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Thermal Freeze-Out Revisited

In the first part of this lecture,
we will revisit thermal freeze-out
with the help of a new tool:
the Boltzmann equation
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Thermal Freeze-Out Revisited
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Differential equation
describing time
evolution of the dark
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Thermal Freeze-Out Revisited
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Hubble Expansion

The term in the Boltzmann equation
accounting for Hubble expansion is universal
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Hubble Expansion

The term in the Boltzmann equation
accounting for Hubble expansion is universal
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Particle Collisions

K We will consider all possible collisions \
changing the number of dark matter particles

_ Yb — cd y




Particle Collisions

K We will consider all possible collisions \
changing the number of dark matter particles

N Yb — cd y
4 )

. d
Boltzmann equation: ;LX 3Hn, = Zcxb%d

b,c,d

\Each collision accounted for by a collision operath




Collision Operator
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Cybsed = — /(277)454 (py + Pb — Dec — pa) dIL, dlIdII dll, |be—>cd|2 xSo — fefdl
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Under “reasonable” assumption such as absence of CP violation



Collision Operator
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The Lee-Weinberg Scenario

K Cold relic annihilating A
to SM final states YX — oMSM
K(in thermal equilibrium) Y

Lee,Weinberg, Phys.Rev.Lett. 39 (1977)
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K Cold relic annihilating A
to SM final states YX — oMSM
\(in thermal equilibrium) Y
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Lee,Weinberg, Phys.Rev.Lett. 39 (1977)




The Lee-Weinberg Scenario

K Cold relic annihilating A
to SM final states YX — oMSM
\(in thermal equilibrium) Y
[ dny 3Hn, = —(ova) |05 — n$?| )
At | X rel X X
GOAL:

time evolution of dark
matter number density

Lee,Weinberg, Phys.Rev.Lett. 39 (1977)



Dimensionless Variables

K Convenient to employ
dimensionless variables
K for number density and time
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Dimensionless Variables

K Convenient to employ Y, = o O
dimensionless variables -
. . — X
L =
K for number density and time T

f dY, S

We wiill give a simple semi-analytical solution
and then visualize the result of numerical solutions
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Kolb, Turner,“The Early Universe”, Front.Phys. 69 (1990)



Semi-analytical Solution

-~

\_

We have the differential equation )
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Galid for s-wave,

p-wave, ....

Kolb, Turner,“The Early Universe”, Front.Phys. 69 (1990)



Semi-analytical Solution

K We have the differential equation )
dY. A .
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Semi-analytical solutions in two opposite regimes,
before and after decoupling,
then match these two solutions at the freeze-out point
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Early Time Solution

/ Convenient to use deviation from \
equilibrium as the density variable

dA dYe4 (o) .
_ v = de T a2 A28 )

G

Kolb, Turner,“The Early Universe”, Front.Phys. 69 (1990)



Early Time Solution

/ Convenient to use deviation from X
equilibrium as the density variable

dA dYe4 (o) .
_ v = de T a2 A28 )

G

Before freeze-out we are  dA,
very close to equilibrium: dxr

Kolb, Turner,“The Early Universe”, Front.Phys. 69 (1990)



Early Time Solution
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Convenient to use deviation from \
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Late Time Solution

f After freeze-out, the term proportional to O
equilibrium density is exponentially suppressed

dA Ax) 9
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Kolb, Turner,“The Early Universe”, Front.Phys. 69 (1990)



Late Time Solution

/ After freeze-out, the term proportional to O
equilibrium density is exponentially suppressed

dA Ax) 9
-~ > A%

K dx x J
=
Cras

( AFTER FREEZE-OUT \
YX_l(m) ~ A;l = / dx )\:E;U) (x > zpo)
\_ e J

Kolb, Turner,““The Early Universe”, Front.Phys. 69 (1990)



Relic Density

KV\/e can evaluate the comoving density at large D
where it reaches an asymptotic value,
and compute the resulting relic density
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Relic Density

KV\/e can evaluate the comoving density at large D
where it reaches an asymptotic value,
and compute the resulting relic density
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Numerical Solutions
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Numerical Solutions
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Numerical Solutions

K my = 300 GeV gx =2
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Variation 1: Co-annihilations

Dark sector made of N particles all charged
under a discrete simmetry (e.g., Z>) that
makes the dark matter particle stable

Griest, Seckel, Phys.Rev.D 43 (1991)
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Variation 1: Co-annihilations

Dark sector made of N particles all charged
under a discrete simmetry (e.g., Z>) that
makes the dark matter particle stable

Annihilations (i=j)
wi wg N SM SM Co-annihilations (i#j)
. . - Scattering:
wz SM — wj SM Lklnetlc ethbmum)

w] — wz SM \(Dark sector decays)
(i >i)

Griest, Seckel, Phys.Rev.D 43 (1991)




Variation 1: Co-annihilations

Relic density can be computed by
solving one single Boltzmann equation
exactly as in the Lee-VWeinberg scenario
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Griest, Seckel, Phys.Rev.D 43 (1991)
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Variation 1: Co-annihilations

Relic density can be computed by
solving one single Boltzmann equation
exactly as in the Lee-VWeinberg scenario
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Variation 2: Semi-annihilations

f— Annihilation 4\ f— Semi-Annihilation ﬂ
X
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D'Eramo, Thaler, JHEP 06 (2010)



Variation 2: Semi-annihilations
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D'Eramo, Thaler, JHEP 06 (2010)
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What Masses for Cold Relics?

Relic density bounds
annihilation rate at freeze-out
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What Masses for Cold Relics?

Can we really produce a cold
thermal relic for any dark
matter mass/?

| | | | | DM Mass

keV MeV GeV TeV PeV
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What Masses for Cold Relics?

- Cannot be ‘“too hot” ™

Bounds on the dark matter
free-streaming length

Myarm =, kKeV

Y

Viel, Becker, Bolton, Haehnelt, PRD8S (201 y

MeV GeV TeV PeV



Bounds on the dark matter mass

-~ The BBN Wall ~

Electrophilic Majorana Fermion

Thermal relics with mass below
MeV spoil BBN and CMB

MeV < Minhermal S 100 TeV

Sabti, Alvey, Escudero, Fairbairn, Blas, arXiv:1910.01 6@

GeV TeV PeV



What Masses for Cold Relics?

~ The WIMP Window ™
10:2 I Dark matter with s-wave
7 annihilation to visible states
mE 10
o o 10 GeV S TMWIMP 5 100 TeV
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What Masses for Cold Relics?
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Tomorrow we will discuss dark
matter searches in this mass window

We end this lecture with a preview
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A Very Testable Paradigm

‘P/% N

R
B %

Need sizeable interactions:
can we detect them today!?
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WIMP annihilation

(indirect detection) l



A Very Testable Paradigm

XX — SM SM or

Y — SMSM

Low-energy photons Positrons

Quarks \/\/\/\/\»» .

Dark Matter

. P
Medium-energy Electrons
\ gummu rays ,,

Dark Matter 0

Bosons Wrotons

Decay process mm—)p

Non-relativistic
Dark Matter

Annihilations or decays
produce cosmic rays
whose characteristic
energy scale is set by

the DM mass




A Very Testable Paradigm

N

elastic scattering
(direct detection)



A Very Testable Paradigm

/ < T == iR \dark matter halo\

WIMP wind , \\/
Flux of WIMPs: ~eeQkmis,,

10> cm-2 s i*‘
(mw|Mp = 100 GeV)

Typical recoil energy:
1-100 keV

Goodman and Witten, PRD31 (1985)



A Very Testable Paradigm
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WIMP production

l (collider searches)




A Very Testable Paradigm

“Mono-jet” event



A Very Testable Paradigm

Multiple and complementary
search strategies




A Very Testable Paradigm

Impressive Results by C
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