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• 暗物质证据

• 暗物质间接探测
• 暗物质直接探测
• 暗物质对撞机探测



暗物质是笼罩20世纪末
和21世纪初现代物理学的最
大乌云，它将预示着物理学
的又一次革命。

——李政道

关于李政道先生引言的参考文献：
秦波，精确宇宙学时代的暗物质问题，《现代物理知识》2007 Vol19 (5):17-24
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暗物质问题
• 不发光、不吸收光
– 无法被当今主要观测手段所看到

• 暗物质的发现：引力相互作用
– 星系旋转

– 引力透镜

– 宇宙结构

• 暗物质的基本性质仍然是个谜团
– 质量、自旋、相互作用强度

Dark Energy(68.3%)

Ordinary Matter(4.9%)

Dark Matter(26.8%)
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证据一：后发座星系团（Coma	Cluster）
• 99 Mpc from the Milky Way (1pc = 3.2616 ly) 

Fritz	Zwichy (1898-1974)
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星系团质量
• 1933年, Fritz Zwichy计算了后发星系团质量

– Virial Theorem: T = − 4
5 V  

– 𝑇 = 4
5𝑣

5~ 6
5𝜎

5, 𝜎 dispersion velocity ~ 1000 km/s

– 引力势能：𝑉~ 6
7
89
: , (R~2×10; light year in Coma)

• 后发星系团位力质量: 𝑴 > 𝟓×𝟏𝟎𝟏𝟒𝑴⨀

– 比发光物质质量大400倍：不可见物质

• Fritz Zwichy称之为“Dunkle Materie” (暗物质)
– 1937年预言暗物质可以用引力透镜来研究 (于1990s实现)

6



证据二：星系旋转曲线
• 1970s：首个高置信度的暗物质证据

Andromeda Galaxy, M31
仙女座星系

Vera Rubin (1928-2016)
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星系旋转曲线
• 引力相互作用

– Orbital velocity 𝑣$ ∝ 𝐺 %(')
'

• 星系核心区域
–𝑀 𝑟 = 4𝜋𝑟$𝜌

– 𝑣~ 𝑟$/𝑟 = 𝑟

• 星系盘区域
–𝑀 = 𝑀)*)+,

– 𝑣~ 1/𝑟 Or
bi
ta
l	v
el
oc
ity
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星系旋转曲线
• M31 Flat Rotation Curve

– 𝑣5 ∝ 𝐺 9(<)
< ~ constant 

– 𝑀(𝑟) ∝ 𝑟
• 暗物质晕（Dark matter halo）
– 星系中需要存在大量的暗物质提供引力

• 几乎所有研究过的星系都有类似的现象
– 包括银河系

halo
disk
gas
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证据三：“子弹头”星团 (Bullet Cluster)
• 暗物质存在至今最好的证据	

X-ray image (pink) superimposed 
over a visible light image (galaxies), 
with matter distribution calculated 
from gravitational lensing (blue).1E0657-56	(2004)	Chandra	X-ray	Observatory 10



引力透镜 (Gravitational Lensing)
• 广义相对论
– 大质量物质引起空间弯曲

• 分析引力透镜弧探知物质的质量分布，准确测量星系团质量
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“子弹头”星团
• 两个星系团发生碰撞
– 星际气体，普通物质的主要成分，碰撞发射出X-射线

– 但是，大部分的星系物质穿越对方

• 否定了“引力修正派”，暗物质之间没有强的相互作用

12



暗物质是什么？
• 暗物质有引力相互作用，无显著电磁

相互作用，相互作用强度弱

• 标准模型(The Standard Model)不
存在冷暗物质候选
– 中微子质量 ∑𝑚= = 0.1eV 可以贡献 

0.2%的暗物质

– 中微子只能是温暗物质的候选
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暗物质粒子候选
• 多种可能的理论模型

• 暗物质候选粒子的质量横跨多个量级
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• Weakly Interacting Massive Particle 

• 100 GeV质量暗物质，弱相互作用尺度的某种新相互作用可以自然实
现目前观测的暗物质残余密度

This	mass	scale	has	nothing	to	do	with	EWSB	

WIMP奇迹



相互作用
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 万有引力           电磁力            强作用力         弱作用力   

• 如果暗物质和普通物质之间有微观相互作用，我们可以通过粒子探测
器直接“看到”他们  

!

!"#$%



暗物质实验探测
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• 目标：在实验室发现暗物质并研究暗物质的本质

 

间接探测

直接探测 对撞机探测



暗物质实验探测
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• 三种探测方式相互补充 



暗物质间接探测
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• 暗物质密度大的区域：银河系中心，其他星系，暗物质团等

• 探测暗物质湮灭或衰变的信号
– 正负电子

– 正反质子

– 光子

– 中微子 



带电宇宙线粒子探测实验
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• 空间粒子探测器

• AMS-02实验
– 强磁场，径迹探测器：鉴别粒子电荷 



悟空暗物质探测卫星
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• Dark	Matter	Particle	Explorer,	DAMPE
– 高能光子、电子、质子等	



卫星实验结果
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• AMS02 发现高能反电子有异常超出

• DAMPE	发现高能电子（正反）在高能有异常拐点或超出 



• 诺贝尔物理学奖获得者 丁肇中先生
– “AMS实验测量的反质子与正电子具有类似的能谱特

征，预示高能反质子和高能正电子可能有相同的来源…” 
[中国科学院讲座 2023.05.16]

暗物质探测的机遇
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高能光子探测实验
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• 空间实验：FermiLAT卫星
– 量能器

• 地面实验:HESS望远镜
– 切伦科夫辐射

FermiLAT

HESS



宇宙中微子探测实验
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• 大型中微子探测阵列 

ANTARES

IceCube

!" #$%



中微子探测结果
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• 对暗物质湮灭截面给出限制 



星系中的“雾霾”
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• 太阳系附近
• 每立方厘米有1/3质子重量

的暗物质 



地球上的“暗物质流”
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• 太阳系围绕银河中心高速旋转：220公里每秒



暗物质直接探测
• 测量暗物质和靶物质碰撞后原子核反冲的信号
– 1985年提出（Goodman & Witten)，30年以来探测灵敏度推进六个数量级

Credit: James Josephides

暗物质风
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什么叫“碰撞”
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• 粒子物理学家的语言

–相互作用

• 当乒乓球和球拍碰上了 => 发生相互作用
– 暗物质和普通物质有相互作用：会碰撞！

• 相互作用强度越大：越容易碰撞
– 用球拍的大小来衡量相互作用强度：碰撞截面



什么叫“靶物质”
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• 怎样可以探测到微弱的“相互作用”
– 大量大量的原子 => 一整块普通物质

– 每人身上有100000000000000000000000000000(1029)个原子



什么叫“反冲”
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• 反冲后的原子携带能量
• 暗物质直接探测就是可以将反冲转化为可观测信号
– 推断暗物质粒子的质量

– 测量同普通物质的相互作用强度  



暗物质和普通物质容易碰撞么
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• 每秒有100000000(108)个暗物质粒子穿过我们

• 每个人身上有1029个靶原子
• 可是每年暗物质和每个人碰撞次数 < 1 次 ！



在哪里找暗物质
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• 而我们的身体每天和环境中的宇宙射线和伽马
射线碰撞108次！
– 宇宙射线：来自宇宙的高能粒子

– 伽马射线：来自周围原子核衰变

– 这些假信号的学名叫“本底”或“噪声”

• 将实验室藏到极深的地下，并且将探测器用厚
厚的屏蔽层包裹起来



暗物质探测的激烈竞争
•  

CJPL
CDEX

PandaX

Y2L
KIMS

Kamioka
XMASS
Newage

LNGS
XENON
CRESST
DAMA

DarkSide

Modane
EDELWEISS

SURF
LUX, LZ

Soudan
SuperCDMS

CoGeNT

SNOLab
DEAP

CLEAN
PICO

COUPP
DAMIC

Boulby
ZEPLIN
DRIFT

LSC
ArDM

Rosebud
ANAIS

三大液氙实验 并驾齐驱

LZ XENONnT PandaX-4T 35



中国锦屏地下实验室
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•  

2400⽶
岩⽯覆盖

8000⽶⽔平隧道



直接探测信号
• 能量沉积：光、电、热
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PandaX液氙探测实验
• Particle and Astrophysics Xenon Experiment

38

2009年成立

2023年PandaX合作组秋季会议



氙：xenon
• 惰性气体

• 空气中0.0087%
• 无色无味
• 密度(液):3g/ml

• 沸点：-100℃
• 全世界年产量：60吨

39



两相型氙探测器
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• 大靶子

• 极灵敏的量能器

• 3D照相机

• 信号和噪声甄别

• 强大的自屏蔽 



• 不断增大探测靶质量

• 不断降低探测器噪声

PandaX start
PandaX-I 

120kg

PandaX-II 
580kg

PandaX-4T
(3.7 tonne)

2020-2009 2010-2014 2015-2019
41

PandaX Experiment



2009-2014：PandaX首期实验
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• 用了5年时间，建成了第一个

  120公斤的液氙“蛋糕” 



2015-2019：PandaX二期实验
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• “蛋糕”升级成了一个580公斤的“冰激凌桶” 



PandaX-II PRL封面文章

PandaX二期成果
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•  

2016中国重大科学进展

入选APS《物理》2017年度八大亮点

2022年教育部自然科学一等奖



实验物理学家的真实生活
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• 2015年漫长的调试，解决了无数预期不到的问题
– 《五年青春 ，我成为了一名山底洞人》（作者：谈安迪）

• 最终我们在11月22日准备完成，开始数据采集！！！！
• 19天后，我们发现了一种新的内部本底氪85… 停止采集数据！！！



放射性气体：氪气
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• 空气中有0.000001的氪气

• 85Kr（贝塔衰变，半衰期10年）是核
时代的产物，大约占天然氪的
0.00000000002（2x10-11）

• 但是，即使是稀少的氪气混入探测，
也会产生讨厌的本底噪声信号！



氙精馏系统
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• 通过不同沸点分离不同气体

• PandaX实验建了一个10米高精馏塔，要求
氪气含量降到10-12量级！
– 1公斤氙中仅100个氪-85原子



PandaX-4T 建设历程
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• 2018/04/02 
– 开始建设B2大厅

• 2019/08/19 
– 完成基础建设，探测器进驻大厅

• 2020/05/06 
– 完成全部氙的离线精馏

• 2020/05/28 
– 实验安装完成

• 2020/11/28 – 2021/04/16 
– 实验调试运行



• 高纯水屏蔽体
– 13m H x 10m D ~ 900 m3

• TPC探测器: 3.7-tonne of LXe
– 1.2m H x 1.2m D

• 3-inch PMTs: 169 顶部 / 199 底部

49

PandaX-4T @ CJPL-II



PandaX-4T探测器安装
•  
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时间投影室和光电读出系统
•
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电子学和数据获取系统
•
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制冷和提纯系统
•
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PandaX-4T试运行
•
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PandaX-4T重大改进
• 采用无触发读出模式，有效降低阈值
– 每个PMT过阈（20ADC ~ 1/3 PE）读出

– 单光子效率 96%

• 放射性杂质85Kr，比PandaX-II降低20倍
– 达到0.3 ppt mol/mol

• 放射性杂质222Rn，比PandaX-II降低6倍
– 达到 ~ 5 uBq/kg

Vertex distribution 
of β-γ candidates
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放射性氡杂质
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• 222Rn
– long-lived daughter



95天试运行数据
• 置信区间氙量: 2.67 tonne

• 曝光量: 0.64 tonne-year
• 事例筛选条件
– S1: 2 – 135 PE

– S2raw: > 80 PE

– S2 < 20000

• 置信区间数据
– 1058 candidates

– 6 below NR median line  
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PandaX-4T首批数据结果
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• 超越XENON实验之前最好结果，刷新暗物质和核子自旋无关散射截
面的上限，扫描更大范围理论预言参数空间

PRL 127, 261802 (2021) 编辑推荐 亮点报道 引用261次  ESI 高被引



How dark is dark matter?
•
How dark is dark matter?

Image Credit: Public Domain 59



暗物质电磁属性
• 类比已知中性粒子，暗物质也可能存在一些极其微弱的电磁属性

微弱电荷
milicharge

电荷半径
charge radius

电偶极矩
electric dipole

磁偶极矩
magnetic dipole

零极矩
anapole

𝑄𝑒

20 40 60 80 100
 [keV]RE

10−10

9−10

8−10

7−10

6−10

5−10

4−10

3−10

2−10

1−10

]
-1

 [(
kg

 d
ay

 k
eV

)
R

 d
R

/d
E

Magnetic dipole Electric dipole
Millicharge Anapole
Charge radius

a

暗物质电磁属性
核散射能谱

Ø不同电磁属性产生的原子核散射能谱
有显著差异

• 分析PandaX-4T高灵敏数据，针对性研究
暗物质可能的电磁属性
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电荷均方半径

通过最灵敏的数据对“暗物质有多暗”
这个问题给出系统定量的实验回答Nature 618, 47-50 (2023)

• 暗物质电荷半径的首个实验结果
– 40GeV/c2暗物质：电荷均方半径上限比中微子小

4个数量级，换算成尺寸比质子半径小10万倍

• 其他电磁属性限制提升3至10倍

61

暗物质电磁属性



•  
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美国物理学会《Physics》期刊
亮点报道，评论PandaX-4T给出
了WIMP暗物质和核子作用截面
世界最好的限制。

《Nature》发表文章评论了
PandaX-4T运行100天就已经超
越了欧洲XENON1T实验结果。

美国物理学会会士、加州大学教
授Jonathan L. Feng评论说，
这个成果的重要意义在于实验开
始扫描到了WIMP暗物质理论的
核心区域。

科学影响力



下一代液氙探测实验PandaX-xT
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• 立足中国本土，开展数十吨级液
氙探测关键技术的研发
– 低本底、大尺寸探测器、高速采样、
液氙循环、同位素精馏

• 根据可用氙量，可以实现逐步升
级

• 将探测灵敏度向中微子信号水平
（中微子地板）推进，对主流暗
物质候选粒子给出确定性结论



Neutrino Floor
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• Coherent Elastic Neutrino-Nucleus Scattering (CEvNS) 

C. O’Hare PRL 127, 251802 (2021)

Solar 8B 
neutrino



Solar 8B neutrino
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• Low threshold detection mode
– low threshold paired ROI

– Ionization S2-only ROI

Low threshold paired ROI Ionization S2-only ROI
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PRL 130, 021802 (2023) PRL 130, 261001 (2023), Editors’ Suggestion



Solar B8 neutrino
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•

Best-fit paired s2only

B8 number 3.5±1.3 75±28

P-value 0.004

significance 2.64𝜎

8.4 ± 3.1×10!𝑐𝑚"#𝑠"$



Argon Detectors
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• Pulse shape of prompt scintillation signal
– Singlet (6ns) and triplet (1.5µs) 

• Dual-phase: Ionized electron vs prompt scintillation light

DarkSide-10

F90: the fraction of light collected 
within the first 90ns



Argon Detectors
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• DarkSide-50 @LNGS
– 46 kg underground Argon

– Dual-phase

• DEAP-3600 @SNOLAB
– 3600 kg natural Argon

– Containing 39Ar (269 year)

– Single-phase, R=85cm



GADMC
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• Global Argon Dark Matter 
Collaboration

• DarkSide-20k (2021 - ) 
– dual-phase, low radioactivity Ar

– 50 tonne total mass, 30 tonnes
fiducial mass

– > 20 m2 of SiPM coverage



轻质量暗物质区域
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•



CDEX 盘古计划
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•  CDEX发展历程

– 2005年, 韩国Y2L，5g HPGe

– 2009年, CDEX合作组成立

– 2011年, CJPL-I，1 kg 点电极高纯锗

– 2016年, 10 kg 阵列点电极高纯锗

• CDEX合作组

– 清华大学牵头，11个单位，70余人

– 10+ kg PPC Ge（单相: 电离）

– 新建液氮恒温器 @ CJPL-II



CDEX“盘古”计划
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• CDEX-1（2011-2018）：发展点电极高纯锗探测器技术，开展本底研究；

• CDEX-10（2016-2022）：液氮直冷高纯锗阵列性能研究；
• CDEX-50（2021-）：50公斤级液氮直冷高纯锗阵列实验系统；

CDEX-50
（DM）

CDEX-300ν
（0νββ）

CDEX-1000CDEX-1 CDEX-10

2011-2018 2016-2022 2021-

CJPL-I CJPL-II



CDEX-10阶段
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• 建⽴了国际上⾸个液氮直冷⾼纯锗阵列系统，探测器质量~10kg；

• 发展了阵列化探测器系统的数据合成⽅法，以及多探测器联合的物理
分析框架；

• 建⽴了<2keV低能区能量刻度⽅法：中⼦活化法、γ源激发法、多通
道⽐较法等；

CDEX-10!"#$%&'
()*+,-&'./012345Science China-PMA 62, 031012 (2019)



CDEX-10物理结果
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• WIMP：4-5 GeV自旋无关国际最灵敏实验
结果

• 暗光子：10-300 eV太阳暗光子动量混合参
数限制国际最好的直接探测实验结果

67!89:;<0=.

>?@AWIMP

PRL 120, 241301 (2018) PRL 124, 111301 (2020)

SCPMA Vol. 64 No. 8: 281011

BCDEF



CDEX-50计划
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• 液氮直冷的高纯锗探测器阵列；

• 由7串组成，每串7个探测器；
• 有效靶质量~50kg；
• 宽能高纯锗BEGe+点电极高纯锗PPCGe；

BEGe
---Mass: 1-1.2 kg; 
---Size:  φ80mm*40mm;
---Dead layer:  0.6mm;

PPCGe
---Mass: ~1 kg; 
---Size:  φ62mm*62mm;
---Dead layer:  0.8 mm; 



CDEX-50计划
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• 本底水平 < 0.01 cts/(keV5kg5day) @1 keV；

• 实验数据分析阈值100 eV；

• 有效曝光量~50 kg·year；

• WIMP自旋无关灵敏度达到10-44 cm2水平；

• 同时，开展轴子、暗光子等实验研究；

Pseudoscalar ALPs Solar DarkPhoton



CDEX-50 @ CJPL
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• 探测器单元与小阵列测试@CJPL-I

• 锦屏大设施建设@CJPL-II
• 1725m3液氮屏蔽装置@CJPL-II;
• 计划2024年探测器阵列试运行；



Low Mass DM: Germanium detectors
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• SuperCDMS experiment @Soudan

• Standard iZIP mode: phonon and 
ionization, ER/NR discrimination

• CDMSlite HV mode: phonon only 

– Ionization electrons generate a large 
number of NTL phonons

– => Low threshold 56 eVee

50-80V

Phys. Rev. D 97, 022002 (2018) 



Low Mass DM: Crystal detector

79

• CRESST-III experiment

• CaWO4 crystal, 24g, @ ~15mK
– Phonon signal: precise measurement of deposited energy

– Scintillation light: particle-type dependent

– Nuclear recoil threshold 30.1 eV => subGeV WIMP
F. Reindl, IDM2018



液氦直接探测实验研发
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• ALETHIA实验
– A Liquid Helium Time Projection Chamber in Dark Matter

What is the ALETHEIA Introduction

Conceptual design of the ALETHEIA: Filling LHe into a TPC

ALETHEIA: A Liquid hElium Time projection cHambEr In dArk matter.

Left plot: The whole LHe detector system. 1: LHe repository; 2, LN cooling
system; 3, SiPMs; 4, HV power supply; 5, Cryostat (vacuum); 6, HV electrodes; 7,
LHe cooling source.
Right plot: The LHe TPC. 1, HV rings; 2, SiPMs; 3, Anode; 4, Gate; 5, TPC wall; 6,
Cathode.

Junhui Liao, junhui_liao@brown.edu The progress of the ALETHEIA project Apr 20, 2021 @APS virtual meeting 5 / 23



液氦直接探测实验研发

81

• ALETHEIA实验预期1 吨-年曝光量可全面覆盖8B中微子地板

• 目前组装30g LHe 探测器, 在原子能院开展测试

What is the ALETHEIA Introduction

Projected sensitivities of the ALHET project (a couple of assumptions)

⇥ 1 ton*yr ALHET can fully “touch down” the 8B solar ⌫ floor. Timeline ⇥ 10 yr.

Junhui Liao, junhui_liao@brown.edu The progress of the ALETHEIA project Apr 20, 2021 @APS virtual meeting 6 / 23

The progress of the ALETHEIA project ALETHEIA prototype detectors

A 30 g LHe cell assembled, testing at CIAE now.

30 g LHe 
detector 
system

Me and some ALETHEIA fellas

Junhui Liao, junhui_liao@brown.edu The progress of the ALETHEIA project Apr 20, 2021 @APS virtual meeting 21 / 23

The progress of the ALETHEIA project ALETHEIA prototype detectors

A 30 g LHe cell assembled, testing at CIAE now.

Junhui Liao, junhui_liao@brown.edu The progress of the ALETHEIA project Apr 20, 2021 @APS virtual meeting 21 / 23



方向性直接探测
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•



方向性直接探测
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• Directionality:
– Cygnus direction 

– Can help with neutrino floor! 

– 30deg angular resolution necessary to distinguish Cygnus from Sun

• To reconstruct the recoil track
• R&D work in progress

The MIMAC project 
A low pressure multi-chamber  detector  

•  Energy and 3D Track measurements 

• Matrix of chambers (correlation) 

• µTPC  : Micromegas technology 

• CF4, CHF3,  and 1H : σ(A) dependancy 

• Axial and scalar weak interaction  

• Directionnal detector 

Strategy: 
• Directional direct detection  
•  Energy (Ionization) AND 3D-Track of the recoil nuclei 
• Prove that the signal “comes from Cygnus ” 

Bi-chamber module 
2 x (10.8x 10.8x 25 cm3) 

CYGNUS2015, June 2nd 2015, Los Angeles (USA)  D. Santos (LPSC Grenoble) 

DRIFT
Negative ion MWPC

MIMAC
Micromegas

DMTPC
CCD

NEWAGE
Micro pixel



极轻质量的暗物质探测
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• 轴子：below meV scale



Axion Interaction

85

• Axion Formalism



Solar Axion
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• Production in the sun
– ABC Process: Atomic 

recombination and deexcitation 
(ARD), Bremsstrahlung, and 
Compton

– Primakoff effect

– M1 nuclear transition of 57Fe 
(14.4 keV).

Corresponding axion couplings in flux
𝑔%& = 1×10"$$, 𝑔%'' = 1×10"(GeV"$, 	 𝑔%)

&** = 3×10"!.

E. Armengaud et al
JCAP11(2013)067



ER Signals from Axio-electric Effect

87

The approximate cross section of axio-electric effect:

where 𝑔!" = 𝐶#"𝑚#/𝑓#, 𝐶#" is model dependent.

Astroparticle Physics Volume 44, April 2013, Pages 59-67

https://www.sciencedirect.com/science/article/abs/pii/S0927650512002344?via%3Dihub


ER Signals from Inverse Primakoff Effect

88

Two kind of form factors:
(1) Screened Coulomb potential (SC): 

(2) Relative Hartree-Fock wavefunction (RHF): 

production in sun detection on earth

Physics Letters B Volume 815, 10 April 2021, 136174

https://www.sciencedirect.com/journal/physics-letters-b
https://www.sciencedirect.com/journal/physics-letters-b/vol/815/suppl/C


Constraints on Solar Axions
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• PandaX-4T results Preliminary



CAST Experiment

90

•



轴子暗物质探测
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• 微波谐振腔测量方案
– 圆柱腔体+金属棒：可调频腔，搜寻 8GHz附近轴子质

量
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轴子暗物质探测
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• 超导射频谐振腔
– 注入振荡磁场：实现宽频搜寻轴子质量 1Hz to 500MHz

– 测试: TM020 2.7GHz信号模，搜寻200MHz附近轴子



轴子探测

93

•



•  

暗物质相互作用机制

94

难点：直接探测相互作
用能标太低，无法探究
媒介粒子作用机制

Ø 对撞机探测围绕相同作用机制

Ø 对撞机独特优势：产生媒介粒子并测量
其衰变产物



对撞机探测
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• 高能标准模型粒子碰撞产生暗物质

LHCb



Dark matter models

96

•
Phys. Dark Univ. 9-10 (2015) 8-23

Generic Searches Specific Searches



Simplified model with mediator
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• keep the mediator information
– mass: mZ’

– spin : vector, axial-vector, etc

– coupling: gq gl gDM 

• simplified model:
– starting point to build complete theories

– colliders can search for the mediator directly



Mono-X search

98

• dark matter production in association with X
– dark matter escape detection

– X: visible particles

– ET
miss: momentum imbalance in transverse plane18 atlas+cms dark matter forum

V, A(Mmed)

q̄

q

c̄(mc)

c(mc)g

gq gDM

Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, mc, gc, gq).

Lvector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµq + gcZ0

µc̄gµc (2.1)

Laxial�vector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµg5q + gcZ0

µc̄gµg5c. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and gc. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:

GV
min =

g2
c Mmed

12p

 
1 +

2m2
c

M2
med

!
bDMq(Mmed � 2mc) (2.3)

+ Â
q

3g2
qMmed

12p

 
1 +

2m2
q

M2
med

!
bqq(Mmed � 2mq),

GA
min =

g2
c Mmed

12p
b3

DMq(Mmed � 2mc) (2.4)

+ Â
q

3g2
qMmed

12p
b3

qq(Mmed � 2mq) .

q(x) denotes the Heaviside step function, and b f =

r
1 �

4m2
f

M2
med

is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = gc = 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.

e±

g
jet

t±

ET
miss

µ±



Mono-jet

99

• ISR gluon/quark: largest cross section

• provide strong sensitivity 

JHEP 11 (2021) 153



Constraints from mono-X

100

•

ATL-PHYS-PUB-2023-018



Mediator search

101

• Direct search of the produced mediator 

2

matter in Sec. III. We continue in Sec. IV with the com-
parision of limits on the e↵ective couplings and show that
at the Lhc contact interaction bounds lead to more strin-
gent limits. Di↵erent fundamental theories may be ex-
pected to have di↵erent bounds on the underlying cou-
plings and we address these questions in Sec. V. We con-
clude the paper in Sec. VI.

II. EFFECTIVE COUPLINGS FROM A
FUNDAMENTAL MODEL

We start with a simple formulation of an example
model to describe the interaction of a new dark matter
particle � with Standard Model quarks q. We choose � to
be a Dirac fermion and analyze pair production qq ! ��
from initial state quarks, via a heavy vector mediator V
from an U(1) gauge theory. A particle X is assumed to
have mass MX . We consider the following Lagrangian
for this model,

LUV = q̄(i/@ �Mq)q + �̄(i/@ �M�)�

+
1

2
M2

V VµV
µ � 1

4
V µ⌫Vµ⌫

� gq q̄�
µPLqVµ � g��̄�

µPL�Vµ, (1)

where we have used the projection operator

PL ⌘ (1� �5)

2
. (2)

The first four terms include both kinematic and mass
terms for all the fields (with the standard Abelian field
strength tensor V µ⌫ ⌘ @µV ⌫�@⌫V µ for the vector medi-
ator). The last terms describe chiral interactions of the
vector particle V µ with both fermions � and q via di-
mensionless coupling strengths gq and g�. The particular
choice of a chiral interaction leads to e↵ective operators
that are commonly analysed in experimental studies, e.g.
[32, 34]. We consider di↵erent operators in section V.

The DM particle � is assumed to interact with the
Standard Model only by exchanging the new mediator
V , i.e. it is uncharged under any Standard Model gauge
group and neither couples to the respective gauge bosons
nor the Higgs particle.

The new mediator leads to new interaction channels for
the Standard Model quarks, which are shown in Fig. 1.
At a hadron collider, an o↵-shell mediator that is created
by two initial state quarks can either produce a pair of
quarks, describing elastic quark scattering, or produce a
pair of the new particle �. Since both processes depend
on the strength of the initial state coupling gq, their cross
sections are related.

If we now assume that the mass of the mediator, MV ,
lies far beyond the accessible center of mass energy

p
ŝ of

the partons in any scattering process we want to analyse
at a hadron collider, we can integrate out the vector field
and expand the remainder of the e↵ective Lagrangian up

q

q̄

q

q̄

gq gq
V

(a) Elastic quark scattering

(plus a corresponding

t-channel contribution).

q

q̄

�

�̄

gq g�
V

(b) Pair production of �.

FIG. 1. New interaction modes for quarks in the initial state,
given by the model introduced in (3).

to leading order in ŝ/M2
V (see e.g. [36]),

Le↵ = q̄(i/@ �Mq)q + �̄(i/@ �M�)�

�
g2q

2M2
V

q̄L�
µqLq̄L�µqL � gqg�

M2
V

q̄L�
µqL�̄L�µ�L

�
g2�

2M2
V

�̄L�
µ�L�̄L�µ�L, (3)

with the left–handed component of the quark field qL ⌘
PLq. The last term describes the scattering of the dark
matter particle � with itself, which is of no interest in this
analysis and is therefore omitted henceforth. We combine
the pre-factors of the two remaining e↵ective vertices by
defining the e↵ective couplings Gq ⌘ g2q/M

2
V , describing

a contact interaction (CI) between four Standard Model
quarks, and G� ⌘ gqg�/M2

V , which gives the scattering
strength between quarks and the DM particle �.
To be consistent with the perturbative approach of us-

ing tree-level diagrams only, the dimensionless couplings
g must not be larger than

p
4⇡. Thus, in addition to the

restriction M2
V � ŝ demanded for the e↵ective approx-

imation to be valid, only the limited parameter space
0 < Gi < 4⇡/ŝ is allowed for both e↵ective couplings Gi.

III. EXPERIMENTAL LIMITS ON THE
EFFECTIVE COUPLINGS

The two e↵ective couplings we derived have to be
probed di↵erently at a hadron collider. Firstly, Gq de-
scribes the elastic scattering of quarks and can be anal-
ysed by looking for deviations compared to Standard
Model predictions for high energy di-jet production. This
analysis has been performed by both the Atlas [32] and
Cms [34] collaborations at the Lhc. Since there also ex-
ist Standard Model diagrams for this type of scattering,
limits on Gq depend on how the Standard Model terms
interfere with the new contribution of the e↵ective oper-
ator. We conservatively take the lowest limits given for
destructive interference, which Cms quotes as,

Gq  4⇡(7.5 TeV)�2 (4)

at 95% CL, determined with an integrated luminosity of
2.2 fb�1 at 7 TeV center of mass energy.

V, A(Mmed)

Dijet



Resonance of dijet
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• dijet resonance: inclusive, 1 or 2 b-jets  

JHEP 03 (2020) 145



Extending to low mass region
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• Various techniques to extend to lower or higher mediator 
mass region
– dijet+ISR

– dijet TLA

– dijet angular  

ATL-PHYS-PUB-2023-018



Combination with direct detection
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• vector mediator – spin independent interaction in direct 
detection 

ATL-PHYS-PUB-2023-018



Combination with direct detection
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• axial-vector mediator – spin dependent interaction in direct 
detection 

ATL-PHYS-PUB-2023-018



Dark matter and Higgs
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• Higgs may connect to the dark sector 



Invisible Higgs
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• Higgs-portal DM 
model

• signatures
– Z/W+H(inv)

– VBF H(inv)

– ttbar H(inv)

• combined constraints
– Br(inv) < 0.11 at 

95%CL from ATLAS

Phys. Lett. B 842 (2023) 137963



Higgs-portal DM
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• scalar mediator
– spin-

independent 
interaction

• sensitive to  
mDM < ½ mHiggs

ATL-PHYS-PUB-2023-018



Complete models

109

•
Phys. Dark Univ. 9-10 (2015) 8-23

Generic Searches Specific Searches



2HDM Model
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• Two benchmark models: 2HDM+a, 2HDM+Z’

• 2HDM+a
– based on type-II 2HDM (h, H0, H±, A)

– additional pseudo-scalar mediator a
– rich phenomenology

• 2HDM+Z’
– additional vector mediator Z’

J
H
E
P
0
5
(
2
0
1
9
)
1
4
2

Z ′
V

q

q̄

f̄

f

(a)

Z ′
V

A

q

q̄

χ̄

χ

h

(b)

Figure 5. Schematic representation of the dominant production and decay modes for the
2HDM+Z ′

V model.

2.3.1 Two-Higgs-doublet models with a vector mediator

The first two-Higgs-doublet model [158], denoted for brevity 2HDM+Z ′
V in the following,

is based on a type-II 2HDM [157, 159] with an additional U(1) gauge symmetry, which

gives rise to a new massive Z ′
V gauge boson state. The Z ′

V boson, which can mix with

the Z boson, couples only to right-handed quarks and only to the Higgs doublet that

couples to the up-type fermions. The CP-odd scalar mass eigenstate, A, from the extended

Higgs sector couples to DM particles and complies with electroweak precision measurement

constraints. The phenomenology of this model is extended with respect to the simplified

case due to the presence of a new decay mode Z ′
V → hA, as shown in figure 5, with the A

boson decaying into a pair of DM particles with a large branching ratio (when kinematically

possible), as long as the decay into a pair of top quarks is kinematically forbidden [32].

Additional signatures involving decays of the Z ′
V boson into SM particles or the H and

H± bosons are possible in the model. However, the model parameters are chosen in order

to be consistent with the constraints from searches for heavy-boson resonances on this

model [160], and therefore these signatures are not considered further in the context of

this interpretation. The model has six parameters [160]: tan β, the ratio of the vacuum

expectation values of the two Higgs doublets, is set to unity; mχ, the DM mass, is set to

100 GeV; and gZ , the coupling of the new Z ′
V U(1) gauge symmetry, is set to 0.8. The

masses mh and mH = mH± of the two CP-even and charged Higgs bosons are set to

125 GeV, and 300 GeV, respectively, while mA, the mass of the CP-odd Higgs partner and

mZ′
V
are free parameters and varied in the interpretation.

2.3.2 Two-Higgs-doublet models with a pseudo-scalar mediator

The second 2HDM model [152], 2HDM+a, includes an additional pseudo-scalar mediator,

a. In this case also, the 2HDM coupling structure is chosen to be of type-II, although many

of the interpretations in this paper hold for a type-I case too. The additional pseudo-scalar

mediator of the model couples the DM particles to the SM and mixes with the pseudo-

scalar partner of the SM Higgs boson. The physics of the model is fully captured by 14

parameters: the masses of the CP-even (h and H), CP-odd (a and A) and charged (H±)

bosons; the mass of the DM particle (mχ); the three quartic couplings between the scalar

– 9 –
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Figure 6. Schematic representation of the dominant production and decay modes for the 2HDM+a
model.

g

g

g

t̄

t

φDE

φDE

(a)

g

g

g

φDE

φDE

g

(b)

Figure 7. Schematic representation of representative production modes for the DE model for the
Lagrangian effective operators (a) L1 and (b) L2.

sionality:

L = LSM +
9∑

i=1

ciLi = LSM +
9∑

i=1

ci

Md−4
i

O(d)
i ,

where d is the operator’s dimension and ci are the Wilson coefficients. Operators L1–L5

correspond to interactions of the DE field with SM fields. The leading, i.e. least suppressed,

operators of dimension eight are

L1 =
∂µφDE∂µφDE

M4
1

T ν
ν

L2 =
∂µφDE∂νφDE

M4
2

Tµν ,

– 11 –



2HDM+a
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• mono-Higgs

• mono-Z
• invisible Higgs
• 4top channel 

arXiv:2306.00641, accepted by Science Bulletin



暗物质实验小结

• 暗物质探测是新物理探索的重要组成

• 在实验室探测到暗物质并研究其物理属性，将带来物理学和天文学的
重大变革

• 中国过去10年培养出相当规模的队伍，主导暗物质实验取得国际先进
成果

• 暗物质探测近年来迅速发展，面临重要发现机遇

112



证据四：宇宙尺度证据
• 宇宙背景微波辐射各向异性

• 引入冷暗物质来描述这个宇宙

CMB	from	Planck	Space	Telescope

Overall	mass-
energy	content W

Baryonic	matter Wb

Cold	dark	matter WDM

113



• 大爆炸之后，原初密度涨落造成物
质坍缩形成恒星、星系、星团

• 普通物质密度涨落被辐射抹平
– 无法形成宇宙结构

• 需要暗物质的存在

Simulation宇宙大尺度结构

114



Multi-Physics Targets
•  Large energy range: keV ~ MeV

115

暗
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Majorana Neutrino

116

•



136Xe 2vDBD Half-life Measurement

117

• First result derived from natural xenon experiment
– 2.27 +/- 0.03 (stat) +/- 0.10 (syst) x 1021 years

– One of the most precise measurements to date

– Comparable with enriched 136Xe experiments
Research Vol 2022, 9798721 (2022)

region 1



How to detect light dark matter? 

118

•



Lowering detection threshold

119

•  

PRL 126, 211803 (2021)
PRL 130, 261001 (2023)

利用 T�N0�t一期的探测器寻找低质量的暗物质 上海交通大学博士学位论文

图 lĢl假设自旋不相关散射截面，Sz−9 U$质量为 Szz ;3pg,2的rBKTc粒子与不同靶标核素碰撞的
积分能谱：t3，;3，�a和 M3。实线上的标记是各实验的典型探测阈值。来源见 `38Y )l4*。

子的平均自由程小于 k毫米，而 S K3p的伽马光子的平均自由程大约为 9公分。换而言
之，较大的原子系数使得液氙有较高的密度，从而使得液氙本身就可以对探测器外围的

伽马本底产生很好的屏蔽效果，这种屏蔽效应也被称为“自屏蔽”效应（c3I8Ac@C3I0CN<）。

l = (µ)−1 = (
µ

ρ
× ρ)−1 VlĢSW

由于液氙非常好的自屏蔽效应，在液氙探测器中，来自探测器外围的本底事例被极

大的降低。而实际上，在t2MQM和 Hmt实验中，外层的液氙将绝大多数的本底事例被
阻挡在置信区域之外，从而在置信体积内营造一个更为干净的暗物质探测区域。图Y lĢ:
显示了 Hmt探测器内不同位置的本底分布)e4*，颜色代表事例率，IR<10/`m，/`m定义
为“3q3Njc g0�w gG< gG3p”（每 S G3p能量沉淀每天在 S公斤液氙内产生的事例数）。图中
的虚线显示的是 Hmt最后选择的置信体积的边界。所以，基于低能区本底事例率的分
布与事例能量不相关的假设，我们可以很明显得看到，本底事例从探测器边缘到内部急

剧减少。相比较事例率最高的区域（暗红色），置信体积内的本底事例率减少了 l到 k
个数量级。

ġ :f ġ



Lower Threshold
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• Ionization-Only: no scintillation signal requirement
– ROI S2 [60, 200]PE: threshold down to ~100 eV (from ~1 keV)
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Ionization-only ROI
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• Key challenge: background components
– No full picture in previous xenon-based experiments

– Conservative results only 

XENON1T PRL PandaX-II PRL 



Ionization-only Data
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• First complete understanding of all 
the main background
– Micro-discharging (MD)

ØSmall charge, strong run-condition 
dependence

– Cathode activity
ØLarge charge, large pulse-shape width

• Blind analysis of 0.55 tonne-year 
exposure
– 105 events

– Best-fit background: 95.8 ! 11.3 events



Constraints on DM-electron scattering
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• Most stringent constraints are derived
– DM-electron interaction with heavy mediator, 2×10!"# cm2

Phys. Rev. Lett. 130, 261001 (2023), Editors’ Suggestion
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Can light dark matter be boosted?
PRL 126, 091804 (2021)
PRL 128, 171801 (2022)
PRL 131, 041001 (2023)



Cosmic-ray Boosted Dark Matter
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• Light DM with cosmic ray boosting

• New signature: diurnal modulation due to earth shielding 

210 thus significantly attenuated by the Earth when the GC and
211 the detector are on opposite sides of the Earth but much less
212 affected if they are on the same side. To avoid confusion
213 with the usual diurnal effect for nonrelativistic DM [53,54],
214 we call this the “boosted diurnal effect.”
215 Figure 4 shows the diurnal modulation of the CRDM at a
216 direct detection experiment located at a latitude of 28°N
217 (approximate location of the China Jinping Underground
218 Laboratory) and a depth of 2 km underground. Within one
219 sidereal day, the underground lab rotates around the Earth
220 axis and its position is parameterized by the sidereal hour in
221 the range between 0 and 24 hours. We define a survival
222 probability as the ratio between the attenuated CRDM flux
223 in the underground lab and the one arriving the Earth. At a
224 cross section of 1 × 10−32 cm2, we observe significant
225 “boosted diurnal modulation” with the survival probability
226 varying in the range of 64%–95%. For comparison, we also
227 show the curves for a cross section of 3 × 10−32 cm2 where
228 a larger modulation can be observed. Given the DM
229 energy Tχ, the nuclear recoil has a wide distribution,
230 0 ≤ Tr ≤ Tmax

r ðTχÞ, and hence only a fraction,
231 1 − Tth=Tmax

r ðTχÞ, can pass the detection threshold, leading
232 to a reduction from the red curve to the blue one in Fig. 4.
233 Instead of via a numerical integration of Eq. (4), the
234 curves in Fig. 4 are obtained by Monte Carlo simulations.
235 Since the spectrum of the CRDM is almost independent of
236 its direction, it is a good approximation to first sample the
237 direction of the incoming DM particles according to the sky
238 map in Fig. 1 and then sample the boosted DM kinetic
239 energy Tχ according to the spectrum in Fig. 2. The incident
240 DM particle would then experience multiple scatterings
241 when crossing the Earth. For each interaction step, we first
242 sample the length that the DM particle travels before the
243 next scattering based on the mean free path and then sample

244the reduced kinetic energy. The simulation stops when the
245DM particle reaches the underground detector or drops
246below the detection threshold.
247Imposing the detection threshold on the nuclear recoil
248energy Tr ≥ 3 keV for a liquid xenon detector [72] would
249reduce the event rate but still keep the modulation behavior
250as illustrated in Fig. 4. This is because the diurnal modu-
251lation mainly comes from the high recoil part, as illustrated
252in Fig. 3. For two years of data at a benchmark liquid xenon
253detector PandaX-4T (5.6 tons × year exposure) [73], on
254average 8.1 (55) events are expected for σχp ¼
2551ð3Þ × 10−32 cm2 and mχ ¼ 10 MeV, which is quite sig-
256nificant compared to the background level [74]. For the same
257detector, the event rate and hence the sensitivity is roughly
258independent of the DM mass for mχ ≲ 0.1 GeV. In addition
259to a quadratic scaling with the cross section, one from the
260CRDM production and the other from its detection, the event
261rate also receives suppression due to the attenuation from the
262Earth for a sufficiently large cross section (∼10−28 cm2)
263[36]. The cross section region that this technique can probe
264spans roughly 4 orders of magnitude.
265Another factor is the scattering angle, which leads to
266deflection [19]. For the relativistic CRDM with typical
2671 GeV kinetic energy, mass mχ ¼ 10 MeV, and typical
268momentum transfer Q ≈ Λ ≈ 200 MeV [56], the scattering
269angle is 3°–5°. Although not completely negligible, the
270scattering angle does not affect the diurnal modulation
271effect due to the following arguments. For the peak region
272of Fig. 4, the DM from the GC only needs to penetrate
273Oð1Þ km. With a mean free path of around 17 km, most
274CRDMs experience only one scattering at most. Therefore,
275the peak region would not be affected significantly.
276Multiple scatterings will further suppress the valley region
277of the curve and therefore enhance the modulation effect.
278The recoil energy spectra for incident CRDMs along
279different nadir angles in a liquid xenon detector are shown
280in Fig. 5. Since the recoil energy can reach Oð1 MeVÞ,

F4:1 FIG. 4. The survival probability of CRDM arriving at an
F4:2 underground lab at latitude 28°N and a depth of 2 km vs the
F4:3 sidereal hour relative to those arriving at the Earth for two
F4:4 different cross sections σχp ¼ 1ð3Þ × 10−32 cm2. The red curves
F4:5 correspond to the total CRDM arriving at the detector with
F4:6 Tχ ≥ Tmin

χ , and the blue curves are those above the detector
F4:7 threshold (Tr > 3 keV for a liquid xenon detector).

F5:1FIG. 5. The nuclear recoil spectrum, including the 3 keV
F5:2detector threshold, for a xenon detector with 1 ton year exposure.
F5:3To illustrate the attenuation effect, each curve corresponds to the
F5:4integrated DM flux at a given nadir angle θnadir.
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S.-F. Ge, J. Liu, Q. Yuan, NZ, PRL 126, 091804 (2021)



Diurnal Modulation Search
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• PandaX-II data
– Using events below NR median: 25 events (expected 26.6 background)

• Extend the DM search window to sub-GeV
– Expand to the region beyond the astrophysical and cosmological 

probes 

PRL 128, 171801 (2022)  Editors’ Suggestion



New results from Super-K
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• 20 years’data from Super-Kamiokande PRL 130, 031802 (2023)

• Directional detection of cosmic-ray boosted DM



Dark sector
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• Dark quark, dark fermion, dark photon, dark Higgs, etc.  



Dark quarks
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• Strongly coupled dark quarks 
– Dark QCD mediated by dark 

gluon

– Dark quark shower and 
hadronization

• Stable dark hadrons
– DM candidate

• Unstable dark hadrons decay 
into SM quarks
– SM quark shower and 

hadronization
Image from M. Strassler



Resonance of dark quarks
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• Dark quark → dark hadron
– dark pion decays to SM quarks or dark photons

• Large-radius jets with high track 
multiplicity

arXiv:2311.03944



Combined constraints
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• DM – mediator parameter space

• dijet resonance search covers mediator mass upto ~3.6 
TeV/c2

gq=0.25
gl=0
gc=1 

ATL-PHYS-PUB-2023-018



Combined constraints
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• DM – mediator parameter space

very sensitive 
to the 
couplings

gq: 0.25 -> 0.1
gl: 0 -> 0.01

ATL-PHYS-PUB-2023-018


