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Introduction: the need for Dark Matter

fSeveral observations indicate existence of non-luminous T
Dark Matter (DM) (more exactly: missing force)

# Galactic rotation curves imply Qpyh? > 0.05.

(2: Mass density in units of critical density; {2 = 1 means flat

Universe.
h: Scaled Hubble constant. Observation: h = 0.72 + 0.07

#® Models of structure formation, X ray temperature of
clusters of galaxies, ...

#» Cosmic Microwave Background anisotropies (WMAP
etc.) imply Qpyh? = 0.112 £ 0.006  poe, 2012 edition
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otal baryon density is determined by:

# Big Bang Nucleosynthesis
# Analyses of CMB data

Consistent result: Q.72 ~ 0.02

—> Need non-baryonic DM!
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Need for exotic particles

-

Only possible non—baryonic particle DM in SM: Neutrinos!

-

Make hot DM: do not describe structure formation correctly
— (,h? < 0.0062

—> Need exotic particles as DM!

Possible loophole: primordial black holes; not easy to make
In sufficient quantity sufficiently early.
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What we need

-

Since h? ~ 0.5: Need ~ 20% of critical density in

# Matter (with negligible pressure, w ~ 0)

# which still survives today (lifetime 7 > 100 yrs)
# and does not couple to elm radiation

o |

Making Dark Matter — p. 6/35



Remarks

- N

o Precise “WMAP” determination of DM density hinges
on assumption of “standard cosmology”, including
assumption of nearly scale—invariant primordial
spectrum of density perturbations: almost assumes

Inflation!
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Remarks

- N

o Precise “WMAP” determination of DM density hinges
on assumption of “standard cosmology”, including
assumption of nearly scale—invariant primordial
spectrum of density perturbations: almost assumes
Inflation!

# Evidence for Qpy; 2 0.2 much more robust than that!
(Does, however, assume standard law of gravitation.)

o |

Making Dark Matter — p. 7/35



Particle DM: Possibilities
B

# Introduce right kind of particle (stable, neutral,
non-relativistic)

heorist’s tasks:



Particle DM: Possibilities
B

# Introduce right kind of particle (stable, neutral,
non-relativistic)

heorist’s tasks:

# Make enough (but not too much) of it in early universe

o |

Making Dark Matter — p. 8/35



Particle DM: Possibilities
E

# Introduce right kind of particle (stable, neutral,
non-relativistic)

heorist’s tasks:

# Make enough (but not too much) of it in early universe

There are many possible ways to solve these tasks!

o |

Making Dark Matter — p. 8/35



Particle DM: Possibilities
E

# Introduce right kind of particle (stable, neutral,
non-relativistic)

heorist’s tasks:

# Make enough (but not too much) of it in early universe

There are many possible ways to solve these tasks!

— Use theoretical “prejudice” as guideline: Only consider
candidates that solve (at least) one additional problem!
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Particle Candidates 1

-

#® Axion a. Pseudoscalar pseudo-Goldstone boson
» Introduced to solve strong CP problem

s Mass m, <1077 eV
» Direct detection difficult, but possible

# Neutralino y : Majorana spin—-1/2 fermion
» Required in supersymmetrized SM
s 50GeV <my < 1TeV

» Direct detection probably difficult, but possible
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» Required in supersymmetrized theory of gravity
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Particle Candidates 2

-

® Gravitino G: Majorana spin—3/2 fermion
» Required in supersymmetrized theory of gravity
s 100eV S<msS 1TeV

» Direct detection is virtually impossible

Here: focus on WIMP (e.g. Neutralino) and Gravitino.
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Making DM

fPrincipal possibilities: T

# DM was in thermal equilibrium:

o Implies lower bounds on temperature 7» and y
production cross section

» () depends on particle physics and expansion history
[Hubble parameter H (7 |

» Example: Neutralino y
#» DM production from thermal plasma:

s Thermal equilibrium may never have been achieved
(low T’z and/or low interaction rate)

s () depends on particle physics, 7 and H (T
L s Example: Gravitino G with mz > 0.1 keV J
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#» Non-thermal production:

s From decay of heavier particle (¢, G)
» During phase transition (axion a)

s During (p)reheating at end of inflation (G, ¥)

» Depends strongly on detalls of particle physics and
cosmology

# Via particle—antiparticle asymmetry:
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Making DM (cont.'d)

-

#» Non-thermal production: T

s From decay of heavier particle (¢, G)
» During phase transition (axion a)

s During (p)reheating at end of inflation (G, )
» Depends strongly on detalls of particle physics and
cosmology
# Via particle—antiparticle asymmetry:

s Assume symmetric contribution annihilates away:
only “particles” left (see: baryons)

s |f same mechanism generates baryon asymmetry:
“Naturally” explains Qpn ~ 5Qparyon, If my >~ 5my,

o For WIMPs: Order of magnitude of Qpyy IS
understood; Oyaryon 1SNt J
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Thermal history of the Universe

- N

# Currently: Universe dominated by dark energy (~ 75%)

and non-relativistic matter (~ 25%); Qyaq ~ 1072,
(Radiation = relativistic particles.)
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p. energy density, units GeV4
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# Currently: Universe dominated by dark energy (~ 75%)

and non-relativistic matter (~ 25%); Qyaq ~ 1072,
(Radiation = relativistic particles.)

® Dependence on scale factor R: p,, oc B2, pag oc B
p. energy density, units GeV4

® Implies p,.q > p for R <5-1074Rg, i.e. 7' > 1 eV
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Thermal history of the Universe

-

Currently: Universe dominated by dark energy (~ 75%)

and non-relativistic matter (~ 25%); Qyaq ~ 1072,
(Radiation = relativistic particles.)

Dependence on scale factor R: p,, o< B2, pag oc B
p. energy density, units GeV4

Implies p,.q > pn. for R<5-1074Ry, i.e. 7' > 1 eV

Early Universe was dominated by radiation! (Except in
some extreme ‘guintessence’ or ‘brane cosmology’
models.)
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Thermal DM production
=

Let v be a generic DM particle, ., its number density (unit:

GeV?). Assume y = y, i.e. xx «—SM particles is possible,
but single production of y is forbidden by some symmetry.

-
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Thermal DM production
-

fLet x be a generic DM particle, n, its number density (unit:

GeV?). Assume y = y, i.e. xx «—SM particles is possible,
but single production of y is forbidden by some symmetry.

Evolution of n, determined by Boltzmann equation:

dn
d—tx + 3Hn, = —(Cann?) (n?< = ni’eq)

H = R/R : Hubble parameter
(...) : Thermal averaging
Tann = 0(xx — SM particles)

v : relative velocity between y’s in their cms
ny.eq - X density in full equilibrium
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d
nx -F3Hn, = —(0an?) (n?< — ni)eq)

274 |hs term: Describes y dilution by expansion of Universe:
i " — _3RMR=—3HR

o |

Making Dark Matter — p. 15/35



d
nX -F3Hn, = —(0an?) (n?< — ni)eq)

-

274 |hs term: Describes y dilution by expansion of Universe:

i " — _3RMR=—3HR

15 rhs term: describes y pair annihilation; assumes shape
of n, same as that of n, .- reactions x + f < x + f are
very fast (f : some SM particle).
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d
nX -F3Hn, = —(0an?) (n?< — ni)eq)

-

274 |hs term: Describes y dilution by expansion of Universe:

A" — _3R4R=-3HR™

15 rhs term: describes y pair annihilation; assumes shape
of n, same as that of n, .- reactions x + f < x + f are
very fast (f : some SM particle).

274 rhs term: describes y pair production; assumes CP
conservation (= same matrix element).
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d
nX -F3Hn, = —(0an?) (n?< — ni)eq)

-

274 |hs term: Describes y dilution by expansion of Universe:

A — 3R*R=-3HR®

15 rhs term: describes y pair annihilation; assumes shape
of n, same as that of n, .- reactions x + f < x + f are
very fast (f : some SM particle).

274 rhs term: describes y pair production; assumes CP
conservation (= same matrix element).

Check: creation and annihilation balance iff n, = n, cq.
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Rewriting the Boltzmann equation

-

In order to get rid of the 3Hn, term: introduce
Y, === (s: entropy density)

-
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-

In order to get rid of the 3Hn, term: introduce
L == (s: entropy density)

-

For adiabatic expansion of the Universe: % = —3Hs
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Y, === (s: entropy density)

For adiabatic expansion of the Universe: % = —3Hs

dY, _ 1dny  nyds
dt — s dt s2 dt

Making Dark Matter — p. 16/35



Rewriting the Boltzmann equation
-

In order to get rid of the 3Hn, term: introduce T
Y, === (s: entropy density)

For adiabatic expansion of the Universe: % = —3Hs

dY, _ 1dny  nyds
dt — s dt s2 dt

— L [=3Hny — (Gunt) (12 — 12 )] + 3H
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Rewriting the Boltzmann equation

- . ) B

n order to get rid of the 34 n, term: introduce
Y, === (s: entropy density)

For adiabatic expansion of the Universe: % = —3Hs

dY, _ 1dny  nyds
dt — s dt s2 dt

- % [_3an — (Cann?) (ni — ni,eq)} + X3Hs

= —5(Cann?) (Yx2 = YX% eq.)

s =2 20 T3 (g, : no. of relativistic d.o.f.)
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Rewriting the Boltzmann equation

- . ) B

n order to get rid of the 34 n, term: introduce

v = = (st entropy density)

For adiabatic expansion of the Universe: % = —3Hs

dY, ldnx _ Nxds
dt — s dt s2 dt

- % [_3an — (Cann?) (ni — ni,eq)} + X3Hs

— —S<0'annv> (YXZ - YXQ, te-)

s =2 20 T3 (g, : no. of relativistic d.o.f.)

If interactions are negligible: Y, — const., I.e. x density In
co—moving volume is unchanged
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Rewriting the Boltzmann equation (cont’d)

-

Write Ihs entirely in terms of dimensionless quantities:

introduce » = %

-
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Rewriting the Boltzmann equation (cont’d)

-

Write Ihs entirely in terms of dimensionless quantities:

-

introduce » = =
Had: s = —3Hs
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Rewriting the Boltzmann equation (cont’d)

-

Write Ihs entirely in terms of dimensionless quantities: T

introduce » = ”%X.

Had: s = —3Hs

— 4 (g.T3) = —3H (g.T?)
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Rewriting the Boltzmann equation (cont’d)

-

Write Ihs entirely in terms of dimensionless quantities:

-

introduce » = =
Had: s = —3Hs

— 4 (g.T3) = —3H (g.T?)

—> 0,13 + 3¢9, 1°T = —3Hg,T°
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Rewriting the Boltzmann equation (cont’d)

-

Write Ihs entirely in terms of dimensionless quantities:

-

introduce » = =
Had: s = —3Hs

— 4 (g*TB) —3H (9:1°)
— g*TB + SQ*TQT = —3H9*T3

:>T':—(H+3~%)T

o |
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Rewriting the Boltzmann equation (cont’d)

- . - MU

Write Ihs entirely in terms of dimensionless quantities:

introduce » = =
Had: s = —3Hs

—— 4 (g*T?’) —3H (9:1°)
— g*TB + SQ*TQT = —3H9*T3
— T = — (H + 3%) T

From now on: set g, = 0, since g. changes only slowly with
time. (Except during QCD phase transition.)
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Rewriting the Boltzmann equation (cont’d)

o N

Write Ihs entirely in terms of dimensionless quantities:

introduce » = =
Had: s = —3Hs

—— 4 (g*T?’) —3H (9:1°)
— g*TB + SQ*TQT = —3H9*T3
— T = — (H + %) T

From now on: set g, = 0, since g. changes only slowly with
time. (Except during QCD phase transition.)

jiz—%T:—%T:xH

o |
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Boltzmann equation (cont’d)



Boltzmann equation (cont’d)

dYy 1dYy

dr — z dt

— —Hix8<0annv> (YX2 — YXQ, eq)




Boltzmann equation (cont’d)

dYy 1dYy

dxr T % dt

= lec (Tannv) (Y sz,eq)

Use s = 2 g, T3

H = ?fﬁ% T \/g_*TQ for flat, rad.—dom. Universe
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Boltzmann equation (cont’d)

dYy 1dYy

dxr T % dt

= Hl:c (Tannv) (Y sz,eq)

Use s = 45 g*T?’

H = ?f)ﬁ% T \/g_*TQ for flat, rad.—dom. Universe
4G myM 5
= da: — V90 o (Tannt) (Y — Yy eq)

o |
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Boltzmann equation (cont’d)

dYy 1 dYy

dr — z dt

= —7775(0amnv) (Y = ¥y eq)

3
Use s = 2 g, T

. Pra T \/—* 2
H = 3Md2 o5 Mr T+ for flat, rad.—dom. Universe
dYy, _ Ar/g myM 9
— T T T Voo o (Tannt) (Y — Yy eq)

AT\ /G
For T 2 200 MeV: 10 < 548 < 20 (SM, MSSM)
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Condition for thermal equilibrium

- N

Ny (Cannv) > H for some 7'



Condition for thermal equilibrium

- N

Ny (Cannv) > H for some 7'
# For renormalizable interactions: easiest to satisfy for
I'~m, —

1
mXMp

(Tann V) (T >~ m,y ) >

(See: freeze—in).
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Condition for thermal equilibrium
f Ny (Cannv) > H for some 7' T
# For renormalizable interactions: easiest to satisfy for
I'~m, —

1
mXMp

(Tann?) (T >~ my) >

(See: freeze—in).

#® [For non—-renormalizable interactions: easiest to satisfy
at maximal temperature, T ~ Tx. (See: G)
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Condition for thermal equilibrium

- N

Ny (Cannv) > H for some 7'
# For renormalizable interactions: easiest to satisfy for
I'~m, —

1
mXMp

(Tann V) (T >~ m,y ) >

(See: freeze—in).

#® [For non—-renormalizable interactions: easiest to satisfy
at maximal temperature, T ~ Tx. (See: G)

#» For Tr < m,: Easlest to satisty for I' ~ T (see: WIMP

at low TR).
|
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Example 1: WIMP
-

Decouple (freeze out) at temperature 7' < m,, (see below).
(N.B. Means y makes cold DM!)
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Example 1: WIMP
-

Decouple (freeze out) at temperature 7' < m,, (see below).
(N.B. Means y makes cold DM!)

-

X'S are non-relativistic: 2 conseguences

N3/
1)nX_gX(>;T) e %

3/2

(Cann?) ~ 2\/— [y dvv? (Tannv)e %V /4

o |

Making Dark Matter — p. 20/35



Example 1: WIMP

. N

Decouple (freeze out) at temperature 7' < m,, (see below).
(N.B. Means y makes cold DM!)

X'S are non-relativistic: 2 conseguences

1) ny == gx (mfr )3/2 e

3/2

(Tann¥) 2\/_ fooo dv UQ(Uarlrlv)@_WQ/4

2) Most of the time: can expand cross section in y velocity:

ToannV = a + bv% + . .. :><aamlv>:a+6§+...

o |
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Example 1: WIMP

. N

Decouple (freeze out) at temperature 7' < m,, (see below).
(N.B. Means y makes cold DM!)

X'S are non-relativistic: 2 conseguences

1) ny == gx (m>§r )3/2 e

3/2

(Tann¥) 2\/_ fooo dv U2(Uannv)€_xv2/4

2) Most of the time: can expand cross section in y velocity:

ToannV = a + bv% + . .. :><Oannv>:a+6§+...

Typically, a,b < %, a* ~ 1077, unless a is suppressed by
Lsome symmetry; e.g. for yy — ff: a x mf. J
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Case 1. Low reheat temperature

-

Let 7T'» be the highest temperature of the
radiation—dominated universe (after inflation).

o |
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Case 1. Low reheat temperature

-

Let 7T'» be the highest temperature of the
radiation—dominated universe (after inflation).

Boundary condition: n, (1) = 0 (??)

o |
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Case 1. Low reheat temperature

-

Let 7T'» be the highest temperature of the
radiation—dominated universe (after inflation).

Boundary condition: n, (1) = 0 (?7?)

Assume Tr < m, /20 = x annihilation Is negligible (see
below): ignore 1% rhs term in Boltzmann equation!

o |

Making Dark Matter — p. 21/35



Case 1. Low reheat temperature

. N

Let 7T'» be the highest temperature of the
radiation—dominated universe (after inflation).

Boundary condition: n, (1) = 0 (?7?)

Assume Tr < m, /20 = x annihilation Is negligible (see
below): ignore 1% rhs term in Boltzmann equation!

dYX o 47T\/g_* mXMP 6b 2
— @ — Joo 22 (a4 2) Y eq

o |
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Case 1. Low reheat temperature

-

Let 7T'» be the highest temperature of the
radiation—dominated universe (after inflation).

Boundary condition: n, (1) = 0 (?7?)

Assume Tr < m, /20 = x annihilation Is negligible (see
below): ignore 1% rhs term in Boltzmann equation!

dYX o 47T\/g* mXMP 6b 2
7z /90 X2 (a_i_ ?) Yx,eq.
_ A1\ /Gs my Mp (CL—|— 6_b) mi 6_23/, 45246
Yoo 2 v) @t T e

o |
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Case 1. Low reheat temperature

-

Let 7T'» be the highest temperature of the
radiation—dominated universe (after inflation).

Boundary condition: n, (1) = 0 (?7?)

Assume Tr < m, /20 = x annihilation Is negligible (see
below): ignore 1% rhs term in Boltzmann equation!

: dY 47T\/g_*mXMP 6b 2
da: Y90 X2 (CL—I— )YX’eq
_ 4m/gx my Mp (a_|_ 6b) m_ie_gx 452 2°
Vo0 a2 PR GRS EpEI)
2
15 Mp(ax + 6b)e™ ",

— m
S@QB/Z GQX X

o |
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Case 1. Low reheat temperature

- . -

Let 7T'» be the highest temperature of the
radiation—dominated universe (after inflation).

Boundary condition: n, (1) = 0 (?7?)

Assume Tr < m, /20 = x annihilation Is negligible (see
below): ignore 1% rhs term in Boltzmann equation!

dY, _ 4m\/g« m, Mp (a 4 6b) YQ

arae V9o @ X, €.
_ 4\ /g« m, Mp (CL + 6b) mi 6—2:3 452 1:°
Vo0 a2 @nEC  [@n2)2gImg
2
15 Mp(ax + 6b)e™ ",

— m
8\/%g3/2 GQX X

L———> Yi(x > zR) = 8\/4_523/2 ~mMp - e 2TR [% (:IJR - %) +3b} J
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To get current 2, h*

-

Saw: Y, — Y, o = const. for x > zp.

o |
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To get current 2, h*

-

Saw: Y, — Y, o = const. for x > zp.

2 Py 1.2 NyMmy H;
; Qxh o pcrit.h ~ 3HZM?% (100km Mpc—1sec™1)?
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To get current 2, h*

-

Saw: Y, — Y, o = const. for z > xp.

2 Px 2 NyMy Hg
i Qxh o pcrit.h ~ 3HZM3Z (100km Mpc—1sec—1)2
Yx’osomx

- 3MZ (100 km Mpc—1 sec—1)>2

|
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To get current 2, h*

-

Saw: Y, — Y, o = const. for x > zp.

2 Py 1.2 NyMmy Hj
; Qxh o pcrit.h ~ 3HZM?% (100km Mpc—1sec™1)?
YX7080mX

3MZ (100 km Mpc—1 sec—1)>2
Use 1 Mpc = 3.09-10 km, 1sec™!=6.6-10"% GeV,

so=2.9-103cm=3 =2.2.1073® GeV?, and introduce
dimensionless quantities @ = am?, b = bm?

|
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To get current 2, h*

-

Saw: Y, — Y, o = const. for x > zp.

2 Py 1.2 NyMmy Hj
; Qxh o pcrit.h ~ 3HZM?% (100km Mpc—1sec™1)?
YX,OSOWX

- 3MZ (100 km Mpc—1 sec—1)>2

Use 1 Mpc = 3.09-10 km, 1sec™!=6.6-10"% GeV,
so=2.9-103cm=3 =2.2.1073® GeV?, and introduce
dimensionless quantities @ = am?, b = bm?

— QO h? =m, Y, 02.8-10°GeV ™!

o

|
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To get current 2, h*

-

Saw: Y, — Y, o = const. for x > zp.

2 Py 1.2 NyMmy Hj
; Qxh o pcrit.h ~ 3HZM?% (100km Mpc—1sec™1)?
YX,OSOmX

- 3MZ (100 km Mpc—1 sec—1)>2

Use 1 Mpc = 3.09-10 km, 1sec™!=6.6-10"% GeV,
so=2.9-103cm=3 =2.2.1073® GeV?, and introduce
dimensionless quantities @ = am?, b = bm?

— QO h? =m, Y, 02.8-10°GeV ™!

— Oh? = 0.9 10% e 2m/Tn [ (7 1) 4 3))

TR

o |

Making Dark Matter — p. 22/35



To get current 2, h*

. N

Saw: Y, — Y, o = const. for x > zp.

2 Py 1.2 NyMmy Hg
= W h® =50 h = ST (T00km Mpe Tsec 1)
YX,OSOmX

- 3MZ (100 km Mpc—1 sec—1)>2

Use 1 Mpc = 3.09-10 km, 1sec™!=6.6-10"% GeV,
so=2.9-103cm=3 =2.2.1073® GeV?, and introduce
dimensionless quantities @ = am?, b = bm?

— QO h? =m, Y, 02.8-10°GeV ™!

— Oh? = 0.9 10% e 2m/Tn [ (7 1) 4 3))

2 \ Tg

LExampIe: 6=0, b=10"* = need Tj ~ 0.04m, |
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Case 2: Thermal WIMP

-

Assume y was In full thermal equilibrium after inflation.

-

o |
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Case 2: Thermal WIMP

-

Assume y was In full thermal equilibrium after inflation.

-

Requires
Ny (Cann¥) > H
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Case 2: Thermal WIMP

-

Assume y was In full thermal equilibrium after inflation.

-

Requires
Ny (Cann¥) > H

For ' <m, : n, :JnxjeqocT:s/Qe_mx/T, H x T?
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Case 2: Thermal WIMP

o N

Assume y was In full thermal equilibrium after inflation.

Requires
Ny (Cann¥) > H

For ' <m, : n, f:nxjeqocT:S/Ze_mx/T, H x T?

Inequality cannot be true for arbitrarily small T°; point where
Inequality becomes (approximate) equality defines
decoupling (freeze—out) temperature 7.

o |
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Case 2: Thermal WIMP

-

Assume y was In full thermal equilibrium after inflation.

-

Requires
Ny (Cann¥) > H

For ' <m, : n, f:nxjeqocT:&/Ze_mx/T, H x T?

Inequality cannot be true for arbitrarily small T°; point where
Inequality becomes (approximate) equality defines
decoupling (freeze—out) temperature 7.

For T' < Tr: WIMP production negligible, only annihilation
relevant in Boltzmann equation.

o |
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Thermal WIMP: solution of Boltzmann eq.

-

dY. AT /G« iy M
Had "7 = — T/g_o_méz “(oamv) (VY = Yy eq)

-

o |
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Thermal WIMP: solution of Boltzmann eq.

- N

dY. AT /G« iy M
Had "7 = — %_o_méz “(oamv) (VY = Yy eq)

High temperature, T > Tg: write Y, =Y, oq. + A, ignore A?
term

o |
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Thermal WIMP: solution of Boltzmann eq.

f _ Arm/gx my Mp —‘

dy, 2 12
Had ar /90 2 <0'a,nn”0> (YX — YX,eq)

High temperature, T > Tg: write Y, =Y, oq. + A, ignore A?
term

— dA _ dYx,eq | dYy
de —  dx +dac

dYy. e 4 « M
~ —Lees _ T Sl 5nt) (2Y, eqd)

o |
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Thermal WIMP: solution of Boltzmann eq.

- N

dY. AT /G« iy M
Had "7 = — T/g_o_méz “(oamv) (VY = Yy eq)

High temperature, T > Tg: write Y, =Y, oq. + A, ignore A?
term

— dA dYx,eq | dYy
de —  dx +dm

dY, e 4 % M
~ e O\g—g_m% = (0annv) (2Yy,eqA)

dYy,eq __
de

YX7 €q
X

3
Use =t

— Yy eq = —Yyeq (2>1):

o |
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Thermal WIMP: solution of Boltzmann eq.

- N

dY. AT /G« iy M
Had "7 = — T/g_o_m’;z “(oamv) (VY = Yy eq)

High temperature, T > Tg: write Y, =Y, oq. + A, ignore A?

term

— dA _ dYx,eq | dYy
de —  dx +dm

dYy. e 4 « M
~ —Lees _ T Sl 5nt) (2Y, eqd)

Use d%a}eq = _%ijq —Yy,eq ™ —Yy,eq (2> 1)
To keep 42 =0 : need

2

A~ X
— 2.64m\ Mp./gx(Tannv)

o |

Making Dark Matter — p. 24/35



Low—7" solution

-

Y\..q — 0 = can ignore production term in Boltzmann eq.

-

o |
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Low—7" solution

-

Y\..q — 0 = can ignore production term in Boltzmann eq.

-

% ~ —1.32m, Mp\ /Gt~ %{0annv) A*

o |
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Low—7" solution

-

Y\..q — 0 = can ignore production term in Boltzmann eq.

-

% ~ —1.32m, Mp G0 2 (Cannv) A2

1 1 o0 —2
= ey~ at — LM G o e o)

= —1.32m, Mp./gx J(zF)

o |
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Low—7" solution

o N

Y\..q — 0 = can ignore production term in Boltzmann eq.
A2 ~ _1.32m\ Mp/Get 2 {0 annv) A

dr —
1 1 o0 —2
= ot~ wt) = LR [ dra )

= —1.32m, Mp./gx J(zF)

Assume A(oo) < A(zp)

- 1
— YX,O — 1.32/gsm\MpJ(xF)

o |
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Low—7" solution

o N

Y\..q — 0 = can ignore production term in Boltzmann eq.

42 ~ —1.32my Mp /Gt 2{Tannv) A

der —
1 1 o0 —2
— = ~ aty = 132 Mp G [ da Ounn)
= —1.32m, Mp./gx J(zF)

Assume A(oo) < A(zp)

- 1
— YX,O — 1.32/gsm\MpJ(xF)

2 87107 GevV~?
= = T

o |
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Low—7" solution

o N

Y\..q — 0 = can ignore production term in Boltzmann eq.

% ~ —1.32m, Mp\ /Gt~ %{0annv) A*

— X7 — 5007 = —132m Mp /g [ dee ™ (0 amo)
= —1.32m, Mp./gx J(zF)
Assume A(oo) < A(zp)

1
1.32\/g_*mXMpJ(ZCF)

— YX70 —

8.7-107 11 GeV 2
V+J (TF)

Typically, zr ~ 22; depends only logarithmically on o,,,.

o |
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Low—7" solution

fYx,eq — 0 = can ignore production term in Boltzmann eq. T

A —1.32my Mp\/Gex ™ *(Gannv) A

dr —
1 1 -
- A(ZEF) — m = —]_?)QTTLXMP\/gi* fxo;) dxx 2<O-annv>
= —1.32m, Mp./7x J(zF)

Assume A(oo) < A(zp)

N _ 1
Yyo= 1.32/g=mx MpJ(zF)

2 87107 Gev~?
= T = T

Typically, zr ~ 22; depends only logarithmically on o,,,.

Non-relativistic expansion: J(zp) = - + 32 . .
F

o |
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O h2 ~ 8.7-107 11 Gev—2
Who =

VI (T )

# Solution validated numerically.

-



—11 —2
0O h2 ~ 8.7-10 GeV
X VIxJ ()

# Solution validated numerically.

-

# Density has no explicit dependence on m,,.

o |
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—11 —2
0O h2 ~ 8.7-10 GeV
X VIxJ ()

f.o Solution validated numerically. T
# Density has no explicit dependence on m,,.

# Density has no dependence on reheat temperature 7y,
If Ir>1F.
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o o

—11 —2
0O h2 ~ 8.7-10 GeV
X VIxJ ()

Solution validated numerically.

-

Density has no explicit dependence on m,,.

Density has no dependence on reheat temperature Tk,
If IR >1F.

Density scales like inverse of annihilation cross section:
The stronger the WIMPs annihilate, the fewer are left.

|
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°

°

—11 —2
0O h2 ~ 8.7-10 GeV
X V9 (2 p)
Solution validated numerically. T

Density has no explicit dependence on m,,.

Density has no dependence on reheat temperature Tk,
If IR >1F.

Density scales like inverse of annihilation cross section:
The stronger the WIMPs annihilate, the fewer are left.

Smooth transition to previous case (1r < Tr). MD,
Iminniyaz, Kakizaki, hep-ph/0603165

|
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Co—annihilation

-

Is iImportant for SUSY scenarios with small mass splitting
between LSP and NLSP: om = my — my < my

-

o |
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Co—annihilation

-

Is iImportant for SUSY scenarios with small mass splitting
between LSP and NLSP: om = my — my < my

-

Rate (Y + / < '+ /) > Rate(yy < [ ), by factor
x eZmx—mg )T (f f'. SM particles)
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Co—annihilation
- -

s important for SUSY scenarios with small mass splitting
between LSP and NLSP: om = my — my < my

Rate (Y + / < '+ /) > Rate(yy < [ ), by factor
o eZmx—my)/T (f . SM particles)

X, X retain relative equilibrium well after sparticles
decouple from SM particles: ny = nge 0™/
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Co—annihilation

-

fIs Important for SUSY scenarios with small mass splitting
between LSP and NLSP: om = my — my < my

Rate (Y + / < '+ /) > Rate(yy < [ ), by factor
o eZmx—my)/T (f . SM particles)

X, X retain relative equilibrium well after sparticles
decouple from SM particles: ny = nge 0™/

Previous treatment still applies, with replacement:

Oann — Oeff ™~ Oann T fBO_(XX/ — SM) - féo_(ilgl — SM)

: 5\ 3/2
fg : relative Boltzmann factor = (1 + m—”i) e—om/T
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Co—annihilation

-

fIs Important for SUSY scenarios with small mass splitting
between LSP and NLSP: om = my — my < my

Rate (Y + / < '+ /) > Rate(yy < [ ), by factor
o eZmx—my)/T (f . SM particles)

X, X retain relative equilibrium well after sparticles
decouple from SM particles: ny = nge=0™/7

Previous treatment still applies, with replacement:

Tann = Ocff ~ Oamn + fBO(XX' — SM) + fpo (XX’ — SM)
. 3/2
fg : relative Boltzmann factor = (1 + %) e—om/T

- a(XX), o(X'X') > a(xx) possible! -
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Case 3: Freeze—In

Hall et al., arXiv:0911.1120

# Assume very weak, renormalizable interaction (Feebly
Interacting Massive Particle, FIMP): never achieved
thermal equilibrium

o |
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Case 3: Freeze—In

-

Hall et al., arXiv:0911.1120

# Assume very weak, renormalizable interaction (Feebly

Interacting Massive Particle, FIMP): never achieved
thermal equilibrium

®  pair production dominated by reactions at 7' ~ m,:
independent of 7 as long as Tr > m,,
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Case 3: Freeze—In

-

Hall et al., arXiv:0911.1120

#® Assume very weak, renormalizable interaction (Feebly
Interacting Massive Particle, FIMP): never achieved
thermal equilibrium

#  pair production dominated by reactions at 7' ~ m,:
independent of 7 as long as Tr > m,,

# Final relic density proportional to cross section,
iIndependent of FIMP mass

o |
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Thermal WIMPs, FIMPs: Assumptions

- N

®  Is effectively stable, 7, > 7y: partly testable at
colliders

o |
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Thermal WIMPs, FIMPs: Assumptions

- N

®  Is effectively stable, 7, > 7y: partly testable at
colliders

#® No entropy production after y decoupled: Not testable
at colliders

o |
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Thermal WIMPs, FIMPs: Assumptions

- N

®  Is effectively stable, 7, > 7y: partly testable at
colliders

#® No entropy production after y decoupled: Not testable
at colliders

#® [ attime of y decoupling is known: partly testable at
colliders

o |
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Thermal Gravitino Dark Matter

Each gravitino coupling gives factor =7
section, if m - < \/s. Mgparticle

-

IN Cross




Thermal Gravitino Dark Matter
fEach gravitino coupling gives factor —eide

7 IN Cross
G P
section, if m < /s, Meparticle

— Most important G production mechanism for me 2
MeV: associated production with other sparticle!

.~ 1 2272
06~ g (2602ME + )

o |
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Thermal Gravitino Dark Matter

-

141 1 1 MgsparticleS
Each gravitino coupling gives factor e 1 Incross
section, If mg < /s, Mmeparticle

-

— Most important G production mechanism for me 2
MeV: associated production with other sparticle!

.~ 1 2172
06~ g (2602ME + )

G annihilation can be ignored; write Boltzmann eq. for

Yo =ng/ny
dYs _  nyog
dT — T ATH(T)

o |
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Gravitino DM (cont.’d)

-

Solution of Boltzmann eq.:

> An(Tr)oA - ¥ .
Yo, = Zé(ﬁf x T (assuming Y(Tr) = 0)

o |
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Gravitino DM (cont.’d)

-

Solution of Boltzmann eq.:

~ An(Tr)oA - ¥
Yoo = ZI;(;;)G x Tr (@assuming Y4(Tg) = 0)

2
) ~ g 1 GeV Tr
Q h 0.1 (1 TeV) 2.4-107 GeV

mea

|
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Gravitino DM (cont.’d)

-

Solution of Boltzmann eq.:

Y dn(Tr)oA - >
Yoo = Z}g(ﬁf x Tr (@assuming Y4(Tg) = 0)

2
2 ~ g 1 GeV Tr
Q h O 1 (1 TeV) 2.4-107 GeV

mea

Inclusion of thermal corrections: e.g. Pradler & Steffen,
hep-ph/0612291
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Gravitino DM (cont.’d)

et | N

olution of Boltzmann eq.:
Any(Tr)og
4H(TR)

Yo = ~ Tr (assuming Y5 (Tr) = 0)

2
9 ~ g 1 GeV Tr
Q h O 1 (1 TeV) 2.4-107 GeV

mea

Inclusion of thermal corrections: e.g. Pradler & Steffen,
hep-ph/0612291
In general, have to add QNLSP

NLSPs. (BBN!)

— from (late) decays of

o |
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DM Production from Inflaton Decay

-

Only consider perturbative decays here.

-



DM Production from Inflaton Decay

-

Only consider perturbative decays here.

-

Y : DM patrticle; ¢ : inflaton



DM Production from Inflaton Decay

-

Only consider perturbative decays here. T

Y : DM patrticle; ¢ : inflaton

B(o — v ) : Average number of y particles produced per ¢
decay



DM Production from Inflaton Decay

. N

Only consider perturbative decays here.
Y : DM patrticle; ¢ : inflaton

B(o — v ) : Average number of y particles produced per ¢
decay

Instantaneous ¢ decay approximation: all inflatons decay at
T =Tg.
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DM Production from Inflaton Decay

-

Only consider perturbative decays here. T
Y : DM patrticle; ¢ : inflaton

B(o — v ) : Average number of y particles produced per ¢
decay

Instantaneous ¢ decay approximation: all inflatons decay at
T =Tg.

Inflatons are non—relativistic when they decay.

o |

Making Dark Matter — p. 32/35



DM Production from Inflaton Decay (cont.’d)
E

2
—> ngmy = prad(Tr) = 35915

-

nergy conserved during ¢ decay

o |
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DM Production from Inflaton Decay (cont.’d)

- N

nergy conserved during ¢ decay
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DM Production from Inflaton Decay (cont.’d)

- N

2
—> ngmy = prad(Tr) = 35915

nergy conserved during ¢ decay

— Y, (TR) = n(Tr) _ B(d—=x)ns(TR)

s(Tr) s(Tr)
_ B(é—x)peaa(T)
mes(Tr)
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DM Production from Inflaton Decay (cont.’d)

- N

2
—> ngmy = prad(Tr) = 35915

nergy conserved during ¢ decay

— Y, (TR) = n(Tr) _ B(d—=x)ns(TR)

s(Tr) s(Tr)
_ B(é—x)peaa(T)
mes(Tr)
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DM Production from Inflaton Decay (cont.’d)

- N

= ngMy = prad(IR) = 5 9*T4

nergy conserved during ¢ decay

— Y, (TR) = ny(Tr) _ B(¢?(><T)Z)<15(TR)

B(¢—x)prad(Tr)
mes(Tr)

If ¥ production and annihilation at 7' < T Is negligible,
universe evolves adiabatically:

= O h? = 2.1-10° 22 55y B(¢ — )

o |
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Possibilities for B(¢ — x)

- N

# If y = LSP: expect B(¢ — y) ~ 1. Excludes charged
LSP for my > 2m,, T 2 1 MeV!

o |
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Possibilities for B(¢ — x)

- N

# If y = LSP: expect B(¢ — y) ~ 1. Excludes charged
LSP for my > 2m,, T 2 1 MeV!

# “Democratic” coupling: B(¢ — x) =~ gy /g« ~ 1072,
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Possibilities for B(¢ — x)

- N

# If y = LSP: expect B(¢ — y) ~ 1. Excludes charged
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Possibilities for B(¢ — x)

If v = LSP: expect B(¢ — x) ~ 1. Excludes charged
LSP for my > 2m,, T 2 1 MeV!

“Democratic” coupling: B(¢ — x) =~ gy/gx ~ 1072,
¢ — ffxx (4-body): /

o2 m2 2 . 5/2
Bo =)~ (1= ) (1-%2)

2
¢

(Assumes o(xx < ff) ~ %%, ¢ — ff dominates.)

Can be most important production mechanism for
superheavy Dark Matter (m, ~ 10'* GeV) in chaotic

inflation (m,, ~ 10'3 GeV); for LSP if Tr < 0.03my; ...

|
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# Different production mechanisms give very different
results for Q, h*:
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# Different production mechanisms give very different
results for Q, h*:

» Thermal WIMP: Q,h* o -, independent of T} most

TeffV)

frequently studied case; needs Tr = 0.05m,,.
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# Different production mechanisms give very different
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frequently studied case; needs Tr = 0.05m,,.

# WIMP that never was in equilibrium:
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Summary
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Different production mechanisms give very different

results for Q, h*:
Thermal WIMP: Q,1* oc —_, independent of T’z most

frequently studied case; needs Tr = 0.05m,,.

WIMP that never was in equilibrium:

Oy h? o e_2mx/TRm§<(aannv)

Tr
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Thermal gravitino production: Qéfﬂ X
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Summary
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Different production mechanisms give very different
results for Q, h*:

Thermal WIMP: Q, h? « ——, independent of Tx: most

(Oettv)

frequently studied case; needs Tr = 0.05m,,.

WIMP that never was in equilibrium:

Oy h? o e_me/TRmi<aannv>

Thermal gravitino production: Q~h* m—z
Production from inflaton decay: €, 72 oc ZalrB@—x)
@
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Summary

-

Different production mechanisms give very different
results for Q, h*:

Thermal WIMP: Q,h? o« o, independent of Tjz: most

TeffV)

frequently studied case; needs Tr = 0.05m,,.

WIMP that never was in equilibrium:

Oy h? o 6_2m></TRmi(aannv>

Tr
mea ’

my TrB(¢—x)

Thermal gravitino production: QéhQ X

# Production from inflaton decay: Q,h? o :

e

#» Only the thermal WIMP scenario can be tested using

collider data and results from WIMP search
experiments. Other scenarios can only be tested with J
additional input to constrain cosmology (7, ...).
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