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ṅ + 3Hn = �
⌦
�  ̄ v

↵
n2
 + h��d�d vi (neq

�d)
2 = 0

⌦
�
  ̄

v
↵
=

(neq

�d
)2

(neq

 

)2
h�
�d�d vi ⇡ 8⇡f�

↵2
d

m2
 

e�2�x



RELIC DENSITY

23

-1.0 -0.5 0.0 0.5 1.010-15

10-10

10-5

1

105

D = Hmgd - myL ê my

W
y
h2

Forbidden Relic Density

Wobs

my =1 GeV

my =1 MeV ad = 0.001

ad = 0.1

⌦
DM

h2 /
m2
 

↵2
d

e2xF�

Simple analytic 
formula 

agrees at the % 
level with  

MicrOmegas



COANNIHILATION AND 
COSCATTERING

RTD, J. Ruderman 
In preparation



A SIMPLE MODEL

25

�L � m  
c +

m�

2
�2 + �m� +

y

2
� c 



A SIMPLE MODEL

26

�L � m  
c +

m�

2
�2 + �m� +

y

2
� c 

� = DARK MATTER 

m & m�

 



A SIMPLE MODEL

27

�L � m  
c +

m�

2
�2 + �m� +

y

2
� c 

� ⌘ �m

m�
⌧ 1

 

�

� �

�

�

 c



A SIMPLE MODEL

28

�L � m  
c +

m�

2
�2 + �m� +

y

2
� c 

�

SM

SM

y�

y� ⌧ 1 y2� & HF

m�



A SIMPLE MODEL

29

�L � m  
c +

m�

2
�2 + �m� +

y

2
� c 

�

SM

SM

y�

n� = neq
� T�,�, = TSM ⇠ a�1



CANNIBALISM

30

m ! T

 

 ̄

�

�

�

y2� . HF

m�

Carlson, Hall, Machacek 
Astrophys.J. 398 (1992) 43-52 

Farina, Ruderman,  
Pappadopulo,Trevisan 

2016 



A SIMPLE MODEL

31

 �

�

�a = n h�vi ⇠ n 
y4

m2
 

ANNIHILATIONS

 c



A SIMPLE MODEL

32

 �

�

�a = n h�vi ⇠ n 
y4

m2
 

ANNIHILATIONS

 

 �

� �

SCATTERING/DECAYS

�s = n�h�vi ⇠ n�
y4�2

m2
 

e��
m�
T

 c

� ⌘ m �m�

m�



COANNHILIATION OR 
COSCATTERING?

33

 �

�
 

 �

� �
 c

⇠ ��2e
�
⇣
1�

m�
m�

⌘
x



COANNIHILATION

34

 �

�
 

 �

� �
 c

ANNIHILATIONS  
FREEZE-OUT FIRST



SUSY DARK MATTER

35

B̃ W̃

W̃

� ! B̃ ! W̃ � ! e±

e+e�

e+

e�
ZZ

W̃

WITH A VERY  
DECOUPLED BINO



COANNIHILATION

36

 �

� c TF ⇡ 20m = 20(1 +�)m�

� ⌘ m �m�

m�

m & m�

⇠ e�xF



COANNIHILATION

37

K. Griest, D. Seckel, ‘89

h�e↵vi ⇡
↵2
d

m2
 

(1 +�)3e�2�x

� ⌘ m �m�

m�



COSCATTERING

38

 �

�
 

 �

� �
 c

SCATTERING  
FREEZES-OUT FIRST



SUSY DARK MATTER

39

B̃ W̃

W̃

e+e�

e+

e�
ZZ

me ⌧ mB̃,W̃

m� ⇠ m�, 

W̃



COSCATTERING

40

DM eq

eqeq

NEW SET OF BOLTZMANN EQUATIONS 
NEW PARAMETRICS FOR FREEZE-OUT



COSCATTERING

41

dn
DM

dt
+ 3Hn

DM

= �h�vin
DM

n
x

+ ...
DM

x

WIMP

n
x

h�vi
F

⇡ H
F

⌦DMh2 ⇠ nDM ⇠
✓

1

h�viF

◆m
DM

/m
x

⌦DMh2 ⇠ nDM ⇠ 1

h�viF
nDM h�viF ⇡ HF



COSCATTERING
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COSCATTERING
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LATE TIME DECAYS

55

� SM

SM

y�
 

�

� ⌧ & 1s

⌧ & 1012s

BBN

CMB

m� ⇡ m ,�

�, y� ⌧ 1



CONCLUSION
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• IF DARK MATTER ANNIHILATIONS REQUIRE FINITE TEMPERATURE OR MIXING WITH 
OTHER STATES 

• THE RELIC DENSITY CAN BE ENHANCED BY AN EXPONENTIAL BOLTZMANN FACTOR 

•   

• JUST A SMALL STEP AWAY FROM A WIMP THERE IS A VARIETY OF THERMAL DARK 
MATTER MODELS WITH COMPLETELY DIFFERENT PHENOMENOLOGY 

• FORBIDDEN CHANNEL ANNIHILATIONS, COANNIHILATION AND COSCATTERING ARE 
GENERAL MECHANISMS  

• RICH PHENOMENOLOGY: SELF-INTERACTIONS, LOW ENERGY DIRECT DETECTION, 
CMB, BBN, … 

• PLENTY OF MODEL BUILDING OPPORTUNITIES: FORBIDDEN SIMP, FORBIDDEN p-
WAVE, FORBIDDEN INTO SM CHANNELS, … (AND COANNIHILATING SIMP, 
COANNIHILATING p-WAVE, …)
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COUPLING TO THE SM
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