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Dark Matter Relic Abundance
Robertson-Walker metric and scale factor R

ds2 = �dt2 + R(t)2
⇣

dr2

1�kr2 + r2d✓2 + r2 sin2 ✓d�2
⌘

Friedman equation

H2 ⌘
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Ṙ
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= 8
3⇡G⇢� k

R2 + . . . ,

relates the Hubble parameter H to Newton’s constant, G, times the
energy density, ⇢, the critical density is for k = 0 is

⇢c = 3H2

8⇡G ⇡ 10�29 g/cm3 ⇡ 3⇥ 10�47 GeV4 .



Dark Matter Relic Abundance
Energy conservation
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for p = a⇢

⇢ / R�3(1+a)

radiation a = 1/3 ⇢ / R�4

matter a = 0 ⇢ / R�3

curvature a = 0 ⇢ / R�2

vacuum energy a = �1 ⇢ / R0



Dark Matter Relic Abundance
a stable weakly interacting dark matter particle X is held in equilibrium
by annihilations

XX $ pipi

eventually the expansion of the Universe dilutes the particles so they are
too sparse to maintain equilibrium

equilibrium number density, neq, thermal average of the annihilation
cross section times the relative velocity h�vi
ṅannihilations ⇠ h�vin2

eq

ṅexpansion ⇠ 3Hneq

when ṅannihilations ⇡ ṅexpansion dark matter ‘freezes out”
after freeze out, number of dark matter particles per comoving volume
N ⌘ n/T 3 remains constant



Freeze Out



Quantum Stat. Mech.
Bose-Einstein and Fermi-Dirac

b(E) = 1
e(E�µ)/T�1

f(E) = 1
e(E�µ)/T +1

assume chemical potential µ = 0 and relativistic

Nb = gs

2⇡2
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Nf = gs
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0
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scalar gs = 1
Dirac gs = 2⇥ 2 = 4

Majorana gs = 2
photon gs = 2

Z gs = 3
W gs = 2⇥ 3 = 6



Quantum Stat. Mech.
R1
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dx x⌫�1

eax�1 = a�⌫ �(⌫)⇣(⌫)R1
0

dx x⌫�1

eax+1 = (1� 21�⌫) a�⌫ �(⌫)⇣(⌫)

Nb = gs

⇡2 ⇣(3)T 3

Nf = 3
4

gs

⇡2 ⇣(3)T 3

⇢b = gs

2⇡2

R1
0

dp p3

ep/T�1
= gs⇡2

30 T 4

⇢f = gs
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30 T 4

where we used ⇣(4) = ⇡4/90



Quantum Stat. Mech.
assume chemical potential µ = 0 and non-relativistic m � T

Nf,b ⇡ gs
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Equilibrium
equilibrium number of nonrelativistic particles per comoving volume:

Neq = e�mX /T

(2⇡)3/2

�
mX

T

�3/2

above T ⇡ 1 eV the universe is radiation-dominated
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so
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�
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m

�↵
,

↵ = 0 for Dirac fermion, ↵ = 1 for a Majorana fermion



Cross Sections
Dirac fermion:

h�vi = G2
F

2⇡ m2
X

Majorana fermions have no vector current couplings
only axial current:

h�vi / G2
F

2⇡ p2

referred to as p-wave suppression

hp2i = 3
2mXT



Freeze Out
Equating the annihilation rate with the expansion rate at T = Tf

h�vin2
eq = 3Hneq
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Numerically mX/Tf ⇡ 30. So the number per comoving volume at Tf is

Nf =
q

8⇡3N⇤G
15

3
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⇥T 3 gives the number density, ⇥mX gives the energy density. weak
annihilation cross section �0 = NAG2

F m2
X/2⇡ (where NA counts final

states) with a current temperature of T = 2.7 K = 2 ⇥ 10�13 GeV,
↵ = 1, N⇤ = 100, NA = 20, that

⇢X

⇢c
= 0.6

⇣
100GeV

mX

⌘2



Stable WIMPS



LSP Dark Matter

Bino, Higgsino, Wino

Arkani-Hamed, Delgado, Giudice, hep-ph/0601041



2008



Xenon Detector

EGC

Cathode

Grid

Anode

EAG

EAG >  EGC

Liquid phaseLiquid phase

Gas phaseGas phase

PMT Array

(not all tubes shown)

Light SignalLight Signal

UV ~175 nmUV ~175 nm

photonsphotons

TimeTime

PrimaryPrimary

SecondarySecondary

Interaction (WIMP or Electron)Interaction (WIMP or Electron)

Liq. Surface

ee--ee--

ee--
ee--

ee--ee--

ee--
ee--

ee--ee--

ee--
ee--

Electron Drift

~2 mm/!s

0–150 !s

depending on
depth

~40 ns width

~1 !s width
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Xenon 100
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