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Dark	Matter

• Evidence	of	Dark	Matter	in	Universe
• Rotation	Curve
• Bullet	Cluster
• Etc.

• Nature	of	DM
• Properties
• Production	Mechanism

• Freeze-Out
• Freeze-In
• Etc.
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Freeze-Out	vs.	Freeze-In
• Evolution	of	DM	with	Freeze-Out	and	Freeze-In
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Freeze-Out Freeze-In

Freeze-Out Freeze-In
In	Thermal	Equilibrium Out	of	Thermal	Equilibrium
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DM	Searches
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Universe	Before	BBN/CMB
• Nonstandard	Evolution
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Universe	Before	BBN/CMB
• Impact	on	DM	Evolution
• Fast	Expansion
• Dilution

8-May-23

10°30 10°19 10°8 103 1014

aTr

10°6

101

108

1015

1022

1029

¢ / Ti
Tr

ΩRa4

S

ΩM
a
4

ΩM

Tr
a3

ERD EMD EP RD
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Model	Setup
• Neutrino	Portal

• To	Match	the	Neutrino	Experiments:

• PMNS	matrix:
• 3	mixing	angles	and	3	phases

• Using	the	global	fit	results	(Normal	Order)	[arXiv:1811.05487]
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SM	Particles Dark	Sector

Dark	Fermion:	𝜒

Dark	Scalar:	𝑆

Heavy	Neutrinos:	𝑁!

Type-I	Seesaw

ℒ = ℒ+$ − 𝐿,! 𝑌-
!. .𝐻 𝑁ℓ

.
0 + ℎ. 𝑐. − 𝜆1! 𝑆�̅� 𝑁ℓ! 0 + ℎ. 𝑐.

𝑌- =
𝑖 2
𝑣 𝑈2$3+𝑚-

4/6𝑅 𝑚3
4/6

Assuming	𝑅 = 𝕀

𝑚-
7!89'(:' = 0.06 𝑒𝑉
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Dark	Matter	Production
• Processes	relevant	to	DM	production
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𝑑𝑌1
𝑑𝑎 =

𝑅;(<%= 𝑎 + 𝑅: 𝑎 + 𝑅'(𝑎)
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𝑑𝑆
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Thermalization	of	𝑁
• Process	relevant	for	𝑁

8-May-23

𝑚3 ≫ 𝑚+,1 𝑚3 ≪ 𝑚+,1

• Heavy	𝑁Mass
• Long	EMD	is	needed	to	
avoid	thermalization

• Low	𝑁Mass
• Usually	Not	Thermalized

𝚪 𝑻 > 𝑯(𝑻)
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Freeze-In	Condition
• The	process	rate	vs.	Hubble	parameter
• For	Freeze-In:

• Rate	should	be	less	than	Hubble	parameter
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Indirect	Detection
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𝑚1,+ > 𝑚3

𝛾-Rays

Fermi-LAT	6y H.E.S.S	10y

JCAP	1707	(2017)	016;	1702.06145
ycwu@njnu.edu.cn 10



Indirect	Detection
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Summary
• Freeze-In	Dark	Matter	with	EMD
• Larger	coupling	is	needed	for	longer	EMD

• Faster	Expansion
• Entropy	Injection

• Thermalization	Conditions
• Indirect	Detection	is	promising

• Related	to	the	EMD	History
• Collider Searches of the Heavy Neutrino	(Todo)

• EMD	or	Other	non-standard	history
• BSM triggering
• Impact	on	other	processes:	

• Leptogenesis,	Structure	formation
• Cooling	the	DM
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https://github.com/ycwu1030/EvoEMD

EvoEMD
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Thanks	for	your	attention!
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Backups
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Two	Scenarios

• 𝑌!:	Determined	from	Type-I	seesaw
• 𝜆": Providing	the	observed	relic	density
• Thermalization	of	𝑁
• Freeze-in	condition
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𝑌- =
𝑖 2
𝑣
𝑈2$3+𝑚-

4/6𝑅 𝑚3
4/6
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Parameter	spaces	(S-channel)
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Parameter	spaces	(All)
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Direct	Detection
• Loop	Induced
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Suppressed	by	momentum	transferℒ ⊃ 𝑔D11𝑍E�̅�𝛾E𝑃,𝜒

𝑉 ≈ 𝑖 𝑈2$3+𝑚-
4/6𝑅𝑚3

@4/6 + 𝒪
𝑚-

𝑚3
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Direct	Detection
• Spin	Independent
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ℒ ⊃ 𝑔D11𝑍E�̅�𝛾E𝑃,𝜒
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