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Why FIMPs & Non-Cold DM
in a LLP workshop?
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Exemplary case of Freeze-in: 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,
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Intro
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Non-Cold Dark Matter?? J
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Intro

Non-Cold Dark Matter erases small scale structures
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@ WDM free-streaming 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, superWIMP or e.g. DM from PBH evap.
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Non-Cold Dark Matter erases small scale structures

Controlled by a

Controlled by f

P(k)ycpm 2y
T (k) = —22% = [1 + (ak)
( ) P(k)CDM [ (a ) ]

[Murgia’l7] Controlled by y

[Courtesy DC Hooper]
@ 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 c.g. [Bode"00, Viel'05, Murgia’17],
including non-thermal DM from freeze-in, superWIMP or e.g. DM from PBH evap.
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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 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, superWIMP or e.g. DM from PBH evap.

@ 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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Production

NCDM: (un-)usual suspects
production in the early universe
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Production

NCDM: thermal WIMP vs non-thermal FIMP

Cosmology

Particle Physics
de <t7 p) : !

Sl [l

Laura Lopez Honorez (FNRS@ULB) FIMPs as NCDM November 23, 2023 7126



Production

NCDM: thermal WIMP vs non-thermal FIMP

Cosmology

dfx<t7p)

dt

Weak coupling
to SM

Tyosm > H

- C[fx]

Particle Physics

“Thermal DM” (incl. WIMP)

fX(t= p) = fx(t: p)fD-BE

1072 —_——— -
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Production

NCDM: thermal WIMP vs

Cosmology

non-thermal FIMP

Particle Physics

dfx<t7p)

CLAA

dt

Weak coupling
to SM

Tyosm > H

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

Laura Lopez Honorez (FNRS@ULB)

Feeble coupling
to SM

Tyosm < H

“Non-Thermal” FIMP
Ix(t,p) # filt,p)/PBE

1074

108

1012

Y (= com. number density)

h
'
v
'
10-16 '
1 100 104 106
€r= ”lmol]wl‘/T

FIMPs as NCDM November 23, 2023

7126



Production

Thermal DM from relativistic freeze-out (WDM)

0
— = Sy K :
dr o i X7 gus(Tp)
10-2 — @ DM annihilation driven freeze-out
- 1076 “\\ @ DM is weakly coupled: A\, ~ ggw
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I 5 . C
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8 \ XD :mB/TD and xp < 3
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Pra

Non-thermal DM from Freeze-in

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

df
7;( =Cpoualy] ~ nyx FBHXMP/’"% = Rr
5 @ Freeze-in from B decays
£ —4
3 v @ Bin chem. & kin. equilibrium
L . o Q% =012~ )\, <1078
E o | — i.e. x decoupled
;I’ ' - ox:mB/TandxF1~3
107107 1 0 100 1000 ° Qxh2 o my Ry

T = mmother/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.
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Non thermal DM from superWIMP

see also [Covi "99 ;Feng "03]

d
% = Cpoalfy] (forx > xpo) ~»  ny = ng(xpo)
@ superWIMP from late B decays
—4
“ @ B chem. decoupled at x = xpo
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FIMPs from FI & superWIMP

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

@ y decoupled

g 10°8 ‘ @ x population slowly builds up from
E ' B before and after FO.
S '. o Qi* = Quh?|r + ki’ [sw

o

1 100 104 106
T = mmother/T

Substancial FI and SW contributions may arise from the very same process
B — Ax but FI and SW take place at very different times: xp; < xsw
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Rule of Thumb

Free streaming Velocity
Rule of Thumb J
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Can we translate WDM bound to FIMP?

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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Can we translate WDM bound to FIMP?

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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Can we translate WDM bound to FIMP?

see also [ Kamada’19, Baumholzer’ 19, Ballesteros’20, d’Eramo’20 ]
Naive estimate for “similar velocity distributions” :
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Can we translate WDM bound to FIMP?

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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Can we translate WDM bound to FIMP?

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

SW —1 —1/2
= (vy) b ocmy X Ry
16 keV for FI,
my 2 for mypm > 5.3keV
0.38GeV x /10=*/Rp  for SW,
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Velocity Distributions

Velocity Distributions:
Impact on overdensities
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Velocity Distributions

WDM vs FIMP distributions

Cosmology

Particle Physics
de (t7 p) : !

Sl [l
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WDM vs FIMP distributions

Cosmology Particle Physics
dhltp)|_ e
dt K

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)
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Velocity Distributions

WDM vs FIMP distributions

Cosmology

dfx<t7p)

dt

- C[fx]

Weak coupling
to SM

Tyosm > H

“Thermal” DM
Fi(t,p) = £y (t,p)TPBE

l

Decouple still
relativistic
and freestream
while struct. forms

“Thermal Warm”
Dark Matter (WDM)

Particle Physics

Feeble coupling
to SM

Tyosm < H

“Non-Thermal” DM
Ix(t,p) # filt,p)/PBE

1

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

“Feebly Interacting Massive
Particles” (FIMPS)
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Velocity Distributions

see also [Bode’00,Viel’05]

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

Fermionic Thermal WDM

-== FD (au.)
1073

fi(@)"VPM « 1/(explE/T] + 1)

\

\

\

\

\

\

\

1076 \

\

\

\

107 !
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qa=p/T

@ Thermal WDM is in kinetic equilibrium thanks to fast elastic scatterings with
thermal plasma: $fy = Celfy] ~ fy ocf;‘/(q)
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Velocity Distributions

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

Fermionic Thermal WDM
107! Fermionic Thermal WDM
== FD () [ S Mwom = 5.3keV
N
1072 U \\
el RN <08 \
.- \
1073 e \ é \\
S L \ S T2(K) = (1 + (axk)?") 100
PN Pas \ X \
10 \ = awom = Myt \
- \ T \
10s] @V« 1/(explETI+1) Y g0 |
4 = \
\ \
\
107 ! 0.2 \
\ \
\ \
1077 i o
1072 107! 10° 10" 10% 107! 10° 10! 10*
q=pIT

@ Thermal WDM is in kinetic equilibrium thanks to fast elastic scatterings with
thermal plasma: % v = Calfs] ~ fx ocf;‘/(q)

k[h/Mpc]

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

Free-streaming scale: aowpy ~ 0.045(%221) =11 Mpc /A

FIMPs as NCDM
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Velocity Distributions

“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]
FIMPs as NCDM November 23, 2023 17/26



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

Velocity tributions

“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, Rr = 7.5 x 1078 10-11 ‘Top philic DM: my = 10 GeV, Ry = 2.8 x 1013
——= FDGu) --= FD(u)
) —— FI 2N FI
102 . SwW 10-12 £ — W
1073 ".
- =108 i
30 pe3 i (@)W « g le~ 2R’

10 = i
& 071 i
1073 1
H
H
10 107 "w
i
1
i

10 ;()*1 107! 10° 10 10 10 I;o-3 10° 10* 10* 100

q=pIT 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.

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

“Pure’

Velocity Distributions

" 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 —== mypm=5.3keV 1 === mwpm = 5.3keV
10 —— my=15keV 10 — Mx=10Gev
< <
308 308
8 8 \
& 2(1) = 2vy-10/w < 2(k) = 20y-10
<06 T5(k) = (1 + (axk)<") <06 Tx(k) = (1 + (axk)<) \
= Qwom % Mgt = oM % Mg i
04 ar « (my/6)7083 Il 0.4 1215)-0-83
< <
T L
0.2 0.2
107! 10° 10! 10? 10% 107! 100 10! 10
kIh/Mpc] kIh/Mpc]

@ Contrarily to “usual” WDM, FIMPs are non-thermaly produced.

Distribution f,

x gy 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

My 2
0.38GeV x 4/ 10*4/Rp for SW,

for FI,
for m\LN},-I;N(," > 5.3keV

[Decant, Heisig, Hooper, LLH’21]
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y Distributions

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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Velocity Distributions

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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Complementarity

NCDM FIMPs:
Complementarity with LLP searches
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Complementarity

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 )
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
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Complementarity

Collider searches for LLP’s

Kinked Track (KT)

Heavy Stable Charged Particles (HSCP) ~vv Photon

; Had
R-hadrons (RH) N 7 — L:ptr::
‘- LLP
. DM
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

[Calibbi,d’Eramo,Junius,LLH "21]
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Complementarity

Ilustrative frameworks

7
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[lustrative frameworks
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Complementarity

[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
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Complementarity

[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

W 0 1/2 "gSM“IIBﬁb Fipotd @ <
. 1/2 0 ,l//}SM X(I)B SwsMX A
Fr 1/ 1/2 \TIBUWXFW Fry
0 0 Hidpe S
., o | s | @—T—@
1/ 1/2 UpyH FhHy A
[Calibbi, D’Eramo, Junius, LLH,Mariotti 21] X — X
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Complementarity

Top philic DM

o ’
¢ @ —8(
AN X:( fR) ——
- fr.(X)
fr =Ir, 1R

my _ _

TXXX —medld — A dXfx + hec.

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

o Sommerfeld and BSF taken into account to account for SW (marzg petraki‘1s)

ECﬁK—

° Qxh2|F1 driven by ¢ — tx gets an extra 15-25% contribution from
scatterings from t¢ — gy and g — tx.
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plementarity

Exemplary case of top-philic DM
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plement

Exemplary case of top-philic DM
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Exemplary case of top-philic DM

A
101012
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- i NZD _
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©
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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

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.

NCDM 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.
To do extra:

@ Modified cosmology can change prospects for LLP signatures (low Tk, etc) it
will also change Ly—« constraints.

@ Future radio telescopes (21cm Cosmology) might put stringent constraints on
NCDM and distinguish between NCDM scenarios (might depend on 77" (Giri221)

vir
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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

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

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| 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
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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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N
C+WDM mixed scenarios

preliminary results from Eva Punter master thesis at ULB, 2022, see also [Murgia’17]

Ratio of 1D power spectra for pure WDM

Ratio of 1D power spectra for W+CDM, m, = 4keV

1.0 1.0
mx=10 keV'
0.8 Myx=9 keV 0.8
£ —— my=8 keV £ — Fagm=1
a . wam
L 206 Fum =0.75
~ —— m,=6.16 keV - Fwam =0.5
£04 mye=5 keV £0.4] — Fum=03
EN —— m,=4 keV %? " | — Fwm=02
S 2] — me=3kev 02 — Fum=01
T — me=2kev —— Fuam=0.05
0.0 — mM=05kev 0.0 — Fram=0
102 10-1 10° 1ot 102 103 102 1071 10° 10t 102 103
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C+WDM mixed scenarios

preliminary results from Eva Punter master thesis at ULB, 2022, see also [Murgia’17]

Area criterion for W+CDM
for range SDSS+XQ+MIKE/HIRES

0.25
1.0 ° ° this work: 6Ar for
—— myx=4.65 keV
— my~4.14 keV 020 L
0.8 . . . °
c
e 0.61 Baur et al. 0.15 g
g g
W 04 010 G
©
L]
<
0.2 0.05 <€
2
0.0 10 : 0.00
00 05 10 15 2.0 '
keV/mjy
(b)

Figure 5.2: The area difference §A for W+CDM is shown for different WDM masses m,
and fractions Fyq,. The range of k over which is integrated is (a) [0.001 —0.02] skm™! or
[0.046 — 0.92] hMpc~!. and (b) [0.001 — 0.08] skm ™" or [0.046 — 3.68] A Mpc~'. The blue
and red solid lines represent the reference values 0A..¢ for a different m. throughout the

The area criterium put conservative constraints on mixed W+CDM scenario.
We can expect similar conclusions for FI+SW scenarios.
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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( )
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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
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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)

FIMPs as NCDM

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

)—l 11 MpC/,’l

=

J

BT

November 23, 2023 34/26



DM cosmo probes

see [2203.06380]

Snowmass2021 Theory Frontier: Astrophysical and Cosmological Probes of Dark Matter

3100

) Dark subhalo lensing /streams L T 10
10%
~10%
e o laniac 21 cm
IDwarf galaxies (cosmic dawn)

10! J 1010

- )
g 1012 =
| Clustc k]
= 107 Flensing E
o =

21 cm =104

(dark ages)
107! CMB anisotropy g0
CMB lensing
- 10"

1072 L L 0
10 10! 10% 10

1+z

Figure 3: Schematic representation of the coverage of current and future probes of dark
matter physics across various ranges of redshift z (i.e., eras that observable photons or
signals primarily originate from), wave number k, and the corresponding halo mass M.

The ranges of individual probes are approximate. Note that some of the listed probes
r FIMPs as NCDM November 23, 2023 35/26




-
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

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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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
10745 — L B | )
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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Forecast SKA constraints on WDM+CDM

see also [Munoz’19,Hibbard’22, Giri’22, etc]
[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 mypm < 15 keV.

107!

1072

f. (M)

—=+ FLOOR
—— DPL
TRUNCATED

10°
M (h-1M)

1011

log1ofweom

WCDM

-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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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.
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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

P1

I(l,’ I(ZR a

For FI in early Matter Dominated era (MD), the relic density depends on the
reheating temperature Try ico'is.
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Minimal Frameworks: 3 extra parameters m,, mg, A,
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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Minimal Frameworks: 3 extra parameters m,, mg, A,
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
Psm 1(32 1;;2 éSM\IIB@ fwsm ®_><
/ _ WSMX(I)B Swsmx A
Fr 1/2 1/2 Vo XE™ | Fry
" 0 0 Hopo | Sug (B (X ]
1/2 1/2 UpxH FHx A

[Calibbi, D’Eramo, Junius, LLH,Mariotti 21]

Laura Lopez Honorez (FNRS@ULB)

FIMPs as NCDM

November 23, 2023 41/26



Model dependent signatures

Production at colliders TR
@ Heary Sl ChatgedPaicies (45CP) [ | / 0 Faon
Ly ®< -
/ ou
/:NDehyed Photon (Dy)
Displaced verices || | = NI/ = ||Delayed Jet (DJ)
+Muon (DV+) =N = Displaced vertices (DV)
o @<@ = ’
hve d B _— iy Displaced Lepton Zg:f
Lepton (DL) Tracker
Displaced B decay Stable B
DV DJ | DJ
Label + + + | DL | DLV | Dy | DT | RH | HSCP | KT
MET | MET | u
L Fip & Siy v v v
Fro & Sry v v v v v
Fao & Sgx v v v
([ Feo & Six v v v |V v
Fax v v v
Fivy v v V|V v V|V v
Sue & Fry v v Vv v v v

[Calibbi, D’Eramo, Junius, LLH,Mariotti ‘21]
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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

Qh?=0.12, Tp= 10° GeV

10°

10°
1000
— mpy =90 GeV
—_ = 100
Mom iZOMM\e/V R — Moy =10 GeV
_mgm—H‘e 5 o — mmpw =1GeV
non <
! 5 — Mpw =50 MeV
— mpm =100 keV
1 — mpy =1 MeV
— mpym =10 keV -
— mpy =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
2, h*

<O'0ﬂ'U>
Higher order corrections Born level annihilation Bound state formation
X —>—T----- h
\ //’ 3 - g
= xt—e—»> x \%/ 7
Y 2Pl - - - 2P1 Terd 2P1 --- 2P1 | B
- RN OefiUrel = 0" Vel Xt A X —

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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LLP signatures are framework dependent

B B 0
Kinked Track (KT) DM

Heavy Stable Charged Particles (HSCP) i / 4 A
R-hadrons (RH) i - 7 @

Long-iived DM

/" Delayed Photon (Dy)

Displaced vertices Delayed Jet (DJ)
Displaced vertices (DV)

+Muon (DV+p) - = T =

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

@ 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
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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 fb~ 1t
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) FIMPs as NCDM November 23, 2023
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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)

FIMPs 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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Singlet-Triplet DM

mgs _ mr _ 1 .
Lpsu = ———XsXxs — =1 [xrxr] + §T7" IXTiPuxr]

ot (em)

2 2
(Wi Xso"' X7 +h.c.),

= Xi> T =
X X(h]/\/72

+

-l =

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

T ///

100 % 10t - -
-
— crp=102 cm
100 B
0.01

400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600
mr (GeV) mr (GeV)
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Singlet-Triplet DM

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

OkeV, my, =1TeV, o1y, =10*m, T,,=10°GeV
10 10
| Soaterng__ — Scatteing ~
107 Decay _>‘ 107 Decay
107 T 10°
=
\
107 \\ 107
\\
10710 \y 1010
0.001) — gym 0.001 — gym
-+ Scattering - Scattering
107 e 10~
Decay T Decay
” 10 7 10
107 107
107 — 107 : .
107 107" 10° 10' 10? 107 107! 10° 10! 10%
X x

FIMPs as NCDM

November 23, 2023 50/26



N
Thermal DM from non-relativistic Freeze-out (WIMP)

@ DM annihilation driven freeze-out
@ x chem. & kin. equilibrium
° Oy o 1/{ov)yy
o Ok =0.12
s (V) yy = 3 x 10726 cm’/s

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

Carefull,

@ coannihilations, velocity suppressed (ov), potential large contributions from higher order processes,
etc, not taken into account in this simple picture.

@ WIMP still free-stream after kinetic decoupling: for e.g. 100 GeV DM with Txp ~ 30 MeV, you
expect My ~ 10~°Mg,.
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This is really the end )
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