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Introduction

DARK
MATTER

DARK
ENERGY

BARYONS

84% of the matter content is made of Dark Matter [
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DM Partice: Wide range of mass

see also [M. Taoso talk]
Some a priori benchmarks:
@ Bosonic DM: mpy > 10722 eV for \pg < kpc
. . . . . . —~1/3
in addition: mpy <few tens of eV wave-like behaviour A\pg > nDM/
[see J. Redondo talk]
@ Fermionic DM: mpy >few tens of eV
from Pauli exclusion in astro objects.
@ mpym ~ 100 TeV: unitary limit for annihilating DM
non-perturbative physics shall be accounted for [von Harling & Petraki 14, Smirnov &
Beacom’191+ non-termal DM, non-standard cosmo can go beyond e.g. (asasi21]
e mpym > 10'2 GeV ~ 10_38M@: macroscopic objects (PBH) c.g. (Bymes ik
~> can also source DM particle production with e.g. Non Cold signatures
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DM Partice: Wide range of mass

see also [M. Taoso talk]

Some a priori benchmarks:

@ Bosonic DM: mpy > 10722 eV for Apg < kpc
. . . . . . —~1/3
in addition: mpy <few tens of eV wave-like behaviour A\pg > nDM/
[see J. Redondo talk]

@ Fermionic DM: mpy >few tens of eV
from Pauli exclusion in astro objects.

@ mpm ~ 100 TeV: unitary limit for annihilating DM
non-perturbative physics shall be accounted for [von Harling & Petraki 14, Smirnov &
Beacom’191+ non-termal DM, non-standard cosmo can go beyond e.g. (asasi21]

e mpy > 102 GeV ~ 10*38M@: macroscopic objects (PBH) c.g. (Bymes ik
~> can also source DM particle production with e.g. Non Cold signatures

In the talk we focus on some particle DM candidates (bosons or fermions)
beyond WIMPs giving rise to specific non-cold signatures in Cosmology.

= = A B ¢
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Introduction

Non-Cold Dark Matter erases small scale structures

Galactic Cluster Cosmic
| | >
| |
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i Ly-a ioEn = M. Kuhlen et al. 2012
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@ WDM free-streaming from overdense to underdense regions
~» Smooth out inhomegeneities for A < Aps ~ f v/adt

@ Effects P(k) generalized to Non-Cold DM see e.g. (Bode'00, Viel'05, Murgia'17],
including non-thermal FIMPs or e.g. DM from PBH evap.

[or e.g. free-streeming ALPs, see also R. Impavido talk]
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Non-Cold Dark Matter erases small scale structures
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@ WDM free-streaming from overdense to underdense regions
~~ Smooth out inhomegeneities for X < A\ps ~ [ v/adt

@ Effects P(k) generalized to Non-Cold DM scee.g. (Bode'00, Viel'05, Murgia’17],

including non-thermal FIMPs or e.g. DM from PBH evap.
[or e.g. free-streeming ALPs, see also R. Impavido talk]

@ Tested against Lyman-a: absorption lines along line of sights to distant quasars

probe smallest structures ~ miiSmil > 5.3-5.7 keV
see e.g. [Viel’05, Yeche’17, Palanque-Delabrouille’ 19,Garzilli’ 19,Isric’23]
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DM Production: Model and Cosmology Dependent

Cosmology

de (t, p) Particle Physics ?

T dt :S[fx]
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_ lnodein
DM Production: Model and Cosmology Dependent

Cosmology

dfx(tap) .
D) _rs77

Weak/strong Feeble/No
coupling to SM coupling to SM

Fyosm > H Tyesm < H
“Thermal” DM “Non-Thermal” DM
Fltp) = fy(t,p)/ P-BE Filtp) # fi(t,p)TPBF

AN

Produced through
feeble
interactions
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WIMP

WIMP is under pressure ...
but not dead J
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WIMP Dark Matter

Weakly Interacting Massive particles coined in 1985 (steigman & Tumer] Originally for
CDM particles (heavy v, SUSY, axions).
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WIMP Dark Matter

Weakly Interacting Massive particles coined in 1985 (steigman & Tumer] Originally for

CDM particles (heavy v, SUSY, axions).

@ Relic Abundance:
Produced through freeze-out

Cosmology

de(t’p> _
S felf

Particle Physics

@ WIMP assumptions
e ~ Weak interactions
o In thermal and chemical
equilibrium with SM initially

opez Honorez (FNRS@ULB&VUB) Beyond WIMP
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WIMP Dark Matter

Weakly Interacting Massive particles coined in 1985 (steigman & Tumer] Originally for
CDM particles (heavy v, SUSY, axions).

o — === FD (au)
@ Relic Abundance: o e,
Produced through freeze-out L
E;]O‘ \\
Cosmology Particle Physics Tioe] B@W = eplEm 4D Y
de(t’p> _C[f ] 0% |
dt | X . i
1o 102 10! 10° 10" 10°
q=pIT
. 102
@ WIMP assumptions
. . 10-6
o ~ Weak interactions g
o In thermal and chemical M
equilibrium with SM initially > jg-1e B
o Non relativistic DM 10-18 '
o Radiation dom. era 0.1 1 10 100 1000

x=my /T
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Large mass range: WIMP (testable!?) Paradigm

A

eV keV

\

Laura Lopez Honorez (FNRS@ULB&VUB)
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WIMP paradigm
Non-relativistic thermal
DM Freeze-out
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Large mass range: WIMP (testable!?) Paradigm

A
\ 4

eV keV MeV GeV TeV 100 TeV

>
»

&
<

WIMP paradigm
> Non-relativistic thermal

DM Freeze-out
o @ Particle phys DM searches :
Indirect : DM annihilates to SM
Direct : strong threat

Colliders : prompt searches
X
e Q Cosmology

< DM energy injection:
CMB, Ly-alpha, 21cm probes
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WIMP: Strong threat from direct DM searches

Predictive WIMP benchmark: Minimal DM (ciretii0s)
DM = EW multiplet n > 1, including xp—o
& need Z; stabilizing symmetry for n < 5

@ Very predictive: SU(2), interactions

@ Connecting dots? H-portal between n and n + 1 [oncala21,LLH'17]

1074

10745

g
2
g 1074
10747, -
Mpw [TeV]
[Bottaro’22]
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WIMP: Strong threat from direct DM searches

Predictive WIMP benchmark: Minimal DM (ciretii0s)
DM = EW multiplet n > 1, including xp—o
& need Z; stabilizing symmetry for n < 5

@ Very predictive: SU(2), interactions

@ Connecting dots? H-portal between n and n + 1 [oncala21,LLH'17]

@ Theory Challenge
Accurate DM relic and Indirect 1074
signatures (v lines)
needs Sommerfeld, bound state 107
treatment [Oncala’21,Beacom’ 19, Mitridate’17,] /

o5 [em?]

10746

@ Exp. Challenge: go deeper
Direct Detection & Indirect detection

[M. Taoso, D. Cerdefio + Mon-Thur talks]

@ n = 3 ruled out by Fermi (even for Mon [TeV)
large core) [safdi & Xu'2s) [Bottaro’22]
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beyond WIMP: FIMP

Beyond WIMP
with feeble interactions J
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From WIMP to FIMP: thermal and non-thermal candidates

A

>
»

eV keV MeV GeV TeV 100 TeV

»
»

<&
<

From WIMP to FIMP and others
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From WIMP to FIMP: thermal and non-thermal candidates

>
»

A

eV

keV MeV GeV TeV 100 TeV

»

A

»

From WIMP to FIMP and others

Thermal to non thermal DM production :

Mediator annihilation/Conversion/Semi-annihilation
driven Freeze-out ; Freeze-in - Super-WIMP ; +
+SIMPs ; asymmetric DM ; etc

Particle phySiCS searches :[see talks D. Cerdeno, M. Taoso, S. Lowette ]
Direct DM searches: sub-GeV challenge

Colliders : Displaced vertex searches

Beam-dump experiments

Cosmology : [see e.g. A. Mesinger, D. Agius talks]
BBN (~MeV), Lyman-alpha (non-cold), ANeff, energy
injection, 21cm probes

Laura Lopez Honorez (FNRS@ULB&VUB) Beyond WIMP November 5, 2025
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From WIMP to FIMP: t-channel as illustrative framework

t-channel models requiere 2 dark sector particles X = DM, Y = mediator

L=MNXYSM+ h.c.

[Arina25]

é % g 8 ,S I g’ 3 g

@ Relic Abundance: Can 23 £2¢ g ¢
. a9 £7° 9 o
continuously go from thermal Z & = § & 8 &

relics with DM Freeze-out

(XX — SMSM) to non-thermal
relics from Freeze-in and ‘

Super-WIMP (set by ¥ — X) ~ 10712 ~ 107 ~10A
by decreasing the coupling .

~0.12

Laura Lopez Honorez (FNRS@ULB&VUB) Beyond WIMP November 5, 2025 12/24



From WIMP to FIMP: t-channel as illustrative framework

t-channel models requiere 2 dark sector particles X = DM, Y = mediator

L=MNXYSM+ h.c.

-4

Qh?

@ Relic Abundance: Can
continuously go from thermal
relics with DM Freeze-out
(XX — SMSM) to non-thermal
relics from Freeze-in and
Super-WIMP (set by ¥ — X) ~ 10712 ~ 1070 ~1 A
by decreasing the coupling .

superWIMP
production
canonical
freeze-out 13

freeze-in
conversion
driven
freeze-out

~0.12

.. my = 50keV
@ FIMPs characteristics 10-3 Decant 21
o feeble interactions S 10~ /\
(A<D S| —ammon
. . . — FilSdror = U.
e non thermal distribution RS —— QnlQror=0.88
. . I 106 { — Qm/Qror=0.95
@ 1mprint sensitive QnlQror =0.96
to early universe Cosmo 107 Onlfiror = 0.7
107 10° 10 102

q
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From WIMP to FIMP: t-channel as illustrative framework

4
@
£ .
3 [Arina’25]
@ DV/DL
a
& i’
freeze-in / superWIMP
HSCP
canonical conversion-driven
freeze-out freeze-out
\ DT
P T < mm cT>m lifetime
< 2 >

@ Colliders may help to probe each regimes see aiso [S. Lowette talk]
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From WIMP to FIMP: t-channel as illustrative framework

1
Displaced i
searches 4
0.100 | H
/ 5 [Arina’25]
J 2 DV/DL
0.010 / g )
/ freeze-in / superWIMP
S //
¥ 0.001 Y,
o e Radiation o e HsCP
g S/ ag%rrrggﬁgggn = e
10 d
/ o DT
10-5 = ~ ~—
o ct < mm ct>m lifetime
106 LymenEe : <
100 200 300 400 500 600 A

my[GeV]
[adapted from Calibbi’21]
@ Colliders may help to probe each regimes see aiso [s. Lowette talk]

@ Complementarity with Cosmo probes for FIMPs (Ly-«, BBN, etc)
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‘WIMP to FIMP

From WIMP to FIMP t-channel as 111ustrat1ve framework

1 ey 1 . ey
Dlsplaced \ D1splaced / J
searches searches / y //

0.100 0.100 /
| / /
J / /
0.010 / 0.010 /
— Y, — /
> / > d
@ / (] f
0.001 / - 1
9 Radiation 90 001 ;/ Matter
x domination x / domination
£ 104 ~ at production 1S 10 / at production
L~ / +low Reheating
5 cfj/ J,/ =T “Q%’/k'“», 5 /{'/
10° —— — 107 £
\/
100 200 300 400 500 600 100 200 300 400 500 600

my[GeV] my[GeV
[adapted from Calibbi’21] [adapted from Calibbi’21 & Deread’25]
@ Colliders may help to probe each regimes see aiso [s. Lowette talk]

@ Complementarity with Cosmo probes for FIMPs (Ly-«, BBN, etc)
@ Modified early Cosmology with late Reheating see aiso [N. Barbieri talk]:

can improve collider reach and suppress Cosmology bound

Challenge: Large parts of the parameter space are still to be reached

need complementary Astro-Particle-Cosmo exp. efforts to constrain or validate key signatures.
ez (FNRS@QULB&VUB) Beyond WIMP
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beyond WIMP: not even FIMP

Beyond WIMP
Gravitational production (not even feeble interactions)
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beyond WIMP: not even FIMP

Production of not even feebly coupled DM

o Cosmological gravitational particle production (CGPP)
particle production from vacuum due to time evol. of the bgd grav. field due to the
expansion of the Universe.
[see e.g. Kolb'23 review, Garcia'23 for NCDM]

@ DM production from evaporating PBH

Discussed here

opez Honorez (FNRS@ULB&VUB) Beyond WIMP November 5, 2025
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beyond WIMP: not even FIMP

PBH evaporation 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+,..,
Barman’24, Haque’24 and C. Byrnes talk]

PBH stable on
Cosmological scales

Mpgn [g]
1018 102t 1024 1027 1030 1033 1036
T T T T T T T

1015
100F
L) re;
10-1f 1
= g Microlensing
102 £
= g
5 HE
G 10~
I 5|
I 2|
& 107 g \ 3

[Villanueva’21]

1076 0— 1L 0 1 L1
10718 10-'5 10°12 107 107°
Mpgn [Mo]
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beyond WIM

ot even FIMP

PBH evaporation 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+,..,

Barman’24, Haque’24 and C. Byrnes talk]

PBH stable on

PBH
Evaé)gfroa;goglisl\tlage Cosmological scales
10-! 10° e )
1015 1018 1021 1024 1027 1030 1033 1036
1 OU ¥ T T T T T T
PBH evap
ht the origin o; 10-1L
ot even FIMH 5
Dark Matter C‘% —_p, § Microlensing
&10-3k) " v
It k|
= §“
o= 10~ g i
105
i

[Villanueva’21]

19=61 . . 1 01 M.
1034 10-2 “°10-T 10-15 102 10 10° 1073 109 107
Mpgn [Mo ]
10* 1013 M [M,)

Beyond WIMP

November 5, 2025
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beyond WIMP: not even FIMP

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 < Ty = M /(8wM}i7), behave as non-thermal NCDM.

Laura Lopez Honorez (FNRS@ULB&VUB) Beyond WIMP November 5, 2025
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beyond WIMP: not even FIMP

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 < Ty = M /(8wM}i7), behave as non-thermal NCDM.

107 T

104 E

— k=00

k=0.2, burst

F—— k=0.2, no burst ,*
/

=== Fermi-Dirac

8 " " " " " \
10 1078 10 10 10° 10* 10*
q

DM production/NCDM properties depends on the initial PBH abund. j3,

memory burden pvai1s k and ¢ (starting for My = gM&a%, and evap. slow down as
dNDM /dt X S_k), DM and PBH mass, €tC see also e.g. Barman’24, Haque’24.
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beyond WIMP: not even FIMP

PBH evaporating after inflation and before BBN

see also [Barman’24, Haque’24]

PBH generation: after inflation an initially large density perturbation at sufficiently

small scale can colla}gse to form a PBH with mass of order the horizon mass.
[Zeldovich & Novikov; Hawking;

arr & Hawking]

Mgllilt = MF = Mhoriz = YPtot X 47T/(3H13:~)

@ PBH formed after inflation:
tr > tinn — Mp > 104Mp

@ PBH evaporate before BBN:
tey < tggn — Mp < MY

max
@ DM abundance depends on the initial
BH fraction: 8 = pppu/prot) < 1

Laura Lopez Honorez (FNRS@ULB&VUB) Beyond WIMP November 5, 2025 18/24



beyond WIMP: not even FIMP

PBH evaporating after inflation and before BBN

see also [Barman’24, Haque’24]

PBH generation: after inflation an initially large density perturbation at sufficiently

small scale can collagse to form a PBH with mass of order the horizon mass.
[Zeldovich & Novikov; Hawking; Carr & Hawking]

Mgllilt = MF = Mhoriz = YPtot X 47T/(3H13:~)
p=10""7k=1,¢q=05

109k fom=1

) -== fom=01 @ PBH formed after inflation:
1078 . o> tp > ting — Mp > 1O4Mp
Z 0 Lyman-a
2 10°F X Vel. disp. @ PBH evaporate before BBN:
g Inflation fov < IBEN — MF < M

I BBN

max

@ DM abundance depends on the initial
BH fraction: 8 = pppu/protly < 1

101 | . _ [Thoss et al in prep]
10* 10° 10° 107 10%
My / Mp

Lyman-« bound: can exclude NCDM with mpy; > keV.
NCDM always excluded in MD era (5 > (.) J
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beyond WIMP: not even FIMP

21cm Cosmology future NCDM probe? )

Laura Lopez Honorez (FNRS@ULB&VUB) Beyond WIMP November 5, 2025 19/24



beyond WIMP: not even FIMP

Cosmic Dawn and 21 cm Cosmology?

see also Andrei Mesinger talk
The most powerful probe of the Cosmic Dawn (= period where first galaxies
started to shine) up until reionization (EoR) is 21 cm spin flip line of HI :

g, A

D @ Transitions between the two ground state
Rerdlelfine energy levels of neutral hydrogen HI

Emitted

V ~+ 21 cm photon (vy = 1420 MHz)

L

Antiparallel spins

Laura Lopez Honorez (FNRS@ULB&VUB) Beyond WIMP November 5, 2025 20/24



beyond WIMP: not even FIMP

Cosmic Dawn and 21 cm Cosmology?

see also Andrei Mesinger talk
The most powerful probe of the Cosmic Dawn (= period where first galaxies
started to shine) up until reionization (EoR) is 21 cm spin flip line of HI :

ﬁm é,d o @ Transitions between the two ground state
Rarlel s . energy levels of neutral hydrogen HI
V ~~ 21 cm photon (v = 1420 MHz)

@ 21 cm photon from HI clouds during Cosmic
# /& Dawn & EoR redshifted to v ~ 100 MHz
~ new cosmology probe

Antiparallel spins

Redshifted 21cm signal

using interferometers
such as LOFAR, MWA, PAPER, GMRT Galaxy
CMB 2d gen: HERA,SKA Surveys
1
1 1.00 < | +redshift .0 J.-
.- Age Univ. [G ' 1
37104 AveUnv(Gm == (5 13.8
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beyond WIMP: not even FIMP

21 cm Cosmology 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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beyond WIMP: not even FIMP

Delayed 21cm features for NCDM

see also [Sitwell’ 13,Escudero’ 18, Schneider’ 18,Safarzadeh’ 18,Lidz’ 18, LLH’ 18, Mufioz’20,Schneider’22, Giri’22, Schosser’24, Decant’24]
NCDM low mass halo suppression can lead to delayed ion, exc, heat.

202.9 157.8 129.1

v [MHz]
109.2 04.7 83.5 747

102k k=013 Mpc!

— CDM

— mwpum = 8.0 keV
— mwpwm = 5.3 keV N
— mwpm = 4.0 keV A

8 10

12 14 16 18
z

Beyond WIMP November 5, 2025
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beyond WIMP: not even FIMP

21cm Cosmology might improve WDM bound

see also [ Giri’22, Kovetz’22, Schosser’24, Decant’24]
Considering one single population of galaxies of fixed My

Exclusion plot, benchmark 1

® 95% CL lower bound (noisy data)
® 95% CL lower bound (noiseless data)

30 A A 4

" 5

Lower My, allow to
probe higher mwpwm
= colder NCDM

95%
(this

excluded by Ly-a

50 55 60 65 70 7.5 80 85 90 95 100
l0g(Mtyrn/Mo)

To improve on existing bounds, we need My, < 108M@. [Decant’21]
For the lowest My = lOSM@, the improvement on the lower bound on
mwpm reached by HERA will depend on the CD galaxies properties.
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beyond WIMP: not even FIMP

21cm Cosmology might improve WDM bound

see also [ Giri’22, Kovetz’22, Schosser’24, Decant’24]
Considering one single population of galaxies of fixed My

Exclusion plot, benchmark 2

30 A A A A A ® 95%CLiowerbound (noisy data)
( ) ) ( ) ® 95% CL lower bound (noiseless data)
AL I R AR i BRI | Lower Mym allow to
» “ N “‘ "R Rl “ \ probe higher mwpm
AN \ M —
<o (1 | \‘ \aqﬂ \ \ \ \‘ o = colder NCDM
@] l \ | \ [ | |
X { | [ \ .
gl | W ‘w | “ \ Increasing X-ray params
=10 \ '\\: W | ~~ suppressed contrast
10 \ . | | .
i e O QRN ~ more challenging.
5 xciuded by|Ly-a ‘ : ‘ see also D. Agius talk
0

5.0 5.5 6.0 6.5 7.0 75 8.0 8.5 9.0 9.5 10.0
l0g(Mtyrn/Mo)

To improve on existing bounds, we need My, < 108M@. [Decant’21]
For the lowest My = lOSM@, the improvement on the lower bound on
mwpm reached by HERA will depend on the CD galaxies properties.
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beyond WIMP: not even FIMP

21cm Cosmology might improve NCDM bound

see also [ Giri’22, Kovetz’22, Schosser’24, Decant’21,Ballesteros’20]

Displaced

searches
0.100
0.010
3
0.001 -
9 Radiation
EX domination
10 at production
r ——— el

107

\~
108 Lyman-a

100 200 300 400 500 600

my[Ge
[adapted from Calibbi’21]

assuming that the bound on mby, oc (malm )4/3

and m%&gﬂd < 15 keV, which would be the best case scenario.
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Take home message

Displaced '
searches /

p=10"2k=1,q=05

10° — fou=1
=== fou=01

107 > /
= I Lyman-a 4
% 10° X Vel. disp. Matter
3 Inflation domination
£ 108 BN BBN at production

+low Reheating

1078
o1 5 o g g o I
10 10° 10° 10 10° 10

[Thoss et al in prep]
100 200 300 400 500 600
Mppy/Mp

my[GeV]
[adapted from Calibbi’21 & Deread’25]

o WIMP DM is under pressure but not dead
@ Yet there is a wide range of possibilities to be explored beyond WIMP.

o If (not even) feebly coupled DM, the challenge will be to use all probes
to charaterize DM.

o Complementarity between astro-cosmo-particle is an asset.
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Conclusion

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, Decant’21 ]

Naive estimate for “similar velocity distributions” :

<VX>|2)ICDM 2 <VX> X;/DMlim

<PX> g*S(tO) 1/3 &
) (g*s(fprod)> . My

with  (vy )|, = —=
X

{Px)

I Tprod
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-
Translating WDM bound to NCDM?

see also [ Kamada’ 19, Baumholzer’ 19, Ballesteros’20, d’Eramo’20, Decant’21 ]
Naive estimate for “similar velocity distributions” :

<VX>|2)ICDM 2 <VX> X/DMlim

X ( 8xs(fo) >]/3 « Lo
85 (prod) My
© WDM: Q4% = 0.12 ~ g, 5(Tp) ~ 10° x =%

43 keV
WDM —
= (vx) 10 X Mypm

@ FIL: Tproq ~ mp/3 and <Px>

= (vy) E)I x m;l

® SW: Tyroa ~ vIT'sMp and (py)l;,., ~ mp/2, with Rp = TpMp;/mj

= (VX> g)w X I

—3/2
o PBH: Tproa ~ Mpp and (p, )

PBH -1 1/2+k
= (vy) o my ' X Mpgyy

(Px)

with  (vy )|, = —=
X

{Px)

I Tprod

|tprod ~ mB/2

~ 6-3/MPBH

‘ tprod

To X
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N
“Pure” FI & SW: WDM-like

see also [Petraki’16,Heeck’17, Boulebnane’ 17, Kamada’19, Baumholzer’ 19, Ballesteros’20, d’Eramo’20 |

Top philic DM: m, = 15 keV, R = 7.5 x 10~#

107!
=== FD (au.)
1072

107

1074

a%gxfy(q)

107

10°°

1077
10~ 107 100 10' 102

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

[Decant, Heisig, Hooper, LLH’21]
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https://github.com/dchooper/class fisw

“Pure” FI & SW: WDM-like

see also [Petraki’16,Heeck’17, Boulebnane’ 17, Kamada’19, Baumholzer’ 19, Ballesteros’20, d’Eramo’20 |
107!

Top philic DM: m, = 15 keV, Ry = 7.5 x 108 10-11 Top philic DM: my =10 GeV. Rr = 2.8 x 1071
——= FD(u) -== FD (au.)
o — H N FI
10-2 sw 10-12 A~ 3 — SW
3
H
)
1073 4
— S 1078 1
o S 1.—
;: = 3 /',(Q)’\*G 2R/t
107 ) !
&) o5 i
& o107 i
107% 1
H
3
107"
1076 i
i
!
1
1077 101
10~ 107 100 10' 102
q=pIT

1072

10° 10?

10* 100
q=p/T
@ Contrarily to “usual” WDM, FIMPs are non-thermaly produced.
Distribution f, o ¢; ® exp(—¢%) witha = 1,1 and 8 = 1,2 for FI, SW.

S@ULB&VUB)

[Decant, Heisig, Hooper, LLH’21]
Beyond WIMP

November 5, 2025 29/24


https://github.com/dchooper/class fisw

N
“Pure” FI & SW: WDM-like

see also [Petraki’16,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 10713, 64, = 0.28
1.0/ -== Mmypm = 5.3keV 1.0/ —== mypu = 5.3keV
: —— my=15keV ’ — My=10Gev
< >
<08 <08
a a \
< <& \
So6] THOI= 1+ (k) 1ow Sos] THKI = (1+ (k)i )
= awom = Mk = ow m‘.-.‘hﬁ«‘
’IL 04 ar « (my/6)7083 ’IL 04 H216)-0-83
X X
T T
0.2 0.2
107! 10° 10! 10 10° 107! 100 10! 10 10°
k[h/Mpc] k[h/Mpc]

@ Contrarily to “usual” WDM, FIMPs are non-thermaly produced.
Distribution f,, o< ¢, @ exp(—qf) with o = %, 1 and 8 = 1,2 for FI, SW.
@ Modified CLASS: Pure FI/SW transfer functions similar to thermal WDM.
~+ Lower mass bound from Lyman-o (mp < ma. Tyroq > Tew) :
15keV for FI,

my 2 for mypny > 5.3keV
X~ 13.8GeV x +/10-12/Rp forSW, .

[Decant, Heisig, Hooper, LLH’21]
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https://github.com/dchooper/class fisw

-
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]
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-
Modified early cosmology

see also e.g. [Co’15; d’Eramo’17, Calibbi’21, A. G. Garcia’21, Becker’23 etc]
It is usually assumed that the universe is Radiation Dominated (RD) at T 2 10 MeV.
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Modified early cosmology

see also e.g. [Co’15; d’Eramo’17, Calibbi’21, A. G. Garcia’21, Becker’23 etc]
It is usually assumed that the universe is Radiation Dominated (RD) at T 2 10 MeV.

Nothing prevents other early cosmologies: early Matter, Kination, etc domination.
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Modified early cosmology

see also e.g. [Co’15; d’Eramo’17, Calibbi’21, A. G. Garcia’21

, Becker’23 etc]

It is usually assumed that the universe is Radiation Dominated (RD) at T 2 10 MeV.
Nothing prevents other early cosmologies: early Matter, Kination, etc domination.

We consider late time reheating (RH) with inflaton potential V(¢) ~ A(¢/M,,)~.

During RH [see Garci’21].

_ k=2
@ Wy = ¥

@ ¢ decays to e.g. fermionic
species F: Ty ~ yZmy (1)

~ sets T (1) a~ %+ durin the RH
period and Try (X, yr, k)

Lopez Honorez (FNRS@ULB&VUB)

pla)

1020

100

10

— ppk=2

Beyond WIMP

November 5, 2025
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-
Modified early cosmology

see also e.g. [Co’15; d’Eramo’17, Calibbi’21, A. G. Garcia’21, Becker’23 etc]
It is usually assumed that the universe is Radiation Dominated (RD) at T 2 10 MeV.

Nothing prevents other early cosmologies: early Matter, Kination, etc domination.

We consider late time reheating (RH) with inflaton potential V(¢) ~ A(¢/M,,)~.

During RH [see Garci’21]:

— Ppk=2
@ wy = i—i-;z 10%
@ ¢ decays to e.g. fermionic g
102

species F: Ty ~ yzm(t)

_3k=3 . 1000f g+ 3H +wypy = —Typ,
~ sets T(f) oc a~ %+ durin the RH

period and Tgy (A, yr, k)

Pr+3H(L + wehpp =Typy

. . .
10* 10" 10%
alain
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-
Modified early cosmology

see also e.g. [Co’15; d’Eramo’17, Calibbi’21, A. G. Garcia’21, Becker’23 etc]
It is usually assumed that the universe is Radiation Dominated (RD) at T 2 10 MeV.

Nothing prevents other early cosmologies: early Matter, Kination, etc domination.

We consider late time reheating (RH) with inflaton potential V(¢) ~ A(¢/M,,)~.

During RH [see Garci'21]. —
k=2 e
® Wy =15 oo
@ ¢ decays to e.g. fermionic _
species F: Ty ~ yzm(t) T i

~ sets T (1) a” %% durin the RH 1o
period and Try (A, yr, k)

32

_ -4 -
PR a — Txa3® ppxat — Toa™!

10* 10" 10%
alain
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-
Modified early cosmology

see also e.g. [Co’15; d’Eramo’17, Calibbi’21, A. G. Garcia’21, Becker’23 etc]
It is usually assumed that the universe is Radiation Dominated (RD) at T 2 10 MeV.

Nothing prevents other early cosmologies: early Matter, Kination, etc domination.

We consider late time reheating (RH) with inflaton potential V(¢) ~ A(¢/M,,)~.

" Fermionic reheating - .- - pp k=4

During RH [see Garci’21].

k=2
@ Wo =10

102

@ ¢ decays to e.g. fermionic
species F: Ty ~ yZmy (1) o

pla)

~ sets T (1) o a” %% durin the RH o
period and Try (A, yr, k)

-6 -3
prxa 7 —— Txa 3%

10* 10" 10%
alan

DM production during RH while entropy is being injected (T > Try)
~s D(T) = S(T)/S(Try) =~ (Try/T)* dilution of Ypy and (ppwr) l
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Modified History affects the momentum distribution
Cosmology

dfx (t, p) Particle PhYSiCS . FIMP

. from B decays

“Standard” Cosmo

H\//’_RTz

) \/gjwpl ) VO

F@) |gp < g~ e

Laura Lopez Honorez (FNRS@ULB&VUB)
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Modified History affects the momentum distribution

from B decays

Cosmolo
o Particle Physics : FIMP
S
dt X
“Standard” Cosmo Early “k-dominated”

VPR T2 VPy 1 TET

YA H= - M, %o
V3m, Mo rir

H= =
\/gMpl MO

22
5 Ty NP2 s
f@Dlgpxq™e " [l (m—R> qEte™
B

low momentum f (g) is k dependent
due to Liouville op. k dependence (through H)

J

Laura Lopez Honorez (FNRS@ULB&VUB) Beyond WIMP

November 5, 2025
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Modified History affects the momentum distribution

Tr=20 GeV e RD

0.001

10—11 L

q
low momentum f (g) is k dependent
due to Liouville op. k dependence (through H) ~ variations in (p/T)|; ., J
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Higher FIMP couplings and shorter partner life times

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

in Radiation Dominated (RD) era

' 4 x 10777

4x10°8
Ap =4x 1071

x=m/T

Beyond WIMP November 5, 2025
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-
Higher FIMP couplings and shorter partner life times

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

in Radiation Dominated (RD) era in RD vs MD era
=10 TeV'; T, =30 GeV; T, =15 GeV
! 554 4 x 1077 0.001 | R
) g | i
10" A 10 | i
P : i
K -8 (] @
g 10 P § 107 i
S A > i
1072 —r e E
i i
i s IR
A | P I
A0 B 1072 H
0.001 0.100 10 1000 0.001 0.100 10 1000
x=m/T x=m/T

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

T1—k

Y3 /Y (Trr) o< D(Tpr) ~ (Tru/Trr) =1,

~~ The lower Try, the smaller is D(T), and the lower is Y7° compared to Y, (Trr), the
higher is A\, to account for DM abundance and the shorter is c73. l
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-
Lower FIMP velocities today

Naive estimate for “similar velocity distributions” :

<VX> gCDM > <VX> X/DMlim

_ W] ( g-s(t0) )”3 T
forod g*S(tprod) my

with  (vy )]s = @

my

1o

© WDM: Q1% = 0.12 ~ g, 5(Tp) ~ 10° x X

—4/3
= (vx) X;]DM X mWD/M

e FI: Tprod ~ mB/3 and <pX>|tprod ~ mB/2

= (vy) E)I o m;l

keV
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-
Lower FIMP velocities today

Naive estimate for “similar velocity distributions”

<VX>|NCDM > ( > X/DMlim

1/3
with  (v,)], = | _ wD(Tp) /3 % (g*s(to)> . To
my |y forod g5 (tprod) ny
® WDM: O, h? = 0.12 ~ g, 5(Tp) ~ 10° x 12
—4/3
= (vl WDM O Mywp /M

® FI: Tproq ~ mp/3 and <Px>|tpmd ~ mp/2
)(7fk)/3(k71)

= <VX> FI o<mX1 X (TTRT[Z

Lyman-« constraints can relax for Try < TFy

Laura Lopez Honorez (FNRS@ULB&VUB) Beyond WIMP November 5, 2025 34/24



-
Exemplary case of Leptophilic DM

Case of an early matter dominated era (k=2) with Tgy = 20 GeV:

! " 3 13T glem
LD 01 = 1+ D) Dby —mj | $ul” = e+ h-c

T~ — cT, =10°cm
]
(o] — ¢, =10°cm
]
(3 — ¢y =10*cm
108 %
100 200 300 400 500 600
my (GeV)
@ULB&VUB) Beyond WIMP November 5, 2025
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-
Exemplary case of Leptophilic DM

Case of an early matter dominated era (k=2) with Tgy = 20 GeV:

1 m, + 2 2
L> EZY”‘);:Z R + (D) Dby —my | g|” — xppiur+h.c
1 — S
[Calibbi’21] G Hscp L ATLAS
0.100 1 = 4
. ' / / r
2 = 2 001 g — 1y =10°cm
< o.001 — ¢y =10°cm & — ¢ty =10°cm
13 — ¢t =10cm g /
107 /
B /
1R s — ¢ =10°cm
; // y-a - — €Ty =10 2em
1078 &
0 400 500 600

100 200 30

my (GeV) mg (GeV)

@ Dilution of Y, ~ larger couplings and shorter c7p

~ diplaced signatures can be probed at colliders in different points of the
parameter space
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-
Exemplary case of Leptophilic DM

Case of an early matter dominated era (k=2) with Tgy = 20 GeV:

mZ

5 X+ D) D'y =g |5 ” = Kby + ¢

1
L> Eir"dﬂx -

1

"l[Calibbi21]

0.100
0.100
0010 sonll
= _ ] 10}/
s % =10°em ctactoem
Se S
S 0.001 —c=10cm 3 [ JDIEkT _—— A7 7 cta=10-"om
] . S oo0
& — ¢t =10%cm € - -~ cr=10cm
—-— ctg=10%m

—--= c1g=10%m

100 200 300 400 500 600
ma(GeV)

@ Dilution of Y, ~ larger couplings and shorter c7
~ diplaced signatures can be probed at colliders in different points of the
parameter space

@ Lower velocities ~~ relaxed Lyman-« constraints for Tg; > Try
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-
PBH and memory burden

see also [Barman’24, Haque’24, Dvali’25, Montefalcone’25]

T
I Galactic  rays & Neutrinos
[ CMB anisotropies

[0 BBN

3.5 = 3.5
77 Neutrino emission
3.0 3.0

Galactic v rays
25 A

CMB anisotropies 25
BBN

7
N

0.0

10° 10° 10° 10° 10** 10" 10

10° 10 0%
M, [g] M, [g]
Memory Burden : entropy prevents efficient evaporation from M=q My

mb sc 9
dN™ 1 dN*® s M [Dvali'18+]
dEdt Sk dEdt M3
Transition from Semi-Classical to Memory Burden can be smooth (non drastic
Slowdown and close the « new window » for PBH to account all DM at
large M and k values [Dvali’25, Montefalcone’25]
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DM relic abundance

See [Haque’24]

< Tin,
LI _ g g5 x 108 5% 59’ (2k(3+2k)) ( s )22“ Mmoo B>
0.12 q Min GeV
In MD, strong k dependence but also g (MB params),
0. h2? M;in z m; 1] M, z m;
013 ~ 254X 10758y (m) Gev =89 (W) (Tg> (m)

B <Be
In RD, no k dependence (MB), but beta dependence
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PBH lifetime and Lyman-« bound estimate

Memory Burden implies a delayed evaporation

1 M3 N Mr \?
Tee = EME ~11x10"%s <m) ; Tab = Churst q3+2kS(MF)k X Tec -
My 3 My 7
o5 ~42x 107 s [ ——— d =46x107s( ————
g=05 s (4.9 x 103g) St b *\ 29 x 10%g

q=0.5and k =2

The delayed evaporation easily play the major réle in Lyman-alpha bound

Tnlya 4/3
mpm 2 1.74keV x /(q2) Tnepm x ( “DM>

keV
ya \ 43 [
My Mp 1
> 1.2k —WDM —_ 4.1
mpMm < eV x ( keV > 1\1,, /1+(£7 1)1]2 ( 0)

1/2

, Mg\
X {(1 —@*)(1 - ¢*)(aDa)se + (5(1 = @) + £ P G (I\_Ii) ) (qZDl\[)mb:|
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|
PBH parameter space

see also [Barman’24, Haque’24]

B=10"12 k=1,¢=0.5 B=10"" k=1,¢=05

10°F — fou=1 10°F
=== fom=01
107F - 1 107F
= N I Lyman-a =z ;
S 10 X Vel disp. | 2 10
2 Inflation 2 [Tmm——a_
=0 . BBN Fwtr TS
o T 10
1 -1 L " 1 -1 L " L
y 10° 107 . 10" 10° 109 107 10%
Mppy/Mp Mppu/Mp

@ relic DM abundance depend on 3 in RD era and on k in MD era
@ Larger 8 ~~ less viable parameter space.

@ Increasing k supresses more evaporation in the memory burden phase making
BBN constraints more stringent (for k¥ > 4 no viable parameter space left).

@ For DM fraction lower than 10%, no Ly-« constraints.

(= = E DAC
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PBH parameter space

see also [Barman’24, Haque’24]

B=10"16 k=2¢=05 p=10""k=2,¢q=05

10°F 10°
107 g T
> [ ~ >
[} - ()
O 10°F T 10°F
Z =
=] =
£ 10°F £ 10%F
10 10 F
107! 10t =
X 101 10° 109 107 . 101 10° 100 107
Mg/ Mp Mppn/Mp

@ relic DM abundance depend on 3 in RD era and on k in MD era

@ Larger 5 ~~ less viable parameter space.

@ Increasing k supresses more evaporation in the memory burden phase making
BBN constraints more stringent (for £ > 4 no viable parameter space left).

@ For DM fraction lower than 10%, no Ly-« constraints.
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PBH parameter space

see also [Barman’24, Haque’24]

101 104 | 10°16
1012 1012 L
10+ 109+ 1078
2
% 108 108 + «
X -20
£ 108 10° P— lo
=== DM = 1F
10* 10* Inflation
B BBN 10
102 107+
B Lyman-o
10° - 10°
108 109
MPBH/MP MPBH/MP

@ relic DM abundance depend on 8 in RD era and on k in MD era
@ Larger 5 ~~ less viable parameter space.

@ Increasing k supresses more evaporation in the memory burden phase making
BBN constraints more stringent (for k > 4 no viable parameter space left).

@ For DM fraction lower than 10%, no Ly-« constraints.
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PBH parameter space

see also [Barman’24, Haque’24]

1013F

100

mpn/GeV

10*F k=05

ol k=10 |
k=2.0

102k — k=3.0 |
Inflation

107z 10" 10° 108 100 10'2

Megu/Mp

@ relic DM abundance depend on 8 in RD era and on k in MD era
@ Larger 5 ~~ less viable parameter space.

@ Increasing k supresses more evaporation in the memory burden phase making
BBN constraints more stringent (for k£ > 4 no viable parameter space left).

@ For DM fraction lower than 10%, no Ly-a constraints.
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Intermediate mass-range: Hidden sectors
Hidden sector: new particles and new forces

~» allows to populate wider mass range with multiple mechanisms (freeze-in,
freeze-out, SIMP, asymmetric, DM etc). Example dark vector portal A;L.

Challenge: Experiments to look for
those new forces

~ viable DM in sub-GeV range.

Laura Lopez Honorez (FNRS@ULB&VUB)
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Intermediate mass-range: Hidden sectors

Hidden sector: new particles and new forces

~» allows to populate wider mass range with multiple mechanisms (freeze-in,
freeze-out, SIMP, asymmetric, DM etc). Example dark vector portal A;L.

Challenge: Experiments to look for
those new forces 107

X X

. . 7}7"’,
~+ viable DM in sub-GeV range. 12%
@ Direct detection experiments: with 10
. . . —40
electrons scatterings/excitations, Y
. . . B 107
making use of different materials S oef
. b
(ferromagnets, superfluid He, etc) . 107!
~ Diversity of new proposed o
. 107% |
experiments for low momentum I 4
A
47" timescale: short/medium/long-term (solid/dashed/dotted) il
transfer 10747 TN e
ﬁee lalFs] Tue& Thu, see also blazar boosted DM of Laura my [MeV]
anenti.
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Intermediate mass-range: Hidden sectors
Hidden sector: new particles and new forces

~> allows to populate wider mass range with multiple mechanisms (freeze-in,
freeze-out, SIMP, asymmetric, DM etc). Example dark vector portal A;.

Challenge: Experiments to look for
those new forces
~+ viable DM in sub-GeV range.

[Dalla Valle Garcia’24]
, ma =3my, Ay, =09, d, =50

@ beam dump exp. & LLP detectors:

o Inelastic DM or not so:
gives displaced decays
A = xx* = xxll
[G. Dalla Valle Garcia talk]

e SIMP: Dark pion from confined
dark sectors: 37p — Tppp
populates m > 100 MeVlong
lived pp can give rise to DV at
Beam dump exp. (N. Hemme k]

10
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Intermediate mass-range: Sterile Neutrino

Connection between SM neutrinos and keV DM

1_ 1 y_
L> iv;zmm VaMasls — ~VaMals, + %Vﬁdw, +hee.,

2

@ Minimal sterile neutrino DM: 1078 =
Majorana v, mixing with SM v and
light scalar ¢.

Challenge: strong constraints from
X-rays and Ly-« and self interactions.

my = Im,

[Bringmann’22]
X-rays

[e.g. Bringmann’22]

sin’(26)
=

self-interactions

I
18 1 ——

10° 10! 10%
ms [keV]
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Intermediate mass-range: Sterile Neutrino

Connection between SM neutrinos and keV DM

1_ 1 y_
LD~ VS — UgMasVs — —VaMalVl + ~vCovg + h.c.,
P ] ’ 3 ot vy

—

@ Minimal sterile neutrino DM: 1078

. L . o = 3m,
Majorana v, mixing with SM v and 107 dnbiid
light scalar ¢. 1010

Challenge: strong constraints from Jo-11

X-rays and Ly-« and self interactions.

[e.g. Bringmann’22] 3
~

@ Adding gauge interactions Z,Z and light * 104
dark fermions x, ¥ with ¥ =DM: 10-15
Evade X-ray constraints and relax wc B Mol :
tension between neutrino mass from B~
Cosmo and particle phys.

self-interactions 3

10"
ms [keV]

[see talk Cristina Benso]
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Bosonic DM

Lower mass-range: Bosonic DM

A
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Bosonic DM
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Bosonic DM

Lower mass-range: Bosonic DM

A

eV keV MeV GeV TeV

A

Bosonic DM

Typically non-thermal :
Axions, ALP, Dark photon

Cosmology :
Lyman-alpha (ULDM),
ANeff, energy injection.
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Bosonic DM

Lower mass-range: Bosonic DM

A

A

eV keV

Bosonic DM

Typically non-thermal :
Axions, ALP, Dark photon

Cosmology :
Lyman-alpha (ULDM),
ANeff, energy injection.

MeV GeV

SHAFT

1019

CROWS

TeV

ALPS-1

0SQAR

[cajohare]

>
»

100 TeV

SN

Solar v

Globular clusters  Diffuse
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Lower mass-range: Bosonic DM

eV keV MeV GeV TeV 100 TeV
< a =y
Bosonic DM 10-13
Typically non-thermal : fo~
Axions, ALP, Dark photon =
> 100 i

Cosmology : O,
Lyman-alpha (ULDM), < ool
ANeff, energy injection, S
strong lensing Forecasts 21cm Cosmo

10717

555 ACGs [Facchinetti + 2308.16656] =3

B8 ACGs + MCGs [Facchinetti + 2308.16656]

107 18F-—- ACGs + MCGs [Sun + 2312.11608] E

10% 10% 10*
m, [eV/cY
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Bosonic DM

This is really the end )
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