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Introduction
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80% of the matter content is made of Dark Matter J
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What is the Nature of Dark Matter?

Dark Matter should be essentially:

» Neutral
» Massive
* Beyond the Standard Model (non baryonic)
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What is the Nature of Dark Matter?
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* Beyond the Standard Model (non baryonic)
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Non-Cold Dark Matter
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@ WDM free-streeming from overdense to underdense regions
~~ Smooth out inhomegeneities for A\ < A\ps ~ [ v/adt

@ Effects P(k) and T (k) generalized to Non-Cold DM see e.g. [Bode'00, Viel'05, Murgia' 17,
including non-thermal DM from freeze-in or PBH evaporation.
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Non-Cold Dark Matter

Controlled by a
T3(k) /

Controlled by
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[Murgia’17] Controlled by y

[Courtesy DC Hooper]
@ WDM free-streeming from overdense to underdense regions
~~ Smooth out inhomegeneities for A\ < A\ps ~ [ v/adt

@ Effects P(k) and T(k) generalized to Non-Cold DM see e.g. [Bode’00, Viel’05, Murgia’17],
including non-thermal DM from freeze-in or PBH evaporation.
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@ WDM free-streeming from overdense to underdense regions
~~ Smooth out inhomegeneities for A < Aps ~ [ v/adt

@ Effects P(k) and T (k) generalized to Non-Cold DM sce e.g. [Bode'00, Viel'05, Murgia'17],
including non-thermal DM from freeze-in or PBH evaporation.

40!

@ Tested against Lyman-a: absorption lines along line of sights to distant quasars
probe smallest structures ~» m{imal > 1.9-5.3 keV

see e.g. [Viel’05, Yeche’17, Palanque-Delabrouille’ 19,Garzilli’ 19]
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Freeze-in

Feebly interacting massive particles:
Interplay Cosmology and Particle physics experiments
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Freeze-in

Beyond the Standard Model?
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Freeze-in

Beyond the Standard Model: Simplified Model
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Beyond the Standard Model: Simplified Model
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WIMP Freeze-out: Simple picture

SM + 1 extra DM particle x
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Freeze-in

WIMP Freeze-out: Simple picture

SM + 1 extra DM particle x
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WIMP Freeze-out: Simple picture

RXX—>XX X nx <O'V> ~ H(Tdec)

/ N\
Rate of thermalizing Expansion with Hubble rate H
processes:

[Stolen from J. Heisig Moriond 2018]
opez Honorez (FNRS@ULB & VUB) Cosmology meets FIMPs May 18, 2020 10/29




WIMP Freeze-out: Simple picture

RXX—>XX X nx <O'V> ~ H(Tdec)

/ N\
Rate of thermalizing Expansion with Hubble rate H
processes:
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WIMP Freeze-out: Simple picture
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Testing WIMPS: the “simple” picture

Indirect
Detect®

Fermi, Hess,
Ice Cube, AMS,
CTA...

-
N\

~» WIMPs at the verge of
discovery/exclusion

o
)
Q)
[«]
v
wn
wn
o
el
o
=
0
—J
L
<
e
C
<

see e.g. [Arcadi’17]

~100 GeV
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Testing WIMPS: the “simple” picture
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FIMP Freeze-in: Simple picture

SM + 2 extra dark sector particles: a bath particle B and a DM particle y
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___ freein
FIMP Freeze-in: Simple picture

SM + 2 extra dark sector particles: a bath particle B and a DM particle y
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Simplified Model for FIMPs: 3 extra parameters m,, mg,y

FIMP as dark matter, y (~ neutral), would be a fermion/scalar coupled to
dark A and SM B through 3 body interactions

L CyxAsuB

@ Dark sector (Z odd): mp > m,,
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Simplified Model for FIMPs: 3 extra parameters m,, mg,y

FIMP as dark matter, y (~ neutral), would be a fermion/scalar coupled to
dark A and SM B through 3 body interactions

______________ -
L CyxAsuB
° 0 o—
—&(
@ Dark sector (Z odd): mp > m,, A
@ BisSU(3) x SU(2) x U(1) charged it
o fast BfA «++ SM SM through
gauge interactions at early time o

e B is produced at colliders today e

@ x-B-SM interactions:

[Figure from Heather Russell]

o x=FIMP <y < 1074
o long lived B at colliders [see a0 1903.04497]
through B — Ax
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Freeze-in

FIMP Freeze-in : Simple picture

m
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/ N\
Production Expansion with Hubble rate H
processes
X

Laura Lopez Honorez (FNRS@ULB & VUB) Cosmology meets FIMPs

May 18, 2020

14/29



Freeze-in

FIMP Freeze-in : Simple picture
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Freeze-in

FIMP Freeze-in : Simple picture
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Freeze-in

FIMP Freeze-in : Simple picture
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FIMP: displaced vertices and cosmology interplay

e.g. [Hall’09, Co’15, Hessler’ 16, d’Eramo’ 17, Heeck’17, Boulebnane’ 17, Brooijmans’ 18, Garny’ 18, Calibbi’18, No’ 19, Belanger 18, etc]

5 cm 600 GeV\?/ m
Qh? ~0.12 X
0 ( cTB ) ( mp ) (10 keV)
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reachable at colliders
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T0001 001 o
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1074
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Freeze-in

FIMP: displaced vertices and cosmology interplay

e.g. [Hall’09, Co’15, Hessler’ 16, d’Eramo’ 17, Heeck’17, Boulebnane’ 17, Brooijmans’ 18, Garny’ 18, Calibbi’18, No’ 19, Belanger 18, etc]
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Freeze-in

FIMP: displaced vertices and cosmology interplay

e.g. [Hall’09, Co’15, Hessler’ 16, d’Eramo’ 17, Heeck’17, Boulebnane’ 17, Brooijmans’ 18, Garny’ 18, Calibbi’18, No’ 19, Belanger 18, etc]
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FIMPs from FI through decay as NCDM

FI from decay: velocity distribution

— r=1
— r=2

—r=«

—-— Fermi-Dirac

log(g? f(q)) [arbitrary units]
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N
]
o
o
~
n
—
e

@ Contrarily to “usual” WDM, FIMPs are non-thermaly produced.
still they inherit “thermal like” distrib. fn. from the mediator B in equilibrium.

see e.g. [Bauholzer’19] for interesting extra features.
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FIMPs from FI through decay as NCDM

Fi from decay: velocity distribution Transfer functions FI through decays
=1 1.0 ————
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@ Contrarily to “usual” WDM, FIMPs are non-thermaly produced.
still they inherit “thermal like” distrib. fn. from the mediator B in equilibrium.

see e.g. [Bauholzer’19] for interesting extra features.
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FIMPs from FI through decay as NCDM

Fi from decay: velocity distribution Transfer functions FI through decays
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@ Contrarily to “usual” WDM, FIMPs are non-thermaly produced.
still they inherit “thermal like” distrib. fn. from the mediator B in equilibrium.

see e.g. [Bauholzer’19] for interesting extra features.

@ The FIMPs transfer function is similar to thermal WDM for FI through decay.
Tested against Lyman-a: mph; =~ 10 keV (Boutebnane’17]
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Freeze-in

Minimal models for 3 body interactions

Production in the early universe
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Freeze-in

Minimal models for 3 body interactions

Production in the early universe
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Freeze-in

Minimal models for 3 body interactions

Production in the early universe
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Freeze-in

Colliders sensitivity to LLPs

Displaced B decay

Production at colliders
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Freeze-in

Colliders sensitivity to LLPs

Production at colliders
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The case of leptophilic DM

see also [Bergstrom ’89+, Bringmann "08+, Ciafaloni 11, Garny *11+,Toma ’13, Giacchino’13++, Ibarra’ 14, Belanger’ 18, Calibbi’18...]
6 ——
/ @ me¢ >100 GeV
¢ Q—®

A

Y

lp —Y—
lr = €r, IR, TR

m
LC L= XX~ med'dp — M\odxlr + h.c.

@ SM + 1 charged dark scalar ¢ + 1 Majorana dark fermions x
(Z, symmetry for DM stability)

@ Cosmo: minimal DM mass ~ 10 keV

@ Colliders: Heavy stable charged ¢ (HSCP) (arLas 1o
& displaced lepton searches (DL)icus 16]
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Leptophilic DM: Collider Constraints

— mpy =1GeV
Moy = 100 MeV o for mpy > 10 keV out of range for
o= T0Mey Displaced Searches
- '"“’“e" o Testing mediator masses up to
— mpy =1keV ~ 400 GeV

my (GeV)

Imposing DM relic abundance from CMB, we need c7g = 8mmp/\,:

2
1 TeV

~3.3 x 10° ( X ) .
D XA 10 Gev =

~ Generic statement: for freeze-in B decays beyond detector size (~ 10 m)
unless light DM (~ keV) is considered.

v
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Freeze-in

Freeze-in in early Matter Dominated era

INFLATION

acxexp(Hit) T~

a o t?? T o< a?®

pr ~ const pr=~0 proca? pr o< a3

PI

Prad

aoctl?

Toxat

PR X at

Prad

>

| a; 1 ap a

For FI in early Matter Dominated era (MD), the relic density depends on the

reheating temperature Try 1co'1s1.
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Freeze-in in early Matter Dominated era

INFLATION

accexp(Hit) T~

4

1
1
1
1
1
1
pr = const pr=0 1
1
1
1 PR X A"
1
1

P1

I(l,’ I(ZR a

For FI in early Matter Dominated era (MD), the relic density depends on the
reheating temperature Try ico'is.
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Leptophilic DM: Collider Constraints and Reheating

mpy = 100 GeV
— mpy =10 GeV
— mpy =1GeV
— Mpy = 100 MeV
— mpy =10 MeV

mpy =1 MeV
— mpy =100 keV

N — mpy =10 keV

1 ) — mpy =1keV
200 300 400 500 600 700 800G
mg (GeV)

@ The lower Tgy, the lower is Yy°
~ the higher Ag must be to account for DM abundance and the lower is c7.
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Freeze-in

Leptophilic DM: Collider Constraints and Reheating

Qh? = 0.12, T;, = 10° GeV

108, ——
105 — mpy =100 GeV
— mpy =10 GeV
10* — mpy =1GeV
E — mpy =100 MeV
< 1000, —
S — mpy =10 MeV
5
— mpy =1 MeV
100 —_—
S~ T — mpy =100 keV
L DL S
1088 e — mpy =10 keV
an-a bound e
N — mpy =1 keV

1 »
200 300 400 500 600 700 800
mg (GeV)

@ The lower Tgy, the lower is Yy°
~ the higher Ag must be to account for DM abundance and the lower is c7.
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Leptophilic DM: Collider Constraints and Reheating

Qh2=0.12, Ty = 10° GeV Qh?=0.12, T, = 20 GeV

10°F — Moy = 100 GeV
— mpy =10 GeV
10007 — mpy =1GeV
— mpy =100 MeV
— Mom =10 MeV

cTy (cm)

— mpy =1MeV
— mpy =100 keV

— mpy =10 keV
8 ‘ — mpy =1keV
200 300 400 500 600 700 800

my (GeV)

@ The lower Tgy, the lower is Yy°
~= the higher Ag must be to account for DM abundance and the lower is c7.

@ Lowering Ty allows for displaced signatures at colliders with larger DM
MAaSSES. see also [Belanger’ 18]
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Leptophilic DM: Collider Constraints and Reheating

Qh? =0.12, mpy = 12 keV, A, = 0.1

1000

N

0.10 ~~

ol

200 300 400 500 600 700 800
my (GeV)

Tn=10°GeV £
T —100Gey = 10
00 GeV 5
Th=50Gev ° :
— Tin=20GeV
Tin =10 GeV

10

1000

Tin =10° GeV 100

0.10.

0.01

Qh? =0.12, mpy =1 GeV, Ay = 0.1

200 300

@ The lower Ty, the lower is Y°

~ the higher Az must be to account for DM abundance and the lower is c7p.

— T =80 GeV
— T,y =40 GeV
— T, =20 GeV
— Tn=10GeV
— T, =5GeV
— T =2GeV

400 500 600 700 800

mg (GeV)

@ Lowering Tgy allows for displaced signatures at colliders with larger DM

mMasSes. see also [Belanger’ 18]

@ If (my, cTy) can be reconstructed at colliders, Try giving rise to all the dark

matter for the lowest DM mass might serve as an upper bound on Tgy
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PBH evaporation

Not even Feebly coupled DM
from PBH evaporation:
Cosmological imprint
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PBH evaporation

Remember the introduction

Dark Matter should be essentially:

» Neutral
» Massive

* Beyond the Standard Model (non baryonic)

FIMPs: focus

& not even FIMPs

of this talk from PBH
p evaporation
thermal
Ultra-light scalars, axion v, particles| Planck scale
U, e oy e o e 10k
I et - et A } , } } } } e } } } |
30 20 “10 1* 20 30,
10 10 10 T ! ‘ 10 10 107V Primordial fv
Toow  CMEAKSGe black hole _JPIar mass
Cosmology meets FIMPs May 18, 2020
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PBH evaporation

PBH and Dark Matter

see also e.g. [Matsas’98, Bell’98,Bauman’07,Fujita’ 14,Allahverdi’ 17, Lennon’17,Morrison’ 17, Hooper’ 19+, Masina’20]

PBH stable on

PBH fully
E\Y?I)orgrglc\il Cosmological scales
elore
MMy
105 1010 105 1 103 1010 10" 1020
10 T T
l - “N----d
0.1 CMB
0.01 /H
1073  \ / 4
\ /
=R DF, /]
% 10 ‘ \/ /
E105 F | L/ E
& IEGB /
10 / 1
107 / ]
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PBH and Dark Matter

see also e.g. [Matsas’98, Bell’98,Bauman’07,Fujita’ 14,Allahverdi’ 17, Lennon’17,Morrison’ 17, Hooper’ 19+, Masina’20]

PBH DM energy injection
due to evaporation

MMy
10 /1010 100 1 103 1010 10" 1020
T - . -
RS, 3
A\ VA5 .
GWSI\ VEri| ]
HSC

1
E|
1
]

10710 Ll L [qur'ZO]‘“l L 1 \
105 1020 10 10 10® 10 10®% 100 10%

Mlg]
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PBH and Dark Matter

see also e.g. [Matsas’98, Bell’98,Bauman’07,Fujita’ 14,Allahverdi’ 17, Lennon’17,Morrison’ 17, Hooper’ 19+, Masina’20]

PBH DM energy injection
due to evaporation

10 /1010 100 1 103 1010 10" 1020

PBH evap
at the origin of 1
Not even FIMP

Dark Matter

/T
/03

0.01 o

107
10
£107
10
107
108

action

Fr:

10

[qur’ZO]‘ W2
105 1020 10 10 10® 10 10®% 100 10%®
Mlg]

1 1 1
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NCDM from PBH evaporation

PBHs may be light enough to decay via Hawking radiation at an early enough
epoch to avoid all previous constraints.

@ DM particles (and SM) will be produced from PBH evaporation given
gravitational interactions (not even FIMPs needed).

@ Formpy < Tr MI% /(8wMF), behave as non-thermal NCDM.

Laura Lopez Honorez (FNRS@ULB & VUB) Cosmology meets FIMPs May 18, 2020
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NCDM from PBH evaporation

PBHs may be light enough to decay via Hawking radiation at an early enough
epoch to avoid all previous constraints.

@ DM particles (and SM) will be produced from PBH evaporation given
gravitational interactions (not even FIMPs needed).

@ Formpy < Tr Mz% /(8wMF), behave as non-thermal NCDM.
Npwm = 3.2 x 10 °gpuM; /M, and  (ppm)

tEV%SXTF

Transfer function: mpy = 1GeV

1074
---- Fermi-Dirac 1.0
—— Instant.
1075 —— Non-Instant. 0.8
~ 0.6
Nig —— Mp=10%M,
& 0.4 — Me=10"M,
Mg =1012M,
0.21 — Mg=10%M,
=== Mmupm= 3keV
30 0.04 " Mmwpm = 10keV
1073 107t 10t 103
k [h/Mpc]
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PBH evaporation

PBH evaporating after inflation and before BBN

PBH generation: during radiation domination (after inflation) an initially large

density perturbation at sufficiently small scale can collapse to form a PBH with mass
Of Order the hOI'iZOH mass. [Zeldovich & Novikov; Hawking; Carr & Hawking]

My = Mo, = Y Prot X 47T/(3H;)

Laura Lopez Honorez (FNRS@ULB & VUB)
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PBH evaporating after inflation and before BBN
PBH generation: during radiation domination (after inflation) an initially large
density perturbation at sufficiently small scale can collapse to form a PBH with mass

Of Order the hOI'iZOIl mass. [Zeldovich & Novikov; Hawking; Carr & Hawking]

My = Mo, = Y Prot X 47T/(3H2)

107 p=1071 5
108 @ PBH formed after inflation:
< 10° tF > tin — Mp > 10*°M,
% 10t @ PBH evaporate before BBN:
Ealofl BBN tey < tgpy — Mp < 2 X 1013Mp
1073
1075102 104 106 108 10 1012 104
Mg [Mp]
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PBH evaporating after inflation and before BBN
PBH generation: during radiation domination (after inflation) an initially large
density perturbation at sufficiently small scale can collapse to form a PBH with mass

Of Order the hOI'iZOH mass. [Zeldovich & Novikov; Hawking; Carr & Hawking]

My = Mo, = Y Prot X 47T/(3H;)

107 p=1071
—— Qpwh?=0.12 . .
108 @ PBH formed after inflation:

< 10° tF > tin — Mp > 10*°M,

()

£ < e @ PBH evaporate before BBN:

EQ1071 \ BN tey < tgpy — Mp < 2 X 1013Mp
103 @ DM abundance depends on the initial
s BH fraction: 3 = ppgy/protl, < 1

10? 104 106 108 10%° 10%2 10
M [M,]
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PBH evaporating after inflation and before BBN

PBH generation: during radiation domination (after inflation) an initially large
density perturbation at sufficiently small scale can collapse to form a PBH with mass
Of Order the hOI'iZOH mass. [Zeldovich & Novikov; Hawking; Carr & Hawking]

My = Mo, = Y Prot X 47T/(3H;)

B=10"1°
T L

—— Qpuh?=0.12 . .
10° — Ly-a: 3keV @ PBH formed after inflation:

tF > tin — Mp > 10*°M,

@ PBH evaporate before BBN:
tey < tggy — Mp < 2 X 1013Mp

mpm [GeV]

@ DM abundance depends on the initial
BH fraction: 5 = ppgn/protlr <1

102 10 108 10%8 10 102  10™
Mg [Mp]

Lyman-a bound: NCDM account for all the DM if 8 < 5 x 10~7 and mpy > 2MeV.J
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Conclusion

Conclusion

1000

V. Ay =01 B=10"10
T

T
— Qouh?=0.12
— Ly-a: 3keV

o

100F
— T =10°GeV
— T»=10°GeV

mpw [GeV]
g

— T =50GeV
— T =20GeV
0.10 {  — Tn=10Gev

0.0t 2 @ 3 e 10 12 14
*""200 300 400 500 600 700 800 1 10 10 10 10 10 10
Mr [Mp]

@ FIMPs from freeze-in: Reheating and Colliders
o LLP at colliders with displaced signatures for ~ keV DM only.
e FIMPs ~ NCDM and Lyman-« forest constrains mpy 2 10 keV
o Lower Ty increase the testable parameter space
~ colliders might indirectly probe early universe cosmology

@ not even FIMPs from PBH evaporation

o Gravitational interactions only source DM production
e DM properties are testable due to their NCDM Cosmological imprint:
mpy 2 2MeV and B < 5 x 1077 if all DM from PBH

@ NCDM and future experiments: 21cm Cosmology ?

Laura Lopez Honorez (FNRS@ULB & VUB) Cosmology meets FIMPs May 18, 2020 28/29
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Warm Dark Matter

¢ Warm dark matter: DM that is non-relativistic at freeze-
out, but has a non-negligible velocity (mypy ~ 1keV)

e If WDM was in thermal
equilibrium, freeze-out took

place before neutrino 08
decoupling = A ~ Mpc
(< than for neutrinos) 0s

This free-streaming washes
out structures on small
scales — introduces a
suppression of the matter

10° 10 10°
power spectrum K (hMpc)
Deanna C. Hooper - Université Libre de Bruxelles 1 BCTP Theory Seminar - Bonn May 2020
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Lyman-« forest

Absorption lines produced by the inhomogeneous IGM along different line of
sights to distant quasars: a fraction of photons is absorbed at the Lyman-«
wave- length (corresponding to A\, ~ 121 nm), resulting in a depletion of the
observed spectrum at a given frequency (Agps < Aq).

o Allows us to trace neutal hydrogen clouds, i.e. smallest structures

@ Provides a tracer of the matter power spectrum at high redshifts ( 2 <z <
6 ) and small scales ( 0.5 h/Mpc < k < 20 h/Mpc ).

o IGM modelling requires nonlinear evolution: this needs N-body
hydrodynamical simulations. Computational expensive and only
available for few benchmark models.
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21 cm signal?

® & o Transitions between the two ground state
. energy levels of neutral hydrogen HI
iﬁf:;/’ ~» 21 cm photon (vg = 1420 MHz)
. @ 21 cm photon from HI clouds during dark
d # ages & EoR redshifted to v ~ 100 MHz

Antiparallel spins

~» new cosmology probe

Conrpe 2 e

Redshifted 21cm signal

using interferometers Galaxy
such as LOFAR, MWA, PAPER, GMRT
CMB 2d gen: HERA,SKA Surveys
1100 q—i+reashin i 1
]

Age Univ. [Gyr] s 0'5 138

3.710%

May 18, 2020
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21 cm in practice

CMB

Tyga = Teus.,, e 21cm signal observed as

CMB spectral distortions

Radiative

Transter T ¢ The spin temperature

1100 (= excitation T of HI )
charaterises the relative
occupancy of HI gnd state

HI

21cm
Signal

T, e Observed brightness of a patch of HI

compared to CMB at v = /(1 +2)

l+z Tems
0T, ~ 27TmK x(1 + 6 1 -
b HI( ) 10 TS

0
z
credit : [Kovetz |
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LOFAR, MWA,

HERA, SKA
PAPER —

EDGES
High band

EDGES
Low band

10?

10! 55,

>
E

10° -

<
10!

1072

10

\:n 25 /

. /i
Reionisation X-ray WF Collisional
heating ) coupling de-coupling
(B, )53, (K. 2)) = (20)°6P (k —K)Pa(kz) - Adi(k,2) = 55 Pu(k,2)
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NCDM linear regime: suppressed power at small scale

m WDM: free-streeming (collision-less damping): collisionless particles can stream
out of overdense to underdense regions

m IDM: collisional damping (Silk damping): damping length associated to diffusion
processes (depend distance traveled by coll. particles during random walk)

Tx(k) = (Px(k)/Pcom(k))'/? o —
= (1 + (an)ZV)75/V 100 —— Region !%l
-1 f__—_ﬂ_:_",:’,/—_
with v = 1.2 and define the scales ol =]
@ aypy X (O’IDM/I?’lDM)Q48 [Bhoem’01] A10'2 [ ’
for IDM with +y induced damping g f .
awpm o< (1/mwpy)"" (Boderoor - el
@ half mode mass : Tx (kpn) = 1/2 e
~> My = Mpm(omm/mpm) or My, (mwowm) e Yot

I HE

L ii
~ IDM & WDM suppress power at small scales . 0 14 o 100
(large k) characterized by ax or equiv Mj,, KhMpc']  [Schewtschenko’1¢
functions of opm/Mippm OF Mwpys see also [Murgia’17-18]
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21cm could help to discriminate between Non-CDM

X 10K ons = 7.0 % 10711 o 25
10 K o = 517 ke

10 COM

TIT Gunn-Peterson (errors x100)

§34 Lya emmission

06
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21cm could help to discriminate between Non-CDM

Cov =55, Thin = 10° K

t HERA350

0
< —50
E
—100
ST

_150 : i — opu=63 >< m’v“’ or (B%)
--- mwpy = 2.15keV
CDM
5 10 15 20 25 30
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Power spectrum constraints

Mo/ Mg,
10210 10 10° 10* 1 10 10 107210 10 10

p—distortion

(

-
=)
&
S

1078-

e
E CMB% PIXIE-like

041 e 100 10 10 10
Kk [Mpc™] CB, Cole & Patil 2018

If PBHs form from large amplitude perturbations, we will either detect PBHs,
or else (almost) rule out their existence at late times

[Byrnes’19]
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MM,
10715 m"‘ w" 1 105 10 10 102

,. .
o I I \ \
\/Qy m G/ 7
o\ ) oMB\]j
oWl q
1
\or 1
X i
I
:
107 flocs 1
10% 1
109 e ]

1010 Ll . .
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Mlel [Carr'20]

FIG. 10. Constraints on f(M) from evaporation (red), lensing (magenta), dynamical effects (green), accretion (light blue),
CMB distortions (orange), large-scale structure (dark blue) and background effects (grey). Evaporation limits come from the
extragalactic gamma-ray background (EGB), the Galactic gamma-ray background (GGB) and Voyager ¢* limits (V). Lensing
effects come from (F) and pi ing (P) of / bursts, of stars in M31 by Subaru (HSC),
in the Magellanic Clouds by MACHO (M) and EROS (E), in the local neighbourhood by Kepler (K), in the Galactic bulge by
OGLE (0) and the Icarus event in a cluster of galaxies (I), microlensing of supernova (SN) and quasars (Q), and millilensing
of compact radio sources (RS). Dynamical limits come from disruption of wide binaries (WB) and globular clusters (GC),
heating of stars in the Galactic disk (DH), survival of star clusters in Eridanus II (Eri) and Segue 1 (S1), infalling of halo
objects due to dynamical friction (DF), tidal disruption of galaxies (G), and the CMB dipole (CMB). Accretion limits come
from X-ray and radio (X/R) observations, CMB anisotropies measured by Planck (PA) and gravitational waves from binary
coalescences (GW). Background constraints come from CMB spectral distortion (u), 2ud order gravitational waves (GW2) and
the neutron-to-proton ratio (n/p). The incredulity limit (IL) corresponds to one hole per Hubbble volume. Constraints shown
by broken lines are insecure and probably wrong but included for historical completeness; those shown by a dotted line depend
upon some additional assumptions.
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PBH: summary

= -6 = -10
107 p=10 v 107 p=10"" r
— Qpuh?=0.12 — Qpmh?=0.12
105 — Ly 3kev
N s
8 8
= =
£ £
100 10°  10°  10° 10° 102  10% G0 10 15F 16 100 108 1o0v
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PBH: Leptogenesis

Maximum Y from PBH Neutrinos

3 bl
JOR
Lo BBN
g bl
g é
10721 } . . . . ><
102 10 106 108 1010 1012 10
ME [Mp]
3Myom,,
Davidson-Ibarra bound on the CP violation €~ —g- 5
(o)
baryon yield from the heavy neutrinos Ys = e NNYBH
the NCDM produced by the PBH accounts for Qpyh? = 0.12
om, M,\3?
Yp <33x1074 v =
B <0.016 B B <33x10 (0.05eV) (]\[F
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PBH: DM abundance and AN

mpmnowm(t Qe 3/2
QDM(tO) _ DM DM ev ( e\) oy X ]\[

1/2 ﬁ
if ey
QDM(tQ)hQ _ ( mDM (1 1x 1071\[ ) (36 X 1078> ! ﬁ = /3 '

0.12 ll\IeV -1/2
1 I
11><107M) i { e
v T - T} dN;
D = [ (80) o= G
dp |y, Jo o alt) dp’dt’ a(t! Mzg; dp |,
Contribution to AN ANeg(teas) < 0.28 at 95% C.L.

A T - J\ T
ANut(T) = pom(T) — mpynpm(T)

pretv(T) /N (T)
Mg
12x 10718 x —= ifB < B.,
AN re‘(T) 9pM M,
41x1072 if 3> p,.
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PBH: Lyman-«

Estimate for the Lyman-a constraint

(Oomty = ey x P=r _ ( ch) (ﬁ) V2 [64x 1077 for B < B,
t=to ev mpm MpM ]\[p 5.5 x 10,7 for ,B = ﬁct
4/3
vwpli=t, 7 3.9 x 107° <ﬂ) )
mMwDM

Ly—a\ 4/3 1/2
S mpe ( Mp ) / y 16keV  for B < S,
~ keV M, 14keV for 8 > ..

Lyman-a constraints from the transfer function
Tx (k) = (1 + (axhk)™)

mwony 111 Qwon \ O /R N2
S ¢ L
awpm = 0.049 ( TkeV ) ( 0.95 07 h™*Mpc,

N B (mDM)*O-gf‘ (ﬁ)“-“ 8 {60.41\Ipc Rt if B < B,
BBE= \Tev M, 53.2Mpeh™t if B> .,

(i Mg V2 [52keV i B<A,
D= | “iay

M, 44keV if B> ..
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Evaporation in Radiation of Matter dom. era

The initial PBH fraction: 8 = pppn/piot], < 1 will affect evaporation scale
factor and the initial dark matter number density:

Matter (PBH) dominated era Radiation dominated era for
for g > ,BC(MF) 8> BC(MF)
Evolution of the Energy Densities BH Evolution of the Energy Densities BH
T T
ss | — Prad - — P
10 — PesH 10 Pran
1050 4 10%¢ 4
E 10% E 10% 4
% 1040 { ,.7,3‘ 1040
g B
S 10% B 10% 4
3 &
@ 10% 5 10% 4
& 5
102 4 1025
1020 4 1020 \
10‘—33 10'730 10'47 10‘44 10‘41 10‘—18 10‘45 10°% 103 1027 1024 102! 1018  1g-1

time (s) time (s)
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Reheating after FI and smaller c7p

Freeze-in DM production (mp,,, =10GeV and m,=1TeV)

in Radiation Dominated (RD) era

' 4 x 10777

Y

0.001 0.100 170 1000
x=m/T
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Reheating after FI and smaller c7p

Freeze-in DM production (mp,, =10GeV and mg=1TeV)

in Radiation Dominated (RD) era in RD vs MD era
Ty, =10 TeV ; T,, =30 GeV; T,, =15 GeV
' 4 x 107 0.001

T
i
i
;
i
d
| @ i
! 1071 o
/ @ : i
H -18 i i
| 10 | o S
i 1 1 o
H o I I [
i 10 | .
0.001 0.100 10 1000 0.001 0.100 10 1000
x=m/T x=m/T
T

DM yield is diluted due to extra entropy production from inflaton decay:
Yx(Tr) /YR o< (Trr/Tr)’

~+ The lower Tgy, the longer is the dilution and the lower is Y¢° compared to
Yx(TFr), the higher is Ag to account for DM abundance and the lower is ¢7p.
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Collider searches

| Signature | Exp. Document ‘ Vs ‘ L | Label
R-Hadrons CMS EXO0-16-036 | 13TeV | 12.9fb 1 RH

HSCP ATLAS | 1902.01636 | 13TeV | 36.1fb" HSCP
Disappearing tracks ATLAS 1712.02118 | 13TeV | 36.1fb* DT

CMS 1804.07321 | 13TeV | 38.4fb~1
) 1409.4789 | 8TeV | 19.7fb~ "
Displaced leptons (ep) CMS DL

EXO0-16-022 | 13TeV | 2.6fb~*

Displaced vertices + MET ATLAS | 1710.04901 | 13TeV | 32.8fb~! | DV+MET

Delayed jets + MET CMS 1906.06441 | 13TeV | 137fb " DJ+MET
Displaced jets + p ATLAS | 2003.11956 | 13TeV | 136fb~! DJ+p
Displaced dilepton vertices ATLAS | 1907.10037 | 13TeV | 32.8fb~ ! DLV
Delayed photons CMS 1909.06166 | 13TeV | 77.4fb71 Dy
Monojet ATLAS | 1711.03301 | 13TeV | 36.1fb! MJ
Kinked Tracks / / / / KT
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Leptophilic DM

Mx
2

1
£ 5x7"0ux — 5 XX+ (Dud)! D'6 —milof* — A\odXln + hec..

QR =012, moy =1 GeV

— T =10°Gev
. — Ty =40GeV
— Ty =10°Gev o v
£ — T =100 GeV T =10 GeV
< — T =50GeV  Ta=5Gev
3 — Ty=25GeV — Tw=3GeV
— Tw=15GeV
— crp=10" cm
— cry=10'*cm 4
s 10°cm
] cry=10'cm
< o — cr,=10'cm
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Cosmology meets FIMPs May 18, 2020 43/29



Topphilic DM

m2 1. _ _
LD O 0" — 7%2 + 391 Dy — m3dy — Asddtr + hec.,

— T =10° GeV
— T, =500 GeV
— Ty, =200 GeV
— Ty, =100 GeV
— T, =50 GeV
— T, =20 GeV

500 1000 1500 2000

my (GeV)
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Singlet-Triplet DM

mg _ mr _ 1 .
Lpsy = — 5 XsXs — TTT IXxTXxT] + §TT [XTiDuxT]

+~ (Wi Xsa"'x7 + h.c.),

= =

V2 xT

0
XS = Xi» X1 = B
X~ —xp/V2

Qh? =0.12, mpy =10 keV Qh? = 0.12, mpy = 10 keV

—10°
— cty, =10°cm

10° — cty, =10°cm

— Tin=10° GeV
z T, =10°GeV . cty, =10° cm
A 10 2
< — Th=10°GeV 3 — cry, =10%cm
° — Ta=10tGev & — cry, =10' cm
£ 1000
— T,=200GeV F —cr, =10%cm
— T, =50GeV
" — ¢ty =107 cm
100
- . — cry, =102 cm
500 1000 1500 2000 500 1000 1500 2000
my, (GeV) my, (GeV)
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Singlet-Triplet DM

my,=10keV, my, =1TeV, cty, =10°°m, T,,=10GeV

5, =10keV, my, =1TeV, cry, =10°m, T4=10°GeV
10 10
— Scattering — — Scattering
10747 Decay \\ 1047 Decay \
Iz 107 \ I 107° \
= =
\
\
10-1 \ 10714 \\
\ \
107 \ 107 \
0.001) — gym 0.001 — gym
++= Scattering +== Scattering
107 ] 107
- Decay /—_ - Decay
7 10 > 10
107 106
107 £ - . 107 5 : £
102 107 10° 10 10° 107 107" 10° 10! 10°
X
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LHC & Cosmo complementarity: Singlet doublet

At each pointy
is fixed to get the
DM abundance

Displaced Charged
Track constraints
from ATLAS

cr=i00m] (D =012

tant=10

7

v
Py h

500

constraints from Cosmology

[ Warm DM like

1000
] mp [GeV]

1500

Cosmology meets FIMPs

Displaced vertex
recasting
Future LHC
sensitivi
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LHC & Cosmology complementarity

1076 ”:(.L -,.I'Pmmptcxcl. tanf=10 1
1077 L
tal
107®
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501 1000 1500 2000
p [GeV]
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LHC & Cosmology complementarity

10-¢ ”::‘ -,/' Prompt excl. tand=10 3

Fixed DM mass: overabundant
Fixed DM abundance: need lower mass

Fixed DM mass: underabundant
Fixed DM abundance: need higher mass

1077

500 1000 1500 2000
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LHC & Cosmology complementarity

Light FIMP can behave as WDM: o 2,
A — BDM with different A = 1 — m%/m?%

Freestreams from overdense to underdense = natis
L . T T T2 :
regions in the early universe NN\ N N2
\ ‘
107 B # Prompt excl. tang=10 3 o \
=
8 o
s o
g
=
Q. kel
ES 02 \X‘
10°% [Boulebnane’'17]" 0\ N\ \
10° 107 167 107 10°
k (Mpc/h)
10°°

500 1000 1500 2000
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LHC & Cosmology complementarity

Light FIMP can behave as WDM:

Freestreams from overdense to underdense

10°¢

1077

1078

1077

A — BDM with different A = 1 — m%/m?

regions in the early universe
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recoil energy A
Er N X
in keV range -
t-channel
< x
v ~ 200 km/s (halo DM)
do mykZa2Z? 1
X 5 5
dER (2mNER-|—m7,) ER

Huge enhancement if m. < 40 MeV
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= XENONIT 2018
--- XENONIT 4yrs

10—10 1

PANDAX It ln\lf?t the same spectrum as a
LZ 1000 days WIMP,

Must recasti the direct
detection constraints

10—11 ]

10! 102
my (GeV)

103

Very first direct detection test of a Fl scenario !

Hambye, M.T., Vandecasteele, Vanderheyden ‘18
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