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Standard Matter ForceHiggs 

Higgs Boson:  
observed at the LHC in 2012! 
2013 Nobel: Englert & Higgs
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The Standard Model in Particle Physics
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Standard Matter ForceHiggs 
spin 1/2 0 1

Fermion Boson

massless

SU(3)c×SU(2)L×U(1)Y

Higgs 
field

粒⼦物理標準模型  
The Standard Model in Particle Physics

• Introduction
Symmetry principle



 

Standard Matter ForceHiggs 
spin 1/2 0 1

Fermion Boson

☝ Higgs Mechanism

masses

 
the SM cannot provides neutrino masses

SU(3)c×SU(2)L×U(1)Y

SU(3)c×U(1)EM

New Physics beyond the SM☞

Neutrino Oscillation  
2015 Nobel: Kajita & McDonald

粒⼦物理標準模型  
The Standard Model in Particle Physics

• Introduction
Spontaneous symmetry breaking



The Standard Model in Particle Physics

The Standard Model is a good theory. Experiments 
have verified its predictions to incredible precisions.



<H>

Questions: 1. Why are there 15 states of quarks and leptons?

4. Why are there three fermion generations?

2. Why are the electric charges of particles quantized?

Standard groups☞

3. Are these quantum numbers unique?

Higgs 
Mechanism

5. How to generate the fermion masses?



Massless Dirac fermion field ψ exhibits chiral symmetry

Dirac Equation: （iγµ∂µ-m) ψ=0 iγµ∂µ ψ=0m→0 iγµ∂µ(γ5ψ）=0

∴ both ψ and γ5ψ are solutions of Dirac equation.

Two linear combinations: ψL= 1/2(1-γ5) ψ  and  ψR= 1/2(1+γ5) ψ 

Chiral symmetries☞
Chiral symmetry

ψ = ψL+ψR 

Chiral Fermions

—

—i

γ5

• Chiral symmetry



• Anomalies in four-dimension
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—



A (γµγ5)

V (γξ) V (γη)

µ

S.Adler,PR177,2426(1969); 
J.S.Bell,R.Jackiw,Nuovo Cimen A60,47 (1969)

Quantum Level



V-A

V -A V-A

A

V V

A

A A

A

V

V

V

A

A

A

VV

V V

A

AA

V

V

A V

A A

V

A A

A V

A
AA

A A

 



For (    , Y) under SU(N)×U(1)Y:
 or  (    , Y) 

N

> 2 4k





× U(1)B

1/3

-1/3

-1/3

 
0

 0

× U(1)L

0

0

0

 
1

 -1

U(1)B :

U(1)L :

At the quantum level, however, neither U(1)L or U(1)B are good symmetries, because of the chiral nature SU(2)L.
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R.Delbourgo,A.Salam,PLB40,381(72); 
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L.Alvarez-Gaume, E.Witten, 
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a topologically nontrivial  
gauge transformation U

16 4 2 1

4 1 2
3 2 1

1 -2

N= even N= odd

Π4(G) is the 4th homotopy group

E.Witten,PLB117(1982)324 

CQG, Zhao,Marshak,OKubo 
PRD(RC)36(1987)1953



• Uniqueness of fermion representations and charges in the SM

arbitrary☞

0  mod 2



Minimality Condition with Chiral Fermions!☞
CQG&R.Marshak, 
PRD39(1989)693
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0 P.Ramond et al., 
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PRD91(1990)717



Minimality Condition with Chiral Fermions!☞
CQG&R.Marshak, 
PRD39(1989)693

0 P.Ramond et al., 
PRD41(1990)715

CQG&R.Marshak, 
PRD91(1990)717



New Physics!

⬇



1. Family Symmetry (gauged)?
⇓ Anomaly free + minimality

Left-right symmetric model

⇓ Anomaly free + minimality

Chiral-color model
one family of  
quarks and leptons

exotic fermions

1 family:  
quarks &  
leptons

CQG,PRD39(1989)2402

P.Frampton,S.Glashow,
PRL58(1987)2168

• Family problem  Why are there three fermion generations?



2. Preon models

In the Higgs phase: the most attractive channel (MAC)

In the confining phase: the t’Hooft anomaly-free conditions

l1=1
l2=0, l2’=1

l3=l2’=0

For N=15, 

Gauging the subgroup SU(5) of SU(15)F: ☞
Ng=3 of chiral fermions 

CQG&R.Marshak, 
PRD(RC)35(1987)2278

complementarity



3. High-dimensional spacetime

In an extra dimensional theory, there are many types of chiral anomalies

For D=6: Global gauge anomalies

Π6(SU(3))=Z6   
Π6(SU(2))=Z12

where ΠD(G) is the D-th homotopy group, similar to the Witten SU(2) global anomaly in D=4: 

Π4(SU(2))=Z2 ;   N(2L4)-N(2R4)=0 mod 2    (c4=1)

For D spacetime dimensions:

ΠD(G)=Zn  cD[N(pLD)-N(pRD) = 0 mod n

N(3L6)-N(3R6) = 0 mod 6 (c6=1) 
N(2L6)-N(2R6) = 0 mod 6 (c6=2)

In the SM: N(3L6)=N(3R6); N(2L6)=4, N(2R6)=0

☞Ng = 0 mod 3 Ng  = 3  (minimal value)

B.A.Dobrescu, E.Poppitz, 
PRL87(2001)031801

M.Bershadsky, C.Vafa 
hep-th/9703167



4. Toy models

with right-handed 
neutrinos

N=12
CQG,hep-ph/0101329



A note on the color number: Nc

For π0 ￫ γγ, the decay width:

Γπ0 ￫ γγ ∝ N(Qu2-Qd2)  e2 ☞independent on the color number N!

The result is true for any anomalous process.

Qu =  e(N+1)/(2N)
Qd = -e(N-1)/(2N)

BUT: R≡σ(e+e-→hadron)/σ(e+e-→µ+µ-)=N ΣQu2 ∝ N ☞dependent on the color number N!

V.A.Kovalchuk, JETP Lett. 48 (1988) 11
R.Marshak,``Conceptual foundations of modern 
particle physics,” Singapore, WS (1993)

C.Chow,T.M.Yan,PRD53,5105(1996); 
R.Shrock,PRD53,6465(1996)
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C.Q. Geng and H. Okada, ``Neutrino masses, dark matter and leptogenesis  
with U(1)B-L gauge symmetry,''  Phys. Dark Univ. 20, 13 (2018).

Gauge U(1)B-L 
Symmetry     



5. A geometrical origin One starts with a theory in d > 4 dimensions but then assumes that the  
extra dimensions somehow compactify, leaving a 4-dimensional theory.

The d = 10 heterotic superstring A. Candelas, G. Horowitz, A. Strominger, and E. Witten,  
Nucl. Phys. B258, 46 (1985).

D. Gross, J. Harvey, E. Martinec, and R. Rohm,  
Nucl. Phys. B255, 257 (1985); B267, 75 (1986).

This string theory has an associated E8×E8 gauge symmetry and is supersymmetric.  
The chiral fermions in the d = 10 theory are gauginos of one of the E8 groups (the other 
E8 acts as a hidden sector), sitting in the 248 dimensional adjoint representation.

The 10-dimensional space of the theory compactifies down to  
d = 4 Minkowski space times a 6-dimensional Calabi-Yau space.

E8 E6×SU(3)

After Calabi-Yau compactification, the 4-dimensional chiral matter E6.

☞ The 27-dimensional representation of E6 when decomposed in terms of its SO(10) subgroup contains the 
16-dimensional representation, appropriate for a family of quarks and leptons, plus a 10 and a singlet.



6. LEP experiments ALEPH, DELPHI, L3, and OPAL 

Nν = 3.00 ± 0.08 

The invisible width Γinv is assumed to be due to Nν light neutrino species each  
contributing the neutrino partial width Γν as given by the Standard Model.

☞
7. CP violation in the SM M. Kobayahsi and K. Maskawa,  

“CP Violation in the Renormalizable Theory of Weak 
Interactions”, Progr. Theor. Phys. 49 (1973) 652.

三代夸克之存在      

 CP對稱性破缺☞

Other experiments 
supporting 3 families 

LHC: Higgs mass  

Planck: Active neutrino number  



Nobel Physics Prize  2008

「發現對稱破缺的起源，預測⾃然界存在三代夸克」

Broken Symmetry 
破缺的對稱性



1. Baryon number violation 
2. C and CP violation 
3. A departure from thermal equilibrium 1967: Sakharov

物質
反物質

機會

I. ⼿征規范對稱性之破缺

The Higgs Particle 

II.宇宙物質與反物質之不對稱性

為什麼普通物質是由物質構成︖

LHC⼤強⼦對撞機連續對稱性

分⽴對稱性

 對稱性破缺相關的兩⼤問題 
Higgs Mechanism 

• Broken symmetry and mass generation 

SU(3)c×SU(2)L×U(1)Y SU(3)c×U(1)EM

但是，CKM之CP破缺機制不能解識
「宇宙物質與反物質之不對稱性」



For a (renormalizable) self-interacting field:

Lagrangian exhibits spontaneous symmetry breaking (SSB) when µ2<0 

Minimum V(Φ)

Φ=0 Φ=Φ0=(-µ2/2λ)1/2

symmetric 
no broken symmetry

 broken symmetry
SSB

In the Standard Model, Φ0 is responsible for the fermion masses:

is known as the Higgs field.

連續對稱性之破缺 Nambu was the first to introduce spontaneous symmetry violation  
into elementary particle physics.



"For the theoretical discovery of a mechanism that contributes to our 
understanding of the origin of mass of subatomic particles, and which recently 
was confirmed through the discovery of the predicted fundamental particle, 
by the ATLAS and CMS experiments at CERN's Large Hadron Collider"

 發現⼀個理論機制（希格斯機制)：

The Nobel Prize in Physics 
2013

Peter W. Higgs

Born: May 29, 1929                                                            
Newcastle upon Tyne, United Kingdom

François Englert

Born: November 6, 1932   
Etterbeek, Belgium

Prize amount: 
SEK 8 million 
(1USD=6.5SEK; 
1SEK=0.94RMB)

預測希格斯玻⾊⼦

July 4, 2012

亞原⼦粒⼦質量起源



    What about neutrinos?
    Do neutrinos get their masses like charged fermions? 

      在標準模型中，微中⼦質量必須是零。



A massive particle

•  All neutrinos left-handed ⇒ massless!
•  If they have mass, can’t go at speed of light.!

•  Now neutrino right-handed?? !
! !⇒ contradiction ⇒ can’t have a mass!

Why does the Standard Model require MASSLESS neutrinos?

right-handed

New Physics beyond the SM☞微中⼦質量



Origin of the neutrino masses: Dirac or Majorana?

Dirac neutrino mass (1928):

☺the lepton number L is conserved

Majorana neutrino mass (1937):

•the lepton number L is violated

Forbidden in the sm. 
(νL is an SU(2) doublet).☞
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Paul Dirac (1902-1984) Ettore Majorana (1906-???)

Introduce νR 
(not in the SM) 

☞
New Physics beyond the SM☞
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Paul Dirac (1902-1984) Ettore Majorana (1906-???)

Disappeared in 1938 
during a boat trip from 

Palermo to Naples 
without his body found

There are several categories of scientists in the world; those of second or third 
rank do their best but never get very far. Then there is the first rank, those who 
make important discoveries, fundamental to scientific progress. But then there 
are the geniuses, like Galilei and Newton. Majorana was one of these. 
— (Enrico Fermi about Majorana, Rome 1938)

geniuses, like Galilei and Newton

Introduce νR 
(not in the SM) 

☞
New Physics beyond the SM☞

https://en.wikipedia.org/wiki/Galileo_Galilei
https://en.wikipedia.org/wiki/Isaac_Newton
https://en.wikipedia.org/wiki/Enrico_Fermi
https://en.wikipedia.org/wiki/Galileo_Galilei
https://en.wikipedia.org/wiki/Isaac_Newton


本⼈發表的第⼀篇學術論⽂ (30多年前)。

Generating Majorana Neutrino Masses with Loops



Dirac neutrino masses

本⼈發表的第⼀篇學術論⽂ (30多年前)。

Majorana neutrino masses



E. Witten–Opening Talk at Neutrino 00 [hep-ph/0006332]  

當今公認的
genius



E. Witten–Opening Talk at Neutrino 00 [hep-ph/0006332]  

What was said in 2000 by Witten is also true TODAY (2017) 
如同2000年，18年後的今天(2018年)也是如此： 
至今也還沒有一個令人信服的定量微中子質量模型

Matter-antimatter asymmetry 
物質－反物質不對稱性

Neutrino	Masses?	

Family problem 
為什麼自然界僅有三代

New Physics beyond the SM ☞

Dark Matter 
暗物質

Dark Energy 
暗能量

當今公認的
genius



很多尚未解決之問題
• Why are there three types of quarks and leptons?

• Is there some pattern to their masses?
• Are there more types of particles and forces to be
  discovered at yet higher energy accelerators?

• Are the quarks and leptons really fundamental,
  or do they, too, have substructure?

• How to understand dark matter and dark energy in the universe? 

• How to include the gravitational interactions in the SM?



1. 1945�� -- Pre-Modern Particle Physics Period

2. Startup Period (1945 -- 1960)�Early contributions to the
basic concepts of modern particle physics.

3. Heroic Period (1960 -- 1975):Formulation of the standard
model of strong and electroweak interactions.

4. Period of Consolidation and Speculation (1975 -- 1990):
Precision tests of the standard model and theories beyond
the standard model.

5. “Frustration” and “Waiting” Period (1990 -- 2005)

How many Nobel Prizes in Particle Physics &
Cosmology for the Super-Heroic Period (超英雄歲月）?

6.   Preparation Period (2005--2020)

7.   Super-Herioic Period (2020--2035)

Modern Particle Physics: 7 Periods

LHC: ... 
GW: LISA 2030 
100 TeV Collider 2030 

< 1945     

+ something unexpected?

Cosmic microwave fluctuations (2006 Nobel Prize) 
Dark energy (2011 Nobel Prize) 
Neutrino oscillations (2015 Nobel Prize)

英雄歲月

超英雄歲月

3 Dark Clouds 三朵烏雲

Great Collider

• Future Perspectives



How many Nobel Prizes in Particle Physics &
Cosmology for the Super-Heroic Period (超英雄歲月）?

Heroic Period 英雄歲月(1960 -- 1975):

>10

more?

7.   Super-Herioic Period (2020--2035)

LHC: ... 
GW: LISA 2030 
100 TeV Collider 2030 

+ something unexpected?

Nobel Prizes in Particle Physics & Cosmology: [work done] 
20xx: ? 
2013: Englert, Higgs ﹣Higgs particle [1964] 
2008: Nambu,Kobayashi,Maskawa–broken symmetry [1961,1973] 
2004: Gross, Politzer, Wilczek–asymptotic freedom [1973] 
1999: ‘t Hooft, Veltman–electroweak force [1972] 
1995: Perl,Reines–tau lepton [1975], electron neutrino [1953] 
1993: Hulse,Taylor – pulsar (indirect detection of GW [1974]  
1990: Friedman, Kendall, Taylor–quark model [1972] 
1988: Lederman,Schwartz,Steinberger -muon neutrino [1962] 
1980: Cronin, Fitch–symmetry breaking (CP violation) [1964] 
1979: Glashow, Salam, Weinberg–electroweak theory [1961,67] 
1978: Penzias,Wilson – cosmic microwave background radiation [1965] 
1976: Richter,Ting–charm quark (J/Psi) [1974]  
1969: Gell-Mann–classification of elementary particles [1964]

=13

超英雄歲月

Great Collider

• Future Perspectives

http://nobelprize.org/nobel_prizes/physics/laureates/2004/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/2004/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1999/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1990/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1990/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1980/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1979/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1979/index.html
http://nobelprize.org/nobel_prizes/physics/laureates/1969/index.html


5th International Workshop on  
Dark Matter, Dark Energy and Matter-Antimatter Asymmetry 

暗物質，暗能量及物質-反物質不對稱 
Dec. 28-31, 2018 佛光山，⾼雄，台灣
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