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The “Missing Mass”
Problem

= INn 1933, Zwicky was studying galaxies
and he estimated their total mass by
measuring their brightness

= [hen, he used a different method of

measuring the mass, and came up with
a number 400x his estimate

= Nobody did anything about it

fa &

The Coma Cluster (Abell 1656) is a large

cluster of galaxies that contains over 1,000
identified galaxies



https://en.wikipedia.org/wiki/Galaxy_cluster

Zwicky used to call other astronomers at the Mount Wilson
observatory "Spherical bastards". Why spherical?
“Because they were bastards, when looked at from any side".

The Zwicky's were once 1inviting some graduate students for dinner. As the
group was ringing the door bell, Zwicki's wife Dorothea opened and called
into the house without intending to joke: "Fritz, the bastards are here!".

During an observation night at the Mount Wilson, when the turbulences
of the air were disturbing, Zwicky has told his assistant to shoot with the
gun into the turbulent air. His hope was that the bullet would smooth the
turbulences. The gun was indeed shot but the turbulences stayed... This
story 1llustrates that Zwicky was ready to try unusual ways for solutions.
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What do we know about dark matter?

® SO far, we mostly have “negative” information
(constraints from astrophysics and searches for new
particles):

= No colour charge
= No electric charge

= No strong self-interaction

x Stable, or very long-lived

x ot a particle in the Standard Model of
particle physics ,

r(kpe)

Navarro, Frenk & White 1996

Probing dark matter through gravity
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What do we know about dark matter?

®= [he mass and cross section range span many orders of magnitude

x  Strong guidance from theorists to us experimentalists

Nentrin

neutrino

1076 neutrino

10-12 peutrino

Sterile
neutrino

10-18 neutrino

gravity

Interaction strength with normal matter (SM)

ueV meV eV keV MeV GeV TeV 10°-1073 TeV
Particle mass

| will mostly focus on axions and WIMPs



WIMP, Axion, MACHO
WIMP (Weakly Interacting Massive Particle)

WIMPs: in thermal equilibrium in the early Universe, freeze-out when annihilation rate drops

below expansion rate and Mwive > = T (‘cold’)

Their relic density can account for the dark matter if the annihilation cross section is weak (~
picobarn range)
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-smaller than atom

-mass range in GeV~TeV

DM —-nucleon cross—section

Limits on Dark Matter from Direct Detection
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How to directly detect WIMPs In the
laboratory?

v/c ~0.75 x 103
By searching for collisions of invisibles X X

particles with atomic nuclei => Eis (g ~ )
tens of MeV)

Need very low energy thresholds

Need ultra-low backgrounds, good
background understanding (no “beam
off” data collection mode) and
discrimination

Need large detector masses

VOLUME 31, NUMBER 12 q 2

< 30keV

Detectability of certain dark-matter candidates E R PP

Mark W. Goodman and Edward Witten m N

Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544
(Received 7 January 1985)

We consider the possibility that the neutral-current neutrino detector recently proposed by
Drukier and Stodolsky could be used to detect some possible candidates for the dark matter in galac-
tic halos. This may be feasible if the galactic halos are made of particles with coherent weak in-
teractions and masses 1—10°® GeV; particles with spin-dependent interactions of typical weak

strength and masses 1—10? GeV; or strongly interacting particles of masses 1—10"* GeV. M Good man & E Wltten ‘| 98 5
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AXIOHS G. Raffelt & L. Rosenberg

PDG 2012

x |ntroduced by Peccei & Quinn as a solution to the strong
CP problem: a global U(1) symmetry is spontaneously
broken below an energy scale fa (originally the weak scale
fa = 200 GeV~ few)

Cold DM

x \Weinberg & Wilczek: PQ solution implies the existence of
a light pseudoscalar, the axion

x No axion detection so far; ‘invisible axion’ models (with
arbitrary large fa) are still viable:

1012 GGV corresponds to the

Burst duration

TR oD a8 ~ observed ov B
fa dark matter density

= Constraints from astrophysics, cosmology and laboratory
searches restrict the mass of a QCD dark matter axion to:

Globular cluster stars (photons)

Laboratory
Excess radiation
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MACHO (Massive Astrophysical Compact Halo Object)

-primordial black hole ~ 107°M, (upiter mass)

-brown dwarf ~ 0.08M/g M, ~ 10°°eV

| " Gurrently, the two main theories explaining
* - Dark Matter are:

Q

“WIMPs . .and MACHOS

{inviSible heavy particles) (hard to detect heay objects)
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