Dark Matter

(and Dark Energy)

* |nventory of the Universe

* the expanding Universe

e Evidence for the Existence of Dark Matter:
— rotational curves of spiral Galaxies
— microwave background and cosmic energy density
— galaxy clusters

e cosmological constraints

* DM: particle candidates and searches

e example: the CRESST experiment
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Inventory of the Universe (PLANCK):

today
t~13.7-107 y

t~380.000 y
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The expanding Universe

components of cosmic matter- and energy-density

contribution p of matter components to
total density of the universe: =0/ Perit

critical density: Ooris = 3H§ /(SJ'EGN)
=h’1.88x10™> gcm”™

Q=1: euclidian geometry (,,flat universe”)
Q<1: negative curvature of space (,open universe”)
Q>1: positive curvature of space (,closed universe”)
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evidence for existence of Dark Matter

1. cosmological arguments

Qiot = 1 because,
in an expanding universe,
Qiot quickly develops away from 1,

towards O or oo,

|f tOday Qtot ~ 1,
then Qit = 1 is most probable
exact solution.
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evidence for existence of Dark Matter

2. Dark Matter in galaxy clusters (Zwicky 1933):

a gravitationally bound many-particle system in equilibrium
obeys the Virial Theorem.

Virial Theorem: 2E,,)= —<Egmv>
E,=mv'/2, E, =GMmlr
- ()G

Coma Galaxy Cluster

measurement of dispersion of velocity and geometrical size provides
estimate of M (total mass)

result: M ~ 400 e visible mass! (not commonly believed in for long!)
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evidence for existence of Dark Matter

3. rotational curves of spiral galaxies

150 AL I T * expectation outside of galactic
| NCGC 8503 i centre (Kepler): v, =1/GNM/r

1 e measurement: 21 cm emission line
[ e halo ] of neutral Hydrogen

i, Pt (possible to much larger distances than
1/ 1 optical observations)

.r"ll et

! e

| / N * result: ~constant distribution up to
50H / e _ largest distances

;IIf. ) —> ,spherical halo” of Dark Matter
I + gas i (not only in disk !)

| ® in our own galaxy:

0 10 20 30 v (plateau) ~ 220 km s
halo with ~300 MeV cm™?
(ca. 1 H-Atom per 3 cm? )
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evidence for existence of Dark Matter

4. galaxy clusters, gravitational lensing
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evidence for existence of Dark Matter

4. galaxy clusters, gravitational lensing
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evidence for existence of Dark Matter

4. galaxy clusters, gravitational lensing
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cosmological boundary conditions

could Dark Matter be composed of hadronic,

non-luminous matter, as e.g. neutron stars,
cold molecular hydrogen clouds, or Black Holes?

No!
reason: baryon density of universe
is limited by so-called ,,Big Bang Nucleosynthesis:”

about 3 minutes after the Big Bang,
Helium (22%-25% of total mass)
as well as traces of D, He3und Li’ are created
from protons and neutrons.

their relative amounts only depend on
cosmic density of baryons!

however, primordial black holes are NOT part of this inventory!
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 primordial black holes ...?
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cosmological boundary conditions

structure formation

Standard Theory of cosmic structure formation:

® at an early stage, the universum was almost entirely
homogenous...

e except of tiny density modulations, leading to conglomeration
(by gravitation) of mass and built-up of galaxies.

* modulations originate from quantum fluctuations,
which blew up, in a period of exponential expansion
(,inflationary universe”), to macroskopic scales
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cosmological boundary conditions

structure formation

e amplitude of density fluctuations at an early
stage (e.g. at decoupling of photons, about
300.000 years after Big Bang) reveals
composition of matter and energy of early universe

e measurements of granularity of cosmic (2.7 K) microwave
background (COBE; WMAP; Planck) shows: these
amplitudes are too small to explain today’s structure, if only
baryonic matter and photons present.

e weakly interacting matter would work best,
not being influenced by (electromagnetic) radiation.
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arXiv:1001.4538 [astro-ph]
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2015
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http://arXiv.org/abs/arXiv:1303.5062
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general candidates for Dark Matter (particle physics):

¢ HDM: massive Neutrinos
- ,hot": relativistic; would wash out primordial structures

(too) rapidly to explain today’s structure

- CDM: Axions, SUSY-WIMPs
- ,cold”: massive and non-relativistic; preserves primordial

structure.

- Dark Energy: ... no clue in (exp.) particle physics... |
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Supersymmetry (SUSY)

L4

* provides cancellation of divergent radiative corrections —> solves hierarchy problem

* postulates symmetry between fermions und bosons:
new fermion- (boson-) partners for all known fundamental bosons (fermions)

particles Spin SUSY particles Spin
Quark Q 1/2 Squark O 0

Lepton / 1/2 Slepton T 0

Photon y 1 Photino ¢ 1/2
Gluon g 1 Gluino & 1/2
W 1 Wino W* 1/.2
7 1 Zino 7/ 1/2

 Higgs structure in Minimal Supersymmetric Standard Model (MSSM):
2 complex Higgs-doublets (8 free scalar parameters) —> 5 physical Higgs fields:

H*, H1O ) HZO , A0 consistency requirement: MHO <130 GeV
1

e gauginos ( 7, W*,Z ) mix with higgsinos and therefore result in
) und 4 neutralinos ( X?,2,3,4)

*

4 charginos ( X12
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Supersymmetry (SUSY)

* 124 free parameters (!l) to describe masses and couplings of all SUSY particles; one

of these: angle B, with tan(B) = v;/v, . Only known constraint: (v;2 + v,2) = 246 GeV2

e new conserved quantity: “R-parity”: R = (-1)38-0+25 (B, L: Baryon-/Lepton-number; S:
Spin); R =+1 for normal matter particles, R =-1 fir supersymmetric sparticles

* if R-parity conserved: - SUSY particles are produced in pairs
- SUSY sparticles all decay into “lightest Susy Particle”, LSP,
which itself is stable.
- cosmological arguments: LSP carries no electric and no
colour charge <—> only weak and gravitat. interactions!
—> in particle reactions, leads to missing energy
(like neutrinos).

* Supersymmetry with masses of O(1 - 10 TeV) leads to change of energy dependence
of coupling constants, such that “unification” occurs at E ~ 1076 GeV

—> proton lifetime >> 1032 years (beyond current experimental sensitivity)
within SUSY-GUT.

e | SP is main candidate for Cold Dark Matter (CDM).
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Search for Dark Matter

>
indirect (annihilation)
DM SM

direct
(scattering)

DM SM
<
direct (production)

e direct:
— Large Hadron Collider ... (direct production
and investigation of its properties)
— Search for WIMP* scattering in cryo-detectors

¢ indirect:
— WIMP pair annihilation inside Earth, Sun, centers of
galaxies (into 2 photons, or Neutrino-Antineutrino;
neutrino-telescopes as ICECUBE; cosmic ray exps.)

* WIMP: Weakly Interacting Massive Particle
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The CRESST Dark Matter Search

Collaboration
MPI far Physik, Oxford University,
TU Munchen, Universitat Tubingen
Laboratori Nazionali del Gran Sasso

Cryogenic Dark Matter search @ 40mm, h=40mm, 300g

Located in hall A of LNGS

Scintillating CaWO, target crystals

Up to 33 crystals in modular
structure (10 kg target)

CRESST Folien von F. Probst



CRESST Detectors

light detector “light channel”

W sensor neutron test in last run

light re;f’Iector W sensor
which also phonon channel
scintillates

— Phonon channel measures deposited energy with sub keV resolution and
accuracy

— Light channel serves to distinguish types of interaction

— Types of recoiling nuclei distinguished by different slopes in energy-light plane



Discrimination of Event Types

E,
Light Yield = —"&"

phonon

Event types characterized by different
light yield

= efficient discrimination of nuclear
recoils from B/y-background

= WIMP signals expected in nuclear
recoil bands

WIMP search region ROI
includes O, Ca, and W bands



Types of Recoils in CaWO,
.

Assuming:
* 0 « A?

» detection in
12 to 40 keV
range

* For M<10 GeV only oxygen

» Calcium important around 10 GeV

» Tungsten dominates at larger WIMP masses due to gxA?

— type of recoils, together with the recoil energy spectrum,

offers very detailed information on mass of possible WIMP



300 g Detector Module

CaWQO, crystal C"i‘mps
holding the
W-thermometer ~ crystal
‘ »
light
absorber  \_thermometer scintillating reflector

light detector phonon detector



Status of direct DM (WIMP) Searches

1 pb =1040 m2 = 10-36 cm?2
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direct DM (WIMP) Searches at colliders

DM SM SM SM
DM
DM SM SM DM
<
direct (production) at LHC: need to trigger on associate production

search for: ® mono-jet
® mono-V (Z° W?)
® mono-Higgs
e DM +tt
* invisible Higgs decays
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direct DM (WIMP) Searches at colliders

from study of invisible Higgs-decays, arXiv:1610.09218
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Summary

® non-baryonic Dark Matter (and Dark Energy)
dominate mass-/energy density of Universe (~95%)

e Evidence for DM: from rotation of galaxies, structure formation,
granularity of cosmic microwave background, ....

 only small contribution of hot dark matter (e.g. Neutrinos)

e candidates for cold dark matter: (SUSY) WIMPs, Axions,....

® indirect search: e.g. cosmic WIMP Annihilation;
direct search: WIMP scattering in cryo detectors; LHC; ....

® nature of Dark Energy can only be studied by cosmological
(astrophysical) means
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