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WIMPs under tension

From J. Cooley, Phys 
Dark Universe 4 (2014)
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Equilibrium Yield

Freeze-out
Freeze-in

xfo～25xfi～1-5

Tfi～mDM/xfi~10^2 GeV for mDM~ weak scale

Tfo～mDM/xfo~O(1) GeV for mDM~ weak scale

Feebly Interacting Massive Particles (FIMPs) 
WIMPs 

2 DM -> XSM XSM

Γ < H

Γ > H

relativistic non-relativistic

Γ < H

Γ ~ H

B1B2 → X,B1B2 → B3X, B1B3 → B2X and 
B2B3 → B1X SIMP 

3 XDM-> 2 XDM, 4 XDM->2 XDM

Freeze-in and Freeze-out
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Previous studies

1712.03962,Michael J. Baker et al.

1810.03172, L.Bian, Y. Tang 

Amplified effects: 
 larger thermal 

masses before  PT

temporarily open of 
decay channel  
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The Scotogenic model

 FIMP   f <<1 ->  avoiding flavor-changing charged-lepton radiative decays, 
E. Molinaro, C. E. Yaguna and O. Zapata, JCAP 1407, 015 (2014)   

  h: not constrainted by flavor-changing charged-lepton radiative decays, 

Y. Farzan and E. Ma, Phys. Rev. D 86, 033007 (2012) 

 



PT patterns and 
dynamical thermal 

masses
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OAC pattern PT DDM

Amplified effects: 
 larger thermal 

masses before  PT

temporarily open of 
decay channel  

X lives in bath 
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reduction effects: 
 smaller thermal 

masses before  PT

temporarily open of 
decay channel  
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OBC pattern PT DDM-late decay 

reduction effects: 
 smaller thermal 

masses before  PT

temporarily open of 
decay channel at 

high T 



OAC

OBC

GWs from 1st EWPT



Bubble size
β reflect the 
duration of the 
phase transition 

kv, kturb: the fraction of latent heat 
transformed into the bulk motion of 
the fluid for sound waves and MHD 

GWs

envelop approximation 



e+ e- -> Z hh 
pp-> hh

1st Phase transition 
and the collider 

search

. D. Curtin, P. Meade and C. T. Yu, JHEP 1411, 127 (2014)  

. N. Arkani-Hamed, T. Han, M. Mangano and L. T. Wang, 
Phys. Rept. 652, 1 (2016)  

. D. Goncalves, T. Han and S. Mukhopadhyay, Phys. Rev. Lett. 120, no. 11, 111801 
(2018)  pp-> ZZ

1611.09540
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Cross over/

First or second order
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Symmetry phase

Z2 broken phase

EW broken phase



The neutrino mass bounds on mixing angle θ and the multiplication of 
Yukawa f and h for OAC(left), OBC (middle), OBC with late decay (right). 


