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Introduction

What is the Nature of Dark Matter?

  

Dark Matter should be essentially: 

● Neutral
● Massive
● Beyond the Standard Model (non baryonic)
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Introduction

Non-Cold Dark Matter

WDM free-streeming from overdense to underdense regions
 Smooth out inhomegeneities for λ . λFS ∼

∫
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.

Tested against Lyman-α: absorption lines along line of sights to distant quasars
probe smallest structures mthermal

WDM > 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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Freeze-in

WIMP Freeze-out: Simple picture

SM + 1 extra DM particle χ
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Freeze-in

WIMP Freeze-out: Simple picture

  

[Stolen from J. Heisig Moriond 2018]
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Freeze-in

WIMP Freeze-out: Simple picture

  

Typical cross-section probed by indirect detect° searches or CMB
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Freeze-in

Testing WIMPS: the “simple” picture

 WIMPs at the verge of
discovery/exclusion

see e.g. [Arcadi’17]
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Freeze-in

FIMP Freeze-in: Simple picture

SM + 2 extra dark sector particles: a bath particle B and a DM particle χ
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Freeze-in

Simplified Model for FIMPs: 3 extra parameters mχ,mB, y

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

L ⊂ yχASMB

Dark sector (Z2 odd): mB > mχ

B is SU(3)× SU(2)× U(1) charged

fast B†A↔ SM SM through
gauge interactions at early time
B is produced at colliders today

χ-B-SM interactions:

χ ≡ FIMP↔ y� 10−4

long lived B at colliders
through B→ Aχ
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Freeze-in

FIMP Freeze-in : Simple picture

  

Production processes 
B A

χ

Laura Lopez Honorez (FNRS@ULB & VUB) Cosmology meets FIMPs May 18, 2020 14 / 29



Freeze-in

FIMP Freeze-in : Simple picture

  

Production processes 
B A

χ

Laura Lopez Honorez (FNRS@ULB & VUB) Cosmology meets FIMPs May 18, 2020 14 / 29



Freeze-in

FIMP Freeze-in : Simple picture

  

IR dominated

Laura Lopez Honorez (FNRS@ULB & VUB) Cosmology meets FIMPs May 18, 2020 14 / 29



Freeze-in

FIMP Freeze-in : Simple picture

  

IR dominated

Laura Lopez Honorez (FNRS@ULB & VUB) Cosmology meets FIMPs May 18, 2020 14 / 29



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]

  

Mediator mass range 
reachable at colliders

Freeze-in

B B
B
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Mediator mass range 
reachable at colliders

Warm DM like signatures
Suppressing small scale structures
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Freeze-in

FIMPs from FI through decay as NCDM
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Transfer functions FI through decays
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mDM = 12keV
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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-α: mFI

DM & 10 keV [Boulebnane’17]
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Freeze-in

Minimal models for 3 body interactions
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Freeze-in

Colliders sensitivity to LLPs

  

Stable B 

Displaced B decay

AB χ

Production at colliders
p
p

AB χ

[Calibbi in prep] 

Long lived B
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Freeze-in

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...]

L ⊂ LK −
mχ

2
χ̄χ− mφφ

†φ − λχφχ̄lR + h.c.

SM + 1 charged dark scalar φ + 1 Majorana dark fermions χ
(Z2 symmetry for DM stability)

Cosmo: minimal DM mass ∼ 10 keV

Colliders: Heavy stable charged φ (HSCP) [ATLAS’19]

& displaced lepton searches (DL)[CMS’16]
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Freeze-in

Leptophilic DM: Collider Constraints

HSCP

DL
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Ωh2 = 0.12, Trh = 105 GeV

mDM = 1 GeV

mDM = 100 MeV

mDM = 10 MeV

mDM = 1 MeV

mDM = 100 keV

mDM = 10 keV

mDM = 1 keV

for mDM > 10 keV out of range for
Displaced Searches

Testing mediator masses up to
∼ 400 GeV

Imposing DM relic abundance from CMB, we need cτB = 8πmB/λχ:

cτB ' 3.3× 106cm
( mχ

10 GeV

) (1 TeV
mB

)2

.

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

Freeze-in in early Matter Dominated era

For FI in early Matter Dominated era (MD), the relic density depends on the
reheating temperature TRH [Co’15].
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Freeze-in

Leptophilic DM: Collider Constraints and Reheating

The lower TRH , the lower is Y∞X
 the higher λB must be to account for DM abundance and the lower is cτB.

Lowering TRH allows for displaced signatures at colliders with larger DM
masses. see also [Belanger’18]

If (mφ, cτφ) can be reconstructed at colliders, TRH giving rise to all the dark
matter for the lowest DM mass might serve as an upper bound on TRH
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Freeze-in
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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 
of this talk

& not even FIMPs 
from PBH 

evaporation
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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]

  

[Carr’20] 

PBH fully EvaporatedBefore BBN PBH stable on Cosmological scales
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PBH DM energy injection due to evaporation PBH DM energy injection due to accretion

[Carr’20] 
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PBH and Dark Matter
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PBH DM energy injection due to evaporation PBH DM energy injection due to accretion
PBH evapat the origin ofNot even FIMPDark Matter
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PBH evaporation

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).

For mDM < TF ∝ M2
p/(8πMF), behave as non-thermal NCDM.

NDM = 3.2× 10−2gDMM2
F/M2

p and 〈pDM〉|tev ≈ 5× TF
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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 horizon mass. [Zeldovich & Novikov; Hawking; Carr & Hawking]

MF = Mhoriz = γρtot × 4π/(3H3
F)

102 104 106 108 1010 1012 1014

MF [Mp]
10 5

10 3

10 1

101

103

105

107

m
D

M
 [G

eV
]

inflation

BBN

= 10 10

PBH formed after inflation:
tF > tinfl → MF > 104Mp

PBH evaporate before BBN:
tev < tBBN → MF < 2× 1013Mp

DM abundance depends on the initial
BH fraction: β ≡ ρPBH/ρtot|tF ≤ 1

Lyman-α bound: NCDM account for all the DM if β . 5× 10−7 and mDM & 2 MeV.
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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 horizon mass. [Zeldovich & Novikov; Hawking; Carr & Hawking]
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Ly- : 3keV

FIMPs from freeze-in: Reheating and Colliders
LLP at colliders with displaced signatures for ∼ keV DM only.
FIMPs ∼ NCDM and Lyman-α forest constrains mDM & 10 keV
Lower TRH increase the testable parameter space
 colliders might indirectly probe early universe cosmology

not even FIMPs from PBH evaporation
Gravitational interactions only source DM production
DM properties are testable due to their NCDM Cosmological imprint:
mDM & 2 MeV and β . 5× 10−7 if all DM from PBH

NCDM and future experiments: 21cm Cosmology ?
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Conclusion

Thank you for your attention!
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Lyman-α 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-α
wave- length (corresponding to λα ∼ 121 nm), resulting in a depletion of the
observed spectrum at a given frequency (λabs < λα).

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 ).

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

Laura Lopez Honorez (FNRS@ULB & VUB) Cosmology meets FIMPs May 18, 2020 32 / 29



Backup

Laura Lopez Honorez (FNRS@ULB & VUB) Cosmology meets FIMPs May 18, 2020 33 / 29



Backup

Laura Lopez Honorez (FNRS@ULB & VUB) Cosmology meets FIMPs May 18, 2020 33 / 29



Backup

Laura Lopez Honorez (FNRS@ULB & VUB) Cosmology meets FIMPs May 18, 2020 33 / 29



Backup

Laura Lopez Honorez (FNRS@ULB & VUB) Cosmology meets FIMPs May 18, 2020 33 / 29



Backup

Laura Lopez Honorez (FNRS@ULB & VUB) Cosmology meets FIMPs May 18, 2020 33 / 29



Backup

Laura Lopez Honorez (FNRS@ULB & VUB) Cosmology meets FIMPs May 18, 2020 33 / 29



Backup

Laura Lopez Honorez (FNRS@ULB & VUB) Cosmology meets FIMPs May 18, 2020 33 / 29



Backup

Power spectrum constraints

[Byrnes’19]
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[Carr’20] 
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PBH: summary
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PBH: Leptogenesis
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PBH: DM abundance and ∆Neff
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PBH: Lyman-α
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Evaporation in Radiation of Matter dom. era

The initial PBH fraction: β ≡ ρPBH/ρtot|tF ≤ 1 will affect evaporation scale
factor and the initial dark matter number density:

Matter (PBH) dominated era
for β > βc(MF)
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Radiation dominated era for
β > βc(MF)
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Reheating after FI and smaller cτB

DM yield is diluted due to extra entropy production from inflaton decay:

YX(TFI)/Y∞X ∝ (TFI/TRH)5 ,

 The lower TRH , the longer is the dilution and the lower is Y∞X compared to
YX(TFI), the higher is λB to account for DM abundance and the lower is cτB.
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Collider searches
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Leptophilic DM
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Topphilic DM
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Singlet-Triplet DM
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Singlet-Triplet DM
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LHC & Cosmo complementarity: Singlet doublet

  

At each point y 
is fixed to get the 
DM abundance 

Warm DM like 
constraints from Cosmology

Displaced Charged 
Track constraints 

from ATLAS

Future LHC 
sensitivity

Displaced vertex 
recasting
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LHC & Cosmology complementarity
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LHC & Cosmology complementarity

  

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

Fixed DM mass: underabundant
Fixed DM abundance: need higher mass 
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LHC & Cosmology complementarity

  

[Boulebnane’17]
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Light FIMP can behave as WDM: 
Freestreams from overdense to underdense 

regions in the early universe 
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LHC & Cosmology complementarity
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This is really the end
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