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Abstract: | will discuss a class of models in which thermal dark matter is lighter than an MeV. If dark matter thermalizes with the Standard Model
below the temperature of neutrino-photon decoupling, constraints from measurements of the effective number of neutrino species are alleviated.
This framework motivates new experimentsin the direct search for sub-MeV thermal dark matter and light force carriers.
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thermal dark matter

Definition of THERMAL DARK MATTER

: dark matter that acquired its cosmological abundance
through thermal contact with the Standard Model bath
at large temperatures.

[ Merriam-\

\Webster )

First Known Use: 1970s

Pirsa: 17120018 Page 7/70



TOP DEFINITION

Thermal Dark Matter

Dark matter that was in full relativistic thermal glory
with the Standard Model before freezing out.

Q: Is this a model of thermal dark matter?

A: Yes, it is.
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Outline

[. Review of Sub-MeV Thermal Relics
[I. A Way Out: Delayed Equilibration

[II. Models
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Netr + Light Relic

(standard assumption)
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Big Bang Nucleosynthesis (BBN)

‘FFHG n ("I' <o DUV, — 9 TM) ~ MeV
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e + 0! . i - F - ¥
deuterium burning, D *He < p "He and D p = ~ *He, until 7" ~ 50 keV
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BBN + Nefr
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Sub-MeV: BBN + CM™
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How ubiquitous is
DM-SM Equilibration Before
Neutrino-Photon Decoupling ?
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Light Mediators

Lee-Weinberg
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Sub-GeV thermal DM requires light mediators: my, ~ m,
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Equilibration

Expansion
Light Mediator H ~ Tg Heavy Mediator
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Light thermal DM naturally enters equilibrium
(for high enough Trn)
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Equilibration

Equilibrated

Decoupled

~1/T -

v-y decoupling enters equilibrium with SM
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Neff

(non-standard assumption)

Neutrino-Photon Decoupling ~ MeV 4
+t / DM-v Equilibration < MeV T
v - m

Sensitivity to UV (initial DM temperature)
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Neff
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Thermal History

............................

Light “WIMP”
WIMP

v

1/T

Pirsa: 17120018 Page 41/70



Thermal History
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Delayed Equilibration
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Delayed Equilibration

o o _ (| \1/2
(oV)po ~ —ER >y ~ apo (Teqg mpr)
X

irsa: 17120018 Page 44/70



Delayed Equilibration
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Delayed Equilibration
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Delayed Equilibration
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Delayed Equilibration
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Delayed Equilibration
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Outline

[. Review of Sub-MeV Thermal Relics
[I. A Way Out: Delayed Equilibration

III. Models
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A Toy Model
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A Toy Model
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A Toy Model
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A More Complete Model
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A More Complete Model
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A More Complete Model
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A More Complete Model
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MeV Motivation
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MeV Motivation
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MeV Motivation

Equilibration: (my ~my ~ -I'l\'l-l-)
5
2 m? 2
; m;, ' 9 m;, npj
l " ! X \ Pl v
Ji e T #5pp) o — My o H s —2 =p P o0 ——— (A)
i mp) My
-
2
g fe
= 'O ) aa 1/2
Freeze-Out: oV~ —= = My ~ &F0 (Loqmp1)"”’
me
X
\ L
A
X
\ N

Pirsa: 17120018 Page 64/70



Pirsa: 17120018

Equilibration:

e i

\ Y

e

oV ~

MeV Motivation

(T ~

T

i

——iy

7

(my ~my ~ TRE)

1oy my o M5 mp)
v X A & 2
Loy v How =X = 2
i mpi My
2
‘.}I '( i
]'() ) P 1:/9
= = My ~ apo (Teqgmp1)”’
ms

)

PO ~ m':/__/"“) = My ~ _/'l’-/(-];‘” '”I'l]!'“

(A)

(B)

Page 65/70



MeV Motivation
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MeV Motivation
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Other Constraints

supernova cooling
v-v scattering v
DM-v scattering v

direct Majoron/sterile neutrino searches
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Summary

* Sub-MeV DM that freezes-out thermally with the SM is possible.
+ Equilibration below an MeV is natural from the physics of light mediators.
+  Equilibration predicts a limited range for DM-SM.

« Less minimal models predict detectable nucleon scattering rates.

CMB-S4 and 21 cm observations will be sensitive to the entire parameter
space.
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