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INTRODUCTION



DARK MATTER

CLUSTER SCALES:

The early history of

Dark Matter:
In 1933 F. Zwicky found
the first evidence for DM

in the velocity dispersion

of the galaxies in the
COMA cluster...

Already then he called it
DARK MATTER |




DARK MATTER

CLUSTER SCALES:

Nowadays even stronger
result from
the temperature of the
cluster gas 1s too high,
requires more
matter than the visible
baryonic matter...




DM-DM

Self-interaction:

B~ DM
BV 0 o DM

Bullett cluster bound on

self-interaction:

g g 1072 em? ~-102ph- <t —LGeV
| Markevitch et al 03]

Slightly stronger constraint by requiring a sufficiently large
core & from sphericity of halos... [Yoshida, Springer & White 00]

But at the boundary maybe some effect on small scales:
Strongly Interacting Massive Particle [Spergel & Steinhardt 99]



DM-DM

SIMP Dark Matter can relax some of the tensions at
small scales and flatten the density in the centre:
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On the other hand 1t looks that larger cross-sections are
needed at dwarves galaxies/low surface brightness galaxies
compared to cluster scales...
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DARK MATTER

GALACTIC SCALES:
Vera Rubin and others noticed
that the stars in the outer part

of galaxies are faster than

expected...
Aoy iey s | X et 2 M (T) MtOt
v, x Gn X
r T

- Expected from
=y -V the visible disk

SR DBut instead it 1s constant ! Need

2

" Distance (light years)



DARK MATTER

GALACTIC SCALES:
Many density profiles, inpired b

data or numerical simulations:
[sothermal, NFW, Moore,
Kratsov, Einasto, etc....
They mostly differ in the
behaviour at the centre, either
cusped or cored !
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Critical for indirect detection !



DARK MATTER LOCAL DENSITY
& VELOCITY DISTRIBUTION

[Catena & Ullio 09, 11]
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Critical for Direct Detection !



'DARK MATTER LOCAL DENSITY
FROM GAIA

n,,,l:rj' :l (1 2 M-\_:,'p(‘”)

oo ar 1.0 15 i a5 A

This wars " TS T T )vo'r;u:.:n.:t.f:;m'

[L. t l 2023] Cragrise:, (202 W — e 5120 rtrazs o ecnbeg rolytacos
11m €t al. Feer, ot al, (2T°F) &1 o | [Creuler vdacity crve

Hoang wtul (27700 &2} ree
3.0 - - Mox Likecliicod, gy = 2.5, 6y = a4, § = 1.1 @ Noeeth(z=15%pe) | Bease, ot al, (20,61 63 1
- == FKilesul al. (Z019) NFW, on = LOG, 1, — 148, 9 =1 @ South (¢~ 1.0kpe) [ Karuk, et ol, (20.6) v} -
45 B oy~ 1T3kpe - LV Lin, et al., (20:4) &) | —
- ® y=0Ukpo - ol Saas, el oal, (275 o) | ——
',-,_: 4 y-173 kf"i - Ablimie, et al., (2220 67 b e
v - - Posa {r -ig) i 1.50

Baare, et ol, (22200 68

Soluz, (20 B o

L 1.95 Pluw, el oal, (2722, T | -
& i Ou, vt ul., (22297 50/ | ‘.
£ N MeMllan, (20:70 711 | — Ciroainr wwheciy i
‘_ - 1.0 g Cautun, et ol., (2220 72 ol
- = Iieyrme, ot nl, (214} 7 bo  Duanbastca fmcan fithng
& = Pilll, et al., ¢22:4) 74 _—
= - 075 Bimewy, vt ul., (22:5) 79 } .
8 £ Calz, o ol., (2071 76 | —

050 Wrgs, etal, 208) W[ e | B st mass mod ok

Hstewi

ot nl, (270

Nitschal, et al., (22000 12 | " axne arinstrnpic
[ .25 Nioschui, vt ul., (2201% 15 |
Widmeary, et ol., (221 7 | ———=u Phas ipace spirah
L, eboal, (20022 A n
0.c0 McKes, ot nl, (275} &7 "|Vertsanl deans azabysia
Nia, et o), (22:60 &1 | ————
Hagen, ot al,, (2081 15 } —
35 8.0 95 10.0 Smvertgzon, et ol., (2.8 LD
duc, et al., (20 18
Sedoenem, vl ol CG0) (Neeth) 11 ¢
Saoman, ot al, "20G0) (South’ 11}
Wisiana, e ol,, (20200 32 LA
W 8 % ’ P e e e ———
Critical for Direct Detection ! o= N R R
0o [ A ) ) 035 [ (]
i - povirs) [GaV lom®)



Anisotropy Power (uK?)

DARK MATTER
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UNIVERSE COMPOSITION

Heavy Elements
: 0.03%

Universe Mass
Composition

i >, Free Hydrogen
. and Helium
4%
' Dark Matter
23%
Dark Energy
NASA Figure

Why QDMhQ ~ 9 QBhQ ?




QUANTUM FLUCTUATION

Making
with infl

H

0p =

Time
27T —
AtAFE > h ultra-tiny
E quantum become...

fluctuations

Gravity stretches

fraction
of a second

and amplifies
the MICroscopic years
fluctuations to

macroscopic scales !

380,000

the “galaxy seeds”
ation

I

large lumps seen in cosmic
microwave background

CMB
last scattering

s "

~200 millhion
years

N

13.7 billion
years

“. :



OLLOWING THE FLUCTUATION

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

These small fluctuations are amplified by gravity &

~ are the or1 ’

—



What happens after such perturbations "re-enter” the horizon ?

In the Newtonian limit we have for the density perturbations of a matter fluid 6 = %p

where c; = (5p/ dp is the sound speed in the plasma. Again a linear equation with a negative mass”
term... The fluctuations with negative mass grow and those have k below £ ; ,i.e. a physical wavelength
larger than the Jeans length:

2ma T B _
Aj = — = g4/ — =~ — sound horizon

k Gp H

How strongly do they grow ? The growing solution is

O ~ C’1H/ 5 + Oy H ~ C1t3/2 + Cyt™ ! for matter dominance
a2 H?

NOTE: much weaker than exponential due to the expansion friction term o< H ! Also if the expansion is
dominated by radiation, the growth is inhibited and at most only logarithmic in time. We need a long
time of matter dominance to make initial fluctuations become large...

Non Linear regime
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FLUCTUATIONS ON ALL SCALES
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Current power spectrum P(k) [(h-! Mpc)3]
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suppresses
perturbations on
scales smaller than its
free-streaming length:

Mw DM
~ Mpe (=g
AFs ES 1keV

Compare with the data:

mwpry > 4 keV
[Viel et al. ‘07]



DARK MATTER

< Interacts very weakly, but surely gravitationally
(electrically neutral, non-baryonic and decoupled
from the primordial plasma !1!)

2 It must have the right density profile to “fill in”
the galaxy rotation curves, 1.e. non-dissipative.

2 No pressure and negligible free-streaming velocity,
1t must cluster & cause structure formation.

COLD DARK MATTER

But unfortunately too many realizations !



DM

< The DM particle or the DM sector should fit into a
BSM model solving more than the DM problem, e.g.

hierarchy, neutrino masses, strong CP problem, etc...

< An effective DM production mechanism should be
present, possibly independent from initial conditions.

- Possibly detectable Dark sector in the near future.

102V peV neV eV meVY eV keV MeV GeV TeV M,
] Leces Ll Ll Ll L1 L1 1 Ll L1 L1 — ]
I I | I I I I | I | I I
I ) pre-infl. QCD axion } ‘ general thermal WIMP } DARK
post-infl. sterile
fuzzy DM dco axion “eutring e MATTER
“classical” p .
QCD axion non-thermal WIMP (FIMP) d
- R paradigms
QCD axion standard

thermal WIMP
{e.g. SUSY neutralina)



DM

< The DM particle or the DM sector should fit into a
BSM model solving more than the DM problem, e.g.

hierarchy, neutrino masses, strong CP problem, etc...

< An effective DM production mechanism should be
present, possibly independent from initial conditions.

- Possibly detectable Dark sector in the near future.
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(e.g. SUSY neutralina)



DARK MATTER CANDIDATES
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Multidimensional
space !

DM production
paradigms:
WIMPs
(e.g. neutralino)

&
“FIMP/SuperWIMPs”
(e.g. axino/gravitino)
&
Misalignment
(e.g. axion/condensate)



WHICH MODEL BEYOND THE SM ?

-

\_

weakly
coupled

\

J

Cosmology

r

<

> strongly
coupled

(Collider-based)
Particle Physics

['o pinpoint the completion of the SM, exploit the

complementarity between Cosmology and Particle Physics

to explore all the sectors of the theory:

the more Weakly coupled and the more strongly coupled to
the Standard Model fields...

Best results if one has information from both sides,

e.g. neutrinos, axions, DM, etc... 777



THERMAL RELICS:
WIMP
DARK MATTER



BASIC FORMULAS

Relativistic particles in thermal equilibrium with p >> m:

2
p=L gt T & —1(B)or7/8(F)
: ¢(3) = 1.202
n=tgt@ e =1(B) or3/a(F)

Non-relativistic particles in thermal equilibrium with m >> p:

p=mn

3/2
= m’ / o m;u ~ Maxwell-Boltzmann
1 = ) € same for B and F !




Zeldovich-Lee—Weihberg -efc
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Two possibilities for
obtaining the “right”
value of Q,h?
decoupling as
relativistic species or
as non-relativistic !
In-between the
density 1s too large !

m, > 4(12)GeV

for Dirac (Majorana)



2 Massive neutrino 1s one of the first candidates for
DM discussed; for thermal SM neutrinos:

QO h? ~ i

but m, < 2 eV (Trittum (3 decay) so thQ <0.0%8

< Unfortunately the small mass also means that
neutrinos are HOT DM... Their free-streaming 1s
non negligible and the LSS data actually constrain

NEED to go beyond the Standard Model !



NEUTRINO AS HDM

Even massive neutrinos remain relativistic for a long time and
their free-streaming suppresses fluctuations on small scales
| Lesgourgues & Pastor '14]
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Primordial abundance of stable massive species
[see e.g. Kolb & Turner '90]

The number density of a stable particle X in an expanding Universe is given by the Bolzmann equation

dZ’_tX +3Hnx = (a(X + X — anything)’U> (ngq — ng{)

Hubble expansion Collision integral

The particles stay in thermal equilibrium until the interactions

are fast enough, then they freeze-out at £y = mx /Ty Relativistic
............................................................. B
: : Increasing <o, v >
definedby n,, <UAU>;cf — H (x ) and that gives fig . A ________
S l Non
1 relativistic
QX = mxnx (tnow) s®e s 0 A e ssesssmsmmmem
(0av),, | CDM
Abundance <> Particle properties | N,
g
Formx ~ 100 GeV a WEAK cross-section is needed !
Weakly Interacting Massive Particle ; \ :
10 1/x 100

For weaker interactions need lighter masses HOT DM !



THE WIMP CONNECTION

Early Universe: Qo pas h?  Direct Detection:

DM\ DM == e 2

any
DM
4~1pb q/\q

Colliders: LHC/IL.C Indirect Detection:

e, q\ DM DM\ e W,z
e, q/ \ DM DM/ \e, W, Z'Y
o

3 different ways to check this hypothesis !1!



WELL-TEMPERED NEUTRALINO

Relic density strongly dependent on neutralino nature !1!

| Arkani-Hamed, Delgado & Giudice 0601041 |
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WIMP MODELS...
...NOT YET EXCLUDED !

[Snowmass 2021 Cosmic Frontier ArXiv:2203.08084]

Ng 10743 Direct Detection
D N—
S
= 10-45
S

10—47

10749

1+ 10 10 1000 104

Disentangle production & DD wvia coannihilation, mixing, etc!



HIGGS PORTAL DM

On the Higgs resonance the DM 1s not in kinetic equilibrium !

[Binder, Bringmann, Gustafsson & Hryczuk 1706.07433]
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Prediction for DM density strongly modified !



HIGGS PORTAL DM

Careful when using EFTs, sometime results change in the full

model, e.g. simple example the Higgs portal !
[Arcadi, Djouadi & Kado 2101.02507]
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Interference eftfects can reduce the DD cross-sections !



BINO-GLUINO
COANNIHILATION

For non-universal gaugino masses also the gluino plays a role
and extends the mass to the multiTeVs !

[Ellis, Evans, Luo & Olive 1510.03498] [ Nagata, Otono & Shirai 1701.07664]
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[Sommertfeld 39, Sakharov 48]
.. JEEL. BRE
2 Consider one particle moving in the Coulomb field produced
by the other... In Feynman diagrams it correspond to

resumming over all ladder diagrams with soft gluons.
The effect arises from the long-range nature of the force !

¢ The cross-section factorizes for a massless gauge boson:
z Cron

T Bt == O € Es(ﬁ) Es(B) = Eaae W T 2 5

- Dominant correction for small velocity !1!

RELEVANT AT FREEZE-OUT and TODAY !



SOMMERFELD FACTOR
FOR COANNIHILATION

|J. Harz & K. Petraki 2018]

40,

Annihilation with SE
+ bound—state formation

0.5 1.0 1.5 2.0 25 3.0 35 05 1.0 15 2.0 25 3.0 35
m, [TeV] m, [TeV]

Coannihilation with a colored state:bound states are important !
The stronger annihilation makes higher masses preferred.



SUPERWIMP MECHANISM

|JE Kim, A.Masiero, D.Nanopoulos Phys.Lett. B 139 (1984) 346-350]
P
|[LC, JE Kim, L. Roszkowski Phys.Rev.Lett. 82 (1999) 4180-4183]

. [J.L. Feng et al. Phys.Rev.D 68 (2003)063504 ]
< A long-lived WIMP ]

particle can decay after . !

decoupling and produce
the DM population: -

Thermal equilibrium |

Freeze—out -

< In the decay also other S 5L
particles are produced, :
but they should not .
disrupt BBN or any :

: _ I S ‘
other cosmological 8 - 100 1000

Observable. » X' = m /T (time -)



SUPERWIMP/FIMP PARADIGMS
WIMP vs FIMP Dark Matter

d
S 43 Hny = —(vay) [n2 — (n59)?]

log1ox

[Figure from N. Bernal’s talk at Invisibles18]

Instead of starting from thermal equilibrium, consider the opposite case:

a particle so weakly interacting that is not initially in equilibrium, but it 1s
driven towards it by the interaction with particles in the thermal bath.
Same Boltzmann equation, but different dynamics !



SUPERWIMP/FIMP PARADIGMS

Add to the BE a small decaying rate for the WIMP into a
much more weakly interacting (i.e. decaying 1) DM particle:

[Hall et al 10]

DM
produced
by WIMP
decay in
equilibrium

1

0.01

0.0001 |

me=100TeV
my=10 TeV —— 1
my=1TeV ——
m2=§00 GeV ——— T

| | | | |
1000 10000 100000 1e+06  1e+07  1e+08

[Feng et al 04]

SuperWIMP
DM
produced
by WIMP
decay after
freeze-out

Two mechanism naturally giving “right” DM density
depending on WIMP/DM mass & DM couplings



SUPERWIMP /7 FIMP

< The FIMP/SuperWIMP type of Dark Matter production

i1s effective for any mass of the mother and daughter particle !

¢ Indeed if the mass ratio 1s large the WIMP-like density of
the mother particle gets diluted:

OSW 2 %;_ BR(Z — 1) Qsh?

< Moreover the FIMP production 1s dependent on the decay
rate of the mother particle not just the mass and can work
also 1n different parameter regions...

QFI1L2 — 1027 gs myl'(X — 9)

3/2 2
g*/ Hbs




F/SWIMP CONNECTION

Early Universe: Qo pas h?  Direct Detection:

2

WU\? any NONE...
.
Colliders: LHC/ILC/) Indirect Detection:
= q\ WH\yDM DM /;, o W.Z,Y
eq \ : S \e, aW.Z,Y
decaying DM |

DM
3 different ways to check this hypothesis 11!



DIRECT DETECTION OF FIMPsS

Direct detection experiment start to become sensitive even to
tiny couplings, if there is a suthcient enhancement by the
number density or a light mediator/Dark Matter !

[ Essig, Volansky & Yu 2017] [Hambye et al. 1807.05022]
Event Rates & Ann. Mod. Search, 1000 kg Xe — XENONIT2018  --- PANDAXII
10—30 --- XENON1T4y --+ LZ (1000 days)

10—31

=32
10 10—10_
.............. K
1 38 T 10—11 i
gL ceeeee 1 event/hr, n,>4
———- Ilqevent/lzir,ge?ol E
T = Ann mod, Xe —2m2/ 02—
ITI 1 ﬁ\l}n mIOd\, X\ell\(l)l()l‘ 1 1 [ | | | 1 11 f‘l[|)M fx mf/lql L1 |§ T T
10 102 10° 10° 10° 10* 102 10°
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N e Rt scattering !!! But also low T_RH !



A SIMPLE WIMP/SWIMP MODEL

[G. Arcadi & LC 1305.6587]

Consider a simple model where the Dark Matter, a Majorana
SM singlet fermion, 1s coupled to the colored sector via a
renormalizable interaction and a new colored scalar 2. :

>\¢1LdRZ == )\EﬂRdRZT

Try to find a cosmologically interesting scenario where the
scalar particle 1s produced at the LHC and DM decays

with a lifetime observable ‘by indirect detection.

Then the possibility would arise to measure the
parameters of the model in two ways !

— FIMP/SWIMP connection



A SIMPLE WIMP/SWIMP MODEL

[G. Arcadi & LC 1305.6587]

No symmetry 1s imposed to keep DM stable, but the decay
is required to be sufficiently suppressed. For My; 2> My, -

Decay into 3 quarks via both couplings !

To avoid bounds from the antiproton flux require then

4
™m
22 »S N10288

5

o A 3
¥



A SIMPLE WIMP/SWIMP MODEL

Q¢,h2 = 0.11

N
AR DM decay observable
~ . N FIMPB | SRS .
E? NI 0.01 in indirect detection
S . BR(Z — ) & right abundance
~ . N S T e & sizable BR in DM
= )‘19 ~ Ay
T But unfortunately
S NN | Y. decays outside
Ll RN the detector @ LHC!
, o DM lifetime Perhaps visible
B T decays with a bit of
Log! hierarchy...
[G. Arcadi & LC 1305.6587] Log(Ay) : )



DECAYING DM

< The flux from DM decay 1n a species 11s given by
1 A 1
®(0,F) = ds p(r(s,0))

oM AE ATmpy Jios.
Particle Physics Halo property J(@)

< Very weak dependence on the Halo profile; what
matters 1s the DM lifetime...

@ Galactic & extragalactic
signals are comparable...

tr)

f% Annihilating DM

< Spectrum 1n gamma-rays

NE 5
ol0°r
]

given by the decay channel!

Smoking gun: gamma line...

Il Il
00000000



FIMP/SWIMP AT LHC

At the LHC we expect to produce the heavy charged scalar )],
as long as the mass 1s not too large... In principle the particle
has two channels of decay with very long lifetimes.
Fixing the density by FIMP mechanism we have:

’ e — -
Is pp = 2.1 x 10°m gy ( > ) l (ﬂf?'ﬂﬂfhg) ( G+ )—-‘-’nfl

1TeV 0.11 100
. Mpm
Very long apart for small DM mass, 1.e. & = <k
ms: .

Moreover imposing ID “around the corner” gives

o X g AL Ty NEL B Qcparh? Gy \3/2
s sp >~ 55 m ( = ) ( : ) ( 7 ) ( ' )
' gs \1TeV 10GeV 10°"s e 100

At least one decay could be visible !!!




LHC AND COSMO BOUNDS

[G. Belanger et al. 1811.05478]
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[Q Decant et al. 2111.09321]
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Here DM is the scalar and the Fermion 1s charged under QCD



