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Evidence for the existence of an unseen, “dark”, component in the energy density of
the Universe comes from several independent observations at different length scales
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What do wg Rnow?

An extraordinarily rich zoo of non-baryonic Dark Matter candidates! In order to be considered
a viable DM candidate, a new particle has to pass the following 10-point test

5) Stars OK?

-

6) Collisionless? 7) Couplings OK? 8) y-rays OK?
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Relic Density of DM

The evolution of any component of the Universe can be
described by a Boltzmann equation

that connects the evolution of phase space (Liouville

operator) with the interactions of the system (Collision
operator).

We can apply it to reactions relevant for DM particles



Relic Density of DM

In this case the Boltzmann equation
reduces to
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mi T [Ka(my /T))’ The “relic” density of DM, normalized
to the critical density turns out to be
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Relic Density of DM

Relic Density constraints on the mass of the WIMP

20GeV < m, < 120TeV

Lee-Weinberg Limit Unitarity Bound
B. W. Lee and S. Weinberg, S. Weinberg, 1995, The Quantum
Phys. Rev. Lett. 39, 165 (1977) Theory of Fields Vol 1, Cambridge

University Press.

K. Griest and M. Kamionkowski,
Phys. Rev. Lett. 64 (1990) 615

This is why we will discuss gamma-rays, O(100) GeV anti-matter and neutrinos etc...
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where s = 4p.g + 4m2, g; is the number of internal degree of freedom
(statistical weight factor) for the i-th coannihilating particle, and
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3) Neutral

ChaMPs, SuperChaMPs, Milli-charged, etc..

Figure 3: Excluded regions in the mass-charge plane for
milli-charged particles. The constraints are relative to: RD
plasmon decay in red giants; WD plasmon decay in white
dwarfs: BBN big bang Nucleosynthesis: SN Supernova 1987A:
AC accelerator experiments; SLAC SLAC millicharged par-
ticle search; L Lamb Shift: Op invisible decay of ortho-

positronium; DM Dark Matter searches. From Ref. [143].
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Rnow?

An extraordinarily rich zoo of non-baryonic Dark Matter candidates! In order to be considered
a viable DM candidate, a new particle has to pass the following 10-point test
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3) Is it neutral?

6) Collisionless?

7) Couplings OK? 8) y-rays OK?
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4) Is BBN ok?

5) Stars OK?

-

9) Astro bounds? 10) Can probe it?
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(Credit: X-ray: NASA/CXC/CfA/M.Markevitch et al.; Optical: NASA/STScl; Magellan/U.Arizona/D.Clowe et al.; Lensing Map: NASA/STScl; ESO WFI; Magellan/U.Arizona/D.Clowe et al.)
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(Credit: X-ray: NASA/CXC/CfA/M.Markevitch et al.; Optical: NASA/STScl; Magellan/U.Arizona/D.Clowe et al.; Lensing Map: NASA/STScl; ESO WFI; Magellan/U.Arizona/D.Clowe et al.)



6) CONSTRAINTS ON SELF-INTERACTIONS X-SECTION
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Fig. 2.— Close up of the subcluster bullet region, with the DM (blue) and galaxy (red)
centroid error contours overlain. The contours show the 68.3% and 99.7% error regions. The
left panel shows the X-ray Chandra image, while the right shows the optical HST image.

RANDALL ET AL. 2007
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NATURAL CANDIDATES
Arising from theories addressing the

stability of the electroweak scale etc.

e SUSY Neutralino
e Also: LKP, LZP, LTP, etc.

AD-Hoc CANDIDATES
Postulated to solve the DM Problem

e Minimal DM
e Maverick DM
® efcC.
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PHYSICS BEYOND THE SM

There are good reasons to believe that “new physics” should appear
at ~TeV energies

- Divergences in loop corrections to Higgs boson mass

2 2)

mp — Mg

- Hierarchy problem (why Egw is not Ep)
- Unification of all interactions at high E
- Extra-dimensions suggested by String Theory

- Dark Matter!

Supersymmetry, in particular, is an exciting possibility addressing
almost all points.

Extra-dimensions also very popular.



BEYOND THE STANDARD MODEL

THE STANDARD MODEL PROVIDES AN ACCURATE DESCRIPTION OF ALL KNOWN PARTICLES AND INTERACTIONS,
HOWEVER THERE ARE GOOD REASONS TO BELIEVE THAT THE STANDARD MODEL IS A LOW-ENERGY LIMIT OF A
MORE FUNDAMENTAL THEORY

TO EXPLAIN THE ORIGIN OF THE
WEAK SCALE, EXTENSIONS OF THE
STANDARD MODEL OFTEN
POSTULATE THE EXISTENCE OF
NEW PHYSICS AT ~100 GEV

ON THE LEFT, SCHEMATIC VIEW OF
THE STRUCTURE OF POSSIBLE
EXTENSIONS OF THE STANDARD
MODEL

ENERGY
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BEYOND THE STANDARD MODEL

MINIMAL SUPERSYMMETRY

Basics

e A new symmetry that mixes internal (color,
isospin, flavour, etc.) and spacetime (rotation,
translation, boost) symmetries

® Relates Bosons to fermions (in fact, associates
them in 1-to-1 correspondence)

Q|fermion) = |boson):  @Q|boson) = |fermion)

® Addresses stability of Higgs mass, unifications
of interactions

® Provides DM candidates!



BEYOND THE STANDARD MODEL

MINIMAL SUPERSYMMETRY

Standard Model particles and fields Supersymmetric partners
Interaction eigenstates Mass eigenstates
Symbol Name Symbol  Name Symbol  Name
q=d,c,b,u,s,t quark JL. 4R squark q1. 42 squark
l=epn,T1 lepton 1, g slepton I, l> slepton
V = Ve,Vyu, Vr neutrino v sneutrino % sneutrino
gluon ( gluino g gluino
W-boson 1% wino
Higgs boson ' higgsino chargino

Higgs boson B higgsino

B-field bino

W3_field i/ wino

nggs boson ] . . ) : .2.3.2 neutralino
Higgs boson lli'lggS%no

Higgs boson higgsino

+MASS OF SUSY PARTNERS # MASS OF SM PARTICLES =
SUSY MUST BE BROKEN AT SOME ENERGY

+SUSY BREAKING TERMS CONTAIN A LARGE NUMBER OF FREE
PARAMETERS, SO THAT THE WHOLE THEORY HAS ~120 FREE
PARAMETERS — A NIGHTMARE FOR PHENOMENOLOGY!!

+ FORTUNATELY, NOT ALL PARAMETERS ARE RELEVANT FOR
DM, AND FURTHERMORE, THE NUMBER CAN BE DRASTICALLY
REDUCED UNDER “SIMPLIFYING ASSUMPTIONS” (E.G. NO
FCNC, UNIVERSALITY OF MASSES, ETC.)



BEYOND THE STANDARD MODEL

MINIMAL SUPERSYMMETRY

+TO FORBID INTERACTIONS LEADING TO FAST PROTON DECAY,
IMPOSE CONSERVATION OF R-PARITY

+(WHERE B, L AND S ARE THE BARYON NUMBER, LEPTON
NUMBER AND SPIN)

+UNDER THIS DEFINITION, ALL SM PARTICLES HAVE R=1 AND
ALL SUSY PARTICLES HAVE R=-1

+THIS NEW SYMMETRY PREVENTS THE DECAY OF THE LIGHTEST
SUSY PARTICLES (LSP) INTO SM PARTICLES

+THE LSP IS THEREFORE STABLE OVER COSMOLOGICAL
TIMESCALES!



THE LIGHTEST NEUTRALINO

IS THE LIGHTEST SUSY PARTICLE IN MANY “INCARNATIONS” OF SUSY SETUPS.

M, 0 —myz cos 3sin by, myzsin 3sin Oy,
§) Mo myz cos (3 cos HH-' —myz sin (3 cos HH'
J\/lXO = —mz cos Fsin by, myz cos 3 cos by, 0 — 1L
myzsin Fsinfy, —myzsin 3 cos by, — I ()

MT1: Bino mass

M2: Wino mass

Y: Higgsino mass parameter

tanf: ratio of VEV of the two Higgs

diag  A7# o v = - I7 T > T 5
,»"\/lxt)a = N"M,oN : \0 = N11B + N12W? + NisH; + N1aHo




BEYOND THE STANDARD MODEL

A Neutralino Mass Eigenstates

In the Minimal Supersymmetric Standard Model (MSSM), the neutral elec-
troweak gauginos (B, W?) and higgsincs (H{, HY) have the same quantum mum-
bers and, therefore, mix into four mass eigenstates called neutralinos. The neu-
tralino mass matrix in the B-W3-H?-HY basis is given by

M, 0 My cos3sindy, MysinfGsing,,
0 'vf'.‘ 5!/ (.‘CGJ cos 8“' - .'v!,‘l, sin 3 cos 9“-
Mz oossinfy, Mz cos Goos 8y 0 v

Mz sin fsinf, —Mzsinfoosé, 7 0
(146)
where M, M2 and g are the bino, wino and higgsino mass parameters, respec-
tively, By s the Weinberg angle and tan @ is the ratio of the vacuum expectation
values of the Higgs hosons. This matrix can be diagonalized by the matrix, N.

M =N'MoN. (147)

My =

The masses of the four mass eigenstates are then given by [207, 62]
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where ¢; &= the sign of the ith eigenvalue of the neutralino mass matrix, and

o e 2
(MsMa — MZ —u?) — (M1 + Ma)?,
L
3
+(M, 00?8, + Mysin? 0, )M32 + pM32sin23, (153)
(M, 0082 8, + Mysin® 0, )M 2 sin 28 — M, M,p?

(M) + M2)* + %.; M + Ma)(MyMaz — M3 — p?) + (My + Ma)u?

~%:'.'J. + M2)I(My + Ma)u® + (M) cos® Oy + Masin® 8y )M32 + pM 3 sin 2]

1 et 2 | SN " <l
FrpM oMy — M3 — ) (M, + My)? — (M 4 My)*, (154)

r 1/%

S+ .-.;1),:27)'-"2] '

; 12 40, s=-2-2c2+3ca.  (136)
e cR e e B s R S

The four masses above are not generally in the order M, < Mo < M, < M, s,
although it is conventional to relabel the states, from 1fi'[:,l’n(-st to heaviest.
The mixing matrix, N, is then given by [207, 62]
i M - r..'vfl"l
5 tané, Ma ""'!1'] 3
plMa - r..'v!’_n‘)]'.'vfg (""!15- — M3 sin 8 oos 3|(My — Ma) cos® By + M2 '--"fx’fl
.'v!zl.'v!g G‘.lvll[‘ ] ﬂ-n fj“. [ "[J C(E‘.‘i‘ + f‘l ."!I'l Sin ;]I )

(158)
€M, [M — ;Moo [M; — e;M,o] — M} cos? F[(M; — Ma) cos?6y, + My — e M, 0]
Mz[Mz — e;M, 3| sin Oy [—p cos § + M, = sin ] '

(159)

[ (Na\? (Na\? (Na\
va= |1+ (55) +(32) *(w)]

The lighest neutralino (y{) is a mixture of gauginos and higgsinos:

) = NuyB + NaW? + Nya H? + NuH?.
The gaugino fraction of x| is deflned as
fo = Ny + Niz
and its higgisino fraction as

fu - N:.B:r t -'Vl"‘c-




BEYOND THE STANDARD MODEL
CMSSM

e Unification of the gaugino masses

Mi(My) = M2(Mv) = M3(Mvu) = mq2

e Universal scalar [sfermion and Higgs boson] masses

My(My) = Mz, (My) = M; (My) = M;(My) = M;_(My)

= My, (My) = My, (My) = mg

e Universal trilinear couplings:

Au(My) = Ag(My) = Al(My) = Ao

only 4 (continuous) + 1 (discrete) parameters left!

mye , mo , Ao, tanf3, sign(p)

where tanf is the ratio of the vacuum expectation
values of the two Higgs fields and p is the higgsino
mass parameter.



BEYOND THE STANDARD MODEL
CMSSM
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The renormalization-group evolution of the mass parameters in the CMSSM, assuming
m1/2 = 250 GeV, m0 = 100 GeV, tan =3, A0 =0, and p < 0. Fig by



BEYOND THE STANDARD MODEL
CMSSM

m, =114 GeV

I : il
500 1 1500 1 1500 2000
%, %)

Figure 3. Representative regions of the CMSSM parameter space. The blue regions
predict a neutralino density consistent with the measured dark matter abundance. The
shaded regions to the upper left and lower right are disfavored by the LEP chargino
bound and as a result of containing a stau LSP, respectively. The LEP bound on the
light Higgs mass is shown as a solid line (m;, = 114 GeV). The region favored by
measurements of the muon’s magnetic moment are shown as a light shaded region (at
the 30 confidence level) [31]. In each frame, we have used Ap = 0 and g > 0. (Figures
generated by Gabriel Caceres, using the package DarkSUSY [29].)




BEYOND THE STANDARD MODEL
(UNIVERSAL) EXTRA DIMENSIONS

1 - Our extra dimension is a circle (S1)
- Wave functions of any states to be periodic
- - Mathematically, a “particle-in-a-box” problem

- - 5th component of Momentum is quantized in
units of 1 / R

=4 - To an observer unaware of the extra-dimension,
~ non-zero momentum states will appear as
massive

- KK-parity plays the role of R-arity here, and
makes the LKP stable



BEYOND THE STANDARD MODEL
(UNIVERSAL) EXTRA DIMENSIONS
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Figure 4. The thermal relic abundance of KK dark matter (B(1)) without the effects
of any other KK species (solid line) and including the effects of KK leptons 5% and 1%
heavier than the LKP (dashed and dotted lines). Shown as a horizontal band is the
measured dark matter abundance [6]. Adapted from Ref. [37].




The Standard Model provides an accurate description of all known particles and interactions, however there are good
reasons to believe that the Standard model is a low-energy limit of a more fundamental theory

NEW THEORY
(SUSY, EXTRA-

STANDARD

MODEL
PARTICLES

DIM, ETC.)
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To explain the origin of the weak
scale, extensions of the standard
model often postulate the existence of
new physics at ~100 GeV

On the left, schematic view of the
structure of possible extensions of the
standard model






1.Status

g
2.Complementarity
3.Interplay with Astrophysics
4.1dentification
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WHERE DO WE STAND?

WE HAVE BUILT (ARE BUILDING) EXPERIMENTS TO SEARCH FOR DARK
MATTER, AND WE HAVE BEEN MAKING PREDICTIONS FOR DECADES
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WHERE DO WE STAND?

WE HAVE BUILT (ARE BUILDING) EXPERIMENTS TO SEARCH FOR DARK
MATTER, AND WE HAVE BEEN MAKING PREDICTIONS FOR DECADES

WE ARE GETTING READY TO SOLVE THE “INVERSE PROBLEM” (AND HOPING
THAT THERE WILL BE A PROBLEM TO SOLVE..!)

A'A,

W vy



A classic view of the Galaxy




FORMATION OF STRUCTURES

SPHERICAL COLLAPSE

OVERDENSE REGION INITIALLY FOLLOW
EXPANSION OF THE UNIVERSE

TURNAROUND: EXPANSION REACHES A
MAXIMUM ') ; i

\ lg

G :n ;f#-’z; A
FOR PERFECT SPHERICAL SYMMETRYy}"F{Wci e
COLLAPSE TO A POINT (ON A FREE%‘Ié.ﬁ{.‘i?‘ |
TIMESCALE. ALL POINTS REACH THE/CENTER

ROy
THE SAME TIME) ’# B

“VIRIAL EQUILIBRIUM?” ‘g‘}‘"
2K+ W =0

BETWEEN KINETIC AND GRAVITATIONAL ENERGY

WE SHOULD NOW INTRODUCE MASS FUNCTIONS, THE PRESS-SCHECHTER FORMALISM
(ALONG WITH THE ‘EXTENDED’ VERSION), HALO MODELS ETC.
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How IS DM DISTRIBUTED INSIDE THE GALAXY?

/snirenbe/ep-ddw-sulydsed-edw mmm,//:dny

ical

in full cosmolog

ized halos at z=0, re-simulated from halos
context , to achieve resolutions up to 160 / 224 million particles within r_200.

-Way s

118%

Six M



http://www.mpa-garching.mpg.de/aquarius/
http://www.mpa-garching.mpg.de/aquarius/

- A modern view of the Galaxy




RECONSTRUCTED DENSITY PROFILES
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Figure 4. Spherically averaged density profile of the Aq-A halo
at z = 0, at different numerical resolutions. Each of the pro-
files is plotted as a thick line for radii that are expected to be
converged according to the resolution criteria of Power et al.
(2003). These work very well for our simulation set. We continue
the measurements as thin solid lines down to 2¢, where € is the
Plummer-equivalent gravitational softening length in the notation
of Springel et al. (2001b). The dotted vertical lines mark the scale
2.8 ¢, beyond which the gravitational force law is Newtonian. The
mass resolution changes by a factor of 1835 from the lowest to the
highest resolution simulation in this series. Excellent convergence
is achieved over the entire radial range where it is expected.
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Figure 5. Local logarithmic slope of the density profiles as a func-
tion of radius for the Aq-A halo simulated at different numerical
resolution. Only the radial region that should be converged ac-
cording to the criteria of Power et al. (2003) is shown. Note that
the large fluctuations in the outer parts are caused by substruc-
tures but nevertheless reproduce well between simulations. In this
regime, we expect significant halo-to-halo scatter.

SPRINGEL ET AL. 2008




RECONSTRUCTED DENSITY PROFILES
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SUBSTRUCTURES
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Figure 6. Differential subhalo abundance by mass in the ‘A’ halo
within the radius r5o. We show the count of subhalos per logarith-
mic mass interval for different resolution simulations of the same
halo. The bottom panel shows the same data but multiplied by a
factor .»\!3”b to compress the vertical dynamic range. The dashed
lines in both panels show a power-law dN/dM ~ M 7. For each
of the resolutions, the vertical dotted lines in the lower panel mark
the masses of subhalos that contain 100 particles.

Subhalo mass function

with n=1.9-2.0. The total density receives two
contributions

Ptot (’) — /)sm("') =1 /)snl)("')

Rvir
o / drr* Prot(T) = Muw
0

and the distribution of subhalos is “anti-
biased” with respect to the smooth component

Prot(T) = (1

P fsnl)) Al.\]\\" ,(/sm("') o g fsul) 1\1.\1\‘\"' ,(/.s'llb("')

.(/sul)("') =K "'.(/sm(r)




SUBSTRUCTURES
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Figure 7. Expected mass fraction in subhalos as a function of the limiting mass M;,,,. inside rzp (top curves) and inside 100 kpc (bottom
curves). The solid thin lines show an extrapolation of the direct simulation result with an n = —1.9 power-law for the differential subhalo
mass function. In this case, the total substructure mass converges at the low-mass end. The dotted lines show the prediction for the
logarithmically divergent case, n = —2. In this case, we would expect the mass in substructures down to an Earth mass (vertical
dashed line) to be about twice what we can resolve directly. This mass is a reasonable estimate for the thermal free-streaming limit in
many supersymmetric theories where the dark matter particle is a neutralino. However, the parameters of these theories are sufficiently
uncertain that the thermal limit could lie as low as 10712 M. Even in this case, the lumpy component of the halo would still be
subdominant within rgp, and would be a small fraction of the total mass of 9.32 x 101! M within 100 kpe.

SPRINGEL ET AL. 2008
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PRINCIPLE AND DETECTION TECHNIQUES

ADAPTED FROM BAUDIS 2007
/ : COUPP.
DETECTOR PICASSO

CDMS CRESST
EDELWEISS Wil m ROSEBUD
J DAMA, LIBRA,
N _ XMASS, CLEAN,
Y HDMS, DRIFT, KIMS
——— . GERDA

ZEPLIN, XENON,
WARP, ArDM

DM SCATTERS OFF NUCLEI IN DETECTION OF RECOIL ENERGY VIA
THE DETECTOR

IONIZATION (CHARGES), SCINTILLATION
(LIGHT) AND HEAT (PHONONS)
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DIFFERENTIAL EVENT RATE

dR L0

-
dER( 7) My M N

U>Umin

SUSY: SQUARKS AND HIGGS
EXCHANGE

UED: 1ST LEVEL QUARKS AND
HIGGS EXCHANGE

THEORETICAL UNCERTAINTIES

ELLIS, OLIVE & SAVAGE 2008; BOTTINO
ET AL. 2000; ETC.

UNCERTAINTIES ON F(V)

LING ET AL. 2009; WIDROW ET AL. 2000;
HELMI ET AL 2002
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LOCAL DENSITY

DYNAMICAL CONSTRAINTS ULLIO & CATENA 2009

¥ TERMINAL VELOCITY OF GAS CLOUDS

"3

———————————————————————_ . ————— - ——

+BLUE HORIZONTAL-BRANCH (BHB) HALO
STARS FROM THE SDSS

+ ESTIMATES OF OORT’S CONSTANTS

+MOTION OF STARS PERPENDICULAR TO
THE GALACTIC PLANE

O.C; 0.4 0.5
Pou(R,) [GeVem~2?]

+VELOCITY DISTRIBUTION OF MW
See e ppa(Ro) = 0.389+0.025 GeV em ™3

CONSTRAINTS ON M(<R) -> CONTRAINTS ON (Qx

SEE ALSO STRIGARI AND TROTTA 2009; WEBER
AND DE BOER 2009; SALUCCI ET AL. 2010;
GARBARI, LAKE & READ 2010
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http://www.ucolick.org/~diemand/vl/images.html
http://www.ucolick.org/~diemand/vl/images.html

TRIAXIAL HALOS

PATO, AGERTZ, GB, MOORE, TEYSSIER, MOORE 2010

z=0.0
MOMENT OF INERTIA TENSOR
ROTATION AXES
(A,B,C)
80 kpc




Modulation of PM density

AT FIXED GC-DISTANCE (PATO, AGERTZ, GB, MOORE, TEYSSIER, MOORE 2010)

R = 815 KECH

PATO, AGERTZ, GB, MOORE, TEYSSIER, MOORE 2010
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UNCERTAINTIES ON THE LOCAL DENSITY

“STATISTICAL” “SYSTEMATIC”

6PAT(), AGERTZ, GB, MOORE & TEYSSIER 2010
x10

simulation without baryons
orthogonal to minor axls

ULLIO & CATENA 2009

03 0.4 0.5
PoulRy) [GeVem-2]

1.01 — 1.41R78=FN: 321Nt

0.39 — 1.94 g1\ ReINIRY

FROM DYNAMICAL OBSERVABLES (SEE
ALSO STRIGARI & TROTTA 2009)

po = 0.466 = 0.033(stat) + 0.077(syst) GeV cm™>
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VELOCITY DISTRIBUTION

_‘__u.z) i l]k- T k=[0.5,3.5]
sl o — [200,260] km s
RSN V.. (489, 577] km s

0 150 300
v [km s7]
VOGELSBERGER ET AL. 2009




DIRECT DETECTION

95% C.L. CONSTRAINT ON THE RECONSTRUCTED DM MASS

~25 kg of Ge, 1 yr

~150 kg of Ge, 1 yr

~10° kg of Ge, 1 yr

o0 100

ADAPTED FROM GREEN 2008 m!" (GeV)




Complegmentarity of PP targets

p,=0.4 GeV/em’, v, =544 kms, v, =230 kms, k=1

. Xe+Ge+Ar
* DM benchmarks

target Neut ANR €efs [tonXyr| Eipr keV ;) keV| background events/eqss
Xe 5.0 0.8 0.5 2.00 oA
Ge 3.0 0.8 0.9 2.16 _ <
Ar 10.0 0.8 0.8 6.40 =l




Complegmentarity of PP targets

p0:0.4i0 1 GeV/cms, vesc:544i33 km/s, v0:230i30 km/s, k=05-35

B xe
| IXe+Ge

| iXe+Ge+Ar
e DM benchmarks .7

Pato, Baudis, GB, Ruiz, Strigari, Trotta, arXiv:1012.3458



WHEN YOU SEE CONTOURS OR
EXCLUSION PLOTS, ALWAYS

MAKE SURE YOU UNDERSTAND
WHAT THE UNDERLYING
ASTROPHYSICAL MODEL IS!




DIRECT DETECTION

BETTER CONSTRAINTS COMBINING RESULTS FROM
DIFFERENT TARGETS

0° 10 10t 10t 107 10t

counts / kg day

THE CASE OF COUPP. GB, CERDENO, COLLAR & ODOM 2007



DIRECT DETECTION

BETTER CONSTRAINTS COMBINING RESULTS FROM
DIFFERENT TARGETS

107 10°  10° 10* 100 107 107

counts / kg day
THE CASE OF COUPP. GB, CERDENO, COLLAR & ODOM 2007

| OR COMBINE WITH INFORMATION FROM ACCELERATORS... \




