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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

• Introduction

5. How to generate the fermion masses?



Chirality and Helicity

The helicity of a particle is right-handed if the direction of its 
spin is the same as the direction of its motion. It is left-handed 
if the directions of spin and motion are opposite. 

The chirality of a particle is determined by whether the particle is in a right- or left-handed. 

For massless particles—such as photon, gluon, and graviton—chirality is the same as helicity; a given massless 
particle appears to spin in the same direction along its axis of motion regardless of point of view of the observer.

For massive particles—such as electrons, quarks and neutrinos—chirality and helicity must be distinguished. In the 
case of these particles, it is possible for an observer to change to a reference frame that overtakes the spinning 
particle, in which case the particle will then appear to move backwards, and its helicity (which may be thought of as 
'apparent chirality') will be reversed.

A massless particle moves with c, so a real observer (who must always travel at less than c) cannot be in any reference 
frame where the particle appears to reverse its relative direction, meaning that all real observers see the same chirality. 
Because of this, the direction of spin of massless particles is not affected by a Lorentz boost (change of viewpoint) in the 
direction of motion of the particle, and the sign of the projection (helicity) is fixed for all reference frames: the helicity of 
massless particles is a relativistic invariant (i.e. a quantity whose value is the same in all inertial reference frames).

• Some basic concepts



在Dirac表象下，

其中σ0 是⼆阶单位矩阵， σi 是泡利矩阵：

在Weyl表象下，

在Majorana表象下，

Dirac ⽅程式为纯实的⽅程，
因此⽅程和解都是实的。

Dirac Fermion; Majorana Fermion; and Weyl Fermion  

Dirac Equation:

Dirac⽅程的解可以写为Ψ= (ψR，ψL)T ，

正反粒⼦等同的粒⼦

Dirac Fermion  

Majorana Fermion

Weyl Fermions  

Dirac neutrino mass

Majorana neutrino mass



Global, Local (gauge), Abelian and Non-Abelian Symmetries 

In physics, a global symmetry is a symmetry that holds at all points in the spacetime 
under consideration, as opposed to a local symmetry which varies from point to point.

θ = constant U(1) global symmetry 

θ = θ(x) U(1) local symmetry 
    or gauge symmetry

Dirac Lagrangian:

Gauge Invariant 

Gauge invariant principle results in the existence of a massless vector boson field Aμ in gauge symmetry ! 

https://en.wikipedia.org/wiki/Symmetry_in_physics#Local_and_global_symmetries
https://en.wikipedia.org/wiki/Symmetry_in_physics#Local_and_global_symmetries
https://en.wikipedia.org/wiki/Spacetime
https://en.wikipedia.org/wiki/Spacetime
https://en.wikipedia.org/wiki/Local_symmetry
https://en.wikipedia.org/wiki/Local_symmetry


ψ → Ω(θ) ψ 

1.Ω(θ)=eiθ Abelian U(1) symmetry gauge U(1): QEDθ = θ(x)

2.Ω(θ)=ei/2τjθj

ψ ( )u
d

Non-Abelian SU(2) symmetry SU(2)L in the SMθi = θi(x)

τj (j=1,2,3)  Pauli matrices

Non-Abelian local symmetry ≡ Yang-Mill gauge symmetry

ψ ( )ryg3.Ω(θ)=ei/2λαθα Non-Abelian SU(3) symmetry SU(3)C θα = θα(x)

λα (α=1,2,...8) Gell-Mann matrices

Massless Yang-Mill fields 

=

=

Massless Gluon fields 



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

Chiral symmetry

—

—i

γ5



The Lagrangian of QCD

which is invariant under a large global symmetry transformation

SU(3)C × U(2)L × U(2)R    ≡ SU(3)C × SU(2)L × SU(2)R × U(1)L × U(1)R

SU(3)C   QCD q 3

3q

qL=

q 3 2 1

3 1 2q

3 2 1

3 1 2
1
0

0
-1

   ≡ SU(3)C × SU(2)L × SU(2)R × U(1)V=L+R × U(1)A=L-R

3 2 1

3 1 2
1
-1

1
1

      SU(3)C × SU(2)L × SU(2)R × U(1)B

3 2 1

3 1 2

1/3

-1/3

Instanton effect: U(1)A ➝ Z4

      SU(3)C × SU(2)V=L+R × U(1)B

3 2

3 2

1/3
-1/3

SU(2)L × SU(2)R ➝ SU(2)V=L+R this leads to three Goldstone bosons which are pseudoscalar: π± ,π0

× U(nf)L   
nf

1

× U(nf)R   

1

nf

U(1)V =3U(1)B

Global Symmetries: U(nf)L×U(nf)R      

Chiral Global
Flavor Symmetries     

U(n)=SU(n)×U(1)

Vector Gauge Theory     



• Anomalies in four-dimension

0

—



A (γµγ5)

V (γξ) V (γ )

µ

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

Quantum Level
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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.

=  U(1)B+L

1/3

-1/3

-1/3

 1

 -1

× U(1)B-L

1/3

-1/3

-1/3

 -1

 1

重⼦數 輕⼦數

重⼦數守恆

輕⼦數守恆

Global Symmetries     

Global
Symmetries     



A
G

G

R.Delbourgo,A.Salam,PLB40,381(72); 
T.Eguchi,P.Freund,PRL37,1251(76)

L.Alvarez-Gaume, E.Witten, 
NPB234 (1983) 269

cannot be coupled to



L.Alvarez-Gaume, E.Witten, 
NPB234 (1983) 269



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 
PRD36(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

0



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, 
PRD35(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. A toy model

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 Qu2 ∝ 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)



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



"I aim at two things: On the one hand to clarify, step by step, the philosophic-
mathematical significance of the idea of symmetry and, on the other, to display the
great variety of applications of symmetry in the arts, in inorganic and organic nature."
And  "Symmetry….is an idea which has guided man through the centuries to the
understanding and the creation of order, beauty and perfection. "

對稱性是一種觀念︽這種觀念在幾千年來一直引導人類
理解和創造世界上各種事物之規律︽美妙︽及完善〈
Hermann Weyl  ( in his book "Symmetry")

"I heave the basketball; I know it sails in a parabola, exhibiting perfect
symmetry, which is interrupted by the basket. Its funny, but it is
always interrupted by the basket."     Michael Jordan ( former Chicago Bull)

Symmetries  ＄¥ Conservation LawsNoetherNoether’’s Theorems Theorem

什麼是對稱性︖
“symmetry”⼀词是⼀个⼗六世纪的拉丁词语，由希腊
语“syn-”（⼀起）和“metron”（度量）派⽣⽽来的.

• Broken symmetry and mass generation 

世界的結構的美是多⽅⾯的，所以對於這個美的感受也是多⽅⾯的，比如說我看電視有時候
有⼀個⽼鷹栽倒⽔裡頭抓⼀個⿂，它的速度，準確，是妙不可⾔的。所以中國的詩⼈，西⽅
的詩⼈，在描寫這個⽼鷹能夠準確地來抓⼀個⼩動物，就有很多有名的詩句，這個是⼀種美        
                                                                                                                                                     ——  楊振寧



反射类(Reflective)

镜⾯对称(mirror symmetry)

旋转类(Rotational)

平移类(Translational)





中國文學「 舉頭望明月

低頭思故鄉

英⽂：palindromes 回⽂

"Madam, I'm Adam"

About 6 million (out of 50 million) of the Y's 
DNA letters from palindromic sequences.

⽣物：基因 the male-defining Y﹣染⾊體



Does this look right to you?

A disconcerting experience for even the harshest critic.



對稱一定會美嗎」
鏡子



對稱一定會美嗎」
鏡子



美「 Maximally violated?

                   or  preserved?
答案」



左 ↔ 右









完全左右對稱

美
麗
嗎
」



王菲



對稱的王菲



張柏芝

張柏芝∼林青霞∞張曼玉



對稱的張柏芝

還美麗嗎」



右

右 左`右’

右

對稱性破壞   ¥   可區分性

  對稱性       ¥   不可區分性



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

物質
反物質

●   兩⼤問題? 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



From ``Quarks’’, by Y. Nambu 
1981 (Japanese); 1985(English)

連續對稱性之破缺：

⾃
發
對
稱
性
破
缺

   Pencil balanced on end 
has rotational symmetry 
about vertical axis.

   Symmetry is broken 
when pencil falls over.

Special direction is specified.
But, underlying law of gravity is still symmetrical.But, underlying law of gravity is still symmetrical.



In the 1960s, Yoichio Nambu pioneered a radical idea:

Nambu showed that even if a theory appears symmetrical, it could actually be 
unstable if a lower energy state exists in which that symmetry is broken. Perhaps,   
he said, our infant universe was originally symmetrical but was also unstable. 
Suddenly, this symmetry broke, and the universe burst into a lower energy 
state,unleashing a tidal wave of energy.This could be the origin of the Big Bang.

the symmetry of a beautiful theory could be subtly broken.

Nambu was the first to introduce spontaneous symmetry violation into 
elementary particle physics.

Y. Nambu, “A ‘Superconductor’ Model of Elementary Particles and its Consequencies”,
Talk given at a conference at Purdue (1960), reprinted in “Broken Symmetries, Selected
Papers by Y. Nambu”, ed:s T. Eguchi and K. Nishijima, World Scientific (1995).

Y. Nambu and G. Jona-Lasinio, ”A Dynamical Model of Elementary Particles based on
an Analogy with Superconductivity I”, Phys. Rev. 122 (1961) 345;
Y. Nambu and G. Jona-Lasinio, ”A Dynamical Model of Elementary Particles based on an
Analogy with Superconductivity II”, Phys. Rev. 124 (1961) 246;



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.



"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)

預測希格斯玻⾊⼦亞原⼦粒⼦質量起源



"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



 The God Particle: Higgs Boson
	上帝粒子：希格斯玻色子

如果宇宙
是答案，
它的問題是什麼︖

1988年Nobel
物理學獎

1993



 The Goddamn Particle: Higgs Boson
	上帝詛咒的粒子：希格斯玻色子

如果宇宙
是答案，
它的問題是什麼︖

1988年Nobel
物理學獎

1993



周長：27km

Large Hadron Collider (LHC)
⼤強⼦對撞機

半徑：4.3km

⼈類歷史上
最⼤

能量最⾼的
粒⼦加速器

深度：50～175m

CERN: European Organization for Nuclear Research
(based in Geneva, Switzerland)



幾倍的1012 質⼦，每個質⼦以 v=0.99999999c的速度運動
每秒鐘旋繞27公里的LHC環（1.9K，真空∼10-13atm) 11000 次
~109 碰撞/秒



長度：44m
直徑：22m
重量：7000T

長度：25m
直徑：15m
重量：12,500T



CMS



CMSATLAS



mH=126 GeV



H￫



Higgs Boson has been found at the LHC mH=126 GeV
lifetime=1.56x10-22s









What is the Higgs boson?

Why is the Higgs boson so important?

ATLAS 探測器發⾔⼈



Higgs Mechanism
希格斯機制

LHC:  A Time Machine!





"an essential feature" of the 
theory "is the prediction of 
incomplete multiplets of 
scalar and vector bosons"

http://en.wikipedia.org/wiki/Scalar_boson
http://en.wikipedia.org/wiki/Scalar_boson
http://en.wikipedia.org/wiki/Vector_boson
http://en.wikipedia.org/wiki/Vector_boson


page 321-323

page 508-509

page 585-587



J. J. Sakurai Prize in 2010

deceased at 
age 83 (2011)

Kibble,  Guralnik,   Hagen,  Englert, and Brout
Higgs

78 74 73 78
81

82

deceased at 
age 78 (2014)



John Ellis

P. Higgs

⼀共發表20篇左右論⽂，早期的論⽂是發表在
Journal of Chemical Physics上（很少引用數）

博⼠論⽂：Some Problems in the Theory of 
                    Molecular Vibrations
導師：Charles Coulson (數學，化學物理）

英國倫敦國王學院教授英國愛丁堡⼤學教授



P. Higgs

1979年Nobel
物理學獎

英國愛丁堡⼤學教授

Electroweak Theory



Origin of Mass:
（質量的來源）

Einstein: E=mc2

But they all forgot to tell us how particles get masses!

Higgs field

Newton: F=ma

Electro-Magnetic Field 

Matter
Mass

W±, Z
Gravitation Field ⬇

Higgs Boson: H

no source

What is Mass?

Higgs Mechanism
希格斯機制



♣  weak interactions would not be weak

If there were no Higgs boson:

♠ there would be no atoms 

! electron would escape at the speed of light

Life would not be possible: everything would be radioactive !

∵ MW,Z=0

∵ me=0



Higgs Mechanism 希格斯機制



Higgs Mechanism 希格斯機制



Higgs Mechanism 希格斯機制







分⽴對稱性之破缺

粒子物理 :  三種非常重要的分立對稱性 --  C, P, 和 T 宇稱 

•     P :   宇稱 或 空間反演    x ＄¥ - x

•   T :    時間反演                 t ＄¥ - t

•   C :   粒子和反粒子交換 或 電荷共軛
                                                          粒子 ＄¥ 反粒子

很多年來,物理學的規律被認為是 P, C,和 T,守恆的 在電磁作用中, P , C 和 T 是守恆的﹁
同樣在強作用中,P, C 和 T 也是守恆的﹁

在弱作用中,它們是守恆的嗎」 眾所周知, 美國著名華人物理學家李政道和楊振寧博士
在1956年指出「在弱作用力中, P 和 C是極大破壞的﹁
為此他們榮獲1957年的NOBEL物理學獎

1964年︽在美國BNL國家實驗室︽Fitch和Cronin等
人發現了 反常的中性 K介子弱衰變 「à CP  破壞〈

--Fitch和Cronin榮獲了1980年的NOBEL物理學獎

1998年︽在FNAL (KTeV) 和CERN (CPLEAR)分別觀
測到了在弱作用T破壞現象〈

弱交互作用力「P︽C︽CP 和 T 都是破壞的



Is the weak interaction God’s mistake?



Creation of Adam   (Michelangelo, in Sistine Ceiling)

God’s right hand, on the right, touches life into Adam’s left.

Right=對,     Left 拉丁文 Sinister = Evil 邪惡︽罪過

上
帝
創
造
的
第
一
個
男
人 

「
亞
當



Φ=Φ0=(-µ2/2λ)1/2

SSB

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

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」



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

Standard Matter ForceHiggs 
spin 1/2 0 1

Fermion Boson

☝ Higgs Mechanism

masses

SU(3)c×SU(2)L×U(1)Y

SU(3)c×U(1)EM

New Physics beyond the SM☞

Neutrino Oscillation 
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標準模型無法提供微中⼦質量

Spontaneous symmetry breaking



    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。



Why does the Standard Model require MASSLESS neutrinos?



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