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The concordance flat ACDM model...

The simplest model consistent with present observations.
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from single-field inflation



Particle content of the concordance ACDM model...
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Particle content of the concordance ACDM model...

Observables

lonisation &
recombination

Galaxies,
Hydrogen
clouds, etc.

In a standard ACDM fit
only the CDM energy
density and the
baryon density are
free parameters.
Spacetime
metric
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microwave

ctons background
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Beyond ACDM and the standard model...

Observables

lonisation &
recombination

Galaxies,
Hydrogen
clouds, etc.

Many good reasons why
we might want to modify
this picture and test the
modifications against
cosmological observables.

_ o Spacetime
* Theoretical motivations metric

(BSM physics)
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laboratory and other microwave
astrophysical searches Photons background

< SM interaction
< p Gravity



Hot dark matter sector...

Observables

lonisation &
recombination

Galaxies,
Hydrogen
clouds, etc.

See talk of Lattanzi

Planck TT+TE+EE+lowP
+lensing+ BAO

> m,<023¢eV (95%C.L.) Spacetime

metric
Ade et al. [Planck collaboration] 2015
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* Neutrino masses
Photons
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Hot dark matter sector > neutrino masses...

KATRIN projected sensitivity —
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Hot dark matter sector > dark radiation...

Observables

Total relativistic energy
density at early times

x (0)

P=(3.046+AN ),

/

Energy density in Spacetime
one thermalised metric
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at early times
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Hot dark matter sector > dark radiation...

See talk of Lattanzi
Ade et al. [Planck collaboration] 2015
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Hot dark matter sector > dark radiation = -
10'E E
There is no shortage of particle physics candidates ?{ L |
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Hot dark matter sector > eV sterile neutrinos...

“Anomalies” in short baseline neutrino
oscillation experiments:

 LSND and MiniBooNE electron
(anti)neutrino appearance

» Reactor anti electron neutrino
disappearance

Combined “best fit:

2 2
Amg;~1 eV
sin’2 04y ~3X107°
— clearly at odds with the standard 3-neutrino
interpretation of the global oscillation results.

— Can be explained with a sterile neutrino.

See talks of Link and Palazzo
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Hot dark matter sector > eV sterile neutrinos...

See talks of Link and Palazzo

“Anomalies” in short baseline neutrino m2 m2
oscillation experiments:

 LSND and MiniBooNE electron
(anti)neutrino appearance

» Reactor anti electron neutrino

disappearance AmZy AmZy
. “ TN L
Combined “best fit": | AmZoy T
2 2 2 7
Amg;~1 eV ATy s Ay
) - -3 Amgg, <!
sin”20¢g ~3X10 = —

: . "normal” " dv-mverted
— clearly at odds with the standard 3-neutrino o

interpretation of the global oscillation results.

: 2
— Can be explained with a sterile neutrino. min (m, )~y Amgy ~1 eV




SBL-preferred mixing parameters
— full thermalisation can be
expected.

me; ~1 eV
AN ~1

— Looks to be at odds with the
Planck constraints:

log(ém? /eV?)

Ngﬂ' - 3.2 =+ 0.5

95%
Z m, < 0.32 eV

But there are ways (involving new
physics) around these constraints...

See talk of Archidiacono
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Hannestad, Hansen, Tram & Y3*W 2015

also Hannestad, Tamborra & Tram 2012

and older works of Abazajian, Di Bari,

Foot, Kainulainen, etc. from 1990s-early 2000s



Hot dark matte

Thermal production

r sector > Axions...

Axion mass m,[eV] Radiating axion strings

10 1 107! 102 107 10 106 1077
[l i i L UL UL /
AT g O IR
- Pa=pOMO
= Cold dark matter
Hot dark matter __ 1L .

mE E %9';» f

O — &

> 102

g = — Re-alignment

: - :

< 13k mechanism

> E
>0 -
© S 104 Lb—

104

3 E
55 .f
8 o 1075 b |||||ui i |||u|u] ||||||[|] Lo
L & 105 106 107 108 10° 10 10' 102 10V 10

Peccei-Quinn scale  f,[GeV] Figure adapted from J. Redondo



Hot dark matter sector > AXIONS... see talks of Rosenberg and Pivovaroff

The hot dark matter axion parameter space overlaps with the search range for solar
axions.

Axion 500 seconds X-ray
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Cold dark matter sector...

Small-scale  gq 141k of Steinmetz

i . structures
» keV sterile neutrino Observables
warm DM (X-ray searches / orisation &
Y onisation
of radiative decay) T recombination  Galaxies
Hydrogen
See talk of Zandanel clouds, etc.
Spacetime
metric
Cosmic
microwave
Photons background

< SM interaction

< p Gravity
<—» BSM interaction?



Cold dark matter sector...

Annihilation/
decay?

Observables
lonisation &

recombination Galaxies,
Hydrogen
clouds, etc.

See talk of Galli

« WIMP annihilation/decay
(indirect detection)

Rate of energy release

JE . § Spacet_ime
dt dV — pcrit Qx ( 1 +Z) pann metric
Annihilation '
cross—section\ ﬁ?:rrg\fave
< o V> Photons background

pannEf(Z) m
/ X\ <€ SM interaction

Fraction of energy WIMP mass < p Gravity
absorbed <4 BSM interaction?



Cold dark matter sector > WIMP annihilation...

Ade et al. [Planck collaboration] 2015

Annilihiation cross section

x Efficiency factor

fort (ov) [cm®s™!]

See talk of Galli
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Dark sector interactions...

Observables

lonisation &
recombination

Galaxies,
Hydrogen
clouds, etc.

* Dark sector interactions
(DM models, neutrino mass

models) Spacetime

metric

Cosmic
microwave

Photons background

<—» SM interaction

< p Gravity
<—» BSM interaction?



Dark sector interactions...

Observables

lonisation &
recombination

Galaxies,
Hydrogen
clouds, etc.

* Dark sector interactions
(DM models, neutrino mass

models) Spacetime

metric

Self interaction from
e.g., neutrino mass models Cosmic

q microwave
Are neutrinos free-streaming? Photons background
Have we really detected the

CvB (indirectly)?

Self? <) SM interaction
See talks of Archidiacono elr: < Gravity

and Oldengott <—p BSM interaction?




Dark sector interactions...

Small-scale
. . structures
Self interaction from Self? Observables
e.g., mirror matter, ~ ~ o
hidden sectors, ... lonisafion & |
recombpination GalaXIGS,

Hydrogen
clouds, etc.

* Dark sector interactions
(DM models, neutrino mass

models) Spacetime

metric

Cosmic
microwave

Photons background

<—» SM interaction

< p Gravity
<4—)» BSM interaction?

Self?




Dark sector interactions...

Small-scale
. structures
Self? Observables
lonisation &
Protons, ™ recombination  ggjaxies,
He4 nuclei Hydrogen
\;Coulomb clouds, etc.
“ Elect
] ] ectrons
 Dark sector interactions A
(DM models, neutrino mass .
models) DM-neutrino? Spacet_lme
/ metrlc @ompton
DM-neutrino interaction A
from, e.g., a common \/ Cosmic
origin for DM and '
g . Photons qu:rowave
neutrino mass background

<—» SM interaction

< p Gravity
<4—» BSM interaction?

Self?




Dark sector interactions...

Small-scale
structures
Self? Observables
/ lonisation &
recombination Galaxies,

Hydrogen

Coulom clouds, etc.

!

 Dark sector interactions
(DM models, neutrino mass
models) DM-neutrino?

Spacetime
metric

* How dark is dark? DM-photon?

Cosmic
microwave

How far can we push background

the envelope?

<—» SM interaction

< p Gravity
<4—)» BSM interaction?




DM-photon/neutrino elastic scattering...  a.oustic oscillations

« Suppress growth of density

perturbations on length scales
below the collisional damping scale

(cf Jeans' instability).

« DM-photon elastic scattering:
also delays photon decoupling.

 Planck constraints:

Massless mediator

DM-neutrino o,,, <3X 107

DM-photon Oy, <8X 107
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Beyond ACDM and the standard model...

. . Annihilation/
» keV sterile neutrino Self? decay?

warm DM (X-ray searches
of radiative decay)

Observables

" lonisation &
recombination

Galaxies,

« WIMP annihilation/decay Lyarogen
(indirect detection) o
* Dark sector interactions
(DM models, neutrino mass S :

DM-neutrino? pacetime
modsis) metric
* How dark is dark? DM-photon?
« Neutrino masses + Dark g(i)csrrg\i\(/;ave
radiation N__ Photons background
— eV-mass sterile neutrino

(Short-baseline oscillations)

. . < SM interaction
— Hot axions (solar axion Self? Gravit
searches) <«p y

<4—)» BSM interaction?
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