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Dark Matter Relic Abundance

Robertson-Walker metric and scale factor R

ds? = —di? + R(1)? (125 + r2d0? + 12 sin? 0do?

Friedman equation
2 2\ _ s k

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

Pe = % ~ 1072 g/cm® ~ 3 x 10747 GeV* .



Dark Matter Relic Abundance

Energy conservation

B (%) = &[R(p+p)]
% = “35(p+p)

for p =ap

D X R—3(1—|—a)

radiation a=1/3 pox R
matter a=0 pocR3
curvature a=0 pocR?
vacuum energy a = —1 p o R°



Dark Matter Relic Abundance

a stable weakly interacting dark matter particle X is held in equilibrium
by annihilations

XX < pip;

eventually the expansion of the Universe dilutes the particles so they are
too sparse to maintain equilibrium
equilibrium number density, n.,, thermal average of the annihilation

cross section times the relative velocity (ov)

. 2
Nannihilations ™ <O"U > Neg

hexpansion ~ 3I{neq

when Tanninhilations = Mexpansion dark matter ‘freezes out”

after freeze out, number of dark matter particles per comoving volume
N = n /T3 remains constant



Freeze Out

log N

\Nes

Tf decreasing log T "



Quantum Stat. Mech.

Bose-Einstein and Fermi-Dirac

b(E) — e(E—Ml)/T_1
f(E) — E(E_”];/T—Fl

assume chemical potential ¢y = 0 and relativistic

2

Nb — dp ep/T 1

Nf — 27r2 fO dpeP/T—l—l
scalar gs =1

Dirac gs =2x2=4
Majorana gs = 2
photon gs = 2
Z gs =3

%% gs =2x3=256



Quantum Stat. Mech.

fooo dxeayw_ 7 = a "T'(v)((v)
vr—1
Jo deimm = (1-2""")a " T(v){(v)
Ny = Z((3)T°
Ny = 15CB)T°
— — 98W2T4
Pb 27r2 0 ep/g 1 30
Pf = 271'2 fO dpeP/T—i—l — % g?’)g T

where we used ((4) = 7/90



Quantum Stat. Mech.

assume chemical potential 4 = 0 and non-relativistic m > T

2
~ gs o0 p
Nf,b ~ 272 fO dpem/T+p2/(2mT):|:1
3 2
~ gST oo U
~ 272 fO duem/T+u2T/m:|:1
5T3 —m/T o0 _ 2
g 2?_2 fo duu2€ uw"T/m
gST3e—m/T
(27T /m)3/2

Q

2




__1 e ° °
Equilibrium
equilibrium number of nonrelativistic particles per comoving volume:

Neg = S ()7

above T' ~ 1 eV the universe is radiation-dominated

_ 4

N. =5 (np + {ny)

_ /8 _ 8m3N.,.G 2
H = §7TG,0 = 15 T

(ov) = 09 (%)a ;

SO

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



Cross Sections

Dirac fermion:

2
(ov) = (2;—71:77@(

Majorana fermions have no vector current couplings
only axial current:

G2
(ov) x FEp?

referred to as p-wave suppression

(p?) = smxT



Freeze Out

Equating the annihilation rate with the expansion rate at T = T’
(ov)nZ, = 3Hne,

00 (E)aﬁ_mX/Tf (mX)S/QTJ? — 3 8m3N,.G T]%

15

—1/2
e—mx/Ty — g, /80 NG 2m)*2 (mx /
15 oo Mmx Tf

Numerically mx /Ty ~ 30. So the number per comoving volume at T’ is

1
N, — /8TN.G _ 3 mx )T
f = 15 oomx \ Ty

xT?3 gives the number density, xmyx gives the energy density. weak
annihilation cross section og = NoG4m3% /27 (where N4 counts final
states) with a current temperature of T = 2.7 K = 2 x 107 GeV,
a=1, N, =100, Ny = 20, that

PX — 06 <1OOGeV)2

Pc mx
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LLSP Dark Matter

M {GeV)

Bino, Higgsino, Wino
Arkani-Hamed, Delgado, Giudice, hep-ph/0601041



Recent Dramatic Improvement in DM Sensitivity!

10"

htfp://dmtools.brown.edy;

Gaitskell Mandic,Fil] previous best experiment

10 kg fiducial dual
phase xenon detector
with only 60 days data

Cross-section [cm?] (normalised to nucleon)

T (6 April 17, APS
p I
DATA listed top to bottom on plot -
———  Edelweiss, 32 kz-days Ge 2000+2002+2003 limit ' ' lee I n
———  WARF 2365 kp-days 55 ke\/ threshold

ZEPLIN I (Jan 2007) regult
CDMS (Soudan 2004 + 2005 Ge (7 ke threshold)
----- HXENON10 2007 (Met 136 kg-d;
— H{ENOMNI10 2007 (Net 136 kg-d, BG Subtract)
Ruiz de Austri/Trotta/Roszkowski 2006, CWMSSM Markov Chain Monte Carlos: §
X E X Elliset, al Theor? region post-LEP benchmark points
Baltz and Gondolo, 2004, Markov Chain Monte Carlos
mate013112

Assumes local density is not abnormal



Xenon Detector

PMT Array
(not all tubes shown)

Time
Anode
Liq. Surface
?ﬂm Grid
0-150 ps
depending on
depth
|
?40 ns width
> < Cathode
Light Signal '
UV ~175 nm
photons
EAG > EGC

Interaction (WIMP or Electron)



WIMP-Nucleon Cross Section [cm?]
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XENON100: New Spin-Independent Results
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WIMP-Nucleon Cross Section [cm’]
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Upper Limit (90% C.L.) is 2 x 1045 cm? for 55 GeV/c2 WIMP

astro-ph.CO:arXiv:1207.5988



