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Standard Model Problems:
The Dark Matter Puzzle

Sean Tulin

PSI| lecture Fri Jan 22




Luminous mass # Gravitational mass

Total mass of what we see Total mass inferred by how stars
(observed stars and gas) and galaxies move under gravity
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Dark matter proposed by
Fritz Zwicky in 1933, but
not taken seriously.

“dunkle
Materie”
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The dark matter issue became
a convincing problem after
work by Vera Rubin in 1970s.

Page 49/75




Zwicky’s argument for dark matter

-

-

Coma cluster (Sloan Digital Sky Survey)
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Zwicky’s argument for dark matter

Galaxies are moving too fast and not
enough mass to bind them together

The galaxies should just fly apart!

-

Coma cluster (Sloan Digital Sky Survey)
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Zwicky’s argument for dark matter

There is extra matter: gas
X-ray emission from gas

But still too little matter

Mass budget for Coma cluster
Stars and gas = 15% of total mass
85% of total mass = unseen mass

(dark matter)
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Rubin’s argument for dark matter

Stars are rotating too
fast in galaxies

v = circular velocity
\l(l‘)2 = GM(r)/r G = Newton’s constant

M = total mass enclosed within radius r
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No dark matter Dark matter

Matches observations

Ingo Berg
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Andromeda galaxy

Rotation velocity

i _
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DISTANCE TO CENTER (ARC MINUTES)

Physics Today
Constant velocity implies dM/dr = constant.

Much more mass in outer halo than the inner halo.
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Seeing dark matter through its gravity

-

v —.:_,‘J——’;‘-"‘- !
: -l

Hubble

(source) multiple images

of the source multiple arc images
of the source
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Seeing dark matter through its gravity

Cluster 002441654 (Hubble). ) Mass map inferred by gravitational lensing
i _ .- « ° Tyson et al (1998)

)

- = Galaxies (clumps)
.

~ \/ Huge mass of
- > h . & . position on the sky dark matter
. position on the ‘S Y ) .
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All visible galaxies are tiny objects
inside of much bigger, more “o-
massive halos of dark matter Galaxy

Dark matter halo

Dark matter governs the structure of visible matter

Halo stabilizes thin disk galaxies we observe
Otherwise they are unstable to perturbations
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Is dark matter made from baryons?

Very faint stars, gas, or planets
that we cannot detect?

Light isotope abundances
depend on the baryon density at
t ~ 1 min (way before any stars
have formed).
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Having baryons be all the dark matter is
excluded by measured abundance of deuterium
No Standard Model particle can be dark matter
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Timeline of the Universe 13.8 billion years old

A w

Big Ban .
e 8 First stars formed

hot, den_se 500 million years Formation and evolution of galaxies
early universe 1 billion years — present Solar system formed

9 billion years Today
(4.5 billion years ago)

(.
X

distance
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What is the Universe made of?

Energy/mass budget (using E=mc?):

« 0.005% light

e ~ 0.005% neutrinos

* 5% atoms (stars, planets, interstellar gas and dust)
 25% dark matter

« 70% dark energy

Dark Universe is 95% of the Universe.
Its nature is unknown.
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100,000 years — 10 billion years

Past Universe dominated by dark matter

*®

Big Ban
hogt dengse First stars formed ) ) )
, ) 500 million years Formation and evolution of galaxies
early universe 1 billion years — present Solar system formed

9 billion years Today
(4.5 billion years ago)

Future Universe dominated by dark energy
10 billion years +
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How does dark matter form the
structure of the Universe?

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
Galaxies, Planets, etc.

Planck satellite

Cosmic microwave background shows
the initial fluctuations of dark matter about 400 million yrs.
before structure formed (5p/p ~ 10°) Sig Sung Expension

13.7 billion years

plasma of electrons and protons

—~

Evolve the Universe in time
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Dark matter N-body simulations
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Dark matter N-body simulations

t=13.6 x10%yr - T

'

A e

: g N W o ' ' -
Milleniurm simulation,-Springel et al. .

-
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The pattern of visible matter (galaxies)
traces the pattern of dark matter

Dark matter has 5x more mass. Visible matter is
attracted to where the dark matter is.
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The pattern of visible matter (galaxies)
traces the pattern of dark matter

Dark matter has 5x more mass. Visible matter is
attracted to where the dark matter is.

Dark matter predictions:

“Tiny” dark matter clumps
Dark matter filaments
Giant dark matter nodes

Voids with little dark matter
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Observed Universe:

Individual galaxies with DM halos
Galaxies in filaments
Clusters of many galaxies

Voids with few galaxies
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Fly through a billion light years in our local galactic neighborhood
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Dark matter is a particle
physics problem

Everything we know about dark matter comes
from its gravitational influence in the Universe

To discover its particle physics properties, we
need to know its non-gravitational interactions.

What is the Lagrangian?
What are the symmetries/forces?
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LHC event: pp 2 ZZ + hadrons

CMS Experiment at the LHC, CERN N %

<

3

If one Z went to dark matter, the
second Z would appear as a
transverse momentum imbalance.
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Dark matter at the LHC

For example: Dark matter might be a new
very heavy neutrino (m ~ 1000 GeV).

It can be produced in high energy collisions
via the weak force.
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Direct detection

Dark Cosmic rays
matter

Dark matter

\ZA (or h)

Nuclear recoil

i S

Detector

If dark matter is heavier than few GeV, it
leaves enough recoil energy to be detected.
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Dark matter and dark forces

SM interactions with dark matter could be very
suppressed.
But dark matter could have its own forces.

Feynman diagram for dark
matter particles interacting
via a dark force

DM g DM
DM DM

Cuspy halo with no interactions Halo with interactions
(“core”)
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Cored halos leave their
imprint on rotation curves

| T L 1§ I L 1§ L] T I 1§ L l T L] L L l L} T L
Kuzio de Naray et al (2008)

Cusp + baryons -

{ % Core + baryons

Core: Less enclosed mass = smaller V
PR S T TR SR N R SRR TR SR SHN NN SN SU S S S T S
5 10 15 20

r (kpc)

Most dark matter dominated galaxies have cores.
One possible explanation: Interactions among dark matter particles.
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