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高能物理简介

小尺度，
大能量
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探索深层次物质规律
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探索深层次物质规律
https://indico.fnal.gov/event/22303/timetable/?view=standard#563-large-experimentsfacilitie 

https://indico.fnal.gov/event/22303/timetable/?view=standard#563-large-experimentsfacilitie
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https://www.symmetrymagazine.org/article/hitoshi-murayama-brings-people-together?language_content_entity=und   
https://indico.fnal.gov/event/22303/timetable/?view=standard#833-my-personal-experience 
  Leaving his rock star dreams behind, Murayama rekindled his love of physics as 

he studied for graduate school entrance exams. He applied to study particle physics 
at the University of Tokyo. 

Murayama was especially excited about studying aspects of particle physics 
that could be observed and tested through experimentation. But once he 
arrived at University of Tokyo, he soon realized his research interests didn’t align 
with those around him. “Everybody in grad school was studying string theory except 
me,” he says. “I felt very isolated.”

He was considering quitting when a visiting scientist gave him new hope. 
Kaoru Hagiwara, a physicist from the High Energy Accelerator Research 
Organization, or KEK, in Tsukuba, Japan, delivered a series of lectures on 
subatomic particle research. Murayama was hooked. “I asked him right away–I 
begged him–to work with me,” Murayama says.  

Hagiwara said he couldn’t teach until he returned from a two-year sabbatical in the 
UK. For the next two years, Murayama continued through his graduate program, 
studying condensed-matter physics and superconductors and clinging to the hope 
that Hagiwara would return and mentor him through the end of his doctorate 
research.

https://www.symmetrymagazine.org/article/hitoshi-murayama-brings-people-together?language_content_entity=und
https://indico.fnal.gov/event/22303/timetable/?view=standard#833-my-personal-experience
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电磁学内容

回旋加速器
(cyclotron)：获得高
速粒子的一种装置，
其基本原理就是利用
回旋频率与粒子速率
无关的性质．

在能量达到10MeV以上的回旋
加速器中，B的数量级为1T，D
形盒的直径在1m以上．

"for the invention 
and development of 
the cyclotron and for 
results obtained with 
it, especially with 
regard to artificial 
radioactive 
elements." 

Synchrotron
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对撞机:过去、现在及未来

https://en.wikipedia.org/wiki/List_of_accelerators_in_particle_physics#Colliders 对撞机列表

美国Tevatron 1992-2011 正负质子对撞
1995年发现Top夸克

CERN  Super Proton Synchrotron
             正负质子对撞  
1983年1月25日 宣布发现W玻色子

https://en.wikipedia.org/wiki/List_of_accelerators_in_particle_physics#Colliders
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对撞机:过去、现在及未来

1976年美国BNL Alternating Gradient Synchrotron以及美国SLAC SPEAR
正负电子对撞机发现J/ψ粒子即Charm quark的发现。
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对撞机:过去、现在及未来
现役对撞机 Belle2: (7+4)^2-(7-4)^2=112                   sqrt(112)~=10.58GeV

Belle: (8+3.5)^2-(8-3.5)^2=112

https://en.wikipedia.org/wiki/Collider#Operating_colliders
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对撞机:过去、现在及未来

日本 筑波
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对撞机:过去、现在及未来

北京正负电子对撞机（BEPC）于1988年10月在中国科学院高能物理所建成，
在Charm夸克物理领域取得了一批世界领先结果。

https://physics.aps.org/articles/v6/139

北京谱仪国际合作组发现四夸克物质
Zc(3900)入选2013年物理学重要成果

https://physics.aps.org/articles/v6/139
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对撞机:过去、现在及未来
Large Hadron Collider:
欧洲核子中心； 环长27公里，地下
100米； 质子-质子 13TeV对撞；
其上有4个大型实验：  
ALICE、ATLAS、CMS、LHCb

2012年Higgs发现之后， 国际高能物理
学界提出了下一代对撞机方案，包括： 
欧洲的FCC-ee, FCC-hh； 
中国的CEPC， SPPC。
以及国际直线加速器ILC等等。
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宇称破坏;  弱作用

以下列出1957年以来与基本粒子物理相关的部分诺贝尔奖

四大相互作用
17
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切伦科夫辐射、探测器

When a charged particle travels faster than light does through a given medium, it emits 
Cherenkov radiation at an angle that depends on its velocity. The particle's velocity can 
be calculated from this angle. Velocity can then be combined with a measure of the 
particle's momentum to determine its mass, and therefore its identity.
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https://indico.cern.ch/event/387976/attachments/1124401/1605557/daniela_l2.pdf 

https://indico.cern.ch/event/387976/attachments/1124401/1605557/daniela_l2.pdf
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https://indico.cern.ch/event/387976/attachments/1124401/1605557/daniela_l2.pdf 

https://indico.cern.ch/event/387976/attachments/1124401/1605557/daniela_l2.pdf
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https://indico.cern.ch/event/387976/attachments/1124401/1605557/daniela_l2.pdf   https://people.phys.ethz.ch/~mdonega/slides/passageOfParticlesThroughMatter.pdf 

https://indico.cern.ch/event/387976/attachments/1124401/1605557/daniela_l2.pdf
https://people.phys.ethz.ch/~mdonega/slides/passageOfParticlesThroughMatter.pdf


22

https://indico.cern.ch/event/387976/attachments/1124401/1605557/daniela_l2.pdf   https://people.phys.ethz.ch/~mdonega/slides/passageOfParticlesThroughMatter.pdf 

https://indico.cern.ch/event/387976/attachments/1124401/1605557/daniela_l2.pdf
https://people.phys.ethz.ch/~mdonega/slides/passageOfParticlesThroughMatter.pdf
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https://indico.cern.ch/event/387976/attachments/1124401/1605557/daniela_l2.pdf   https://people.phys.ethz.ch/~mdonega/slides/passageOfParticlesThroughMatter.pdf 

Jungfraujoch

https://indico.cern.ch/event/387976/attachments/1124401/1605557/daniela_l2.pdf
https://people.phys.ethz.ch/~mdonega/slides/passageOfParticlesThroughMatter.pdf
https://www.hfsjg.ch/wordpress/workshops/2019_EPS/Flueckiger_Erwin_Homepage.pdf


反质子

● 1928年Dirac方程负能量解，预言了antimatter。
● 1932年，宇宙线中发现正电子。
● 1955年，Lawrence Berkeley National Laboratory

的Bevatron发现反质子。

质子打靶 24

https://indico.cern.ch/event/104466/attachments/15569/22575/The_Bevatron.pdf


气泡室；  弱中性流

● A bubble chamber is a vessel filled with a superheated 
transparent liquid used to detect electrically charged 
particles moving through it. 

● It was invented in 1952 by Donald A. Glaser, may be after 
looking at the bubbles in a glass of beer.

Gargamelle
实验
1973

https://cerncourier.com/a/neutral-currents-a-perfect-experimental-discovery/
25

https://cds.cern.ch/record/39468
https://cerncourier.com/a/neutral-currents-a-perfect-experimental-discovery/
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https://home.cern/news/news/physics/50-years-giant-electroweak-discoveries 

https://home.cern/news/news/physics/50-years-giant-electroweak-discoveries


量子电动力学
relativistic quantum field theory of electrodynamics 
describes how light and matter interact and is the first 
theory where full agreement between quantum 
mechanics and special relativity is achieved.

电子磁矩

27



液氢气泡室, 一批共振态

 Brookhaven
 in 1964.

confirmed the validity of 
the SU(3) symmetry of 
the hadrons. 
盖尔曼 八重道
(The Eightfold Way)

28
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https://indico.cern.ch/event/1303471/contributions/5481927/attachments/2683461/4655397/muography-iisc-2023.pdf 

https://indico.cern.ch/event/1303471/contributions/5481927/attachments/2683461/4655397/muography-iisc-2023.pdf


QCD,  夸克

30



J/ψ， 粲夸克
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Uhlenbeck, after I was with him about a month or two, had an afternoon meeting with all of his 
graduate students. There were three or four of us. He said, "If I were to live my life over again, I 
would be an experimentalist rather than a theorist." I was very surprised. I discovered that one 
of the great theorists of the 20th century wanted to be an experimentalist. I asked him why? He 
said, " Whereas an average experimentalist is very useful because every measurement is 
useful, an average theorist is not. You can count on your fingers how many theorists made a 
difference in the 20th century." A few hours after this conversation, I went back to see him and 
said, "You're right. I should leave you, and I should try to do experiments." That's how I became 
an experimentalist.

https://www.aip.org/history-programs/niels-bohr-library/oral-histories/44898 

乌伦贝克在我(丁肇中)和他在一起大约一两个月后，与他所有的研究生进行了一次下午的

会面。我们有三四个人。他说：“如果我的人生能够重来一次，我会成为一名实验家，而不是

一名理论家。”我很惊讶。我发现 20 世纪一位伟大的理论家想成为一名实验家。我问他为

什么？他说：“普通的实验学家非常有用，因为每一次测量都是有用的，而普通的理论家则

不然。你可以用手指头数出有多少理论家在 20 世纪做出了贡献。”这次谈话几个小时后，

我回去见他，说：“你是对的。我应该离开你，我应该尝试做实验。”就这样我成为了一名实验

家。

https://www.aip.org/history-programs/niels-bohr-library/oral-histories/44898


电弱理论

标准模型 Standard Model

33



W，Z玻色子
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缪子中微子

1930 
Pauli
预言
中微子

The AGS Neutrino 
Experiment at 
Brookhaven, 
1962

35



深度非弹，夸克模型

电子、质子碰撞
36



多丝正比室
Drift Tube, Time Projection Chamber

Dark Matter TPC detector:  3D position 
reconstruction: X-Y from top PMTs array and 
Z from drift time between S1 and S2. 37



Tau轻子  1977
探测中微子 电子反中微子 1956

Stanford Positron Electron Asymmetric Rings, 1977.
38



标准模型重整化

1/0-1/0:  infinity cancellation,  regularization
Meanifull predictions from theoretical calculations

39



QCD渐进自由

QED: U(1)    阿贝尔群
QCD: SU(3)  非阿贝尔群   ->    渐进自由， 胶子自相互作用

40



对称性自发破缺
CKM，top夸克

质量本征态 ！=  弱相互作用本征态

41



Higgs Boson
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视频  2013@CERN 
https://videos.cern.ch/
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Andreas B. Meyer, DESY   KCMS Seminar, 22 Sep 2021
束流打靶

https://www.desy.de/~ameyer/luminosity_kcms_210922.pdf
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Joscha knolle  FSP Colloquium 2022 束流碰撞

https://indico.cern.ch/event/1096845/contributions/4614337/attachments/2380001/4066351/JK_220127_luminosity_v2.pdf
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https://www-conf.slac.stanford.edu/ssi/2012/Presentations/Zimmermann.pdf   

https://www-conf.slac.stanford.edu/ssi/2012/Presentations/Zimmermann.pdf
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25ns →  40MHZ
O(25) pileup → 1GHZ

σz is constant over the machine (~7,5 cm), 
σx varies and assumes its minimum in the 
Interaction Points.
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https://lhc-closer.es/taking_a_closer_look_at_lhc/0.lhc_p_collisions 

https://lhc-closer.es/taking_a_closer_look_at_lhc/0.lhc_p_collisions


49

Higgs cross section ~ 50pb ~5*10^{-35} cm^2

1 year ~  10^7 sec     effectively

→

5*10^{-35} * 10^7 * 10^-34 ~ 1 Million Higgs
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https://cds.cern.ch/journal/CERNBulletin/2016/38/News%20Articles/2216373   
https://en.wikipedia.org/wiki/Crab_cavity  

“The aim is to restart physics in the last few 
months of the year with the crossing angle 
reduced from 370 to 280 microradians. 
This should increase the peak luminosity by 
around 15%. ”

https://cds.cern.ch/journal/CERNBulletin/2016/38/News%20Articles/2216373
https://en.wikipedia.org/wiki/Crab_cavity
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https://www.worldscientific.com/doi/10.1142/S0217751X23500331 

不对称碰撞

https://www.worldscientific.com/doi/10.1142/S0217751X23500331
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https://www.worldscientific.com/doi/10.1142/S0217751X23500331 

不对称碰撞

New methods to 
achieve meson, 
muon and gamma 
light sources 
through asymmetric 
electron positron 
collisions
Dawei Fu, Alim Ruzi,
Qiang Li, and Meng Lu

https://www.worldscientific.com/doi/10.1142/S0217751X23500331
https://www.worldscientific.com/doi/10.1142/S0217751X23500331#
https://www.worldscientific.com/doi/10.1142/S0217751X23500331#
https://www.worldscientific.com/doi/10.1142/S0217751X23500331#
https://www.worldscientific.com/doi/10.1142/S0217751X23500331#
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https://arxiv.org/abs/2306.12480 

https://arxiv.org/abs/2306.12480
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Large Hadron Collider

55



Large Hadron Collider
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高能所
北大
清华
北航
山大
复旦
浙大
科大
南师大
中山
华南师大
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QED vs  QCD
 

 

a=1…8,
i=1,2,3  QCD colors 

Self-interactions 61



Parton, Jet

62
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高能对撞

   硬散射
QCD演化
：Parton 
Shower

多重散射
强子化
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高能对撞
s+sbar→Z0→e+ e-

https://pythia.org/download/talks/PrestelATLAS20.pdf


65

高能对撞动画  

北大本科生高乐耘的科研工作成果

https://www.hepani.xyz/
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高能对撞机： 探测→信息
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高能对撞机： CMS探测器

照相机？
录音机？



高能对撞机： ATLAS探测器

69
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LHC数据亮度
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高能对撞机：大数据

42 countries
170 computing centres
Over 2 million tasks/ day
1 million computer cores
1 exabyte of storage  (1B GB)

CMS：  15B events in 8 months
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高能对撞机:  大数据
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LHC数据流

● L1 trigger: local, hardware based, on FPGA, @experiment site
● HLT: local/global, software based, on CPU, @experiment site
● Offline: global, software based, on CPU, @CERN T0
● Analysis: user-specific applications running on the grid

机器学习：  粒子鉴别；信号挖掘；快速判断；自主学习
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LHC及HL-LHC时间线

未来20年



视频  LHC 
https://videos.cern.ch/
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1964年
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Fermilab Tevatron, US
1983-2011
Proton-antiproton collider
1.8/1.96TeV
1995 Top quark discovery

CERN LEP 
(The Large Electron-Positron Collider)
1989.7-2000.11:  91-209GeV
115GeV Higgs hint before shutdown?
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Jun 1989 - 404 pages 
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July 4th , 2012

An accepted definition for a "discovery":  a 5-sigma level of certainty  99.99994 %.



Spontaneous Symmetry Breaking
in 
Quantum Gauge Field Theory

Generating V mass 
while keeping Gauge Symmetry  
and 
avoiding massless goldstone

83
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无质量
Goldstone

规范场情形， W、Z吞并了
Higgs分量
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Deep root from Condensed Matter Physics

My life as a boson
by Peter Higgs

Philip W. Anderson
1977 Nobel Physics Prize

85

https://www.worldscientific.com/doi/abs/10.1142/S0217751X02013046
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Deep root from Condensed Matter Physics

2008 Nobel 
Physics Prize



How to search for a Higgs particle?

Needles in a 
haystack
In ATLAS, up to July 4, 2012:
A million billion collisions
4.2 billion events analyzed
240,000 Higgs particles produced
~350 diphoton Higgs events detected
~8 four-lepton Higgs events detected

Not so easy!

87



Higgs Production 
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Higgs  Decay

89
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From C.S. Wu
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July 4th, 2012: Discovery of a new boson 

Combined significance 5.0σ for CMS and 5.9σ for ATLAS
125.3+-0.4+-0.5GeV
0.87+-0.23

126.0+-0.4+-0.4GeV
1.4+-0.3 95



5.9sigma
Phys.Lett. B716 (2012) 1-29

5.0sigma
Phys. Lett. B 716 (2012) 30

2012.07    Big Discovery 
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2012
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2020
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2020.8  Higgs与第二代费米子相互作用的证据！

99



100

视频  two PKU Students@CERN in 2009
https://www.youtube.com/watch?v=dJEwyPO5PYE

https://www.youtube.com/watch?v=dJEwyPO5PYE
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中国环形正负电子对撞机CEPC

2018.11 发布概念设计报告CDR。
100公里隧道；
240-250GeV 正负电子对撞；
产生约100万Higgs；
Higgs工厂：  精确测量Higgs性质。
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与pp对撞机相比：
● 反冲技术，可以模型无关确定Higgs性质；
● 本底少，环境干净；
● 束流辐射会展宽对撞能量；
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https://indico.ph.ed.ac.uk/event/259/timetable/?view=standard 

https://indico.ph.ed.ac.uk/event/259/timetable/?view=standard


106

https://indico.ph.ed.ac.uk/event/259/contributions/2534/attachments/1395/2106/cepc-physics-murray-23.pdf      https://arxiv.org/pdf/1810.09037.pdf

https://indico.ph.ed.ac.uk/event/259/contributions/2534/attachments/1395/2106/cepc-physics-murray-23.pdf
https://arxiv.org/pdf/1810.09037.pdf
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https://indico.ph.ed.ac.uk/event/259/timetable/?view=standard 

https://indico.ph.ed.ac.uk/event/259/timetable/?view=standard
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111https://indico.desy.de/event/28202/contributions/102729/attachments/67953/85077/FutureColliders_LRivkin.pdf

https://indico.desy.de/event/28202/contributions/102729/attachments/67953/85077/FutureColliders_LRivkin.pdf
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Muon colliders have suppressed synchrotron radiation. 
● Clean events as in e+e- colliders
● High collision energy as in hadron colliders

But lifetime at rest only 2.2 μs.

Muon Collider interest Revived upon Muon Anomalies

link

http://hst-archive.web.cern.ch/archiv/HST2000/teaching/expt/muoncalc/lifecalc.htm
https://indico.cern.ch/event/867138/attachments/1954116/3245303/Muon_Collider_European_Strategy.pdf
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Muon Collider Community
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Muon Collider:  beam and background
1) Muon Source 2)   Muon Beam Induced background

3)   Neutrino Flux Mitigation: 
 move collider ring components, e.g. 
vertical bending with 1% of main field

https://arxiv.org/abs/1905.03725
https://indico.cern.ch/event/855372/contributions/4456520/attachments/2303915/3919730/neutrino.pdf
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Muon Ionisation Cooling Experiment (MICE) 
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Higgs Physics at Muon Collider

https://indico.cern.ch/event/868940/contributions/3813545/attachments/2083147/3499196/higgs_mc_ichep.pdf

Lorenzo Sestini
@ICHEP2020 

To 
Suppress 
BIB

https://indico.cern.ch/event/868940/contributions/3813545/attachments/2083147/3499196/higgs_mc_ichep.pdf
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Higgs Physics at Muon Collider

https://indico.cern.ch/event/868940/contributions/3813545/attachments/2083147/3499196/higgs_mc_ichep.pdf

No such 
bkgs at 
e-mu 
collider!

Lorenzo Sestini
@ICHEP2020 

https://indico.cern.ch/event/868940/contributions/3813545/attachments/2083147/3499196/higgs_mc_ichep.pdf


电子-缪子对撞机

提出了电子缪子对撞机是矢量玻色子散
射类型的对撞机的新概念！

120

https://arxiv.org/abs/2010.15144
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Neutrino Beam
B. J. King    hep-ex/0005007

NuTeV
Neutrino-Nucleon Scattering
NuMAX
NuSOnG
Neutrino Scattering on Glass
nuSTORM
"Neutrinos from STORed 
Muons," …for neutrino oscillation 
searches  

很多中微子打靶实验，但是没有head-on对撞构想

https://arxiv.org/abs/hep-ex/0005007
http://arxiv.org/abs/hep-ex/0110059
http://arxiv.org/abs/1803.07431
http://arxiv.org/abs/0803.0354
http://arxiv.org/abs/1206.0294
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高能物理及机器学习

Charles Alfred Coulson: 应用数学家，化学家
Christopher Longuet-Higgins，理论化学家，40
岁（1970s），改行做人工智能
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机器学习简史

2018年图灵奖
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高能物理机器学习应用简史

Tevatron：Top夸克
LHC: Higgs发现
miniBOONE: 粒子鉴别



机器学习应用： Higgs粒子寻找

CMS实验中Higgs双光子道的寻找：
● 分支比10- 3: 在本底上寻找微小信号峰；
● BDT应用于分析的各个方面

○ 光子鉴别
○ 事例分类
○ 光子能量
○ 双光子顶点
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机器学习应用： NNPDF

ANNs avoid biasing the PDFs, faithful extrapolation at 
small-x (very few data, thus error blow up)
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The HL-LHC challenge

https://twiki.cern.ch/twiki/pub/CMSPublic/CMSOfflineComputingResults
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ML as a solution
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Where ML is (will be) used in CMS
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Data representations
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CNN应用：  径迹重建

嘈杂环境中重建带电粒子
径迹，具有挑战性：
误组合，假种子
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CNN应用：  径迹重建
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自编码：自动寻找新物理
๏ Train on standard events
๏  Run autoencoder on new events
๏ Consider as anomalous 
    all events with loss > threshold

Worse than Supervised but results encouraging
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Summary
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Summary

2021年，与缪子相关
的'反常'

LHCb轻子味道普适性
破坏
费米实验室缪子反常
磁矩

可能的新物理迹象！

Fabiola Gianotti (CERN), 
LHCP, 7 June 2021

https://indico.cern.ch/event/905399/contributions/4099237/attachments/2259137/3834090/LHCP-Gianotti.pdf
https://indico.cern.ch/event/905399/contributions/4099237/attachments/2259137/3834090/LHCP-Gianotti.pdf
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Summary

Faster、Deeper、Stronger in HEP
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附录
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https://www.aichpoem.com/#/shisanbai/poem
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https://www.aichpoem.com/#/shisanbai/poem
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中微子振荡
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PT and (pseudo-)Rapidity

PT
Lorentz Invariant Distance
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自编码Autoencoders
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自编码： 数据监控


