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7 Motivation

m Direct detection puts strong bounds on usual
WIMP dark matter

m Recent interest in thermal effects on dark matter:
‘forbidden’ channels, D'Agnolo & Ruderman 1505.07107
cannibal DM, Pappadopulo, Ruderman & Trevirsan 1602.04219
VEV flip-flop Baker & Kopp 160807578



3 Motivation

m VEV flip-flop: freeze-in with a dark matter decay
channel open in a Z;-breaking phase
Baker & Kopp 1608.07578

m Construct a minimal model with dark matter

freeze-out before phase transition to the
electroweak minimum



4 Considerations

m Dark matter itself cannot be thermal
due to its freeze-out: mpm > T

m Fermion dark matter X 5
with a thermal scalar d

m Only one scalar does not work: .
t-channel annihilation works X ) S,

In any phase
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6 Considerations

m The light singlet 5| and the heavy singlet S, do
not mix with each other

m Only Higgs and S| obtain thermal masses
m For simplicity impose Z, given by S — —§;
broken only by Yukawas



/ Minimal Model

B | |
L D xdx + |DH|* + 5(5u5|)2 + 5(%52)2
— MuXX — V1SIXX — V2duxx — V,
where

| | |
V:MmH‘ZJFEN%oS%JFiHﬁSISZJFiH(Z)zS%

+ )\H|H|4 + )\Hzo“—”zS% + AH |H‘25|52
+ A2 |H?S3 + AaoST + A3157S, + 4925753
+ 4135153 4 Ao4Sa
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8 Thermal Corrections

Thermal corrections to mass terms are given by

~ Sk (’9m,<
orm Z 2400, 8qb

where g = ny for bosonic degrees of freedom



9 Thermal Corrections to Masses

u,i — u,i + CHTZ,
H3o — U + C0T”,

where
|
H = 73 — (24 + 387 + 9% + 12)7 + 4Aio),
C20 = M40 + A0

3

m The contributions to the terms 5, and
2;10252 are approximately zero due to the high
mass of Sy



Phase Transitions
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|2 Phase Transitions
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Annihilation Channels
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|4 Relic Density
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|5 Relic Density
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|6 Direct Detection
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|/ Direct Detection




|8 Gravitational Waves

m Gravitational wave production similar to the
model of the SM with an EW singlet
Vaskonen 1611.02073
— work in progress



Conclusions

m Non-zero temperature can have effect
on dark matter freeze-out

m We have constructed a minimal model with
freeze-out before phase transition

m While direct detection cross-section is negligible,
there can be a gravitational wave signal



