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Standard Model of Elementary Particles

three generations of matter

(fermions)
I I I
mass | =2.2 MeV/c2 =1.28 GeV/c? =173.1 G &V/c2 125.09 GeV/c?
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@@ | @ H
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What can we say about the mass of dark matter 7

An example: dwarf galaxy observations
- Small galaxies (< kpc)
- Large amount of dark matter
(velocities ~10-50 km/s)

a) Heisenberg uncertainty principle: de Broglie
wavelength

A 10722 eV 10 km /s
10 kpc m v

Ads cannot be larger than the galaxy size
mpm = 10-22 eV

Fornax dwarf galaxy




What can we say about the mass of dark matter 7

Fornax dwarf galaxy

An example: dwarf galaxy observations
- Small galaxies (< kpc)
- Large amount of dark matter
(velocities ~10-50 km/s)

b) If dark matter is a fermion:
Pauli exclusion principle
phase space volume / state: Ax.Ap ~ h

= bound on number density
mpm = 200 eV if a fermion [Alvey+ 2010.03572]




What can we say about the mass of dark matter 7

Fornax dwarf galaxy

An example: dwarf galaxy observations
- Small galaxies (< kpc)
- Large amount of dark matter
(velocities ~10-50 km/s)

c) If mpwm is very large: "granular” structure of the halo
— tidal forces disrupt the galaxy on short timescale

mpm = 10-100 Mo
(orimordial black hole)
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The WIMP model

Weakly Interacting Massive Particle
Most explored scenario in the 90’s - 2010’s

Assume "new physics" at the scale of electroweak phenomena:
Solve the "hierarchy problem”, with eg. supersymmetry or extra dimensions
A new, stable particle y :

Mass ~ "weak scale" ~ 10 GeV - 1 TeV (W, Z, and Higgs masses ~ 100 GeV)
Interacts with Standard Model particles through "weak" couplings:

\ q \ q irelmivislic regime

Ypm = constant non-relativistic regime

Yom o exp(—=mpy/T)

increasing (o ann Vr
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Thermal relic density from the primordial plasma: ! A

— Roughly matches the measured dark matter density 1o 5
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testable

WIMP scenarios are

Colliders

Indirect detection

10N
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Fast carviaran
in telescopes
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No signs for new physics at LHC

"simplified m

odel"

anv:2404.15930

- 16— -
o ! ATLi? { i
E L 4Es = 13 Tev, 20[3-140 5" o N
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0 2:_ Vedtor mediator, Dirac DM _:
B 9,7025,9=0,g =1

"'ﬂ' | l Al limits at 95% CL ]

0O 05 1 15 2 25 3 35 4

my. [TeV]

Simplest SUSY scenarios

severely constrained

— Dijet resonance

* Dijet, 139 fb"
JHEP 03 (2020) 145

* Dijet TLA, 29.3 fb’
PRL 121 (2018) 081801

* Dijet+Lepton, 139 fb'
JHEP 06 (2020) 151

* Dijet+ISR, 140 fb"
arXiv:2403.08547

* Boosted dijet+ISR, 36.1 fb'
PLB 788 (2019) 316

— tf resonance (1L)

36.1 fb"; EPJC 78 (2018) 565

— tf resonance (OL)

139 fb™'; JHEP 10 (2020) 061

— bb resonance

139 fb™'; JHEP 03 (2020) 145

ET’“'55+X
* ET*"+jet, 139 fb”
PRD 103 (2021) 112006
« E7%4y, 139 fb
JHEP 02 (2021) 226
< ET*+Z(ll), 139 fb”
PLB 829 (2022) 137066
* ET*+V(qq'), 140 fb"'
arXiv:2406.01272

specific SUSY scenario

pp—>gg, g— tt X3 Oct 2023
;2000?[]111[[][][!1]IIT[TI]I]ITIIIT[IIIIIq
& 1800 CMS 137 fb' (13 TeV) -
— [ —1908.04722, 0-lep (H"™) J
R 4600l —1909.03460, 0-lep (M) Expected -
e - 2103.01290, 0-lep (stop) —Observed -
[ —1911.07558, 1-lep (M) ]

1400~ —2001.10086, =2-lep (same-sign) ]

- -1710.11188, 0-lep (stop), 36 fb' N

1200 221108476, 1-lep (A¢) : _:
1000 -
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
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Direct detection of WIMP dark matter

Galactic WIMP Interaction in a
> .
terrestrial detector

velocity v ~ 200 km/s

local density p, Energy deposition
Nuclear recoil E,

4 L
E =(m"v2)x( " wcos?® ~1-100keV  « Kinetics => search for

{2 : : : :
ny + mx) interactions with nuclei (nuclear
Astrophysics (WIMP recoll NR)
Particle phvsics velocity distribution .
p\y and local density) - Energy spectrum ~ exponential
dR _ o pm)  Scaling with Mwiwve : low recoill
dE,  2mm’ ,\ energies at low Mwvp

Nuolear physics

~ 1 interaction / ton / day
for o ~ 3x10-32 cm?2
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WIMP direct detection: signals from underground

- low energy detection threshold
- ultra-low radioactive background

= Underground shielded infrastructures:

IN tunnels, mines, ...
to protect against cosmic-rays

—i
=
——
=t
| B=E
| E5E
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Dual-phase Xenon TPC

« S1 » = direct light, scintillation
« S2 » = light emitted when electrons are
accelerated in the gas phase, ionization

4

S2 S1 S2
Orift time WIMP it time
ndicatles deplth

= x‘S‘l | S S2

s = Outgoing : Y
: L/QU/OI Particle
. Xenon >
Incoming

drift time

Particle
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—xample result: Lux-Zeplin

4.2 tonne-years collected in 280 live days
Many interactions recorded but properties compatible with known radioactivity

=Xperiment

Upper bound on WIMP-nucleus interaction rate (cross-section),
set from profile likelihood ratio test statistics

4.25F
1.00 -
>3 .?. :o o : -
3I5F | o : ’:
C\I . ‘o:‘; i
U 5500 ;;.. -
! B L
N All Data
3254 ° -
3,00:_ where WIMPs should be E
2.75 :_ 0.8KkeV.. 8 kel 0 keV,, T2 ke\ a\
- keV,, 5 ke 25 keV, 35 keV
i ' | | | L |3 | ]

T T T T T L B B |
ETT I |

—_—
|

E'N

>

WIMP-nucleon og; [cm2]

Aalbers+ PRL 135, 011802 (2025)

48 '~ . == Median 3¢ discovery potential
10 3 == Median expected upper limit _‘5
Power constrained upper limit
- ===+ Unconstrained upper limit i
1 I 1 1 1 1 | I - I 1 1 1 1 1 1 1.1 I 1
10’ 10° 10° 10°

WIMP Mass [GeV/c?]
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thermal relic mass range ~ 100 keV (HDM,
BBN..) - 100 TeV (unitarity)

DM - cosmic ray scattering

—Xtending bounds towards lower mass

=> secondary high energy DM flux: easier to detect !

d(DI _ p/lyocal
dT eff
X X

X ZagiG%(meTx) / oo
Tmin

size of CR halo
particle physics

CR flux

doM /dT,
ry™(T;)

gsi [em?]

Bringmann+ PRL 122, 171801 (2019)

1 0 - 24 giﬁﬁfﬁ’rTWT TiYﬁfﬁ’rrqi

ﬁY_YfT_TW’T_TTiﬁT_Tfi_T7’TTT—T—T_T_T_T_I—TTT—E

- gas cloud .
10 ZSE CMB cooling :
10726 -
: IEmEgeesa, :
1027 EMiniBooNE (this work) e ) -
———— L — XQC
10"28F """ T U]
102 7]
o
-30
10 = Xenon 1t (this work) ot ==
1073 e -=" E
10 32 Ll
(44
10~33_ .llAl| 1lu| 1|ul (\) l
1074 1073 1072 10" 10° 10’
m, [GeV]
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—xtending bounds towards lower mass: CMB

DM scattering with baryons = exchange heat + momentum

CMB: collisional damping of small scales
also IGM heating ACT DR6 2503.14454
mom ~ 1 MeV

n= -4

o =oyV"

0.0 0.2 0.4 0.6 0.8 1.0
104! x gy [cm?]
1024 g

y T { I
10-25 gas cloudr n= O
ccccc
i CMB ing ACT
10 5
p—t ‘
1027 E-MiniBooNE (this wor K ] w
B e s o
g 10-28 ‘N - P_ACT
3 102 @
1070 | o P-ACT-LB
E Xenon 1t (this work) \o--"T=
10 R = “‘g‘ [ \
“““““““ a2 T T T —T
32 w
10 iz 0.0 0.5 1.0 1.5 2.0 2.5 3.0
10733¥ i | Ll 1
104 10- 10-2 [G1\(/)]1 ] 10%°% x gy [cm?]
m, [Ge



WIMP Iindirect detection: signals from the sky

DM dense regions:
XX—=Y P €.

~

high-energy particles E ~ mx,
detectables :

dN; 1

Gamma ray detectors 7

®;(Y, F) =ov / dsp2 r(s, v
(¥, E) dE 4mmg; Jline of sight (r(s, %) 6g. CTA /
Y ~— N — 1 5
annihilation particle astrophysics (DM
cross section physics halo) — J-factor

‘“ "¢, “¢_ % Nautrino

€« ¢, 7 edttectors
‘e ® .o IteCube

&

o /:/; ¥ P ,/ ; . » ’,
7 AN 7. 2 -—
C AN / v 7 X
€ G X D R - 20
- ZaN SN 2 . X 2 o =5




- Stack Fermi signal on 30 dwarfs with

measured J-factors

- No signal: ¢ <~ 10° cm=2 s

= bound on (ov) (profile likelihood)

- Compare result with thermal relic

prediction: constrain thermal relics

up to ~ 100 GeV

Similar bound from CMB

alter ionization history (broaden width

of last-scattering surface):
(oV)
Jest

Mpwm

< 4% 1072 cm?/s/GeV

J:/dﬂ/dzp2

Fornax again!

.

—xample: Fermi olbservations from dwarf galaxies

1 T 1 L
dSph Constraints

L) T Trrnry L)
GCE Contours

= N easured
- Ackermann et al.
95% Contain.
68% Contain.
* Median

=== Gordon et al. [46]
[11] = Calore et al. [47]
=== Daylan et al. [49]

=== Abazajian et al. [48]

HH Di Mauro et al. [17]
Karwin et al. [51]

McDaniel+ 231

IIII 1 L IIllIll

1.04982

101

102

103
M, [GeV]

104
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El5y DM Sterile Primordial
h neutrinos WIMPs black holes
10-22 eV peV keV MeV GeV TeV Mp 50 Mo
If-int ti
QCD Self-interacting Wil

axions

DM
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QCD axions coupling to photons

a Effective coupling ~ gayy . @ . (E . B)
for QCD axion: Qgayy ~ 1/fa ~ ma

10 -6 R
LSW (OSQAR) ﬁLAS

10-8 :
ABRACADABRA Helioscopes (CAST)
R L e O — L
Q
)
D Chandra £ 0 ~ 0.36
Haloscopes P &
1014 (ADMX and Others)e
o £ 9% « sweet spot » for
t 7, QCD axion DM
1016 , : , Y v
10-2  10-1° 108 1% 10 102 10°

Axion Mass (eV)

(misalignment
mechanism)
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Axion direct detection: « haloscopes »

gayy.a.(E.B)
a : axion from DM halo, oscillates @ w = ma

B : magnet (static)
resonant cavity ==> detect E @ w = ma

Axion Dark Electromagnetic Cavity
Matter Resonance
|. .

particle

24



—Xxample result: A

DMX experiment

Qayy (GeV™ )

10-16

107154

millikelvin cryogenics
ultralow noise quantum amplifiers

S _ t
N_k b

Axion Mass (peVv)
2.6 r & 2.8 2.9 3.0 3.1

3.4 L & 3.4

arxiv:1910.08638

625 650 675 700 725 750

Frequency (MHz2)

775 800 825

Ampli
m;fy Digitize
3
Power Spectrum
*
: L
(o]
a.
Frequency

Unknown axion mass
requires a tunable resonator

B- Field

narrow QCD axion mass

range excluded
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DM solutions to the « small-scale Issues »

Strongly-
Interacting DM
(SIDM)

eg. sub-GeV thermal relic
with 3—2 annihilation

Warm Dark Matter
(WDM)

free-streaming
best solve missing e
satellites

1078

eg. sterile neutrino

3.5 keV line signal ?

Interaction strength [Sin2(29)]
[
o

U
'Y
>

o/m ~ 0.1-1 cm2/g
best solve cusp-core

1 I ‘

Phase-space density
constraints

L lll lll
Dark Matter

of dark matter decay line
uet-iOn

R Lyman-a bound

S~
-
-
-

Excluded by non-observation

ar ERP sterile neutrino =

1 5 10
DM mass [keV]

50

Fuzzy Dark
Matter (FDM)

Mm~10-22 eV
de Broglie
wavelength
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These models predict a suppression of the small

scale, linear matter power spectrum

Vogelsberger+ 2015

II.\TI T T 11 l [

=+ WDM (myyp =3.66 keV)

coor WDM (mypn =2.67 keV)
WDM (mypy =1.89 keV)
ETHOS-1
ETHOS-2
ETHOS-3

CDM

ETHOS-4 (tuned)

| |

| 1101 1 I 11;1102 | B ANTH
k [h Mpc ']

10°

Need LSS probes sensitive to:
large wavenumbers k
linear matter fluctuations

Early time

Late time

Large scales

| .
CMB
CMB Lyman-& Forest

Lensing
Photometric

Galaxies Future 2lcm
Spectroscopic ' Weak |

Galaxies :_“ﬂhw',g |
1000 100 Mpc 10

2

2 Redshift
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The Lyman-«a forest

Resonant absorption of light by neutral hydrogen in the intergalactic medium
+ background source: usually quasars (bright)
- Arest = 1215 A = redshifted absorption in optical waves forz~2 -5

29



The Lyman-a forest

F(1) = e B € [0,1]

TicM (2a) = 2[1 + 5(%)]2[

/arec( )( 1+ Za>4'5
4

| (Fe Hifle ‘|‘ F}’HI) NH1 = O‘r Hiuile’'Hn | HI fraction ~ 105

T~1forHinthelGM@z~2 -4
= sensitive to mild density fluctuations

(close to linear)

L
i
o
N
o
>
=
(%2]
| ot
Q
-~
E

Tracer of matter density
1000 7 1200 7 — 1406 — ‘ v Pontaen fIUCtuations at Z > 2

Colour (wavelength) of light/A
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DESI| Lyman-a forest sample

ArestlA]
900 1000 1100 1200 1300 1400 1500 1600

Lya Flux
DESI quasar z = 3.42 Noise

=2}
o

Ny

w
o

Lya forest SB2

-—
o

)
(e
'

Flux [107*7 erg-s~*-cm~2-A71]
w
o

e
o
1

Real-life complications:

metals 2 15
quasar's continuum 5
strong absorbers (circumgalactic medium) a L
—— SDSS DR16
DESI DR2 sample: " RA deg)

820,000 Lya spectra (zaso>2.1) @ zer = 2.33
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High-resolution Lya forest samples

astro-ph/9511035

Keck/HIRES
3.5 3.6
N e -
~ ﬂ
M 1'7 Fﬂ
o | A
U VI L RTINS TOL TR |

4800 4900 5000 5100 5200 0300 5400 5500 5600

Small sample:

KODIAQ (Keck/HIRES) ~ 300 |

SQUAD (VLT/UVES) ~ 460 - High SNR

XQ-100 (VLT/XSHOOTER) ~ 100 - High-resolution: ~ sub-Mpc scale

32



Computing the Lya forest signal

Non-linear gravitational evolution +
hydrodynamics :

cosmo-hydro simulation (GADGET,
NYX, Ramses..)

gaz from SPH or grid method

iIncludes explicit model for gaz
thermodynamics (heating rates)

* Do NOT model galaxy formation! *
Model Lya forest:

Draw « lines of sight » in box, compute
absorption

Parameters: cosmology,
IGM thernal parameters:
{TO, y, mean Ly« flux (~ UV heating) }(2)

log py,/py, log ng; cm®
0.3 11.0 -10.5 -10.0 -9.5

-0.6 -0.3 0.0

. AN,
OB Lukic 1406.636

| = T,=110x10"K, 7=1.56

)

®
log,y Ppy,, 1)

i diffusé condensed -10

1 2 3 4
loglU pl)/pl)

T=Ty1+5,)"
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Computing the

ya forest signal

- Model Lya forest:

Draw « lines of sight » in box,
compute absorption

Pb

f\ww

WWJ %Mf”\

W i

Redshift-space
Real-space

™

!
W/

!

L

Ml

0

5

10

15 20 25 30 35
LOS distance (Mpc/h)

40

= 3D field (anisotropic):

F

Or is the Lya "density contrast”

A 3D cosmological field
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Computing the

- Model Lya forest:

Draw « lines of sight » in box,
compute absorption

21 ——

Pb

g’o' J\ Wf \“M\/»MJ %Jﬂﬂk

(V1 —_—

W\/

Redshift-space
Real-space

]

-

1

M U )

0

5

10

15 20 25 30 35
LOS distance (Mpc/h)

40

ya forest signal

= 3D field (anisotropic):
F

éiF — iﬁ; — 1

Or is the Lya "density contrast”
A 3D cosmological field

Compute its correlation function
and (3D) power spectrum

E(rysre) = Op(Z)op (T +17))
Psp(ky k1) = (|0p (k. ko)?)
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The Lya 3D power spectrum

ACCL2_L640SR50

107 - Chabanier+ 2407 04473 A biased LSS tracer, like galaxies:
3 1072
<1073
I :
< 1074 NL effects
< 10_5: /L 0.0 <y <025 simulations / EFT expansion
S E
=) ] ' 0.25 < |u| < 0.5 ———————— G —
10-6 - —— 0.5 < |u| < 0.75 :Arlnyo—l—Prats+1506.04519
: —— 0.75 < |y| < 1.0
1072 10-1 100 101 102
k [h-Mpc ']

NL effects are relatively small even @ k ~ 1 Mpc
Main physical effects:

Non-linear gravitational growth | e Yo
L] L] Z = . -"_‘: :

Thermal line broadening color: ag = 0.76 (S0.76) %
, 01 L black: og = 0.88 (Fiducial) %
Jeans smoothing of the gas T —

k [h/Mpc] 36



Measuring

DESI collab.

ya correlations: large scales

3D correlations:

E(ry,r1) = (Op(@)0p(@ +7)  BAO:

Alcock-Paczynski from large scales
Linear growth of structures

37



Measuring

| arxiv:l2503. 1 I4739

& 0.051

()

(@

= 0.00}
N

LyaxLya -

ya correlations: large scales

Isotropic BAO Distance

vvvvvvvvvvvvvvvvvvvvvvvv

F 4 IR
S N 3
@, b 13
b '
Vo .
R, i
N SR
§ o T

LyaxQSO |

60 80

E(ry,re) =

100 120 140
s [h~*Mpc]

(0F(Z)0p (X + 7))

Q@ DESIDR?2 |

® DESI DR1 A

05 10 15 20 25
DESI DR2:

0.7% (stat+syst) precision on

isotropic BAO @ z=2.3
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Small scale Lya correlations: P1D
LOS separation >> wavelength separation
LOS
k [s’km~] @ z=3.8
‘ 0.0|05 0.910 0.0|15 O.OIlQ 0'0.24 0.929 0.934 0.939
k [s’km™!] @ z=3.0
— 0'0.04 0.0'08 0.0'12 0.916 0.0I20 0.924 0.928 O.OIBZ
N Tt k [s'km™? =2.
v < 5F5;’ > 0003 0006 OOE% 00%3@ ZO Ozlg 0019 0023 0026
' it 4, +++ g
l H*“tt *4 K +t+ o +H {++ “ *1 lH ¢ z=22
+§++H”, | z=24
Pip.o(k)) Pt 2=26
» ++H§ z=2.8
107 z=3.0
| ¢ f z=23.2
d2kJ_ s ; TR CER TR TXRRTY. _ z=34
P]_D(kn) :/ P3D(k:J_,k:”) Ne i .:"o°’°°f"‘000‘¢’++++§+++++++++++ + =136
(2 ) < . .:.:..,,.-E.......¢¢++++§+++++++++++++_ z=3.8
- et ," ‘0;...0'9”"‘++?++*+++++++{*_ 1 ;ijg
"Historical" LSS probe, can be | |
measured even with a few spectra |
Up to k ~ few Mpc- ]
Np 0| | P . e | DESI DR1 - arxiv:2505.09493
OW 7Yo-level PrecisSion 107 025 050 075 1.00 125 150 175  2.00
k [A-1]
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Small scale Lya correlations: P1D

LOS separation >> wavelength separation

HO5 From high resolution data
O eg. Walther+ 2018
FFT o 10~ | - EIIIII :
~ < Oponss : b ¢ ! t 3
! ' ¥ I ¥ ¥ I
l - E | ¥ 1y 3 3 )
_ [ _
PlD,a(kH) _ [ T 1 3 1 ) I = ti _
= I ¥t I Fi s ¥
k) “ ¥ t f R
102 = 34 [} [
- "Historical" LSS prolbe, can be l [ - 32 f I:
measured even with a few spectra . oo L1
- Up to k ~ few Mpc - 1 = 18 1|
- Now %-level precision 103 T TS



Fitting

21D data with a model

. PrediC't P1 D from a f|ﬂ|'te Simulation suite Box size Resolution Code
: : 25Mpc/h  ~37.0M 130.2h 'kpe ~193k
set of simulations pe/ pe pe pe
B13* [10] 100 Mpc/h  ~148Mpc | 130.2h lkpc ~193kpc | GADGET-3
100 Mpc/h  ~148Mpc | 32.55h 1kpc ~48.2kpc
. |nterpo|ation scheme B19* [18] 40Mpc/h  ~57.1Mpc | 156.3h 1kpc ~223kpc | MP-GADGET
S THERMAL [19 20 Mpc/h  ~29.8M 19.5h 'kpe ~29.1k N
(Taylor expansion; [19) pc/ be ke be yx
e P21* [20-22] ~47.3Mpc/h 67.5Mpc | ~61.4h~ ' kpc 87.7kpc | MP-GADGET
Kriging; emulator..) SHERWOOD™ [23, 24] |  40Mpc/h  ~59.0Mpc | 195h Lkpe ~28.8kpc | P-Gadget3
120 M ~171M 1hlkpc ~55.9k
PRIYA [11, 12] 122 Mpci Z 1; Mpc ‘32 1 :_1kpc 5151? kpc MP-GADGET
- Include other nuisance , > 0 . ©
Lyssa (this work) ~ 80.8 Mpc/h 120 Mpc | ~19.7h " kpc 29.3 kpc Nyx
parameters
o238 arxiv:2412.05372 Borde+ 2013
T 249t LH grid "Taylor" grid
o] AR A = [FaE Parameter Central value Range
% K 5 5t ﬁ _ryyeyew 0.96 +0.05
0.125 1 ..u. ° .:I. o &O ! _:’;:.: Sl 0.8 ------ 0-83 - - 0.05
om0 ** - ok e ¥y | aed Qpocenes 0.31 +0.05
- 0.654" e -' o. ... o. .' & 15 '{':.’E;: -.:,: .45: Ho oooooo 67.5 i 5
Al e | Rl o To(z=3) 14000 +7000
300 R I | | P B = [ % yz=3).. 13 +0.3
0 A [ EOP | S R N g 8 — k] 7\ 0.0025 +0.0020
51 . 1. . -, R | -EEmntety |, Summ—- T
7 11 -24-23 0125 0150 0.650.70 050  0.75 I_1'_5_11.0 L5 / ETTYYY 3.7 0.4
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"Nuisance” parameters: an example

AGN feedback
heating and mass redistribution in the
IGM

Need dedicated high-resolution
simulations

Currently implemented as a nuisance
parameter for inference

Specific redshift evolution

Others:

Strong absorbers

Metals

Inhomogeneous UV background
Effect of late reionization

P1D correction

HnoAGN

0.00/

—0.02 _-

P
-
-
<z
4
7
44 Z
00 4
- 4
4
4
/

-0.06| ~

-0.08] 7

-0.10

—0.12;

RAMSES - HorizonAGN
Chabanier+ 2002.02822

0.000

0.005

0.010

0.015 0.020 0.025 0.030
k[s/km]

0.035

0.040
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Lyman-alpha

=

D example fits

T Walther+17 (HIRES/UVES) + XQ: 100
T Walther+17 (HIRES/UVES)

T X100+ Viel213

I xawe
§  Viels2013

IGM thermal properties
mostly from high-k data

/

—2.28F

20 2.5 3.0

Cosmology

- from low-k data:
(@amplitude, slope) of Pmatterinear

35

@z~ 3, k~1Mpc

Difficult!

- from high-k data:

DM physics!

4.0 4.5 5.0 5.5

X
= —2.30
—2.32

Walther+ 2412.05372

B BOSS data (Lyssa)
eBOSS data (Lyssa + prior on 7eg + {,, h} prior)
B Planck 2018
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Contents

Reminder: Dark Matter models
Constraining WIMPs

+ Direct and indirect detection

- Also direct detection of QCD axions

Using the Lyman-« forest to constrain some DM
scenarios

- The Lyman-« forest

Examples: WDM, FDM, PBH
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A o7 Sterile Primordial
¢ e brinos WIMPs lagliiEes
10-22 eV peV keV MeV GeV TeV Mp 50 Mo
QCD Self-interacti
i WIMPzillas

axions

DM
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Sterile neutrinos

2.4 MeV

%5 u

up

1.27 GeV

%3 C

charm

171.2 GeV

4.8 MeV

down

104 MeV

-5 S

strange

' sterile
neutrino

tau // sterile

leutring

0.511 MeV

© @

electron

Leptons

Lelft chirality

Y
T

Right chirlality

There is a (small) window in (mass, 6)
parameter space for N1 to make up dark matter

Right-handed counterparts of
standard model neutrinos

- No direct coupling to standard
model gauge fields ("sterile")

- Quantum mixing with active
neutrinos: coupling with standard
model particles parametrised by
"mixing angles” 6

- Unknown masses
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keV-scale sterile neutrinos as dark matter

10- P 1 1 1 1 1 lIllllI 1 1 II
Too much Dark Matter

‘ Excluded by non-observation
of dark matter decay line

>
S
N
-8 |
5 10
2
-9 >
o 10 B >
& 2
§10°°F g
¥ T’ﬁ
% 1 Q ©
107 = 88
; F
ri =12 | __ | O
3110 00
v 9
=13 |
910 o
o]
Mo -14 -
10 —, . 1, | Not enough Dark Matter & | .
1 5 10 50

DM mass [keV]



keV-scale sterile neutrinos as dark matter

Interaction strength [Sin2(29)]
=
o

10—14

L 1

Too much Dark Matter

Excluded by non-observation

n.
| t o of dark matter decay line N
>
— D —
o
(7]
_ g -
T a8 T
o
0m
0' g
L 3B —
10 \
7]
(1)
L O =
n
—, | 1 | Not enough Dark, Matter | —
1 5 50

DM mass [keV]

relic abundance of sterile
neutrinos scales with mixing 6

48



keV-scale sterile neutrinos as dark matter

10-6 | D 1 1 1 ' LI I 1 1 1 I
— Too much Dark Matter
S 107 TN —
N . “*res‘, Excluded by non-observation
A nan .
N, 1078/ | t prd of dark matter decay line N
2
g 107 & -
B ol E.
§107°%% dv || ~— -
H ve B
-1 om ||
107 o« —
o (VS |
0 2,0
ord e He
P 10"12 — | 0 : Ty —_
¢) 9, 0 ‘ \li.' BE
() 1 —6_ =
o 10-23] i 2500 B N
i a ~—_
(=] ? (i —
H -14 ‘ 7 _ 7 /,/,J,’ — — —
10 L 1\ 1| Not enough Dark Matter A& , | . Rt
1 5 10 50

DM mass [keV]

(sterile) neutrinos are fermions



keV-scale sterile neutrinos as dark matter

[

o
—
N

™
W

Interaction strength [Sin2(29)]
- -
o o

10—14

Too much Dark Matter

Excluded by non-observatio
of dark matter decay line

>
+
o
()]
3 b
o g
o' S
0 & X-ray emission
i%'g — from astrophysical
00 B objects with dark
2 | matter
A
. | | Not enough Dark Matter & | e T Decay process:
1 5 10 50 monochromatic line
DM mass [keV] Ex = mn/2

Y 50



keV-scale sterile neutrinos as dark matter

10_ 1 LI 1 1 1 I 1 1 lI 1 1 1 l
— Too much Dark Matter
o~ -7 L |
© 10 on .
N Zeso, Excluded by non-observation
~ _g dat . of dark matter decay line
£ 107 —
2
- >
g 107 & _ )
b o T~
§107°— @ T~ -
- 'U .5 ==l
I 9
107011 - oOHN
5 2, 3 I . XMM-MOS _
. n g mg Q@ 08 - 4
g 1072 - I8 BN e~ L3 00 = " 3.57 +0.02 (0.03) Full Sample |
8 g \.\ﬁ\\g 5 ) % a [
-13 L <= —= =06
o 0.02
H
-14 | :
10 L 14| Not enopgh Da kl Matter | | ‘§ bt
1 5 E :
DM mass [keV] il
nm ! | } ' !

Ener'gy (keV)
Indications for an X-ray line @ 3.5keV in some astrophysical objects
7keV sterile neutrinos ?? (controversial)
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Impact on large scale structures

Sterile neutrinos: example of Warm Dark Matter (WDM)
Still mildly relativistic at equality : structures erased at A = Afree streaming

Exact cutoff position is model-dependent (non-thermal velocity distribution)
z = 2.2 z = 3.4 z = 4.6

‘
‘
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Impact on Lya

o1

D

Pin(k) has a cut-off at high k = P1p attenuation

1.0V
1.04 }
1.02

1.00

0.98

P, (k) /P2% (k)

0.96}

Baur+ 2016
low k data
a 99

0.94
10~

10~* 10

k /skm™!

- Fit P1D as before, adding one parameter
modelling the cut-off in Pin(k)
- Rely on model for IGM thermal history

Irsic+ 2309.04533
high k, z=4.6

CDM
mwpMm — 5.0 keV

mwpM — 4.0 keV
mwpum = 3.0 keV
mwpMm = 2.0 keV

—1.5 —1.0

log; (k [km ™! s])




Sounds on WDM from Lya

ks Free-streaming scale [h Mpc™]

0 2.5 50 7l5FS lQO 125 150 1?5 QQO 225 250 2?5 3QO 325 350 375 A’FS IS 70 kp C

G Gray. Imag. (Birrer+17) non-Lya | |

DT S = constraint on physical models

< Flux Ratios (Gilman+19) \

< Stellar Streams (Banik+18) * thermal re“C mX > 4 - 5 ke\/

' —  ossusgew e |+ (NnoN thermal) sterile neutrinos: impact on Piin
e BOSS (Bar+15) :

) XOA0/BOSS (vedhot 17 ~ mixed CDM+WDM model

< BOSS (Yeche+17) -

G X ()-100 (Yeche+17)
G X()-100 (Ir8i¢+17) + wide thermal prior

G X(-100 (Ir8ic+17) -8

< SDSS-1I/HIRES/MIKE (Viel+13) ~ low-z + high-z Lya

< XQ-100/HIRES/MIKE (Irsi¢+17) + wide thermal prior -9

< XQ-100/HIRES/MIKE (Irsi¢+17)

< eBOSS/HIRES/MIKE (Plananque-+20) =y
10

________________________________________________________________________________________ b

< LUQAS (Viel+05) high-z Lya g

G HIRES (Viel+08) 1l

s TRES/MIKE (Viel+13) k=)

G HIRES /MIKE (Ir§i¢+17) + wide thermal prior
HIRES/MIKE (Irsic+17) _12k
HIRES/UVES (Villasenor+23) + mwpy = 4511,
HIRES/UVES (Villasenor+23) + kpax < 0.1 s/km
HIRES/UVES (this work) —13} ==+ SDSS(10 bins)
HIRES/UVES (this work) + (P,R,,T}) = SDSS (12 bins) Qpum < 0.26
HIRES/UVES (this work) + kyx < 0.1 s/km — SDSS+XQ+HR Baur+ 201 Ve
0 1 2 3 4 5 6 7 8 9 10 11 2 B u o 10"
Thermal Relic Dark Matter Mass [keV] my, /keV

arxiv:2309.04533 54
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Primordial

Fuzzy DM Ster-lle WIMPs A
neutrinos
10-22 eV peV keV MeV GeV TeV Mp 50 Mo
QCD Self-interacting WIMPzillas

axions

DM
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FDM: impact on large scale structures

m ~ 10-22 eV - [ower bound on the mass of DM
guantum wave effects smooth density fluctuations on scales relevant to
structure formation or DM halo dynamics

Linear perturbations : FDM ~ fluid with
effective speed of sound

2 _ k?/4m?a? =
S .
1+ k?/4m2a? 9
=
Jeans smoothing \l"S
Cut-off in linear matter power &
spectrum for scales smaller than  ~ "

Jeans scale at the time of equality

Q.m2\"Y , om 1/2
ki = 1/4 @ ( a ) M —1
s =bTa ((112:> 10-22 eV pe

—— ACDM (m,
Qa/ =1,

— /=1, m, =10"% eV
/=1, my=10% eV
/=1 m,=5x10"%"eV
0/ =1 m,=10% eV

Hlozek et al 2015

102
k [h Mpc™]
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Constraints on FDM

CMB: exclude mg ~ 1024 eV LSS-like probes ~ 1022 - 1021 gV

Hlozek+ 2015

1.0 U A - Galaxy luminosity function / high-

CMB + WiggleZ redshift galaxy counts
(low-mass halos)

- Reionization, 21cm

- Strong lenses

- Lyman-«a forest

Qn /Qd

- m22=15

ol

[ AT S T O W A 171 I WA N

o c
- - - - - - - - - O, —
32 31 30 29 28 27 26 25 -24 &10-2 :
log,o(m, /eV) g E
3107 ¢ HST =
S Hayashi 2102.05300 -

-8'10_4 I

~18 -16 -14
Myy [mag]

I
N—.
-

+ dynamics of dwarf galaxies
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T(k)

1.0

0.0

Lyman-a constraints on FDM

~ Same phenomenology as for WDM

EA+ 2017
Linear P(K)/Pcom
0.5}
WDM, m, =2.5 keV

— Huetal, m, =1.9x10"* eV

— AxionCamb, m, =1.8 x107*' eV

— AxionCamb, m, =3.4 x10™* eV

— AxionCamb, m, =4.1 x10"* eV

5 10 | 50
k [h Mpc!]

exclude up to ma ~10-20 - 1021 eV

Axion dark matter mass [log(eV)]

—22 —21 —20 —19 —18
-22 -18
ﬁ h
CMB/ BHSR

reionization

Ly-af (this work)

N\

uses higher resolution
spectra
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Black Hole Super

Radiance

Instability of (scalar) field around spinning black hole
Compton wavelength ~ BH ergosphere

Independent of DM
hypothesis

Observe spinning BH = exclude existence of light field

Ma ~ 10177 - 10-19 eV
constrained by

observation of spinning
SMBHSs

(X-ray emission spectra
from inner accretion disk
of nearby AGNS)

A

1.0

0.8 F

0.6 F

04F

0.2F

0.0

s

1070 107t 1072 107®

10 107® 107 107

fax [V]

|

Stott+ 2018

10—18 10—19

— Pex (N‘ax)

HHHH Stellar BHs
fax [€V] |18 SMBHs

— 10, 10—11 10—12 lol—lis 10L14 101—15 10I—16 10—17
Il . 1 1 " l L L

10—18 10—19 10—20
" L "

L

10.8

00 100 00 100
A’/[BH [A[Q]

107 108

10?

10.6

()ce.n')xed

4104

40.2

0.0
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Massive

Primordial

Slack Holes and

Very massive DM = low number density

Shot noise

0, =1-0,=0.3

0,=0.75, h=0.72

— _ =
N B
o o o

0]
(@]

100(PApeH — Pacpm)/ Pacom

NN
L \\\
. No PBhS\
Afshordi+ astro-ph/0302035
| | 1 | | 1 I | | 1 | I
-1 -0.5 0 0.5 1

log k(h Mpe-?)

\o ¢

Boost P1D at high k
(opposite to free-streaming)

Murgia+ 1903.10509

1 ——— Linear, Mpgy = 10?M,,

| =-- Linear, Mppy

| —— Flux, Mppy = 10*°Mg /

(o))
o
1

1o
(@)
1

N
(@]
1

(@)
1

I

I

I
=103M; [
Non-Linear, Mpgy = 102Mp, i
Non-Linear, Mpgy = 10°Mg, ,

103M, !

e Flux MPBH
MIKE/HIRES

100
k [h/Mpc]

Jee Mppn S 100 M,
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Sl

DM

Better bounds from dynamical
observations inside halos

Similar to WDM

(k)

linear

2

107°

10°®

T

I IIIIIHI 1 llllllll “‘l IIIIIH]

LI IITHII

LI TTTT]

1

1 TITIT[

L ITIHTI

LI IIHTII

1B

- CDM

==+ WDM (myp =3.66 keV)
WDM (,”“'I).\l =2.67 k('\!")

.......

-  ETHOS-1
- ETHOS-2
-~  ETHOS-3

ETHOS-4 (tuned)

keV)

T

1 TIITII

-

L L L1l L 11l UJl 11 1111111 11 lllllll 11 1111111 11 lllllll 11 lllllll 111 1
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