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WIMPs

Weakly Interacting Massive Particles

e Thermal production by the freeze-out mechanism.

e Cold Dark Matter

' Dark Matter Production
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WIMP experimental constraints

Numerous experimental searches have not found

evidence of WIMPs.

There are important
constraints for light
WIMPs:
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WIMP experimental constraints

Numerous experimental searches have not found
evidence of WIMPs.

Colliders
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WIMP experimental constraints

Numerous experimental searches have not found
evidence of WIMPs.

Colliders
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WIMP experimental constraints

Numerous experimental searches have not found

evidence of WIMPs.

Indirect searches
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WIMP experimental constraints

Numerous experimental searches have not found
evidence of WIMPs.

Indirect searches
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Prospects for heavy WIMPs

Unitarity arguments limit the WIMP mass to:

The search of heavy

WIMPSs is
effectively
restricted to indirect

searches
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Prospects for heavy WIMPs

Unitarity arguments limit the WIMP mass to:
My <100 TelV

Positrons

The search of heavy

WIMPSs is
effectively
restricted to indirect

searches
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Prospects for heavy WIMPs

Unitarity arguments limit the WIMP mass to:

The search of heavy

WIMPSs is
effectively
restricted to indirect

searches
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Prospects for heavy WIMPs

Unitarity arguments limit the WIMP mass to:
My <100 TelV
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WIMP alternatives

Weakly Interacting Massive Particles

e Thermal production by the freeze-out mechanism

e Cold Dark Matter

i Dark Matter Production
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WIMP alternatives

Weakly Interacting Massive Particles

e Thermal production by the freeze-out mechanism

Alternatives:
» Freeze-in mechanism
» Decays of other particles
» Gravitational production
» Misalignment mechanism
» Spontaneous symmetry breaking

» Asymmetric DM
P ges

Dark Matter Production
Jose Cembranos 14
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WIMP Relic Density

The evolution of the number density follow the Boltzmann equation:
anIMP/dt b _3HnWIMP B cSAV >[(nWIMP)2— (nWIMPeq)Z]
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WIMP Relic Density

The evolution of the number density follow the Boltzmann equation:
anIMP/dt b _3HnWIMP B cSAV >[(nWIMP)2_ (nWIMPeq)Z]

WIMP relic density:
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Freeze-in Relic Density

The evolution of the number density follow the Boltzmann equation:
anIMP/dt b _3HnWIMP B cSAV >[(nWIMP)2_ (nWIMPeq)Z]

Freeze-in relic density:
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Freeze-in Relic Density

By assuming the standard inflation scenario:

 The energy density i1s dominated by the inflaton:

() - (%) (&)
Hp Tg ap

 The abundance can be computed from the Boltzmann equation:
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Decays of other particles

The evolution of the number density follow the Boltzmann equation:
anIMP/dt b _3HnWIMP B cSAV >[(nWIMP)2_ (nWIMPeq)Z]
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Gravitational decays

Planck scale suppressed decay:

3m M2 357 x102%s {MeV} °

b (Am)° b Am
with: b = 10cos? Oy /3 ~ 2.54 B! — Gly
b =2cos? Oy =~ 1.52 G — Bly
b = 2|N11|3 Y — (?A.f"
b=|Ny|? G — v

x = Ny (=i%)+ Nio(=iZ)+ NsH, + N1y Hy

In mMUED, life-times longer than the age of the Universe
are associated to : 795 GeV < R-L < 820 GeV

Dark Matter Production 20
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Gravitational production

Particles are generically produced by a temporal depending
geometry

 The number density is related to Bogoliubov coefficients /£,

1 2
s JakK? A

» Scalar mode wave functions in large k region:
é +3Hg + o (a)d, =0
« WKB approximation:

1 —i| o +i
(ak,oe J dt+:3k,oe J%dtj

A= J2m, @’

2 LUND UNIVERSITY
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Gravitational production

Particles are generically produced by a temporal depending
geometry

 The number density is related to Bogoliubov coefficients /£,

1 2
i a4
7T-a Chaotic inflation, conformal coupling

n=

preheating, reheating i

® . .
06 L Nonadiabatic stage |

| I |
-106 0 10 20 30 40 b0 60 70 80

t)M,

=]
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Gravitational production

Particles are generically produced by a temporal depending
geometry

 The number density is related to Bogoliubov coefficients /£,

. [dkk? ||

n=
2r°a’

» Scaling of the DM density related to radiation:

p(to) p(tru) (TRH)

pr(to) pr(tra) \ 1o

i Dark Matter Production
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Gravitational production

Particles are generically produced by a temporal depending
geometry

 The number density is related to Bogoliubov coefficients /£,

. [dkk? ||

n=
2r°a’

» Scaling of the DM density related to radiation:

p(to) p(tru) (TRH)

pr(to) pr(tra) \ 1o

pltra) _ 87 plte)
J,UR(_?LPLHJ 3 J[%{;_Hg(fe)

i Dark Matter Production
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Gravitational production

Particles are generically produced by a temporal depending
geometry

 The number density is related to Bogoliubov coefficients /£,

1 2
= J'dk k?| ]

« Abundance: €2 = p(to)/pe(to) e——pe(to) = 3HEM 3, /87

Oh? ~ Qpp2>r (1R f;(fﬁ?m
3 To ) M2,H?2(te)

= Dark Matter Production
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Gravitational production

Particles are generically produced by a temporal depending
geometry

 The number density is related to Bogoliubov coefficients /£,

1 2
— [k |5,
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)2
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Gravitational production

Particles are generically produced by a temporal depending
geometry

 The number density is related to Bogoliubov coefficients /£,

1 5 2
n:zﬂzasjdkk 5,
« Abundance:
M. ¥ T Y
Q. h? ~ X RH X | exp(—2M. /H
X (10“6er lOgGeV[He] P «/H.)

mm)> Supermassive DM: Mx > 10° GeV
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Chung, Crotty, Kolb, Riotto, arXiv:hep-ph/0104100
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Relic Density from symmefry breaking

= Non-topological and topological solitons are
generically formed:
= Strings: Non trivial first homotopy group
= Monopoles: Non trivial second homotopy group
= Skyrmions: Non trivial third homotopy group

- f = (®ener

= | Spontaneous Symmetry Breaking
) 4

------

Topological defect network formation

If stable: Viable DM candidates

4

Dark Matter Production
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Parficle defects: Monopoles

s Kibble-Zurek mechanism:
m Correlation lenght {£:§EJ|E|—F  T.-T
s Relaxation time T = Tole[™* r.

PeV

T

- 10—12\ T P
thgwﬁ-lﬂlﬁ(l'g{ 10 ) (”i-lw)p_l

= Landau-Ginzburg: 2 230 (vw)?
M z. \PeV

s Fiducial model:

1.9. 10_2 (mM )l?

2
Qarh ;r?ﬁ PeV

Dark Matter Production
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Parficle defects: Monopoles

Kibble-Zurek mechanism:
= Correlation lenght {5:50|E|—u T.-T

= Relaxation time T = Tole[ ¥ T.

Magnetic monopoles density Magnetic monopoles density
1 — E e e
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Relic Density from symmefry breaking
= Non-topological and topological solitons are
generically formed:
= Strings: Non trivial first homotopy group

= Monopoles: Non trivial second homotopy group
= Skyrmions: Non trivial third homotopy group

W .".J' ‘.1i
J-- ~"
, : S
y N T W b i
:n ” : . ! i

// S -4 ’.‘ -__:'.-"7

s r y o
< el H = PP

U

= Monopoles: AR
/ i~ 15x 10" (1) (37)

F
T, =~10° GeV _

Dark Matter Production
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Relic Density from symmefry breaking
= Non-topological and topological solitons are
-generically formed: - -
= Strings: Non trivial first homotopy group

= Monopoles: Non trivial second homotopy group
- = Textures or skyrmions: Non trivial third homotopy group

Energy
= | Spontaneous Symmetry Breaking
: ) 4

\QL’C
Topological defect network formation |

Topological defects decay |

Pseudo-goldstone boson production

Dark Matter Production
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Relic Density fromm symmetry breaking

= Topological defects are generically formed
depending on the symmetry pattern:
= Strings: Non trivial first homotopy group
= Monopoles: Non trivial second homotopy group
m Textures or skyrmions: Non trivial third homotopy group

Energy

IO\

Cold DM Abundance:
[eer]
(Ys19s1 )4

1 "
. Mme 1z n
Ouh? ~ 0.15 [ ] [ .
Dark Matter Production

leV 1012 GeV
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Relic Density from Misalignments

= Bosonic particles may have important abundance
due to initial displacements.

= Misalignment mechanism
1 For H(T) >> m mmmp O=9
5 For 3H(T)<m == ¢ oscillates around the

minimum of its potential. These oscillations
correspond to a zero-momentum condensate.

Y 4

Cold DM Abundance:
mq 3 ' mﬂ{"l
Qyh® ~ 0.86 [ [ﬁ] elffil) \\QL’/

1
1 T

17 ~ 15.5TeV [m !ﬂ]
Ge1

Cembranos, PRL102:141301 (2009)

i Dark Matter Production
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Axions
= In QCD, the CP violating phase is physical:
0 =btqcp +0

i Dark Matter Production
22 LUND UNIVERSITY
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Axions

= In QCD, the CP violating phase is physical:
0 =btqcp +0

My €% 0 U .~
'CS}I - _'TL U -’”df'.m (‘; o \,\‘iGC? HQCD
0 0 » )y

Dark Matter Production
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Axions

= In QCD, the CP violating phase is physical:
0 = tgcp + 0

m Electric Dipole Moment of the Neutron:

dy, ~ 0 x O(1072)[e fmn]

AP < 3 x 107 e fm]

s Strong CP problem: 6 < 10— 10

Dark Matter Production
Jose Cembranos
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Strong-CP Problem

= Solutions:
= The presence of a massless quark:

=
l
L

= Introducing a new axial U(1) symmetry:

= Spontaneusly broken ‘ Nambu-Goldstone boson

= The theta parameter becomes dynamical: 6 — o/ f,

AXIon

= The new U(1) is explicitly broken by QCD radiative effects:

‘ pseudo-Nambu-Goldstone boson

Dark Matter Production
Jose Cembranos
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Strong-CP Problem

The QCD-axion is predicted by the Pecci-Quinn solution to the
strong-CP problem. Many other theories beyond the SM predicts
light pseudo-scalars very weakly

coupled to SM particles. j
The main phenomenology and signatures comes -~ g
from the two photon coupling (Primakov effect): aggglp

1.- SuperWIMP scenario:

10°¢ RN R

3 1 !
Axions 2 !
. -10 Q -
SuperWIMP signatures: \ Horizonal Brancr S
a. Indirect detection S 10

Ja

a.1. Axion solar flux
b. Star and SN cooling

Sn1987a
1014

on

c. Laser experiments 106 models

Lot g ds by adsalsal

I
> —4 —2 0
Dark 10 10 m. (eV) 10 10

(0102) [XWawv] e s 1sored "9
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Asymmetric DM

The abundance of DM may be related to a different
number of DM particles versus DM antiparticles.

e A Dark global symmetry can be postulated
assoclated with a dark baryonic number:
» Bv is broken, whereas Bp iIs not.
» Bp 1s broken, whereas Bv iIs not.
» Bvand Bo are both broken.

» A linear combination of Bv and Bo can be broken: X
e Different possibilities for production:

2 LUND UNIVERSITY

K. Petraki and R.R. Volkas, arXiv:1305.4939v3 [hep-ph]
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Asymmetric DM

The abundance of DM may be related to a different
number of DM particles versus DM antiparticles.

e A Dark global symmetry can be postulated
assoclated with a dark baryonic number:

e Different possibilities for production:
» Asymmetric freeze-out
» Asummetric freeze-in
» Violating X and CP Decaying DM

» Coherent bosonic background violating X and CP
(Affleck-Dine mechanism)

» First order phase transition (X is violated through

sphalerons)

» Spontaneous genesis (CPT violation)

22 LUND UNIVERSITY

K. Petraki and R.R. Volkas, arXiv:1305.4939v3 [hep-ph]
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Conclusions

We have discussed about different DM production
mechanisms:

» Freeze-out mechanism

» Freeze-in mechanism

» Decays of other particles

» Gravitational production

» Misalignment mechanism

» Spontaneous symmetry breaking
» Asymmetric DM

Dark Matter Production
Jose Cembranos
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Fundamentals of Cosmology

Effective number of relativistic degrees of freedom:
From 106.75 to 3.36 (energy) or 3.91 (entropy)

10%E

B.g

10! £

Dark Matter Production
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