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报告提纲
1）标准模型回顾 

2）为什么寻找标准模型之外的新物理？ 

3）如何探测新物理粒⼦子？探测器简介 

4）中微⼦子质量 

5）暗物质粒⼦子起源 

6）新物理粒⼦子、模型及其对撞机信号
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粒⼦子物理的标准模型

3

标准理论
量⼦子场论

狄拉克⽅方程

实验数据

规范原理

希格斯机制

实验精确检验



SU(3) x SU(2) x U(1) 
规范对称性

粒⼦子物理的标准模型
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已知的基本粒⼦子谱
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标准模型中相互作⽤用
量⼦子⼒力学中的⾃自旋轨道⾓角动量耦合
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Prof. M.A. Thomson Michaelmas 2011 222

! combine mixed symmetry spin and mixed symmetry isospin states
• Both    and      are sym. under inter-change of  quarks 

• However, it is not difficult to show that the (normalised) linear combination:

is totally symmetric (i.e. symmetric under )

Spin 1/2
Isospin 1/2

• Not sufficient,  these combinations have no definite symmetry under 

• The spin-up proton wave-function is therefore:

NOTE: not always necessary to use the fully symmetrised proton wave-function,
e.g. the first 3 terms are sufficient for calculating the proton magnetic moment

Anti-quarks and Mesons (u and d)

Prof. M.A. Thomson Michaelmas 2011 223

"The u, d quarks and u, d anti-quarks are represented as isospin doublets

•Subtle point: The ordering and the minus sign in the anti-quark doublet ensures 
that anti-quarks and quarks transform in the same way (see Appendix I).  This is 
necessary if we want physical predictions to be invariant under 

• Consider the effect of ladder operators on the anti-quark isospin states

e.g

•The effect of the ladder operators on anti-particle isospin states are: 

Compare with
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Light ud Mesons

Prof. M.A. Thomson Michaelmas 2011 224

• Consider the        combinations in terms of isospin 

To obtain the               states use ladder operators and orthogonality

! Can now construct meson states from combinations of up/down quarks

The bar indicates 
this is the isospin
representation of 
an anti-quark

• Orthogonality gives:

Prof. M.A. Thomson Michaelmas 2011 225

!To summarise:

Triplet of             states and a singlet state

•You will see this written as
Quark doublet Anti-quark doublet

•To show the state obtained from orthogonality with                is a singlet use 
ladder operators

similarly
! A singlet state is a “dead-end” from the point of view of ladder operators
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Prof. M.A. Thomson Michaelmas 2009 11

Forces in the Standard Model
!Forces mediated by the exchange of spin-1 Gauge Bosons

Force Boson(s) JP m/GeV
EM (QED) Photon   ! 1– 0

Weak W± / Z 1– 80 / 91
Strong (QCD) 8 Gluons  g 1– 0

Gravity (?) Graviton? 2+ 0

g

• Fundamental interaction strength is given by charge g.
• Related to the dimensionless coupling “constant”

g

(both g and " are dimensionless,
but g contains a “hidden” ) 

e.g. QED 

! In Natural Units
! Convenient to express couplings in terms of "##which, being 

genuinely dimensionless does not depend on the system of 
units (this is not true for the numerical value for e)    

Prof. M.A. Thomson Michaelmas 2009 12

Standard Model Vertices
!Interaction of gauge bosons with fermions described by SM vertices
!Properties of the gauge bosons and nature of the interaction between

the bosons and fermions determine the properties of the interaction

STRONG EM WEAK CC WEAK NC

Never changes 
flavour Never changes 

flavour 

Always changes 
flavour 

Never changes 
flavour 

q q

g

d

W

u q q

Z

$+

!

$+

Only quarks All charged 
fermions 

All fermions All fermions 

标准模型中相互作⽤用：费曼图
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为什么寻找新物理？ 
（标准模型有什么不妥之处吗？）



标准模型的不⾜足之处
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1）标准模型的粒⼦子谱具有⾮非常⼤大的质量差异和 
中微⼦子质量起源

质⼦子 
质量 （费⽶米能标）



标准模型的不⾜足之处
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2）暗物质的粒⼦子物理起源

标准模型中没有暗物质候选者



-衰变

-衰变

-衰变

标准模型的不⾜足之处
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3）⼤大统⼀一理论

狭义相对论

引力

行星 苹果

原⼦子时代

量子力学

弱力

强相互作用

电弱相互作用

广义相对论

⼤大统⼀一理论?

量子电动
力学

弦论

力学

电 磁

电磁相互作用
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506 The Standard Model and beyond

18.2.3 Can the forces be unified?

It has already been noted that the coupling constants of the three forces of the
Standard Model have similar strengths. At the electroweak scale of q2 = m2

Z,

α−1 : α−1
W : α−1

S ≈ 128 : 30 : 9. (18.1)

Furthermore, in Section 10.5 it was shown that the coupling constants of QED and
QCD run with energy according to

[
αi(q2)

]−1
=

[
αi(µ2)

]−1
+ β ln

⎛
⎜⎜⎜⎜⎜⎝

q2

µ2

⎞
⎟⎟⎟⎟⎟⎠ ,

where β depends on the numbers of fermion and boson loops contributing to the
gauge boson self-energy. In QED where the photon self-energy arises from fermion
loops alone α increases with energy, whereas αS decreases with energy due to the
presence of gluon loops. Because of the weak boson self-interactions, which are
a consequence of the SU(2) gauge symmetry, αW also decreases with increasing
energy scale, although not as rapidly as αS . The running of the different coupling
constants therefore tends to bring their values together. It seems plausible that at
some high-energy scale, the coupling constants associated with the U(1), SU(2)
and SU(3) gauge symmetries converge to a single value. In the mid 1970s, it was
suggested by Georgi and Glashow that the observed gauge symmetries of the Stan-
dard Model could be accommodated within a larger SU(5) symmetry group. In this
Grand Unified Theory (GUT), the coupling constants of the Standard Model are
found to converge (although not exactly) at an energy scale of about 1015 GeV, as
shown in Figure 18.4a.
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|q|/GeV |q|/GeV!Fig. 18.4 An illustration of the running of the coupling constants in: (a) the SU(5) Grand Unified Theory and (b) a super-
symmetric extension of SU(5) with new particles with masses of 1 TeV. It should be noted that, in the SU(5)
model, the coupling constant of the U(1) symmetry is notα butα1 = 5/3g′.

标准模型的不⾜足之处
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3）⼤大统⼀一理论：标准模型三种作⽤用⼒力⽆无法统⼀一
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1979 Georgi & Glashow



标准模型的不⾜足之处

15

4）等级性问题（精细调节问题）
TeV GUT PlanckWeak

Unification,

Neutrino 

See-Saw

EWSB

Dark Matter

BSM

Hierarchy
Quantum 

Gravity

Λ2  /52125 bare

If SM valid up to GUT scale,  
the theory has
extreme fine-tuning !



下⾯面，我们将重点讨论 
各种新物理模型以及它们在
对撞机上的实验信号
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LHC"ring:"
27"km"circumference"

⼤大型强⼦子对撞机

17

质⼼心系能量14TeV
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LHC"ring:"
27"km"circumference"

CMS 

ALICE 

LHCb 

ATLAS 

⼤大型强⼦子对撞机
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质⼼心系能量14TeV



19ATLAS： ⻓长46⽶米，⾼高25⽶米，宽25⽶米，7千吨
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不可⻅见粒⼦子：丢失动量
中微⼦子和暗物质候选者粒⼦子都不参与电磁相互作⽤用和强
相互作⽤用，因此不会在探测器内留下痕迹。

22

例如：W玻⾊色⼦子的轻⼦子衰变

C.-P. Yuan (MSU) Electroweak Precision Measurements at Hadron Collider

W-boson Decay

hard to detect, 
due to huge QCD backgrounds

   Hadronic mode

   Leptonic mode

easy to identify, 
but lack of 

Introduction
Collider physics
W-boson physics
Z-boson  physics

W-boson production and decay
How to measure W mass and width
High order radiative corrections
ResBos-A and its predictions

W-boson production     How to measure W mass
Parton Model                            and width
Factorization theorem  Present measurement
W-boson decay

unknown                 cannot reconstruct invariant mass p
z


m
W
= p

e
p



2

W�

e�

⌫̄



不稳定粒⼦子：共振态
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极短的寿命，例如顶夸克

5⇥ 10�27 s

强⼦子化
t

W
b

M(top) [GeV]
160 170 180 190

 [f
b/

G
eV

]
σ

0
0.5

1
1.5

2
2.5

3
3.5 true b jet

best jet
leading jet



实验家 / 唯象学家 / 理论家 

24

MXY,XY Z,···

d�/dMXY,XY Z,···

A
X

Y

Z
...

⽣生活在不同的不同时空维度中

不变质量谱保证我们可以相互交流



窄宽度近似
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A
XY, 

XYZ, 
…

Production Decay�/M ⌧ 1

Q
prod

= M

⌧decay = 1/�

⌧
prod

= 1/M
�

M
=

1/M

1/�
=

⌧
prod

⌧
decay

⌧ 1

�(pp ! A ! XY ) ⇡ �(pp ! A)⇥ BR(A ! XY )

估计新物理信号⼤大⼩小的关键公式



新物理的可能扩充⽅方式



问题：新物理应该包含哪些新元素？

27

物质和辐射



问题：新物理应该包含哪些新元素？
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物质和辐射
新费⽶米⼦子（新夸克、新轻⼦子） 

新规范玻⾊色⼦子（带电的和中性的） 

新标量粒⼦子（带电的和中性的） 

⾼高⾃自旋粒⼦子（引⼒力⼦子？） 

⾼高激发态（复合粒⼦子） 

。。。



新物理模型
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新物理模型的组分
1）中微⼦子质量：味物理 

2）暗物质：粒⼦子宇宙学、超对称模型 

3）新费⽶米⼦子：第四代，新夸克，新轻⼦子 

4）新规范玻⾊色⼦子：新的对称性（新的⼒力） 

5）新标量粒⼦子：电弱对称性破缺机制 

6）额外时空维度（如果时间允许）

29



1）中微⼦子质量起源 
      — 跷跷板机制

See-Saw Mechanics12 Chapter 1. The Standard Model and Particle Masses

Figure 1.1: This child game depicts the idea of the Seesaw Model: the little boy
represents the elusive but heavy singlets while the little girl plays the role of the light
but interacting neutrinos. c⃝ Jessie Willcox Smith

scale. Practically, if we take MR ≫ MD, the mass matrix from Eq. (1.5) can be
diagonalized as:

Mν −→ UTMνU =

(
−MDM−1

R MT
D 0

0 MR

)
, (1.7)

where:

U =

(
1l ρ

−ρ† 1l

)
and ρ ≡ MDM−1

R ≪ 1 . (1.8)

Thus, by a simple redefinition of the fields, we obtain two Majorana mass terms for
combinations of left- and right-handed neutrinos:

(
ν′L
N c′

R

)
= UΨ =

(
1l ρ

−ρ† 1l

)(
νL
N c

R

)
=

(
νL + ρN c

R

N c
R − ρ†νL

)
. (1.9)

This means that the left-handed neutrinos ‘we know’ are actually mixtures
containing small ‘amounts’ of the heavy singlet mass eigenstates, which gives them
mass. Conversely the gauge singlets contain small amounts of left-handed neutrino
mass eigenstates (but this does not affect their own mass). Finally, the value of this
amount is ruled by the ratio between the Dirac and Majorana mass matrices, which
is extremely tiny if we assume the neutrino singlets to be far above the EWSB scale
(i.e. ∼ 103 GeV), hereby explaining the smallness of neutrino masses.



有质量的中微⼦子
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中微⼦子不能以光速运动 —> 螺旋度不再是好量⼦子数
洛伦兹不变性要求：右⼿手中微⼦子

最⼩小标准模型中 
没有右⼿手中微⼦子

⌫R

观测者

⌫R?

New particle ⌫R ⌫TL old anti-neutrino
(Dirac) (Majorana)

m ̄L Rm ̄L R



右⼿手中微⼦子
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* Dirac型中微⼦子
m ̄L R

⌫R⌫R尚未观测到

很重 相互作⽤用微弱

* Majorana型中微⼦子
m ̄c

L L

不需要引⼊入新的物质场

No fundamental distinction 
between neutrinos and  
anti-neutrinos



为何中微⼦子质量如此之⼩小？

33

跷跷板机制 —— 简单优雅的解决⽅方案

1） 加⼊入⼀一个新的      ,（SM +      ）⌫R ⌫R

SM neutral not gauged under SU(2)xU(1)

2） 对⾓角化中微⼦子质量矩阵
�
⌫L ⌫R

�✓ 0 mD

mD M

◆✓
⌫L
⌫R

◆

m⌫ =
m2

D

M
⇠ TeV2

M
⇠ ev

M ⇠ TeV2

eV
=

(103GeV)2

10�9GeV
= 1015GeV



跷跷板机制的种类
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探测新物理的强⼒力⼯工具 — 有效场论

BSM  (   )⇤

SM (      )  mW

L = L(4)
SM +

O(5)

⇤
+

O(6)

⇤2
+ · · ·

O(5,6,··· )
High dimensional operator

are made of SM fields 
with respect to the SM symmetry 
SU(2)xU(1)Y



温伯格中微⼦子质量算符
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Lm⌫ = �fij
2⇤

�
⌫i�

0 � `i�
+
� �

⌫j�
0 � `j�

+
�
+ h.c.

1979年温伯格指出标准模型中存在唯⼀一⼀一个量纲为5的算符 
可以给中微⼦子质量

(m⌫)ij =
fij

⌦
�0

↵2

⇤
=

fijv2

⇤

(L�)2

⇤

L =

✓
⌫
e

◆

� =

✓
�+

�0

◆
[�] = 1

[L] =
3

2



温伯格中微⼦子质量算符
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Lm⌫ = �fij
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0 � `j�

+
�
+ h.c.

1979年温伯格指出标准模型中存在唯⼀一⼀一个量纲为5的算符 
可以给中微⼦子质量

(m⌫)ij =
fij

⌦
�0

↵2

⇤
=

fijv2

⇤

⌫L ⌫L

�0 �0 �0 �0

⌫L ⌫L

⇤

[�] = 1

[⌫] = 3/2

问：什么样的
新物理？



温伯格算符

37

⾓角动量耦合

标准模型 SU(2)xU(1)

(L�)2

⇤
✓

"
#

◆

1

⌦
✓

"
#

◆

2

=

0

@
"1"2

1p
2
("1#2 + #1"2)

#1#2

1

A� 1p
2
("1#2 � #1"2)

(L�) =

✓
⌫
`

◆
⌦

✓
�+

�0

◆
=

0

@

p
2⌫�+

⌫�0 + `�+
p
2`�0

1

A�
�
⌫�0 � `�+

�

32 2 1⌦ = �



2

树图跷跷板机制

38

✓
⌫
`

◆

L

✓
⌫
`

◆

L

✓
�+

�0

◆ ✓
�+

�0

◆
2 2

22⌦ 2 = 3� 1

3

1



树图跷跷板机制：第1和第3类
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�0 �0

⌫L ⌫L

�0 �0

⌫L ⌫L

第1类 第3类

1 3

~J = ~L1 + ~L2 |J | = |L1 � L2|, · · · , L1 + L2

⾓角动量耦合

⌃

2

2

2

2

(⌃1,⌃2,⌃3)



树图跷跷板机制：第2类
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(LL) =

✓
⌫
`

◆

i

⌦
✓

⌫
`

◆

j

=

0

@
⌫i⌫j

⌫i`j + `j⌫i
`i`j

1

A�
�
⌫i`

j � `i⌫j
�

2 2

3

2

✓
⌫
`

◆

L

✓
⌫
`

◆

L

✓
�+

�0

◆
2

✓
�+

�0

◆

相互作⽤用
⾮非质量项

⇠ =

0

@
⇠++

⇠+

⇠0

1

A



中微⼦子跷跷板模型的对撞机信号

41

第1类和第3类树图跷跷板模型：

困难：跷跷板能标⾮非常⾼高，~1015GeV 
         右⼿手中微⼦子⾮非常重，耦合微弱，难以探测

⽅方法之⼀一：引⼊入U(1)B-L的超对称扩充模型,  
                  将跷跷板能标压低到TeV

p

p

Z 0
N

N

`+

W�
e�

⌫̄

`�



中微⼦子跷跷板模型的对撞机信号
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第2类树图跷跷板模型：

q

q̄

�/Z H+

H�

`�

`+

⌫

⌫̄

q

q̄

�/Z H++

H��

`+

`+

`�

`�
同号轻⼦子 
构成的共振态 丢失动量

⾮非常干净的信号

* 轻的标量三重态粒⼦子

* 重标量三重态粒⼦子唯象学依赖于衰变分⽀支⽐比



2. 暗物质 
  （粒⼦子宇宙学）

粒⼦子
物理

天
⽂文
学

宇
宙
学

Astro 
particle



暗物质 (Dark Matter)
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Vera 
Rubin  
(1970’s)

Fritz 
Zwicky
(1933)

星体旋转曲线



暗物质

45

未知信息： 

    质量和⾃自旋
    相互作⽤用形式
    种类和数⺫⽬目

更糟的是，我们甚⾄至不知道 
“什么是我们不知道的”

已知信息：

    不发光物质（⽆无电磁相互作⽤用） 

    寿命⾮非常⻓长或绝对稳定 

    ⾮非重⼦子 

    ⼤大质量



暗物质

45

未知信息： 

    质量和⾃自旋
    相互作⽤用形式
    种类和数⺫⽬目

更糟的是，我们甚⾄至不知道 
“什么是我们不知道的”

已知信息：

    不发光物质（⽆无电磁相互作⽤用） 

    寿命⾮非常⻓长或绝对稳定 

    ⾮非重⼦子 

    ⼤大质量



暗物质候选者之⼀一 

作⽤用⼒力微弱的⼤大质量粒⼦子 
（Weakly interacting massive Particle)



暗物质残留丰度
1）宇宙早期暗物质和可⻅见物质处于热⼒力学平衡态
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e
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e
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e
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e
+
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暗物质残留丰度
2）宇宙膨胀（温度降低，暗物质变为⾮非相对论性）
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e
−

e
+

u

d

DM 

u

d

γ

DM 

DM 
DM 

u

u

u

u

γ

γ

γ

γ

γ

DM 
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d
e
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e
−

e
−

e
+

e
+

e
+

e
+

DM 



暗物质残留丰度
3）暗物质热⼒力学退耦

e
−

e
+

u

d

u

d

γ
DM 

u

u

u

u

γ

γ

γ

γ

γ

DM 

d

d
d

e
−

e
−

e
−

e
+

e
+

e
+

e
+

e
−

u
uγ

d

e
+

e
−
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暗物质残留丰度

N = NEQ � e�
m
T

1. 暗物质和可⻅见物质处于热⼒力学
平衡态

2. 宇宙膨胀冷却

3. 暗物质从热库中退耦

(2)

(3)

(1)
#

�� $ ff

N ⇠ Constant

50
脱耦温度 TF ' m�

20



WIMP奇迹

51

�

�̄

q

q̄

⌦h2 ' 0.1pb

h�(�� ! qq)vi = 0.1

h�(�� ! qq)vi / g4

m2
�

⇠ pb

g ⇠ gweak m� ⇠ mW

Weakly interacting massive particles at the weak scale!
神奇的巧合！理论家的最爱！

暗物质 
湮灭

TF ' m�

20



暗物质直接探测

52
年调制效应

•直接探测暗物质和 
原⼦子的弹性散射。 

•信号：热，光，电



暗物质直接探测

53

�

q

暗物质-核⼦子散射 �

q

⾃自旋⽆无关的散射 ⾃自旋相关的散射
�̄�µ�q̄�

µq �̄�µ�5�q̄�
µ�5q

N N
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CJPL
CDEX
PandaX



暗物质间接测量

55

暗物质在宇宙中湮灭产⽣生正反电⼦子，正反质⼦子，光⼦子，中微⼦子

�

�



Cosmic Gamma-Ray

56

�
i

in the Galactic halo

�

Particle 
Physics Astrophysics

d�

d⌦dE
=

X

i

h�vii
dNi

dE

1

4⇡m2

DM

Z

l.o.l
⇢2dl

⌘⌘ ! WW,ZZ, · · ·



暗物质对撞机信号

57

�

LHC散射 �q

q̄

质⼦子

质⼦子

暗物质粒⼦子 
是不可⻅见的 
（丢失动量）

e± µ± ⌫

q

W± Z0 H
� g

g q �

W± Z0

...



暗物质对撞机信号⽰示例
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‣ Universal Extra 
Dimension Model 
(UED)

‣ Little Higgs Model 
with T-parity (LHT)

‣ Minimal 
Supersymmetric 
extension of the 
Standard Model 
(MSSM)

g

g

t̃

˜̄t

t

t̄

χ̃0

χ̃0

g

g

T−

T−

t

t̄

AH

AH

spin 0

spin 1/2



暗物质的稳定性 
（⽰示例：超对称模型）



暗物质的稳定性

60

通常通过引⼊入离散对称性(例如     )来保证暗物质的绝对稳定

SM (+)
SM (+)

SM (+)

SM (+)
DM (-)

DM (-)

Z2

SM (-)
SM (-)

SM (-)

DM (-)
SM (+)

SM (+)
SM不能是Z2-odd 暗物质不能衰变到标准模型粒⼦子



R-宇称守恒的超对称理论

61

R = (�1)3(B�L)+2S

R宇称为正 R宇称为负



R-宇称守恒的超对称理论

62



63



如何理解R宇称守恒的MSSM费曼图

64

（R宇称的SUSY线）
⼤大部分的费曼图可以通过标准模型的图形得到

W+

⌫

e+

⌫

ẽ

�̃+(W̃+)

e+

⌫̃
�̃+(W̃+)

费⽶米⼦子
标量⼦子

⌫̃

ẽ

W+

标量⼦子⽮矢量玻⾊色⼦子



顶夸克对产⽣生和其超对称伴⼦子过程
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t

t̄

 标准模型过程

最⼩小超对称模型过程 gg ! t̃t̃

gg ! tt̄

g

g

t̃

¯̃t

g1

g2
g1

g2

t̃

¯̃t

t̃

¯̃t



顶夸克对产⽣生和其超对称伴⼦子过程

65

t

t̄

 标准模型过程

最⼩小超对称模型过程 gg ! t̃t̃

gg ! tt̄

g

g

t̃

¯̃t

g1

g2
g1

g2

t̃

¯̃t

t̃

¯̃t

t̃

¯̃t



⼀一般性的费曼顶点
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�µ(a+ b�5) a+ b�5
µ

pµ1 � pµ2

p1

p2

µ µ

⌫

gµ⌫ M

M � [�] = 0

[M ] = 1

[a] = [b] = 0

µ

⌫

⇢

p1

p2

p3

gµ⌫(p1 � p2)
⇢

+g⌫⇢(p2 � p3)
µ

+g⇢µ(p3 � p1)
⌫

µ

⌫

⇢

�

gµ⇢g⌫� � gµ�g⌫⇢

+依序循环



Stop-夸克对的产⽣生和衰变
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t

t̄

W+
b

b̄
W�

e+

⌫

e�

⌫̄

b

b̄

e+

e�

¯̃⌫
�̃�¯̃t

t̃ �̃+

⌫̃

先不考虑
具体的理论要求和

实验数据限制。



Stop-夸克对的产⽣生和衰变
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t

t̄

W+
b

b̄
W�

e+

⌫

e�

⌫̄
b

b̄

e+

e�

¯̃t

t̃

�̃(�̃0
1)

�̃(�̃0
1)

W+

W�

⌫

⌫̄

先不考虑
具体的理论要求和
实验数据限制。



Stop-夸克对的产⽣生和衰变
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先不考虑
具体的理论要求和
实验数据限制。

b

b̄

e+

e�

¯̃t

t̃

�̃(�̃0
1)

�̃(�̃0
1)

W+

W�

⌫

⌫̄

t

t̄

t

t̄

W+
b

b̄
W�

e+

⌫

e�

⌫̄



Higgs Sector in MSSMHiggs Sector in MSSM

� Two complex SU(2)LHiggs doublets, with hypercharge Y = ±1

Φu =
φu
+

φu
0

⎛

⎝⎜
⎞

⎠⎟
, Φd =

φd
0

φd
−

⎛

⎝⎜
⎞

⎠⎟

• EW symmetry is spontaneously broken by choosing 

Φu =
1
2
0
vu
⎛
⎝⎜

⎞
⎠⎟

, Φd =
1
2
vd
0

⎛
⎝⎜

⎞
⎠⎟ vu

2 + vd
2 = v2

• Five physical scalar / pseudoscalar degrees of freedom: 

h0 , H 0 , A0 , H ±

Before SSB
Massless        8
Complex         8 
Total              16

Count degree of freedom:
Massless gauge bosons have 2 transverse d.o.f.
Massive  gauge bosons also have longitudinal d.o.f.

Wμ
i=1,2,3,Bμ

Φu ,Φd

After SSB
Massive        9
Massless                           2
Complex         5 
Total              16

W ± ,Z
γ

h,H ,A,H ±

最⼩小超对称模型：5个标量粒⼦子
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�1 =

✓
H0

1

H�
1

◆
�2 =

✓
H+

2

H0
2

◆

h,H,A,H+, H�h�1i =
✓

v1
0

◆
h�2i =

✓
0
v2

◆



荷电希格斯粒⼦子：确凿⽆无疑的新物理信号
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H ±A       /H/h production

H −t        production

 H ±H ∓           production

q

q̄

�
H+

H�

q

q̄0

A/H/h

H±

W±

b t

g H+

b

g

t

H+



Neutralino: Lightest SUSY Particle (LSP)
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暗物质候选者

g

g

g

g

q
q qq

h/H�/Z0

q q
�̃0
1 �̃0

1q̃ q̃

⇣
B̃1, W̃3, H̃u, H̃d

⌘ �
�̃0
1, �̃

0
2, �̃

0
3, �̃

0
4

�
质量矩阵

对⾓角化



3. 新费⽶米⼦子



第4代费⽶米⼦子
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e

⌫e ⌫µ ⌫⌧

µ ⌧

u

d

c

s

t

b

�

Z

W

g

轻⼦子

夸克
⊗

⾃自旋1/2 ⾃自旋1⾃自旋1/2

t0

b0

⌫0

⌧ 0

如果⾃自然界只有3代费⽶米⼦子，那我们需要知道为什么。



CKM混合矩阵
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u

d

c

s

t

b

u

d

W± W± W±

0

@
d
s
b

1

A

weak
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0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

0

@
d
s
b

1

A

mass

0

@
u
c
t

1

A

weak

⌘

0

@
u
c
t

1

A

mass

Vtb = 0.99914± 0.00005



CKM混合矩阵
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u

d

c

s

t

b

W± W± W± u

d

W±t0

b0

VCKM =

0

BB@

Vud Vus Vub Vub0

Vcd Vcs Vcb Vcb0

Vtd Vts Vtb Vtb0

Vt0d Vt0s Vt0b Vt0b0

1

CCA

Vtb < 1幺正性被放宽



为何引⼊入⼀一整代费⽶米⼦子？

77

SU(2)

SU(2)

SU(2)
U(1)Y

SU(3)

标准模型中每⼀一代费⽶米⼦子都消除规范反常

⼿手征性费⽶米⼦子 —— 规范反常问题



!"#$%&'()(*+%,-.(/%01+23%4(+*5'6%7897:%;1<%78::%

What type of vector quark could it be? 

� =1>($*1)1-.?%$-.1*+<.$"-%@$.A%BC%D+*.$<E1%%
!"#$%&'$()'*%(#+$,-.*$#&+/(#$("#00(+&$(1,*.23(

� F-E3%.A*11%*1D'G%"H%21<."*%>(+*5'%+*1%D"''$IE1%
� BJ,7/%K"(IE1.%

(

(

(

� BJ,7/%.*$DE1.%

(

��

LM".$<%4NOPQ%H1*)$"-%

LM".$<%4N9RPQ%H1*)$"-%

Chiral doublet
�LQ = Y ij

U Q̄L�̃UR + Y ij
D Q̄L�DR + h.c.

⽮矢量型夸克

78



实验结果
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Figure 2: The 95% confidence level (CL) upper limit on the cross section of the pp � TTX
process, as a function of the T-quark mass. The branching fraction of T � tZ is assumed to
be 100%. The solid line shows the observed limit. The dotted line corresponds to the expected
limit under a background-only hypothesis. The solid (hatched) area shows the ±1 (±2) stan-
dard deviation uncertainties on the expected limit. The dot-dash line shows the value of the
theoretical cross section [27] for the TT process.
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Table 4: Expected signal yields for a 400 GeV/c2 b⇤, background contributions, and observed
events in data, with a different requirement on number of b-tagged jets.

same-sign dilepton trilepton
Number of b-tagged jets signal background data signal background data
� 0 30 6.6 9 9.3 0.43 2
� 1 (default) 22 4.4 5 6.7 0.16 1
� 2 8.0 2.0 2 2.1 0.05 0

]2 [GeV/cb'M
350 400 450 500 550

') 
[p

b]
b

 b
'

!
(p

p 
"

-110

1

10
      Prediction 

expected limit
observed limit

2 > 495 GeV/cb'Limit at 95% CL: M

"2 
"1 

 = 7 TeVs  -1CMS 2011 Preliminary           1.14 fb

Figure 3: The exclusion limits at the 95% CL on the pp ⇥ b⇤b⇤ production cross section. The
solid line represents the observed limits, while the dotted line represents the limits expected
with the available integrated luminosity, assuming the presence of standard model processes
alone. Comparing with the production cross sections, b⇤ mass less than 495 GeV/c2 is excluded
with an assumption of 100% b⇤ ⇥ tW decay branching fraction.

quark produced in the cascade decay. A check has been carried out by modifying the required
number of b-tagged jets in the selection criteria. As summarized in Table 4, the observed data
yields with the requirements of at least zero, one, or two b-tagged jets follow the tendency of
estimated background yields, which is consistent with the postulate of top background domi-
nance.

For each b⇤ mass hypothesis, cross sections, selection efficiencies and associated uncertainties
are estimated (Table 1 and 2). From these, and from the estimated background yield and 11
observed events, upper limits on b⇤b⇤ cross sections at the 95% CL are derived using a Bayesian
method with a log-normal prior for integration over the nuisance parameters [48]. These limits
are plotted as the solid line in Figure 3, while the dotted line represents the limits expected
with the available integrated luminosity, assuming the presence of standard model processes
alone. By comparing to the production cross section for pp ⇥ b⇤b⇤, a lower limit of 495 GeV/c2

is extracted for the mass of the b⇤ quark at the 95% CL.

In summary, a search for a heavy bottom-like quark produced in proton-proton collisions at

1

1 Introduction
The standard model accommodates three generations of fermions. It is natural to ask the ques-
tion whether there could be more than three. Experimental constraints require the fermions
of a chiral fourth generation to be quite massive. The corresponding neutrino has to be more
massive than half the mass of the Z boson [1] and the masses of the quarks have to be greater
than about 350 GeV [2, 3]. The existence of such a fourth generation can be made consistent
with precision electroweak data and could relax the upper limit on the mass of the Higgs boson
to about 500 GeV [4]. In order not to contradict precision electroweak measurements, the mass
splitting between the up-type (t⇤) quark and the down-type (b⇤) quark of a fourth generation
has to be smaller than the mass of the W boson [5–7]. Thus, the t⇤ quark cannot decay to W + b⇤.
Assuming moderate mixing between the three known generations and the fourth generation,
the primary decay mode of the t⇤ quark is likely to W boson plus b quark.

A search is performed for the strong pair production of a t⇤ quark and its antiparticle, followed
by each of their decays to a W boson and a b or b̄ quark. Lepton-plus-jets events are selected
with a single charged lepton, missing transverse momentum, and at least four jets of high
transverse momenta, indicative of events in which one of the W bosons decays to leptons (e⇤ or
µ⇤) and the other W boson decays to quarks. This signature is not limited to quarks of a chiral
fourth generation. Vector-like quarks, predicted by many theoretical models of physics beyond
the standard model [8, 9], could give rise to the same final state.

There are also standard model processes that give rise to the lepton-plus-jets signature, most
notably tt̄ production and W+jets production. The primary discrimination between the stan-
dard model t quark and a t⇤ quark is based on the larger mass of the t⇤ quark. Thus, a kinematic
fit to the t⇤ t̄⇤ ⇥ WbWb̄ ⇥ �⇤bqq̄b̄ hypothesis is performed to assign the reconstructed objects,
the jets and the lepton, to the decay products of the t⇤ pair and to estimate the parent t⇤-quark
mass. A statistical analysis of the two-dimensional distribution of m f it, the fitted t⇤-quark mass,
and HT, the sum of the transverse energies of the lepton, the jets, and the magnitude of missing
pT, is used to test for the presence of t⇤ t̄⇤ production in the data.

CMS uses a polar coordinate system, with the z axis coinciding with the axis of symmetry of the
CMS detector, and oriented in the counterclockwise proton direction. The polar angle ⌅ is de-
fined with respect to the positive z axis, and � is the corresponding azimuthal angle. Transverse
energy is defined as energy times sin ⌅ and pseudorapidity is defined as ⇥ = � ln[tan( ⌅

2 )].

Events with one electron (the e+jets sample) or with one muon (the µ+jets sample) are analyzed
separately. The event selection for each channel is optimized to maximize the search sensitivity.
Finally, the results from both channels are combined statistically.

2 CMS Detector
The characteristic feature of the CMS detector is the superconducting solenoid, 6 m in diameter
and 13 m in length, which provides an axial magnetic field of 3.8 T. Inside the solenoid are
located a multi-layered silicon pixel and strip tracker covering the pseudorapidity region |⇥| <
2.5 to measure the trajectories of charged particles, an electromagnetic calorimeter (ECAL) in
the range |⇥| < 3.0 made of lead tungstate crystals to measure electrons and photons (with a
preshower detector in the endcap region 1.65 < |⇥| < 2.6), and a hadronic calorimeter (HCAL)
made of brass and scintillators covering |⇥| < 3.0 to measure jets. Muons are reconstructed
with gas detectors embedded in the return yoke of the solenoid and covering |⇥| < 2.4. The
detector is nearly hermetic, allowing for momentum balance measurements in the plane trans-
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Search for a Heavy Bottom-like Quark in 1.14 fb�1 of pp
Collisions at

⌅
s = 7 TeV

The CMS Collaboration

Abstract

A search for pair-produced bottom-like quarks in pp collisions at
⌅

s = 7 TeV is con-
ducted with the CMS experiment at the LHC. The b⇤ quarks are assumed to decay
exclusively to tW. The b⇤b⇤ ⇥ tW�tW+ process can be identified by the distinctive
signature of trileptons or same-sign dileptons, and at least a b-jet. With a sample
corresponding to an integrated luminosity of 1.14 fb�1, data is compared to the stan-
dard model background predictions and a b⇤ quark with a mass below 495 GeV/c2 is
excluded at the 95% confidence level.
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额外的“⼒力”
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SM

qL

uR
dR

New 
Fermions

QL

QRH

SU(3)C ⇥ SU(2)1 ⇥ SU(2)2 ⇥ U(1)X

SU(3)C ⇥ SU(2)L

⇥U(1)L ⇥ U(1)X

SU(3)C ⇥ SU(3)W ⇥ U(1)X

G(331) Model

U(1) Extension
Z-prime

G(221) Model
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SU(3)C ⌦ SU(2)1 ⌦ SU(2)2 ⌦ U(1)XTABLE I. The charge assignments of the SM fermions under the G(221) gauge groups. Unless

otherwise specified, the charge assignments apply to all three generations.

Model SU(2)
1

SU(2)
2

U(1)X

Left-right (LR)

0

@uL

dL

1

A ,

0

@⌫L

eL

1

A

0

@uR

dR

1

A ,

0

@⌫R

eR

1

A
1

6

for quarks,

�1

2

for leptons.

Lepto-phobic (LP)

0

@uL

dL

1

A ,

0

@⌫L

eL

1

A

0

@uR

dR

1

A
1

6

for quarks,

YSM for leptons.

Hadro-phobic (HP)

0

@uL

dL

1

A ,

0

@⌫L

eL

1

A

0

@⌫R

eR

1

A YSM for quarks,

�1

2

for leptons.

Fermio-phobic (FP)

0

@uL

dL

1

A ,

0

@⌫L

eL

1

A YSM for all fermions.

Un-unified (UU)

0

@uL

dL

1

A

0

@⌫L

eL

1

A YSM for all fermions.

Non-universal (NU)

0

@uL

dL

1

A

1

st,2nd

,

0

@⌫L

eL

1

A

1

st,2nd

0

@uL

dL

1

A

3

rd

,

0

@⌫L

eL

1

A

3

rd

YSM for all fermions.

SU(2)
1

is identified as the SU(2)L of the SM. The first stage of symmetry breaking

SU(2)
2

⇥U(1)X ! U(1)Y occurs at the TeV scale, while the second stage of symmetry

breaking SU(2)L ⇥ U(1)Y ! U(1)
em

takes place at the electroweak scale;

(b) breaking pattern II (BP-II):

U(1)X is identified as the U(1)Y of the SM. The first stage of symmetry breaking

SU(2)
1

⇥ SU(2)
2

! SU(2)L occurs at the TeV scale, while the second stage of sym-

metry breaking SU(2)L ⇥ U(1)Y ! U(1)
em

happens at the electroweak scale.

The W 0 and Z 0 arise after the symmetry breaking at the TeV scale. The most general

interaction of the Z 0 and W 0 to SM fermions is

Lf = Z 0
µ f̄ �µ(gLPL + gRPR)f +W 0

µ f̄ �µ(g0LPL + g0RPR)f
0 + h.c. , (1)

where PL,R = (1⌥ �
5

)/2 are the usual chirality projectors. For simplicity, we use gL and gR

for both Z 0 and W 0 bosons from now on. Note that throughout this work only SM fermions

4
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SU(3)C ⌦ SU(2)1 ⌦ SU(2)2 ⌦ U(1)X

Motivation G221 models Parameter constraints Discovery potential Conclusion

Model Classification
Step One

G221 gauge symmetry can be broken in the following ways:

Jiang-Hao Yu — Pheno 2010 (May 11) The W 0 Search in SU(2)⇥ SU(2)⇥ U(1) Models 6/26
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SU(3)C ⌦ SU(3)W ⌦ U(1)X

mode sums over the first two generation neutrinos.

We first notice that the jj mode dominates over the other modes in the entire parameter

space of c�. The branching ratio of Z 0 ! ``/⌫`⌫` is suppressed in the region of large c�.

On the other hand, the branching ratios of Z 0 ! tt and Z 0 ! ⌧⌧/⌫⌧⌫⌧ are enhanced for

a large c�. The branching ratios of W 0 ! WZ/WH are not sensitive to c� in the range

0.3  c�  0.7, which is about 0.02. Figure 24(c) shows the cross section of various decay

modes of Z 0. We observe a tension between the WW mode and the jj mode. Again, the

leptonic decay mode imposes much tighter constraint as �(Z 0) ⇥ BR(Z 0 ! e+e�)  0.2 fb

by the current measurements [23, 24], which requires c� > 0.89 . Thus, we conclude the

Non-universal model cannot explain the WW excess.

VI. G(331) MODEL

Another simple non-Abelian extension of the SM gauge group is the so-called 331 model

which exhibits a gauge structure of SU(3)C ⌦ SU(3)L ⌦ U(1)X [48–69]. The electroweak

symmetry is broken spontaneously as follows,

SU(3)L ⇥ U(1)X ! SU(2)L ⇥ U(1)Y ! U(1)
em

, (22)

by three scalar triplets ⇢, ⌘ and � with vacuum expectation values as follows,

h⇢i = 1p
2

0

BBB@

0

v⇢

0

1

CCCA
, h⌘i = 1p

2

0

BBB@

v⌘

0

0

1

CCCA
, h�i = 1p

2

0

BBB@

0

0

v�

1

CCCA
. (23)

The � triplet is responsible for the first step of symmetry breaking, while the ⇢ and ⌘ triplets

are responsible for the second step of symmetry breaking.

The electric charge is defined as Q = T
3

+ Y = T
3

+ �T
8

+ X where Ti (i = 1 ⇠ 8)

are eight Gell-Mann Matrices and X is the quantum number associated with U(1)X . The

parameter � stands for the di↵erent definitions of the hypercharge Y or Q.

At the first step of spontaneously symmetry breaking at the TeV scale, three new gauge

bosons Y , V and Z 0 obtain their masses. The W and Z bosons are massive after the second

step of symmetry breaking at the electroweak scale. Neglecting the small mixing of Z 0 and

Z, the mass eigenstates of those gauge bosons can be written in terms of the SU(3)L and

29

h⇢i = 1p
2

0

@
0
v⇢
0

1

A h⌘i = 1p
2

0

@
v⌘
0
0

1

A h�i = 1p
2

0

@
0
0

v�

1

A

0

@
u
d
D

1

A

0

@
c
s
S

1

A

0

@
b
�t
T

1

A

3 3 3

SU(3)⇥ U(1)X �! SU(2)L ⇥ U(1)Y �! U(1)em
H1 H2

规范反常相消要求有三代费⽶米⼦子， 
第1代+第2代的反常之和抵消第3代反常



Z-prime产⽣生和衰变
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W-prime产⽣生和衰变
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SU(3)1 ⇥ SU(3)2 ! SU(3)C

SU(3)1 SU(3)2Model

qL tR bR (t, b)L qR

qLtR bR (t, b)LqR

New 
Axigluon

Classic 
Axigluon

Topgluon qL (t, b)L tR bRqR

q=u,d,c,s

dijet, AFB(t)

dijet, AFB(t)

dijet, FCNC

Frampton, 
Glashow (1987)

Frampton, Shu,  
Wang (2010)

Hill (1991)

对称性破缺要求：额外的带⾊色标量粒⼦子



⾊色标量粒⼦子产⽣生和衰变
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为什么希格斯粒⼦子质量为125GeV？
费⽶米⼦子和玻⾊色⼦子质量起源是否相同？
⼤大CP破坏产⽣生机制？
为何仅有3代夸克和轻⼦子？
是否有4代物质场粒⼦子？
能否把⾃自然界中所有⼒力统⼀一？
是否存在新相互作⽤用？
夸克和轻⼦子是否有内部结构？
暗物质的内禀属性及其相互作⽤用？
什么是暗能量？
是否有额外的空间维度？
......
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⽣生逢其时，何其幸也！


