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Evidences for Dark Matter

Several observations indicate the existence of non-luminous
Dark Matter (missing gravitational force) at very different scales!

e -

* Galactic rotation curves [
* RC in Clusters of galaxies [t
* Clusters of galaxies

* CMB anisotropies

DISTRIBUTION OF DARK MATTER IN NGC 3198
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Evidences for Dark Matter

Several observations indicate the existence of non-luminous
Dark Matter (missing gravitational force) at very different scales!

* Galactic rotation curves

* RC in Clusters of galaxies
* Clusters of galaxies

* CMB anisotropies

planck




Evidences for Dark Matter

Several observations indicate the existence of non-luminous
Dark Matter (missing gravitational force) at very different scales!

* Galactic rotation curves
* RC in Clusters of galaxies
* Clusters of galaxies

. . .
CMB anisotropies Dark Matter is there! :-)
But what is it? :-/

* Neutral (electric and color)

* Massive (non relativistic @ structure formation)
* ‘Weak’ interactions with the SM

* Stable or long-lived

Nicolas BERNAL @ NYUAD



Evidences for Dark Matter

Several observations indicate the existence of non-luminous
Dark Matter (missing gravitational force) at very different scales!

* Galactic rotation curves
* RC in Clusters of galaxies
* Clusters of galaxies

. . .
CMB anisotropies Dark Matter is there! :-)
But what is it? :-/

* Neutral (electric and color)

* Massive (non relativistic @ structure formation)
* ‘Weak’ interactions with the SM

* Stable or long-lived

Dark Matter needs ,
New Physics beyond the Standard Model!

Nicolas BERNAL @ NYUAD
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What is the Dark Matter?

Nicolas BERNAL @ NYUAD



What is the Dark Matter?

How was Dark Matter produced
in the Early Universe?

Nicolas BERNAL @ NYUAD
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How was Dark Matter produced
in the Early Universe?

WIMP

camibal FIMP  SIMP  AXION  WISP ALP o rame
Asymmetric DM o Non-thermal DM coosteon

Nicolas BERNAL @ NYUAD 11




Dark Matter Mass
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Menu of the Day

1. WIMP DM
Weakly Interacting Massive Particles

+ Entr’acte 1: Standard vs. Non-standard Cosmology

2. FIMP DM
Feebly Interacting Massive Particles
2a. Infrared FIMPs
2b. Ultraviolet FIMPs

+ Entr'acte 2: Testing reheating

3. SIMP DM
Self-interacting Massive Particles

Nicolas BERNAL @ NYUAD
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1. WIMP DM
Weakly Interacting Massive Particle

Nicolas BERNAL @ NYUAD
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WIMP Dark Matter
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WIMP Dark Matter

dn ; .
X _ 2 2 . .
— T3 Hny = —(voy) ny — (57 WIMP DM typically requires:
1 <gv> ~ few 10%° cm?3/s
10~
— )
1073+ v * GeV to TeV masses
(=] .
® 107 * O(1) couplings DM-SM
o~
lﬁ 1077
> 10794 QA = 012 — Independent on initial conditions!
* reheating temperature
10714 * coupling to the inflaton
L : * DM density after reheating
10 10-2  10-'  10° 10t 102 10% 10 * cosmological evolution before freeze-out

xr=m,/T

Nicolas BERNAL @ NYUAD
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WIMP Dark Matter

dn o

d—f +3Hny, = —(vay) [ny — (n$)?]  WIMP DM typically requires:
- <gv> ~ few 10% cm?3/s
10-3 — ;;1 * GeV to TeV masses
105 * O(1) couplings DM-SM

- Independent on initial conditions!

10779 Ok~ 012

101 ;

Over the last decades a huge worldwide effort

e e sl (O detect WIMP DM using a multi-channel and
102 107 100 10t 102 100 10!

multi-messenger approach...

xr=m,/T

Nicolas BERNAL @ NYUAD but no compelling detection so far! :-(



Detecting WIMPs

Indirect
detection

< —
SM DM
Direct
detection
SM DM
——

Production
at colliders
and in the early
Nicolds BERNAL @ NYUAD Universe



Cross Section [em?]

WIMP Dark Matter under Tension
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Direct detection of dark matter - APPEC committee report
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https://arxiv.org/abs/2104.07634

WIMP Dark Matter unlderl Telnsion

Nicolas BERNAL @ NYUAD
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WIMP Dark Matter under Tension

Owimp-nucleon [CM?]
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Entr'acte 1:

Standard vs Non-standard Cosmologies

Nicolas BERNAL @ NYUAD

THE FIRST THREE SECONDS:
A REVIEW OF POSSIBLE EXPANSION HISTORIES OF THE EARLY UNIVERSE
RouzBeH ALLAHVERDI', MusTaFA A. AMIN®, Asuer BERLIN?, NICOLAS BERNAL', CHRISTIAN T. BYrNEs®, M. STEN
DELOS(‘, ADRIENNE L.‘E-I‘UCKCEK(‘, MIGUEL ESCUDERO’, DANIEL G F]GUEHOAg, KATHERINE FrREESE™ 0, ToOMOHIRO
HArADAY DaN Hooper!'?'#1 Davip 1. Kaser'®, Tanvi KarwaL'®, Kazunort Konri''® Gorpan Krnjaic'?, MAREK
Lewicki™!?, KarLoian D. Lozanov®®, Viviax PouLin®, Kuver SINHA??, TRISTAN L. SMITH®®, ToMO TAKAHASHI?,
Tommi TENKANENZ®?, James UNWINZ®, VILLE VASKONEN"?"* AND ScorT WaATSON®® 24

arX1v:2006.16182v2 [astro-ph.CO]



Standard Cosmology

*We know that at BBN, T ~ O(MeV), the universe
was dominated by SM radiation

* Standard cosmology
- extrapolation up to the reheating epoch T ~ 10 GeV (?)
- SM entropy conserved
- early universe dominated by SM radiation
- Instantaneous reheating

Nicolas BERNAL @ NYUAD
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Cosmology

*We know that at BBN, T ~ O(MeV), the universe
was dominated by SM radiation

* Standard cosmology
- extrapolation up to the reheating epoch T ~ 10 GeV (?)
- SM entropy conserved
- early universe dominated by SM radiation
- Instantaneous reheating

Nicolas BERNAL @ NYUAD
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Standard Cosmology
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This is pretty much the common lore

of the particle physics community! ;-)
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Non-instantaneous Reheating
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Decay or annihilation of inflatons into SM radiation is a continuous process



Non-standard Cosmologies

5 2] =107

> >

S5 10773 0

= 5 i

“Si ] 3 S

N S N

S 10°] S’ ig -i8 w1073 : § s i§

10812 13 BESERE- | ] RE-EEE - S
100 102 107 106 108 10" 102 10% 108 108
a/ag a/ay

* Total energy density of the Universe could have been dominated by another non-SM component
* Entropy injection

Nicolas BERNAL @ NYUAD 29



Non-standard Cosmologies
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* Total energy density of the Universe could have been dominated by another non-SM component

* Entropy injection

Nicolas BERNAL @ NYUAD

Multiple possible sources:

* heavy longlived particle (moduli, GUTs, RHNSs, ...)

* Primordial black holes
*

30



Entr'acte 1:
Standard vs Non-standard Cosmologies

Nicolas BERNAL @ NYUAD
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WIMPs in Non-standard Cosmologies
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WIMPs in Non-standard Cosmologies
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WIMPs in Non-standard Cosmologies
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WIMPs in Non-standard Cosmologies

Singlet scalar
DM model

Nicolas BERNAL @ NYUAD

l0g10AHs

logip Ans

radiation dominated

0.5F

0.0}

Ths55>Tiny

logip(Ms/GeV)

w=0, F=105,

\.

Tana = 10MeV

Ch-s3>Tme

-2.5F

-3.0f

-3.5f

-4.0f

0

1 2 3
logo(Ms/GeV)

l0g19Aus

log 1o Ans

w=1, F=1, T,pe=10 MeV

0.5F

o
o
T

-0.5¢

log 1o (Ms/GeV)

w=-1, F=10%, T,nq= 10MeV

H
i
i
i .
A
!
1 y'

h-sseline

!
!
:
iy
f
o
||I

NB C‘:ko‘smjel, Ténkaﬁen, Vaskonen ‘19

logqo(Ms/GeV)

35



2. FIMP DM
Feebly Interacting Massive Particle

The Dawn of FIMP Dark Matter:
A Review of Models and Constraints
NB, Heikinheimo, Tenkanen, Tuominen, Vaskonen ‘17

Nicolas BERNAL @ NYUAD 36



WIMP vs FIMP Dark Matter
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WIMP vs FIMP Dark Matter
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FIMP Dark Matter

dn ; e
d—tx + 3 Hn, = —(voy) [?& — (nxq)ﬂ

FIMP DM typically requires:
* Very suppressed DM-SM interaction rates
to avoid thermalization between
the dark and the visible sectors
* masses > keV (!)

* Usually assumed a dark sector
with a negligible initial population

— Dependent of initial conditions!

Nicolas BERNAL @ NYUAD
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2a. Infrared FIMPs
Feebly Interacting Massive Particles

Nicolas BERNAL @ NYUAD
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IR FIMP paradigm

logigY

dn
o +3Hn = —{(ov) (%—ngq)

@
. S/

* chemical equilibrium never reached
* renormalizable operators

* masses: keV to ~M,
* A ~10*+

DM-SM
* Tfi ~m

Nicolas BERNAL @ NYUAD

— (mild) dependence from initial conditions
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IR FIMP paradigm

logigY

dn
o +3Hn = —{ov) (a’z—ngq)

X
. Y/

* chemical equilibrium never reached
* renormalizable operators

* masses: keV to ~M,,

* A ~ 10U « “Unnaturally” small...

o S but could be technically natural
T.~m

Nicolas BERNAL @ NYUAD

— (mild) dependence from initial conditions

42



SM*
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Nicolas BERNAL @ NYUAD

Singlet Scalar DM - FIMP

1 FIMP in RD

Q.h% > 0.11

103 101

10!
ms |GeV|
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Detecting FIMPs

By construction, very challenging to test...
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Detecting FIMPs

By construction, very challenging to test...
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IR FIMPs in Non-standard Cosmologies
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WIMPs and FIMPs with Low-temperature reheating
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WIMPs and FIMPs in Non-standard Cosmologies

es-Pérez, Lineros, Soon!
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2b. Ultraviolet FIMPs
Feebly Interacting Massive Particles

Nicolas BERNAL @ NYUAD
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UV FIMP paradigm

m = 100 GeV.

10—10 g

1B e —
1010 log 108
T |GeV]
Tn
(ov) = e

Nicolas BERNAL @ NYUAD

@
. S/

(j; +3Hn=—(ov) (VZ - '”’gq)

* chemical equilibrium never reached
* non-renormalizable operators
* masses: keV to ~M,

*N>T,
T~ T,

- (strong) dependence from initial conditions
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Y =n/s

UV FIMP paradigm

10-10 m = 100 GeV.

10—112
10—12 /
~13
0 101'0"" C ' mg
T [GeV]
"
<Uﬂ> - A2+n

Nicolas BERNAL @ NYUAD

108

1013
10M
— 107

107_

Tyn [GeV

=

10°

103_

v
J0o

0° 10" 108

A [GeV]
Tr ]pr] " M Pl TﬁﬁL 1
An+2 An+2

51



SM DM

SM DM

Nicolas BERNAL @ NYUAD

UV FIMP paradigm

« Heavy mediator (v >>T))

TQ
1 4_
(ov) x g VE

(ov)

Tn-
— A2+n
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SM DM

SM DM

Nicolas BERNAL @ NYUAD

UV FIMP paradigm (o)

« Heavy mediator (v >>T))

TQ
. 4
(ov) x g VE

« Suppressed couplings (A>>T,)
TQ
(ov) A

Tn-
— A2+n
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SM DM

SM DM

Nicolas BERNAL @ NYUAD

T'H-

UV FIMP paradigm (o) = 55

« Heavy mediator (v >>T))

TQ
. 4
(ov) x g VE

« Suppressed couplings (A>>T,)
TQ
(ov) A

« Heavy mediator + suppressed couplings (M, A>>T,)

TG
(ov) o
A4 M4
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SM DM

SM DM

Nicolas BERNAL @ NYUAD

T'H-

UV FIMP paradigm (o) = 55

« Heavy mediator (v >>T))

TQ
4
av) X
V) <93
« Suppressed couglings (A>>T,)
T
(ov) I ~ Gravitational UV freeze-in

« Heavy mediator + suppressed couplings (M, A>>T,)
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A4 M4

55



Gravitational FIMPs

An example of UV FIMP, mediated by massless SM gravitons

l[]lT-
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Depends on:
* DM mass and spin 1012
* Reheating temperature 0% w2 1w s 1w o ot
* No free couplings: M, mpwm [GeV]
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Gravitational FIMPs

By construction, nightmare scenario to test!

The Windchime Project

Gravitational Detection of Dark Matter in the Laboratory I <

N
@ 10 porr

Carney, Ghosh, Krnjaic, Taylor ‘19 : m*‘i

3 e Q’g- Yo
109 10 10t 102 1% 10®
my [GeV]
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http://windchimeproject.org/

Nicolas BERNAL @ NYUAD

Entr'acte 2:
Testing reheating
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Probing Reheating
with Graviton Bremsstrahlung

Inflaton
decay

-----------------

Nicolas BERNAL @ NYUAD

59



Probing Reheating
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Probing Reheating
with Graviton Bremsstrahlung
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Probing Reheating
with Graviton Bremsstrahlung
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Testing reheating
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What about possible DM self-interactions?

Nicolas BERNAL @ NYUAD
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3. SIMP DM
Self-Interacting Massive Particle

Nicolas BERNAL @ NYUAD
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Elastic scattering

Y &
S )
AN P

Kinetic equilibrium;
DM temperature
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DM self-interactions

Number-changing interactions
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SIMP DM
4 _, 2 annihilations

dn 3 4 2 2
E—I—SHn:—(Jv Yasso (R —nndy)

DM DM

A Z, symmetry forbids 3 - 2 annihilations...

DM but allows 4 - 2 annihilations!

DM Could be the dominant channel if

DM DM the SM-DM portal is very suppressed...

... like in the FIMP scenario!
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Singlet Scalar DM
4 _, 2 annihilations
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Self-interacting DM

Eric D. Carlson (Harvard U.), Marie E. Machacek (Mortheastern U.), Lawrence J. Hall (UC, Berkeley and LBL, Berkeley)
Published in: Astrophys.J. 398 (1992) 43-52

Self-interacting dark matter

Temperature evelution
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Perturbativity implies
m ~ O(100) eV
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Self-interacting dark matter

Self-interacting DM

Eric D. Carlson (Harvard U.), Marie E. Machacek (Mortheastern U.), Lawrence J. Hall (UC, Berkeley and LBL, Berkeley)
Published in: Astrophys.J. 398 (1992) 43-52

Temperature evelution
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* Avoid increase of temperature
- SIMP DM

Hochberg, Kuflik, Volansky, Wacker ‘14
NB, Garcia-Cely, Rosenfeld ‘15

* Control the increase of temperature
— ELDER DM

Kuflik, Perelstein, Rey-Le Lorier, Tsai ‘15

* Start with a colder dark sector

NB, Chu ‘15
NB, Chu, Garcia-Cely, Hambye, Zaldivar ‘15

m ~ O(MeV) 79



Singlet Scalar DM
Dark Freeze-out via a FIMP mechanism
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Detecting SIMPs

Very challenging to test

- Look at the sky!
* Bullet cluster
* *missing satellites”
* “too-big-to-fail”
* “cusp vs core”

. S

Nicolas BERNAL @ NYUAD 81



Conclusions & Outlook

* Dark Matter exists
* The nature of Dark Matter is still unknown
* Understanding Dark Matter is one of the major problems in particle physics
* WIMP paradigm is by far the favorite scenario — huge prejudice!
* Many other mechanisms on the market:
FIMPs, SIMPs, QCD axions, ALPs
non-standard cosmologies & low-temperature reheating
PBHs...
e Continue searches for WIMPs, FIMPs, and other DM candidates

(Colliders, direct and indirect detection, astro + cosmo...)

Nicolas BERNAL @ NYUAD
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