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“运动形态” 

“组成结构” 

“相互作⽤”
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粒⼦物理标准模型
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• 基于 SU(3)xSU(2)xU(1) 规范对称性 

• 三代夸克和轻⼦：6 味夸克，3 味带电轻⼦，3 味中微⼦ 

• 夸克和胶⼦禁闭于强⼦（介⼦、重⼦、…）中 

• 夸克味混合：KM 机制，CP 破坏跟 CKM 混合矩阵中相位有关 

• 基本粒⼦相互作⽤中重⼦数和轻⼦数守恒 

• …
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寻找超出已知的物理 beyond the SM
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• 其它的夸克？ 

• 其它的带电轻⼦？ 

• 其它的规范玻⾊⼦？ 

• 其它的希格斯粒⼦？ 

• 其它的中微⼦？ 

• 其它的新形态基本粒⼦？ 

- 如：稳定、电中性、弱作⽤的粒⼦ (暗物质粒⼦)？ 

• … … 

BSM
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• 其它的夸克？ 

• 其它的带电轻⼦？ 

• 其它的规范玻⾊⼦？ 

• 其它的希格斯粒⼦？ 

• 其它的中微⼦？ 

• 其它的新形态基本粒⼦？ 

- 如：稳定、电中性、弱作⽤的粒⼦ (暗物质粒⼦)？ 

• … …  

• 宇宙物质起源、中微⼦质量和混合起源、暗物质本质

BSM
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BES III 
BELLE II 
LHC-ATLAS 
LHC-CMS 
LHC-LHCb 
EIC 
CEPC 
… …
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dark matter | därk ˈmadər | 

noun Astronomy 

(in some cosmological theories) non-luminous material that is postulated 
to exist in space and that could take any of several forms including 
weakly interacting particles (cold dark matter) or high-energy randomly 
moving particles created soon after the Big Bang (hot dark matter). 

暗物质 ànwùzhì 
名  指宇宙中不发光的天体和某些⾮重⼦中性粒⼦等。这些物质⽤光学⽅法观测
不到，故称。
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• 1930, Pauli 不可见的“中微⼦”假说 

• 1933, Zwicky Coma cluster 质光⽐ “… that dark matter is present in much greater amount than 
luminous matter.”  

• 1956, neutrino detected 
• 1966, Gershtein and Zeldovich, Neutrino roles in cosmology; 1976 中微⼦暗物质 

• 1970s, Rubin, Ford, Freeman… 旋转曲线 

• 1974, Carr, Hawking 原初⿊洞 
• 1977, P. Hut cosmological bounds on the mass of SUSY gravitino 
• 1960s-1970s, N-body simulations became possible 
• 1978, dark matter annihilation to gamma rays (indirect detection) 
• 1980, axion as dark matter 

• 1982, 修改引⼒(MOND) 
• 1983, hot DM cannot account for most dark matter 
• 1983, SUSY neutralino as dark matter 
• 1980s, cold non-baryonic DM widely accepted (WIMPs 1984) 
• 1984, using cosmic-ray (anti-protons, positrons) to indirect detect DM (Silk and Srednicki) 
• 1985, searching neutrinos from DM annihilation in the Sun (Krauss, Freese, Spergel)

mainly taken from  “A history of dark matter” by G. Bertone, D. Hooper, arXiv:1605.04909 
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• 1984, -N coherent scattering proposed (Drukier and Stodolsky) 
- detected by COHERENT in 2019. 

• 1985, dark matter-nuclei elastic scattering (Goodman and Witten) 
• 1986, 1st expt at Homestake Mine, Germanium 33kg-days 
• 1986, Annual modulation measurement proposed (Drukier, Freese and Spergel) 

- 1998 DAMA first result 
• 1980s, axion-gamma-gamma coupling expt proposal (2003, ADMX) 
• 1990s, liquid noble target proposal 
• 1990, DM section firstly appeared in PDG. 
• 2003, WMAP first result released. 2004 PDG , improved from 

 in 2001. 
• Direct detection expts: CDMS, EDELWEISS, CRESST, XENON, LUX, CoGeNT, CDEX, 

PandaX, … 
• Indirect detection expts: CAPRICE, AMS, AMS02, HESS, INTEGRAL, PAMELA, 

Fermi-LAT, HEAT, ATIC … 
• Neutrino telescope: AMANDA, Super-K, IceCube, ANTARES, JUNO…

ν

Ωnbmh2 = 0.111 ± 0.006
Ωm = 0.3 ± 0.1
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• 1984, -N coherent scattering proposed (Drukier and Stodolsky) 
- detected by COHERENT in 2019. 

• 1985, dark matter-nuclei elastic scattering (Goodman and Witten) 
• 1986, 1st expt at Homestake Mine, Germanium 33kg-days 
• 1986, Annual modulation measurement proposed (Drukier, Freese and Spergel) 

- 1998 DAMA first result 
• 1980s, axion-gamma-gamma coupling expt proposal (2003, ADMX) 
• 1990s, liquid noble target proposal 
• 1990, DM section firstly appeared in PDG. 
• 2003, WMAP first result released. 2004 PDG , improved from 

 in 2001. 
• Direct detection expts: CDMS, EDELWEISS, CRESST, XENON, LUX, CoGeNT, CDEX, 

PandaX, … 
• Indirect detection expts: CAPRICE, AMS, AMS02, HESS, INTEGRAL, PAMELA, 

Fermi-LAT, HEAT, ATIC … 
• Neutrino telescope: AMANDA, Super-K, IceCube, ANTARES, JUNO…

ν

Ωnbmh2 = 0.111 ± 0.006
Ωm = 0.3 ± 0.1

• 2009-, 锦屏实验室, CDEX, PandaX, DAMPE, LHAASO
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暗物质物理：前沿热点
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INSPIREHEP    t dark matter and date <2021

1311
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暗物质： 引⼒效应
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rotation curve bullet cluster large structure formation
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暗物质理论模型:  Call for new physics bSM
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• 暗物质具有中性、稳定（寿命长），⾮重⼦性质； 

• 标准模型中⽆合适的暗物质粒⼦； 

• Light neutrinos are “hot” relics, decoupled from thermal bath around 
MeV. 

• Neutrinos are too “hot” to be dark matter, constrained by structure 
formation.

<latexit sha1_base64="K8S1A5rpJnbLR3epcXLdhQhFEbY=">AAACBXicbVA9SwNBEN3zM8avU0stFoNgFe6iqGXQxs4I5gNyZ9jbTJIlu3vH7p4QQhob/4qNhSK2/gc7/42b5ApNfDDweG+GmXlRwpk2nvftLCwuLa+s5tby6xubW9vuzm5Nx6miUKUxj1UjIho4k1A1zHBoJAqIiDjUo/7V2K8/gNIslndmkEAoSFeyDqPEWKnlHgQ3ArqkFcgU9+5LOOCgtWYCe0W/1HILXtGbAM8TPyMFlKHScr+CdkxTAdJQTrRu+l5iwiFRhlEOo3yQakgI7ZMuNC2VRIAOh5MvRvjIKm3ciZUtafBE/T0xJELrgYhspyCmp2e9sfif10xN5yIcMpmkBiSdLuqkHJsYjyPBbaaAGj6whFDF7K2Y9ogi1Njg8jYEf/bleVIrFf2z4sntaaF8mcWRQ/voEB0jH52jMrpGFVRFFD2iZ/SK3pwn58V5dz6mrQtONrOH/sD5/AFEsZcj</latexit>
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2 . 0.12

<latexit sha1_base64="u2hPRVxdxX/dSjPkJHogZIfYFY8=">AAACCHicbVC7SgNBFJ31GeNr1dLCwSBYSNhVUcugjWUE84DsssxObpIhM7PLzKwQlpQ2/oqNhSK2foKdf+PkUWjigQuHc+7l3nvilDNtPO/bWVhcWl5ZLawV1zc2t7bdnd26TjJFoUYTnqhmTDRwJqFmmOHQTBUQEXNoxP2bkd94AKVZIu/NIIVQkK5kHUaJsVLkHgQ6E1hEgcwCDlprJrDv5cFJoASG+jByS17ZGwPPE39KSmiKauR+Be2EZgKkoZxo3fK91IQ5UYZRDsNikGlICe2TLrQslUSADvPxI0N8ZJU27iTKljR4rP6eyInQeiBi2ymI6elZbyT+57Uy07kKcybTzICkk0WdjGOT4FEquM0UUMMHlhCqmL0V0x5RhBqbXdGG4M++PE/qp2X/onx2d16qXE/jKKB9dIiOkY8uUQXdoiqqIYoe0TN6RW/Ok/PivDsfk9YFZzqzh/7A+fwB1pOZOA==</latexit>X
m⌫ . 10 eV (Cowsik-McClelland limit)

CMB + Large scale structure 

<latexit sha1_base64="Taqq5TurLDf1hxQqjZQTPxDUAUE="></latexit>

⌦⌫h
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P
m⌫

93.14 eV

Relics bound

<latexit sha1_base64="rjqYFbiK2e4UlV9Y/dguNH4Ovqg=">AAACD3icbVDLSgNBEJyNrxhfUY9eBoMSQZddDeox6MVjBPOAbAizk04cMjO7zMwKYckfePFXvHhQxKtXb/6Nk8dBEwsaiqpuurvCmDNtPO/bySwsLi2vZFdza+sbm1v57Z2ajhJFoUojHqlGSDRwJqFqmOHQiBUQEXKoh/3rkV9/AKVZJO/MIIaWID3JuowSY6V2/jDQicCiHcgk4KC1ZgIXPdc/8dzSURocB0pgqA3b+YLnemPgeeJPSQFNUWnnv4JORBMB0lBOtG76XmxaKVGGUQ7DXJBoiAntkx40LZVEgG6l43+G+MAqHdyNlC1p8Fj9PZESofVAhLZTEHOvZ72R+J/XTEz3spUyGScGJJ0s6iYcmwiPwsEdpoAaPrCEUMXsrZjeE0WosRHmbAj+7MvzpHbq+ufu2W2pUL6axpFFe2gfFZGPLlAZ3aAKqiKKHtEzekVvzpPz4rw7H5PWjDOd2UV/4Hz+AAO6mrw=</latexit>X
m⌫ . (0.1� 0.4) eV
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稳定性：  不衰变或者寿命长于宇宙年龄；

标准模型中粒⼦稳定性： 
（1）光⼦：⽆质量，最轻的玻⾊⼦； 
（2）中微⼦：最轻的费⽶⼦； 
（3）电⼦：最轻的带电粒⼦，电荷守恒；U(1)Q 对称性 
（4）质⼦：标准模型具有偶然的 U(1)B 对称性；

暗物质稳定机制： 
 （⼀）稳定不衰变： 
如加⼊额外对称性 Z2  或具有残余 Z2 对称性。
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暗物质粒⼦
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DM SM

∝ 1
Λ

（⼆）长寿命衰变： 
如：暗物质粒⼦和标准模型粒⼦相互作⽤极⼩或者被⾼能标压
低，或质量较轻。

如：⼀类流⾏或常见的暗物质候选者，被称为 WIMPs （“未⼘”粒⼦） 
Weakly Interacting Massive Particles  （GeV - 100 TeV scale）

1, Lightest Supersymmetric particle (LSP) 
2, Lightest T-odd particle in the little Higgs theory (LTP) 
3, Lightest KK particle in extra dimension (LKP) 
… … 

Sterile neutrino, Gravitino in R-parity violated SUSY, … … 
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• Thermal freeze-out: the relic density connects to the 
“annihilation” cross section

DM + DM         SM + SM
A thermal relic 

from the Early Universe
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ΩX ≈
6 10−27cm3s−1

〈σannv〉

Boltzmann equation 
in the Early Universe:

Weak cross section:

〈σannv〉 ≈
α2

w

M2
≈

α2
w

2
1TeV

ΩX ∼ O(few 0.1)⇒ (WIMP)

�DM � 0.23 forRelic
��annv⇥ = 3 · 10�26cm3/sec
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• Thermal freeze-out while 
annihilation rate comparable 
to the Hubble constant.

�anni = n�h�Avi ⇠ H(Tf )

Freeze-out
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WIMPs thermal relics: a rough estimate
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WIMPs thermal relics: a rough estimate
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⌦cdm = 0.1198± 0.0026 Cosmology
<latexit sha1_base64="heawWlQNGrzM5PpI4vlb56cUrA0="></latexit>

�v ⇠ 10�36+K2 = 1T# For the right abundance

• Typical “weak scale” cross section
<latexit sha1_base64="iOCj5r/Lp/5OH1IuVTun10QDNM8="></latexit>
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WIMPy DM detection era!  😺 😺 😺 
LHC + Direct Direction + Indirect Detection

WIMP mass range 𝒪(10) GeV ≲ mχ ≲ 120 TeV
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Thermal relics

21

•  For homogeneous and isotropic PDFs, the Boltzmann 
equation of self-conjugated particles is

ṅ+ 3Hn|{z}
dilution

= h�Avi( n
2
eq|{z}

creation

� n
2

|{z}
annihilation

)

in terms of x = m/T, Y ⌘ n/s

dY

dx
= �

r
⇡g⇤

45GN

m�

x2
h�Avi(Y 2 � Y 2

eq)
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Thermal relics
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•  For general case, the dark matter model may include multiple 
dark matter candidates. 

•  Hybrid freeze-out processes: 

- self-annihilation; 

- co-annihilation; 

- threshold effects; 

- resonance effects; 

- 2 to 2, 2 to 3, 3 to 2…  

- … … 
Complicated Boltzmann equation.

χ

χ
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暗物质探测⼀般分为三类： 

1. 直接探测，暗物质和探测器材料
发⽣弹性碰撞； 

2. 间接探测，在暗物质密度⾼区域
暗物质发⽣⾃湮灭，探测湮灭产
物； 

3. 对撞机探测，在对撞机上产⽣暗
物质，暗物质表现为“消失的能动
量”，类似于中微⼦。

间接探测

对撞机探测

直
接
探
测
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• 在对撞机上产⽣暗物质，寻找消失的能动量。

（1）简单情况：monojet/mono-photon/mono-Z + missing ET

PRODUCTION OF DARK MATTER AT CMS

• Search%for%evidence%of%pair[produc=on%of%Dark%MaAer%par=cles%(χ)

• Dark%MaAer%produc=on%gives%missing%transverse%energy%(MET)

• Photons%(or%jets%from%a%gluon)%can%be%radiated%from%quarks,%giving%monophoton%
(or%monojet)%plus%MET

3

4

q

q̄

�

�̄

Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z � ⇥⇥)+ j and (W � ⌅inv⇥)+ j final states. In the latter case the charged lepton ⌅ is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |�(j1)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |�(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |�(j1)| < 2, and events
are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV or
�⇤(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |�(j1)| < 2, and
events are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV
or �⇤(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |�(e)| < 2.47
and pT (e) > 20 GeV and for muons as |�(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|�(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is �⇤(j1, j2) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.
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3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z � ⇥⇥)+ j and (W � ⌅inv⇥)+ j final states. In the latter case the charged lepton ⌅ is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |�(j1)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |�(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |�(j1)| < 2, and events
are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV or
�⇤(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |�(j1)| < 2, and
events are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV
or �⇤(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |�(e)| < 2.47
and pT (e) > 20 GeV and for muons as |�(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|�(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is �⇤(j1, j2) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.

Direct Detection (t-channel) Collider Searches (s-channel)

Monophoton + MET Monojet + MET

（2）multi-jets/leptons + missing ET

（3）Particle invisible decays
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探测暗物质在密度
⾼区域⾃湮灭产
物；

1.  伽玛射线：从银⼼、矮星
系…； 

2.  正反电⼦、正反质⼦等宇
宙射线 

3.  从星体来的中微⼦，如太
阳、地球等。
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例如：从暗物质湮灭过程产⽣的伽马射线

实验： 
INTEGRAL, Fermi-LAT, PAMELA, AMS02, 
DAMPE, HESS, CTA, LHAASO, … 
Neutrino telescopes
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NFW

Einasto

DM density profile

From N-body simulations and rotation curves

1307.4082

NFW profile

Einasto profile
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暗物质被太阳俘获积聚并⾃湮灭

若俘获过程和⾃湮灭达到平衡
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暗物质和探测器原⼦（原⼦核或
电⼦）发⽣弹性散射，原⼦得到
额外动能，表现： 

发热、发光、电离

 WIMP 暗物质

电⼦

原⼦核
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• 寻找原⼦核受到暗物质散射后的反冲：

• 事例数： NTarget · n� · ��Nv · Time
<latexit sha1_base64="P2yhAGcXghqUe3WPkbmt0m+/sIo=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIvgqsyIoMuCIK6KgtVCp5RMetsGk8yQ3CmUYd7Ija/SjYgibn0L004RtV4InHz3HpJ7okQKi77/4i0sLi2vrK6tlzY2t7Z3yrt7dzZODYcGj2VsmhGzIIWGBgqU0EwMMBVJuI8eLib9+yEYK2J9i6ME2or1tegJztChTvmy3slCo+gtM33APOTdGCnVDvKByGlxD63oK1YwWs/pcMYLp1CQd8oVv+pPi36L4K+okFldd8rjsBvzVIFGLpm1rcBPsJ0xg4JLyEthaiFh/IH1oeWkZgpsO5vum9MjR7q0Fxt3NNIp/enImLJ2pCI3qRgO7N/eBP7Xa6XYO29nQicpgubFQ71UUozpJDzaFQY4ypETjBvh/kr5gBnG0UVcciHMrTwv7k6qgV8Nbk4rtfosjjVyQA7JMQnIGamRK3JNGoSTRzImr+TNe/KevXfvoxhd8GaeffKrvM8vTR6pPA==</latexit><latexit sha1_base64="P2yhAGcXghqUe3WPkbmt0m+/sIo=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIvgqsyIoMuCIK6KgtVCp5RMetsGk8yQ3CmUYd7Ija/SjYgibn0L004RtV4InHz3HpJ7okQKi77/4i0sLi2vrK6tlzY2t7Z3yrt7dzZODYcGj2VsmhGzIIWGBgqU0EwMMBVJuI8eLib9+yEYK2J9i6ME2or1tegJztChTvmy3slCo+gtM33APOTdGCnVDvKByGlxD63oK1YwWs/pcMYLp1CQd8oVv+pPi36L4K+okFldd8rjsBvzVIFGLpm1rcBPsJ0xg4JLyEthaiFh/IH1oeWkZgpsO5vum9MjR7q0Fxt3NNIp/enImLJ2pCI3qRgO7N/eBP7Xa6XYO29nQicpgubFQ71UUozpJDzaFQY4ypETjBvh/kr5gBnG0UVcciHMrTwv7k6qgV8Nbk4rtfosjjVyQA7JMQnIGamRK3JNGoSTRzImr+TNe/KevXfvoxhd8GaeffKrvM8vTR6pPA==</latexit><latexit sha1_base64="P2yhAGcXghqUe3WPkbmt0m+/sIo=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIvgqsyIoMuCIK6KgtVCp5RMetsGk8yQ3CmUYd7Ija/SjYgibn0L004RtV4InHz3HpJ7okQKi77/4i0sLi2vrK6tlzY2t7Z3yrt7dzZODYcGj2VsmhGzIIWGBgqU0EwMMBVJuI8eLib9+yEYK2J9i6ME2or1tegJztChTvmy3slCo+gtM33APOTdGCnVDvKByGlxD63oK1YwWs/pcMYLp1CQd8oVv+pPi36L4K+okFldd8rjsBvzVIFGLpm1rcBPsJ0xg4JLyEthaiFh/IH1oeWkZgpsO5vum9MjR7q0Fxt3NNIp/enImLJ2pCI3qRgO7N/eBP7Xa6XYO29nQicpgubFQ71UUozpJDzaFQY4ypETjBvh/kr5gBnG0UVcciHMrTwv7k6qgV8Nbk4rtfosjjVyQA7JMQnIGamRK3JNGoSTRzImr+TNe/KevXfvoxhd8GaeffKrvM8vTR6pPA==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="s1iDF841zV8607jw1BxlXJ9tLLs=">AAACJHicbZBNSwMxEIZn/az1q3r1EhTBU9n1okdBEE+i0KrQLSWbTttgkl2S2UJZ9h958a94EVHEn2La7cGvgcCb580wmTfJlHQUhq/BwuLS8spqba2+vrG5td3Y2bh1aW4FtkWqUnufcIdKGmyTJIX3mUWuE4V3ycP51L8bo3UyNS2aZNjVfGjkQApOHvUaF1e9IraatbgdIpWx6KfEmPFQjGTJqnvs5FDzirGrko3nvOqUGste4yBshrNif0U0Fwcwr+te4znupyLXaEgo7lwnCjPqFtySFArLepw7zLh44EPseGm4RtctZvuW7NCTPhuk1h9DbEa/dxRcOzfRiX+pOY3cb28K//M6OQ1Ou4U0WU5oRDVokCtGKZuGx/rSoiA18YILK/1fmRhxywX5iOs+hOj3yn/F7XEzCpvRTQg12IN9OIIITuAMLuEa2iDgEZ7hDd6Dp+Al+KjiWgjmue3Cjwo+vwAJ8KeV</latexit><latexit sha1_base64="5LWDuUDi/QrP3IauptzTobifTcE=">AAACJHicbZBNSwMxEIZn/bZ+Va9egiJ4Krte9CgI4kkUrBW6pWTTaRtMsksyK5Rl/5EX/4oXEUX8KabdIlodCLx53gyTeZNMSUdh+BrMzS8sLi2vrNbW1jc2t+rb67cuza3ApkhVau8S7lBJg02SpPAus8h1orCV3J+N/dYDWidTc0OjDDuaD4zsS8HJo279/LJbxFazG24HSGUseikxZjwUQ1my6h47OdC8YuyyZA9TXnVKjWW3vh82wkmxbxHNin2Y1lW3/hz3UpFrNCQUd64dhRl1Cm5JCoVlLc4dZlzc8wG2vTRco+sUk31LduBJj/VT648hNqE/OwqunRvpxL/UnIZu1hvD/7x2Tv2TTiFNlhMaUQ3q54pRysbhsZ60KEiNvODCSv9XJobcckE+4poP4c/Kf8XtUSMKG9F1CCuwC3twCBEcwylcwBU0QcAjPMMbvAdPwUvwUcU1F0xz24FfFXx+AQtTp5Y=</latexit><latexit sha1_base64="cdR14kw8ChMTIpUhZXdlJvL8C4I=">AAACL3icbZDNSgMxFIUz9a/Wv6pLN8EiuCozbnQpCOKqKLQqdErJpLdtaJIZkjtCGeaN3PgqbkQUcetbmHaKaOuFwMl37yG5J0qksOj7r15paXllda28XtnY3Nreqe7u3do4NRxaPJaxuY+YBSk0tFCghPvEAFORhLtodDHp3z2AsSLWTRwn0FFsoEVfcIYOdauXjW4WGkWbzAwA85D3YqRUO8iHIqfFPbRioFjBaCOnDzNeOIWCvFut+XV/WvRHBPOiRmZ13a0+h72Ypwo0csmsbQd+gp2MGRRcQl4JUwsJ4yM2gLaTmimwnWy6b06PHOnRfmzc0Uin9LcjY8rasYrcpGI4tPO9Cfyv106xf9bJhE5SBM2Lh/qppBjTSXi0JwxwlGMnGDfC/ZXyITOMo4u44kJYWHlR3J7UA78e3Pi188YsjjI5IIfkmATklJyTK3JNWoSTR/JM3si79+S9eB/eZzFa8maeffKnvK9vS96pOA==</latexit><latexit sha1_base64="P2yhAGcXghqUe3WPkbmt0m+/sIo=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIvgqsyIoMuCIK6KgtVCp5RMetsGk8yQ3CmUYd7Ija/SjYgibn0L004RtV4InHz3HpJ7okQKi77/4i0sLi2vrK6tlzY2t7Z3yrt7dzZODYcGj2VsmhGzIIWGBgqU0EwMMBVJuI8eLib9+yEYK2J9i6ME2or1tegJztChTvmy3slCo+gtM33APOTdGCnVDvKByGlxD63oK1YwWs/pcMYLp1CQd8oVv+pPi36L4K+okFldd8rjsBvzVIFGLpm1rcBPsJ0xg4JLyEthaiFh/IH1oeWkZgpsO5vum9MjR7q0Fxt3NNIp/enImLJ2pCI3qRgO7N/eBP7Xa6XYO29nQicpgubFQ71UUozpJDzaFQY4ypETjBvh/kr5gBnG0UVcciHMrTwv7k6qgV8Nbk4rtfosjjVyQA7JMQnIGamRK3JNGoSTRzImr+TNe/KevXfvoxhd8GaeffKrvM8vTR6pPA==</latexit><latexit sha1_base64="P2yhAGcXghqUe3WPkbmt0m+/sIo=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIvgqsyIoMuCIK6KgtVCp5RMetsGk8yQ3CmUYd7Ija/SjYgibn0L004RtV4InHz3HpJ7okQKi77/4i0sLi2vrK6tlzY2t7Z3yrt7dzZODYcGj2VsmhGzIIWGBgqU0EwMMBVJuI8eLib9+yEYK2J9i6ME2or1tegJztChTvmy3slCo+gtM33APOTdGCnVDvKByGlxD63oK1YwWs/pcMYLp1CQd8oVv+pPi36L4K+okFldd8rjsBvzVIFGLpm1rcBPsJ0xg4JLyEthaiFh/IH1oeWkZgpsO5vum9MjR7q0Fxt3NNIp/enImLJ2pCI3qRgO7N/eBP7Xa6XYO29nQicpgubFQ71UUozpJDzaFQY4ypETjBvh/kr5gBnG0UVcciHMrTwv7k6qgV8Nbk4rtfosjjVyQA7JMQnIGamRK3JNGoSTRzImr+TNe/KevXfvoxhd8GaeffKrvM8vTR6pPA==</latexit><latexit sha1_base64="P2yhAGcXghqUe3WPkbmt0m+/sIo=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIvgqsyIoMuCIK6KgtVCp5RMetsGk8yQ3CmUYd7Ija/SjYgibn0L004RtV4InHz3HpJ7okQKi77/4i0sLi2vrK6tlzY2t7Z3yrt7dzZODYcGj2VsmhGzIIWGBgqU0EwMMBVJuI8eLib9+yEYK2J9i6ME2or1tegJztChTvmy3slCo+gtM33APOTdGCnVDvKByGlxD63oK1YwWs/pcMYLp1CQd8oVv+pPi36L4K+okFldd8rjsBvzVIFGLpm1rcBPsJ0xg4JLyEthaiFh/IH1oeWkZgpsO5vum9MjR7q0Fxt3NNIp/enImLJ2pCI3qRgO7N/eBP7Xa6XYO29nQicpgubFQ71UUozpJDzaFQY4ypETjBvh/kr5gBnG0UVcciHMrTwv7k6qgV8Nbk4rtfosjjVyQA7JMQnIGamRK3JNGoSTRzImr+TNe/KevXfvoxhd8GaeffKrvM8vTR6pPA==</latexit><latexit sha1_base64="P2yhAGcXghqUe3WPkbmt0m+/sIo=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIvgqsyIoMuCIK6KgtVCp5RMetsGk8yQ3CmUYd7Ija/SjYgibn0L004RtV4InHz3HpJ7okQKi77/4i0sLi2vrK6tlzY2t7Z3yrt7dzZODYcGj2VsmhGzIIWGBgqU0EwMMBVJuI8eLib9+yEYK2J9i6ME2or1tegJztChTvmy3slCo+gtM33APOTdGCnVDvKByGlxD63oK1YwWs/pcMYLp1CQd8oVv+pPi36L4K+okFldd8rjsBvzVIFGLpm1rcBPsJ0xg4JLyEthaiFh/IH1oeWkZgpsO5vum9MjR7q0Fxt3NNIp/enImLJ2pCI3qRgO7N/eBP7Xa6XYO29nQicpgubFQ71UUozpJDzaFQY4ypETjBvh/kr5gBnG0UVcciHMrTwv7k6qgV8Nbk4rtfosjjVyQA7JMQnIGamRK3JNGoSTRzImr+TNe/KevXfvoxhd8GaeffKrvM8vTR6pPA==</latexit><latexit sha1_base64="P2yhAGcXghqUe3WPkbmt0m+/sIo=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIvgqsyIoMuCIK6KgtVCp5RMetsGk8yQ3CmUYd7Ija/SjYgibn0L004RtV4InHz3HpJ7okQKi77/4i0sLi2vrK6tlzY2t7Z3yrt7dzZODYcGj2VsmhGzIIWGBgqU0EwMMBVJuI8eLib9+yEYK2J9i6ME2or1tegJztChTvmy3slCo+gtM33APOTdGCnVDvKByGlxD63oK1YwWs/pcMYLp1CQd8oVv+pPi36L4K+okFldd8rjsBvzVIFGLpm1rcBPsJ0xg4JLyEthaiFh/IH1oeWkZgpsO5vum9MjR7q0Fxt3NNIp/enImLJ2pCI3qRgO7N/eBP7Xa6XYO29nQicpgubFQ71UUozpJDzaFQY4ypETjBvh/kr5gBnG0UVcciHMrTwv7k6qgV8Nbk4rtfosjjVyQA7JMQnIGamRK3JNGoSTRzImr+TNe/KevXfvoxhd8GaeffKrvM8vTR6pPA==</latexit><latexit sha1_base64="P2yhAGcXghqUe3WPkbmt0m+/sIo=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIvgqsyIoMuCIK6KgtVCp5RMetsGk8yQ3CmUYd7Ija/SjYgibn0L004RtV4InHz3HpJ7okQKi77/4i0sLi2vrK6tlzY2t7Z3yrt7dzZODYcGj2VsmhGzIIWGBgqU0EwMMBVJuI8eLib9+yEYK2J9i6ME2or1tegJztChTvmy3slCo+gtM33APOTdGCnVDvKByGlxD63oK1YwWs/pcMYLp1CQd8oVv+pPi36L4K+okFldd8rjsBvzVIFGLpm1rcBPsJ0xg4JLyEthaiFh/IH1oeWkZgpsO5vum9MjR7q0Fxt3NNIp/enImLJ2pCI3qRgO7N/eBP7Xa6XYO29nQicpgubFQ71UUozpJDzaFQY4ypETjBvh/kr5gBnG0UVcciHMrTwv7k6qgV8Nbk4rtfosjjVyQA7JMQnIGamRK3JNGoSTRzImr+TNe/KevXfvoxhd8GaeffKrvM8vTR6pPA==</latexit>

(需要⾜够⼤的探测器)

dR

dEr
=

1

mN

⇢0
m�

Z vesc

vmin

d�

dEr
vf�(~v, t)d

3v

f�(~v, t) velocity distribution

⇢0 ⇠ 0.3GeV/cm3 local DM density

vmin =
p

mNEr/(2µ2) minimal velocity to create recoil Er

• 能谱：  counts/kg/keV/date

粒⼦物理、核物理、天体物理、宇宙学
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In the NR limit, the DM-nucleus interactions:

S ⌦ S, V ⌦ V• ⾃旋⽆关:   

 coherent interactions:  

• ⾃旋相关: 

  couple to the nucleus with spin (unpaired proton and/or neutron )

A⌦A, T ⌦ T

� / [Zfp + (A� Z)fn]
2

fp = fn ) � / A2 (A2 enhancement)

fp 6= fn isospin-violating dark matter

<latexit sha1_base64="fuHX4RqpEJFdvVFv5EMRD7cNRYk=">AAACK3icbVDLSsNAFJ3UV62vqks3g0VwVRIt6rLUjatQxT6gCWEynbRDZ5IwM1FK6P+48Vdc6MIHbv0PJ2kFbT1w4cw593LnHj9mVCrTfDcKS8srq2vF9dLG5tb2Tnl3ry2jRGDSwhGLRNdHkjAakpaiipFuLAjiPiMdf3SZ+Z07IiSNwls1jonL0SCkAcVIackrNxwfCQcPaVYwe0Ab2s4NHQwVEiK6hzXu5R73bJg6fgCtSS78cNsrV8yqmQMuEmtGKmCGpld+dvoRTjgJFWZIyp5lxspNkVAUMzIpOYkkMcIjNCA9TUPEiXTT/NYJPNJKHwaR0BUqmKu/J1LEpRxzX3dypIZy3svE/7xeooILN6VhnCgS4umiIGFQRTALDvapIFixsSYIC6r/CvEQCYSVjrekQ7DmT14k7ZOqdVY9va5V6o1ZHEVwAA7BMbDAOaiDK9AELYDBA3gCr+DNeDRejA/jc9paMGYz++APjK9vX8Smig==</latexit>

�̄�N̄N ) 4m�mN1�1N
<latexit sha1_base64="ownvP84xxmAacQCT6bb/sl0fXOM="></latexit>

�̄�µ�5�N̄�µ�5N ) 16m�mN
~S� · ~SN
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inelastic scatteringelastic scattering
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https://supercdms.slac.stanford.edu/dark-matter-limit-plotter
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还没有暗物质明确迹象。
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arXiv:1805.12562

实验给出对暗物质
和原⼦核弹性散射
截⾯⼤⼩的限制。
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• BSM theory with natural DM candidate; 

• Alternative DM product mechanisms (freeze in, non-thermal…) 

• DM and neutrino mass correlated (sterile neutrino, “scotogenic” 
neutrino mass, …) 

• Baryogenesis and darkogenesis (Asymmetric DM, … ) 

• Phenomenology motivated (inelastic DM, isospin-violating DM, 
resonant DM, …) 

• Various mediator DM (Higgs portal, U(1)’ portal, neutrino portal ,…) 

• Various interactions DM (form factor, momentum dependent, …) 

• Multiple dark matter, mirror dark matter  

• Hidden dark matter, self-interacting DM, composite DM, …
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SM + active neutrino, e.g., 4th generation  
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• SM + Real singlet scalar with Z2 odd symmetry

L� =
1

2
@
µ
�@µ�� 1

4
��

4 � 1

2
m

2
0�

2 � ��
2
H

†
H

χ

χ

χ

χ

h

h

h

1609.03551

Higgs portal singlet scalar dark matter
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taken from pMSSM scan 1707.00426

<latexit sha1_base64="/5rikj75VyMDHH7DSHi91ur1uic="></latexit>
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SUSY LSP: Sneutrino/Gravitino
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• LH Sneutrino as DM candidate, ruled out by direct detection. 

• SM+ RH neutrino for neutrino mass generation. 

• RH Sneutrino + LH Sneutrino mixing state as DM candidate.

Sneutrino

Gravitino
• Superpartner of Graviton. 

• Non-thermal relics, produced from scattering from primordial thermal 
bath after inflation or decay by neutralino after freeze-out. 

• highly suppressed coupling, hard to be detected. R-parity violated SUSY, 
it decays into neutrino +photon with long lifetime.

axinos, singlino, … 
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keV Sterile Neutrino
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• Connected to the origin of neutrino mass — Seesaw mechanism. 

• Neutrino oscillation — active neutrinos are massive. (BSM) 

• Tiny neutrino mass: seesaw mechanism (SM+Right-handed ) 

• The sterile neutrino:  

• produced by oscillations, the abundance of  : non-thermal relics 

• The lifetime: 

• detection signals are mono-energetic X-rays:  

NR

νs

Eγ = ms/2
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Non-thermal relics: Freeze-in Mechanism
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Hall, Jedamzik, March-Russell and West 0911.1120 

• Feebly interacting massive particle (FIMP) 

- never attains thermal equilibrium
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Decaying dark matter
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Asymmetric Dark Matter
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Self Interacting Dark Matter (SIDM)
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• To affect the macroscopic properties of dark matter halo. 
σχχρχv/mχ

H0
∼ 1

⇒ (
σχχ

mχ
) ∼ 1.3

cm2

g ( 1GeV/cm3

ρχ
)( 10 km/s

v ) cm2

g
∼ 1.8

barn
GeV

Strong interacting dark sector

• Self interacting DM helps to suppress the central density of 
dark matter halo, and affect the formation of sub-halos the 
way favored by the observations.
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有效算符 (Effective Field Theory)
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• The mediator is integrated 
out. 

• few parameters: DM mass, 
effective scale

SM
DM

Mediators

scale

EFT approach is useful for 
complementary analysis for 
various detection ways. 
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有效算符
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1502.01518
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Simplified model
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SM

Higgs portal

 portalZ′ 

Neutrino portal

dark photon 

Top/lepton/…-
philic 

 Axion-like portal

 X-portal
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Simplified model: Higgs portal
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DM SMH†H

1512.06458
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Simplified model: Z prime portal
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DM SM
Z′ 

1202.2894
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Simplified model: U(1)’-portal
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• Massive dark photon

DM SM
−

ϵ
2

F′ μνFμν

ℒ ⊃ eϵA′ μJμ + e′ A′ μJ′ μ

ℒ ⊃ ϵe′ Aμ χ̄γμχ
• There is a rotation way of dark U(1) and SM U(1) to lead the 

following interaction.    milli-charged Dark Matter

See 2005.01515,  
2105.04565 for 
review on dark 
photon
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Simplified model: Neutrino portal
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DM SM
L′ ϕ − N − LH

• Seesaw mechanism - origin of neutrino mass and mixing 

• Leptogenesis - baryon asymmetry in the Universe 

• mediator between dark sector and the SM 

• Provide connection between the origins of DM and Baryonic matter.
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Computing Package
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MicrOMEGAs   https://lapth.cnrs.fr/micromegas/

DarkSUSY  https://darksusy.hepforge.org/

MadDM  https://launchpad.net/maddm

… …
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Decoding the particle dark matter
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Full theory Simplified model

astrophysics 
/cosmology

direct 
 detection

indirect  
detection

collider  
signature

• relic abundance 
• structure formation 
• stellar cooling 

• nuclei recoil  
• electron recoil 
• annual modulation 

• cosmic rays 
• gamma rays 
• anti-matter excess 
• stellar capture 

• jets/leptons/
photons+ missing ET 

• Particle invisible 
decay

 EFT operators
Higgs 物理、中微⼦物理、
重⼦起源、夸克轻⼦味物理、

强CP问题、天体物理、...

Interactions

Lagrangian



青岛 七⽉五⽇

DM candidates: A Ten-point test    [arXiv:0711.4996] 
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1. Does it match the appropriate relic density? 
2. Is it cold? 
3. Is it neutral? 
4. Is it consistent with BBN? 
5. Does it leave stellar evolution unchanged? 
6. Is it compatible with constraints on self-interactions? 
7. Is it consistent with direct DM searches? 
8. Is it compatible with gamma-ray constraints? 
9. Is it compatible with other astrophysical bounds? 
10. Can it be probed experimentally?
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探索暗物质踪迹
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质量、⾃旋、种类、相互作⽤、产⽣机制、媒介粒⼦、探测
信号、宇宙演化、星体演化、模型构造、探测原理、探测技
术、… … 

更多的相关问题
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暗物质物理是⼀个活跃、丰富的交叉前沿研究领域。
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暗物质物理是⼀个活跃、丰富的交叉前沿研究领域。
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