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Dark matter all around

expected
from

luminous disk

Multipole moment [
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Galactic scales

Newton:
M(?“ < R) 112
e R2 O
What is this
expected MISSING Mass
from made of ?
luminous disk
M33 rotation curve
: no longer main argument for

existence of dark matter !!!
¢ observed rotation curves rather diverse

¢ other potential explanations (for this particular discrepancy)
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Cosmological scales

: gravity [o(t.x) = A1 1 8(2.%)]
:lic::'ai:‘i:gon : matter domination A domination
0 4 t%q toMB tA assuming no DM: 520day aciralllas
E ~ 1072
it i N Without DM, still
e in the linear regime:
5 > :
observationally fixed: t no gaIaXles., Stars’
AT/Ton ~ 8 = |p— pl/p ~10°° planets... life!

@

-

¢ Need simulations

¢ Dark matter required to reach
~perfect agreement with
observations (at large scales)
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From evidence to precision

@ DM is a crucial ingredient of cosmological SM!
¢ constant co-moving energy density

Image credit: KIAS

only gravitational interactions

@ Dark Energy
@ Dark Matter
Q I d + d I I I I W Free Hydrogen & Helium
~ CO |SS|pat|on- €SS . ydrog
0O Stars

O Neutrinos

Percent-level
Qcpyh? = 0.1188 + 0.0010| measurements of a

[ )
Ade+ [Planck Coll], A&A‘l6 Single parameter!

@ Heavy Elements

¢ DM into (in)visible energy!?
¢ E.g. decays, late-time annihilation, coalescing PBHs, ...

:> ()cpom decrease of possible during matter domination!
(model-independent; but much more allowed during RD) TB, Kahlhoefer, Schmidt-Hoberg & Walia, PRD ‘18

@ Q: Can’t we explain dll this also
by modified gravity!?

Q A: NO! [though definitely yes for selected observations]
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Candidates

@ Existence of (particle) DM = evidence for BSM physics!
¢ + rather good handle on what it is not

@ Unfortunately, this still leaves too many options...

| 'Bale'r-l-', 'Ph){s.Rep'.‘ | 5
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Black holes ()

¢ Wouldn’t (super-)solar mass
black holes be an “obvious’” /

“conventional’ candidate?
&) 2017,2020]
overview:
@ Strongly constrained by micro-lensing and CMB!  corcxor
|f> Black holes can only be a DM component  Yokoyama,
2002.12778
: 100 s
@ Conclusion does not ol A% \ \
change for large black 02f | \
hole = 107}
=0k S| Pk Hetger
c.f. Garcia-Bellido & Clesse, PDU ’ 18 10_5__2 _ TB, Depta,
SRt IR N (R E R e
= 3 = S = i Hoberg,
107° 1073 101 10!
g";coz\},\ — 6 m [M @]
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Black holes (Il

Q black holes can be much smaller
E:> open mass window for fppu ~ 1! oz Kopp & Sibiryakov JCAP 18
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Carr, Kohri,
Sendouda &

Yokoyama,
2002.12778

001 ¢

DM Fraction

E; p— p— p— p— p— p— p—
r 2 2 2 2 2 2 3
(e} \O o0 BN | (@) V)] EAN W

GGB

MB

1050 1055

1030

P
105
M [g]

1040

1045

1015

1020

1025

@ But this would also not be “SM physics” ... !
¢ formation (+ requirement of feu ~ 1) requires BSM physics &

ST,
i
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Weaklx Interacting Massive Particles

from particle physics [SUSY, ED:s, ...]

@ thermal production in early universe:
Fig;; Jungman, Kamionkowski & Griest, PR96

dn 2 _ 2
12 increasing<0'v> dt I SHnX - —<0‘2}> (nx - nxeq)
iZg N * _______ (ov): xx — SM SM

3
a Ty

Comoving Number Density

S ¢ ________ ‘ | (thermal average)

-~

¢

” when annihilation
rate falls behind expansion rate

10 100 1000
x=m/T time — for weak-scale

) | interactions!
3-107%"cm?/s ¥

CD (today): Q,r° ~ o) ~ O(0.1)

@ WIMP DM is seriously pressured, A ericis
but Not (yet) ‘dead’ Q Athron+, EPJC ' 19

(+ many more)
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Dead or alive !

Forbes Billionaires Innovation Leadership Money Business Small Business Lifestyle Lists Advisor Featured Breaking More

52,696 views | Feb 22, 2019, 02:00am

The "WIMP Miracle' Hope For Dark
Matter Is Dead

Ethan Siegel senior Contributor
Starts With A Bang Contributor Group ®

Science

. . .- . . : Dan Hooper
The Universe is out there, waiting for you to discover it. 3;, 2D anHooperAstro \_ Follow ) v

While | agree that direct detection
experiments and the LHC have put some
strain on the WIMP hypothesis, there are still
plenty of WIMP models that have not been
ruled out. WIMPs may have looked better in
the past, but they are still very much alive.
#DarkMatter

Dark Matter secrches in the 2020s

At the crossroods of ’rhe WIMP

Symposmm on next-generation collider,
durec'r and mdurec’r Dark Matter searches

11-13 November 2019

. . . The University of Tokyo, Kashiwa Campus
/y U].O : UnlverSIty Of OS|0 /\mm’l’nk;wonm(‘.znney y p The queSt fOI" dal"k matter - I I




Where next?

@ If fine-tuning isn’t a good guiding
principle, what about the alternatives!?

¢ quite hard to ‘automatically’ get the DM relic
density right, even for ‘nice’ models!

@ Or should we give up on
theoretical guiding principles,
leaving ‘no stone unturned’!

Bertone & Tait, Nature ’| 8

¢ Problem: there might be quite a few of

them (not even counting those that cannot be unturned)...

:" e

=) Challenge for the field: Stay open-minded yet focussed !
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at colliders
¢ T ISR

LN 4
y & EmE

SM X

not nly SM>C< X
X X
SM>::< SM'

directly

=) all complementary !
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Strategies for dark matter searches

h drobes

astro sical

- ’
-

of mattr disribution

directly indirectly
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D ar I(S U SY .,Emﬁoﬁw ;)

TB, Edsjo, Gondolo, .
Ullio & Bergstrom, S,nce M

JCAP “18 .
no longer restricted to
http:// .
darksusy.hepforge.org Super Symmetr IC DM .'

@ Numerical package to calculate

— | inking to main library/user
¢ ’ 141 . ain program replaceable
aII DM related quantItIeSo Usl,:r-sugpligd, e.g. —— Li:lldng tzlchosen module
examples/dsmain.F ——» Calling sequence
¢ relic density + kineti uplin P
y et C deco P g -------------- !_Particle physicsinTol(—IuIes N
(also for 1 qark 7& Tphoton ) ‘F’putb. | src_models/
¢ generic SUSY models + laboratory e | [wainos f[1ocute maem
ConStrGintS lmplement6d \ ﬁlraij/s_main.a /'7 iggg;i\aaﬁergtgi%tciaosns é?/%ini%?jlﬂed _____
o . . Observabl_es ‘
¥ cosmic ray propagation oy 5 (R
¢ particle yields for generic DM iterface functons {25,
EFU';;;‘: es Internal routines by user |
annihilation or decay e | o — —

¢ indirect detection rates: gammas,
positrons, antiprotons, neutrinos

¢ direct detection rates

]\ TN

L S i e

since 6.1: DM self-interactions

©

since 6.2: <payerse’ direct detection
S5, also OZ -dependent scattering!
Erd=im: P &
R9% UiO ¢ University of Oslo  (Torsten Bringmann) The quest for dark matter - 15



http://darksusy.hepforge.org
http://darksusy.hepforge.org
http://darksusy.hepforge.org
http://darksusy.hepforge.org

GAMBIT: The Global And Modular BSM Inference Tool

gambit.hepforge.org EPJC 77 (2017) 784 arXiv:1705.07908
e Extensive model database — not just SUSY e Fast definition of new datasets and theories
e Extensive observable/data libraries e Plug and play scanning, physics and

likelihood packages

e Many statistical and scanning options
(Bayesian & frequentist)

e [ust LHC likelihood calculator

e Massively parallel

e Fully open-source

Recent collaborators:

Peter Athron, Csaba Balazs, Ankit Beniwal, Sanjay Bloor,
Torsten Bringmann, Andy Buckley, Jos¢ Eliel Camargo-
Molina, Marcin Chrzaszcz, Jonathan Cornell, Matthias

Members of: Danninger, Joakim Edsjo, Ben Farmer, Andrew Fowlie, Tomas
ATLAS, Belle-1I, CLiC, CMS, CTA, Fermi-LAT, DARWIN, E. Gonzalo, Will Handley, Sebastian Hoof, Selim Hotinli, Felix
IceCube, LHCb, SHiP, XENON Kahlhoefer, Anders Kvellestad, Julia Harz, Paul Jackson,
Authors of: Farvah Mahmoudi, Greg Martinez, Are Raklev, Janina Renk,
DarkSUSY, DDCalc, Diver, FlexibleSUSY, gamlike, Chris Rogan, Roberto Ruiz de Austri, Pat Scott, Patrick
GM2Calc, IsaTols, nulike, PolyChord, Rivet, SoftSUSY, Stocker, Aaron Vincent, Christoph Weniger, Martin White,
SuperlSO, SUSY-AI, WIMPSim Yang Zhang
. . : : G AN 5@3#
40+ participants in 11 experiments and 14 major theory codes Oy ‘

(slide stolen form Pat Scott)

2Y
i)
5
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Dark matter with GAMBIT

Athron+ EPJC |7

GAMBIT 1.0.0

DarkBit s+ epic7 1.0

@ takes input (DM observables) from 4 £
‘backended’ codes like DarkSUSY, 1 %
micrOMEGAs, DDCalc, nulLike, 7 6 £
gamLike... :%’ i

¢ adds fully ‘native’ (e.g. = 0.4 %
astrophysical axion limits) 2

% Scalar singlet 5

¢ returns for a plethora of ‘ Prof. likelihood ’
experimental data

GAMBIT

¢ adds likelihoods from other
‘Bits’ (Collider, Flavour, ...)

But do not
(blindly) trust
relic density

¢ performs over model E calculations
arameters 3 very close to
P = a resonance!
Example: The Scalar Singlet o s> W il > <
[ — 1 252 4 1)\ 52‘H‘2 4 1)\ S4 4 la SHH S ms (GeV) Blnder,TB,Gustafsson
— s o s 178 o K & Hryczuk, PRD ‘17
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@ Introduction
@ Evidence

@ Candidates & Tools

@ Direct searches
2 ‘reverse’ direct detection

@ Indirect searches
@ Gamma rays

@ Other astrophysical probes
@ The matter power spectrum

@ Self-interacting dark matter
@ ETHOS
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Direct searches

Q@ Look for dark matter collisions with atomic nuclei

Electron

Experiments
typically aim at
¢

> setting !

Nucleus

Fig.: Queiroz, 1605.08788
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ReCOi I rate |Eer unit detector mass]

dR doxn .o
dER My NN Joy, i dER
@ input
e ~ 0.4 GeVem > — average DM density at Sun’s distance to
Galactic center relatively well measured
v2
- ~ (m)g)_%e_g — (SHM) in galactic
frame rests on isothermal density profile
vg ~ 220km/s y profi
—— ~~> NB: exact form only roughly corresponds
. to what is seen in simulations
¢ ~ 544km/s — galactic well measured
@ Recoil energy 21250 <@> (- )_%
D s keV ) \100GeV
oy
B Q? ~ 4dmympyT, 1 —cosbem P myER < Uy ~ SGmPIe full f(v)
B omy (my +mny)? 2 I£\> — 2,&?(]\7 >
TS k ! 2 :
v km (N (Er mN >
2120 = x (Ge>{/) (keV) <1OOGeV>

=>> Vg ~ f(v) exp. suppressed

The quest for dark matter - 20
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A vast experimental effort

Cooley, PDU ‘14 B
10737 e o s 107!
& @ '
10-38 N\ \O ) 11072
l \
-391 \ 11073
< 10739 2 ‘\\\\‘ 10 _
—40 \Q \ 10-4
s 10770 3 N 107 =
w g 10740 NN 1075 .8
£ = e \ A E:
[} 8 10—427 W \?o W \, 10_6 8
v A ‘\?O@ \\ \ “‘\ }‘:\ 2
C % —43 ‘\‘/\-CD/W \ ‘\ l'. “ 3‘ H 7 2
B IERAY v \ o
& g 10 “ ‘\GZN_QI:AB\\\\\ _“\\ AN 10 S
@ 2o e Oy, NN 105 2
@ O Neutrinos N'N\ LY PN i i S SNO= 8
.E % 10—45, ISB\\\:\“\‘_ -\ D \gxgp, TR 10—9 'g)
1 = Neutrinos NS e ) =
aw
? =104 o011 2
G\’ -
E —48 -12 B
107°+ 10
1074 110713
10700 s e 10714
1 10 1011
Need lower Al I ek o Need higher
threshold | Vmin S>> Vg exposure (mass)
(rate exponentially suppressed) (rate OX 7, X m;l)
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Reverse direct detection

@ Light DM really only accessible with lower thresholds?

@ Not if part of the DM distribution moves fast!
¢ ‘Boosted DM’ from decays Agashe, Cui, Necib & Thaler, JCAP ‘14

2 DM accelerated in the sun Kouvaris, PRD ’I5
An, Pospelov, Pradler & Ritz, PRL ’I8

Emken, Kouvaris & Nielsen, PRD ‘| 8

@ New idea: high-energy cosmic rays
should up-scatter DM initially
(almost) at rest! TB & Pospelov, PRL ‘19

Cappiello, Ng & Beacom, PRD ’19
Ema, Salo & Sato, PRL’19

Dent, Dutta, Newstead & Shoemaker, 1907.03782
Bondarenko+, 1909.08632

UiO ¢ University of Oslo (Torsten Bringmann) The quest for dark matter - 22



Cosmic-ray up-scattered DM

TB & Pospelov, PRL19

10_4 L L L L LU L L L
: 110~ Deft =1kpc -
1050 o VW) 107 My = 1Mev _ . .
Ve | o=1em’. @ |sotropic CRDM flux
T 107 /shm)
] /' x 10~4" 1 1
T s © highly energetic
3] i 1 1 1 NS . .
100 100 02 o . © highly subdominant
5 -9 i ‘&\w ‘ N TS i
% 10 % /'X\\\’\ A PP LA
I:< 10—10% L L e
1011 | |
10_125 Rt el N
107 10°% 10° 10* 103 102 10" 10°
T, [GeV]
R .X 10_24§ T IIIIIII| T IIIIIII| T T T TTTTT T T T TTTTT T T T TTTTT ?
@ Re-interpreting Xenon a5k gas cloud E
10
- CMB cooling -
|t results leads to 10722 1
. . . -27 L MiniBooNE (thi k) -
significantly improved e
L £ 10°28F T T~
limits at low DM masses! <,
(*2)
. s}
¢ even neutrino detectors 10-30 |
.. . Xenon 1t (this work) - =
(MiniBooNE, Borexino, ...) can 0N -
now be used for DM searches! 10-32 i
see a|SO Cappie||O&BeaC0m,PRD‘|9 10—33 ] ] ||||||| ] ] ||||||| ] ] ||||||| ] 1? |
1074 1073 102 10~1 10° 10’
BT m, [GeV]

Ca
I2]
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@ Introduction
@ Evidence

@ Candidates & Tools

@ Direct searches
@ ‘reverse’ direct detection

¢ Indirect searches
¢ Gamma rays

@ Other astrophysical probes
@ The matter power spectrum

@ Self-interacting dark matter
@ ETHOS
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Indirect dark matter searches

o °o?
‘/ s .0
O

@ DM has to be (quasi-) against decay...

@ ... but can usually pair- into SM particles
@ Try to spot those in cosmic rays of various kinds

@ The ! i) absolute rates
~~ regions of high DM density

ii) discrimination against other sources
low background; clear signatures

& ‘Indirect’ searches are the only in situ probe, directly(!)
testing thermal production of DM in the early universe

\EAS o
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The ‘solden’ channel Review:TB &Wenizer POU 12

The expected gamma-ray flux [GeV-lecm-2s-Isr-I] from a source
with DM density p is given by

dd., ds) 5
N — — dl
qu/( de w) /Aw Aw l.o.s (w)p (r)

particle physics

(0V) ann : total annihilation cross section

my DM mass
. angular res. of detector B¢ :branching ratio into channel f
. distance to source N{ : number of photons per ann.
Sy I for x =X (2 otherwise)

——
4 v

high accuracy

+ rather uncertain spectral information

SN

a5
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CTA prospects

@ The next-generation ground-based

gamma-ray observatory

¢ Two sites (Chile & Canary Islands)

¢ Large arrays of differently sized telescopesw energy range ~ I 0 GeV — ~300 TeV
¢ unprecedented sensitivity + survey mode: ideal for DM observations

¢ Detailed sensitivity study
for Galactic centre

observations -
¢ template analysis (DM, CRs + =)
all relevant astro BGs)

=
@ fully include systematic ~ ]

GC projection, this work

. | HESS GC :
uncel"talnt)' Isignal: Einasto, Fermi dSphs (6 years) + MAGIC Segue 1 ¢
_97 VV’LVV_I W/oI EW corr. ~ .‘ Ferml dSphs (18 years) + LSST projection
C> ‘Thermal® cross section in = 1’ 10° oy 10* 10°
reach for TeV DM masses! my [GeV]

Acharyya+,2007.16129
[TB, Eckner, Sokolenko,Yang & Zaharijas, for the CTA collaboration]
J Uio: University of Oslo (Torsten Bringmann)
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@ Other astrophysical probes
¢ The matter power spectrum

¢ Self-interacting dark matter
¢ ETHOS

J UiO ¢ University of Oslo (Torsten Bringmann) The quest for dark matter - 28



ACDM cosmolo

Supernova Cosmology Project
Suzuki, et al., Ap.J. (2011)

Springel, Frenk & White,
Nature '06

No Big
1.4 'Bang
A great success
Union2.1 SN la
Compilation I I
on 1arge Scdaies...
1.0
0.8}
<
S Kuhlen,Vogelsberger & Angulo, PDU ’12
) M [M]
0.6 10" 10 10" 10° 10° 10
. Cosmic  Cluster  Galactic _—
...... Unknown small
., scale behavior
)
V1 Lhondlinear (simulation) e
c\]q |inear(ana|ytic) .................................................. _: ::_:‘ ...............................
\
Baryon = =2
01l Acoustic %y _
' Oscillations sooE
i
ADM: I :1WDM(8keV)
- 1 10 100 108

0.01 0.1

The quest for dark matter - 29
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Small-scale

1000 -

Cumulative number of halos

cumulative number

1

Simulated cluster :

o Virgo cluster data E

Simulated galaxy i

Moore et al.,Ap] '99

50

40

30

20

chirc [km/ S]

. n“»

Tl

I
10 —

“mass”

3. Too big to fail?

| 1.99 x10™ M

0.1 0.3
r [kpc]

&=  Boylan-Kolchin, Bullock & Kaplinghat,’1 |

i
I|“i
e

V@Y% UiO 2 University of Oslo  (Torsten Bringmann)

|. Missing satellites?

More satellites
in simulations
of MWk-like
galaxies than
observed

Most massive
simulated sub-
halos too
dense to form
observed
brightest
dwarf galaxies

s—1
o N —
— a —
L p xXrTr N
_3 _I | I I | | I I | | I I | | I I | ]
—2 —1 0 1
Blok et al,Ap) "0l log(r, /kpc)

2. Cusps or cores?

[AV]

pablaimb dbservables!

Cuspy inner
density profiles
predicted by
simulations not

found in (all)
observations

4. Diversity problem?

Real rotation
curves vary

M UGC5721

¥ UGC 11707

more than in

DMO sims: LG-MR + EAGLE-HR, DMO sims: LG-MR + EAGLE-HR,
20 = Vusx=89 km s~ +10% [113] 1 = Viax=101 kms™! +10% [73] 1

Hydro sims: LG-MR + EAGLE-HR, Hydro sims: LG-MR + EAGLE-HR,

™ Vo =89 kms™' +£10% [113] ™ V=101 kms™ +10% [73] ° °
0 ‘ ' simulations
80} N h ( ' )
with(!
601
40 3 baryons
® 1C2574
DMO sims: LG-MR + EAGLE-HR, J DMO sims: LG-MR + EAGLE-HR,

+ A LSBF583-1
20 + = Vosx=88 kms~! +10% [120] 1¥)
Hydro sims: LG-MR + EAGLE-HR, i
= V=88 km s~ +10% [120] {

= Vpax=80 km s~! +10% [149] 1
Hydro sims: LG-MR + EAGLE-HR,
= V,ax=80kms™' +£10% [149]

0O 2 4 6 8 10 12 0 2 4 6
Radius [kpc]
Oman+, MNRAS ‘15

8 10 12 14
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Generic dark sector models

SU(S)C x SU 2)L X U(l)y

e.g. [inggs D) /ﬁ:‘gb|2|@’2

¢ SM particles ¢ Dark matter

¢ A ‘portal’ typically still ensures ¢ Dark radiation

(‘sterile neutrinos’, ‘dark photons’, ...)
thermalisation at high temperatures
© Separate entropy conservation after decoupling ~~ 1 },oton % T ark

¥... needto treat A
consistently!

o : ! P(k) ¢ imprints on inner
'Mprints on finear (sub-)halo structure

1% vio: University of Oslo (Torsten Bringmann) The quest for dark matter - 31




Freeze-out of ‘hidden’ dark matter

¢ works equally X 5 OR
well in fully decoupled dark sector
¢ but details need to be implemented X~ (annihilation) ?{ DR

correctly for precision treatment
LR LR | LR LR L L rorTTTT 10

TB, Depta, Hufnagel &
Schmidt-Hoberg, 2007.03696

dark radiation (DR)
degrees of freedom

(ov) [10720 cm3 /5]

i $ observational uncertainty
on DM abundance

102 101 100 108 102 10° 108 10°
my |GeV]
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Freeze-out # decoupling !

9 EXPECt WIMPs (and similar DM particles) €O stay much Ionger IN
kinetic than in chemical equilibrium: Review: TB, NP ‘09

X SM X X

X (annihilation) SM SM (scattering) SM
@ Density contrasts can only grow after .. . . |[Datk-
P - 0-f  e%% X “SHUSY
kinetic decoupling % : —
X
—> Model-dependent small-scale cutoff in . TR
power-spectrum (not ‘about earth-mass’ !) <
§10—S
@ Much later kinetic decoupling possible
for scattering with O | et (2, <005 T
¢ way to address the ‘problem’ ¢ e (0= B 0 R
TB, lhle, Kersten & Walia, PRD‘16 ~ ** 50 100 500 1000 5000
B [full simplified model classification] my [GeV]

=\
)
I
|
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Self-interacting DM (SIDM)

Q@ D M - D M Spergel & Steinhardt, PRL ‘99

¢ do not affect linear perturbations (number densities too small)
¢ but DM distribution in inner parts of halo:
=> core formation once O(1) scatters per dynamical time

100 - T T T T T T 117 T ]
- — CDM ]
i o0l em? gt ] roughly
0.40 - — 0=05cm?g! ]| needed for
g (— o-1a’:' )| cusp/core
E 0.35 - 107k e o=hem’g ! o
Q A - o=10cm? g ! .
e R N iy
> o '
L =]
omm 0.25 -2 —
o 107 -
o
g 0.20 B 1010M®
Pippin
or/my =10 em? /g - (dwarf-size halo)
0.15 S | | | L1 \‘-1 | | | L1111 ‘0 | | I I 1 1 1 1 1 L1 1 1 1 L1l
10 10 ga 10 10 102 103 o
Vogelsberger, Zavala & Loeb, MNRAS ‘12 Radius[pc]  E[lbert+, MNRAS ‘15

@ Simple analytic models to predict core radius from Osipm
¢ reproduce CDM simulation results for Py (T )remarkably well Kaplinghat, Tulin &Yu, PRL ‘15
¢ but underlying (microphysics) assumptions not really satisfied Sokolenko+, JCAP ‘18

=> Use caution when applied to systems including baryons!

4, 4 y U10 University of Oslo (Torsten Bringmann) The quest for dark matter - 34




Effective Theory of Structure Formation

X X
>

X ) X

particle model cosmological astrophysi cal

simulations observables
input: input: input
::a::es’ spins, consistent initial (for interpretation of data):
coupling constants conditions, non- o.utput from
gravitational forces simulations

between “particles”

@ The first task can be
the second in addition computatlonally very expensive

@ But expect large degeneracies, so

¢ Ildea of ETHOS: identify effective parameters and provide

maps for each of those steps (~ no need to re-compute each model!)
g Cyr-Racine+, PRD’ | 6; Vogelsberger+, MNRAS ’16
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Late kinetic decoupling

@ Select four benchmarks: vogeisberger+, MNRAS 16

oL ] CDM ETHOS-1
10° .
10* i
—
=
21072 -
g e
=1
[\ =]
4 -3
10™ E =
F|— cbmMm
L|--- WDM (a¢=0.01 A~ Mpc)
10" E|-- WDM (a=0.02 h~' Mpc)
e WDM (a=0.04 h~! Mpc)
w05 — ™
E|l— M2
F|— ™3
10'6 \\\\\\‘ Il Il \\\\\\‘
10° 10! .
k [h Mpc ]

CDM

ETHOS-1
ETHOS-2
ETHOS-3

@ Almost identical suppression of
halo mass function as for WDM
cosmology:

10° -

Tda \
100eV

[solid lines; NB: up to factor ~2 same as analytic estimate!]

Meut,xa = 5 - 10%° Tt Mg

Mdn/dlogM [h* 10" M _Mpc ]

10" - —
13
MWDM \ ~ %, — & 83 .
Moy, wom = 10M (Z20M ) h=t My 4 :
keV %3 .
- X ) 034 i1 12 : 13 13 15
\\u [dashed lines; would-be result from WDM free-streaming] log[M/(h™"M_)]
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Full parameter scan

llll L] LI lllll L] LI lllll ’_ e 4-’-:“‘_‘ ’.,;.._~,_. .'..\‘:‘ TB’ Edsja’
Dirac DM = Dﬁﬁlﬁ‘ ~ ..| Gondolo, Ullio

{ & Bergstrom,
. JCAP ‘I8

| @ NEW since vé.1:

E>1forT-> oo

103 3
¢ SIDM
é -1 ¢ Sommerfeld
— 102L _ .
10 1 < handle varying
S excluded
f = Tdark/Tphoton
10" = coupling fixed by
s : thermal relic density

S—-wave

(vector mediator)

0
T Y .1k 10 3! | 1ol o gl EEETITI
\ I eV 107° 107 107 107 107" 0°
; address 3 Mmed [GeV]

missing
¢ satellites?
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Qutlook ?

@ Goal: a fast and automated
map instead of running
expensive simulations!

effective
linear
Lo Z=5 Kprobe = 500h/Mpc parameters
! ! l 1.072
! \
! 1
I
0.8 ; ! CDM 1.052
|
1 - 1.032
= !
- i | -1.012
0.6 "=~ \
\ - 0.992 .
< \ effective
0.4 2 - 0.972 nonlinear
N\ | 0955 put parameters
i constraints
\ 0.932
0.2 '3 \
N 0.912
\WDM \
: N A \ 0.892
0o0+———m——— - 1
4x101 6x10!35kKeV 102 2x10%2 3x10°?

Kpea [N/Mpc] Bohr+, MNRAS "20

g ¢ UiO ¢ University of Oslo (Torsten Bringmann)
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Conclusions

@ Impossible to find DM without first installing DarkSUSY ;)

@ The cosmos might be the only laboratory
to test the particle DM hypothesis

(though of course it would be nicer to detect DM in multiple experiments)

2 We have not yet detected DM,
other than gravitationally

@ The field is at the crossroad

— which implies interesting times ahead!

Thanks for your attention!
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