
2024-8-16 青岛 第十四届全国粒子物理学术会议

TeV物理实验进展综述

感谢梁志均、陈新、李海峰、李数、刘洋、张雷、吴雨生、张华桥、鲁楠、孙小虎、陈明水、
李强、易凯、袁丽、陈震宇、肖朦、史欣、杨洪洮、孙勇杰、尤郑昀、赵政国等提供材料
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报告内容

• 引言 

TeV 重要的物理问题 

ATLAS/CMS概况 

中国组概况 

• 主要物理进展：links to ATLAS / CMS Public Results 

• 升级关键技术
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic
https://cms-results.web.cern.ch/cms-results/public-results/publications/index.html


标准模型没有回答的重要物理问题
• 为何基本粒子如此多？ (Who ordered that?) 

• 希格斯势能形式？ 

• 相互作用(EW,Strong,Gravity)是否能统一？  

• 时空只有4维？ 

• 为何反物质如此罕见？ 

• 中微子质量从何而来？ 

• 暗能量、暗物质的基本粒子构成什么？ 

• …   
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LHC ATLAS/CMS的物理目标

• 希格斯粒子的性质研究（基本粒子的质量起源、希格斯势能形式） 

• 精确测量电弱、强相互作用，检验标准模型的自洽性，寻找BSM的迹象 

W质量和宽度、玻色子散射、多玻色子末态、喷注内部能量关联等 

• 寻找特定BSM新粒子、新现象 

新共振峰、FCNC、SUSY、Long-Lived Particles(LLP)
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LHC时间表
～90%数据来自HL-LHC

5Nominal luminosity = 1 1034 cm-2 s-1×



ATLAS/CMS概况
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CMS Collaboration



取数情况
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CMS luminosityATLAS luminosity

Run 2: 目前主要物理成果～140 fb-1  

Run 3已经获取积分亮度~130 fb-1

https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults#Full_summary_proton_proton_colli
https://atlas-datasummary.web.cern.ch/2024/gallery.html


希格斯粒子性质研究进展
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Run 3中的希格斯粒子
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CMS-PAS-HIG-23-014

EPJC84(2024)78

ATLAS:IHEP,NJU,USTC… 
CMS:BUAA,IHEP,PKU,USTC…详见8.15 Tahir J.报告

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-014/index.html
https://link.springer.com/article/10.1140/epjc/s10052-023-12130-5


希格斯粒子性质
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Will we all die because of the Higgs field?

Tamas Almos Vami

1 Introduction

The goal of fundamental physics is to find the main concepts that describe the whole Universe. The state-of-
the-art understanding of the world is based on the theory of gravitation, as described in the frame of general
relativity, and the Standard Model of particle physics (SM).

The SM is a quantum field theory, that can be written in a concise way on a mug (Figure 1). A field is
an abstract quantity that assigns a certain value to every point in spacetime, and a quantum field does this
in a way that it respects the laws of quantum mechanics and special relativity, too. It is important to note
that every particle in the SM is an excitation of their respective quantum field.

Figure 1: A mug from CERN containing the main equation from the Standard Model. (Source: https:
//visit.cern/sites/visits.web.cern.ch/files/images/image/shop-09.jpg)

2 How breaking a symmetry could be useful

One of the main feature of the SM is the Brout-Englert-Higgs mechanism. It assumes a so called Higgs field
(denoted by �) which, below certain extremely high temperatures, goes through a process called spontaneous
symmetry breaking and by this it generates masses for the force carrying particles.

The situation can be analogous to a ball on a hill. The ball on the top of the hill is unstable and will
eventually fall down to the valley. The potential valley of the Higgs field is described by the term V (�) in
Figure 1 and it has the form of

V (�) = µ2|�|2 + �|�|4

where µ2 < 0 is proportional to the mass of the Higgs boson and the � > 0 is the self-coupling. This potential
is usually referred as the Mexican hat potential and it is plotted in Figure 2.

Figure 2: Higgs potential in the Standard Model. (Source: my own figure)
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希格斯粒子是标准模型中唯一的标量粒子，是探索新物理的重要工具 

๏希格斯势能形式不受规范对称性约束，质量受量子修正影响(fine-tuning) 

๏所有费米子的质量由Yukawa耦合描述 

๏或与宇宙演化息息相关：电弱相变、真空稳定性…  
SM：电弱能标下V(H, H†) = − μ2Φ†Φ +

1
2

λ(Φ†Φ)2

详见8.15 黄燕萍、周辰、张辰光、张阳帆、李涵、李海峰等人报告



希格斯粒子的质量和宽度
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ATLAS：改进了 , 联合4l (Run1,Run2) 
(stat. 0.09, syst. 0.06)

H → γγ
mH = 125.11 ± 0.11 GeV PRL131 (2023) 251802

CMS: 最精确的单通道(4l)测量 
mH = 125.04 ± 0.11 ± 0.05 GeV

CMS-PAS-HIG-21-019ΓH = 2.9+2.3
−1.7 MeV

ATLAS 由4l得到的宽度：ΓH = 4.5+3.0
−2.5 MeV

PLB846(2023)138223 
Corrigendum

新宽度测量：利用tttt测量离壳截面
ΓH = 86+110

−49  MeV arxiv:2407.10631

CMS:BUAA,IHEP,PKU,… 
ATLAS:IHEP,NJU,SDU,SJTU(TDLI),USTC… 

PDG live (2024) 

https://arxiv.org/pdf/2308.04775
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/index.html
https://www.sciencedirect.com/science/article/pii/S0370269323005579
https://www.sciencedirect.com/science/article/pii/S0370269324002922
https://arxiv.org/abs/2407.10631
https://pdglive.lbl.gov/Particle.action?node=S126&init=0


希格斯耦合概览
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Nature 607(2022)52 Nature 607(2022)60

https://www.nature.com/articles/s41586-022-04893-w
https://www.nature.com/articles/s41586-022-04892-x


希格斯粒子性质新进展
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PRL132(2024)021803 Editors’ Suggestion 

H → Zγ : μ = 2.2 ± 0.7

Combination:IHEP,PKU,NJU…

ATLAS-CONF-2024-010

SDU,TDLI,NJU,USTC… 

H → bb̄, cc̄

上一轮结果：EPJC 81(2021)178:   

提高15%

1.02+0.18
−0.17

CMS,PRL131(2023)061801 14 SM  

ATLAS,EPJC82(2022)717 26 SM 

提高约3倍

μ < ×

μ < ×

ATLAS Briefing

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.021803
https://cds.cern.ch/record/2905263/files/ATLAS-CONF-2024-010.pdf
https://atlas.cern/Updates/Briefing/Higgs-beauty-charm


希格斯粒子对(HH)的产生
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arXiv:2406.09971twiki link

灵敏度逼近标准模型

CMS:BUAA,IHEP,PKU… 
ATLAS:IHEP,NJU,SDU,SJTU(TDLI),USTC… 

详见8.14 刘彦麟、莫岑、郭佳林 
8.15Wu S., Wang Z.,张翼翔 等人报告

https://arxiv.org/abs/2406.09971
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG#Summary_of_sigma_gg_to_HH_95_CL
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希格斯自耦合
arXiv:2407.13554

CMS: “单参数”分析： κλ

2σ(95.4%) C.I. [−1.2,7.5]([−2.0,7.7])

arXiv:2406.09971

ATLAS: “单参数”分析： κλ

95 %  C.I. [−1.2,7.2]([−1.6,7.2])

PLB843(2023)137745

λSM =
m2

H

2v2
≈ 0.13

“Generic”: float  κt, κb, κV, κτ

https://arxiv.org/pdf/2407.13554
https://arxiv.org/abs/2406.09971
https://arxiv.org/abs/2211.01216
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标准模型精确检验进展



W 粒子质量与宽度的测量(Run 1 数据)
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arXiv:2403.15085

EW global fit: PRD 106 (2022) 033003

W质量测量误差分解

https://arxiv.org/abs/2403.15085v1
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.106.033003


利用低瞬时亮度数据测量W/Z横动量

18

LHC 上的W/Z横动量分布是测量QCD效应的探针(高阶微扰修正、PDF、初态kT等非微扰效应) 

W/Z横动量的精确测量是W质量测量的重要环节

s = 5.02 TeV, 255 pb−1

s = 13 TeV, 338 pb−1 IHEP,USTC… 

arXiv:2404.06204

< μ > ≈ 2

https://arxiv.org/pdf/2404.06204


多玻色子末态
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PRL132(2024)121901,Editors’ suggestion 

Nature Research Highlight

统计显著性：5.6(5.1) . 限制u,d,c,s汤川耦合σ

PKU… 

PRL132(2024)021802

统计显著性：6.3(5.0)σ

ZZU… 
σWZγ = 2.01 ± 0.30(stat.) ± 0.16(syst.) fbσWWγ = 5.9 ± 0.8(stat.) ± 0.8(syst.) ± 0.7(mod.) fb

详见8.15 孙小虎报告

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.132.121901
https://www.nature.com/articles/d41586-024-00764-8
https://doi.org/10.1103/PhysRevLett.132.021802


其他电弱检验
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确定

WZ → WH

κW * κZ > 0

arXiv:2405.16566

PKU… 
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µµ→γγ

photonuclear
Uncertainty

=-0.06τa
=0.04τa

PRL131(2023)151802

SDU… 

Editors’ suggestion

−0.057 < aτ < 0.024@95 %  CL

VBS ZZ: Nature Physics 19(2023) 237 
VBS Z : PLB846(2023)138222 
VBS W : arXiv:2403.02809  
ZLZL: JHEP 12 (2023) 107  
WZ RAZ: arXiv:2402.16365 
Z+b/c: arXiv:2403.15093 
ttW: JHEP05(2024)131 

γ
γ

SJTU/TDLI… 

IHEP,TDLI…

SDU,SJTU/TDLI,USTC…

SDU,SJTU/TDLI,USTC… 

USTC… 

USTC… 

CMS γγ → ττin pp 详见8.14 下午吴雨生、陈婧、李家琳及8.15下午杨轩等人报告

SDU,SJTU/TDLI,USTC… 

https://arxiv.org/abs/2405.16566
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.131.151802
https://www.nature.com/articles/s41567-022-01757-y
https://doi.org/10.1016/j.physletb.2023.138222
https://arxiv.org/abs/2403.02809
https://doi.org/10.1007/JHEP12(2023)107
https://arxiv.org/abs/2402.16365
https://arxiv.org/abs/2403.15093
https://link.springer.com/article/10.1007/JHEP05(2024)131
https://arxiv.org/abs/2406.03975


喷注内部能量关联:E3C/E2C
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测得：αs(MZ) = 0.1229+0.0040
−0.0050

ZJU…

arXiv:2402.13864 arXiv:2405.20001

利用E3C 测量mt

详见8.14 下午林桢报告

https://arxiv.org/abs/2402.13864
https://arxiv.org/abs/2405.20001


( )共振峰J/ψ J/ψ 4μ
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X(6600) X(6900) X(7100)

PRL132(2024)111901
NNU,THU,…

Editors’ Suggestion 

X(6900)

THU,…
PRL131(2023)151902 Editors’ Suggestion 

https://inspirehep.net/files/1219bcde472722ec2fd71506963000ff
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151902
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寻找BSM进展



双光子共振峰
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arXiv:2405.18149

Local significance:2.9

Global significance: 1.3

σ

σ

CMS:IHEP…

arXiv:2407.07546

详见8.16上午陶军全报告

https://arxiv.org/pdf/2405.18149
https://arxiv.org/pdf/


利用top夸克寻找新物理(FCNC)
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ℬ(t → Hu) < 2.6(1.8) × 10−4@95 % CL
ℬ(t → Hc) < 3.4(2.3) × 10−4@95 % CL

ATLAS: THU… 

arXiv:2404.02123

CMS: PKU,SYSU… 

arXiv:2404.02123

g2HDM

详见8.16上午尤郑昀报告

https://arxiv.org/abs/2404.02123
https://arxiv.org/abs/2404.02123


寻找X → YH/HH
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arXiv:2403.16926 Submitted to Phys. Rept.

IHEP,PKU,USTC…

PRL132(2024)231801

IHEP,NJU,SDU…详见8.15 王储、刘波等人报告

https://arxiv.org/pdf/2403.16926
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.132.231801


寻找SUSY
• 利用强相互作用过程寻找 , 质量下限分别达到2.2 TeV,1.7 TeV JHEP02(2024)107 

• 利用Wh、WW、WZ、多轻子等末态寻找 ,gaugino, JHEP05(2024)150,JHEP12(2023)167,JHEP11(2023)150  

• 综述、参数空间扫描、不同末态的统计联合分析 arXiv:2402.08347(PRL接收), JHEP05(2024)106,ATL-PHYS-
PUB-2024-007,PLB846(2023)138172

g̃, q̃

τ̃

27IHEP,NJU,SYSU…详见8.16上午刘洋、蔡雨辰报告

https://link.springer.com/article/10.1007/JHEP02(2024)107
https://link.springer.com/article/10.1007/JHEP05(2024)150
https://link.springer.com/article/10.1007/JHEP12(2023)167
https://link.springer.com/article/10.1007/JHEP11(2023)150
https://arxiv.org/abs/2402.08347
https://link.springer.com/article/10.1007/JHEP05(2024)106?utm_source=rct_congratemailt&utm_medium=email&utm_campaign=oa_20240520&utm_content=10.1007/JHEP05(2024)106
https://cds.cern.ch/record/2897122
https://cds.cern.ch/record/2897122
https://cds.cern.ch/record/2897122
https://cds.cern.ch/record/2897122
https://www.sciencedirect.com/science/article/pii/S0370269323005063


其他BSM
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arXiv:2405.09320 IHEP… arXiv:2406.01656 IHEP,SJTU… arXiv:2407.09183 USTC…

额外维模型中的引力子 希格斯粒子衰变到暗光子 长寿命粒子

详见8.15 Vu N.-K. 王泽炳 
8.16李数、Agapitos A.、袁睿等人报告

https://arxiv.org/abs/2405.09320
https://arxiv.org/abs/2406.01656
https://arxiv.org/abs/2407.09183


探测器升级关键技术
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ATLAS/CMS phase 2 升级

• ATLAS和CMS的Phase 2升级是实现LHC物理目标的基础：约90%数据来自HL- LHC 

• HL-LHC 对探测器性能提出更严苛的要求：每次束流交汇产生约200个质子-质子反应 

• 策略：中国组选择最前沿的技术开展研发，承担或主导有显示度的整块任务 

大面积、抗辐照、高空间时间分辨的硅探测器 

新型大面积、高计数率、高效率的气体探测器 

高颗粒度、高能量分辨、高时间分辨量能器  

先进的电子学读出和触发系统 

• 掌握前沿探测技术及复杂系统批量制作技术，建设平台，培养人才 

30



ATLAS升级概览
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TDAQ： 单级触发@1 MHz 接收率(FPGA) 

内部径迹探测器(ITk)：全部替换为硅探测器 

量能器：前端、后端读出电子学 

缪子探测器：桶部内层新RPC,TGC,sMDT 

HGTD: 新增飞行时间探测器(30 ps / track) 



ATLAS升级-中国
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Phase 1:NSW 
SDU、USTC：sTGC探测器和前端电子学

Phase 2: BI RPC (1mm gap) 
USTC、SJTU、SDU： 
气隙、读出板、电子学

Phase 2: 内部径迹探测器 
IHEP、THU：桶部硅微条建造

Phase 2:HGTD 
IHEP、USTC、NJU、SDU： 

LGAD、模块组装、外围电子学、高压系统



ATLAS ITk

•将内部径迹系统全部用硅探测器替换
•η 覆盖范围从2.5 增大到 4
•每条径迹至少9个击中
•硅像素总面积: 13 m2 (约50亿通道)
•硅微条总面积: 165 m2 (约6千万通道)
•抗辐照环境：内部像素NIEL高达 1 1016 neq/cm2×

33

IHEP、THU：组装10% 硅微条模块(～200个) 
利用X-ray及CSNS质子研究芯片抗辐照性能 

硅微条探测器模块组装
• China plan to deliver 10% strip barrel modules
• For this project 200 modules

• Assemble detector modules precisely metrology
and glue robot machines

• Thermal cycle modules 10x from -35°C to +40°C
• Mimic the experimental situation at ATLAS

10

Glue Robot

Cabinet

Metrology
Weight

Wire BonderPull Test

Scope

Scope

Probe
Station

Dry Box (x4)

Thermal
Cycling

Electrical Test

Chiller
Hybrid
Burn-in

IHEP Site for ITk Strip Module

IHEP、THU

详见8.14 下午蔡孟珂报告



ATLAS HGTD 

z = ± 3.5 m
0.12 m < r < 0.64 m
2.4 < η < 4

LGAD: 全部(IHEP/USTC设计，IME制作)通过PRR 
       IHEP: 66%(采购)+24%(实物贡献) 
      USTC:10%(实物贡献)  
探测器模块： 
    IHEP: 50% hybrid, 100% module PCB, 
              34% assembly  
    USTC: 10% assembly  
高压系统：IHEP 
外围电子学板：IHEP+NJU

共3.6M通道 
8000模块 
约6 m2

34

详见周四(08/15)上午粒子物理实验技术分会 
(梁志均、赵梅、马阔、黄鑫辉等的报告）

IHEP、USTC、SDU、NJU



ATLAS RPC
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• 触发和读出电子学：每个BX触发逻辑中用到所有数据(包括sMDT) 
• 探测器：新增sMDT,RPC和TGC提高覆盖率和触发选择能力 
• 科大-上海交大-山东大学：建造窄气隙RPC 

• ~70 气隙、300单层探测器(全部BIS,占BI 50%)、900读出蜂窝板(50%)、
5000前端电子学板(50%)

★大尺寸(1.7 m  1.1 m) 
★高精度气隙厚度: 1 mm 10 m 
★读出板厚度精度/平整性：好于100 m   

×
± μ

μ

USTC、SDU、SJTU



RPC 进展情况
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气隙建造:已建立完整工艺，细节待优化

读出板制作：已进入工程阶段 
完成约200个合格读出板

建立测试系统和标准 
(CERN) 

详见杜东硕poster

USTC、SDU、SJTU



高精度时间像素探测器
• 按照设计指标，ATLAS ITk像素探测器最内两层在HL-LHC取数至2 ab-1时需要替换 

• 以此为契机，ATLAS中国组已经开始与国际同行（LBNL，CERN，SLAC等）合
作研制具有～50 ps/pixel分辨率的高精度时间像素探测器，以促成同时覆盖ATLAS

探测器桶部与端盖的四维径迹与顶点重建，减轻HL-LHC上堆积效应的影响 

• 中国组目前进展与计划 

- ASIC: 正在开展能够完成高精度时间数据高效缓存和快速读出的数字电路设计，
未来将与国际合作者设计的模拟前端电路整合完成芯片设计 

- 传感器: 正在探索碳化硅LGAD、硅基LGAD、3D传感器等多条国内自主研制的

技术路线，适时确定最终选择 

- 物理: 正在开展完整的四维径迹与顶点重建算法研发与测试，计划完整验证其物
理及计算潜力

37

模拟前端 
仿真结果

预研阶段
IHEP、USTC



CMS探测器升级概览
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MTD 
MIP Timing Detector

HGCAL

RPC后端触发电子学

GEM



CMS 高颗粒度量能器(HGCAL)
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“5维”信息： 
能量分辨率： /  
时间分辨率：50 ps 
空间颗粒度：1  
抗辐照性能：  
硅探测器：～26000模块(620  灵敏区域)

25 % E/GeV ⊕ 1 %

cm3

1 × 1016 neq/cm2

m2

中国组承担1/5，IHEP 站点已通过评估，率先完成30 (prototype)+7(pre-prod.)模块 

IHEP、THU、NNU、FDU、ZJU



CMS 缪子谱仪—GEM 
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GE1/1：GEM Endcap Station 1 Ring 1
ME1/1: Muon Endcap Station 1 Ring 1 
GE1/1： 已在取数 
GE2/1 ：前端电子学板已完成， 
            探测器制作实验室通过认证。 
ME0: 样机通过测试，量产准备就绪

ME0 GEM 测试 @CERN
前端电子板测试

M
E0

G
E1/1

G
E2/1

PKU、THU、SYSU、BUAA



CMS 时间探测器(MTD: BTL+ETL)
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1.3. Considerations and requirements for the design of the MTD 9

Figure 1.6: A schematic view of the GEANT geometry of the timing layers implemented in
CMSSW [20] for simulation studies comprising a barrel layer (grey cylinder), at the interface
between the tracker and the ECAL, and two silicon endcap (orange and light violet discs) tim-
ing layers in front of the endcap calorimeter.

than the STAR-TOF and about 40% worse than the improved ALICE-TOF performance [19] out
to |y| < 0.9, where their coverage ends. More importantly, the wide acceptance of the MTD
provides CMS a unique PID coverage out to high rapidity.

Table 1.2: Summary of key parameters of the time-of-flight system for different experiments.

Experiment r sT r/sT (⇥100)
(m) (ps) (m ⇥ ps�1)

STAR-TOF 2.2 80 2.75
ALICE-TOF 3.7 56 6.6
CMS-MTD 1.16 30 3.87

1.3 Considerations and requirements for the design of the MTD
The design of the MTD is driven by scientific requirements which follow from the physics goals
of the HL-LHC program and engineering requirements and constraints. It must conform to the
requirements imposed on all detectors inside CMS, such as tolerance to magnetic fields and
robust mechanical design that can survive for the full duration of the HL-LHC program. The
need to fit within the existing CMS detector and conform to the HL-LHC upgrade schedule
puts many additional constraints on the MTD. These key requirements and constraints and
some conclusions that emerge from them are presented in this section.

桶部(BTL)：LYSO+SiPM, 面积: 38 m2, 通道数: 332k 
                     抗辐照要求: 2 1014 neq/cm2 ×

|η | < 1.45, z ∈ [−2.6,2.6] m, R = 1.148m, t = 4 cm
端盖(ETL)：LGAD,  面积: 14 m2, 通道数: 8.5M 
                     抗辐照要求: 1 1015 neq/cm2 ×

|η | ∈ (1.6,3.0), z = ± 3.0 m, R ∈ (315,1200) mm, t = 4.5 cm

BTL: PKU、THU、BUAA  

        详见08/15 王锦报告(1/4 assembly)  

ETL: USTC、SCNU、SDU  

        详见08/15 鲁楠报告(sensor QA, post processing )

prototyping阶段LGAD大阵列性能测试

• CNM 15x15 sensors (ATLAS conditions)
• CNM 16x16 sensors (CMS conditions) 预计8月开始测试

CMS ETL提供CNM和HPK sensors 在科大进行IV测量，以研究LGAD的性能和均匀性

HPK 5x5 sensor IV曲线
CNM 15x15 sensor breakdown voltage分布图

1. Sensor设计优化： LYSO

13

张铭滔
(PKU)

• 测试各个厂商的LYSO晶体
质量（尺寸、光产额等），
最终对性能优异的厂商使
用束流做时间分辨率测试

• 如下比较了厂商Prod1和
Prod5的时间分辨率

• 已完成LYSO优化，开始量
产

LYSO+SiPM

HPK 5x5 LGAD



总结

• ATLAS、CMS物理进展 

• 进入希格斯粒子性质精度测量时代，希格斯对产生灵敏度
接近标准模型 

• 电弱、强相互作用精确测量取得丰富的结果,检验SM自洽性 

• 寻找BSM：leave no stone unturned  

• 为HL- LHC开展探测器升级关键技术研究：中国组起到举足
轻重的作用，逐步掌握关键技术、建立平台、培养人才
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Being the most massive known elemen-
tary particle, top quarks are a focus for 
precision measurements and searches 
for new phenomena. At the LHC, they are 
copiously produced in pairs via quantum 
chromodynamic (QCD) interactions, and, 
to a much lesser extent, in single modes 
through the electroweak force. Precisely 
measuring the single-top cross section 
provides a stringent test for the elec-
troweak sector of the Standard Model 
(SM) of particle physics. 

In September 2022, only four months 
after the start of the Run 3, the CMS 
collaboration released the first meas-
urement using data at the new collision 
energy of 13.6 TeV: the production cross 
section of a top quark together with 
its antiparticle (tt–). The collaboration 
can now also report a measurement of 
the production of a single top quark in 
association with a W boson (tW) based 
on the full dataset recorded in 2022. As 
well as testing the electroweak sector, 
constraining tW allows it to be better dis-
entangled from the dominant tt– process 
– a channel where precision improves our 
knowledge of higher orders of accuracy 
in perturbative QCD. 

tW is a challenging measurement as it is 
10 times less likely than tt– production but 
has almost the same detection signature. 
This analysis selects events where both 
the top quark and the W boson ultimately 

CMS

CMS studies 
single-top 
production
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Fig. 1. The tW signal (orange) increases in proportion to the tt–

background (red) as a function of the random forest output. 
?hese events have one Uet identiʭed as coXing QroX a M \uarV. 

decay to leptons. The signal therefore  
consists of two leptons (electrons or 
muons), a jet initiated from a bottom 
quark, and possibly extra jets coming 
from additional radiation. No single 
observable can discriminate the signal 
from the background, so a random forest 
(RF) is employed in events that contain 
either one or two jets, one of which comes 
from a bottom quark. The RF is a collection 
of decision trees collaborating to distin-
guish the tW signal from the tt– back-
ground. The output of the RF, for events 
with one Uet identified as coming from a 
bottom quark, is shown in figure 1. The 
higher the RF discriminant, the higher 
the relative proportion of signal events.

To achieve a higher precision, an extra 
handle is used to control the tt– back-
ground: information from events with 
two b-quark jets. Such events are more 
likely to come from the decay of a tt– pair. 
The measurement yields a precise value 
for the tW cross section. Figure 2 shows 
tW cross-section measurements by 
CMS at different centre-of-mass ener-
gies, including the new measurement 
in proton–proton collisions of 13.6 TeV. 
All measurements are consistent with 
state-of-the-art theory calculations. 
The first tW measurement at the new 
LHC energy frontier uses only part of 
the data but is already as precise as the 
earlier measurement, which used the 
entire Run 2 sample at 13 TeV. Exploiting 
the full Run 3 data sample will push the 
precision frontier forward and provide 
an even more stringent SM probe in the 
top quark sector.

Further reading
CMS Collab. 2024 CMS-PAS-TOP-23-008.
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(bottom) of suppressed-to-favoured yield 
ratios for K+ũ– (R+) and K–ũ+ (R–) ʭnal states 
oQ neutral D-Xeson decads. ?he non-ʮat 
dependence of the half-sum on decay time 
reveals the presence of D0–D–0 oscillations. 

decay time while, in the case of mixing, it 
approximately follows a parabolic behav-
iour, increasing with time. Figure 1 shows 
the ratio R, including data for both matter 
(R+ for D0 → K+/–) and antimatter (R– for 
D
–0 → K–/+) processes, and corresponding 
model predictions. The variation depends 
not only on the oscillation parameters 
but also on the various observables of CP 
violation, which differentiate between 
matter and antimatter. 

This analysis is the most precise 
measurement of these parameters to 
date, improving the uncertainty on 
both mixing and CP-violating observ-
ables by a factor of 1.6 compared to the 
previous best result, also by LHCb. This 
improvement is largely due to an unpre-
cedentedly large sample of about 1.6 mil-
lion suppressed decays and 421 million 
favoured decays collected during Run 2, 
making LHCb unique in probing up-type 

violation in the oscillation. 
These findings call for future analyses 

of this and other decays of the D0 meson 
using data from the third and fourth run 
of the LHC, exploiting the potential of 
the currently operating detector upgrade 
(Upgrade I). The detector upgrade pro-
posed for the fifth and sixth runs of 
the LHC (Upgrade II) would provide a 
six-times-bigger sample, yielding the 
precision needed to definitively test the 
predictions of the SM.

Further reading
LHCb Collab. 2024 LHCb-PAPER-2024-008.
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aNNLO + aN3 LL, PDF4LHC21 (pp), JHEP 05 (2021) 278

 mtop = 172.5 GeV, αs (MZ) = 0.118 ± 0.001 

ee, eμ, μμ (7 TeV, 4.9 fb–1), PRL 110 (2013) 022003  
ee, eμ, μμ (8 TeV, 12.2 fb–1), PRL 112 (2014) 231802 
eμ (13 TeV, 138 fb–1), JHEP 07 (2023) 046

eμ (13.6 TeV, 34.7 fb–1), CMS-PAS-TOP-23-008
I + jets (13 TeV, 36 fb–1), JHEP 11 (2021) 111

CMS preliminary
March 2024

Fig. 2. CMS measurements of the tW cross section at four 
centre-of-mass energies. The red circle represents the new  
Run 3 measurement at 13.6 TeV. 
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quark transitions. The results confirm 
the matter–antimatter oscillation of the 
D0 meson and show no evidence of CP 
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The weak force, unlike other funda-
mental forces, has a distinctive feature: 
its interactions slightly differ when 
involving quarks or antiquarks. This 
phenomenon, known as CP violation, 
allows for an asymmetry in the likeli-
hood of a process occurring with matter 
compared to its antimatter counterpart, 
which is an essential requirement to 
explain the large dominance of mat-
ter in the universe. However, the size 
of CP violation predicted by the Stand-
ard Model (SM), and in accordance with 
experimental measurements so far, is 
not large enough to explain this cosmo-
logical imbalance. This is why physicists 

LHCb

LHCb squeezes 
D-meson mixing

very few D0 mesons transform before they 
decay. Oscillations are therefore identi-
fied as extremely small changes in the 
flavour mixture – matter or antimatter 
– as a function of the time at which the 
D0 or the D

–0 decays. 
In LHCb’s analysis, the initial matter–

antimatter flavour of the neutral meson is 
experimentally inferred from the charge 
of the accompanying pion in the CP- 
conserving decay chains D*(2010)+ → D0/+ 
and D*(2010)– → D

–0/–. The mixing effect 
(or oscillation) then appears as a decay-
time dependence of the ratio, R, of the 
number of “suppressed” and “favoured” 
decay processes of the neutral meson. 
The suppressed decays can occur with or 
without a net oscillation of the D0 meson, 
while the favoured decays are largely 
dominated by the direct process. In the 
absence of mixing, this ratio is predicted 
to be constant as a function of the D0 

0.92 0.94 0.96 0.98
B(W → μν)/B (W → eν )

1.00 1.02

ATLAS
LEP2
e+e– → WW, √s = 183–207 GeV

ATLAS
pp → W, √s = 7 TeV, 4.6 fb–1

LHCb
pp → W, √s = 8 TeV, 2 fb–1

PDG average

CMS
pp → tt, √s = 13 TeV, 36 fb–1−

ATLAS (this result)
pp → tt, √s = 13 TeV, 140 fb–1−

Fig. 1. 
Measurements  
of R(+/e), the ratio 
of probabilities  
for the W boson  
to decay to muons 
and electrons. 
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In the Standard Model of particle physics, 
the three charged lepton flavours couple 
to the electroweak gauge bosons W and Z 
with the same strength – an idea known 
as lepton flavour universality (LFU). 
This implies that differences in the rates 
of processes involving W or Z bosons 
together with electrons, muons and tau 
leptons should arise only from differences 
in the leptons’ masses. Experimental 
results agree with LFU at the 0.1–0.2� 
level in the decays of tau leptons, kaons 
and pions, but hints of deviations have 
been seen in B-meson decays, for example 
in the combination of measurements of  
B → D(*)τi and B → D(*)+i decays at the 
BaBar, Belle and LHCb experiments. 

The W and Z bosons are so heavy that 
the probabilities for them to decay to elec-
trons, muons and tau leptons are expected 
to be equal to very high precision, if  
LFU holds. This implies that the ratios 
of these probabilities such as R(+/e), 
which compares W → +i and W → ei, 
and R(τ/+), which compares W → τi and 
W → +i, should be unity. Experiments 
at the LEP electron–positron collider 
measured a surprisingly large value of 
R(τ/+) = 1.070 ± 0.026, but a more precise 
measurement from the ATLAS collabora-
tion at the LHC found R(τ/+) = 0.992 ± 0.013, 
in agreement with LFU. This measure-
ment made use of the large sample of 
top-quark pair events produced at ATLAS 
during Run 2 of the LHC from 2015 to 2018. 
These top-quark events can be cleanly 
selected, with each event containing two 
W bosons and two b-quarks produced 

final states, so they largely cancel in 
the ratio R(+/e). However, electrons and 
muons behave in very different ways 
in the ATLAS detector, giving different 
detection efficiencies with differing and 
uncorrelated uncertainties that do not 
cancel in the ratio. To reduce the sen-
sitivity of the measured R(+/e) to these 
effects, the double ratio R(+/e)/ʠ(R(++/
ee) was measured first, where R(++/ee) 
corresponds to the comparison of Z → ++ 
and Z → ee decay probabilities, deter-
mined from the same dataset. The final 
R(+/e) was then obtained by making use 
of the very precise measurement of R(++/
ee) from the LEP experiments and the 
SLD experiment at SLAC, which has an 
uncertainty of only 0.0028. This latter 
ratio acts as a calibration of the relative 
detection efficiencies of electrons and 
muons in ATLAS, reducing the associated 
uncertainties in R(+/e).

The final result from this new ATLAS 
analysis is R(+/e) = 0.9995 ± 0.0045, 
perfectly compatible with unity. The 
measurement is compared to previous 
results from LHC and LEP experiments 
(see figure 1). Thanks to the large data 
sample and careful control of all sys-
tematic uncertainties, it improves on the 
uncertainty of 0.006 from all previous 
measurements combined. At least in W 
decays, LFU survives intact.

Further reading
ATLAS Collab. 2024 arXiv:2403.02133.
ATLAS Collab. 2021 Nature Phys. 17 813.
ATLAS Collab. 2023 JHEP 2307 141.

from the decays of the top quarks.
In a new measurement, ATLAS has 

turned its attention to the comparison 
of W decays to muons and electrons, via 
the ratio R(+/e). The collaboration again 
used top-quark pair events as a clean and 
copious source of W bosons. Counting 
the number of events with one electron 
from W → ei, one muon from W → +i, and 
one or two b-tagged jets, provides the 
cleanest way to measure the rate of top-
quark pair production. But this rate can 
also be measured from the number of 
top-quark pair events with two electrons 
or two muons. If R(+/e) = 1 and W → ei  
and W → +i decays occur with equal prob-
ability, the rates of such ee and ++ events 
should be the same, after correcting for 
detector efficiencies. Any difference 
would suggest a violation of LFU.

Some measurement uncertainties 
have similar effects on the ee and ++ 

ATLAS

Zooming in on leptonic W decays

are actively searching for new sources 
of CP violation and striving to improve 
our understanding of the known ones. 
The phenomenology offered by the quan-
tum-mechanical oscillations of neutral 
mesons into their antimatter counter-
parts, the antimesons, provides a par-
ticularly rich experimental ground for 
such studies.

The LHCb collaboration recently meas-
ured a set of parameters that determine 
the matter–antimatter oscillation of 
the neutral D0 meson into the D

–0 anti-
meson with unprecedented precision. 
This enables the search for the predicted 
hitherto unobserved CP violation in  
this oscillation. 

D0 mesons are composed of a charm 
quark and an up antiquark. Their oscilla-
tions are extremely slow, with an oscilla-
tion period over a thousand times longer 
than their lifetimes. As a result, only a 

?SPsP fiYdTYRs 
call for future 
analyses of 
this and other 
decays of the 
D0 meson 
using data 
from the third 
and fourth run 
of the LHC
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R(μ/e) = 0.9995 ± 0.0045
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HL-LHC luminosity 
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Flavor tagging improvements (ML)
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CMS-DP-2024-066

https://cds.cern.ch/record/2904702


HL-LHC projections 
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ATL-PHYS-PUB-2022-053ATL-PHYS-PUB-2018-054

https://cds.cern.ch/record/2841244/files/ATL-PHYS-PUB-2022-053.pdf
https://cds.cern.ch/record/2652762/files/ATL-PHYS-PUB-2018-054.pdf


Higgs self-coupling in single Higgs production 
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