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Introduction

DARK
MATTER
DARK
ENERGY
BARYONS
80% of the matter content is made of Dark Matter )
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What is the Nature of Dark Matter?

Dark Matter should be essentially:

* Neutral
e Massive
» Beyond the Standard Model (non baryonic)
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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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Introduction

What is the Nature of Dark Matter?

Dark Matter should be essentially:

* Neutral
e Massive

» Beyond the Standard Model (non baryonic)
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FIMPs

FIMPs
from Freeze-in and superWIMP
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WIMP versus FIMP

Cosmology

Particle Physics
de (t7 p) : !

Sl [l
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WIMP versus FIMP

Cosmology

Particle Physics
de <t7 p) : !

Sl (e[

Weak coupling
to SM

Tyosm > H

“Thermal DM” (incl. WIMP)
fx(t= p) = fx(tA,p)fD'BE
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WIMP versus FIMP

Cosmology

de (t, p) _ C[;a]ticle Physics
dt X

Feeble coupling

Weak couplin
to SI\E ¢ to SM
Iyosm > H Tyosa < H
“Thermal DM” (incl. WIMP) “Non-Thermal” FIMP
D,BE
Klt.p) = filtp) F(t.p) # fi(t,p)PPE
% 1074
% 108
5 1012 :
; -16 I'
0.1 1 10 100 1000 10 i 100 s 106

T = Mumother/T
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The simple picture of WIMP Freeze-out

@ DM annihilation driven freeze-out
@ x chem. & kin. equilibrium
° O o 1/{(ov)yy
o O n? =0.12
s (oV) oy = 3 x 10726 cm’/s

0.1 1 10 100 1000
@ X = mX/TandxFo ~ 25

Careful: coannihilations, velocity suppressed (ov), potential large contributions from higher order

processes, etc, not taken into account in this simple picture.
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The simple picture of FIMP Freeze-in

see also [McDonald 02; Covi’02; Choi’05; Asaka’06; Frére’06; Petraki’08; Hall’09; etc]

< @ Freeze-in from B decays
3 o @ x decoupled
£ o0 @ Binchem. & kin. equilibrium
< T
§ 1 { . b QXh2 X FB%XMp/ml.z'iN Rr
L LT T 2 _ -8
- ' o Oh”=0.12~ A\, <10
0.1 1 10 100 1000 ° x— mB/T and xg ~ 3

T = mmother/T

Careful: late decay (SW), production via scattering, early matter dominated era (T small), non
renormalisable operators and thermal corrections for ultra-relativistic DM not taken into account.

Zero x initial abundance assumed.
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FIMPs from superWIMP

see also [Covi "99 ;Feng "03]

superWIMP from late B decays
x decoupled

B chem. decoupled

Q1 = my /mp x Qph*|ro

if B — AsmAf,, not open

Y (= com. number density)

1 100 104 100
Tr = 7nmuther/T

x:mB/Tandxsw NREl/z >3
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FIMPs

FIMPs from FI & superWIMP

Careful: both SW and FI contributions
are always present for production via B decays!!

5 v . @ x decoupled
‘g 1078 \ — @ x population slowly builds up from
J— ' B before and after FO.
i ! ° Qxh2 = Qxh2|FI + Qxh2|sw
10-16 !

1 100 104 100
T = mmothcr/T
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FIMPs: LLPs and NCDM

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: LLPs and NCDM

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

FIMPs: LLPs and NCDM

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]

2
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CcTB mpg 10 keV
Mediator mass range
reachable at colliders
A mp=600GeV |
P B 0 1000. B
DM ;
100+
B A _ i
P 5 10
Long-lé 0 D.\IE
\E L
0.1
0.01
Transfer functions Fl through decays P PP e eian
10] — 10-6 10 0.001 0.01 0.1 1
= — my|GeV]
oo /IVarm DM like signatures
LS (=== \ Suppressing small scale structures
. i amieproerd B
et
00]/— o = 20cev

FIMP as NCDM April 27, 2022

11/27



Framework

Framework J
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Framework

Beyond the Standard Model: Minimal Models

7 4
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Beyond the Standard Model: Minimal Models
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Framework

Minimal Models: 3 extra parameters m, , mg, \y
Dark matter x coupled to dark B and SM A through Yukawa-like interactions

L C /\X X AsuB

@ Dark sector (Z odd): mp > m,,

@ BisSU(3) x SU(2) x U(1) charged
o fast B'B «++ SM SM through gauge interactions at early time
e B is produced at colliders today
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Framework

Minimal Models: 3 extra parameters m, , mg, \y
Dark matter x coupled to dark B and SM A through Yukawa-like interactions

L C /\X XASMB
@ Dark sector (Z odd): mp > m,,

@ BisSU(3) x SU(2) x U(1) charged

o fast B'B «++ SM SM through gauge interactions at early time
e B is produced at colliders today

@ Minimal scenarios:

Production in the
‘ Agu | Spin DM | Spin B | Interaction | Label |

early universe

0 1/2 b ¥ Fpos —><
Wore / / "gsM o] ) @
1/2 0 YauxPp S A
v 1/ 1/2 ‘i’B(TWXFW Fry
ik
" 0 0 H'®p¢ Sne @ @
1/ 1/2 UpyH Fiiy A
[Calibbi, D’Eramo, Junius, LLH,Mariotti 21] X X
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Framework

Fermionic DM coupling to fg = I or t

° ¢
0 @—5(
AN X ( fR)_
A fR.(X)
fr=1Ir,tr

m
LCLg— 7X>_<X — m¢¢5T¢ — A@XfR + hec.

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

o We work in the small coupling limit A\, < 10’

@ Here we focus on fz = Iy, tg.
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Displaced Signatures )
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Displaced signature

FIMPs and Long lived Mediators

P B
Kinked Track (KT) el
Heavy Stable Charged Particles (HSCP) ‘,‘ / 7 = A
R-hadrons (RH) : 4 ’ i @,
/' Delayed Photon
/. Delay ©)
Displaced vertices = Delayed Jet (DJ)
+Muon (DV+) - s Displaced vertices (DV)
—_—
A)isappearing Displaced Lepton
Displaced ./ _ Track vertex (DLV)
Lepton (DL) / (bT) \

@ FIMP= feebly interacting massive particle, i.e. A, < 1

@ )\, < land Am/m < 1~ possibly c¢7p 2 collider detector size.

@ Blong lived particle (LLP), heavy stable particle and displaced events

Laura Lopez Honorez (FNRS@ULB)
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Displaced signature

Model dependent signatures

Production at colliders

Kinked Track (KT)

@ Heay Siable Charged Pamcles (HSCP) ,‘ e e
o 0<g N F
om
/  Delayed Photon (Dy)
Displacedvertces || | = |\ _/: .~ | Delayed Jet (DJ)
+Muon (DV+y) == === | Displaced vertces (DV)
@ @<@ N .
2 HCAL
11v e d B — o Displaced Lepton ECAL
Lepton (DL) Tracker
Displaced B decay Stable B
DV DJ | DJ
Label + + + | DL | DLV | Dy | DT | RH | HSCP | KT
MET | MET | 1
[ Fio & Siy v 7 17
Fro & Sry v v v v v
Fo&Sp | v | v v
([ Feo & Six v v v |V v
Fox v | v v
Fwy v v V|V v v v v
Sus & Fun | ¥ vy v v
[Calibbi, D’Eramo, Junius, LLH,Mariotti ‘21]
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Displaced signature

Exemplary case of Leptophilic DM
see also e.g. [Hall’09, Belanger’ 18, Calibbi’21, etc]
LCLxg— XX — mgptp — M\ dxlr + h.c.

Qh?=0.12, Tp=10° GeV

— mpy =100 MeV
— mpy =10 MeV
1 Me

¢ty (cm)

— mpm =100 keV
— mpm =10 keV

my (GeV)

@ Leptophilic DM: displaced leptons (DL), disappearing tracks (DT) and heavy
stable charge particle (HSCP) searches
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Displaced signature

Exemplary case of Leptophilic DM
see also e.g. [Hall’09, Belanger’ 18, Calibbi’21, etc]
LCLxg— XX — mgptp — M\ dxlr + h.c.

Qh?=0.12, Tp= 105 GeV Qh?=0.12, Tp=10° GeV
10° — 600

oL ATLAY
sool/” [\ / .
| — CT, =10°cm

— mpw =100 MeV — T, =10°cm

_ _ _ S 400
g Mom =10 MeV 8 — T, =10°cm
o ey € :
° — Mo =100 key = 300 — h =1
— mpym =10 keV /
200 — ¢, =10%cr
DL CMS
100
100 200 300 400 500 600 10° 10 10 0.0010.0100.100 1
ms (GeV) mpw (GeV)

@ Leptophilic DM: displaced leptons (DL), disappearing tracks (DT) and heavy
stable charge particle (HSCP) searches

@ Top-philic DM: displaced vertices (DV), delayed jets (DJ) and R-hadron
searches are the most sensitive/complementary.

Where is the Cosmology bound from “WDM-like” free-steaming effect ?
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NCDM

Non-Cold Dark Matter J
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Non-Cold Dark Matter

Galactic Cluster

Cosmic

I >

;:‘J |
‘
M M)

Sun 10% 10 10% 102 100 10} 10°
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M

~_ Unknown small
scale behavior
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0.01

'
1 WDM(8keV)
£
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10°

T
Dimensionless

matter power
spectrum

M. Kuhlen et al. 2012

@ 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 see.g. [Bode'00, Viel'05, Murgia'17],

including non-thermal DM from freeze-in or super WIMP.

FIMP as NCDM

April 27, 2022
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Non-Cold Dark Matter

Controlled by a

Controlled by f

T2k = P(O)ncom

= [1L+ (@k]”
P(k)cpm [1+ (@]

[Murgia’l7] Controlled by y

[Courtesy DC Hooper]
@ WDM free-streeming from overdense to underdense regions
~~ Smooth out inhomegeneities for A < A\gs ~ [ 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 superWIMP.
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Non-Cold Dark Matter

Distant | ’
* FEIESY .
i 3 -Background
2 ‘ quasar *
To Earth / .4 N ‘
it Intervening ' X
gas g
: Hydrogen emission
/ from quasar
Hydrogen
absorption

4000 5000 6000
Observed Wavelength [Angstroems] © M. Murphy

@ 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.g. [Bode'00, Viel'05, Murgia'17],
including non-thermal DM from freeze-in or superWIMP.

@ 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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Translating WDM bound to NCDM?

see also [ Kamada’19, Baumholzer’ 19, Ballesteros’20, d’Eramo’20 ]

Naive estimate for “similar velocity distributions” :

<VX> ECDM Z <VX> X)\/DMlim

(Px) gsi) \'* T
my 8 (g*S(tprod)> 8 my

my

with <VX> |to -

_ o
T

Iy Tprod
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Translating WDM bound to NCDM?

see also [ Kamada’19, Baumholzer’ 19, Ballesteros’20, d’Eramo’20 ]

Naive estimate for “similar velocity distributions” :

<VX> ECDM Z <VX> X)\/DMlim

(Px) gsi) \'* T
my 8 (g*S(tprod)> 8 my

my

_ o
T

with <VX> |to -

Iy Tprod

o WDM: Q1% = 0.12 ~ g, s(Tp) =~ 10° x 2%
—4/3

= (vy) X)\/DM X Mypm
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Translating WDM bound to NCDM?

see also [ Kamada’19, Baumholzer’ 19, Ballesteros’20, d’Eramo’20 ]
Naive estimate for “similar velocity distributions” :

<VX> ECDM Z <VX> X)\/DMlim

1/3
with  (v)|, = Py o [ 8xsto) . o
x/to - 85 (Tprod) My

my

_ o
T

fo

o WDM: Q1% = 0.12 ~ g, s(Tp) =~ 10° x 2%

—4/3
= (vy) X)\/DM X mWD/M

® FL: Tproa ~ mp/3 and (py) e ~ mp/2

= (vy) ZI o< m;l
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Translating WDM bound to NCDM?

see also [ Kamada’19, Baumholzer’ 19, Ballesteros’20, d’Eramo’20 ]
Naive estimate for “similar velocity distributions” :

<VX> ECDM Z <VX> X)\/DMlim

3
( gus(10) )‘/ To
X _— X —
forod 85 (fproa) My

o WDM: Q1% = 0.12 ~ g, s(Tp) =~ 10° x 2%
—4/3
= (vl oM o mWD/M
® FL: Tproa ~ mp/3 and (py) e ~ mp/2

= (vy) ZI o< m;l

® SW: Tproq ~ vTMp; and <.pX>’tpr0d ~ mp/2
~1/2

= (vy) %W ocm;1 X R

px)

with (v )| = -
X

_ o
T

fo
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Translating WDM bound to NCDM?

see also [ Kamada’19, Baumholzer’ 19, Ballesteros’20, d’Eramo’20 ]

Naive estimate for “similar velocity distributions” :

<VX>|2)ICDM Z <VX> WDM lim

)| _ (px)

1/3
x5 (£ T
with  (vy), = LX Wxip _8xs(to) « 20
forod 85 (fproa) My

my T
o WDM: Q% = 0.12 ~ g, 5(Tp) ~ 103 x 2%
—4/3
= (vy) ?(X)]DM X mWD/M
o FI: Tprod ~ mB/3 and <pX>|tpmd ~ mB/2
= (vy) E)I x m;]
o SW Tprod ~ FBMPI and <pX>’tprod ~ mB/2

fo

_ —1/2
= (vy) tSOW o<mX1 X Rp. /
m, 2 (m
X WbM Hsw X (Rp)_l/2 for SW,
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Translating WDM bound to NCDM?

see also [ Kamada’19, Baumholzer’ 19, Ballesteros’20, d’Eramo’20 ]

Naive estimate for “similar velocity distributions” :

<VX>|2)ICDM Z <VX> WDM lim

)| _ (px)

1/3
x5 (£ T
with  (vy), = LX Wxip _8xs(to) « 20
forod 85 (fproa) My

my T
o WDM: Q% = 0.12 ~ g, 5(Tp) ~ 103 x 2%
—4/3
= (vy) ?(X)]DM X mWD/M
o FI: Tprod ~ mB/3 and <pX>|tpmd ~ mB/2
= (vy) E)I x m;]
o SW Tprod ~ FBMPI and <pX>’tprod ~ mB/2

fo

_ ~1/2
= (vy) tSOW o<mX1 X Rp. /
- 16 keV for FI, oY= < 5 31
pe or myypy > 3.3 keV
*™138keV x (Rp)"? forsw, M
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Non-Cold Dark Matter vs Warm Dark Matter Distributions

Cosmology

Particle Physics
de <t7 p) : !

Sl [l
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NCDM

Non-Cold Dark Matter vs Warm Dark Matter Distributions

Cosmology
Particle Physics

dfx<t7p) .
D)z,

Weak coupling
to SM

Tyosm > H

“Thermal” DM
fx(t= p) = fx(tA,p)fD'BE

l

Decouple still
relativistic
and freestream
while struct. forms

“Thermal Warm”
Dark Matter (WDM)

FIMP as NCDM

Laura Lopez Honorez (FNRS@ULB)

April 27, 2022
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NCDM

Non-Cold Dark Matter vs Warm Dark Matter Distributions

Cosmology

de (t, p) B C[;a]ticle Physics
dt X

Weak coupling

Feeble coupling
to SM to SM
Tyesm > H Tyosm < H
“Thermal” DM “Non-Thermal” DM
F(t.p) = fi(t,p)TP PP Filt,p) # filt,p)/PPE

l l

Decouple still

Produced through feeble
relativistic interactions with large boost
and freestream and freestream
while struct. forms

while struct. forms

“Thermal Warm” “Feebly Interacting Massive
Dark Matter (WDM) Particles” (FIMPS)

Laura Lopez Honorez (FNRS@ULB)
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Pure FI & SW: WDM-like

see also [Heeck’17, Boulebnane’17, Kamada’19, Baumholzer’ 19, Ballesteros’20, d’Eramo’20 ]

o1 Top philic DM: my = 15 keV, Rr = 7.5 x 108 10-11 Top philic DM: my =10 GeV. Rr=2.8 x 10~
-== FD (au) -== FD(au)
— H N A
10 10712 A — sw
y \
10 H
— = 10784 7 - 1 . . .
K = ; )W = g Re 2R "
107 . i X
=) NU\ H
& o101 H
105 H
1
s 3
107 10 H
1
!
3
10 IO’Z 107! 100 10! ) 10* 10 I;‘O’I 10° 10 10* 10°
a=pI a=pIT
@ Contrarily to “usual” WDM, FIMPs are non-thermaly produced.
Distribution f,, o< g, exp(qu) with o = %, 1 and 8 = 1,2 for FI, SW.

FIMP as NCDM

[Decant, Heisig, Hooper, LLH’21]
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Pure FI & SW: WDM-like

see also [Heeck’17, Boulebnane’17, Kamada’19, Baumholzer’ 19, Ballesteros’20, d’Eramo’20 ]

Top philic DM: m, = 15 keV, Rr = 7.5 x 107, 64, = 0.33 Top philic DM: m, = 10 GeV, Rr = 2.8 X 1073, 64, = 0.28
| -== Mmypm = 5.3keV | === Mwpm=5.3keV
1o my =15keV 10 —— my=10GeV
< \ <
=038 =038
S S
a _ Q
So6| TEKI=(1+(axk) 1o S06
= wom < Myl = o = Migbis
I 04 Q< (M, /6)70-83 I 04 aswy « (MmyRH?/6)70-83
) <
T £
0.2 0.2
107! 10° 10! 10% 10° 107! 10° 10! 10°
k[h/Mpc] kh/Mpc]

@ Contrarily to “usual” WDM, FIMPs are non-thermaly produced.
Distribution f,, o< g, exp(—¢?) with o = 1, 1and 8 = 1,2 for FI, SW.

@ Using CLASS: Pure FI/SW transfer functions similar to thermal WDM.
~+ Lower mass bound from Lyman-o (mp < ma. Tproa > Tew) :

15keV for FI,
3.8keV x (Rr)~'/*  for SW,

FIMP as NCDM April 27, 2022 24/27
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for mypy > 5.3keV

[Decant, Heisig, Hooper,LLH21]
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Mixed FI & SW: significant deviations from WDM

6A,(1 0
my = 50keV 1.04+— m, = 50keV]|
0.8
. 0.8
o
~ Py 0.6
o —— Qn/Qror = 0.40 X 06 —
X105 — _ N — QufQror=0.40
NU} 107 Qp/Qror =0.81 h —— Q/ror=0.81 04
o —— Qn/Qror=0.88 0.4 — Qn/Qror=0.88 033
10764 — QalQror=0.95 —— Qn/Qror=0.95 -2
_ Qs/Qror = 0.96
Qaltror =0.96 02 Qnllror=0.97
107 Qn/Qror = 0.97 \ TS Skev
0.0
107! 10° 10! 10 107! 10° 10! 10° 10°
q k [h/Mpc]

@ Mixed FI-SM ¢%f, is multimodal ~ T%(k) = Ppmp (k) /Pcpm (k) can
significantly deviate from e.g. WDM, «, 3,y param. or CDM+WDM
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Mixed FI & SW: significant deviations from WDM

6A
1.0
my = 50keV 1.04—— m, = 50keV]|
1073 ’
0.8
_ 0.8
= 0" 0.6
u;; —— Qg/Qror=0.40 <o6f o om0 .
P 107 — Sior-081 T | = choa-on
& — Qp/Qror=0.88 044 — aar=o0ss 81-1-;
1076 Qr/Qror = 0.95 — QelQror=0.95 .33
Qr/Qror = 0.96 02 g:;gg ; g:gs
1077 Orffdror = 0.97 —== Muom=5.3keV
0.0
107! 10° 10! 102 10-! 100 o 0 T0°
q Kk [W/Mpc)

@ Mixed FI-SM ¢%f, is multimodal ~ T%(k) = Ppmp (k) /Pcpm (k) can
significantly deviate from e.g. WDM, «, 3,y param. or CDM+WDM

@ We use the area criterion ureia'171 measuring the relative Pyp (k) deviation over
0.5h/Mpc < k < 20h/Mpc: 6A, < 0AG e = 0.33 for mype > 5.3 keV

see also [Schneider’16] and e.g. [D’Eramo’20, Egana-Ugrinovic’21]
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Am [GeV]
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eV
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m, [GeV]
X ‘1)(
1071 Top philic DM: my = 15 keV, Rr = 7.5 X 10-° Top philic DM: m, =15 keV, Rr =7.5 x 108, 64, = 033 \
= D) 10 ——= Mupwn = 5.3keV
— " .
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Exemplary case of top-philic DM

1010 1010
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LHC R-hadrons uper-WIMP
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1075 0.01 10 104 100
my [GeV]
/ 101 ‘Top philic DM: m, = 10 GeV, Ry = 2.8 x 10-13 ‘Top philic DM: m, =10 GeV, Rr = 2.8 x 10714, 64, = 028 \
=== FD(au) 1.0 oo mm:mlzé.zvkev
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4 <08
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R ! - » < o T = L+ a2
R i f(Q)SW « g-le-2Ratiet| 0.
3 i = avon iy
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Exemplary case of top-philic DM

A
101012
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- i NZD _
% g %
©
g g
T 10° =
< <4
\ .
~ Mixed
LHC DV LHC R-hadrons FI-SW
100
1075 0.01 10 10
my [GeV]
/ m, = 50keV
1073
T 10
o= Qx/Qror = 0.40 0.
3¢ 5 — QulQror=0.40
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Exemplary case of top-philic DM

see also e.g. [Hall’09; Co’15; Hessler’16; d’Eramo’ 17, Buchmueller’17; Brooijmans’18; Belanger’ 18; No’19; Garny’18; Calibbi’18,21; etc]

LCLg— mTX)ZX — M¢¢T¢ — Ax¢>ztR + h.c.

<
»
010(~ =012 10'0
S\ logjoy
A\
1080 = | /0 )N 108
— L AN
a X [y
\ 3
= . )
108 o < LW )N = 406
g " g 10
< TN <
A N AN
Ky S
104f - N \\ 104
LHC DV LHC R-hadrons I
100 —— . 100
10 0.01 10 10 10-6 1079 10-12
my [GeV] A

@ Topphilic DM: Parameter space cornered by particle (DV + R-hadron searches
at LHC - for top-philic) and cosmology (Lyman-a, BBN) probes.

@ Lyman-« constraints play a key role and excludes DM over a large range of A,
complementary to BBN for m, ~ few 100 GeV.
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Conclusion

Take home message

Despite very feeble couplings to SM, DM models FIMPs from freeze-in, &
superWIMP are viable and testable:
@ LLP at colliders with displaced signatures.

o FI & SW: FIMPs ~ NCDM and Lyman-« forest constraints
mpm 2, 15 keV (FI) or up to few 100 GeV (SW).

Displaced events at colliders might already be ruled out by Lyman-a searches
for a standard cosmology. However, if an event was detected, it might also
point out to a different early Cosmology.
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Conclusion

Thank you the invitation
and for your attention!!
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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 ).

@ IGM modelling requires nonlinear evolution: this needs N-body
hydrodynamical simulations. Computational expensive and only
available for few benchmark models.
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1.00

cosmic scales: 0.5/h-50/h com. Mpc |

[ cosmic time: 1.1-3.1 Gyr

f

Adapted from
Tegmark et al. 2004

Wavelength A [h°! Mpe]
1000 0 10

=54 - < z
= ;i \
i Tl \\ | P R
0.10 |- = P I 2 R & £ 5DSS glaxies &
A o et ‘o ] & #Cluster abundance X
P P ¢ Z 10f Las =S
ETE S e Y s 1 H = Weak lensing
A ,i_«» v . {ﬁ—’: 4 £ e N E =
T2 //‘,’/‘/ﬁ‘{}l‘-‘- ° p
Variance of the K /x—t g o SR best fit ACDM] e o or o
1D flux power s ?’" o) /@w_ﬁ -» 1 WavemiinyeEe (/upe)
spectrum, i.e. i; /1{ a P
A2(k)=kP(k)/n A 1 The higher the z of the source,
(k) (k)/ Vo0
t 1/ s SDsS 1) the more absorbtion one gets,
‘,/l b wpM25kev|  2) the lower the mean transmission is,
0.01 [ & —_—— 5 3) the more the density fluctuations amplify,
¥ . —— . P—— 4) the larger the amplitude of the spectrum
0. 010 0.100
k (s/km)
Adapted from Viel et al. 2013
Matteo Lucca
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T I

1.00 -

Ref: Viel et al. 2013
Lkl: Publicly available and
rather model-intependent

0.10

& (k)

4. Ref: Irsic et al. 2017
Lkl: None publicly
available yet

Ref: sdss.org
P (currently DR17)
wom25kev| LKlI: Publicly available but
-~~~ 7 outdated (DR7, 2009) and
" P halofit-depend
0.100

0.01

k (s/km)

Adapted from Viel et al. 2013

Matteo Lucca
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Area criterium [Schneider 2016, Murgia, Merle, Viel, Totzauer, Schneider 2017]

= Consider ratio of 1D power spectra, computed with CLASS

rhy = P px g / T A K Pk
PO wih= ), |
= Compute area under the curve
Fnax
Ax :f dk v (k')
k,

min 10

6AW'DM =10.33 for MWDM — 5.3keV

Acpm — Ax 08

(k)

= For freeze-in (§ = 1):
mygr > 15.3keV

04

02

= Suitable for mixed scenario X

K[h/Mpc]

[see also D’Eramo, Lenoci, 2020; Egana-Ugrinovic, Essig, Gift, LoVerde 2021]
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Thermal WDM freeze-out

dfy

dt = Camn [fx]

102 —
Y
. 10—6 \\‘
~ N
e 10-10 \
I \
y
>‘4 10—]4 “
[
10-18 ‘l
0.1 1 10 100 1000
x=my/T

Laura Lopez Honorez (FNRS@ULB)

FIMP as NCDM

o QA% =0.12

lard

0
g*,S
nX XX

g+5(Tp)

@ DM annihilation driven freeze-out

@ x chem. & kin. equilibrium

@ DM decouples while relativistic:
xp =mpg/Tp and xp < 3

g&")mx

82,5
6eV g*,S(TD)
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see also [Bode’00,Viel’ 05]

Thermal WDM: exponential cut in P(k) at small scales

Fermionic Thermal WDM

--- FD (au)
10

\
f(q)"WPM o« 1/(explE/T] + 1)

\

\

1077

102 10”! 100 10'
q=pIT

\
1
\
\

@ Thermal WDM 1s in kinetic equilibrium thanks to fast elastic scatterings with
thermal plasma: 4 I =

el[fx] ~ fx OCfeq( )

ez (FNRS@ULB)
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see also [Bode’00,Viel’ 05]

Fermionic Thermal WDM

Thermal WDM: exponential cut in P(k) at small scales

Fermionic Thermal WDM
=== FD (au.) 1) === Mmwpwm = 5.3keV
1072 N
,,,,, R X
- N <08 \
10° e N z \
- o _ \
5 Soo] TR =1+ (axk)) 7200
x - -7 \ = \
2‘(10 ! Y\ < Qwpm = Mk '
o \ I \
o 1 1
5] FA@WOM o« 1/(explETI+1) g0
\ i \
\
\ \
106 ! 0.2 \
! \
107 ! N
1072 107! 10° 10 10 107! 10° 10
q=pIT
thermal plasma: 4 ax =

el[fx] ~ fx OCfeq( )

10% }
k[h/Mpc]
@ Thermal WDM 1s in kinetic equilibrium thanks to fast elastic scatterings with
°

Evolve f,, up to 1st order pert. (w/ Boltzmann code as e.g. CLASS)
Transfer function 7 (k)

Free-streaming scale: awpm ~ 0. 045(

ez (FNRS@ULB)

FIMP as NCDM

(1 + (awpmk)®) ™/ with v = 1.12 vieros)

)—l 11 MpC/,’l
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-
21 cm Cosmology

& o Transitions between the two ground state
Parall spns energy levels of neutral hydrogen HI
Mf/ ~~ 21 cm photon (v = 1420 MHz)

©oF

Antiparallel spins

oyt 2005 asrsen rati Hal,
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-
21 cm Cosmology

s

Proton Electron

o Transitions between the two ground state

Parall spns energy levels of neutral hydrogen HI
ﬂfﬁ/ ~» 21 cm photon (v = 1420 MHz)
@ 21 cm photon from HI clouds during dark
» # ages & EoR redshifted to v ~ 100 MHz

Antiparallel spins

e ~ new cosmology probe

Redshifted 21cm signal

using interferometers
such as LOFAR, MWA, PAPER, GMRT Galaxy
CMB 2d gen: HERA,SKA Surveys
1 1.00 <= | +redshift ]io J.-
.- Age Univ. [Gyr] s ¥ T
3.7 10 4 ge Univ. [Gyr] 0.5 13.8
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21 cm in practice

e 21cm signal observed as
CMB spectral distortions

Radiative
Transfer
1100
e - credit : [Ruderman ]
E : . 2 T k|
21cm 102
Signal — 1o
IE ~ %0 .
a ahey ARCADE2
% 10! //’ .
2 " EDGES |
5 102 !
it 16he FIRAS |
1077 '
0 0 v\ '.I
10740 - — ..
z 1082 10="7 100 0= 10 F ' 1 10t 10?
credit : [Kovetz ]
x = w/Tcmp
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21 cm in practice

CMB

Tyea = Tems e 21cm signal observed as

CMB spectral distortions

Radiative

Transfer  Ts e 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 CMBat v = 1y/(1 + 2)

1+2 1_TCMB

5T, ~ 2TmK x,(1 + 5)

0

; 10 T,

credit : [Kovetz ]
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-
Delayed 21cm features for Non-CDM

see also [Sitwell’ 13,Escudero’ 18, Schneider’ 18,Safarzadeh’ 18,Lidz’ 18, LLH’ 18, Muiioz’20,Schneider’22, Giri’22, etc]
Halo suppression can lead to delayed astro processes giving rise to reionization or

21cm features. Stronger delay for WDM than IDM.
Cuv = 55, Thn = 10°K

{1 HERA350
107
<
£ 10!
o 10°
=
ja~]
107!
0
- _5
< 50
E
$—100
<
—150 oom = 6.3 x 10700 (2)
--- mwpyn = 2.15keV
CDM
5 10 15 20 25 30
z [Escudero’17]
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N
Forecast SKA constraints on WDM+CDM

[Git 22 AMEME 28akysis): For low minimum virial mass (77" < 10*K) and in the
case that minihaloes are populated with stars, stringent constraints can be obtained on

e.g. 100% WDM: up to mywpm < 15 keV.

WCDM
107!
-—- FLOOR _
—— DPL , - N ©
TRUNCATED ’ /Q‘
10-2 / g .
o =
< / 5 7
[*)] >
N _c ;\’.
10_3 ————
>
o
. . -— .
10 107 10° 1011 rox >
M (h~IMg) -log10(mwowm)

For T"" ~ 10* K it will be difficult to distinguish between an inefficient source

models and a universe filled with NCDM.

Laura Lopez Honorez (FNRS@ULB) FIMP as NCDM April 27, 2022

39/27



Freeze-in in early Matter Dominated era

accexp(Ht) T~ a o t?? T o a™?® axt?
pr = const pr >0 proca? PR X a 32 Toxat
PR X a?t

PI

lai I(IR a

For FI in early Matter Dominated era (MD), the relic density depends on the
reheating temperature Tgy ico'1s.

Laura Lopez Honorez (FNRS@ULB) FIMP as NCDM April 27, 2022 40/27



Freeze-in in early Matter Dominated era

INFLATION

accexp(Hit) T~

proca

1
1
1
1
1
1
pr = const pr=0 1
1
1
1
1
1

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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N
Lelgtgghilic DM: Collider vs NCDM Constraints

see alSo e.g all’09, Belanger 18, etc]
LCLg— MTX)ZX — m¢¢T¢ — )‘X(ZSXIR + h.c.

Qh?=0.12, Tp= 10° GeV

10°
10°
10 — mpym =100 MeV
£ — mpy =10 MeV
< 1000, . =11
N\t — mpym =100 keV
1005\
] — mpym =10 keV
10
DL CMS
100 200 300 400 500 600
my (GeV)
6 m 1 TeV 2
: . ~ X €
DM FI via B decays: c7p ~ 3.3 x 10°cm (756v) ( e )

= B decays usually beyond detector size (~ 10 m)
unless DM saturates the Lyman-« constraints
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N
Lelgtgghilic DM: Collider vs NCDM Constraints

see alSo e.g all’09, Belanger 18, etc]

LCLx— MTX)ZX — m¢¢T¢ — )‘X(ZSXIR + h.c.

Qh?=0.12, Tp= 10° GeV

— mpy =100 MeV
£ — mpw =10 MeV
s 1 Me
5 — mpm =100 keV
— mpm =10 keV
ms (GeV)
2
: . ~ 6 My 1TeV
DM FI via B decays: c75 ~ 3.3 x 10°cm (15657) ( e )

= B decays usually beyond detector size (~ 10 m)
unless DM saturates the Lyman-« constraints
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N
Lelgtgghilic DM: Collider vs NCDM Constraints

see alSo e.g all’09, Belanger 18, etc]
LCLg— MTX)ZX — m¢¢T¢ — )\X(ZSXIR + h.c.

Qh? = 0.12, Ta = 20 GeV

2 _ - 5
108 0Qh“=0.12, T=10° GeV 10°
1000
\ — mpy =90 GeV
— = 10080
Mpm 120MM\8/V R X — mpy =10 GeV
£ _mDM‘H‘e 5 4 — mpw =1GeV
~ Mpp [} g
g 5 — Mpy =50 MeV
— mpm =100 keV 4 M
oy =1 MeV
— mpm =10 keV -
o — mpw =10 keV
0.1
Ly-a
100 200 300 200 == 500 600 100 200 300 400 500 600
ms (GeV) Mo (GeV)
2
: . 6 ( my ) 1TeV
~
DM Fl via B decays: c7p ~ 3.3 X 10°cm (585 e

= B decays usually beyond detector size (~ 10 m)
unless DM saturates the Lyman-« constraints

Dislaced events at colliders might point to freeze-in with modified early universe
cosmology diluting DM (e.g. EMDE with low Tg. sce Caiibbi’21, also Arias20) J
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Reheating after FI and smaller c7p

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

in Radiation Dominated (RD) era

1 i 4x 10777
|
107 ]
/
202 i
ﬁ 1
> :
107" '
i
10351 i
i
0.001 0.100 10 1000
x=m/T
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Reheating after FI and smaller c7p

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

in Radiation Dominated (RD) era in RD vs MD era
Ty =10TeV : T,, =30 GeV: T,, =15 GeV

1

H 4x 1077 0.001 i i

T
i
T -8
/ 10 i
] el
2 : 2 I
i ; 5107 i
> | > (| 1 [
| ] [}
i -18 \ | il
: e ! S
' i ' ..
' - 1 1 [
! 1055 | | =
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(Trp)/Yy® (TFI/TRH)5 ;

~+ The lower Ty, the longer is the dilution and the lower is Yy° compared to
Yx(Trr), the higher is \p to account for DM abundance and the lower is ¢7p.
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Effects impacting the relic abundance

1
2h? o ——
<O'0ﬂ'U>
Higher order corrections Born level annihilation Bound state formation
X —>—T----- h
\ /// 9 )
- :
Y xt—e—»> x \%/ 7 ‘
- EREN & 2l --- 88 | B
N TefiUrel = 0" “Vrel xt AN

usual DM codes include only

. _ _NLO, i
OecffUrel = 0 Urel born level calculation (Tefivrel) = (Tannvrel) + (TBSFUrel)eft
can lead to corrections of around| | g, bound state formation and
ommerfeld enhancement
20% to the DM abundance subsequent decay open up a new

"%'“E\\\ effective DM annihilation channel
O
—- -—--t-

a

( ) ~!
Vrel
tree.

OcffUrel = 0 VUrel X So

* . Bound state formation in colored coannihilation Tlm
Julia Harz .
scenarios of dark matter

Technische Universitét Minchen
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Non perturbative effects on mediator annihilation/Freeze-out
due to massless gauge boson (g) exchange

I—‘I?,’,v:lec
X — e
FB,ion + FB,dec

(o1 v)ett =|(Tgt 1 gg¥) X Ssom [+ (0771 gqv) +|(T1 5 0)

We took into accounts the Sommerfeld enhancement factor and the thermally averaged bound state
formation cross-section (I'B,ion is the respective ionization rate Bg - ttt while 'B,dec its decay rate,
B - gg) following [Harz, Petraki'18]. Annihilation into q is p-wave suppressed.

10 10
- 103 — 10°
0.001 m; = 10°GeV 001 m; = 10°GeV
107
107 @ 3
B " &
£ o 3
S g <o =
. . -8 ~
1 k3 10 10 %
5 8 10710 Vo eeesmsooooooo g
10- Y- |
B — Sommerfeld+BSF 10-12 H — Sommerfeld+BSF o
109 i ~ - Sommerfeld only B - Sommerfeld only
B 107 -
1 10 100 1000 10* 1 10 100 1000 10*
X X

Prolonged Freeze-out due to late time
enhancement of mediator annihilation
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Collider searches

Kinked Track (KT)

Heavy Stable Charged Particles (HSCP) nvv Photon

Had
R-hadrons (RH) N —_— L:pt’g:
————— LLP
- DM
Delayed Photon (D
/OIS (Dy)
Displaced vertices Delayed Jet (DJ)
+ Muon (DV+p) Displaced vertices (DV)
MS
Disappearing HOAL
Displaced Lepton
Displaced Track vertex (DLV) ECAL
Lepton (DL) (OT) Tracker
ez (FNRS@ULB)
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Collider searches

. Maximal
Signature Exp. & Ref. L Label
sensitivity
R-hadrons CMS [48] 12.9 fb! RH
) cr 2 10m
Heavy stable charged particle | ATLAS [49] | 36.1 fb! HSCP
, . ATLAS [50] | 36.1fb™' | er=~30cm
Disappearing tracks DT
CMS [51, 52| | 140 fb~! et ~ 60 cm
CMS[53] | 19.7 !t
cT &~ 2 cm
Displaced leptons CMS [54] 2.6 fh~! DL
ATLAS [55] | 139 fb~! cr =~ 5 cm
Displaced vertices + MET ATLAS [56] | 32.8 fb! cT A~ 3 cm DV+MET
Delayed jets + MET CMS [57] 137" | cr=1-3m | DI+MET
Displaced vertices + p ATLAS [58] | 136 fb~* cT A~ 3 cm DV+pu
Displaced dilepton vertices ATLAS [59] | 328 fb™! | er~1—3cm DLV
Delayed photons CMS [60] 77.4 fh1 cr~1lm Dy
opez Honorez (FNRS@ULB) FIMP as NCDM April 27, 2022
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Leptophilic DM

Qh? = 0.12, Ty = 10° GeV

— mMow =100 MeV
— Moy =10 MeV
— m =1 MeV
— mow =100 keV'
— Moy =10 keV

T =10°em

— ¢t =10%em

P T
100 200 800 400 500 600

my (GeV)

FIMP as NCDM

Moy =10 GeV
— mpy =1GeV
— Mpy =50 MeV
— Mpu =1 MeV
— Mpy =10 keV
— T, =10°cm
— ¢ty =10"cm
— T, =10°cm
— €1, =102cm

300
™ (GeV)
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-
Leptophilic DM

Qh? =0.12, mpy =1 GeV Oh? = 0.12, My = 10keV

— Tq =10° GeV

— Th =50 Gev |
— Th =20 Gev — Ta =107 Gev
= — T =10 Gev IS Coee
= s cer - — Ta =50 Gev
H H — Tp =25Gev
— Ta =10 Gev

500 HscP

— ctp=10"cm

s — c1p =10°cm <
< —cp=wtem & .
= & — ety =10%cm
— 1y =10"cm
— ety =10%cm N
y 1y =10%cm
— 1, =102cm
5 LA ]
fo0 200 300 400 500 600
g (GeY) ms (GoV)
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Topphilic DM

Qh? = 0.12, moy = 10 keV

10% g
1000
100 =105 Gev — or, =100 cm
B — Tp=500 Gev s — cr,=30cm
& 10  T,=200 GeV 8 —cr,=10cm
S
5 — Th=100 GeV S —ecr,=1em
1. — Tg =50 GeV cry =01 cm
— Tp=20Gev — o, =0.01 om
0.10
0.01
S00 000 1500 2000 2500 500 1000 1500 2000 2500
my (GeV) m, (GeV)
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This is really the end )
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