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Measuring relic abundance of minimal dark matter at hadron colliders.

Sci. China-Phys. Mech. Astron., 62 (2019), 981011.
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ããã¡¡¡: 2018c5�oë#�!"https://www.sohu.com/a/233282028 125537, 2008
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ããã¡¡¡: /Á(X NGC 6503 �^=�§
Ø��L«¢�êâ§J�!:�!:y�
©O�Lu1Ô�!íN!VÔ�n«|©
�g��z§¢��ùnö�Ú�[Ü�"
K. G. Begeman, A. H. Broeils, and R. H.
Sanders. Mon. Not. Roy. Astron. Soc.,
249 (1991), 523.

ããã¡¡¡: f�(Xì 1E 0657-56 �Ü¤ã
¡§®Ú«��L Chandra X-��U©�
�*ÿ(J§7Ú«��LÚåßºï(
J§ÈÚÚxÚ�:�L Magellan 1Æ"
�ºÚ Hubble �m"�º*ÿ��(X"
NASA finds direct proof of dark matter.
http://chandra.harvard.edu/photo/
2006/1e0657/index.html, 2006.
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LLL���: k'�»�¤���»Æëê"
M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98 (2018), 030001.

Quantity Symbol Value

dark energy density of the Universe ΩΛ 0.692 ± 0.012
pressureless matter density of the Universe Ωm 0.308 ± 0.012

baryon density of the Universe Ωb 0.0484(10)
cold dark matter density of the Universe Ωc 0.258(11)

CMB radiation of the Universe Ωγ 5.38(15)×10−5

neutrino density of the Universe Ων < 0.016(Planck CMB); ≥ 0.0012(mixing)

ããã¡¡¡: �»|¤\ã"The Planck Collaboration, ESA. 2013.
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• 3�»Æ�mºÝþ´½�"
• ë�Úå�p�^"
• Øë�½4Ù�f/ë�Úå�	��p�^"
• äk�½��þ÷v¢,�Ý�*ÿ"
• 39òÍ�b�e§òÍ�´��éØ�(eVÔ�)"
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ããã¡¡¡: âfÔnIO�.¥�¤kâf"
Particle physics. https://en.wikipedia.org/wiki/Particle physics, 2019.
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WIMPs ÛÛÛ,,,

ΩDMh
2 ∼ 0.1 pb · c

〈σv〉ann

∼ 0.1

(
0.01

αDM

)2( MDM

100 GeV

)2

nnnØØØ���...¥¥¥��� WIMPs

• SuperSymmetry �.¥���
Neutralino"

• Universal Extra Dimension �.¥�
�� K-K Excitation"

• Little Higgs �.¥��� T-odd
Particle"

ããã¡¡¡: WIMPs &ÿ�{«¿ã§U?g
.��, Ð+�, ±w. Ôn, 44 (2015), 11.
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ããã¡¡¡: zÝz�§x<´"https://baike.baidu.com/item/x<´, 2019.
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ããã¡¡¡: �¶��"~�. 2014.
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ããã¡¡¡: ØÓ��&ÿ¢�é WIMP �ü�Øf/g^Ã'0Ñ��¡���"
M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98 (2018), 030001.
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• /¥±�vkVÔ�º
• ¢�á�é�p�^Ø¯aº
• #Ôn�.���&ÿ&Ò��ãØ$º

ããã¡¡¡: XJ��&ÿ¢�rØÏ§(ÜéEÅ&ÿÚVÔ�¢,�Ý*ÿU���oº
Qing-Hong Cao et al. Sci. China-Phys. Mech. Astron., 62 (2019), 981011.
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• ÀJ�« WIMP VÔ��.§�±´ UV ��nØ§��
±´k��.¶

• ÏLéEÅ¢��k�[��VÔ��)�¡
σpp(SM,SM→ χ, χ) �þ�(e�)¶

•  σpp ��«�¡ σann(χ, χ→ SM,SM) �3�r��'¶

• qÏ¢,�Ý��«�¡Cq¤�' Ωχh
2 ∼ 1/〈σv〉ann¶

• �±òéEÅ� σpp þ�(e�)=z� Ωχh
2 e�(þ�)¶

• ����T�.¢,�ÝÓo*ÿ��z©'
F ≡ Ωχ/ΩDM e�(þ�)¶

• �âù
��é�.��A�©ÛÚ?Ø"
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• �O\��>f5�+ SU(2)L �õ� χ"

• >¥5©þ χ0 ��VÔ��ÿÀö"

• VÔ�Ü© χ �IO�.âf�ÏL>f5�ÀÚf�p
�^§vkÙ¦¥mx0âf"

M. Cirelli et al. Nucl. Phys., B753 (2006), 178-194.

���...ÀÀÀJJJ

• �;�8c��&ÿ�¢���§B�VÔ�� Z ÀÚf
3äãþk���p�^§I� Yχ = 0§éuVÔ�ÿÀ
ök Q = T 3 = Y = 0"

• fÓ ^ j ��ê§·�ÀJ j = 1, 2, 3§éu Dirac Ú
Majorana . MDM ©OP� D1, D2, D3 Ú M1, M2, M3"
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• χ ´��fÓ ^� j � SU(2)L õ�

χ =
(
χj χj−1 ... χ−j

)T
.

• ½Â gCG = (j +m)(j −m+ 1)§.¼þ�

LDirac
χ = χ̄i /Dχ−Mχχ̄χ

=

j∑
m=−j

χ̄m(i/∂ −Mχ)χm

+

j∑
m=−j

Qmg(cWZµ + sWAµ)χ̄mγ
µχm

+

 j∑
m=−j+1

√
gCG

g√
2
W−µ χ̄m−1γ

µχm + h.c.

 .
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• ξ ´��fÓ ^� j � 2-©þ Weyl ^þ

ξ =
(
ξj ξj−1 ... ξ−j

)T
.

• .¼þ�

LMajorana
ξ = ξ†iσ̄µDµξ −

Mχ

2
(ξUξ + h.c.).

• ½Â

χ0 =

(
ξ0α

ξ†α̇0

)
,

χm =

(
ξmα

(−1)mξ†α̇−m

)
,

gCG = (j +m)(j −m+ 1).
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• .¼þ�

LMajorana
χ =

1

2
χ0(i/∂ −Mχ)χ0 +

j∑
m=1

χ̄m(i/∂ −Mχ)χm

+

j∑
m=1

Qmg(cWZµ + sWAµ)χ̄mγ
µχm

+

(
j∑

m=1

√
gCG

g√
2
W−µ χ̄m−1γ

µχm + h.c.

)
.
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• 3äãY²þ§VÔ�Ü©�¤kâf�þ{¿"
• >f�ã?��)�þ3�§¥5©þ�þ��§½"
• �>©þØ½§Æ· ∼ 1 cm"

ããã¡¡¡: Wino �þ3�Cz�"
M. Ibe, S. Matsumoto and R. Sato, Phys. Lett., B721 (2013), 252-260.
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ããã¡¡¡: Drell Yan L§�) MDM âf«¿ã§�ÏL disappearing tracks �{&ÿ"
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u

d̄

W+

χ1

χ̄0

g u

ū

Z/γ

χ1

χ̄1

g
g

ū

Z/γ

χ1

χ̄1

ū

u

ããã¡¡¡: Mono-jet �&ÿ MDM âf;.¤ùã"

Ì��µµZ(→ νν̄) + jets Ú W±(→ `±ν) + jets (` = e, µ, τ)"
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Selection cuts

p
Lj
T > 20 GeV, |ηLj | < 2.4,

/ET > 30 GeV, ∆φ(~pjT ,
~/pT ) > 0.5.

Veto cuts

e± : peT > 10 GeV, |ηe| < 2.5,

µ± : pµT > 10 GeV, |ηµ| < 2.4,

τ± : pτT > 18 GeV, |ητ | < 2.3,

γ : pγT > 15 GeV, |ηγ | < 2.5,

b-jet : pbT > 20 GeV, |ηb| < 2.4.

A. M. Sirunyan et al. (The CMS Collaboration), Phys. Rev. D 97 (2018), 092005.
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ééé 13 TeV LHC ��� Optimal cuts

cut-1 : p
Lj
T > 100 GeV, /ET > 250 GeV,

cut-2 : p
Lj
T > 100 GeV, /ET > 500 GeV,

cut-3 : p
Lj
T > 100 GeV, /ET > 700 GeV.

ééé 100 TeV pp éééEEEÅÅÅ��� Optimal cuts

cut-I : p
Lj
T > 400 GeV, /ET > 200 GeV,

cut-II : p
Lj
T > 400 GeV, /ET > 500 GeV,

cut-III : p
Lj
T > 400 GeV, /ET > 1000 GeV.
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ããã¡¡¡: ²LØÓ Cuts ��&ÒÚ�µ¯~ê"
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300 fb-1

3 ab-1

Mono-jet
13 TeV, 2σ Exclusion

pT
Lj > 100 GeV
ET > 500 GeV/

D1 M1

D2 M2

D3 M3

(a)

100 300 500 700 900 1100

100

101

102

Mχ (GeV)

σ
S
(f
b)

ããã¡¡¡: 13 TeV LHC þéAu cut-2 � 2σ
üØ�"

3 ab-1

30 ab-1

Mono-jet
100 TeV, 2σ Exclusion

pT
Lj > 400 GeV

ET > 1000 GeV/

D1 M1

D2 M2

D3 M3

(b)

500 1500 2500 3500 4500 5500

100

101

102

Mχ (GeV)
σ
S
(f
b)

ããã¡¡¡: 100 TeV pp éEÅþéAu cut-III
� 2σ üØ�"
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LLL���: 13 TeV LHC þéAuØÓ Optimal cuts � 2σ �þüØ�"

13 TeV (3 ab−1) D1 D2 D3 M1 M2 M3

Cut-1 531 767 935 434 668 832
Cut-2 544 794 983 432 691 864
Cut-3 522 781 989 391 682 853

The best 544 794 989 434 691 864

LLL���: 100 TeV pp éEÅþéAuØÓ Optimal cuts � 2σ �þüØ�"

100 TeV (30 ab−1) D1 D2 D3 M1 M2 M3

Cut-I 2161 3305 4203 1768 2778 3597
Cut-II 2419 3676 4630 1993 3070 3956
Cut-III 2970 4465 5479 2449 3797 4772
The best 2970 4465 5479 2449 3797 4772
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ÐÐÐmmm���{{{

ò s = 4M2
χ +M2

χv
2 �\ σ ¥§��

〈σv〉 = a+ b〈v2〉+O(〈v4〉) ≈ a+ 6b× TF
Mχ

.

ÐÐÐmmm(((JJJ

D1 : a = 111g4

32πM2
χ
, b = − 9g4

256πM2
χ

;

D2 : a = 1035g4

32πM2
χ
, b = 1395g4

256πM2
χ

;

D3 : a = 2457g4

16πM2
χ
, b = 4977g4

128πM2
χ

;

M1 : a = 111g4

64πM2
χ
, b = − 9g4

512πM2
χ

;

M2 : a = 1035g4

64πM2
χ
, b = 1395g4

512πM2
χ

;

M3 : a = 2457g4

32πM2
χ
, b = 4977g4

256πM2
χ
.
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ããã¡¡¡: ØÓ�«��ÐmXêÚ©|'"
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σann(χχ̄→ SM, SM) ∼ g4

M2
χ

. (1)

Ωχh
2 ≡ Ωh2

∣∣∣
Mχ

∼ 0.1 pb∑
i 〈σv〉

i
ann

∼
M2
χ

g4
. (2)

ΩDMh
2 ≡ Ωh2

∣∣∣
Mc
χ

' 0.12 ∼
(M c

χ)2

g4
. (3)

D1: M c
χ = 1.6 TeV; M1: M c

χ = 2.3 TeV;

D2: M c
χ = 3.0 TeV; M2: M c

χ = 4.3 TeV;

D3: M c
χ = 4.6 TeV; M3: M c

χ = 6.6 TeV. (4)

F ≡ Ωχ

ΩDM
'
(
Mχ

M c
χ

)2

. (5)
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Mono-jet 2σ Exclusion

13 TeV 100 TeV

D1 M1

D2 M2

D3 M3

102 103

10-2

10-1

100

101

Mχ (GeV)

Ω
χ
/
Ω
D
M

ããã¡¡¡: ÏL Mono-jet �é MDM �.¢
,�Ý� 2σ üØ��"

13 TeV 3 ab−1 (J
D1: F > 12.2%, M1: F > 4.0%,

D2: F > 7.8%, M2: F > 3.0%,

D3: F > 5.0%, M3: F > 1.9%.

100 TeV 30 ab−1 (J
D1: F > 314.9%, M1: F > 108.4%,

D2: F > 217.5%, M2: F > 79.3%,

D3: F > 138.5%, M3: F > 52.9%.
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Mono-jet 5σ Discovery

13 TeV 100 TeV

D1 M1

D2 M2

D3 M3

102 103

10-2

10-1

100

101

Mχ (GeV)

Ω
χ
/
Ω
D
M

ããã¡¡¡: ÏL Mono-jet �é MDM �.¢
,�Ý� 5σ uy��"

13 TeV 3 ab−1 (J
D1: F 6 7.3%, M1: F 6 2.1%,

D2: F 6 5.1%, M2: F > 1.9%,

D3: F 6 3.4%, M3: F > 1.3%.

100 TeV 30 ab−1 (J
D1: F 6 190.2%, M1: F 6 64.8%,

D2: F 6 141.7%, M2: F 6 49.2%,

D3: F 6 96.7%, M3: F 6 35.2%.
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u

d̄

W+

χ1

χ̄0

γ
u

ū

Z/γ

χ1

χ̄1

γ
u

ū

Z/γ

χ1

χ̄1

γ

ããã¡¡¡: Mono-photon �&ÿ MDM âf;.¤ùã"

Ì��µµZ(→ νν̄) + γ Ú W±(→ `±ν) + γ (` = e, µ, τ)"
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Mono-photon 2σ Exclusion
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ããã¡¡¡: ÏL Mono-photon �é MDM �
.¢,�Ý� 2σ üØ��"

13 TeV 3 ab−1 (J
D1: F > 5.5%, M1: F > 1.7%,

D2: F > 6.2%, M2: F > 2.2%,

D3: F > 4.9%, M3: F > 1.9%.

100 TeV 30 ab−1 (J
D1: F > 149.1%, M1: F > 44.5%,

D2: F > 177.4%, M2: F > 63.9%,

D3: F > 156.8%, M3: F > 57.9%.
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Mono-photon 5σ Discovery

13 TeV 100 TeV
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ããã¡¡¡: ÏL Mono-photon �é MDM �
.¢,�Ý� 5σ uy��"

13 TeV 3 ab−1 (J
D1: F 6 2.7%, M1: F 6 0.7%,

D2: F 6 3.9%, M2: F > 1.3%,

D3: F 6 3.4%, M3: F > 1.2%.

100 TeV 30 ab−1 (J
D1: F 6 77.5%, M1: F 6 20.0%,

D2: F 6 110.6%, M2: F 6 36.9%,

D3: F 6 103.8%, M3: F 6 37.6%.
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g

u

ū

χ1

χ̄1

Z/γ

g

g

d

ū

χ1

χ̄0

g
u

W+

ããã¡¡¡: VBF �&ÿ MDM âf;.¤ùã"

Ì��µµZ(→ νν̄) + jets Ú W±(→ `±ν) + jets (` = e, µ, τ)"
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VBF 2σ Exclusion

13 TeV 100 TeV

D1 M1

D2 M2

D3 M3
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D
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ããã¡¡¡: ÏL VBF �é MDM �.¢,�
Ý� 2σ üØ��"

13 TeV 3 ab−1 (J
D1: F > 3.8%, M1: F > 1.0%,

D2: F > 4.4%, M2: F > 1.7%,

D3: F > 3.8%, M3: F > 1.5%.

100 TeV 30 ab−1 (J
D1: F > 97.7%, M1: F > 34.1%,

D2: F > 113.3%, M2: F > 42.0%,

D3: F > 99.8%, M3: F > 37.5%.
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VBF 5σ Discovery

13 TeV 100 TeV
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ããã¡¡¡: ÏL VBF �é MDM �.¢,�
Ý� 5σ uy��"

13 TeV 3 ab−1 (J
D1: F 6 2.5%, M1: F 6 0.3%,

D2: F 6 2.9%, M2: F > 1.0%,

D3: F 6 2.7%, M3: F > 1.0%.

100 TeV 30 ab−1 (J
D1: F 6 55.9%, M1: F 6 18.6%,

D2: F 6 74.5%, M2: F 6 26.3%,

D3: F 6 69.0%, M3: F 6 25.5%.
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1.5%
1.9%
1.9%

1.7%
2.2%
3.0%

1.0%
1.7%

4.0%

3.8%
4.9%
5.0%

4.4%
6.2%

7.8%

3.8%
5.5%

12.2%

13 TeV (3 ab-1)

37.5%
57.9%
52.9%

42.0%
63.9%
79.3%

34.1%
44.5%

108.4%

99.8%
156.8%

138.5%

113.3%
177.4%

217.5%

97.7%
149.1%

314.9%

100 TeV (30 ab-1)

00.10.20.3 0 1 2 3

M3

M2

M1

D3

D2

D1

ℱ = Ωχ / ΩDM

mχ0 > 2970 GeV
mχ0 > 2017 GeV
mχ0 > 1619 GeV

mχ0 > 4465 GeV
mχ0 > 4022 GeV
mχ0 > 3193 GeV

mχ0 > 5479 GeV
mχ0 > 5837 GeV
mχ0 > 4634 GeV

mχ0 > 2449 GeV
mχ0 > 1543 GeV
mχ0 > 1342 GeV

mχ0 > 3797 GeV
mχ0 > 3399 GeV
mχ0 > 2739 GeV

mχ0 > 4772 GeV
mχ0 > 4998 GeV
mχ0 > 4002 GeV

mχ0 > 544 GeV
mχ0 > 361 GeV
mχ0 > 297 GeV

mχ0 > 794 GeV
mχ0 > 702 GeV
mχ0 > 588 GeV

mχ0 > 989 GeV
mχ0 > 978 GeV
mχ0 > 851 GeV

mχ0 > 434 GeV
mχ0 > 279 GeV
mχ0 > 215 GeV

mχ0 > 691 GeV
mχ0 > 588 GeV
mχ0 > 510 GeV

mχ0 > 864 GeV
mχ0 > 851 GeV
mχ0 > 761 GeV

Mono-jet

Mono-photon

VBF

ããã¡¡¡: 6 « MDM �.3 13 TeV HL-LHC Ú�5 100 TeV éEÅþÏL Mono-jet,
Mono-photon ±9 VBF �¤����þÚ¢,�Ýz©' 2σ üØ�"
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• ·��Ä�5���&ÿ¢�3��¥�f�µ�Evk�
��VÔ�âf&Ò§eb��Ü©VÔ�� WIMPs§@
oéEÅ¢�UéùÜ©VÔ��)�¢,�Ý�Ñ��"

• ·�©O�Ä
fÓ ^�n�!Ê�ÚÔ��
Dirac Ú Majorana . MDM �.§¿ÏL Mono-jet,
Mono-photon ±9 VBF n��©Û
È©�Ý©O�
3 ab−1 Ú 30 ab−1 � 13 TeV HL-LHC ±9 100 TeV pp éE
Åþéù
�.�&ÏUå"

• XJù��VÔ��.3�5� 13 TeV HL-LHC þ�u
y§@oI�kÙ¦�VÔ�âU)º*ÿ��¢,�Ý"

• XJvkuy§K�±�� 95% �&Ý�¢,�Ýz©'
e�§XþÜ��¡¤«"
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• éuùn��§oNó§Mono-jet ¤����
r§Mono-photon g�§VBF �f"

• éuÓ���þÚfÓ ^§Dirac �.���Ï~ru
Majorana �.§Ï� Dirac �.^þ�m�gdÝ'
Majorana �.���§l�N´3éEÅþ�uy"

• �5� 100 TeV rféEÅé MDM �.¢,�Ý���
¬���L8c� LHC ±9Oy� 13 TeV HL-LHC§AO
´§XJ·�b�k��k�«VÔ�§�5� 30 ab−1

100 TeV éEÅvkuy�A�¢�&Ò§@o D1, D2, D3
Ú M1 �.¬3 95% �&ÝY²þ�üØ§Ï�§�¬�
)Lõ�¢,�Ý"

• ù«©Û�{�·^uØ MDM �	�Ù¦ WIMPs �.§
dd���éEÅ&ÿ�VÔ�¢,�Ý�m�'é5§¬
éu·��ÄâfÔnÚ�»Æ�m���g�éX"
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• y��»Æ���-<¯ç�uy´·�¤U/w�0��
»�Ó���»Uþ�Ý���Ü©"

• éVÔ����&¢®¤�UNÔnÆÚâfÔnÆ�¥%
ÆK��§Ï�§eå
ë��*.!÷*.Ú�*
.�xù§��@�´ë�IO�.Ú#Ôn�Ý�"

• L��A�cm§WIMPs duU
g,Jø8c¤ÿ��
VÔ�¢,�Ý§¿��3u¯õ#Ôn�.�¥§±93
õ«¢�¥äk�*ÿ�A§l¤��ÉÊ8�´ïÄ�
���\�VÔ�ÿÀö"
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• �,k5gum�&ÿ�,
�Ñ&Ò§�3������
�&ÿÚéEÅ&ÿ¢�¥ÿ�uy WIMPs ��3&Ò"

• ÔnÆ´��¢��Æ§8cÏéVÔ��na�{3¢�
�n§EâÃãþké�ØÓ§éVÔ�âf�þ�¯a«
m�Ø���"Ïd§��A^ùna¢�5ïÄVÔ��
5�äk�¿Â"�dÓ�§&¢#�¢�Ãã§uÐ#
�¢�Eâ§��E#�nØ�.��$����"

• VÔ��nØÚ¢�ïÄ?��§�Ø+��?ÛqJx
{§·�ÑA����<¯�¤ã§/´ûûÙ?�ñ§Æ
òþe¦¢0"

(aaa���������¢¢¢���|||±±±999ÃÃÃ   nnnØØØ[[[������°°°ççç���www���)
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