖ → 𝟒He  𝟒He ૡBe∗ → 𝟒He  𝟒He

Hydrogen 
Burning: 
pp Chains

Hans A. Bethe
(1906–2005)

³Energ\ Production in SWars´
H.A. Bethe, PR 55 (1939) 434

H. Bethe
1939

The weak force carriers are too heavy!

The MASS!



Two outstanding puzzles in Standard Model
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(GeV)Proton 
mass

Weak 
scale

1019103102101 101510010-310-9

P 
L 
A 
N 
C 
K

（W/Z Mass） （Fermion Mass)
Origins of EWSB       and      Flavor breaking

Origin of the weak scale? 



Higgs potential and  
Spontaneously symmetry breaking
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V(H) = μ2H†H + λ (H†H)2



14

Higgs Discovery
4th July, 2012



The Particle Data Group has an entry  
for the Higgs boson after 2012
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A common question: 
You guys have discovered the Higgs boson, now what?

ΓSM
H = 4 MeV

ΓSM
H

mH
= 0.000032

The Higgs boson is important not only for Electroweak symmetry 
breaking, but also as a WINDOW to NP beyond the Standard Model.
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(1) Higgs-boson potential
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(probing potential at electroweak scale)

V(ϕ) = − μ2ϕ2 + λ(μ)ϕ4 +
κ(μ)
Λ2

ϕ6 + ⋯

Jiang-Hao Yu

Higgs Potential

36

¢ Higgs potential at electroweak scale

V (�) = �µ2(µ)�2 + �(µ)�4 +
(µ)

⇤2
�6 + · · ·

Coleman-Weinberg Higgs Jiang-Hao Yu

Higgs Potential

37

¢ Higgs potential at electroweak scale

Coleman Weinberg Higgs Pseudo-Goldstone Higgs

V (�) = �(�†�)2 + ✏(�†�)2 log
�†�

µ2 V (�) = a sin2(�/f) + b sin4(�/f)

Ginzburg-Landau Higgs potential

Pseudo-Goldstone HiggsJiang-Hao Yu

Higgs Potential

37

¢ Higgs potential at electroweak scale

Coleman Weinberg Higgs Pseudo-Goldstone Higgs

V (�) = �(�†�)2 + ✏(�†�)2 log
�†�

µ2 V (�) = a sin2(�/f) + b sin4(�/f)

Ginzburg-Landau Higgs potential

Jiang-Hao Yu

Higgs Potential

36

¢ Higgs potential at electroweak scale

V (�) = �µ2(µ)�2 + �(µ)�4 +
(µ)

⇤2
�6 + · · ·

V(ϕ) = − μ2ϕ2 + λ(μ)ϕ4 λ (ϕ†ϕ)2 + ϵ (ϕ†ϕ)2 log
ϕ†ϕ
μ2 a sin2(ϕ/f ) + b sin4(ϕ/f )

Fundamental Higgs



(2) Higgs boson: Fundamental or Composite
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Higgs
Boson

∼
1
f

f : composite scale

1
f

≪
1
v

1
f

<
1
v

1
f

∼
1
v

How to test?

Unknown
dynamics



Deciphering Higgs Property through 
Precision at the CEPC
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LHC 300/3000 fb-1

CEPC 250 GeV at 5 ab-1 wi/wo HL-LHC

�b �t|�c �g �W �� �Z ��
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Precision of Higgs coupling measurement (7-parameter Fit)
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f ≫ v

f > v

f ≳ v



New physics beyond  
the Standard Model 

(three experiment evidences)



(1) Neutrino mass
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m⌫ / v2

MN

See-saw 
mechanism

�� N
�0

�⇥

⇤0 ⇤0 ⇤0 ⇤0

⇥0

�� �⇥

Common Origin of Neutrino Mass and Dark Matter (pheno07) back to start 6

10121

1. Mass
    ordering

2. CP
    phase

3. Majorana
    or DiracQuestions:



(2) Dark matter
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Evidence of Dark Matter



My favorite new physics model
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Neutrino Dark 
Matter

exact symmetry, in analogy with the well-known R−parity of the Minimal Supersymmetric

Standard Model (MSSM), hence this term is strictly forbidden. As a result, η0 has zero

vacuum expectation value and there is no Dirac mass linking νi with Nj . Neutrinos remain

massless at tree level as in the SM.

The Yukawa interactions of this model are given by

LY = fij(φ
−νi + φ̄0li)l

c
j + hij(νiη

0 − ljη
+)Nj + H.c. (5)

In addition, the Majorana mass term

1

2
MiNiNi + H.c.

and the quartic scalar term
1

2
λ5(Φ

†η)2 + H.c.

are allowed. Hence the one-loop radiative generation of Mν is possible, as depicted in Fig. 1.

This diagram was discussed in Ref. [3], but without recognizing the crucial role of the exact

Z2 symmetry being considered here.

νi νjNk

η0 η0

φ0 φ0

Figure 1: One-loop generation of neutrino mass.

The immediate consequence of the exact Z2 symmetry of this model is the appearance

of a lightest stable particle (LSP). This can be either bosonic, i.e. the lighter of the two

mass eigenstates of Reη0 and Imη0, or fermionic, i.e. the lightest mass eigenstate of N1,2,3.

3

DM

Neutrino mass is generated by  
dark matter quantum effects.

Rich signals  
at the CEPC



3. Matter and 
Antimatter asymmetry
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NP

Particle physics looks at matter  
in its smallest dimensions.

Astrophysics looks at matter  
in its largest dimensions.

They  
        are  

                      related!



Two things are 
infinite. The Universe 
and human stupidity. 
…
…
and I’m not sure 
about the Universe.

Thank You!


