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Dark Matter:

> Why ?
> \What ?

> \Where and how ?




“Space - The Final Frontier\
| ~‘What's out there? |
26%' Dark Mat:tgr #

DARK ENERGY

~ 5% Standard Model

\ stuff Lo

What we claim to understand is only 5%)



Some questions for your generation

« >80% of matter is dark — true? what’s behind this?

> |s there a variant of Super-Symmetry ?

> are there more than 3 spatial dimensions ?
* |s the 125 GeV particle the only Higgs boson ?
* Why is there matter but no (primordial) antimatter ?
* Why is the matter/antimatter asymmetry so crazily

small: N(baryons)

~6x107" ?
N(photons) :

Understanding dark matter may be the goldenkey!



Part |
Why

do we think there is dark matter

?




a)

V
y
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Graviational Dynamics (2): Galaxy Rotation

centrif.

= V(r)oc f

Galaxy is a big ball of
Invisible matter ... with a
few stars here and there

/

Local density:
Ppy =0.3GeV/cm’

galaxy rotation curves
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Fig. 11.4 Rotational velocities as a function of nuclear distance determined from

emission line spectra for several galaxies (adapted from Rubin and Ford 1980; courtesy

Professor Rubin and the Astrophysical Journal, published by the University of Chicago
Press).
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Standard Big Bang Cosmology tells us:

Q) << Q) << Q) << Q)

photons baryons cold dark matter dark energy

=> the Standard Model stuff is not enough!

Derived from a cocktail of cosmological probes:
* Cosmic Microwave Background (CMB)
« Supernovae la (and other standard candles)

» Galaxy surveys, large scale structure and Baryon Acoustic
Oscillation (BAO)

» weak lensing (cosmic shear) as tracer for mass distribution
« Lyman o forest as tracer for intergalactic hydrogen

» X ray luminosity of galaxy clusters as tracer for total mass




CMB (1):

Cosmic Microwave Background Spectrum from COBE

T I T | | | T T
COBE Data t—+—

Black Body Spectrum

this dominates
the energy
density of
photons

Intensity [MJy/sr]
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Frequency [1/cm]

perfect black body spectrum, T =2.725 K

=n ~4llem™, Q <10~ negligible




CMB (2): Temperature Anisotropies (10— level)
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e from primordial quantum-fluctuations, stretched out by inflation
e tracer of initial mass distribution at time of decoupling
e matter dominated by gravity from then on




Multipole moment, ¢
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>power spectrum of T-
fluctuation vs. scale ¢

>representing
iIntensities of matter-
light oscillations

Temperature fluctuations [ p K& ]

0.2°
Angular scale

>very sensitive to
(some) cosmological

parameters... o

Y
> ...in particular to "ﬁ'-w.
baryon/dark matter L
ratio N,
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ESA and the Planck Collaboration
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Parameter sensitivity of the CMB power spectrum:
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whk (a) Curvature

11 (b) Dark Energy

Wayne Hu, U. Chicago




Parameter degeneracies exist = combined fits using
complementary probes

Supernova Cosmology Project
Suzuki, et al., Ap.J. (2011) i T T T

— +tlensing
B +lensing+BAO

Union2.1 SN la
Compilation
with SN
Systematics

Planck
fits

pre- 0T |
N\
Planck arXiv:1303.5076 [astro-ph.CO]>

I

0.24 0.32 0.40 0.48
Qpm

= flat Universe with

Q =03 Q,=0.7
and Q. =0.05




An independent path: Big Bang Nucleosynthesis (BBN)

. ) ) Baryon density QA2
* Light elements formed in the e

primordial plasma (1s <t < 200s ) o £ B |

* Tricky to measure (from places
“free” of contributions from stars)

* the coctail:

— n/ p freeze-out from weak ?xmﬂp
interaction equilibrium att = 1s I

— fusion of nucleons/nuclei ;me,mp
— photons — nuclear fission 105 |
— neutrons decay '

1079 |

* hence sensitive to photon and N
nucleon (—baryon) density Liml, |

2 F

* pretty consistent picture for oo | |

__ hy -10 | 2 3 4 5 6 7 8910
n = E = 6 X 10 http://pdg.lbl.gov Baryon-to-photon ratio 1 X 1010

Agrees with cosmological parameter fits (CMB & other probes)
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(the hell) is dark matter

?




Assume it is some sort of particles:

- stable on cosmological time
scales (or they would be gone)

* no electromagnetic radiation
* hence electrically neutral

* no strong interaction either or
we would feel them

B they feel gravity

g - ond probably (hopefully) other
' weak interactions

| . in any case they were driving the
large scale structure formation




The Sloan Digital Sky Survey

2 Billion light
years

us

200

Declination slice
-1.25°...41.25°

Conclusion:

The DM particles must have been slow (v c) already at time of
decoupling, because...



relativistic dark matter

first huge
clumps of
overdensities

l

fragmentation to
smaller structures

l

fragmentation to galaxies
typically at z<1

slow dark matter

small seeds of overdensities

l

first galaxies at z1

l

(super)clusters, filaments,
voids

bottom up

This Is what we see!




Consequence (1):

Dark Matter particles are either

» cold <= massive (i.e. non-relativistic when decoupling
from thermal equilibrium)

= Weakly |nteracting Massive Particles

* non-thermally produced and slow and possibly light

Conseqguence (2):

Standard (light!) neutrinos are excluded:

Q_<0.0062/h* negligible




Consequence (2) in different words:

dark matter standard neutrinos have to be heavy!

But:
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What remains:
There could be (massive) sterile neutrinos...

= m, >+m, =45GeV

too large
= DM relic density too small

(see below)




a)

WIMPs

Some Candidates




he WIMP miracle stuff we
know
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he WIMP miracle

oo predicted relic density
i % today:
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Is this really a miracle???

Anyway, keep in mind: |(cv)=~3x107°cm’ /s




» Candiate 1: Supersymmetry (SUSY)

Lightest SUSY Particle stable
In R-parity conserving models

A

spin V2
quark
A

bosons




Neutralino annihilation to fermions:

Majorana

fermions Helicity
suppression

f 2
my

2
X

o
f‘ m

— heaviest energetically allowed quark dominates final state

— internal bremsstrahlung is very important for final state
gamma rays with Ey —m,

X f
this can avoid helicity R )
suppression at cost OL/R Y f




Neutralino annihilation to bosons:

If ¥ has large mixing with SU(2), -partners (\Wino, Higgsino)

o
B )4

important sources of

— prompt (= high energy) electrons/positrons

— prompt (= high energy) neutrinos




 Candidate 2: Extra Dimensions
(Kaluza Klein excitations)

microscopically

3-D-space —>= 0’ compactified extra

dimension(s)

standard no excitation in extra
particles dimension(s)

Kaluza Klein
excitations

mcreasmg Mass

WIMP = lightest (neutral, stable) Kaluza Klein excitation
(stable due to a conserved KK parity)




Most popular KK dark matter WIMP:

auge group |SM gauge

h g
charge boson

weak hyper-

charge Y U(l)y B > B (1 )

. : 0
weak isospin W first KK excitation
SU(2),

I8 of the weak

W= hypercharge
gauge boson

Remember the physical neutral gauge bosons in the SM:

" Photon ]
eVV

Z-Boson



B annihilation to fermions:

Up
4

3

J

the winners are:
up-type quarks and charged leptons




Many other WIMP candidates...

 other KK states (Z, H, neutrino, graviton,...)
* Little Higgs dark matter

 technicolor states

* mirror dark matter

and subtleties affecting (ov)
* (near) mass degeneracies and co-annihilation

today

e resonance effects

 threshold effects ask our theorists if

. you want to know
more about this! ©




D)

AXions

a non-thermally produced light
DM candidate

10°eV <m, <107°eV




Rich experimental program (for axions & axion-like particles)

Stepping motors

Superconducting
coils

Liquid helium
SQUID amplifier

Tuner

Tuning rods

Superconducting
magnet

Microwave cavity

unablé high Q microwave
cavity




~~~~~~

>

Polykthylen Shield

Ledd Shield

A

el
o
-

Cryostat

(S(I. liters, 20mK) ’ \‘

direct searches can look for e-recails,
e.g. EDELWEISS-II, arXiv:1307.1488 [astro-ph.CO]

extragalactic
background light

...
LI
Ny
"y,
"a
.......
"y
",
"a
...
"y,
L]

B
3, Yo,

features in AGN spectra
€.g. Horns, Meyer, Raue, PR D87, 035027 (2013’
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H OW to look for DM experimentally

Wh e re to search in theUniverse




WIMP detection - the threefold way

Standard
Model
particle

Standard
Model
particle

<ndirect detection

creation in the

ab

WIMP

Q.
o

(q))

(@)

ﬁ

Q.

(q))

ﬁ

(q))

(@)

—

@)
\7




Direct Searches

sit down and walit




Highly shielded (deep underground) detectors

back to the

nucleus of v Universe
detector
material

detectors:
» extremly sensitive
mass number A « extremely clean

WIMP nuclear spin J - highly shielded

from the
Universe recoil energy < 100 keV

Signature from: ionisation / phonons / photons

Cross section: spin independent part «« A2 dominant
spin dependent part o« f(J)

Material: heavy, varying targets with J = 0 (from p or n)




Direct WIMP Searches in the World
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Example 1: Cryo detector CRESST (Gran Sasso)

R\ | | S




Detection: supraconducting thermomenters

heat bath
reflecting

/ cavity

thermal coupling

Light detector thermometer
absorber

CaWoO,
absorber

thermometer

thermal coupling

heat bath

supraconducting phase-transition-
tungsten-thermometer (SPT)

phonons | light

(V)

detector moduls
at < 10 mK




Example 2: Nobel gas detector XENON (Gran Sasso)

2 phase liquid/gas Xenon
Time Projection Chamber

Luminescence Grid
Gas Xenon

shielding
mesh top _

" [ y-ray event: high S2/S1

t

<—>v intill. lonization

drift

] " [WIMP event: low S2/S1 (v)
Y cathode

shielding V ,
mesh bot. <—

tdrift




The latest exclusion limits (spin independent x-section)
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Spin dependent x-section limits much weaker

v-neutron-scattering v-proton-scattering
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129 1) ) :
Xe(J = E) | unpaired no unpaired protons

mXe(J _ %) , neutron Better target: | H (e.g. our Sun)
— indirect detection via v’'s
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48% abundance in XENON100
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make your own
dark matter




LHC collides gluons/quarks

p + p — new strongly interacting states — decay chain — WIMPs

\

SUSY electron neutrino
example | - DM-WIMP

-~ undetected

p

Great to trigger:
5 jets
_ * 1 electron
undetected | DM-WIMP ' * missing energy




isolated electron, 5 jets, B/

Run Number: 183291, Fvent Number: 618161
Date; 2011-06-12 05:50:25 CESI

cool ! discovery?




well...not quite: the SM can do this too

jet electron
| O

SM jet @ S neutrino
example , o @

undetected

-

-
-
@

i o

g u g p
» 0000000000

Great to trigger:
jet 5 jets

* 1 electron

* missing energy

jet

The name of the game: Understand the backgrounds very well!



.50 SUSY, where are you?

ATLAS SUSY Searches*

- 95% CL Lower Limits (Status: March 26, 2013)

MSUGRA/CMSSM : O lep +j's + E ...
MSUGRA/CMSSM : 1lep +j's + E ...
Pheno model : O lep +j's + E ...
Pheno model : Olep +j's +E ...
Gluino med. %" (3—qT7 ) : 1lep +j's+E
GMSB INLSP) 2lep (OS) +js+E
GMSB (I NLSP): 1-2t+ s+ E
GGM (bino NLSP) :yy + E:"‘”
GGM (wino NLSP) :y +lep +£ "
GGM (higgsino-bino NLSP) 1y + b + ET""ss
GGM (higgsino NLSP): Z + jets + E ...
_ Gravitino LSP : 'monojet’ + E ;..
%—)bbl 10lep + 3b—;s+E
gotly, : 2 Sé -lep + (0-3b-)j's + £
g—m : 0 lep + multi-j's + £
g—»nx' Olep+3bs+E
- _bb b —>bx Olep + 2-b-jets + E

T.miss

T.miss
L=20.7 fb”, B TeV [1210.1314]

Inclusive searches

T.miss

L=20.7 fb™. 8 TeV [ATLAS-CONF-2013.007) 200

T.miss

gluino
mediated :

3rd gen. :

T.miss
Tomiss

T.miss

B mass

bb, b—)t -2 8S-lep + (0-3b-)j's + E

It (light), by, @ 1121ep (+ bijet) + E

it {medium), t—»bx 1lep + b-jet + E

tt (medlumi t—»bx 2lep+E

it (heavy), t—>t1 1 Iep +b-jet+E

it (heavy). l—;tx 0 Iep +6(2b-)jets + E .
1t (natural GMSB) : Z(—ll) + b-jet + E_ ..
LG Gtz Z(ol) + 1 lep + brjet + £
L5 2lep+ El

x ",x —>Iv(lv) 2lep+E

x ‘otv(v) 2T+ E.

x’x° - ILvlLI(vvs [ I(vv) : 3lep +E-
T, V575 3lep+E

" Direct %, pa|r prod. (AMSE) long-lived ; %
Stable g, R-hadrons : low f3, By

GMSB, stable 7 : low B

GMSB, %, °yG : non-pointing photons

T.miss
T.miss
T.miss
T.miss

T.miss

3rd gen squarks squarks & gluinos

1]
=
Q
S
>
a
[
3
>
2
™

direct production

T.miss
T.miss
miss

T.miss

i Long-lived
particles

LFV: pp—)v +X,V,—e+u resonance
LFV : pp—V +X,V —e(u)+t resonance
B|I|near RPV CMSSM Tlep+7js+E; ...
x x x —»Wg x —eev euv t4lep+E
x‘;(', -y —m:v ew 13 Iep +1t+ Erm”
gd—qqq: 3 -jet resonance pair

g—m Tobs : 2 SS -lep + (0-3b-)j's + E

Scalar gluon 2-jet resonance palr
WIMP interaction (D5, Dirac %) : 'monojet’ +E

T.miss

Other RPV LLP EW

L=207 6.8
55

Tmisg..

% —aqu (RPV) : u + heavy displaced vertex

L=20.7 fb™. 8 TeV [ATLAS-CONF-2013.007)

L=20.7 6", 8 TeV [ATLAS-CONF-2013.037]
L=13.0 fb™, 8 TeV [ATLAS-CONF-2012-167]
L=20.7 fb", 8 TeV [ATLAS-CONF-2013.037]
L=20.5 f™, 8 TeV [ATLAS-CONF-2013.024]
L=20.7 fb”, B TeV [ATLAS-CONF-2013.025]
TeV [ATLAS-CONF-2013-025]
L=4.7 b7 TeV [1208.2884)

L=4.7 b7 TeV [1208.2884)

L=20.7 fb", 8 TeV [ATLAS-CONF-2013.028]
L=20.7 f". B TeV [ATLAS-CONF-2013.035]
L=20.7 f". B TeV [ATLAS-CONF-2013.035]

L=20.7 fb”, B TeV [ATLAS-CONF-2013.036]
L=20.7 fb”, B TeV [ATLAS-CONF-2013.036]

L=20.7 fb™. 8 TeV [ATLAS-CONF-2013-007)
L=4.6 ", 7 TeV [1210.4828)

_ 4306Gev! b mass
tmass  (miz)=55Gev)
160410 Gev. t mass
e t mass
200610 GeV
320-660 GeV

500Gev | [ mass
520Gev. t, mass

v;m) 0)
[TEeseee y mass
180-330 GeV x‘ mass
600 GeV x
315 Gev %' mass

¥, mass

¥l T mass
%, mass

760 GeV x mass

350 GeV X mass

880GeV. J mass
[HeeEETeev  sgluon mass

g =|§ m:-)ssI
G =g mass
g mass
gmass (m@-=<2
g mass
g mass
140Tev. § mass
g mass

{tang < 15)

g mass

gmass  (m{y’)> 220 Gev)
9 mass (mi{H)> 200 Gev}
F ™ scale (m{G) > 10™ ev)
g mass
GeV| J mass
g mass
g mass
(miz) < 120 Gev}
(miz)= 2miz. )

{any miz. )

{m{z_) = 0 GeV,m{3’) = 150 GeV}
{m{%’) = 0 GeV, m{i}m{z’) = 10 GeV}
mass m{i)=0)
tmass (mi)=0)
{miz’) > 150 GeV}
(mit,) = miz") + 180 Gev)

{m@f‘; <10 GeV,m{i§)=

(mu )< 10 GeV,m
mass

g mass

{5 <tanf < 20)
{04 <:(‘/,‘j) <2ns)

ﬁ mass {1 mm<ct<1m,3 decou
V. mass

V‘ mass
=gmass e,

(m(z ) > B0 GeV, X,
g mass

520

{any mit)
{incl. limét from 1110.26493)

M* gcale  (m, <80 GeV, imitof <
LT | |

{m{@ <2 TeV, light))
(mu )< 200 GeV,m{y') = %{mq wmi@)

{tang > 18)
(miz’) > 50 Gev}

(miz") < 200 GeV}

{m{z) < 300 Gev}
{m{z) < 200 Gev}

miz,) s miz,
i) + mi,
l’"U! )= m(z )m(z )= Dm(fv)asahow)

{miz, )'mu J.m{3 ) = 0, sleptons decoupled}
{1 <%, ) < 10 ns)

{4,,70.10. 4, _=0.05}
1,700 2.,
<1 mm)

{miz.)> 300 GeV. .,

ATLAS

TeV, light 3 ) Preliminary

Ldt = (4.4 -20.7) fb"'
fs=78TeV

8 TeV, all 2012 data

»
»

pled)
=005 )

>0)

687 GeV for D8) I
I I I |

10

1

10
Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena shown.
All limits quoted are observed minus 1o theoretical signal cross section uncertainty.

nothing yet; mostly sensitive to strongly interacting gluinos/squarks; mass
sensitivity beyond 1 TeV




If not SUSY, is anybody else around?

ATLAS Exotics Searches*

- 95% CL Lower Limits (Status: HCP 2012)

" Large ED (ADD) : monojet + £, ...
Large ED (ADD) : monophoton + E; ...
Large ED (ADD) : diphoton & dilepton, m..,
UED : diphoton + E; ...
s' /Z, ED : dilepton,m,
RS1: dlphoton &dilepton,m,,
RS1 : ZZ resonance, my,
RS1 : WW resonance, my ,,,,
RS g —tt (BR=0.925) : tt — I+jets,m
KK 1t boosted
ADD BH (M, /M,=3) : SS dimuon, I\lic,, part.
ADD BH (M, /MD =3) : leptons + jets, ¥p
Quantum black hole : dijet, F (m,
qqqq contact interaction :i(m )
qqli Cl: ee &ml,lﬁ
uutt Cl : SS dilepton + jets + E, ...

Extra dimensions

T T T TTTT T T

My (8=2)
ATLAS

M, (5=2)
Preliminary

Ms (HLZ =3, NLO)
Compact. scale R™
My ~
Graviton mass (k/Mp, = 0.1)
Graviton mass (k/Mp, = 0.1)

Graviton mass (k/Mg, = 0.1) J-Ldt = (1.0 - 13.0) fo™!

fs=7,8TeV

Te¥| A (constructive int.)

Z' (SSM) :m
Z' (SSM) :m..
W' (SSM) :my
W' (—tq, g =1): mq
W (= tb, S'EM) im]
W*imy
Scalar LQ pair ($=1) : kin. vars. in eejj, evjj
Scalar LQ pair ($=1) : kin. vars. in pjj, pvijj
~ Scalar LQ palr([s =1) : Kin. vars. in jj, wvjj
4" generatlon t't'— WbWb
4" generation : b'b(T,_ T.,)— WtWt
New quark b’ : bB'— Zb+X, m,
Top partner: TT > tt + A A (dilepton, M 3 L=4.7 b”, 7 TeV [1209.4186)
Vector—llke quark CcC m]‘ (g [L=4.61b".7 TeV [ATLAS-CONF-2012-137)
Vector-like quark : NC,m, [£=461b" 7 TeV [ATLAS-CONF-2012-137]
“Excited quarks :y-jet resonance, m . +
Excited quarks : duet resonance, m
Excited lepton : 7 resonance, m
" Techni-hadrons (LSTC) : dilepton, mee,w'
Techni-hadrons (LSTC) : WZ resonance (vlll), .m_
Major. neutr. (LRSM, no mixing) : 2-lep +jéts
W, (LRSM, no mixing) : 2-lep + jets
H™ (DY prod BR(H™=lI)=1) : SS ee (up), m
H’*(DY prod., BR{H=—ep)=1) : SS ey, m
~ Color octet scall'ar dijet resonance, nfl:_

L=4.7 1b”, 7 TeV [1210.6604)
L=4.7 fb”, 7 TeV [1209.4446)
L=4.7 b, 7 TeV [1209.6593)
L=1.01b", 7 TeV [1205.1016)
L=4.7 b, 7 TeV [1209.4446)
L=1.01b", 7 TeV [1112.4828)
L=1.01b", 7 TeV [1203.3172)
L=4.7 fb”, 7 TeV [Preliminary)
L=4.7 b, 7 TeV [1210.5468)
L=4.7 1b”, 7 TeV [ATLAS-CONF-2012-130)
L=2.01b", 7 TeV [1204.1265)

LQ

. Excit.. New quarks

i ferm. :

Other

£=5.96.1fb”, 8 TeV [ATLAS-CONF-2012-129)

400 GeV  b' mass

249 TeV_ 7' mass
—

14Tev  Z'mass

255Tev. W' mass

W' mass
1137eVv. W' mass
2.42Tev
e60Gev T' gen.LQ mass
e8sGev 2" gen. LQ mass
538Gev 3 gen. LQ mass
656 GeV ' mass
670 Gev D' (Tm) mass

430 GeV

W* mass

483GeV. T mass (m(A ) < 100 GeV)
142Tev. VLQ mass (charge -1/3, coupling ko = v/m,)
(charge 2/3, coupling ko = v/m,)

I* mass (A m(l*))
b o, mass (m(p,Jor) - mix;) = ,)
p, mass (m(p.) = min;) +my, m(a ) = 1.1m(p.))
N mass (m(W_) = 2 TeV)
Wy mass (m(N) < 1.4 TeV)
H;* mass (limit at 398 GeV for pu)
H;* mass

Scalar resonance mas:
| I I | 1 1

*Only a selection of the available mass limits on new states or phenomena shown

10°
Mass scale [TeV]

10

Nope! Multi-TeV sensitivities reached for many models
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Indirect Searches

watching the
Universe




Some of the best places to look

gravitational centres with small astrophysical backgrounds

Sun Core

" Galaxies



WIMP

characteristic emission of high energy particles

Y  gammarays
V,V neutrinos ~ detectable on earth?

p, e anti-matter



* Anti-matter from the Universe

Alpha Magnetic
Spectrometer on




Positron-Anomaly

° AMS-02
o PAMELA
A Fermi

. PRL 110 141102

RN "ooq,
- ' \ expexted flux >\
"Wy e om lc:osmic rays”

B i

« WIMP annlhllaton’?

» Astrophysical source
(close-by pulsar)?

Positron fraction

!




Antiprotons

p/p
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AMS (M. Aguilar o1 al)
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BESS-polar0d (K. Abs o1l
BESS199% (Y. Asaoka o1 al )
BESS2000 (Y. Asaoka o1 al )
CAPRICE1958 (M. Boszo o1 4l ) i f CAPRICE 1994 (M. Boezic «1 al)
CAPRICE1994 (M. Boszio o1 al ) Y CAPRICE 19% (M. Boezio et al)

BESS 2000 (Y. Asoka o1 al)

BESS 1993 (Y. A=acka =1 al)

11 lllllll

BESS-polar 2004 (K. Abe 1 al)

| lllllll

HEAT-pbar 2000({A.S. Beach e1al)

PAMELA

{2} lllllll

PAMELA

10—6 | lllllll 1 1 lIllllI | 1 lllllll 1
10 102
kinetic energy [GeV]

llllI Il llllllll 1 L Illllll 1 Illlllll

10" 1 10 102 1
kinetic energy [GeV]

PAMELA Coll., PRL 105, 121101 (2010)

Compatible with cosmic ray propagation models




Neutrinos from dark matter annihilation
Most sensitive for m, 2 100 GeV: IceCube / Deep Core (/ PINGU)

Ln———_

IceTop .
80 stations, each with == ! ' |
lceCube .2 IceTop Cerenkov detector tanks H : _KQla oskKi I
/" 2 optical sensors per tank e | oS
= laboratory % = ~ 320 optical sensors o I |U| Nnoo :

. 50m S T ~ University
= (164 ft) IceCube array o ;
- 86 strings including 6 DeepCore strings

/60 optical sensors on each string

" 5160 optical sensors

Amanda Il array
(precurser to IceCube)

Al i I . DeepCore
(4760 ft) S __ 6 strings-spacing optimized for lower
.y ’ -~ energies, 360 optical sensors

- ~ Eiffel Tower

(ggfgfr:; -324 m (1063 ft)

W J

| 2820m
(9250 ft)

e A
W



Neutrino
detection

Cherenkov
light

detector In
ice / water

interaction
*,\
S

~
~
~
~
~
~

neutrino



WIMP annihilation in
the core of the der Sun




Age 4.5x10° y = equilibrium capture vs annihilation rate

GXP

Gannv
Neutrino flux depends on



lceCube beats direct searches in high mass region
for spin dependent proton WIMP scattering

— XENON100 limit (2013)
+ 26 expected sensitivity
1+ 10 expected sensitivity

proton |

Nl"—'l
=
O,
=
O
-+—
(&
()
n
(7))
n
)
S
(5]
c
@)
—
(@)
-
T
al
=
() -39
(@p]

10

10_40.' S
1
XENON100 Colfl° 5
PRL 111, 021301 (2013) WIMP Mass [GeV/c"]




Gamma Rays from dark matter annihilation

wee,

Veritas




We are (un)lucky: the gamma ray
sky Is crowded; great astrophysics!

Look for regions with high DM
density but low astrophysical
gamma ray activity

Emission along the Galactic Plan

Mystery Source HESS J1745-303

Galactic centre emission, H.E.S.S. Galactic centre, H.E.S.S.

1011

power law

'l I TTTTTT

H
.

o ,,_%_ —
S e

Look for weird spectral

$
—e— 2004 (H.E.S.S.
S.S.

o 2003 (HE /4 shapes, cut-offs ...
-~ 70% bb, 30% T'T . ,ll}‘i L

fragmentation of
quarks

)
)

I T TTTITT

E? x dN/dE (TeV cmi® s™)
o

—
S
@
TTT]

Energy (TeV)




...or look for the
smoking gun:
a line / a bump

Rg3 sotm(m E 129.4 GeV

loops in
here!

50 | Signa It (k (4.5 )al

p—\i] 2=0.51, Xoq = 20.1/21

| C. Weniger o
JCAP 1208 (2012) 007

T
8(.5-)()’4 G \ .

Fermi data -




How to compute expected signal fluxes?

* Interaction volume “tested” in dt
dV = G(V)V dt
» Annihilation probability in dt in V
v X
dp=7=G(V)th/V O

o Annihilatlon rate in V target rest

)¢

projectile

large
volume V

['=—-= G(V)V/V system

* Total annlhllatlon rate in V

F —

1
tot V

X E s(v)v = %(;\<GV>

targets, projectiles

# target-projectile pairs




How to compute expected signal fluxes?

e Total annihilation rate in V
— 1
' =+ C<GV>

* Number of pairs

tot

projectile

Lo !

target rest large
system volume V

= J




How to compute expected signal fluxes?

2

I
PET ; 2 <GV>

'V vm,

‘L 104E
y E

10°E

08) BM4
sitsiomi et al. (2002)
rgstrom et al. (1998)
2 E \
d F D d N v y | 1 K

Y

_ <GV> 10°" 0.1 020304 0506 07 08 03" ;
dVdE vm’> dE hilati
Y photon spectrum per annihilation

« known well from particle physics
but how much do we * but depends on branching ratios

see in the detector ?




How to compute expected signal fluxes?

dr,  p* dN,

Y

dVdE ) vmi dE

(ov)

* rate seen by detector

dT, = -2dT,

 detected gamma ray flux from dV detector

dp _1dr,, 1 p° dN,
dE A dE 4ns’ vim, dE

<GV> dV




How to compute expected signal fluxes?
dp 1 p> dN

! <GV> dV dV = s*dsdQ

dE  4ns? vmi dE

“point” source

ield-of-view atdistance s

do 1 GV dN ,
ds dQ2
dE  4n vm, dE ff >

fov, los




Astrophysical Factor

] <GV> dN, ,
4t vm; dE ff prdsds

£ Astrophysical
Particle physics factor

factor
J

P 2 5 2 5
Units: [J]_ M@kpc =4.45TeV-°cm

. fdQ: to be folded with angular resolution of detector (psf)

« Good targets have large J and small astrophysical backgr.




Candidate 1: Dwarf Galaxies (DG)

Leol Leoll

‘ §culptor
» Dwarf
Fornax Dwarf

NGC 6822 +

Phoenix Sagittarius |
Dwarf Dwarf ¥

@ 2005 Astronomy

~25 DGs are known

very old objects

large mass/luminosity ratio
dark matter dominated (little
gas/dust, no star forming
activity) Mgy ~ 10°—
108 M,

close-by (~ 10 kpc)

compact (~ 1 kpc)

DM density (= J factors)

from stellar kinematics
(velocity spread)




Fermi result from stacking analysis
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Upper limits, Joint Likelihood of 10 dSphs
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' Fermi-LAT Coll., PRL 107, 741302 (2011)

10*

102
WIMP mass [GeV]

<GV> ~3x10°cm’ /s

10°




Candidate 2: Milky Way Halo

. ’ . e : ; ; .
T e st i—————etis g

Milky Way Halo




Depends on assumed slope of DM density profile

-~
~

4
IOE

Source region

Background region

- Einasto

===NFW

o
=
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== [sothermal
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GaIaCtiC 10-] 1 1 IIllll S 1 llllII 1 b1 lllll
Centre 10~ 10~ I 10




Very competitive with DGs in high mass range:

1 0-22

1 0-23

—
1

o

=

[
t

<

=

7
o

=
3)

e
A
>
©
V

s Einasto (this work)

mmm NFW (this work)

—— = Sgr Dwarf
Willman 1

= = [Jrsa Minor

= = Draco

L1 1 I 1 1 L1 1 I 1
107! |
m,, [TeV]

H.E.S.S. Coll., PRL 106, 161301 (2011)




Dark Matter:

> Why ? Overwhelming evidence
> \What ? A WIMP — the optimistic view

> Where and how ? The threefold way

Good Luck!




