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Dark matter exists

Evidence from many different sources at different scales

Dispersion velocity of —  Galaxy rotation curves (70’s)  Gravitational lensing
galaxies in clusters (30’s)

- " M33 rotation curve




The DARK MATTER problem has been with us since the 1930's, name coined

by Fritz Swicky in Helvetica Physica Acta Vol6 p.110-127, 1933

Die Rotverschiebung von extragalaktischen Nebeln
von F. Zwicky.
(16. I1. 33.)

Inhalisangabe, Diese Arbeit gibt eine Darstellung der wesentlichsten Merk-
male extragalaktischer Nebel, sowie der Methoden, welche zur Erforschung der-
selben gedient haben. Insbesondere wird die sog. Rotverschiebung extragalak-
tischer Nebel eingehend diskutiert. Verschiedene Theorien, welche zur Erklirung
dieses wichtigen Phiinomens aufgestellt worden sind, werden kurz besprochen.
Schliesslich wird angedeutet, inwiefern die Rotverschiebung fiir das Studium
der durchdringenden Strahlung ven Wichtigkeit zu werden verspricht.

On page 122

g,'r/;:m’.ej Es ist natiirlich mbglich, dass leuchtende plus du.nklc
{kalte) Materie zusammengenommen eine bedeutend hohere Dichte

ergeben, und der Wert ¢ ~10-?®gr/fem® erscheint daher nicht
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He used the Virial theorem in the Coma Cluster: found its galaxies move too fast
to remain bounded bv the visible mass onlv

Dunkle = dark

Kalte = cold!! Gelmini WIN 2013



Galaxy rotational curves

galaxy
Hydrogen cloud




“Inside” the galaxy:
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Evidence from many different sources at different scales

L , Dark matter distribution in the universe
Cosmic microwave background (90’s) Cosmic Evolution Survey — COSMOS-

HST - Nature 2007




Evidence from many different sources at different scales

Big bang nucleosynthesis

Baryon density (k2
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Structure formation in the universe

Millenium simulation SDSS

Baryon acoustic oscillation

Eisenstein
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 Preferred scale emerges in galaxy distribution:
sound horizon at decoupling.

» Before recombination, baryons and photons were
strongly coupled, forming a single fluid with pressure and
speed. Dark matter, neutrinos and other forms were

decoupled. 2_9ytp) 1
o a(pv + pp) 3
> co(2)dz
ey — / H('(l) ~ 150 Mpc
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Cosmological parameters
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Evolution of one spherical perturbation
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Things are more complicated: superposition of shells
with different locations and different amplitudes

Eisenstein
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Results from Wigglez(1108.2635):
(N = 158,741 galaxies in the redshift range 0.2 < z < 1.0)
4.9c significance
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SDSS-Il and SDSS-lII (BOSS): 6.7c detection
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BAO Hubble diagram = ===
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Bullet cluster




Observational evidences for DM

|. Dynamics of clusters of galaxies

ll. Rotational curves of galaxies

lll. Gravitational lensing

V. Cosmic microwave background

V. Big bang nucleosynthesis

VI. Structure formation in the universe
VII. Baryon acoustic oscillations

VIII. Bullet cluster
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Best fit Universe

1.4

1.2

1.0

08F

06

04F

(0
()
(D

02F

U'[E].U 0.2 0.4 0.6 0.8

1.0

arXiv:1105.3470



What's the unlverse made of?

Of all the matter in the universe, only
17% is made of particles we know!!

What is dark matter??
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"T CAN'T TELL Yol WHAT'S IN THE DARK. MATTER.
SANDWICH. No oNE KNows WHAT'S IN THE DARK |
MATTER SANDWICH. |

All we know Is that dark matter should be
made of stable (or very long lived), neutral
particles whose abundance today is ~23%



The “miracle”

If dark matter particles were in thermal equilibrium

;(;?(—) ff WV,

y

Interaction rate Expansmn rate

[ = nav >>H

Density of particles
velocity

Scattering cross section
(thermal average)



If number of dark matter particles does not change
(reactions that can change it are inneficient)

DM DME=SM
I ~H

Number Is frozen (out of chemical equilibrium)



Equilibrium abundance: Boltzmann factor _ .~
for non-relativistic particles €

The longer the particle stays in thermal equilibrium,
the smaller is its final abundance Equilibirium curve

in early universe
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Weakly interacting massive particles (WIMPS)
are natural DM candidates



Dark matter candidates

No dark matter candidate in the Standard Model:

New physics!!

Lightest supersymmetric particle (LSP): neutralino
Axion

Lightest KK particle

Inelastic dark matter

New scalars (phion, inert Higgs)

Multicomponent

Given a model with a DM candidate: many codes that compute
the abundance of DM today (MicroOmegas, DarkSUSY, ...)



Dark matter candidates

arXiv:0711.4996

I. | II. | III. |(IV.]| V. |VL|VIL |VIIL.| IX. | X. |Result

DM candidate L2 | Cold [Neutral |BBN [Stars|Self| Direct ~-rays|Astro|Probed

SM Neutrinos x| ox v v v oY v = - v X
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Direct detection

Dark matter is all around us

We are immersed in a dark mattér halo

- :




Can we feel the halo?

Answer to Beyonceé

Dark matter particles move in our halo with a typical
speed of 240 km/s.

Dark matter density around our solar system is of the
order of 0.4 GeV/cm3.

Approximately 1 billion DM particles crosses a person
every second!



A large number of detectors

Lang 2011
Particle Detection Channels
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In more detalil: 1311.4247

The WIMP-nucleus scattering rate within a detected energy interval [E!, E}], expressed in
counts/kg/day, is
target properties

E}
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density efficiencies
m: dark matter mass
Earth’s velocity in the
galatic frame
Standard halo model /
f(v,t) = fa(u=v+vg(t)) p =03 GeV/c?/cm®
2 /)2 vo = 220 km/s
cXplL—u~ /v '
fG(u) — p( / U) Q(Uesc — ’Lﬂ) Vesc = 544 km/s

(V0v/7) Nese Vol =232 km/s
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Plots for DM mass (m) against DM-proton
cross section (o).



WIMP-Nucleon Cross Section [cmz]

Typical plot

1104.2549

CoGeNT DMZ

XENON100 (2010)

XENON100 (2011)
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Results are shown in a plot of DM particle-nucleon cross section against its mass

The WIMP landscape (late 2012)

Growing interest in low-mass region
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Recent results in direct detection

Cryogenic Dark Matter Search — CDMS |l — germanium and silicon detector

Science 327, 1619 (2010): 2 events found with an expected background ~1
0912.3592

DAMA/LIBRA — Nal crystals

Annual modulation of DM signal due to Earth motion around the Sun.
8.9 ¢ CL detection of annual modulation over 13 cycles!!
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CoGeNT - Contact Germanium Dark Matter Detector: 2.8 o signal of annual
Modulation (preprint June 3 2011)

1106.0650
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XENON 100 — 161 kg liquid xenon - 100.9 live days of data
No evidence for dark matter

1104.2549



Some controversy about low mass WIMPS

Low-Energy Analysis of the CDMS Il Germanium Data (april 2011)
1011.2482v3

)

WIM P=nucleon Gﬁl (em

4 6 8 10 12 GeV

XENON1100 and CDMS Il Germanium exclude DAMA and CoGeNT regions
(even with iDM hypothesis - 1104.3121)



The LUX detector

» 350 kg of xenon, ~100 kg fiducial
» radio-pure titanium cryostat

» internal copper shield

» 122 ultra low background PMTs




LUX first results 1310.8214

%

WIMP -nucleon cross section (cmzl
o

10
FIG. 5. The LUX 90% confidence limit on the spin-
independent elastic WIMP-nucleon cross section (blue),
together with the 1o variation from repeated trials, where
trials fluctuating below the expected number of events for
zero BG are forced to 2.3 (blue shaded). We also show
Edelweiss II [41] (dark yellow line), CDMS II [42] (green line),
ZEPLIN-III [43] (magenta line) and XENON100 100 live-
day [44] (orange line), and 225 live-day [45] (red line) results.
The inset (same axis units) also shows the regions measured
from anmial modulation in CoGeNT [46] (light red, shaded),
along with exclusion limits from low threshold re-analysis
of CDMS II data [47] (upper green line), 95% allowed
region from CDMS II silicon detectors |[48] (green shaded)
and centroid (green x), 90% allowed region from CRESST
I1 [49] (yellow shaded) and DAMA /LIBRA allowed region
interpreted by [51] (grey shaded).
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4500-4800 mwe

» World class location
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It iIs Important to have a DM detector in the southern
hemisphere to study the effects of sazonality in the
modulation of DM signal



The future

SuperCOMS Souaan COMS-ke
10-39 : % "&gflziollawgpgtf = = =5E 10-3
‘\ \\ “. \ . =
-40( 2 (A \\\ . ] -4
lO "§ “\%’ \‘\ "‘ \\\ R 10
5710741 € e B ‘k Z o -
g ' \\0 -‘" ‘\ &
=104 % AN 7 {107 g
o %‘ ; 1 \Ge 3=
B 10-43} < \ \ oS WS SO 30110_7 g
L ~ ¥ \ = 3
@ \'~. \\ \ 2 s w
2 ~44) Wiy, T K % K Mace=" T -8 @
44 10 3 \\ B A V&, g eecN e 7 10 Qo
g CNO \ S e ,.—-"\'xqt3\’;4 S
o 145 Neutrinos I, N - - 41072 B
g Nouginog : 32
— ‘- A P Q
S 1079} ‘ ---410710 3
=
|
|
. 10-47 - {Green ovals) Asymmetric DM ’ — 10-" %
= (Violet oval) Magnetic DM =
S —48/| (Blue oval) Extra dimensions -12
= 10 [ (Red circle) SUSY MSSM 10 =
A MSSM: Pure Higgsino o
10749 | @ MssMm: A funnel Therdds a limit!
@ MSSM: Bino-stop coannihilation .
1 0~50 L MSSM: Bino-squark coannihation - — . .N.etbtﬂﬁ os!!
1 10 100 1000 10
WIMP Mass [GeV/c?]
Loer/WIN '3 2013 Sept 19

B

2% Fermilab



Indirect detection of dark matter

Medium-energy
gamma rays

Supersymmetric
neutralinos

Decay process m—)

Sky & Telescope / Gregg Dinderman




Indirect detection of dark matter: photons

Launched in 11/06/2008
Fermi V’ R o
Gamma-ray'Space Telescope

-
‘, : s

Large Area Telescope (LAT)- 20 MeV to 300 GeV photons

v lines: tell-tale of DM annihilation

XX =12y

A lot of noise about a possible signal from the galactic
center — where there Is the largest concentration of
DM (annihilation is proportional to the square of the
density)




Peak at 135 GeV

1.7 global significance

"
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arXiv:1310.2953

E, (GeV)

| wouldn’t get too excited...



Photons from"dwarf” Milky Way sattelite
galaxies using Fermi LAT — 1310.0829

The dwarf spheroidal satellite galaxies of the Milky Way are especially promising targets
for the indirect detection of dark matter annihilation due to their large dark matter
content, proximity, low diffuse Galactic y-ray foregrounds, and lack of conventional
astrophysical y-ray production mechanisms.

yy—ete i, T T uubb,W W

These decay products also generate photons with
“continuum” energy. Photon flux depend on the particle
physics model (annihilation cross section, BR’'s, DM
mass) and astrophysical model (halo density profile)
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FIG. 1. Known dwarf spheroidal satellite galaxies of the Milky Way overlaid on a Hammer-Aitoff
projection of a 4-year LAT counts map (E > 1 GeV). The 15 dwarf galaxies included in the
combined analysis are shown as filled circles, while additional dwarf galaxies are shown as open
circles.



One example

Cross section for WIMP miracls

'1b1 162 163
Mass (GeV /c?)
Masses less than ~10 GeV are excluded
But be careful with assumptions



Indirect detection of dark matter: anti-matter

xL a Payload for Antimatter matter Exploration
ngLa and Light—-nuclei Astrophysics

Positrons from PAMELA:

30%
- steep e excess

above 10 GeV! l PAMELA 0}

- very large flux! S 1

1%

0.39, L [ N T AR L1

Positron Energy (GeV]

Advanced Thin lonization Calorimeter (ATIC)
Small excess in the 700 GeV region.



AMS

|&d Selected for a Viewpoint in Physics week cading
PRL 110, 141102 (2013) PHYSICAL REVIEW LETTERS 5 APRIL 2013

B
First Result from the Alpha Magnetic Spectrometer on the International Space Station:
Precision Measurement of the Positron Fraction in Primary Cosmic Rays of 0.5-350 GeV
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FIG. 5 (color). The positron fraction compared with the most
recent measurements from PAMELA [22] and Fermi-LAT [23].
The comparatively small error bars for AMS are the quadratic
sum of the statistical and systematic uncertainties (see Table I
and [13]), and the horizontal positions are the centers of
each bin.




Sum of electron and positron flux versus energy:
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Astrophysical explanation is more plausible:

loc

al pulsars?



Indirect detection of dark matter: neutrinos

IceCube: neutrino detector with 1 km3 in South Pole. It has
5,160 digital optical modules suspended along 86 strings.

IceCube Lab

2450 m

\ - 80 Stations, each with
PP o i e / 2 IceTop Cherenkov detector tanks

[l

IceTo

2 optical sensors per tank
320 optical sensors

2010: 79 strings in operation
2011: Project completion, 86 strings

2820 m

IceCube Arra

86 strings including 6 DeepCore strings
60 optical sensors on each string

5160 optical sensors

AMANDA

DeepCore
6 strings-spacing optimized for lower energies
360 optical sensors

Eiffel Tower
324m




Indirect detection of dark matter: neutrinos

Article In Science — November 22 2013 arXiv:1311.5238
First detection of neutrinos of cosmic origin (?)

Excess of 28 neutrinos observed with energies above 60 TeV.
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Figure 1: The cosmic-neutrino spectrum. Sources are the Big Bang (CvB), the
Sun, supernovae (SN), atmospheric neutrinos, gamma-ray bursts (GRB), active
galactic nuclei (AGN), and cosmogenic (GZK) neutrinos. The data points are from
a detector at the Fréjus underground laboratory [17| (red) and from AMANDA [18§]

(blue). Figure courtesy of J. Becker [5].



Making dark matter at the LHC

LHC results - 7/8 TeV
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Discovery of the / \
Higgs particle ! First sign of

MY/ Theadache?

-No SUSY?
- Nothing else ?

eidi Sandeker - WIN2013
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Making dark matter at the LHC

Signal for WIMPS: missing energy
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Making dark matter at the LHC

Many SUSY searches. Example: dark matter from gluino pair

production
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Making dark matter at the LHC

Signal for WIMPS: monojets, monophotons

qqDMDM effective interaction is probed —
“model-independent”
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Not yet competitive with direct searches



WIMP ANNIHILATION LIMITS

LHC results - Example Mono-Jet James Pearce
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» Comparison with FERMI-LAT
is possible through our EFT

WIN2013

» The results can also be

interpreted in terms of limits
on WIMPs annihilating to
light quarks

All limits shown here assume
100% branching fractions of
WIMPs annihilating to quarks

Below 10 GeV for D5 and 70
GeV for D8 the ATLAS limits
are below the values needed
for WIMPs to make up the
DM relic abundance



Conclusions
« Dark matter exists — New Physics BSM!

 We do not know what it is...

* There are good and sometimes well motivated
candidates

* Huge activity in direct, indirect and
LHC searches — beware of nightmare scenarios

 Discovering the identity of dark matter will bring
a major advance in Particle Physics & Cosmology!



