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Some basics on Dark Matter Production

Dark matter was present in the Early Universe and it is present now,
however, there are many different mechanisms to account for its

correct abundance

- Thermal production (freeze-out)

- Out of equilibrium production (freeze-in)
- Late decays of unstable exotics

- Vacuum misalignment (axions)

- Asymmetry



Cosmology 101

Friedmann-Lemaitre-Robertson-Walker (FLRW) metric for a homogeneous
and isotropic universe that is expanding (or contracting)

ds* = dt* — a*(t) (15—742742 + 7%(df? + sin” 0d¢2)> = g datdz”
k = curvature
grt =1
—a*(t)
Components of the metric Jrr = 1 _pr2
gop = —r7a’(t)
gpe = —7r° sin® 0a*(t)

a(t) is the scale parameter



WIMP dilution

dr?

2 2 2

+ 7%(df? + sin” 9dgb2)>

k=0 for a flat Universe -

Mp =1.22 x 10'Y GeV




Event time ¢  redshift z temperature T
Inflation 10734 s (7) - -
Baryogenesis ? ? 7
EW phase transition 20 ps 1015 100 GeV
QCD phase transition 20 us 1012 150 MeV
Dark matter freeze-out ? ? ?
Neutrino decoupling s 6 x 10° 1 MeV
Electron-positron annihilation 6 s 2 x 10° 500 keV
Big Bang nucleosynthesis 3 min 4 % 108 100 keV

| Matterradiation cquality 60kyr 3400 075 eV
Recombination 260-380 kyr 1100-1400 0.26-0.33 eV
Photon decoupling 380 kyr  1000-1200 0.23-0.28 eV
Reionization 100-400 Myt 11-30 2.6-7.0 meV

 Dark cnergy-matter equality  9CGyr 04 033meV
Present 13.8 Gyr 0 0.24 meV
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P

A system of particles in kinetic equilibrium has a phase space occupancy f given by the
Bose-Einstein or Fermi-Dirac distributions at temperature T:

[ —

e T +1

The phase space distribution allows one to compute the associated number density n,
energy density o and pressure p for a dilute and weakly-interacting gas of particles
with g internal degrees of freedom:

Relativistic particles

T>m FE ~|p|

2
ny = %C(‘&)T3 Py = ;T—OgT4
= / f(p)d’p 3 2
(271.)3 My = Z%C(?’)T?’ Pr=g399 *
= (er)g /E(p)f(p) d’p
. 5 Non-Relativistic particles
= 7 Jﬂ—f(ﬁﬁ) T < 2 2012 [pI>\ " p/*
(2m)3 ) 3E(p)- S m.  E=(lpl*+m?) =m<r+m{> ~m+ P
n~g (2—3)3/2 e—m/T
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It is customary to define the Yield (equivalent to the number density but in a
comoving volume) in terms of the entropy density (which scales as a3(t))

S = —g*sT3

n 271'2
Y ==
S 45

For relativistic particles, we have

Jeff
Jxs

45
Je -
n — T‘_J;f C(3)T3 —_—> qu - 27_‘_44-(3)

N\

J

/For non-relativistic particles, we have

T

~

2 ﬁ Jxs

.

~

3/2 45 s\ 1/2 3/2
m —m _ Jeff (T —m
e () v g (5) ()

J

HEP School 2015
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Number of relativistic degrees of freedom in the Standard Model

Quarks t 1742 +3.3GeV ¢
b 4.20 £0.07GeV b
c 1.25 £0.09GeV ¢
s 95 4+ 25MeV 5
d 3-7MeV d
U 1.5-3.0MeV U

Gluons 8 massless bosons

Leptons 7= 1777.0+£0.3MeV 77T
p~  105.658MeV put
e~ 510.999keV et
Vr < 18.2MeV Ur
Vi < 190keV Uy
Ve <2eV Ve

Electroweak WT  80.403 + 0.029GeV

gauge bosons W= 80.403 £+ 0.029GeV
Z%  91.1876 4+ 0.0021GeV
v 0 (<6x10717eV)

Higgs boson (SM) H°

HEP School 2015

125.5 GeV

spin=1

DN

spin=

spin=

NI

spin=1

spin=0

g=2-2-3=12

72
g=2 16
g=2-2=4

12
g=2

6
g=3
g=2

11
g=1 1

g =T1241246=90

g =16+11+1=28
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Number of relativistic degrees of freedom in the Standard Model

T ~ 200 GeV
T ~ 100 GeV
T <170 GeV
T < 80 GeV
T < 4 GeV
T < 1 GeV
T ~ 150 MeV
T < 100 MeV
T < 500 keV

all present

EW transition

top annihilation

w=, 2% HO

bottom

charm, 7~

QCD transition
+ 0 , -

s ) ™ Y l'[/

e~ annihilation

HEP School 2015

100

9+(T)
10

106.75
(no effect)
96.25
86.25
75.75
61.75
17.25
10.75
(7.25)

Lo = su (B Iy (L)

] | ]

- tf Wi, ZO, HO . bos fer
-
106.75 €, T
— 61.75 .
- LI T |
B A N\7.25 |
10.75

- QCD Phase
- fransition

! | | ! | ! | ! | ! | !

10° 10* 103 102 10 0.1
T [MeV]

(u,d,g— 750, 37 — 3)

+

er, v, v, v left
2 +5.25(4/11)*3 = 3.36
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QCD Phase transition T ~ 150 MeV, t ~ 20 ps

The temperature and thus the quark energies have fallen so that the quarks
lose their asymptotic freedom

There are no more free quarks and gluons; the quark-gluon plasma has
become a hadron gas

The lightest baryons are the nucleons: the proton and the neutron. The
lightest mesons are the pions

all except pions are nonrelativistic below the QCD phase transition
temperature.

Thus the only particle species left in large numbers are the pions (g=3),
muons (4), electrons (4), neutrinos (2x3), and the photons (2).

9-=17.25



Freeze-out of relativistic species

Since neutrinos decouple while they are still relativistic, their yield reads

Y,, ~ 0.278 251 (2.41)
Gxs

Neutrinos decouple at a few MeV, when the species that were still relativistic are et, Y, V
and 7. Thus, the number of relativistic degrees of freedom i1s g, = g.s = 10.75. For one
neutrino family, the effective number of degrees of freedom is g.sy = 3g/4 = 3/2. Using
these values, the relic density today an be written as

Y o X 9 h?
Pe

91 eV

Oh? =

Q

(2.42)



