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（1）粒子物理的标准模型
（2）寻找顶夸克：漫长的旅程
（3）顶夸克和超出标准模型之外的新物理
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基本粒子物理
或

高能物理

研究自然界的
基本相互作用（力）

千年之问：

“世界基本组成成分为何？”
              和
“它们如何相互作用？”
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自然界中四种力

1  重力 3  弱相互作用

2  电磁
4  强相互作用

牛顿

将核子仅仅结合起来
粒子对撞

时间尺度: 10-23 秒

法拉第

Beta 衰变
Muon 衰变

时间尺度: 10-12 ~ 103 秒
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轻子

•  不参与强相互作用

•  整数或零电荷

•  味:

“电子”                            (1897)               在原子中

“Muon”                          (1937)               在宇宙射线中首次观测到
  ( 206 me )

“Tau”                             (1975)               在SLAC观测到   

   ( 17       )                                                   ( Stanford Linear Accelerator Center)

“electron 中微子”          (1956)

       泡利以之解释Beta衰变中能动量不守恒 (1930)

“Muon 中微子”              (1962)

“Tau 中微子”                (2000)

mµ
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夸克

•  参与强相互作用

•  带分数电荷

•  质子和中子的组成成分
(udd) (uud)

u          “up”
d          “down”( )

•  第一次实验证据:

Stanford Linear Accelerator Center
        (Giant Electron Microscope)

•  味:

u         “up”
d         “down”
s         “strange”
c         “charmed”                            (1974)
b         “bottom”                              (1977)           “Beauty”
t          “top”                                     1995             “Truth”
                                                         @ Fermilab (Tevatron)
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统一之路
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统一之路
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如何实现统一：对称性
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2) 无法区分
一个物体变换为另一个物体

整体对称性：同位旋
时空对称性

等价性
完美但却无聊的世界
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如何实现统一：对称性

7

2) 无法区分
一个物体变换为另一个物体

整体对称性：同位旋
时空对称性

等价性
完美但却无聊的世界

1) 不可观测
无法观测的物理量

绝对位置   

绝对时间
绝对方位
绝对左右
绝对未来
绝对电荷

在微观世界中， 
等价的相互作用，力的载体为无质量的粒子
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统一之路和对称性破缺
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统一之路和对称性破缺
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Standard Model 
of particle physics
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粒子物理的标准模型

v  规范对称性

对称性自发破缺
(希格斯机制)

量子电动力学
(电磁相互作用) 9
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v  物质场：
§  费米子 (自旋1/2)

轻子

无强相
互作用( )

夸克
(q)

10

粒子物理的标准模型
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v  物质场：
§  费米子 (自旋1/2)

轻子

无强相
互作用( )

夸克
(q)

3代

10

粒子物理的标准模型



§  标量场 (自旋为0)
        希格斯波色子： 唯一知道不同代的粒子间不同之处的粒子 
                              ( 希格斯机制             对称性自发破缺)
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v  物质场：
§  费米子 (自旋1/2)

轻子

无强相
互作用( )

夸克
(q)

3代

10( 2012年7月24日在CERN发现 )

粒子物理的标准模型



和      规范玻色子                                         (1983)W±
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v  相互作用（通过交换自旋为1的规范玻色子）
1)  电磁相互作用 (QED)

2)  强相互作用 (QCD)

3)  弱相互作用

光子                  (无质量)

胶子                  (无质量)                                       (1979)

探测戈德斯通玻色子的相互作用

探测纵向极化的W波色子的相互作用 

标准模型中，规范玻色子（       或     ）的质量起源于希格斯机制

有质量

11

( )

粒子物理的标准模型
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标准模型是如何做理论预言的？

u  量子力学

薛定谔方程：

1.找出描述系统的哈密顿量 H
 
2.将H代入薛定谔方程 

3.做理论就算

12
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标准模型是如何做理论预言的？

u  量子力学

薛定谔方程：

1.找出描述系统的哈密顿量 H
 
2.将H代入薛定谔方程 

3.做理论就算

u 相对论性量子场论

标准模型给出描述相互作用的拉格朗日量L

费曼规则
费曼图

S-矩阵元

理论预言

} t b

Vertex;
coupling

L

12
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Beta 衰变 ( Weak )

弱电相互作用统一

电磁相互作用 ( QED )

交换
光子

n
p

理论不自洽, 在高
能散射极限下破坏
幺正性.( )

费米理论
（四费米子模型）

13



n
p

高能区的自洽理论，
微扰论也适用

1)           必须存在                                                                             1983     
2)   最简单模型还要求有质量的电中性的                                          1983

全新的弱荷守恒的相互作用理论                                                      1973

W±

曹庆宏（北京大学）                        顶夸克和新物理                                           青岛大学学术报告

弱电相互作用统一

14

Beta 衰变 ( Weak )电磁相互作用 ( QED )

交换
光子

代价：

Z0
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标准模型的希格斯机制

电弱理论的两个疑难：
§ 电弱对称性破缺的起源

                       
§ 味对称性破缺的起源

(MW = 80 GeV, MZ = 91 GeV)

(夸克和轻子质量差异悬殊)

在标准模型中，这两种对称性破缺是通过引入一个基本的 
     标量场（希格斯玻色子）来实现：

  
Φ =

1
2

φ1 + iφ2

φ3 + i φ4

⎛

⎝
⎜

⎞

⎠
⎟

§  产生 MW 和MZ §  产生

  
Φ

min
=

1
2

0
v
⎛

⎝⎜
⎞

⎠⎟
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标准模型的自由参数

  (1) 强CP相位

{ }
This set can be traded by

(3) 轻子质量

(6) 夸克质量

夸克的弱相互作用本征态
和质量本征态之间的混合

3个混合角和1个相位

总共19个自由参数。
迄今为止，所有物理实验数据都和标准模型预言相符。 

To include neutrino masses (suggested by Neutrino Oscillation data) in the SM

• For Dirac Neutrinos • For Majorana Neutrinos

Add 3 masses    and 
3 mixing angles  with

1 CP violation phase 

Add 3 masses    and 
3 mixing angles  with

3 CP violation phase 16

CP破坏
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圈图量子辐射修正示例

1)

2)

+ + + ...

~

~

对所有 
中间态
 求和

+ + ...

+ +

+ + …

~

3) 混合

17
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标准模型的精确测量

研究可以精确观测的诸电弱物理量，

对比理论预言和具体的实验测量值

  标准模型的电弱部分已经在
          量子辐射级别上被检验

  标准模型的自洽性通过比较
          直接的观测物理量 
     和
          各个理论输入参数来获得

  可以限制超出标准模型之外的
     新物理模型的参数空间.
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寻找顶夸克
一段漫长的旅程 



 Forward-Backward Asymmetry of        
        bottom quark  (       ) in
 
    

        
        confirmed weak isospin of b

e+e� ! bb̄

Ab
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1977年：顶夸克是存在的！
（从底夸克的实验数据推断出）

              state must exist,

       which is called
                TOP.

  然而，顶夸克的发现之路却是如此漫长！ 20



mt = (173.1± 1.0) GeV
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1995年3月2日

高能物理学家高举 
香槟

欢庆发现顶夸克 
（美国费曼国家实验室的D0和CDF实验组）

最近实验结果,
21
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If this is indeed so, the bounds on 

 the mass of the  top quark are
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Observation of              mixing
ARGUS Collaboration
Received 9 April 1987

Using the ARGUS detector at the DORIS II storage ring we have searched in 
three different ways for              mixing in    (4S) decays. One explicitly mixed 
event, a decay                  , has been completely reconstructed. Furthermore, we 
observe a 4.0 standard deviation signal of 24.8 events with like-sign lepton pairs 
and a 3.0 standard deviation signal of 4.1 events containing one reconstructed  
             and an additional fast          . This leads to the conclusion that             
mixing is substantial. For the mixing parameter we obtain r=0.21±0.08. 

To explain the large mixing parameter,
 ARGUS had to assume the top mass

 to be large, mtop > 50 GeV
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大型强子对撞机时代

• 物理学和各种能标尺度紧密相关
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顶夸克：标准模型的国王

• 标准模型中最重的夸克（探测对称性破缺）
33• 具有“自然”的Yukawa耦合常数的唯⼀一夸克
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顶夸克是如此特殊

• 寿命极短： 

• “裸”夸克： 

   自旋信息完好地保存在
   其衰变产物中 34
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顶夸克是探测新物理的有效探针
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新夸克

CP 35

重夸克产生的
微扰QCD预言
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标准模型中顶夸克前后不对称

• A charge asymmetry arises at NLO

VOLUME 81, NUMBER 1 P HY S I CA L REV I EW LE T T ER S 6 JULY 1998

Charge Asymmetry in Hadroproduction of Heavy Quarks

J. H. Kühn and G. Rodrigo
Institut für Theoretische Teilchenphysik, Universität Karlsruhe, D-76128 Karlsruhe, Germany

(Received 12 February 1998; revised manuscript received 17 April 1998)
A sizable difference in the differential production cross section of top and antitop quarks, respectively,

is predicted for hadronically produced heavy quarks. It is of order a
s

and arises from the interference
between charge odd and even amplitudes, respectively. For the Fermilab Tevatron it amounts to up
to 15% for the differential distribution in suitable chosen kinematical regions. The resulting integrated
forward-backward asymmetry of 4% 5% could be measured in the next round of experiments. At
the CERN Large Hadron Collider the asymmetry can be studied by selecting appropriately chosen
kinematical regions. [S0031-9007(98)06481-3]

PACS numbers: 12.38.Qk, 12.38.Bx, 13.87.Ce, 14.65.Ha

Top quark production at hadron colliders has become
one of the central issues of theoretical [1] and experimen-
tal [2] research. The investigation and understanding of
the production mechanism is crucial for the determina-
tion of the top quark couplings, its mass, and the search
for new physics involving the top system. A lot of effort
has been invested in the prediction of the total cross sec-
tion and, more recently, of inclusive transverse momen-
tum distributions [1].
In this Letter we will point to a different aspect of the

hadronic production process, which can be studied with
a fairly modest sample of quarks. Top quarks produced
through light quark-antiquark annihilation will exhibit
a sizable charge asymmetry—an excess of top versus
antitop quarks in specific kinematic regions—induced
through the interference of the final state with initial-
state radiation [Figs. 1(a) and 1(b)] and the interference
of the box with the lowest-order diagram [Figs. 1(c)
and 1(d)]. The asymmetry is thus of order a

s

relative
to the dominant production process. In suitable chosen
kinematical regions it reaches up to 15%, the integrated
forward-backward asymmetry amounts to 4%–5%. Top
quarks are tagged through their decay t ! b W

1 and can
thus be distinguished experimentally from antitop quarks
through the sign of the lepton in the semileptonic mode
and eventually also through the b tag. A sample of 100
to 200 tagged top quarks should, in fact, be sufficient for
a first indication of the effect.
Top production at the Fermilab Tevatron is dominated

by quark-antiquark annihilation, hence the charge asym-
metry will be reflected not only in the partonic rest frame
but also in the center of mass system of proton and an-
tiproton. The situation is more intricate for proton-proton
collisions at the CERN Large Hadron Collider (LHC),
where no preferred direction is at hand in the laboratory
frame. Nevertheless, it is also in this case possible to
pick kinematical configurations which allow the study of
the charge asymmetry.
The charge asymmetry has also been investigated in

[3] for a top mass of 45 GeV. There, however, only

the contribution from real gluon emission was considered
requiring the introduction of a physical cutoff on the
gluon energy and rapidity to avoid infrared and collinear
singularities. Experimentally, however, only inclusive
top-antitop production has been studied to date, and the
separation of an additional soft gluon will in general be
difficult. In this Letter, we will therefore include virtual
corrections and consider inclusive distributions only. We
will see below that the sign of the asymmetry for inclusive
production is opposite to the one given for the t

¯

tg process
in [3]. The charge asymmetry of heavy flavor production
in quark-antiquark annihilation to bottom quarks was also
discussed in [4–6] where its contribution to the forward-
backward asymmetry in proton-antiproton collisions was
shown to be very small. In addition, there is also a slight
difference between the distribution of top and antitop
quarks in the reaction gq ! t

¯

tq. At the Tevatron its
contribution is below 10

24. (This effect should not be
confused with the large asymmetry in the top quarks’
angular or rapidity distribution in this reaction which is a
trivial consequence of the asymmetric partonic initial state
and vanishes after summing over the incoming parton
beams.)

(c) (d)

(b)(a)

q

q

Q

Q

FIG. 1. Origin of the QCD charge asymmetry in hadroproduc-
tion of heavy quarks: interference of final-state (a) with initial-
state (b) gluon bremsstrahlung plus interference of the box (c)
with the Born diagram (d).
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Top-quark AFB at the Tevatron
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CDF new data (8.7fb-1):

Ainclusive
FB = 0.162± 0.041± 0.022

ANLO+EW
FB = 0.066
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FIG. 21: Parton level Mtt̄ distributions for events with positive and negative �y.
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FIG. 22: Parton level AFB as a function of Mtt̄ (left) and the same distribution with a best-fit line superimposed (right).

level results from this analysis with the same divisions into two bins in order to directly compare to the previous
analysis. The change in central values across the two bins has been reduced somewhat compared to the previous
analysis, but the trend of growth of the asymmetry with mass and |�y| remains.

VIII. CONCLUSIONS

We have studied the forward-backward asymmetry AFB in top quark pair production in the full CDF dataset.
In the full dataset, we observe a raw asymmetry of 0.066 ± 0.020, and an approximately linear dependence on
both |�y| and M

tt̄

. After subtracting o↵ the predicted background contribution, we determine the significance of
the rapidity and mass dependence by comparing the best fit slopes in the data to the standard model powheg

prediction, finding a p-value of 0.00892 for AFB as a function of |�y| and a p-value of 0.00646 for AFB as a function
of M

tt̄

. Finally, we correct our results to the parton level to find the di↵erential cross-section in �y and allow
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VIII. CONCLUSIONS

We have studied the forward-backward asymmetry AFB in top quark pair production in the full CDF dataset.
In the full dataset, we observe a raw asymmetry of 0.066 ± 0.020, and an approximately linear dependence on
both |�y| and M

tt̄

. After subtracting o↵ the predicted background contribution, we determine the significance of
the rapidity and mass dependence by comparing the best fit slopes in the data to the standard model powheg

prediction, finding a p-value of 0.00892 for AFB as a function of |�y| and a p-value of 0.00646 for AFB as a function
of M
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. Finally, we correct our results to the parton level to find the di↵erential cross-section in �y and allow
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Top-quark AFB at the Tevatron
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CDF new data (8.7fb-1):

Ainclusive
FB = 0.162± 0.041± 0.022

ANLO+EW
FB = 0.066
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VII. DIFFERENTIAL CROSS-SECTION AND PARTON LEVEL RESULTS

Applying our correction procedure to the data yields the di↵erential cross-section shown in Figure 19 compared
to the standard model powheg prediction. We find an inclusive asymmetry of 0.162 ± 0.041 ± 0.022. The |�y|
dependence of this distribution is shown in Figure 20, with the di↵erential asymmetry values being summarized in
Table XVI. Performing a linear fit to the parton level results, we find a slope ↵�y

= (30.6± 8.6)⇥ 10�2, compared
to an expected slope of 10.3⇥ 10�2. In performing this fit in the data, we utilize the full covariance matrix for the
corrected AFB values when minimizing �2 in order to account for the correlations between bins in the parton level
distribution. The systematic uncertainties on AFB in each bin are added to the diagonals of the covariance matrix.
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FIG. 20: Parton level AFB as a function of |�y| (left) and the same distribution with a best-fit line superimposed (right).

CDF Run II Preliminary L = 8.7 fb�1

Parton Level Data NLO (QCD+EW) tt̄
|�y| AFB (± stat. ± syst.) AFB

Inclusive 0.162 ± 0.041 ± 0.022 0.066
< 0.5 0.037 ± 0.035 ± 0.020 0.023

0.5� 1.0 0.163 ± 0.058 ± 0.036 0.072
1.0� 1.5 0.384 ± 0.084 ± 0.041 0.119
� 1.5 0.547 ± 0.140 ± 0.085 0.185
< 1.0 0.088 ± 0.042 ± 0.022 0.043
� 1.0 0.433 ± 0.097 ± 0.050 0.139

Data NLO (QCD+EW) tt̄
Slope ↵�y of Best-Fit Line (30.6 ± 8.6)⇥ 10�2 10.3⇥ 10�2

TABLE XVI: Measured and predicted parton level asymmetries as a function of |�y|.

We also can determine the parton level mass dependence of AFB by correcting the �y and M
tt̄

distributions
simultaneously. Doing so yields the M

tt̄

distributions for forward and backward events shown in Figure 21. These
distributions can then be combined to determine the di↵erential AFB as a function of M

tt̄

shown in Figure 22
and summarized in Table XVII. The best fit line to the parton level data has a slope ↵

Mtt̄
= (15.6 ± 5.0)⇥ 10�4,

compared to the powheg prediction of 3.3⇥ 10�4.

A. Comparison to Previous Results

In the 5.3 fb�1 version of this analysis, parton level di↵erential asymmetries were considered in two bins of |�y|
(above and below 1.0) and two bins of M

tt̄

(above and below 450 GeV/c2). In Table XVIII, we provide the parton
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Minimal FCNC Z’ is disfavored

38

Z’

Berger, Qing-Hong Cao, Chen, C. S. Li, Zhang,  PRL 106 (2011) 201801
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L = gū�µ(fLPL + fRPR)tZ 0

µ + h.c.

Left-handed coupling is 
highly constrained by      
    -     mixing.Bd Bd

200 400 600 800 1000
mZ’ (GeV)

0

1

2

3

4

5

6

7

8

f R (b)

5000 events

1000 events

5m
3m

100 events

200 400 600 800 1000
mZ’ (GeV)

0

1

2

3

4

5

6

7

8

f R (b)

5000 events

1000 events

5m
3m

100 eventsAFB prefers a LARGE fR.



曹庆宏（北京大学）                        顶夸克和新物理                                           青岛大学学术报告
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• Charged lepton is maximally correlated with top-spin. 
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•          and          is connected by the top-quark and 
charged lepton spin correlation. 
At

FB A`
FB

versus At
FBA`

FB

Berger, Qing-Hong Cao, Chen, Yu, Zhang, PRL 108 (2012) 072002
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Color sextet scalar and same-sign top pair 
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Berger, Qing-Hong Cao, Chen, Shaughnessy, Zhang, PRL 105 (2010) 181802
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总结：粒子物理新时代
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Supersymmetry Extra Dimension

Little Higgs Higgsless

MSSM, NMSSM, nMSSM, uMSSM Flat (ADD, UED)
Warped (RS1)

Simple Little Higgs
Little Higgs 

Three-site

Technicolor
Top quark condensate

R-violating

Little Higgs with T-parity 

总结：粒子物理新时代
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