


报告大纲 

• 简要介绍粒子物理标准模型 

• 基本粒子质量产生机制-希格斯机制 

• 回顾希格斯粒子的寻找历史 

• 如何在LHC上发现希格斯玻色子 

• 后希格斯时代 - ―Higgs Factory‖ 

• 中国高能物理的前景和展望 
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研究物质最基本的结构 
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探索基本粒子质量的起源 

Higgs 玻色子用来解释基
本粒子的质量来源，是粒
子物理标准模型中最后被
发现的关键粒子，常被媒
体称为“上帝”粒子。 

5 

寻找Higgs 玻色子是大型国际 

高能对撞机实验 (LEP, Tevatron,  

LHC) 的主要物理目标。 



Higgs Mechanism (1964) 

 J. J. Sakurai Prize for Theoretical Particle Physics (2011) 
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G.S. Guralnik, C.R. Hagen and  

T.W.B. Kibble, PRL 13 (1964.11.16) 585  

Peter W. Higgs 

Phys. Lett. 12 (1964.9.15) 132 

PRL 13 (1964.10.19) 508 

F. Englert, R. Brout 

PRL 13 (1964.8.31) 321 



Higgs Mechanism 
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Higgs Mechanism in SM:  

• 连续对称性的自发破缺导致零能激
发 ，会产生零静止质量的标量粒子 - 
Goldstone boson，它被静止质量为零
的规范场粒子（两个横向极化自由度）
“吃掉”，转化成规范场的纵向极化分
量的自由度，使得规范场粒子具有三个
极化自由度，变成具有静止质量的粒子。 

• 剩下一个物理激发态：希格斯粒子 
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研究工具: 高能对撞机 
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 Energy is the currency in particle physics ! 

 Shorter distance  Higher energy (=ћ/p)  

 Heavier matter particle  Higher energy (E = mc2) 

 High energy beam and big machine to study the smallest scale  

Mp = 0.938 GeV/c2 

Energy = 0.98 TeV 

Mt = 173.2 GeV/c2 

Tevatron at Fermi National Accelerator Laboratory (Fermilab) 



高能对撞机: 模拟宇宙大爆炸 
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 Higher energy beam collisions  

higher temperature (E = T) 

 High energy collider to recreate 

the  Big Bang in Lab. 

LHC,  time  10-13 s, Temp  1017 K,  

Energy  8 TeV, distance  10-19 m 



Brief  History of the Higgs Search 

 1964 Brout & Englert, Higgs, Guralnik, Hagen & Kibble 

 1967 Weinberg, Salam, Glashow integrated it in the SM 

 1973 Exp. Confirmation of weak neutral current(Z) of the 

SM (Nobel Prize in 1979) 

 1983 Discovery of W and Z bosons at CERN  

    (Nobel Prize in 1984) , closely linked to the Higgs boson 

 1993 CERN/LEP1 studies Z's and rules out mH<53 GeV 

–And indirectly excludes mH > 300 GeV 

 2000 CERN/LEP2 lower limit reaches 114.4 GeV 

 2012 Fermilab/Tevatron observed ~2.5s excess at [120,130] 

 2012.7  Discovery of the Higgs boson at LHC 

 2013.10  Nobel Prize in Physics 
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Search for Higgs boson at LEP 

Results: exclude mH < 114.4 GeV/c2 at 95% CL 

(Physics Letters B 565 (2003) 61-75) 

12 



Searches for Higgs Boson at LEP and LHC 

 Direct searches at LEP (2000): 

     mH > 114.4 GeV @ 95% C.L. 

 Direct search at LHC (2012.3) 

     mH < 127 GeV @ 95% C.L. 

 Precision electroweak data are 

sensitive to Higgs mass, global 

fit mass:   
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M2
W=M2

Z(1-sin2qw)(1+Dr) 

Radiative correction: Dr(mt,mH,a,…) 



Search for Higgs boson at Fermilab/Tevatron 

 Results (arXiv:1207.0449): 2.5s excess at mH=120-130 GeV 

 

14 

~2.5s excess 



Large Hadron Collider at CERN 
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CERN 

LHC: 27 km, the world’s largest 

proton-proton collider (7-14 TeV) 

ATLAS 

ALICE 

LHCb 

CMS 

Where the WWW was born … 



The birth of the WWW at CERN 

Tim Berners-Lee, a British scientist at CERN, invented the World 

Wide Web (WWW) in 1989. The web was originally conceived and 

developed to meet the demand for automatic information-sharing 

between scientists in universities/institutes around the world. 
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CERN是万维网的诞生地！ 



欧洲核子研究中心(CERN)大型强子对撞机 (LHC) 

LHC是目前世界上最大和能量最高的强子对撞机 (7-14 TeV) 

ATLAS Collaboration (38 countries, 174 institutes, ~ 3000) 

CMS Collaboration (41 countries, 179 institutes, ~3000) 

隧道 (26.7 公里) 
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ATLAS and CMS Member Institutes 

Ranking of World U. by SJTU:  http://www.arwu.org/ARWU2010.jsp 

Rank University Name Rank University Name 

1 (ATLAS) Harvard U. 14 (CMS) UC, San Diego 

2 (ATLAS) UC, Berkeley 15 (ATLAS) U. Pennsylvania 

3 (ATLAS) Stanford U. 16 (ATLAS) U. Washington 

4 (ATLAS,CMS) MIT 17 (ATLAS,CMS) U. Wisconsin 

5 (ATLAS) U. Cambridge 18 (CMS) John Hopkins U. 

6 (CMS) Caltech 19 (no physics) UC, San Francisco 

7 (CMS) Princeton U. 20 (ATLAS) U. Tokyo 

8 (ATLAS) Columbia U. 21 (ATLAS) U. College London 

9 (ATLAS) U. Chicago 22 (ATLAS) U. Michigan 

10 (ATLAS) U. Oxford 23 (CMS) Swiss Federal Inst. of 

Technology, Zurich 

11 (ATLAS) Yale U. 24 (ATLAS) Kyoto U. 

12 (CMS) Cornell U. 25 (ATLAS) UIUC 

13 (CMS) UC, Los Angeles 26 (CMS) Imperial College 
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LHC：粒子加速和对撞 

 质子-质子对撞示意图 
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Proton_Event_720pH264.mov


LHC：质子-质子对撞 

Higgs  ZZ*  4l 产生
几率为10万亿分之一 
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The ATLAS Detector: Huge Camera 

 

取数：4千万次/秒  

46 x 25 x 25 米, 7000 吨 

~3000 研究人员 
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Particle Detection 

 Different particles have different signatures in detectors 
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Muon Spectrometer: 

muon identification and 

momentum measurement 

Hadronic calorimeter: 

Measurement of jets and 

missing energy 

Electromagnetic calo: 

e/  identification and 

energy measurement 

Tracking system: 

Charged particle 

momentum, vertexing 



Higgs Boson Production at LHC 
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Gluon-gluon fusion ggH and vector-boson  

fusion qqqqH are dominant 

Inelastic pp cross section at 7 TeV is ~ 60 mb 

Gauge 

coupling 

Yukawa 

coupling 



Higgs Boson Decay 

Higgs decay branching  

ratio at  mH=125 GeV 

bb: 57.7% (huge QCD bkgd) 

WW: 21.5% (easy 

identification in di-lepton 

mode, complex background) 

tt: 6.3% (complex final states 

with t leptonic and/or hadronic 

decays) 

ZZ*: 2.6% (“gold-plated”, 

clean signature of 4-lepton, 

high S/B, excellent mass peak) 

: 0.23% (excellent mass 

resolution, high sensitivity) 
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Higgs boson production rate:  

1 out of 1012 collision events 



LHC Data Samples and Major Challenges 
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Major  Challenge (Large Pileup) 

 Large pileup events result in big challenge to the detector, 

reconstruction and  particle identification ! 
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HZZ4  

 

 

 



Boosted Decision Trees (BDT) 
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最先 (2004) 提出和应用先进的BDT方法用于粒子鉴别和事例识别。 

BDT方法应用于希格斯粒子的寻找，显著提高希格斯粒子发现的灵敏度。 

BDT 论文在高能物理INSPIRES数据库分别引用113次和45次。 

Google scholar 数据库分别引用231次和91次。 

BDT方法已收录进CERN TMVA分析软件包，被十几个大型国际 

合作实验组采用作为主要的方法来提高新物理探测灵敏度。 



Observation of a new Particle (July 4, 2012) 
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H   H  WW 

H  ZZ 



Strong Evidence for a New Particle 
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 2012 ICHEP (summer) 

Significance 6.0s (exp 5.0s) 

MH=126.0±0.4±0.4 GeV 

 2012 Full Datasets 

Significance 9.9s (exp 7.5s) 

MH=125.5±0.2±0.6 GeV 



Update of Higgs Signal Strength 
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Signal strength: =1.3±0.2(ATLAS)  

 = 0.8 ±0.14 (CMS)  

CMS-HIG-13-005 

JHEP 06 (2013) 081 

PLB726（2013）88-119 

PLB726（2013）120-114 

m =
s ×Br

s ×Br( )
SM



CMS  H Candidate 
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ATLAS H  ZZ*  4 Candidate 

 M4 = 125.1 GeV, M12 = 86.3 GeV, M34 = 31.6 GeV 
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Higgs ZZ* 4l Candidates Evolution 
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4l_FixedScale_NoMuProf2.wmv


Discovery of the Higgs Boson 

Phys. Lett. B 716 (2012) 1-29 (ATLAS) 

Phys. Lett. B 716 (2012) 30-61 (CMS) 
http://www.sciencemag.org/site/special/btoy2012/ 
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NEWS：Higgs Boson (2012.7.4) 
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Is it the SM Higgs Boson? 
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 Higgs production (mH = 125 GeV) 

 Higgs decays  

H 

f 

f 

H 
W, Z 

W, Z 

 Couplings (new force!) gF (Yukawa coupling) =√2 x mF/ 

gV (Gauge coupling)  =  2mV
2/ 

( is the vacuum expectation value)  Spin (0) and Parity (Even) 



Higgs Spin and CP 

  ATLAS/CMS strongly prefer Higgs with spin 0 and CP even (SM Higgs).  
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It is the SM Higgs Boson !!! 
 ATLAS and CMS Results are consistent with the SM Higgs  

     boson which has spin 0 and CP even.  
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• Each experiment: 
‒ Couplings to bosons determined at the 10% level 

‒ Rejecting zero couplings to fermions at >5σ 

 

• Observation of  

‒ VBF production at 3.3σ (ATLAS) 

‒ VBF+VH production at 3.2σ (CMS) 

ATLAS CMS 

Mass 125.5 ± 0.2(stat) ± 0.6(syst)  125.7 ± 0.3(stat) ± 0.3(syst)  

Data favors 0+ vs 

   Spin 0- 97.8% CL 99.8% CL 

   Spin 1 99.7% CL 99.9% CL 

   Spin 2+ 99.9% CL 99.4% CL (100%gg) 

PLB726（2013）88-119 

PLB726（2013）120-114 

JHEP 06 (2013) 081 

CMS-HIG-13-005 



Nobel Prize in Physics in 2013 

The Nobel Prize in Physics 2013 was awarded jointly to François Englert and 

Peter W. Higgs  “ 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” 

中国组在探测器建造和Higgs发现中做出了重要贡献 

ATLAS实验组：高能所、中国科大、山东大学、南京大学、上海交大 

CMS实验组：    高能所、北京大学  
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After the discovery of the Higgs boson 
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Looking Forward 

 Before the Higgs discovery, all known elementary 

particles had spin 1 (Bosons) or spin ½  (Fermions). 

 

 The Higgs boson has spin 0, so it is not only a new 

particle, but a new type of elementary particle 

 

 For this reason, many see the discovery of the Higgs 

boson as one of the most important steps forward in 

physics in the last half a century:    

   it opens a new era of physics 
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希格斯工厂？ 

新粒子的发现  “粒子工厂” 

CERN/UA1,UA2 

1983 发现W, Z 

CERN/LEP (1989-2000) 

W, Z 玻色子工厂(SMEW)  

SLAC/BaBar (1999-2008) 

KEK/Belle (1999-2010) 

B夸克工厂 (CPV) 

CESR/CLEO(2001-2008) 

中国IHEP/BEPC(2003-) 

t-c 工厂 (SMEW) 

CERN/LHC 

(2012, Higgs) 

希格斯工厂 ？ 

日本ILC (30km) 

CERN/TLEP (80-100km) 

中国CEPC(50-70km)  
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BNL/Samuel Ting(1974, J) 

SLAC/B. Richter (1974,) 

SLAC/M. Perl (1975,t) 
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CEPC-SppC纳入“率先计划” 

 习近平总书记2013年7月17日在中科院高能所考察工作时的讲话，
“希望中国科学院不断创新成果、出创新人才、出创新思想， 

 率先实现科学技术跨越发展， 

 率先建成国家创新人才高地， 

 率先建成国家高水平科技智库， 

 率先建设国际一流研究机构。 

 中国科学院力推“率先计划”， 

规划中科院跨越发展新方向 

大型环形正负电子对撞机（CEPC） 

已被优先纳入到“率先计划”， 

获得高能物理学界支持和推动。 
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CEPC-SPPC 预研启动 

 环形正负电子对撞机(CEPC)-超级质子质子对撞机(SPPC) 

– 2013年9月13日正式在北京召开启动会 

– 成立Institutional Board (IB) 、项目执行委员会(Steering Committee)、项
目经理 (Project Manager)和理论、实验和加速器组的召集人(conveners) 

 CEPC-SPPC 项目初步时间表  
– 2014年：项目黄皮书(pre-CDR) 

– 2015-2020年：预研项目建议书(TDR) 

– 2021-2027年：开始CEPC工程建设 

– 2028-2035年：开始CEPC运行取数 

– 2036-2042年：SPPC启动工程建设 

– 2042-2050年：SPPC (50-100TeV) 运行 

 

 CEPC项目估算：建造约200-300亿元，每年运行费约20-30亿元 

– 50-70 公里长的环形对撞机 

（GDP占比: LHC~0.03%, LEP~0.02%, ILC~0.02%, BEPC~0.01%, CEPC~0.005%） 
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A Series of CEPC Workshops 

• Sept.13-14, 2013: Circular Electron-Positron Collider (CEPC) Kick-off 

Meeting, Beijing ( 120 participants) 

• Dec. 16-17, 2013: International Workshop on Future High Energy Circular 

Colliders, IHEP, Beijing (123 registrants) 

• Feb. 23-25, 2014: The 1st CFHEP Symposium on Circular Collider Physics, 

IHEP, Beijing (63 registrants) 

• Mar. 18-19, 2014: The 3rd Workshop on Future High Energy Circular 

Colliders, IHEP, Beijing (62 registrants) 

• Aug.11-15, 2014: The 2nd CFHEP Symposium on Circular Collider Physics, 

IHEP, Beijing ( 70 participants) 

• Sept.12-13, 2014: The 4th International Workshop on Future High Energy 

Circular Colliders, SJTU, Shanghai (113 registrants) 

• Major goal: to prepare CEPC pre-CDR at the end of 2014. 
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【Xinhua Net】Chinese scientists plan better machine to hunt “God particle” 

【新华网】中国科学家提出建设下一代环形正负电子对撞机探索“上帝粒子”奥秘” 

【中新网】中国科学家酝酿建造下一代环形正负电子对撞机 

【科技日报】“中国建大加速器，将激励一代人”; 【中国科学报】基础物理何去何从 

【科技日报】大加速器：上帝粒子发现后的“中国梦” 

【中国科学报】“率先行动”:书写时代新篇章 

【AIP - Physics Today】Particle physicists  

 brainstorm long-term collider options 

【Nature】China plans super collider 

BTC 

IP1 

IP2 

e+ e- 

e+ e- 

Linac 

  (240m) 

LTB 

BTC 

http://news.xinhuanet.com/english/china/2014-02/26/c_133144483.htm
http://www.ihep.cas.cn/xwdt/cmsm/cmsm_2014/201402/t20140225_4040758.html
http://www.ihep.cas.cn/xwdt/cmsm/cmsm_2014/201402/t20140225_4040758.html
http://www.ihep.cas.cn/xwdt/cmsm/cmsm_2014/201402/t20140225_4040758.html
http://www.ihep.cas.cn/xwdt/cmsm/cmsm_2014/201402/t20140225_4040758.html
http://www.ihep.cas.cn/xwdt/cmsm/cmsm_2014/201402/t20140225_4040758.html
http://www.ihep.cas.cn/xwdt/cmsm/cmsm_2014/201402/t20140224_4040451.html
http://www.ihep.cas.cn/xwdt/cmsm/cmsm_2014/201402/t20140226_4040891.html
http://www.ihep.cas.cn/xwdt/cmsm/cmsm_2014/201402/t20140226_4040891.html
http://www.ihep.cas.cn/xwdt/cmsm/cmsm_2014/201402/t20140226_4041048.html
http://www.ihep.cas.cn/xwdt/cmsm/cmsm_2014/201402/t20140225_4040689.html
http://www.cas.cn/xw/zyxw/yw/201407/t20140717_4159744.shtml
http://www.cas.cn/xw/zyxw/yw/201407/t20140717_4159744.shtml
http://www.cas.cn/xw/zyxw/yw/201407/t20140717_4159744.shtml
http://www.nature.com/news/china-plans-super-collider-1.15603


 



“中国梦”：从 BEPC 到 CEPC 
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基本粒子百年重大发现  vs 大国兴衰 
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•  1897 – e discovery, J.J. Thompson (英国) 

•  1919 – proton, Ernest Rutherford (英国) 

•  1930 – neutron, James Chadwick (英国) 

•  1936 – , Carl D. Anderson (Caltech, 美国) 

•  1956 – e discovery (Homestake, 美国) 

•  1962 –  discovery (BNL, 美国) 

•  1968 – u and d quark (quark model, 美国) 

•  1968 – strange quark(Kaon, 美国) 

•  1974 – c quark (J/, BNL, SLAC, 美国) 

•  1977 – tau discovery (SLAC, 美国) 

•  1977 – b quark (Upsilon, Fermilab, 美国) 

•  1979 – gluon (DESY, 德国) 

•  1983 – W and Z (CERN, 欧洲) 

•  1988 – atmospheric neutrino oscillation (日本) 

•  1995 – top quark (Fermilab, 美国) 

•  2000 – t discovery (Fermilab, 美国) 

•  2001 – solar neutrino oscillation (SNO, 加拿大) 

•  2012 – Higgs boson (CERN/LHC, 欧洲) 

•  2012 – reactor neutrino oscillation (Dayabay, 中国) 

•  2013 – Zc(3900) four-quark state (BESIII, 中国） 

 

 二战后美国成为 

世界超级强国 

英国 

“日不落帝国” 



总结和展望 

 用高能对撞机探索基本粒子质量的起源  

– 1964年 理论上预言希格斯粒子的存在  

– 2012年 在CERN/LHC实验上发现希格斯粒子，中国科学家
对实验上发现希格斯粒子做出了重要贡献 

– 2013年 Francois Englert 和 Peter W. Higgs 因为理论上预言希
格斯粒子而获得诺贝尔物理学奖 

 中国将在粒子物理领域有更大的发展 

–目前中国正面临快速发展高能对撞机物理战略机遇期，物
理学界要形成共识，抓住难得的机会，积极推动在中国本
土建造50-70公里长的大型环形正负电子对撞机（CEPC，希
格斯工厂）-超级质子质子对撞机（SPPC）。 

–希望中国早日建成世界级的高能物理研究中心，在基础科
学领域取得重大突破，为未来基础物理学指引方向，成为
基础科学领域的领跑者，实现科技强国的“中国梦”。 
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姓名：杨海军 （上海交通大学） 

职位：教授，博导，粒子物理学科带头人 

            入选上海“千人计划” 

            入选国家“青年千人计划” 

            CEPC 执行委员会核心成员 

 

研究领域：  高能对撞机物理， 

                      Higgs，SUSY和暗物质， 

                      超标准模型物理探索 

 

联系方式：13764927109 

Email: Haijun.Yang@sjtu.edu.cn 

谢谢大家！ 



上海交通大学高能对撞机实验组 

• 对撞机实验组成立于2012年，主要参与： 
– 欧洲核子研究中心大型强子对撞机LHC的ATLAS实验 

– 北京正负电子对撞机BESIII实验和CEPC-SPPC预研 

• 现有1位教授、2位特别研究员、1位博士后、5名研究生 
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IHEP&ETHZ (博士 2000） 

U. Michigan 博士后 

U. Michigan 研究员 

教授 (2012) 

国家青年千人计划 

上海千人计划 

U. Wisconsin (博士 2006）
U. California, Riverside 博
士后 

特别研究员 (2012) 

国家青年千人计划 

State U. of New York, 

Stony Brook (博士 2009） 

Columbia U. 博士后 

特别研究员(2014) 



高能对撞机实验组 

58 

杨海军参与ATLAS探测器安装 

ATLAS实验组发言人2012年10月 

正式接纳重点实验室团队为合作组
成员 

郭军参与ATLAS量能器刻度 



高能对撞机实验组 
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实验室向公众开放介绍 

团队成员到北京高能所参
加会议和软件培训 

高性能计算机集群用于实验数
据的处理和分析、理论计算等 
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CEPC Project 

 

 
1 

 

 
3 

 

 
4 

 

    CEPC project is also a great chance for us young students. There are many trainings based on 

CEPC and we have opportunities to study and communicate with experts in HEP field.   

 ‖A proposal by China that is quietly gathering momentum has raised the possibility that the country 

could soon position itself at the forefront of particle physics.‖  

        —— Nature 
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Production type and cross section of e+e- Higgs.  

~

5

% 

At The Energy of 250 GeV, We focus on the ZH 

Process. SJTU group take on the H2j, Z2j/2l task.   

~50% 

 

Higgs Hadronic Decay in  

Z  2q Channel 

 

 
1 

 

 
2 

 

 
4 

 



     

    e+e- machine has those advantages: low background – triggerless mode, precisely 

known/adjustable initial state, allowance of model independent measurement. 

    So, a precise Higgs factory must be a lepton machine (ILC, LEP3, TLEP..., CEPC). 
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   However, The Higgs couplings must be measured to at least 10% to reveal TeV scale 

new physics.  

    LHC has high productivity, no tagging signal and huge background especially in Higgs to 

jet decay channel. So the ultimate precision in Higgs coupling measurement is limited to 

10% to 20%. 

The Discovery of Higgs 

 
2 

 

 
3 

 

 
4 
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CEPC Project 

 

 
1 

 

 
3 

 

 
4 

 

    For more than twenty years, an advanced electron-

positron collider has been put forward as a key 

component of the future program of elementary 

particle physics. 

    Now the technology to build this electron-

positron collider has come of age.  

    CEPC project was proposed in 2012, it 

has the advantage of higher luminosity to 

cost ratio and the potential to be upgraded to 

a proton-proton collider to reach 

unprecedented high energy and discover 

New Physics.  



研究物质世界的三大前沿 
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高能量前沿 (上海交大参与LHC/ATLAS实验，CEPC-SPPC) 

高强度前沿 宇宙学前沿 
上海交大参与中国 

大亚湾中微子实验 

上海交大主导中国 

PandaX暗物质实验 



主要合作单位 

• 欧洲核子研究中心(CERN) 

• 美国费米国立加速器实验(Fermilab) 

• 美国阿贡国家实验室(ANL) 

• 美国布鲁海文国家实验室(BNL) 

• 美国密歇根大学(University of Michigan) 

• 中国科学院高能物理研究所(IHEP) 

• 中法粒子物理联合实验室(FCPPL) 



上海交大参与的研究工作 

• 欧洲核子中心LHC/ATLAS国际合作实验： 

– 研究Higgs的属性 

– 寻找 SUSY、暗物质粒子 

– 精确检验标准模型及探索新物理现象 

 

• 中国CEPC-希格斯工厂预研 

– 粒子探测器的模拟，材料选型、尺寸和性能的优化等 

– Higgs信号产生、模拟、重建和分析(LCIO-MOKKA) 

– 电磁量能器和强子量能器(RPC)的预研等 

 

• 有广泛的国内外合作研究、联合培养机会 



Cartoon Explanation of the Higgs Boson 
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Physicists 

―Higgs field‖ 



Cartoon Explanation of the Higgs Boson 
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Physicists 

―Higgs field‖ 

A famous physicist 

―Particle‖ 



Cartoon Explanation of the Higgs Boson 
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Physicists 

―Higgs field‖ 

A famous physicist is hard to move across 

the room. 

―Particle‖  gain mass 



Cartoon Explanation of the Higgs Boson 
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Physicists 

―Higgs field‖ 

A less popular physicist is easier to move across the room. 

―Particle‖  gain lower mass 

A famous physicist is harder to move across the room. 

―Particle‖  gain higher mass 
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To imitate J.F. Kennedy’s famous 

speech in 1961 when he announced 

the US will send man to the moon in a 

decade, one can say:  

We choose the CEPC-SPPC as 

our next project, not because it 

is easy, but because it is hard, 

because that goal will serve to 

organize and measure the best of 

our energies and skills, because 

that challenge is one that we are 

willing to accept, one we are 

unwilling to postpone, and one 

which we intend to win. 

Concluding Remarks 



大型对撞机实验的技术创新和转化 

前沿基础研究依赖于先进技术和尖端技术强有力的
支撑，如强子对撞机实验： 

• 低温超导技术 

• 超高真空技术 

• 高能粒子加速技术 

• 新型和高效的粒子探测技术 

• 高速电子学读出技术  

• 高性能计算机数据处理和分析技术 

• 大型复杂装置的管理技术 

• 研究人员协同创新和管理技术 

• ……. 
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Energy Frontier Facilities 
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Next Generation High Energy Colliders 

TLEP at CERN 

80-100 km 

中国CEPC-SPPC  

 50-70公里，选址： 

-张家口新区 

-秦皇岛抚宁 

- Kitakami mountain in 

Tokoku (30km) 
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World HEP Planning Status 

• All three regions – Europe, North America and Asia – have been carrying out 
strategic HEP planning in the last 1-1/2 years since the Higgs discovery. 

• European Strategic Plan – identified four high priority items: 
 LHC and luminosity upgrade 

 New energy frontier lepton and proton accelerators (CLIC and FCC/TLEP) 

 Support for the ILC in Japan 

 Support for neutrino experiments in the US and Japan 

• US Snowmass meeting and P5 process: 
 P5 draft report due in March, final report in May 

 Full support for the LHC and upgrade 

 Fermilab will be a neutrino/muon lab (LBNE, NOvA, MicroBooNE, muon g-2, mu2e, etc.) 

• Japan’s plan: 
 To host the ILC – but need support from the Japanese government and non-HEP science communities 

 Also need support from foreign countries for cost sharing (~50%) 

 First stage of the ILC can be 250 GeV for Higgs factory 

• China’s plan: 

 Dig a big circular tunnel (which is cheap and almost trivial in China) 

 First use it for CEPC, a Higgs factory 

 Then use it for SppC, a world no.1 energy frontier machine 
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Comments 

• CERN is busy with the LHC and its upgrade. 

• US seems to be content with leading the intensity frontier 

and has no plan to build a big accelerator in the near future. 

• Japan has hands full with the ILC. 

• Therefore, there is a window of opportunity for China to 

become a world leader in HEP by constructing a big ring 

collider as a Higgs factory and upgradable to a pp collider. 

• CERN’s FCC is both a competitor and collaborator. If we 

work with the FCC team properly, it can be a big help. 

• ICFA’s statement on February 21, 2014:  

 ―ICFA supports studies of energy frontier circular 

colliders and  encourages global coordination.‖ 
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What did the Tevatron cost? 

• Tevatron accelerator 

– $120M (1983) = $277M (2012 $) 

• Main Injector project 

– $290M (1994) = $450M (2012 $) 

• Detectors and upgrades 

– Guess:  2 x $500M (collider detectors) + $300M (FT) 

• Operations 

– Say 20 years at $100M/year = $2 billion 

• Total cost =   $4 billion 
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Balance sheet 

• 20 year investment  in Tevatron   ~ $4B 

• Students   $4B 

• Magnets and MRI  $5-10B  ~ $50B total 

• Computing   $40B       
 

Very rough calculation – but confirms our gut feeling that 
investment in fundamental science pays off  
 

I think there is an opportunity for someone to repeat this 
exercise more rigorously 

cf. STFC study of SRS Impact 

http://www.stfc.ac.uk/2428.aspx 

 

} 
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PhD Student Training 

• Value of a PhD student 

– $2.2M (US Census Bureau, 2002) = $2.8M (2012 $) 

• Number of students trained at the Tevatron 

– 904 (CDF + DØ ) 

– 492 (Fixed Target) 

– 18   (Smaller Collider experiments) 

– 1414 total 

• Financial Impact =  $3.96 billion 
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Superconducting Magnets 

• Tevatron was the first 
installation of mass-
produced superconducting 
magnets on an industrial 
scale 
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Superconducting Magnets 

• National medal of 
Technology (1989) 

 

 

 

• Historic engineering 
landmark (1993) 
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Superconducting Magnets 

• Current value of SC Magnet Industry  

– $1.5 Billion p.a. 

• Value of MRI industry (the major customer for SC magnets) 

– $5 Billion p.a. 

• This industry would probably have succeeded anyway – 
what we can realistically claim is that the large scale 
investment in this technology at the Tevatron significantly  
accelerated its development 

– Guess – one to two years faster than otherwise? 

• Financial Impact =  $5-10 billion 
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Computing 

• Increases in luminosity – driven by physics – created the 
challenge of processing ever larger datasets 
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Computing – Linux PC farms 

• MicroVAXes  

• Unix Farms in Run I 

• Computing requirements for Run II led to pioneering 

adoption of PC Farms running Linux for large scale data 

handling 

– Fermilab PC Farm Exhibit in Supercomputing 

Conference SC 1997 

– Linux Torvalds and Red Hat CEO Robert Young visit 

Fermilab;  Fermi Linux released 1998 

• More than 90% of the world's supercomputers now use 

Linux 
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Distributed Computing 

• Concept of Computing as a Utility 

– “The Grid” (1998) 

• Grid resources used for Monte 
Carlo generation and large scale 
reprocessing of Run II data 

– DØ  data shipped over the 
internet to Canada, France, 
Germany, Netherlands UK, and 
US universities, and processed 
data shipped back 
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Ferminews 2004 
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Cloud Computing 

• Remotely accessible 
Linux farms are 
now a commercial 
service 

– Amazon EC2 
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Cloud Computing 

• Value of Cloud Computing Industry today 

– $150 Billion p.a. (Gartner) 

• This industry would definitely have succeeded anyway – 
but let’s assume that the stimulus given by the Tevatron 
experiments, work with Red Hat etc. gave just a 3 month 
speed-up to its development 

• Financial Impact =  $40 billion 
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Looking Forward 

 Simplest guess: 

–Have spin-0 quarks and spin-0 leptons, i.e., scalar quarks/leptons 

 How do they behave ? 

– Similar to ordinary quarks and leptons, they are likely to decay 

into each other via weak interaction 

–Unlike ordinary quarks and leptons, they are quite heavy 

 How many spin-0 quarks and leptons may be expected ? 

– Simple guess is as many as ordinary quarks and leptons 

– If this is true, we may envisage some sort of symmetry between 

fermions (ordinary quarks and leptons) &   

   bosons (scalar quarks and scalar leptons) 

 Is this supersymmetry ?  

     Maybe, or maybe not ! 
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寻找超对称理论预言的粒子 

超对称理论认为费米子与玻色子之间具有某种对称性， 

标准模型粒子都有相对应的自旋相差1/2的超对称粒子。 

如果超对称粒子的质量在100GeV-TeV 能区，有可能在 

LHC产生并发现超对称粒子。超对称理论有助于解决强， 

弱和电磁相互作用力的大统一。 
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用高能对撞机产生和寻找暗物质 

 LHC有可能产生质量小于1 TeV 的超对称理论预言的粒子，这些粒
子会衰变到最轻的超对称粒子(LSP)，LSP是暗物质的候选粒子。 

 可见物质：  

~ 5%  

 暗物质：~  25% 

 暗能量：~ 70% (宇宙加速膨胀) 
Saul Perlmutter, Brian P. Schmidt, Adam G. Riess  

Nobel Prize in physics, 2011 
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Higgs Production at Lepton Colliders 
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Higgs Production at e+e- Collider 
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Why e+e- Higgs Factory  

 Precise verify the SM- searching for 

possible new physics, Higgs couplings 

must be measured to better than a few % 

to reveal TeV scale new physics.  

 LHC: high productivity, huge 

backgrounds and systematics, ultimate 

precision in Higgs coupling limited to  

    10-20%. 

 e+e- machine: low background – trigger-

less mode, well known ISR, allow to 

measure s and BR separately via Z recoil 

to tag Higgs events. 
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Observables and Expected Accuracy 
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Typical Sensitivities to test BSM Physics 
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交大参与的研究工作 
• 欧洲核子中心LHC/ATLAS国际合作实验： 

– 研究Higgs的属性 

– 寻找 SUSY、暗物质粒子 

– 精确检验标准模型及探索新物理现象 

• 中国CEPC-SPPC预研 

– 粒子探测器的模拟，材料选型、尺寸和性能的优化等 

– Higgs信号产生、模拟、重建和分析 

– 电磁量能器和强子量能器(RPC)的预研等 

• 有广泛的国内外合作研究、联合培养机会 
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CERN, Geneva, Switzerland 
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J. Ellis  

SUSY2013 
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下一代高能对撞机 

 CERN/LEP – W, Z factory (1989 – 2000) 

 Fermilab/Tevatron – discovery of top quark (1985 - 2011) 

 CERN/LHC – discovery of Higgs, top factory (2009-2030) 

 SLAC/BaBar – b factory (1999-2008, CP violation) 

 KEK/Belle – b quark factory (1999-2010, CP violation) 

 IHEP/BEPCII – t-c factory (1988-) 

 Fermilab/ProjectX – neutrino factory  

 KEK/J-PARC neutrino factory(2009) 

Discovery of Higgs at LHC in 2012 

Higgs factory 

 ILC (Japan, 30km) 

TLEP (Europe, 80-100km) 

 CEPC-SPPC (China, 50-70km) 
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《创新2050：科学技术与中国的未来》（2009） 
 （中国科学院战略研究系列报告) 

可能出现革命性突破的4个基本科学问题： 
  

暗物质、暗能量被列为第一 
 

    报告指出：“揭开暗物质、暗能量之谜，

将是人类认识宇宙的又一次重大飞跃，可能

导致一场新的物理学革命。 

 

 交大物理与天文系把暗物质和暗能量

的研究作为重点发展方向之一。 
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交大暗物质和暗
能量研究群体 

1.主导大型暗
物质探测实验 

PandaX 

2.参加
LHC/ATLAS, 在
加速器上寻找
暗物质产生 

3.参加21CMA/
南极天文台，
研究暗物质太

空分布 

4.理论研究: 
暗物质和暗
能量的起源 

天文观测 大型加速器 直接探测 

季向东， Giboni 

倪凯旋， 刘江来 

符长波， 刘    湘 

James Loach 

杨海军 

李   亮 

徐海光， 王    斌 

张    骏， 刘当波 

刘成则， 武向平 

顾佩洪 

2012年评为教育部创新群体 

何小刚 
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LHC on BBC 
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LHC on New York Times 
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ATLAS and CMS Collaborations 

 Detector: A Toroidal LHC ApparatuS (ATLAS) 

– ~ 3000 physicists 

– ~ 1000 students 

– 175 institutes 

– 38 countries 

 

 

 Detector: Compact Muon Solenoid (CMS) 

– ~ 3300 physicists 

– ~ 1500 students 

– 179 institutes 

– 41 countries 
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20+ years of worldwide collaborative efforts 



探索物质最深层次的结构 
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基本粒子百年重大发现 
•  1897 – e discovery, J.J. Thompson (英国) 

•  1919 – proton, Ernest Rutherford (英国) 

•  1930 – neutron, James Chadwick (英国) 

•  1936 – , Carl D. Anderson (Caltech, 美国) 

•  1956 – e discovery (Homestake, 美国) 

•  1962 –  discovery (BNL, 美国) 

•  1968 – u and d quark (quark model, 美国) 

•  1968 – strange quark(Kaon, 美国) 

•  1974 – c quark (J/, BNL, SLAC, 美国) 

•  1977 – tau discovery (SLAC, 美国) 

•  1977 – b quark (Upsilon, Fermilab, 美国) 

•  1979 – gluon (DESY, 德国) 

•  1983 – W and Z (CERN, 欧洲) 

•  1988 – atmospheric neutrino oscillation (日本) 

•  1995 – top quark (Fermilab, 美国) 

•  2000 – t discovery (Fermilab, 美国) 

•  2001 – solar neutrino oscillation (SNO, 加拿大) 

•  2012 – reactor neutrino oscillation (Dayabay, 中国) 

•  2012 – Higgs boson (CERN/LHC, 欧洲) 
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Higgs Mechanism 

The potential in (a) is symmetric 

The potential in (b) the potential is still symmetric, 

    but the symmetry of the ground state is spontaneously broken. 

 

 

 

 

 

 

 

Spontaneously symmetry breaking   Nambu-Goldstone bosons (no spin, mass) 

 

Peter Higgs showed that Goldstone bosons need not occur when a local symmetry 

is spontaneously broken in a relativistic theory. Instead, the Goldstone mode 

provides the third polarisation of a massive vector field. The other mode of the 

original scalar doublet remains as a massive spin-zero particle – the Higgs boson. 
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Z Z 
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Higgs Properties Measurement with Full Datasets 
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New ATLAS Higgs Papers 

arXiv:1307.1427, PLB726(2013)88-119  

(Mass, Couplings) 

arXiv:1307.1432, PLB726(2013)120-144  

(Spin-parity) 

 

New ATLAS Higgs Pub Notes 
ATLAS-CONF-2013-012 (γγ) 

ATLAS-CONF-2013-013 (ZZ*) 

ATLAS-CONF-2013‐031 (WW*) 

ATLAS-CONF-2013-040 (Spin) 

ATLAS-CONF-2013-079 (VH → bb) 

ATLAS-CONF‐2012‐160 (H → tt) 

ATLAS-CONF-2013‐075 (WW*) 

ATLAS-CONF-2013-029 (γγ) 

ATLAS-CONF-2013-108 (tt) 

 

ATLAS-CONF-2013-009(Z) 

ATLAS-CONF-2013-010() 

ATLAS-CONF-2013-067(HMHWW) 

ATLAS-CONF-2013-072 (diff  s H) 

ATLAS-CONF-2013-075(VHWW) 

ATLAS-CONF-2013-080(tt +H) 

ATLAS-CONF-2013-081(tcH) 

• H→ ,  ZZ*, WW* analyses 

update using full datasets 

    collected in 2011-2012 

     -   4.6 fb-1 @ 7TeV 

     - 20.7 fb-1 @ 8TeV 

 

• Higgs mass from H→  and 

H→ZZ*→ 4l  

• Signal strengths ( = s/sSM) 

• Sensitivity to VBF 

• Higgs Couplings  

• Higgs Spin and parity 

Property 

measurement 

Searches 



Update of H   
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Higgs Significance 
- Expected 4.1s 
- Observed 7.4s 

Best fitted mass:  

  MH = 126.8 ±0.2(stat) ± 0.7(syst) GeV 

Best fitted 

Signal strength  



Update of HZZ*4l 
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Best fit mass:  
MH = 124.3 ±0.6(stat) ± 0.3(syst) GeV 

Best fit signal strength: 
   = 1.7 + 0.5 (– 0.4) @ 124.3 GeV 

   = 1.5 ± 0.4 @ 125.5 GeV 



Update of H  WW*  ll  
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ATLAS best-fit signal strength: 

ICHEP(4.6+5.8 fb-1):  = 1.3 ±0.5 

2012 (4.6+20.7 fb-1):  = 1.0 ± 0.3  

Due to spin correlation between W+ and W-, 

The signal has the following properties: 

Large PT(ll), small mll, small Dfll 



Higgs Mass Measurements 
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Best fit mass for H   and 4l  
MH ()= 126.6 ±0.2(stat) ± 0.7(syst) GeV 

MH (4l)= 124.3 ±0.6(stat) ± 0.3(syst) GeV 

Best fit mass for combination:  
ATLAS: 125.5 ±0.2(stat) ± 0.6(syst) GeV 

CMS:125.7±0.3(stat) ± 0.3(syst) GeV Mass compatibility: 1.2%, 2.5s 



Search for High Mass H  WW, ZZ 

Extend the Higgs search to high mass assume  

    SM-like width and  decay. 
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ATLAS-CONF-2013-067 

WW* ll ZZ* 4l 

95% C.L. exclusion of a SM-like heavy Higgs up to ~ 650 GeV 



Latest Update of H  tt 

 Observed 4.1s, expected 3.2s  

      for 125 GeV Higgs. 
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Candidate of VBF H  tt 
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Muon Pt = 53 GeV, e Pt = 34 GeV 

MET = 102 GeV, Mtt = 127 GeV, Mjj = 1.04 TeV 



Update of Higgs Signal Strength 
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Signal strength: =1.3±0.2(ATLAS)  

 = 0.8 ±0.14 (CMS)  

CMS-HIG-13-005 

ATLAS-CONF-2013-034 

ATLAS-CONF-2013-108 

m =
s ×Br

s ×Br( )
SM



Is it the SM Higgs Boson? 
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 Higgs production (mH = 125 GeV) 

 Higgs decays  

H 

f 

f 

H 
W, Z 

W, Z 

 Couplings (new force!) 

 Spin and Parity 

gF (Yukawa coupling) =√2 x mF/ 

gV (Gauge coupling)  =  2mV
2/ 

( is the vacuum expectation value) 



Spin for H    

 Using events in signal mass window [123.6, 128.6] GeV 

 The photon polar angle |cosq*| in the resonance rest frame 

(Collins-Soper frame) is sensitive to the spin of Higgs.   
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Data agree with spin 0+  

hypothesis (1-CLb) ~ 58.8%. 

Spin 2  is disfavored at  

99.3% C.L. (or 2.9s). 



Spin for H  WW 

 Combine several variables in a MVA discriminant (Boosted 

Decision Trees, BDT) 

 Variables used: 
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 The ATLAS data favors spin 0 with CP even(+). 



HZZ*4l : Spin and CP 

 Fully reconstructed final state allows measuring Spin/CP: 

– Five kinematic angles (production, decay) 

– Invariant mass of the primary Z and the secondary Z 

 

 

 

 

 

 

Discriminate 0+ (SM) hypothesis against: 

– 0- (CP odd),  1+,  1- 

– 2- (pseudo-tensor) 

– 2+
m (graviton-like tensor, minimal coupling) 
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HZZ*4l : Spin and CP 
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Observed 0- exclusion 97.8%  

Observed 1+ exclusion 99.8%  

MVA:  

mZ1, mZ2 + 

decay 

angles 

0+ 

0+ 

0- 

0- 

BDT analysis variables: 
 mZ1, mZ2 from  Higgs --> ZZ* 4l 

+ production and decay angles 

Exclusion (1-CLs ): 



Higgs Production: ggF vs.VBF 
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μVBF+VH vs μggF+ttH  potentially modified by B/BSM 

μVBF+VH / μggF+ttH =  

1.4+0.4-0.3(stat)+0.6-0.4(sys)  



Fermion and Vector Couplings 
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2-parameter benchmark model: 

V = W=Z  (>0) 

F=t=b=c=t=g  
(Gluon coupling are related to top, b, 

and their interference in tree level loop 

diagrams) 

 

Assume no BSM contributions 

to loops: gg H and H, 

and no BSM decays (no 

invisible decays) 

 F = 0 is excluded (>5s) 

 
Double minimum from 

interference between vector(W) 

and fermion (top) in H 



Constraints on BSM Loops 
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Couplings tested for anomalies w.r.t.  

fermion and boson, W/Z and vertex loop  

contributions at ±10-15% precision     

New heavy particles may contribute to loops 
• Introduce effective g,  to allow heavy BSM 

particles contribute to the loops 

• Tree-level couplings: W,Z,t,b, t etc set to 1 
• Absorb all difference into loop couplings 

• Indirectly fixed normalization of Higgs width 

 

  

      
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

g =1.04 ± 0.14  =1.20 ± 0.15 

2D Compatibility with SM: 14% 



It is the SM Higgs Boson !!! 
 ATLAS and CMS Results are consistent with the SM Higgs  

     boson which has spin 0 and CP even.  
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• Each experiment: 
‒ Couplings to bosons determined at the 10% level 

‒ Rejecting zero couplings to fermions at >5σ 

 

• Observation of  

‒ VBF production at 3.3σ (ATLAS) 

‒ VBF+VH production at 3.2σ (CMS) 

ATLAS CMS 

Mass 125.5 ± 0.2(stat) ± 0.6(syst)  125.7 ± 0.3(stat) ± 0.3(syst)  

Data favors 0+ vs 

   Spin 0- 97.8% CL 99.8% CL 

   Spin 1 99.7% CL 99.9% CL 

   Spin 2+ 99.9% CL 99.4% CL (100%gg) 



电弱理论 

Weinberg (1967) 

Salam (1967) 
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