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Evidence for dark matter

Compelling evidence for dark matter on all astrophysical scales
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What do we know?

Dark
energy
68.3%

Atoms 4.9%

Dark matter 26.8%

 How much: Q ~ (0.26

 Dark
 almost electrically neutral
 probably colour neutral

o Stable
e sufficiently long-lived

 Cold
 non-relativistic (structure formation)

* Non-baryonic



Searches for dark matter

* We observe dark matter only
via its gravitational

interaction...

dark matter normal matter
* To identify its particle physics
nature need additional
stronger interactions to have

any hope...
normal matter

unknown .

interaction

dark matter




Searches for dark matter

scattering
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Direct searches

scattering

Q@O0—00

»_(

1400 m

!
 Searches deep underground to
minimise background

* very rare event (~ less than 1 - Outgoing
event per kg per year) 5 Particle

Incoming

Particle



Direct searches

scattering
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T ' Gran SassosMountai
107
1400 m - CRESST-III spin-independent
i 1074
‘\E 104! —GSE- 100
107+
 Searches deep underground to %
= = . -43
minimise background S 10 DS S
Q _ P-30U10
L 10~ Eﬁo}l\m
* very rare event (~ less than 1 2107 i LU_—;-
\
event per kg per year) O 1046 — XENOT
] 10—47
* no signal... B
10 | Schumann, arXiv:1903.63026
10_49 L | L L1111 | : o [— __—l—_- 1;__7_1 ‘l I | | | L1 1 1|
1 2 3 S 10 20 30 50 100 200 500 1000

WIMP mass [GeV/c?]



Searches for dark matter

annihilation

dark matter normal matter

dark matter normal matter

unknown
interaction

time .




Indirect searches

annihilation

e Searches with satellites for
annihilation signal e.g. from the
Galactic centre.

e there are some excesses, but
hard to discriminate from
astrophysical backgrounds...

simulated signal



Searches for dark matter
DM production

00—00

dark matter normal matter

dark matter normal matter
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Y/ 9
Dark matter at colliders q X

* Problem with dark matter:
leaves no signal in detector

* Trick: use energy/momentum

conservation NNy Q0 ATLAS
- ndy wav

. . . Wy .‘iEXPERIMENT
* So far consistent with expected - 4 - Run Number: 206962, Event Number: 55091306

Date: 2012-07-14 10:42:26 CESI

background




DM self-interactions DM scattering

dark matter

dark matter

unknown
Interactions




DM self-interactions DM scattering

before




DM self-interactions DM scattering

GT/mDM < 1barn/GeV ‘ ‘ ‘ ‘

before




DM self-interactions interesting DM scattering

md 1
* The collisionless cold dark matter paradigm fits perfectly at large ‘ ‘

scales
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DM self-interactions interesting

* The collisionless cold dark matter paradigm fits perfectly at large
scales

* There are however various discrepancies between N-body
simulations of collisionless cold DM and astrophysical
observations on galactic scales

* CUSpP- VS. core problem
* too-big-to-fail problem

DM scattering
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DM self-interactions interesting DM scattering

md 1
* The collisionless cold dark matter paradigm fits perfectly at large ‘ ‘

scales

* There are however various discrepancies between N-body
simulations of collisionless cold DM and astrophysical

. ] 1000
observations on galactic scales :
Simulated cluster :
* CUSpP- VS. core problem
» too-big-to-fail problem A Simuiated galnny
- - - < 100 irco cluster data |
* missing satellite problem — no longer a problem... E vireo cluster dat
E
S w0p 3 E
E - dSph's .:
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DM self-interactions interesting DM scattering

md 1
* The collisionless cold dark matter paradigm fits perfectly at large ‘ ‘

scales

* There are however various discrepancies between N-body
simulations of collisionless cold DM and astrophysical

observations on galactic scales

® Observations
- NFW

* CUSP- VS. core problem 2001
* too-big-to-fail problem
* missing satellite problem — no longer a problem...

100_—
* diversity problem
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DM self-interactions interesting DM scattering

md 1
* The collisionless cold dark matter paradigm fits perfectly at large ‘ ‘

scales

* There are however various discrepancies between N-body
simulations of collisionless cold DM and astrophysical
observations on galactic scales

- _ N
* CUSp- vs. core problem But it's clearly all “But b early
» too-big-to-fail problem baryons, as shown in | —-t 2aryons cicarly
- . | cannot do it, see
« missing satellite problem — no longer a problem... 1702 xxxxx! 1702.yyyyy!

S

* diversity problem

» Self-interactions may solve these problems Ny
* Here: only take the upper bound... @l e
Qg RN A



2f;BH Mass [g]
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huge modél space

Supersymmetry .

unknown elementary particle?

Little Higgs

QCD Axions
Axion-like Particles
Littlest Higgs



huge modél space

Supersymmetry .

unknown elementary particle?

How to proceed?
Organise thinking by production mechanism!




DM Production

10—43; treeze-out

07 SMSM o Yy

10-°F

1. assume dark matter y in thermal equilibrium yy < SM SM

Thermal 2. Universe cools xy — SM SM

- 10_92 3. Universe expands xy = SM SM

103 102 101 10Y 101 107 10°




DM Production
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DM Production

103 - freeze-out
1074
1075

Thermal

------------------------------------------------

SM SM < yy

Many variants of
freeze-out:

* Hidden sector FO

 Cannibal DM
* Forbidden DM
« Z0mbie DM
 Elder DM

* Kinder DM
«SIMP DM

10—3 102 101 109 10t
my /T

| ess variants for freeze-in

102
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DM Production
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Today:
Dark Matter from Exponential Growth




Production by transformation




Production by transformation




Production by transformation

i, + 3Hn, = (ov), n,'n,




Production by transformation

i, + 3Hn, = (ov), n,'n,

Ay
o — ~ YO dx
Y (x,) =nls>Y, exp(3j S R(x))
nlj}q(av%r

'R(x) = - # of transformations of DM

particle per Hubble time

« — Phase of exponential production

» Shutoff by kinematical or Boltzmann
suppression




V'd ual ity tO the S I R mOdeI A Contribution to the Mathematical Theory of Eprdemics.

By W. O. Keryack and A. G. McKENDRICK.

(Communicated by Sir Gilbert Walker, F.R.S.—Received May 13, 1927.)

nn,+ 3Hn, = (ov), n, n o] = BSI —yI
* * A Pandemic DM
* [: # of infected
Ay
_ d o C. -
Y (x,)=nls Y)(() eXPp BJ O TXR(x) S: # of susceptible
(o) i * f3: infection rate
nl/e; OV) |
*R(x) = T # of transformations of DM * v recovery rates

particle per Hubble time

« — Phase of exponential production

» Shutoff by kinematical or Boltzmann Ion, Soeni fo(ov), yo3H
suppression 8S
R =
Y

...how many people will one infected person infect on average



Evolution of DM abundance

Fixed initial abundance

Yy (xy < 1) :\Yg = const./

Y

Initial condition

n,+ 3Hn, = (ov),n,'n,

» Constant matrix element for simplicity

Z D (/3 yy’ | M| = 23

. 0
4 free parameters: m, m,, A, Y,

4
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Evolution of DM abundance

4 free parameters: m, m,, Ay Ag

Freeze-in d
S
r Q.h*=0.12 E
Need /lﬁ < /Itr e E
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Example Phase diagram . — .
& S, 2 solutions!

o o . . S S S S S S S S S S S S S S S . e - M SN S B EEE B B EEE B EEm B B EEE R R R,

——————————————————————————

femi1—anni-
hilations

BBN excluded
(my < 0.5MeV)

| BBN excluded
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Example Phase diagram
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Example Phase diagram
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Example Phase diagram
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Example Phase diagram
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Example Phase diagram

n,+3Hn, = (ov),[n,'n, —
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Necessarily model dependent!
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‘Pandemic’ DM a framework like ‘WIMPSs’



The Higgs portal as a toy model

Ay | H |2l//2/2 with y stable

« . abundance set as in singlet scalar DM 107° | Rk
* two-component DM! x&w

| v@k q,-bj— \/&p%
« want y to be sub-dominant N * «f Q?o#—

. RS L
. want 4, small not to be dominated by c\:&@@““ <4
X
SM SM — yyyy — resonance ;-/ CMB (Planck)
<

v slowly decays via 2-loop (or higher) decays exponential
» sizeable region already covered by Planck growth
- Form, < m,, + m, decays suppressed 107°F Higgs portal g

My = M2

freeze-in CMB-S84 As o s.t. 0y = 0.80p T
I )\th S.t. Q¢ — 0.20pM -

Are there more natural models?

e,
my |GeV]



Towards more natural setups

- Natural way to realise (ov); < (oV),, ?

- Yes! add dark force ¢» and mass mixing

Z D —om(yy + W) — 8XPx
l mass eigenstates

L D = gljpdy + 00y + ydy) + 0y

M M (oV),. > (oV)4
J X

« Could yr even be a SM particle?



Sterile neutrinos

 Sterile neutrinos are a compelling DM candidate!

 naturally produced via active-sterile oscillations
(Dodelson-Widrow mechanism)

*but...



Sterile neutrinos

 Sterile neutrinos are a compelling DM candidate!

 naturally produced via active-sterile oscillations
(Dodelson-Widrow mechanism)

*but...
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Sterile neutrinos

W+

 Sterile neutrinos are a compelling DM candidate!

 naturally produced via active-sterile oscillations
(Dodelson-Widrow mechanism)

 put...
* Possible way out: Fuller-Shi mechanism A
(resonant production with huge lepton asymmetry) } «&
- V%, R
 Extra new physics hidden in the lepton asymmetry . \ jsfgﬁ;fg

e also relevant bounds from BBN!

ms |keV]

Abazajian al. 2203.07377



W+

Sterile neutrinos

 Sterile neutrinos are a compelling DM candidate!

 naturally produced via active-sterile oscillations
(Dodelson-Widrow mechanism)

*but...

* Possible way out: Fuller-Shi mechanism A
(resonant production with huge lepton asymmetry)

4
sﬁlgﬁ

~

« Extra new physics hidden in the lepton asymmetry | \

e also relevant bounds from BBN!

* nicer: add secret interactions!

<L D %g/n?svs
ms |keV]

Y rei2 o ' > y 2 0p
— Egb[sm Ov,v,—smbcosOv v, +vr,)+ cos Ov ]

Abazajian al. 2203.07377



Cosmological evolution

 Standard DW production at 7 ~ 100 MeV

 rapid dark sector thermalisation via
¢ = vy,andvy, — @
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Cosmological evolution

 Standard DW production at 7 ~ 100 MeV

* rapid dark sector thermalisation via
¢ = vy.andvy, = @

1 1
FE @@ T @

Boltzmann equations

i, + 3Hn, = C,
; chemical equilibrium: 2u, =
n,+3Hn, = C
¢ ¢ ey
p+3H(p+P)=C

p

108

10~ 1

10717

10—14 |

10—16

Rate [keV]

me

Y

36 keV

1.905 x 10~4

60 keV

1.602 x 1073

Dark

Thermalization
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Cosmological evolution ms | my | sin®(20)
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‘reproductive freeze-in’

Cosmological evolution 2007.14688, JMR, H Tillim, S West
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Parameter space

Yukawa y fixed such that 2, = Q2

ms | Mg sin® (26) Y
BP1|[12keV [36keV 2.5 x 10713[1.905 x 10~*
BP2|20keV |60keV 3.0 x 1071°(1.602 x 1073

self-interactions

f S
ms |keV]



Parameter space

10~

109 |
For m, > mg decays of g unchanged ;
10—10%
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S
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Y g

— Standard X-ray limits apply
10—15

10~
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Parameter space

Constraints from small scale structure

Full analysis requires hydrodynamical N-body
simulations. Here:

e pressure (until kinetic decoupling)

* free-streaming length of DM _ self-interactions »
(after kinetic decoupling) 10-18 o\ s
10° 101 102
o . ms |keV]
Agg = [ dr—— < 0.24 Mpc r, = [ dr —— < 0.34 Mpc
oy a(r) 0 a(t)



Parameter space

constrained by
astrophysical observations (but also
interesting!)
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Parameter space

10~8
-9
constrained by 10 :
astrophysical observations (but also 10-10 [
interesting!)
—11 [
Phenomenology largely determined by o 10
: : : 1 —12;
my > mg — velocity-independent scatterings o 0 -
@/ 10—13 b
before NE ?
“ 10714}
10—15
10~1¢
10~17
: self-interactions
10—18 -

o
- Take o7/m, < 1 cm?/g ms |keV]



Parameter space

Sizeable fraction of parameter space will be
tested in the upcoming years...

future X-ray searches

self-interactions
or/m, < 0.1cm?/g

I
ms |keV]



Conclusions

* Generic new DM production mechanism involving exponential growth

 Complements freeze-in and freeze-out scenarios

* Interesting phenomenological consequences

» Specific model realisations:

* Higgs portal as simple (toy) example

* A new (simple!) life for sterile neutrinos!

e other applications?
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Conclusions

10—3

My > 140 TeV 0
\\\\;iQ\ \‘\

. 10° M

102 MeV

m, = 10! MeV

semi—anni-
hilations

= BBN excluded
» Generic new DM production mechanism involving exponential growth ) e < 0N
 Complements freeze-in and freeze-out scenarios
* Interesting phenomenological consequences 10—9%}355;’;?;“;;5\,) e/ = 1.2
» Specific model realisations: 107305 g1t 107 0T T

* Higgs portal as simple (toy) example

* A new (simple!) life for sterile neutrinos!

e other applications?

Thank you!
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