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Introduction
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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
» Massive
» Beyond the Standard Model (non baryonic)
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NCDM

Non-Cold Dark Matter J
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Inhomogeneities
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The power spectrum measures clumpiness

@ Some tracers measure

Inhomogeneities
() =23 — 1

@ Fourrier transform:

-,

0(X) <> (k) with k = 27 /x.
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NCDM

The power spectrum measures clumpiness

@ Some tracers measure
Inhomogeneities
() =23 — 1
o Fourrier transform:
§(X) > 6(k) with k = 27 /x.
@ Characterized by two
point-correlation functions:
0F)o(x))
© P(k) ~ (|o(k)*)

k =2x/rwith r = |X; — X2|
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v
The power spectrum measures clumpiness

@ Some tracers measure

Inhomogeneities M
- n (j’) 10 1032 101 105 10 108 10° 10t
(5(){;) = AW 1 'F Cosmic  Cluster  Galactic L

Unknown small
cale behavior

o Fourrier transform: B
§(X) > 6(k) with k = 27 /x.
@ Characterized by two
point-correlation functions:
0F)o(x))
© P(k) ~ (|o(k)*)
k =2x/rwith r = |X; — X2|

A?(k) = k*P(k) = dimensionless Power Spectrum
measures clumpiness at k ~ 1/r
lots of over/under dense regions ~ larger A% (k)
smooth distribution ~ smaller A?(k)
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Cold and Non-Cold Dark Matter

Simus [B. Moore]
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Cold and Non-Cold Dark Matter

Hotter DM

Simus [B. Moore]
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Non-Cold Dark Matter
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@ Thermal WDM free-streaming 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 sce c.g. [Bode'00, Viel'05, Murgia’17],
includes NCDM free-streaming and collisional damping.
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NCDM

Non-Cold Dark Matter

T2k = P(O)ncom

= [1L+ (@k]”
P(k)cpm [1+ (@]

[Murgia’17]

T2 (k)

/Controlled by a

Controlled by f

Controlled by y

[Courtesy DC Hooper]

@ Thermal WDM free-streaming 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,
includes NCDM free-streaming and collisional damping.
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Non-Cold Dark Matter
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@ Thermal WDM free-streaming 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],
includes NCDM free-streaming and collisional damping.

@ Thermal WDM against Lyman-« forest data: absorption lines along line of
sights to distant quasars probe smallest structures ~~ mismd > 1.9-5.3 keV

see e.g. [Viel’05, Yeche’17, Palanque-Delabrouille’ 19,Garzilli’ 19]
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NCDM is not necessarily thermal Warm Dark Matter

Cosmology

Particle Physics
de <t7 p) : !

Sl [l
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NCDM is not necessarily thermal Warm Dark Matter

Cosmology

dfx<t7p)

dt

Weak coupling
to SM

Tyosm > H

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

Particle Physics

CLAA
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NCDM

NCDM is not necessarily thermal Warm Dark Matter

Cosmology

de (t, p) _ C[fli’a]ticle Physics
dt X

Feeble coupling

Weak 1i
osM D to SM
Tyosm > H Tyosm < H
“Thermal DM” (incl. WIMP) “Non-Thermal” FIMP
fx(t:p) = fx(t¢p)fD’BE fx(t,p) # fx(typ)fD'BE

1074

108

1012

Y (= com. number density)

10716

1 100 104 106
2 = Mmother /T’
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NCDM

NCDM is not necessarily thermal Warm Dark Matter

Cosmology

Particle Physics

dfx<t7p)

dt

Weak/strong
coupling to SM

Fyosm > H

“Thermal” DM
fx(t= p) = fx(t-,p)fD’BE

N

Decouple still
relativistic
and freestream
while struct. forms

Still coupled to
light dof while

struct. forms

“Thermal Warm”  “Interacting”
Dark Matter Dark Matter
(WDM) (IDM)

Laura Lopez Honorez (FN

ClAA

N

Feeble/No
coupling to SM

Tyosm < H

“Non-Thermal” DM
Ix(t.p) # Filt,p)TPBE

Produced through
feeble interactions
and freestream
while struct. forms

“Feebly
Interacting
Massive
Particles”
(FIMPS)
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WDM

Usual NCDM suspect:
Thermal WDM J
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WDM

Thermal WDM relic: annihilation driven freeze-out

Clfx] = Cannlfy]

X’
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WDM

Thermal WDM freeze-out

dfy

dt = Camn [fx]

0
My X 8rs
X
8+s(Tp)
1072 — S .
~ @ DM annihilation driven freeze-out
10-6 N\ . .
§ \ @ x chem. & kin. equilibrium
10-10 \ .
>IL \ @ DM decouples while relativistic
10714 xp =mpg/Tp and xp < 3
10-18 ‘l 2’
0.1 1 10 100 1000 ° Qxh
x=my/T

0,128 s

6eV 8x, S(TD)
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WDM

see also [Bode’00,Viel’05]

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

Fermionic Thermal WDM
=== FD (a.u.)
1072 I
=7 RN
’r” \\\
10 e \
- .- \
S \
% -
S0 ‘\‘
ND. wWDM \\
10-5 f(q) o 1/(exp[E/T] + 1) \\
\
\
1076 i
\
\
\
1077 .
102 107" 10° 10! 102
q=p/T

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

el[fx] ~ fx f;q(Q)

@ULB&VUB)
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WDM

Thermal WDM: exponential cut in P(k) at small scales
see also [Bode’00,Viel’05]

R Thermal WDM
107! Fermionic Thermal WDM ‘ermionic Thermal
--= FD(au) 73 S ——= Mupm=5.3keV
1072 N
P \
e R gos \
- \
1073 e \ é \\
) el \\\ % 06 Tf(k) = (1 + (axk)2’)~10m
NETSNIY Do \ < ‘ \
" \ < Qwom & My v
& \ I '
5] H(@WPM < 1/(explE/TI+1) Y T 04 \
| IS \
\ \
\ 1
1076 \ 02 \
\ s
\
107 i A
10°* 107! 10° 10! 102 107! 10° 10! 10%
q=pIT

KIh/Mpc]
@ Thermal WDM 1s in kinetic equilibrium thanks to fast elastic scatterings with
thermal plasma: < Gy = Calfy] ~ fy o f{9(q)
@ Rule of Thumb: (vwpm)|;) "™ Mg

X Mywpm
Evolve f,, up to 1st order pert. (w/ Boltzmann code)

. m —1.11
Free-streaming scale: awpm ~ 0.045(721) Mpc/h
@ULB&VUB)

=i = = = =
NCDM: Particle & Cosmo
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FIMP

FIMPs from freeze-in and SuperWIMP |

see arXiv:2111.09321
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Non-Thermal FIMP from B decays

Clfx] = Cpoaxlfy

A

Laura Lopez Honorez (FNRS@ULB&VUB) NCDM: Particle & Cosmo November 29, 2023

16/26



FIMP

Non-termal FIMP from Freeze-in

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

dfy
dt

=Cpoxlfi]  ~  nyxTaoy

@ Freeze-in from B decays
x decoupled
B in chem. & kin. equilibrium

°
°

° Qxh2 o< FBHXMp/m%N Rr
°

°

com. number density)

Qh? =0.12~ A, <1078
x =mg/T and xp; ~ 3

Y «

0.1 1 10 100 1000
xr = mmothct/T

Careful: late decay (SW), production via scattering, early matter dominated era (7 small), non
renormalisable operators and thermal corrections for ultra-relativistic DM not taken into account.

Zero x initial abundance assumed.

opez Honorez (FNRS@ULB&VUB) NCDM: Particle & Cosmo November 29, 2023 17/26




Non-termal FIMP from superWIMP

see also [Covi 99 ;Feng *03]

dfy FO

- Cooxlfi]  ~ nyocng

superWIMP from late B decays
x decoupled

B chem. decoupled

Qxh2 = my/mp X Qph?*|ro

if B — AsmAY,, not open

Y (= com. number density)

10-16
1 100 104 106

—1/2
x:mB/TandxswwRF / >3
xr = mmnther/T
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FIMP

FIMPs from FI & superWIMP

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

@ x decoupled

D E— @ x population slowly builds up from
B before and after FO.

° Qxh2 = Qxh2|FI + Qxh2|sw

)

Y (= com. number density)

1 100 104 100
T = mmothcr/T
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FIMP

Pure FI & SW: WDM-like

see also [Jedamzik’05, Heeck’ 17, Boulebnane’17, Kamada’19, Baumholzer’ 19, Ballesteros’20, d’Eramo’20, etc ]

101 Top philic DM: m, = 15 keV, Rr = 7.5 x 10~ 1o-11 Top philic DM: my =10 GeV.Rr=2.8 x 10~
-== FD (au) --= FD (au.)
/"A\x FI
102 10 A — sw
107 ///,' V‘A\
~ S 10783 3
3. I i fi(@)*" o« g~te=2"
= 10 & :
W & 104 H
1075 1
1
s 3
10-6 10 ‘]
1
!
3
10 Io*’ 107! 10° 10! 102 10 I;‘O’Z 10° 10% 10* 10°
q=p/T q=pIT
@ Contrarily to “usual” WDM, FIMPs are non-thermaly produced.
Distribution f, oc ¢~ exp(—#¢”) with « = J,1 and 8 = 1,2 for FI, SW.

S@ULB&VUB)

NCDM: Particle & Cosmo
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Pure FI & SW: WDM-like

see also [Jedamzik’05, Heeck’ 17, Boulebnane’17, Kamada’19, Baumholzer’ 19, Ballesteros’20, d’Eramo’20, etc ]

101 Top philic DM: m, = 15 keV, Rr = 7.5 x 10~ 1o-11 Top philic DM: my =10 GeV.Rr=2.8 x 10~
-== FD (au) --= FD (au.)
/"A\x FI
102 10 A — sw
107 ///,' V‘A\
_ ] ] -
g R | ()W « g-Le=2Rra’lo
= 10 & :
W & 104 H
1075 1
1
s 3
10-6 10 “
1
!
3
10 Io*’ 107! 10° 10! 10 10 I;‘O’Z 10° 10% 10* 10°
q=p/T q=pIT
@ Contrarily to “usual” WDM, FIMPs are non-thermaly produced.
Distribution f, oc ¢~ exp(—#¢”) with « = J,1 and 8 = 1,2 for FI, SW.

@ Rule of Thumb: (v, )[;" oc m ' and

_ ~1/2
<vX>|,SDW ocmx1 X Ry 2,

rez (FNRS@ULB&VUB)
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Pure FI & SW: WDM-like

see also [Jedamzik’05, Heeck’ 17, Boulebnane’17, Kamada’19, Baumholzer’ 19, Ballesteros’20, d’Eramo’20, etc ]

Top philic DM: my = 15 keV, Rr = 7.5 x 107%, 6A, = 0.33 Top philic DM: m, = 10 GeV, Ry = 2.8 x 10713, 6A, = 0.28
| ~== myom=5.3keV | -== muyou = 5.3keV
10 —— my=15keV 10 —— my=10GeV
3 3
<08 <038
o =)
< O \
Soe] THK=(1+(axk) o0 So6] THK =(1+ (@) 70w |
o4 ar  (my/5) 083 Il 0.4 x (myRY?/6)~083
I~ <
E v
0.2 0.2
107! 10° 10! 10% 10° 107! 10° 10! 10? 10%
k[h/Mpc] k[h/Mpc]

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

@ Rule of Thumb: (v,)[if oc m " and (v, )3V ocm ' x Ry 12,
Pure FI/SW T'(k) similar to thermal WDM ~ Ly a Lower bound :

15keV for FI,
my 2 W 1) for mypy > 5.3 keV
3.8GeV x (RpY/107") for SW,
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FIMP model

Cosmo-Particle Interplay )
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FIMPs: NCDM and Long Lived Particles

e.g. [Hall’09, Co’15, Hessler’ 16, d’Eramo’ 17, Heeck’17, Boulebnane’ 17, Brooijmans’ 18, Garny’18, Calibbi’18&21, No’19, Belanger’18,

Decant’22.Becker’23. etcl
5cm) /600 GeV\?/ m
Qh% ~0.12 X
( cTB > ( mp ) (10 keV)

Mediator mass range
reachable at colliders

“mp =600 GeV'

1000

100:

ct [meter]

“ooo1 oot Ton
m,[GeV]

10° 10
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FIMPs: NCDM and Long Lived Particles

e.g. [Hall’09, Co’15, Hessler’ 16, d’Eramo’ 17, Heeck’17, Boulebnane’ 17, Brooijmans’ 18, Garny’18, Calibbi’18&21, No’19, Belanger’18,
Decant’22.Becker’23. etcl

QL% ~0.12

5cm) /600 GeV 2( my )
10 keV

Mediator mass range
reachable at colliders

ma = 600 GeV

CTA ma

1000

¢t [meter]

107+ | 0001 001 01 1

my[GeV]
H__/

/'Warm DM like signatures

Suppressing small scale structures
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FIMP model

FIMPs: NCDM and Long Lived Particles

e.g. [Hall’09, Co’15, Hessler’ 16, d’Eramo’ 17, Heeck’17, Boulebnane’ 17, Brooijmans’ 18, Garny’18, Calibbi’18&21, No’19, Belanger’18,
Decant’22.Becker’23. etcl

Qh? ~0.12

B

Long-lived

Transfer functions Fl through decays

S
=
c

G 2
5 cm 600 GeV (lon”lL{zV)

Mediator mass range
reachable at colliders

“mp =600 GeV'

CTB mp

>

T | meter|

-= Mou = 3keV
== Muou = 4.65keV
=== Muou = 10keV
Mou = Tkev
— mou = 12keV.
— mou = 20kev

T0001 001 00
my[GeV]

/Warm DM like signatures

Suppressing small scale structures
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FIMPs and Long lived Mediators

P B_@
Kinked Track (KT) DM
Heavy Stable Charged Particles (HSCP) ] E B a
R-hadrons (RH) i 4 2 . 1/: @) i
/' Delayed Photon (Dy)

,‘W
Displaced vertices
+ Muon (DV+p) -

Delayed Jet (DJ)

< Displaced vertices (DV)
/ -

A)isappearing Displaced Lepton
Displaced ./ _ Track vertex (DLV)
Lepton (DL) / (D] \

@ FIMP= feebly interacting massive particle, i.e. A, < 1
@ )\, < 1~ possibly c7p 2 collider detector size.

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

opez Honorez (FNRS@ULB&VUB) NCDM: Particle & Cosmo November 29, 2023 23/26



FIMP model

Ilustrative frameworks

4 4
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[lustrative frameworks
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FIMP model

[llustrative framework: minimal FIMP models
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

Laura Lopez Honorez (FNRS@ULB&VUB) NCDM: Particle & Cosmo November 29, 2023 25/26



FIMP model

[llustrative framework: minimal FIMP models
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

Laura Lopez Honorez (FNRS@ULB&VUB)
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FIMP model

Cosmo-Particles complementarity

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]

Topphilic FIMP :£ C Lx — mTXXX —mydTd — A\yoxtr + h.c.

B
» J‘
101017 an?=0.12 1010 \\&\% Ly-o /
N\ log 02 P g L =3
5104y
N

LU I A 108

—_— = ‘”;\ —_—
Ry

\ 5
2 . <)

108 f= o LW 7N = 106
5 2 5 10
< N <

s ~ N\
VL_, //\\3\\.‘1
104f - N \\ 104
LHC DV LHC R-hadrons I
100 — . 100
10 0.01 10 10
my [GeV]

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

@ Lyman-« forest data probe DM over a large range of \,, complementary to
BBN for m, ~ few 100 GeV.
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Take home message

Conclusion

Even if dark matter would be (not even) very feebly interacting with the SM if can
leave distinctive cosmology signature in the form of NCDM. Non CDM can be
free-steaming (focus of today’s talk) and/or experiencing collisional damping and
give rise to suppressed stucture formation at small scales.

@ NCDM is not necessarily thermal WDM and can have a mass much larger than
few keV.

@ Multiple NCDM production mechanisms can give rise to the same/similar
features in Cosmology observations. Lyman-« forest data can probe a large
parts of the DM parameter space.

@ Complementary observations are necessary to pin point the DM nature.

@ Future radio telescopes (21cm Cosmology) might put stringent constraints on
NCDM and distinguish between NCDM scenarios (but this might depend on

T;’Z;” [Giri"22])
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Take home message

Thank you for the invitation
and for your attention!!
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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> Q)ICDM 2 <VX> X)\/DMlim

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

my

with (v )|, =

_
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> Q)ICDM 2 <VX> X/DMlim

( gas(to) >”3 T,
X _— X —
g*S(tprod) ny
® WDM: O, h% = 0.12 ~ g, 5(Tp) ~ 10° x 2%
—4/3
= (vy) X)JDM x mWD/M
o FI: Tprod ~ m3/3 and <px>|tpmd ~ m3/2

= (v)lhl o m!
® SW: Tproq ~ +/I'pMp; and <-pX>’tprod ~ mp/2
_ 12
= (vy) tSOW ocmx1 X Rp. /
—3/2
® PBH: Tproq ~ Mppy_ and (py) g ~ 6.3/Mppn
1/2

= (vy) E)BH x m;l X Mpgy
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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

( ges(to) >”3 To
X _— X —
g+5(tproa) my

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

—4/3
= (vy) X)\/DM X mWD/M

px)

with (v )| = -
X

_ 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

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>|NCDM > < > X/DMlim

( gxs(to) >1/3 Ty
X\ —F— X —
85 (fprod) My
o WDM: Q1% = 0.12 ~ g, 5(Tp) ~ 10> x /X

4/3 keV
= (Vx> i PM o Mywpm

® FI: Tproq ~ mp/3 and <pX>|tpmd ~ mp/2
= (vl o m!
o SW: Tprod ~ FB Pl and <pX>’tprod m3/2

Px)

my

{Px)

with <VX> |to = T

Iy Tprod

= () 3V ocmt X Ry 1/2
. 4/3 #FI for FI,
mX Z (ml\;anlDM) _1/2
#sw < (Rr) 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= < s 31
pe or myypy > 3.3 keV
*™~138keV x (Rp)"? forsw, M J
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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 Lo t—— my = 50keV]
1073 ’
0.8
_ 0.8
= 0" 0.6
s —— Qg/Qror=0.40 <06 . .
X 10-5 _ N — QufQror=0.40
S 107 Qp/Qror =0.81 v e X
& — Qp/Qror=0.88 044 — aar=o0ss 8'1-;
106 Qr/Qror = 0.95 —— Qn/Qror=0.95 -2
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,Dienes’21]
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FIMPs: NCDM and Long Lived Particles

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 ( CTA > ( ma ) (10 keV)
Mediator mass range

reachable at colliders

600 GeV

P A
A
P
Long-lived

S~
//varm DM like signatures

Suppressing small scale structures
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N
Thermal WDM abundance

see [Coy’21, Kanulainen’02]

104
(n) 0
8x My 8xs
. Qh =0.12 —
0 X 6eV g*,S(TD>
‘é:. . - @ Illustrative case of SM
024 Thermal neutrinos (2 dof)
WDM-like Tp ~ MeV, i.e.
104 4 th2 ~ my, g*,S(TD) =10.75

~y ooy, ~ 10 eV
for all DM (Excluded!!)

10-¢ T T T T T T T
10¢ 1077 1075 103 10! 10! 10® 10°

m, (GeV)
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N
Thermal WDM abundance

see [Coy’21, Kanulainen’02]

104
(n) 0
gX mx g*,S
. Qh =0.12 —
10 X 6eV g*,S(TD>
';» a N @ Illustrative case of SM
024 Thermal neutrinos (2 dof)
WDM-like Tp ~ MeV, i.e.
104 4 thz ~m, g*,s(TD) = 10.75

~y ooy, ~ 10 eV
for all DM (Excluded!!)

10-¢ T T T T T T T
10¢ 1077 1075 103 10! 10! 10® 10°

m, (GeV)
@ Thermal WDM candidate (fermion w/ 2 dof)
needs g, s(Tp) ~ 1000 x (m, /keV) for all DM
i.e. for few keV DM g, 5(Tp) > g, ~ 100
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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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DM from PBH

DM from evaporating PBH as free streaming DM J

see JCAP 08 (2020) 045
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DM from PBH

PBH and Dark Matter

see also e.g. [Bauman’07,Fujita’ 14,Allahverdi’ 17, Lennon’17,Morrison’ 17, Hooper’ 19+, Masina’20,Keith’20, Gondolo’20,Bernal’20+]

PBH fully
Evaporated
Before BBN

PBH stable on

Cosmological scales

MM
105 1010 105 1 10°

1010 1015

) [Carr'20]9Y2

1020 1025 1030
Mlg]
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PBH and Dark Matter

see also e.g. [Bauman’07,Fuijita’ 14,Allahverdi’ 17, Lennon’ 17,Morrison’ 17, Hooper’ 19+, Masina’20,Keith’20, Gondolo’20,Bernal’20+]

PBH DM energy injection
due to evaporation

10734 10-% 5 /1010 105

PBH evap
at the origin of
Not even FIMP

Dark Matter

B

€cp I

)

\V
Fraction

16 [Carr’20]0W2 .
10! 108 105 10% 10% 109
Mgl

4 13
10 10 M [M,]
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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).

® For mpy < Tgyi = M /(8wMjj;), behave as non-thermal NCDM.
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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).

@ For mpy < TH = M? /(8wM®), behave as non-thermal NCDM.
BH P BH
Transfer function: mpy = 1GeV

1074
---- Fermi-Dirac 1.0
— Instant.
—— Non-Instant. 0.8
~ 0.6
X —— Mp=10%M,
= 0.4 — Me=10"m,
Mp=102M,
0.2 — Me=10%M,
=== Mmuwpm= 3keV
0.0 " Mwpm = 10keV
10-3 101 10! 10°
k [h/Mpcl]
— 2v\=5/v —0.83 init)0.42
For T(k) = (1 + (OépBHk> ) v we get appy X My~ X (MBH) J

= = == e
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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).

@ For mpy < TH = M? /(8wM®), behave as non-thermal NCDM.
BH P BH
Transfer function: mpy = 1GeV

1074
---- Fermi-Dirac 1.0
— Instant.
—— Non-Instant. 0.8
~ 0.6
X —— Mp=10%M,
= 0.4 — Me=10"m,
Mp=102M,
0.2 — Me=10%M,
=== Mmuwpm= 3keV
0.0 " Mwpm = 10keV
10-3 101 10! 103
k [h/Mpcl]
Lyman-o bound: mPa! > 2GeV x (M (IOIOM‘,,))I/2 [for m¥ =% > 3keV and 8 > 6] l
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DM from PBH

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]

Mlléllfll = Mr = Mhoriz = VProt X 477/(31_]137)
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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]

Mgllfll = Mr = Mhoriz = VProt X 477/(31_]137)

B=10"10
107 <]
10° @ PBH formed after inflation:
- 10° tp > ting — Mp > 104Mp
S
[J)
O ot @ PBH evaporate before BBN:
z 13
Q
£ 101 BEN tev < tggy — Mp <2 x 10 Mp
1073
105
102 104 10 108 10 102  10M
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]

Mlléllfll = Mr = Mhoriz = VProt X 477/(3H137)

107 f=10-0
— Qpuh?2=0.12 . .
10° il @ PBH formed after inflation:
< 10° tp > ting — Mp > 104Mp
[J]
O 0 =< Be @ PBH evaporate before BBN:
3 13
£ 101 \ — tew < tppy — Mp < 2 x 101°M,
10-3 @ DM abundance depends on the initial
105 BH fraction: 5 = ppgn/protl < 1
10?2 104 106 108 1010 1012 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]

Mlléllfll = Mr = Mhoriz = VProt X 477/(31_]137)

B=10"10
T T
—— Qpuh?2=0.12 . .
105 Ly 3kev @ PBH formed after inflation:

tp > ting — Mp > 104Mp

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

mpm [GeV]

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

102 10 108 10%8 10 102  10™
Mg [Mp]

Lyman-a bound: NCDM account for all the DM if 3 < 5 x 1077 and mpy 2> 2 MeV. )
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DM from PBH

Future constraints on Non-Cold Dark Matter? J
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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

Cosyni 2008 ossan

Laura Lopez Honorez (FNRS@ULB&VUB) NCDM: Particle & Cosmo November 29, 2023 41/26



21 cm Cosmology

s

o Transitions between the two ground state

T 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
g

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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DM from PBH

21 cm in practice

e 21cm signal observed as
CMB spectral distortions

Radiative
Transfer
1100
103 credit : [Ruderman |
E i | B N T g
21cm 102
Signal e
TE %0 o
a ahey ARCADE2
% 107! // .
2 .| EDGES \
5 10 7 4
3/" 16he FIRAS |
107°¢ v\ |
z ° 1074 il i
. 108 10= " 10 [ 10
credit : [Kovetz ]

T
x = w/Tcms

—
-
=3
™
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DM from PBH

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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Forecast SKA constraints on WDM+CDM

[Giri’22] (MCMC analysis): 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 mwpm < 15 keV.

‘WCDM
101
- FLOOR
— DPL N
TRUNCATED /’ o°
p =
F 4 8 "
Ela
'0 “B 7/
E]
D 2
o )
>
o
-4 | ;
10 107 10° 101 Aox2w
M (h~IMy) -log10(mwpwm)

For T™i" ~ 10* K it will be difficult to distinguish between an inefficient source
models and a universe filled with NCDM.
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1.00

8 0.10

Variance of the
1D flux power
spectrum, i.e.
A%(k)=kP(k)/n

0.01

Matteo Lucca

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

[ cosmic time: 1.1-3.1 Gyr

f

=54 - <
; (S = SN
9 T AR Y
4 *‘:?%/,gﬁ@j; N4
e @]
5 _«»"/;:r}fﬁ—f 1
T /‘,’/‘/} L
Sy T —
‘g )f LA/ /..A = best fit ACDM |
) 2y, l
i;:f::l':_ S0 |
¥ 1//,0 o% ipss
‘, /L/a WDM 2.5 keV
; jigiphegcod 4]
0010 0.100
k (s/km)

Adapted from
Tegmark et al. 2004

Wavelength A [h°! Mpe]
1000 0 10

@SDSS galaxies

£
H

#Cluster abundance N
BE v =
ak lensing X
ALyman Alpha Forest N
1k . L L -
0.001 001 10

o1
Wavenumber k (h/Mpc]

The higher the z of the source,

1) the more absorbtion one gets,

2) the lower the mean transmission is,

3) the more the density fluctuations amplify,
4) the larger the amplitude of the spectrum

Adapted from Viel et al. 2013
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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| LKl: 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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DM from PBH

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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DM from PBH

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
2 ~ 0.12 5 cm 600 GeV ( My )
~ .
cTB mp 10 keV
Mediator mass range
reachable at colliders
P B 0 1000, mpg e
DM ;
100+
B A _ i
P 7@ § o
Long-lived £ i
I

I
=
¢

Transfer functions Fl through decays

N ey 100 10 “0001 0010 00 T
Py S—~—— | mlGeV]
20 y /IVarm DM like signatures
LS (=== \ Suppressing small scale structures
v\
02 ow = Thev \!
—— Mpu = 12keV/ \
20| o = 2000w
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DM from PBH

Exemplary case of top-philic DM

1010 1010
108 108
z s
<l 3
s 108 < 108
< <4
. N
107 .- 104 || 2= 0.2
— log
LHC R-hadrons 10 Gev
100
105 0.01 10 104 100

-6
10
my [GeV]

L C ﬁK — %)_(X — m¢¢T¢ — )\XQS)_(Z‘R + h.c.

NCDM: Particle & Cosmo November 29, 2023 48/26



M from PBH

Exemplary case of top-philic DM
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DM

H

Exemplary case of top-philic DM

1010 1010
108 108
> -
s 108 = 108
< 4
4
104 . 10t
Mostly
LHC R-hadrons uper-WIMP
100
1075 0.01 10 104 100
my [GeV]
/ Lo Top philic DM: m, = 10 GeV, Rr = 2.8 x 10-13 Top philic DM: m, =10 GeV, Rr = 2.8 X 10714, 64, = 028 \
=== FD(au) 1.0 === Mwom=5.3keV
N Bl — my=10GeV
N
107 Vs k) — sW z
/ 3 <08
S 3 3
cLas iy i - s Tx(K) = (1 + ak)™2
g / 4 f(Q)W « gle-2RaeY £ 06 x(k) = ( , xK)
S i = awom * Mish
& : }
S 107 i I 0.4 asw = (mRY/6)
i <
i T
10-% i 02
i
i
-5 | :
1075 10° 13 10 16° 107! 10° k
q=p/T

10 0 108
k[h/Mpc]

November 29, 2023

NCDM: Particle & Cosmo 48/26



M

m PBH

Exemplary case of top-philic DM
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PBH evaporation and Greybody factors
BH temperature and Evaporation see Hawking 74-75, Bardeen 1973,Page 1976 & Mc Gibbon1990]

M ad N _ & Ti(EMgn)
8TMgH dtdE 21 exp (E/TBH) +1’

Ty =

where I';(E, Mgy ) are spin and energy dependent greybody factors. We use the high
energy limit I'; — 27E*Mgy, /M, .

4

dMBH _ dNJ — _ ﬂ
- Z fo dtdEdE ern,
81C(3) M}
f dr [y~ dsz = 8i30%ner M2
. cp o 1 MF
with a lifetime 7 = Ter W -

Including the full treatment of the greybody factors [Mc Gibbon1990], our er is approximatively

twice as large as the correct er for dM /dr. This implies that we underestimated 7 by a factor of
2. The corrected QDM (t0) to differ from Qpm(#o) by a factor 1.8 X Xpu for B < f3. and a factor
1.3 x Xpm for 8 > .. It would also imply a strengthening of the Ly-o bounds obtained by

~ 25 % aside from the shift in the peak velocity to higher velocities that would strengthen this
bound even further.
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NCDM from PBH: Lyman-a & AN

@ Suppressed power at small scales:
Tx (k) = (1 4 (axk)™) /"
with v = 1.12 and WDM and PBH breaking scale are given by:

11 0.11 122
awpm = 0.049 (’{"l‘(’g\",’l) (%WZDSI"‘) (%) h~"Mpc vieros)
—0.83 .
QpBH = 53.2 (Tgx) (%) h_lMpC [our result for 3 > S, using CLASS]
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NCDM from PBH: Lyman-a & AN

@ Suppressed power at small scales:
Tx (k) = (1 4 (axk)™) /"

with v = 1.12 and WDM and PBH breaking scale are given by:

owon = 0.049 (i)~ ()" ()"

—0.83 : _
QpBH = 53.2 (mDM) (ﬁ) h 1MpC [our result for B > [ using CLASS]

hflMpC [Viel’05]

Tev M,
4/3
Ly—a 1/2
M,
s o > 4.4keV (”Lw_liy> (#)
€ p

@ Extra relativistic dof at recombination or BBN [Merle '15]:

T)— T
ANey(T) = pom(T) mDNl[/nDM( )
Pretv(T) /Nege(T)
~ ANggr < 4.1 x 1072 (independently of M)
too small to be detected by CMB experiments (for gpy = 2)

(ANggt(Temp) < 0.28 at 95 % C.L. [Planck’ 18] and ~ 0.06 for CMB StagedV [ Abazajian’ 1%
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PBH: summary
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DM from PBH

This is really the end )
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