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"« Never underestimate the joy peo@

derive from hearing something they

\already know » ﬁ

b4
Enrico Fermi
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The Concordance Model

Dark Energy 70,00%

Baryons 5,00

Dark Matter 25,00%






Gravitational evidences for Dark Matter
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1. Rotation Curve of Spiral Galaxies

# . . ; - o




V

orbital

A
Newton says

Ve ~ GM(R)/R

A =

R Radius

optical



DISTRIBUTION OF DARK MATTER IN NGC 3198
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Fritz Zwicky

Invisible Matter
in Coma Cluster

(1933)

M/L~100 M /L

(mass-to-light ratio)




© The Bullet.Cluster (IE.0657-558) - - % -
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1E 065756 (aka Bullet Cluster) in X-rays

Chandra 0.5 Msec image | 0.5 Mpc
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Visible Gravitational lensing

Chsncdra 0.5 Meac image

Galaxies Intergalactic Hot Gas Total Mass
i i | e

wisible ~ IUH MEJ Mhntgus ™ 1015 MG M'h}t ™ 1016 MG
Visible Baryons Missing Baryons
B ox gee

Baryons
All Baryons * 8
Dark Matter

* consistent with primordial nucleosynthesis
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3. Large scale structure

gl "




Matter inhomogeneities are small on large scales

A= |8p/p| « 1
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Evolution of inhomogeneities

(vik?® — 47Gp)A = 0

]

pressure vs gravity



(LO)!

PRESSURE > GRAVITY
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PRESSURE > GRAVITY GRAVITY > PRESSURE



A ~ e.tw’r

Jeans Instability



Evolution of inhomogeneities

EXPANSION

|

A+22A 4+ (vik* — 47Gp)A =0
a

A

EXPANSION



A ~ 173 ~ q(t)

Jeans Instability
(matter dominated universe)



10°°

Only baryonic matter
scenario

radiation
pressure

no pressure,
gravitational
collapse

last scattering

today

Scale factor a(t)



CMBR temperature anisotropies

A = 8T/T = O(10°)



The (cold) dark matter scenario
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| Baryons :
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5 Photons (what we see
10 (what we see)
last scattering today

Scale factor
Peebles, 1982



In Summary, good gravitational evidences for
the existence of Dark Matter in the
Universe

This Dark Matter cannot be made of baryons
(ie protons)

Alternative scenarios (like a modification of
the laws of gravity) seem to be contrived
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1. Cosmic neutrinos, a missed opportunity?

There are about 300 Neutrinos/cm? in
our Universe and neutrinos are Massive

Neutrino oscillations Am223 ~ 103 eV?
Tritium p-decay m <2eV

= 0.1 Yo < Qv <12 % (<< 250/0)

nb: Dark matter exists!



Hot Dark Matter or Cold Dark Matter?

(like light neutrinos) (typically more massive
particles)



Cold Dark Matter!
(perhaps a bit warm, but definitively not hot)



2. If there is a problem, invent a new particlel

e.g. Neutron
(Rutherford, 1920 -> Chadwick 1932)

Neutrino
(Pauli, 1930 -> Reines et al, 1956)

Z (Weinberg, 1967 -> 1983)

H (Symmetry breaking, 60's -> 2012?)



A Good Dark Matter Candidate is:

Neutral (little interaction with
light)

Stable (or very long lived
T >~ 10% sec)

1/

Possibly Massive (M > ~ 100 eV = COLD)
particle



Stability from Symmetry

U(1) symmetry: Y —> eV

e.g. Proton stability = baryon number
conservation

Z, symmetry: Y—-Y

e.g. R-parity in Supersymmetric
extensions of the Standard Model

Others: Topology

e.g. Monopoles



An Electroweak Connection ?

3 M°

Higgs

Reparitys W =W . W _ =5

SM susy susy

SM
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The Brout-Englert-Higgs portal

— L')
Inert Higgs Inert Higgs

Easy way to prevent FCNC



WIMP Dark Matter Archetypes

Spin 0 Spin 3 Spin 1
The Inert Doublet The Neutralino The Kaluza Klein photon

—

_"
_!.f

a. Peric. b. lonic. <. Connthian.



2. The WIMP* Miracle

* Weakly Interacting Massive Particle



Another view of the (so-called) WIMP

Miracle
1 F
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1. Let X be stable, neutral, massive
and X + X <-> SM + SM (annihilation)
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1. Let X be stable, neutral, massive
and X + X <-> SM + SM (annihilation)

2. Initially (T ~ M) X in thermal
equilibrium

-_D " - ~N -M/T
density n Ne, ~ @

3. Evolution (ie Boltzmann equation)

dn/dt + 3 Hn & <ov> e, (nEq- n)



1. Let X be stable, neutral, massive
and X + X <-> SM + SM (annihilation)

2. Initially (T ~ M) X in thermal
equilibrium

-_D " - ~N -M/T
density n Ne, ~ @

3. Evolution (ie Boltzmann equation)
dn/dt+3 Hn= <ov> n_(n_-n)
y “ q q
/ N\
Expansion Rate  vs  Annihilation Rate



4. Freeze-Out of annihilations

N, ~ H/<ov>

If annihilation /7 then n__\\
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The WIMP Miracle ?

Need cv ~ 1 pb (WMAP)

For cVvV ~o2/M°?
w dm

Then Mdm ~ 102 GeV
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Neutralino Mass & Relic Density
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Courtesy of Keith Olive
See also arXiv:0907.5568



e.g. Dirac Neutrino + EW Interactions

M~eV ~TeV
Cowsik & MclLelland Griest & Kamionkowski
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KeV MeV GeV TeV

Figure © K. Kainul ai nen



So, which Dark Matter ?




So, which Dark Matter ?




Why I 4 Light (~ GeV) Dark Matter

Q, /0 %5



Why I 4 Light (~ GeV) Dark Matter

Q /€) =5
dm b
EW, SUSY,...? Freeze-out,... ?
\\ /4
Mass,_x Density

= O(1)

Mass_x Density,

AN

/ N\
QCD Dynamics Baryogenesis (?)



Why I 4 Light (~ GeV) Dark Matter

Q. /Q %5

Is this a Coincidence ?

Nussinov, Barr; Kaplan,Gudnasson et al:Dodelson et al:Kitano et al:Farrar et al; Lopez Honorez,
Cosme & M.T.; Zurek et al, ... and some new scenarios recently



Abundancies

CERTIFIED

MIRACLE

107°
Baryons avoidjng a
A 100 GeV } catastrophe % "i _\
I Wimp Freezing ": \\
1076} ,l
107 o S RS T BN




Asymmetric Dark & Baryonic Matters ?

« Vanilla » scenarios imply Light ~ GeV DM

Mass X Dg)éi’ry i
Mass_ x D?(si’ryb

= 0(1)

Nussinov, Barr, Kaplan: Dodelson et al: Gudnasson et al; Dodelson et al: Kitano et al: Farrar et
al, Lopez Honorez, Cosme & M.T.; Zurek et al; ...

And quite some variations on this idea more recently (Aidogenesis, Cogenesis, Xogenesis,
Baryomorphosis, Darkogenesis,...)



1. B-L asymmetry

N n
T Ndec — nvs “dark
Tmm I - D(D) U E (U E) B-L B-L
2. Annihilation
n-n_=n
. o D D D
® IT
A D U E
NS
3. U, E decay
D u e
1st baryonic asymmetry
Tew ¢ ! n = Cn"™
D 7B ’ b
T Ddec ® \—u k\“..l_l_l.—’ie :‘ vR :| 4.D decay
: L » n._=n
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Figure 1: Steps of Matter Genesis

Just an example, taken from Lopez Honorez, Cosme & M.T. (2005)



Nice, if one likes complications....




We don't know what Dark Matter if made of,
but we know it is not made of (light)
heutrinos.

Particle physics propose simple scenario, the
WIMP paradigm, that points to new physics
@ the Electroweak energy scale.

Of course, there are many other scenarios...
But this opens the hope to probe DM with
other interactions than gravity.
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How to search for Dark Matter? Part 1




Dark Matter Abundance (Early Universe)

X SM

AN
N

X SM

Time



1. Dark Matter Direct Detection

X Nucleus

Time

X Nucleus




WIMP Direct Detection Searches In Brief

Nucleus /,7
DM from in O
the Halo detector

v
6— @

A
E  ~typically few keV

recoil

Goodman & Witten (1985)



BACKGROUND!

Nucleus
1q
detector

\'
6— @

Neutron

°s

_ 6o deep underground

(and work hard on your
background)



Seasonal modulation: a possible background
free (7) signature of WIMPs?

EARLY DECEMBER

v~ 30 km/s
EARLY JUNE

X M~ 230 km/s

= mean velocity of the
Sun w.r.t. DM halo (?)

Drukier, Freese & Spergel (1986)



Rate

First indices: DAMA/NaI & DAMA/Libra

June

December

Dark Matter

Background

Time

Rem: not to scalel
1. Modulation ~ few % level
2. Large Bckgrd

---> Single-hit events



Goes back to 1996! Combined DAMA/NaI & DAMA/Libra ar'Xiv:0804.2741

2-6 keV
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Elastic, spin-independent scattering, essentially with Na

0.04 -

003[| | o M =12 GeV 5

o =15 10%° cm?

ot B
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Er (keVee)

0.02 |
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How Direct Search results are presented




How Direct Search results are presented

Excluded




Detector
threshold

How Direct Search results are presented

Excluded




How Direct Search results are presented

10738 cm? |
Excluded
Oy
10 cm?
—
1GeV M 1TeV



How Direct Search results are presented

A
10738 cm?
Region Of Interest (eg DAMA)
O
10% cm?
—
1GeV 1 TeV



How Direct Search results are presented

A Your Favorite Theoretical
1073% cm? Model

22

10 cm?

1GeV 1TeV



How Direct Search results are presented

/\ Your Favorite Theoretical
10738 cm? Model is dead

10 cm?

1GeV 1TeV



How Direct Search results are presented

A \
108 cm?®
@ o=/
O\
10*° cm?
—
1GeV 1 TeV



CDMS-II 2 events...

CoGeNT Excess

Xenonl00 (first results)
CDMS-II (low recoil analysis)
Xenonl00 (100 days exp.)
Xenonl0 Low recoil analysis
CoGeNT Modulation

CRESST Excess

CoGeNT Contamination®?

CDMS-II Modulation?

November 2009

March 2010

May 2010

December 2010

May 2011

July 2010

May 2011

September 2011

September 2011

Winter 2012



WIMP-nucleon cross section [pb]

State of the Art

CRESST 1o
CRESST 26
CRESST 2009
EDELWEISS-II
CDMS-II
XENON100
DAMA chan.
DAMA
CoGeNT

10 ”"1'0 | | 100 | | I"”1'000
WIMP mass [GeV]

Fig. From CRESST (2011)
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WIMP-nucleon cross section [pb]

CRESST 1o
CRESST 26
- AlhL®
EDELWEISS-II
CDMS-II
XENON100
DAMA chan.
DAMA
CoGeNT

10 ”"1'0 | | 100 | | I"”1'000
WIMP mass [GeV]
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Direct search is an heroic effort to actually
see dark matter.

The signal is expected to be very tiny, so
background is the enemy.

There are some positive signals, but there
are excluded by other DM experiments.

Most likely the problem is background. Or
perhaps it is DM, but of a kind we have not
anticipated.




(cm?’)
—
%

-

o
A
Y]

Crais Section
o
s
(%]

=
k

1 0-45

104?

Edelweiss I Near. fufur.e’)
= ZERLIN 1l
B N\
% mmEmmmEm
=9 XENON10
s . XENON10
= M, Roszkowski gt al
L [ ]
1 | | L1 1

Mass (Ga\’)ﬂa



How to search for Dark Matter? Part 2




Dark Matter Abudance (Early Universe)

X SM

AN
N

X SM

Time



Dark Matter Production @ Colliders

X p

Time



Eg LHC

P+ P ---> jets + Missing Energy

A

Possibly Dark Matter




A MONOJET EVENT

- | = MET = 359 GeV
S -- pr(jet1) = 331 GeV

Slide from Steve Worm (Moriond, 2012)



DARK MATTER SPIN-INDEPENDENT LIMITS

1[]-3':' T T IIIIII| T T IIIIIII T T T T T 1T 01

T FCMS Preliminary —— GMS Monojet, 0% CL
h L=3

il Ldt= 47 fo" at\s=7 TeV ] ggﬁg&‘f?gg““mm ARGt
L2 o —— CoGeNT 2011
E CDMSII 2011
10" ——— CDMSII 2010
w
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10—45 i e i s sl ' I B W i
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» Best limits for low mass DM, below 3.5 GeV, a region as yet unexplored
by direct detection experiments

Slide from Steve Worm (Moriond, 2012)



How to search for Dark Matter? Part 3




Dark Matter Abundance (Early Universe)

X SM

AN
N

X SM

Time



Indirect Searches

VI VI e—qu"‘

Time



Dark Matter (ie WIMPs) may annihilate in

1. Antimatter (e’, anti-protons,...)
2. Neutrinos

3. Gamma rays



: s i Command / Measurement
Vernier engine installation antenna

Solar battery

Coordinate / time \
synchronization antenna

Accessories module

Pamela Research
Harcwarg

pressurized container

Research

Instrument module o hardware module

Instrurent

pressurized container - c

Star tracker i)

. Opfronic equipment
VRL (high rate datalink) %
antenna
Command [ Measurement \ Infrared local
antenna Y vertical reference

A picture of Pamela



Pamela results (released October 28 2008)

o(e”) / (o(e")+ o(e ))

Positron fraction

& PAMELA

10 100
Energy (GeV)



Pamela results (released October 28 2008)

o(e”) / (o(e)+ o(e )

Positron fraction

& PAMELA
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1 10 100
Energy (GeV)



Positron fraction

DM+DM — ... — et e ..

1L I T Erre I LR I BN L LI R

30% 1 30% :
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MEM = 150 GeV into W*W- MDM = 10 TeV into W*W-

Figure from Cirelli, Strumia & Raidal



Geminga

BO656+14

dN /dE_ o E “* exp(-E /6006GeV)

0.20

0.02 T=370,000 vears
E..=3x10" erg (3. ﬁxm‘ Prg}
D=15% pe

| L

5 10 20 50 100

ﬁf'f{ﬁet-ir':le_}

0.02 LE_T—lllll ﬂﬂ?‘r years e )
[ Ea=3x10™ erg (Bx10%" Erg} NN
[ D=290 pc
ﬂﬂll L1 1 | | | 1 ] | 11 1 It |.
5 10 20 50 100 200
E. (GeV)

Hooper, Blasi, Serpico

-

NS [ Y N

L




Neutrinos













ICECUBE, the Biggest Dark Matter Detector In The World

- ™ IceTop

i | fmmmmm
S0m [ T T - L - = 2 IceTop Cherenkov detector tanks
- - 2 optical sensors per tank
320 optical sensors

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

IceCube Arra

86 strings inc 6 DeepCore strings
60 optical sensors on each string
5160 optical sensors

AMANDA

DeepCore

S| strings-spacing optimized for lower energies
| Eiftel Tower

”I 324m

1450 m

1
. |

';
i
il
2450 m 1._

2820 m

S——



No signal seen, so ICECUBE sets exclusion limits...

1 D—Hﬁ

e
=
)

| —
=
@
Q0

SIMPLE (2011)

—

5
oS
)
I

oo S5TD lcecube

Ak 343

&4 3+3 no regeneration
¥ 342

¥ % 3+2 no regeneration

Dark Matter — proton SD cross — section [cm?]

1 — 40 : : e ; ’ PR P |
g1 107 10?
Dark Matter mass [GeV]



Gamma rays (the sky as seen by Fermi-LAT)













Observation by Fermi-LAT of

Dwarf Spheroidal Galaxies = Satellites of the
Milky Way

+ Large Mass/Luminosity ratio (lot of DM there?)

+ Low astrophysical activity (low gamma-ray
background)

= Only few dSphs (low statistics)



No signal seen, so Fermi-LAT sets Exclusion

Limits Upper limits, bb channel
10" - ———
[ » 3.107% - - Draco - - Sextans
— Bootes | - - Fornax = - Ursa Major Il
10° =+ Carina — Sculptor = Ursa Minor
—— (Coma Berenices @ =— Seguel === |oint Likelihood, 10 dSphs

-

=
Pk
=

T

=
Pt
P

WIMP cross section [cm? /s]
=

=
WMAP 107 :
=
10°° |
10! ‘
WIMP mass [GeV]
M < 25 GeV

dm



A gamma-ray line?



Continuous spectrum
(essentially y-ray from m° decay)




Continuous spectrum A Gamma-ray Line
(essentially y-ray from m° decay) (E, =M, ?)

L




P




Connts

Clounts - Maodel

410

l[i

Signal counts:

57.0 (4.638
p-value=0.46, v*, =22.1/22

—
A1 GeVo

L0 200
E [GeV]

Figure from C. Weniger (1204.2797)



General Summary



* Convincing Gravitational
evidences for DM
(both astro and cosmo)

* We, particle physicists, believe
that it is made of (a) new particle(s)

* Which one(s), we don't know (yet)



* If we are lucky, DM has Weak
Interactions (the WIMP paradigm)

* Opens the possibility for DIRECT
DETECTION (some clues, but
contradicting and altogether not
very convincing, yet)



* Beautiful complementarity with
PRODUCTION @ COLLIDERS
and INDIRECT DETECTION

* There are positive Smoking Guns
signal



* Beautiful complementarity with
PRODUCTION @ COLLIDERS
and INDIRECT DETECTION

* There are positive Smoking Guns
sighals

* Likely « Pétards Mouillés » but
this is sometime how discoveries
happens
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