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Universe history and Cosmology probes

History of the Universe

Quantum
Fluctuations
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wave Background
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“ Nucleas
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~ First Stars & Galaxies Form
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Age of the Universe BICEP Collaboration/CERNINASA

@ EW breaking scale T ~ 150 GeV and QCD breaking T ~ 200 MeV
@ BBNat 7 ~ 0.1 MeV and zgpy ~ 10'°
@ CMB at T ~ eV and zemp ~ 103

@ Galaxy surveys probe z < 5 e

@ SNIa (DE etc) , GW (sym. breaking, BH, etc), 21 cm surveys (z ~ 5 — 20), etc
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osmo Introduction

Universe history and Cosmology probes

History of the Universe

Radius of the Visible Universe
Dark Ages

0.01s 3 min 380,000 yrs 200 Million yrs 13.8 Billion yrs
Age of the Universe

BICEP2 Collaboration/CERN/NASA

@ EW breaking scale T ~ 150 GeV and QCD breaking T ~ 200 MeV
@ BBN at T ~ 0.1 MeV and zggn ~ 10'0 ~» constrains €, Texotic = 18BN s-.-
@ CMB at T ~ eV and zemp ~ 103 ~» Qpum, Q5 to sub% precision, ov,,, bound, ...

@ Galaxy surveys probe z < 5 ~ (2,,, Matter distribution, WDM,L...

@ SNIa (DE etc) , GW (sym. breaking, BH, etc), 21 cm surveys (z ~ 5 — 20), etc
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Cosmo Introduction

Complementary Cosmology Probes: Universe Content

DARK
MATTER

DARK
ENERGY

BARYONS

Only 5% of the Universe is made of Baryonic Matter
80% of the Matter content is made of Dark Matter
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DM & BSM

Beyond the Standard Model: Minimal Models
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DM & BSM

Beyond the Standard Model: Minimal Models
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DM & BSM

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

L C )‘X X AsuB

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

@ BisSU(3) x SU(2) x U(1) charged
o fast BB <+ SM SM through gauge interactions at early time
e B is produced at colliders today
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DM & BSM

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

L C >‘X X AsuB

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

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

@ DM production at early times: Particle Physics vs Cosmology

Rthermal.,prod. ~H (T)

/ N\
Thermalisation or Production Expansion with Hubble rate H
processes
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DM & BSM

“t-channel” DM coupling to ¥sp = Ig or tg

Production in the early universe
SR
Ax—=xQ AQ—L&

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

In this talk illustrative case of ¥sm = g, [g coupling to:
e “mediator” (®p/¥p) = charged/colored dark scalar/fermion (Z, odd)

@ DM ()= dark Majorana fermion/real scalar singlet (Z, odd)
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DM & BSM

DM cosmo production: from freeze-out to superWIMP

m=150GeV, Am=2GeV, A4=0.1
107‘ Super Freeze-In Conversion Mediator FO DM FO
WIMP - FO

10° \

~_ 1000 4 -
10
0.100 Qh?=0.12
0.001! [Junius, LLH,Mariotti’19]
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DM & BSM

DM cosmo production: from freeze-out to superWIMP
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m=150GeV, Am=2GeV, Ay=0.1 DM annihil.
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DM & BSM

DM cosmo production: from freeze-out to superWIMP

A
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m=150GeV, Am=2GeV, Ay=0.1 DM annihil.
1
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DM & BSM

Med. annihil.

DM cosmo production: from freeze-out to superWIMP

A
P ‘ﬂiv ' mW<f x
¢ voo¢ r

X — > f
i
)
Y b e f
AX
m=150GeV, Am:\S\GeV, Ay=0.1 DM annihil.
1
107‘ Super Freeze-In Conversion Mediator FO M FO
WIMP “ FO
10° N
o 1000 |
S 4
10
0.100 Qh?=0.12
[ A
0.001! [Juniug, LLH,Mariotti’19]
107" 107 107° 1077 107° 0.001 0.100
/\X
X

Ny

@ *" DM-med co-annihil.
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DM & BSM

Med. annihil.

DM cosmo production: from freeze-out to superWIMP

¢\“xtjiv ¢\\/wvm<f
¢ v i

A
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i
¢
Y o et e f
AX
m=150GeV, Am:\X\GeV, Ap=0.1 DM annihil.
1
107 Super Freeze-In Conversion Mediator FO M FO
WIMP “ FO
10° N
o 1000 4
c 4
10
0h?=0.12
0.100 7
0.001 [Junius, LLH,Mariotti'19]
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DM & BSM

DM cosmo production: Colliders vs Cosmology

Mediator Life time T
m=150GeV, Am=2GeV, Ay=0.1
107 Super Freeze-In Conversion Mediator FO DM FO
WIMP -, FO
10° A
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DM & BSM

DM cosmo production: Colliders vs Cosmology

Collider Searches

Displaced searches: R-hadrons, HSCP, DV, DJ, DT,

Prompt searches: Monojet +MET, Multjet +MET,
ttbar+ MET etc
Kinked tracks, etc
Mediator Life time 7
m=150GeV, Am=2GeV, Ay=0.1
107‘ Super Freeze-In iConversion Mediator FO DM FO
WIMP “ FO
10° \
~- 1000
(@] \
10

0.100 0Qh?=0.12
0.001! [Junius, LLH,Mariotti’'19]
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DM & BSM

DM cosmo production: Colliders vs Cosmology

Collider Searches

Displaced searches: R-hadrons, HSCP, DV, DJ, DT,

Prompt searches: Monojet +MET, Multjet +MET,
ttbar+ MET etc
Kinked tracks, etc
Mediator Life time 7
m=150GeV, Am=2GeV, Ay=0.1
107 Super Freeze-In Conversion Mediator FO DM FO
WIMP - FO

10° N
1000 4
@] \

10
0h?=0.12
0.100
0.001 [Junius, LLH,Mariotti'19]
1071 107" 107 1077 107° 0.001 0.100
Ax
Cosmology constraints
DM relic abundance (CMB +LSS)
DM free-streeming (Lyman-alpha)

B late decay into EM, hadrons, rad (BBN, CMB)

-—>
DM annihilation
(CMB)
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DM Freeze-outs: from WIMPs to FIMPs

Freeze-outs

mainly based on JCAP 10 (2013) 025,
JCAP 08 (2014) 046, JHEP 07 (2019) 136

in collab. w/ F. Colucci, B. Fuks, F. Giacchino, M. Tytgat & J. Vandecasteele
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DM Freeze-outs: from WIMPs to FIMPs

The “simple” picture of WIMP freeze-out
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DM f

-
4

~» WIMPs at the verge of
discovery/exclusion

see e.g. [Arcadi’17]
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DM freeze-outs:

om WIMPs to FIMPs

Med. annihil. A
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WIMPs to FIMPs

Freeze-out parameter space & particle physics constraints

Ix10° [Garnyl& H?isig’18‘]. . ‘ ‘ ‘ [Colucci, Fuks,Giacchino, LLH, VandeCasteele’18]
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WIMPs to FIMPs

Freeze-out parameter space & particle physics constraints

1% 10° k[GamY' & H(Ieisig’18']. i . i . [Colucci, Fuks,Giacchino, LLH, VandeCasteele’18]
50(19- o c Ay bBXIR 0 Real scalar coupling to iz i
Non
Perturbative 3
LC /\XX\IJ BIR
- 1
10 -
% |
9 Z] 10”
: £
< 45
S 10-!
107t \~
™,
Y

] Conversion

1022 __driven )

10° 10° 10*
mg [GeV]

10-2

my [GeV]

Cosmo vs Colliders: DM case August 29, 2022 12/26



DM Freeze-outs: from WIMPs to FIMPs

Freeze-out parameter space & particle physics constraints

Garny & Heisig’18]

_ [Colucci, Fuks,Giacchino, LLH, VandeCasteele’18]
2000 T T . !
) 5 L C A)(‘?B)UR - Real Scalar coupling to ¢
8 7
1000 | T + Co-)annihilation =
3 5 ( )driven L C )\XX‘IIBIR
500 | = .
v XenonlT
— 200} 4 -
>Q) LHC stop 1 |
&) =
= 100 g
3 S
< g
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LHC stop 1T | driven
‘R-hadrons
conversion-driven freeze-out region o "l:; [GeV]
100 150 200 300 500
my [GeV]
@ Top-philic DM: Colliders probe a large parameter space, Direct and Indirect
DM as well. see [Garny' 18-22; Colucci’ 18], see also [Arina’20]
o

Lepto-philic DM: Interesting line-like signal from xx — Il (VIB stronger for
real scalar DM!)+ LEP Collider

see also [Bergstrom’89,Flores’89,Bringmann et al’12, Toma’13, Giacchino’13-15; Garny’ 11-17¢tc]
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DM Freeze-outs: from WIMPs to FIMPs

Freeze-out parameter space & particle physics constraints

[Garny & Heisig’18]

35: L£cC AX¢B>Z[R ]
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2000

@ Top-philic DM: Colliders probe a large parameter space, Direct and Indirect
DM as We]l see [Garny’ 18-22; Colucci’ 18], see also [Arina’20]

@ Lepto-philic DM: Interesting line-like signal from yx — /I (VIB stronger for
real scalar DM!)+ LEP Collider

see also [Bergstrom’89,Flores’89,Bringmann et al’ 12, Toma’ 13, Giacchino’13-15; Garny’11-17;etc]
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FIMPs

FIMPs from Freeze-in and SuperWIMP
Q. Decant, J. Heisig, D.C Hooper & LLH, arXiv:2111.09321
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FIMPs

FIMPs from FI & superWIMP

PARTNER
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FIMPs from freeze-in

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

T o @  decoupled

IE o @ Binchem. & kin. equilibrium
E rt ° Qxh2 o I‘;_z;_>XMI,/m12g ~ Rr
. |~ 0 02 =012~ X, <1078
= 01t i TR T—T o x =mp/T and xg; ~ 3

T = mmother/T

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

Zero x initial abundance assumed.
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FIMPs from superWIMP

see also [Covi "99 ;Feng "03]

@ y decoupled

@ B chem. decoupled

o QW =my/mp x Qph?|ro
if B — AgmAY,, not open

Y (= com. number density)

“1)2
[+] =
1 . - e x=mpg/T and xsw ~ R, '~ >3

T = 7nmuther/T
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FIMPs

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

Laura Lopez Honorez (FNRS@ULB) Cosmo vs Colliders: DM case August 29, 2022 17726




FIMPs

FIMPs and Long lived Mediators

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

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

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

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

Laura Lopez Honorez (FNRS@ULB)
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FIMPs: LLPs and Non Cold DM (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]

5 cm 600 GeV\2 / m
Qh* ~0.12 X
0 ( cTB > ( mp ) (10 keV)
Mediator mass range

reachable at colliders

“mp =600 GV

1000

100:

¢t [meter]
e —_
e

o
=

106 1072 104 0001 001 o
my[GeV]
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FIMPs

FIMPs: LLPs and Non Cold DM (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]

5 cm 600 GeV '\ 2 m
Qh% ~0.12 X
0 ( CTB ) ( mB ) (10 keV)

Mediator mass range
reachable at colliders

-mp =600 GeV
1000,

B IOOT

Long-lived

vvc

=]
=
=
T | meter|

/.

Detector size
displacement

10- 0001 001 o0
m,|GeV]
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FIMPs

FIMPs: LLPs and Non Cold DM (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]

QB2 ~ 0.12 (5 cm> (600 GeV)2 ( My )
CTB mp 10 keV
Mediator mass range
reachable at colliders

A “mp =600 GeV
P B_(@) 1000, B
DM i
100+
B
A _ B
P 5 o
Long-lé 0 D.\IE
\E 1-
0.1
0.01
Transfer functions Fl through decays P PP e eian
— 106 10 0.001 0.01 0.1 1
= — my|GeV]
oo /IVarm DM like signatures
e ey \ Suppressing small scale structures
v\
02 Mow = Tkev 1
— mou = 1266V
0] (= = 2080w
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Non-Cold Dark Matter

Galactic Cluster

Cosmic

I >

;:‘J |
‘
M M)

Sun 10% 10 10t 10" 10

10°

1% Cosmic Cluster Galg‘:tic

noninear (simulation)

tyre ex =
z Unknown small
scale behavior

M

linear (analytic)

0.01

WDM(8keV)
£

01 0.1 1 10

k [Mpc™1]

100

10°

T
Dimensionless

matter power
spectrum

M. Kuhlen et al. 2012

@ WDM free-streeming from overdense to underdense regions
~~ Smooth out inhomegeneities for A < Aps ~ [ v/adt

@ Effects P(k) and T'(k) generalized to Non-Cold DM see.g. [Bode'00, Viel'05, Murgia'17],

including non-thermal DM from freeze-in or super WIMP.
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Non-Cold Dark Matter

Controlled by a

Controlled by f

P(O)ncom 2
T2(k) = —=== = [1 + (ak)/
() P(k)cpm [ T ]

[Murgia’l7] Controlled by y

[Courtesy DC Hooper]
@ WDM free-streeming from overdense to underdense regions
~~ Smooth out inhomegeneities for A < A\gs ~ [ v/adt

@ Effects P(k) and T (k) generalized to Non-Cold DM sce e.g. [Bode'00, Viel'05, Murgia' 17,
including non-thermal DM from freeze-in or superWIMP.
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Non-Cold Dark Matter

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

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

@ WDM free-streeming from overdense to underdense regions
~~ Smooth out inhomegeneities for A\ < A\ps ~ [ v/adt

@ Effects P(k) and T'(k) generalized to Non-Cold DM see.g. [Bode'00, Viel'05, Murgia'17],
including non-thermal DM from freeze-in or superWIMP.

@ Tested against Lyman-a: absorption lines along line of sights to distant quasars
probe smallest structures ~ m{imal > 1.9-5.3 keV

see e.g. [Viel’05, Yeche’17, Palanque-Delabrouille’ 19,Garzilli’ 19]
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FI & SW: WDM-like and deviations

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

Top philic DM: m, = 15 keV., Rr = 7.5 x 107%, 6A, = 0.33

10l == Mwom =5.3keV %1 6
’ —— my=15keV 1.0+ my =50keV
< \
<038 0.8
3 0.8
< 12
= Tx(k) = (1 + axk)* — 0.6
£06 X o < 061
S Awom < Mypy & —— Qp/Qror = 0.40
c|‘|' Xe (M /6)~C ~ —— QplQror=0.81 04
S04 e 0.4 — Qn/Qror=0.88 e
; —— Qn/Qror=0.95 g
~ 1 Qn/Qror = 0.96 X
0.2 02 QnlQror = 0.97 02
=== Mwpm = 5.3keV
iy ™ - = 5 0.0
101 100 10" 102 10 10 10 10 10 10°
k[h/Mpc] k [h/Mpc]

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

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

15keV for FI, .
my > for myypn > 5.3keV
¥~ 1038GeV x \/10-4/Ry  forSW,

[Decant, Heisig, Hooper, LLH'21]
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FIMPs: very nice Interplay Cosmo-Colliders

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]

Am [GeV]

1010

100

N
»
z =012
X logjoAy
OO
5 ZoN
N
1% .
LW N
~ )
NS
s ~ N
, iy RO
10 .- (ol A
5 N \
LHC DV LHC R-hadrons
107° 0.01 10 104
m)y [GeV]

Am [GeV]

1010

108

108

100

1070 1012
AX

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

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

rez (FNRS@ULB)
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Early Matter dominated era

FIMPs from Freeze-in
in an Early Matter Dominated Era (low Tgy)

Calibbi, d’Eramo, Junius, LLH & Mariotti, JCAP 05 (2021) 234
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Matter dominated era

lower Try implies 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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Early Matter dominated era

lower Try implies 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

E I 4x 1077 0.001 : I

T
i
T -8
/ 10 i
i il H T
! £ 10} e e
| > | 1 i
| ] [}
i -18 \ | i
: e ! S
' i ' ..
' s 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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Early Matter dominated era

FI in MD era can evade “Ly-« constraints”

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 2( My )

CTB mp 10 keV

Mediator mass range
reachable at colliders

Qh? ~0.12

A “mp =600 GeV'
P B_@ 1000, P
DM :
100:
B A _ i
P g
Long-lived 0 E
~

/tJ
=
=
c

T0001 001 o
m,|GeV]

Transfer functions Fl through decays

10° 107
%/_/

3 Warm DM like signatures
Suppressing small scale structures

=== Mow = 3keV.
=== Muou = 4.65keV.
=== Myou = 10keV.
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Early Matter dominated era

FI in MD era can evade “Ly-« constraints”

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]

Qh% ~0.12

5 cm' /600 GeV)2 ( My )
CcTA ma 10 keV

Mediator mass range
reachable at colliders

ma = 600 GeV
P A
A
P
Long-lived
Transfer functi 107 107 0
functions Fl through decays

Y //varm DM like signatures

\ Suppressing small scale structures

mow = Tkev
— mou = 12keV
00 — mou=20kev
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Early Matter dominated era

Unexpected displaced events

LC /\xX‘i’BrR

— Tg =500 GeV
— Tp=200 GeV
— T =100 GeV
— Tr =50 GeV
— T =20 GeV

¢ty (cm)

500 1000 1500 2000 2500
my (GeV)

Unexpected dislaced events at colliders might point to freeze-in with modified early
universe cosmology diluting DM (e.g. EMDE with low Tryy see [Calibbi'21], also [Arias™20] )

=] =y = == LAl
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Early Matter dominated era

Unexpected displaced events

Qh? = 0.12, mpy = 10 keV

[ ——

1000 L C A\ xTsptr
100; — Tp=10°GeV
£ F — Tg =500 GeV
S ol — Tr =200 GeV
3>
5 | — Tr=100 GeV
1)
| — Tp=20GeV
0.10
0.01== : : =
500 1000 1500 2000 2500
m, (GeV)

Unexpected dislaced events at colliders might point to freeze-in with modified early
universe cosmology diluting DM (e.g. EMDE with low Tgyy see [Calibbi’21], also [Arias™20] )
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Conclusion

Conclusion

Real Scalar couping 1 1

o
500 1000 1500 2000 2500
Ay m (GeV)

The exemplary “Simple” t-chanel DM scenario are quite rich in the end:
@ WIMPs from freeze-out: still quite much viable parameter space open:

o higher order processes (xx — Vff, VV ) have to be taken into account
e Colliders and Indirect DM searches can play a key role

@ FIMPs from conversion-driven FO, freeze-in, & superWIMP:
Despite very feeble couplings to SM, DM models are viable

o LLP at colliders with displaced signatures.
o Changing cosmology (7Tx) may lead to unexpected displaced events.
e FI & SW: FIMPs ~ NCDM and Lyman-« forest constraints

mpym 2 15 keV (FI) or up to few 100 GeV (SW).
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Conclusion

Thank you the invitation
and for your attention!!
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Big Bang Nucleosynthesis and light elements abundance

100

e n — 1Tey 1 /;
@ . 4
103 /i;;/
% w 7
& 1075 ///57
et HE y 4
10 .‘\\ /,j/%/
o \_
p+n—D+~y W
10" BBN constraints.
® o R e
———— On-the-spot with fu; = f(z(I. y-FIRAS
rﬁc ~ i 10 ]: 10° 10° 107 107 107 100 10F 107 102 107 107
lognp—t [s]
SM and BSM constraints
np—ng —
e Baryon asymmetry g = "2 = (6.9 & 0.06) x 10~'* and abundance
e Expansion rate H(z) and number of relativistic dof (Negr)
@ MeV BSM particles interactions with v, e, v
@ Decay of exotic long lived particles with 7 2 tggN
@ etc
v
August 29, 2022 30/26
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Cosmic Microwave Background

6000
5000

& 4000

K

= 3000

pTT
Dy

2000

1000

pez Honorez (FNRS@ULB)

L L L L I
30 500 1000 1500 2000 2500

SM and BSM constraints

@ Precise content of the ACDM
(to sub% level)

e Expansion rate (H(z)) and
nb of relativistic dof (Nefr)

@ Exotic energy injection into CMB

(annihilation, decay, tec)

I3
102
= S——
£ 1078 ol
& Excluded by CMB .
S @
£ 10 — <«
] Fermi/HESS e-e"F 7
_i 10-5 AMS/PAMELA positron fraction — ww
\‘" 8 Thermal cross-section — 7
2 o
s AMS anti-proton excess w
- Fermi Galactic center excess —
10

10" 10%
m, [GeV]

10 10*
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Galaxy surveys

@ Precise measurements of
ot Hﬁ: BAOatz ~ 0.2 — 0.5 and
= kme.lS/h Mpc
2 ~» independent measurement
%102 -+ Planck 2018 TT Of Qb’ Qm and H(Z)'
1+ Planck 2018 EE
Lo E Planck 201699 @ Quasar spectra from
i —
Z\ i :gcs)zsljggllffyaforest Z ~ 2 5 and
T 10°
£ k ~ 0.5 —20/h Mpc
=, %ﬁ%ﬁ MA ~ Lyman-« forest constrs
a;
T s on Warm DM mass
& 107 105 107 10T
= Wavenumber & [h/Mpc] @ etc
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N
Freeze-outs: from WIMP to FIMP

@ DM annihilation FO:
Qy o< 1/(0v)xx
“WIMP” simple picture
Ay = 1072

0.1 1 10 100 1000
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N
Freeze-outs: from WIMP to FIMP

@ DM annihilation FO:
my=150GeV, Am=1GeV, A,=10 QX o 1/<UV>XX
“WIMP” simple picture
Ay = 1072

ny/T

Y=

@ Mediator (co-)ann. FO:
Qy o 1/{(ov)e
(ov)ef ~ ovij weight e
Am/m < 0.1
102>, 21073

—x(Am; j/m)

0.1 1 10 100 1000
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N
Freeze-outs: from WIMP to FIMP

@ DM annihilation FO:

m,=150GeV, Am=1GeV, A,=8+10"" QX o 1/<UV>XX
“WIMP” simple picture
Ay = 1072
Xl @ Mediator (co-)ann. FO:

Qy o 1/{(ov)e
(ov)ef ~ ovij weight e
Am/m < 0.1

10722 A, 21073

—x(Am; j/m)

0.1 1 10 100 1000

@ Conversion FO:
B < x prevented, i.e. Y — B chemical decoupling well before FO
Am/m < 0.1and A, <1073
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N
Freeze-outs: from WIMP to FIMP

@ DM annihilation FO:

m,=150GeV, Am=1GeV, A,=8+10"" QX o 1/<UV>XX
“WIMP” simple picture
Ay = 1072
Xl @ Mediator (co-)ann. FO:

Qy o 1/{(ov)e
(ov)ef ~ ovij weight e
Am/m < 0.1

10722 A, 21073

—x(Am; j/m)

0.1 1 10 100 1000

@ Conversion FO:
B < x prevented, i.e. Y — B chemical decoupling well before FO
Am/m < 0.1and A, <1073

Careful: for t-channel scenarios, potential large contributions from
annihilations in 2 — 3 with Virtual Internal Bremsstrahlung (VIB)
or loop induced 2 — 2, Sommerfeld and bound state formation.
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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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N
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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N
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

_ o
T

with <VX> |to -

Iy Tprod

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

= (vy) X)\/DM X Mypm
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N
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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N
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

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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N
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

_ —1/2
= (vy) tSOW o<mX1 X Rp. /
my < (mWDM) —1/2
#sw X (Rr) for SW,
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N
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
© WDM: QO h? = 0.12 ~ g, 5(Tp) ~ 10° x X

4/3 keV
WDM -
= (W)l O Mypp

® FI: Tproq ~ mp/3 and <pX>|tpmd ~ mp/2

= (vy) E)I o< m;l
o SW: Tprod ~ FBMPI and <pX>’tpr0d ~ mB/2
—1)2

= (vy) tSOW o<m;1 X Rp.

fo

16 keV for FI, |
my > for mypy > 5.3 keV
*~1038GeV x /10-4/Rp  forSW, "
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WIMP: x annihilation driven freeze-out

° O o 1/{(ov)yy

o QA% =0.12
s (oV)yy = 3 % 1072 cm’/s

@ DM annihilation driven freeze-out
(FO)

@ x =m,/T and xpo ~ 25

0.1 1 10 100 1000

z=m,/T

Careful: for t-channel scenarios, potential large contributions from
annihilations in 2 — 3 with Virtual Internal Bremsstrahlung (VIB)
or loop induced 2 — 2.
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N
WIMP to FIMP: B (co-)annihilations driven FO

[Griest 91, Gondolo’91, Edsjo’97 etc]

my=150GeV, Am=1GeV, A=10" ° Qy o 1/{ov)e
[T ovep is a weighted sum of
0.001 exp(—x(Aj + Ay)) x ov;j
5 1 e Q1% = 0.12 possible for
£ 107 . (oV)yy < 3 x 10726 cm¥/s
o v @ possible co-annihilation/partner
\ B . . .
10 o ] o e o0 annihilation driven FO
x=my /T o x =my /T and xpo ~ xBy ~ 25

For compressed spectra A; = (m; —m,)/m; S 0.1 withi = B
co-annihilations play an important role

Careful: for t-channel scenarios, potential large corrections
from Sommerfeld and Bound states effects on ovpp!
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“FIMP”: Conversion driven freeze-out

see also [Garny’17-22, D’ Agnolo’17-18, Junius’19, Herms’21, Filimonova’22, MictOMEGAs’22]

my=150GeV, Am=1GeV, A,=8+10" o Am/m < 1and A, < 1073
0.001| @ suppressed conversions:
e <1-\B_)X>dec,scat 5 H
E 107 @ conversion driven FO

10 ° Qxh2 increases for decreasing A,

@ x = m, /T and possibly
XEO > xgo ~ 25

107"

0.1 1 10 100 1000

Beyond standard co-annihilation/partner annihilation FO:
B <> x are prevented, i.e. Y — B chemical decoupling well before FO:
ny > n¢? for x S xeo, Xgo
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N
Pure FI & SW: WDM-like

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

o1 Top philic DM: my = 15 keV, Rr = 7.5 x 108 10-11 Top philic DM: my =10 GeV. Rr=2.8 x 10~
-== FD (au) -== FD(au)
— SN FI
10 10712 A — sw
///v l{l
10 H
e~ = 10784 7 - k) . . .
g o H f(q)S o g~ te2Reale?
107 . i X
=) NU\ H
& o101 H
103 1
1
s 3
10-6 10 ,\
1
!
i
10 IO’Z 107! 100 10! ) 10* 10 I;‘O’I 10° 10 10* 10°
a=pI a=pIT
@ Contrarily to “usual” WDM, FIMPs are non-thermaly produced.
Distribution f,, o< g, exp(qu) with o = %, 1 and 8 = 1,2 for FI, SW.

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

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

Top philic DM: m, = 15 keV, Rr = 7.5 x 107%, 6A, = 0.33

Top philic DM: m, = 10 GeV, Rr = 2.8 X 1073, 64, = 0.28

1 === Mmwpm = 5.3keV | === Mupu =5.3keV
o —— my=15keV 10 —— my=10GeV
< <
<08 =08
S 5
< O
<06 So6 Tx(k) = (1 + axk)!?
E( :>_< Awom x Mkl
04 04 sy « (MyRY?/6)708
3 <
T T
0.2 02
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, o ¢; ® exp(—¢%) witha = 1,1 and 8 = 1,2 for FI, SW.

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

15keV
3.8keV x (Rp)~'/?

My 2

for FI,

for SW,

. Ly—a
for mypy > 5.3keV

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

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

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

6A
1.0
my = 50keV 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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Minimal models for 3 body interactions

‘ Agu | Spin DM | Spin B | Interaction ’ Label |

" 0 1/2 Vs ¥ B¢ F i

o 1/2 0 VsuXP B ST ]

e 1/2 1/2 Vo x FH Fry

- 0 0 Hi®pe St
1/2 1/2 UpxH Fhry

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

Possible processes for DM production in the early universe:

@ (co-)annihilations: yxy — XX’, xB — XX'& BB — XX’

@ conversions: B — Ay & BB’ — YA

Laura Lopez Honorez (FNRS@ULB)
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-
Leptophilic DM: Annihilation in Chiral limit (m; — 0)

[Bergstrom 89+, Bringmann "08+, Ciafaloni ’11, Garny "11+,Toma ’13, Giacchino’ 13+, Ibarra’14]

DM = Majorana
LD Noxfr + hc. J
Z i x— =X, P> -
X f
M
. r=1fe
X L, f
Ay VT4

7= 38 M2 (11 )

p-wave suppressed (o< v? for ms — 0)
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-
Leptophilic DM: Annihilation in Chiral limit (m; — 0)

[Bergstrom 89+, Bringmann "08+, Ciafaloni ’11, Garny "11+,Toma ’13, Giacchino’ 13+, Ibarra’14]
DM = Majorana DM = Real Scalar §
LD Noxfr + hc. J LDySYfg+hec..
Z i x—=—x,®— -9 Z, : S— =S¥ — —-"¥
v f 9 f
_ My _M
¢ Ty z ‘ r=
X L, s ‘_,_ f

| )\‘)‘( Vo144 | v 1

ovgly = = — ——— ovplg = —— ——

X 480 M2 (1 + ) T8 = 60m M2 (1 + r2)}
p-wave suppressed (o< v? for ms — 0) d-wave suppressed (o< v* for my — 0)

@ DM DM — Il is chirally (o< (my/Mgm)?) or velocity suppressed
@ Annihilation processes show a dependence in r = Mn1zp/Mam > 1

o Atf.o. (ov)uls/{ov)uly < 0.16 ~» larger Yukawas for S to match Qg
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Viable param. space for coupling to eg

Majorana DM

0.01

My [GeV]

Am/m
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Viable param. space for coupling to eg

Y et f

X
DM annihil.

¢ “DM-med co-annihil. V.
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Viable param. space for coupling to eg

I i e f
X
DM annihil.

Scalar DM

f

@ “ DM-med co-annihi

Cosmo vs Colliders: DM case

4 0.1

0.01
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Sharp spectral feature from Internal Bremsstrahlung

DM /' DM /DM f

|
‘ | ol |
NLZP h,’L NLZP Y f NLZP| 7
‘ /DM ‘ / DM

N

DM f

final state radiation final state radiation Virtual Internal
Bremsstrahlung

The ~ spectrum

35 F

ANy Mam doy sk
dx O~il dEA/ - 25
2
E M, z
— Ly — Mnizp B
asafnofx = g7 and r = i ok
@ peaked at E, ~ Mgy, forr — 1 n
@ Identical for Scalar & Majonana osE
[see also Barger’11] 0 0 (;1 y
X
~ “v line”-like feature with Bremsstrahlung emission J
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Leptophilic Fermionic DM: WIMP summary

H.E.S.S.

Am/m

|

overproduction/

non-—pert.

1 11 1 1 11

10°
m, [GeV]

Cosmo vs Colliders: DM case

[Garny, Ibarra,Vogl'15] 1 04
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-
Leptophilic Fermionic DM: WIMP summary

More Compressed— smaller coupling needed

Am/m

10’

Excluded if the
gamma ray flux is

enhanced by a

corresponding factor

(Einasto profile) HE.S.S.

overproduction/

non-—pert.

102 108
m, [GeV]

Cosmo vs Colliders: DM case
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Leptophilic Fermionic DM: WIMP summary

non-pert.

Am/m

underproduction

IIIIIl

overproduction/

102 108

m, [GeV]

Cosmo vs Colliders: DM case

[Garny, Ibarra,Vogl'15] 1 04

August 29, 2022

45/26



-
Enhanced radiative processes for Scalars

see [ Giacchino, LLH & Tytgat '13 &’14 ]
see also [ Toma’13 & Ibarra’14 ]

10°

T T T T
for f.0. <v?>=0.24, mS=100 GeV,y=1

L
10 Scalar § ——

Majorana
Majorana N —=—-=-

OVyee/<OVee>
OVyy/<OVee>
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-
Enhanced radiative processes for Scalars

see [ Giacchino, LLH & Tytgat '13 &’14 ]
see also [ Toma’13 & Ibarra’14 ]

10°

T T T T
for f.0. <v?>=0.24, mS=100 GeV,y=1

Scalar § ——
Majorana x =====-=
Majorana N —=—--

OVyee/<OVee>
OVyy/<OVee>

Relative enhancement min ~ 50 of the Bremsstrahlung signal for scalar DM !!
Radiative processes 7, yee always more relevant for Real Scalar DM J
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FIG. 3: The one loop diagrams generating the effective dark
matter—photon coupling for Majorana DM. For Dirac DM,
the two diagrams on the right are absent.

[Kopp,Michaels,Smimov'14]
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FIG. 8: New physics contribution to the lepton magnetic
dipole moment (a = 3) and to flavor violating lepton decays
a # () in our simplified model.
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-
Smoking gun evidences for WIMP DM

e.g. sharp spectral features, such as lines, in the gamma ray spectrum:

(E ) = i (T - BN
» ox| ]
v VB w v " aE
X f
AE/E=0.15
LU S AE/E = 0.02
o Generic candidates _| A Careful!!
z "2
3 jampww The importance of the
C o “line” compared to the
continuum depends on
001 their relative contribution
£ P to the total annihilation
0.02 005 010 020 0.50 1.00 200 cross-section

x=E/m,
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Conversion processes can affect the DM abundance

DM and mediator annihilation
and Co-annihilation processes

dYDM S <0'1)eﬁ>

dz = Hz (YLZNM - YDZM,eq)
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Conversion processes can affect the DM abundance

and Co-annihilation processes
dy, -2 Y? Y, Y,
@~ O ) Ol )
dx Hzxs Y2, YyeqYoeq
- Txx—é¢]
@ Yx,eq Yti),eq YXQ eq Y¢2 eq
2
dYy _ 2 o1 +.( YiYs _1>
d{L’ TS ¢ eq YX eqY¢ eq
.( =-5s) v
- ~(roco0)
@ Yx,eq deeq YX2 eq Y¢2 eq
Conversion processes
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Conversion driven FO: Viable parameter space

Ay S few x 1076, Am < few GeV and m, ~ few x 100 GeV J

0h?=0.12]

my [GeV]
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Conversion driven FO: Viable parameter space

Ay S few x1078, Am < few GeV and m,, ~ few x 100 GeV ]

WIMP freeze-out

@ right limit: freeze-out driven by
mediator annihilations

@ left limit: LEP constraints
on charged mediators

@ bottom limit: Am > my
(or beyond 2 — 2)

9
X

250 \300 350

Ayx/107

- r - - A0
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Conversion driven

my=150GeV, Am=2GeV, Ay=8+10", Ay=0.1

10-11[ @h2=0.12
/

v
10-14 " [N

001 010 1 10 100 1000
x=mylT
my=150GeV, Am=2GeV, A =810, Ay=0.1

------ $¢'->SM SM

— xx-l

— — X¢->SM SM

— — x=¢

XSM-¢SM
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Conversion driven Co-annihilation driven

my=150GeV, Am=2GeV, Ay=8+10", Ay=0.1 my=105GeV, Am=2GeV, Ay=10">, Ay=0.1

102
1079
>
1078
[ Oh?=0.12

10-11 0h%=0.12 10-" -

i \ L

i \
10°1 " L. " 10150~ . L \
0.01 0.10 1 10 100 1000 0.01 0.10 1 10 100 1000
x=my/T x=my/T

my=150GeV, Am=2GeV, A,=8+10"", Ay=0.1

1000

001 010 1 10 100
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Conversion driven Freeze-in

my=150GeV, Am=2GeV, Ay=8+10", Ay=0.1 my=150GeV, Am=2GeV, Ay=8+10""2, Ay=0.1

1072 —
107 1078 \
\
> \
1078 108 \
\
10-11|Qh?=0.12 10-11Qn?=0.12 \
F i ~
1044 " ‘{ " A " 10 14 " VX " “. N
001  0.10 1 10 100 1000 001  0.10 1 10 100 1000
x=my/T x=my/T
my=150GeV, Am=2GeV, A,=8+10"7, Ay=0.1 my=150GeV, Am=2GeV, A,=8+10""%, A4=0.1

001 010 1 10 100 1000 001 010 1 10 100
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Conversion driven freeze-out

30 : Au=0.01
[ 0Qh?=0.12] 1000

Am [GeV]
¢ty (cm)
>

DT ATLAS

y Qh?=0.12

1 0.1

100 120 140 160 180 200
mg (GeV)

150 250
my [GeV]

Ag =0.01
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Conversion driven freeze-out

Ay=05

1000 H
Conversion FO {

100

Am [GeV]

200 500 1000
my (GeV)

200 400 600 800 1000 1200 100
my [GeV]
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Conversion driven freeze-out

arXiv:1705.09292 Mathias Garny,' Jan Heisig,? Benedikt Liilf,? and Stefan Vogl®

Cra/H

r/H

Ci2/H

av, _ 1ds

dr ~ 3Hdr

(o) (4 = ¥9%) = (o) (V- vey)

+ r‘:a (),\ 7)‘%\‘-) G (‘(
B e (7 7)1 e s ) .

T (,\,,;:g){b (,h, “_“), o (,\,» Hzd, f,(q.2) = C(q. ..:)( cati _ fx>

X }/i:“l
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Conversion driven freeze-out

Reaction densities

Vijokl = //(]O;dojfeqfeq/ /dOk(]OI(Q/T)4(;4(p1 +pj — e — p)|[Mijsul®
n; n U Oijrviz) ’

Ki(x
we = / donds [ 00,725+ 2y = WMo = T 2D
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_
Bhth DM: Collider vs NCDM Constraints

all’09, Belanger 18, etc]
LCLg— TXX — m¢¢T¢ — )\X(ZSXIR + h.c.

Qh?=0.12, Tp= 10° GeV

see d

10°

10°

10 — mpym =100 MeV

— mpy =10 MeV

¢ty (cm)

1000 e 1

— mpy =100 keV

100ANY
— mpym =10 keV

DL CMS

100 200 300 400 500 600
my (GeV)

2
DM FI via B decays: ¢75 = 3.3 x 10%m (josy) (lTeV)

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

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

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

Qh?=0.12, Tp= 10° GeV

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

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

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

Qh? = 0.12, Ta = 20 GeV

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

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

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

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

in Radiation Dominated (RD) era

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

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

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

1

H 4x 1077 0.001 i i

T
i
T -8
/ 10 i
] el
2 : 2 I
i ; 5107 i
> | > (| 1 [
| ] [}
i -18 \ | il
: e ! S
' i ' ..
' - 1 1 [
! 1055 | | =
0.001 0.100 10 1000 0.001 0.100 10 1000
x=m/T x=m/T
T

DM yield is diluted due to extra entropy production from inflaton decay:
Yx(Trp)/Yy® (TFI/TRH)5 ;

~+ The lower Ty, the longer is the dilution and the lower is Yy° compared to
Yx(Trr), the higher is \p to account for DM abundance and the lower is ¢7p.
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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 (©y)
Displaced vertices Delayed Jet (DJ)
+ Muon (DV+p) Displaced vertices (DV)
MS
Disappearing HOAL
Displaced Lepton
Displaced Track vertex (DLV) ECAL
Lepton (DL) (1)) Tracker

ez (FNRS@ULB)

Cosmo vs Colliders: DM case August 29, 2022 56/26



Collider searches

. Maximal
Signature Exp. & Ref. L Label
sensitivity
R-hadrons CMS [48] 12.9 fb! RH
) cr 2 10m
Heavy stable charged particle | ATLAS [49] | 36.1 fb! HSCP
, . ATLAS [50] | 36.1fb™' | er=~30cm
Disappearing tracks DT
CMS [51, 52| | 140 fb~! et ~ 60 cm
CMS[53] | 19.7 !t
cT &~ 2 cm
Displaced leptons CMS [54] 2.6 fh~! DL
ATLAS [55] | 139 fb~! cr =~ 5 cm
Displaced vertices + MET ATLAS [56] | 32.8 fb! cT A~ 3 cm DV+MET
Delayed jets + MET CMS [57] 137" | cr=1-3m | DI+MET
Displaced vertices + p ATLAS [58] | 136 fb~! cr &~ 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
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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)
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Moy =10 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
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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
0001, — gym 0.001 — gym
“+= Scattering ++= Scattering
107 e 10~
Decay T * Decay
~ 107 > s
107 107
107 — 107 : .
107 107" 10° 10' 10? 107 107! 10° 10! 10%
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This is really the end )
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