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cvidgneg for Park Matter

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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GOidQn cg jor Park Maffzr

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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DARK MATTER



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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m°] (normalised to nucleon)

Cross-section [cr

WIMP Mass [GeV/c']

TAOSO, GB & MASIERO 2007
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WIMPs

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.

+ AXIONS
Postulated to solve the strong CP
problem

+STERILE NEUTRINOS

+SUPERWIMPS

Inherit the appropriate relic density
from the decay of the NTL particle of
the new theory

+WIMPLESS

Appropriate relic density achieved by
a suitable combination of masses and
couplings




WIMPs

NATURAL CANDIDATES
Arising from theories addressing the

stability of the electroweak scale etc.

e SUSY Neutralino
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Direct Detection Indirect Detection
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Indireet Detect

WHY ‘“ANNIHILATIONS”?

X = DARK MATTER SM = STANDARD MODEL PARTICLE
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Particle physics input from extensions of the
Standard Model. Need to specify distribution of
DM along the line of sight.

Electroweak-scale cross sections can reproduce
correct relic density.




2 kpc

Agertz et al. (2009)









http://fermi.gsfc.nasa.gov/ssc/first_light_allsky.jpg
http://fermi.gsfc.nasa.gov/ssc/first_light_allsky.jpg
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Fermi null searches set an upper limit on the gamma-ray flux from Dwarf Galaxies

Upper limits jrom Pwarfs

Upper limits, bb channel

o 3x10°% - Draco -~ - Sextans
dN Bootes | - Fornax = - Ursa Major ll
q) Q E ~ = <JV> 2 f Q dg - - Carina Sculptor - Ursa Minor
i ( ; i) —- P ( 3 ) Coma Berenices Segue 1 === Joint Likelihood, 10 dSphs
dE; 8tm?2 s
1 me los

Compare with Fermi upper limit

Drmax~10"1Y photons cm= s

WIMP cross section [cm? /s]

(above 1 GeV)

With conservative estimates of

the l.o.s. integral WIMP mass [GeV]

FIG. 1 (color online). Derived 95% C.L. upper limits on a
WIMP annihilation cross section for all selected dSphs and for
the joint likelihood analysis for annihilation into the bb final
state. The most generic cross section (~ 3 X 107%% cm®s~! fora
purely s-wave cross section) is plotted as a reference.
Uncertainties in the J factor are included.

ACKERMANN ET AL. (FERMI-LAT COLLABORATION)
PRL 107 (2011) 241302; ARXIV:1108.3546



THE 130 GEV LINE

from Dark Matter Annihilation : —
at the Fermi Large Area Telescope Signal counts: 68.7 (4.590) 80.5 - 208.5 GeV

p-value=0.51, y2,=20.1/21

A Tentative Gamma-Ray Line Reg3 (SOURCE), E. =129.4 GeV
: . . ,
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Christoph Weniger

Max-Planck-Institut fiir Physik, Féhringer Ring 6, 80805 Miinchen, Germany

E-mail: weniger@mppmu.mpg.de

o
o

Abstract. The observation of a gamma-ray line in the cosmic-ray fluxes would be a smoking-
gun signature for dark matter annihilation or decay in the Universe. We present an improved
search for such signatures in the data of the Fermi Large Area Telescope (LAT), concentrating
on energies between 20 and 300 GeV. Besides updating to 43 months of data, we use
a new data-driven technique to select optimized target regions depending on the profile
of the Galactic dark matter halo. In regions close to the Galactic center, we find a 4.60
indication for a gamma-ray line at E, =~ 130 GeV. When taking into account the look-
elsewhere effect the significance of the observed excess is 3.2¢0. If interpreted in terms of
dark matter particles annihilating into a photon pair, the observations imply a dark matter
mass of m, = 129.8 = 2.4 t{u GeV and a partial annihilation cross-section of (0v),y_\y =
(1.27 £ 0.327035) x107%" cm® s~ when using the Einasto dark matter profile. The evidence
for the signal is based on about 50 photons; it will take a few years of additional data to
clarify its existence.
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THE 130 GEV LINE

vy upper limit (95%CL)
vy detection (50)
vZ+7y [ yy discr. (20)
IB / ~y discr.(20)

signal-to-background 1%
|

10°

m, [GeV]

Bergstrom, GB et al. http: df/1207.6773.pdf



http://arxiv.org/pdf/1207.6773.pdf
http://arxiv.org/pdf/1207.6773.pdf

THE 130 GEV LINE

vy upper limit (95%CL)
vy detection (50)
vZ+~y [ vy diser. (20)
IB / ~y discr.(20)

signal-to-background 1%
|

10°

m, GeV]

Bergstrom, GB et al. http: df/1207.6773.pdf
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THE 130 GEV LINE

GAMMA-400

I

vy upper limit (95%CL) :
vy detection (50)

vZ+yy [ vy discr. (20)
IB / vy discr.(20)

Bergstrom, GB et al. http: df/1207.6773.pdf
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Pirect Petection

PRINCIPLE AND DETECTION TECHNIQUES

ADAPTED FROM BAUDIS 2007

/ COUPP,
DETECTOR PICASSO

CDMS CRESST
EDELWEISS Wi m ROSEBUD
RS DAMA, LIBRA,
N L a ' XMASS, CLEAN,
X HDMS, DRIFT, BAEE | KIMS
................................................................................ GERDA UL LR

SPRl ZEPLIN, XENON,
Pl \WARP, ArDM

DM SCATTERS OFF NUCLEI IN DETECTION OF RECOIL ENERGY VIA
THE DETECTOR IONIZATION (CHARGES), SCINTILLATION

(LIGHT) AND HEAT (PHONONS)




Pirect Petection

DIFFERENTIAL EVENT RATE

dR L0

- el
dER( 7) My NN

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



Pirect Petection

STATUS
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XENON100 2012 DarkSide-50 (goal)

XENONIT (goal)
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Adapted from Baudis (Darwin Collab.) [arXiv:1201.2402]



Pirect Petection

LOCAL DENSITY

DYNAMICAL CONSTRAINTS ULLIO & CATENA 2009

¥ TERMINAL VELOCITY OF GAS CLOUDS

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

+ ESTIMATES OF OORT’S CONSTANTS

+MOTION OF STARS PERPENDICULAR TO

THE GALACTIC PLANE
0.3 0.4 0.5

Pou(R,) [GeVem-?]

+VELOCITY DISTRIBUTION OF MW
SATELLITES ppy(Ro) = 0.389£0.025 GeV cm ™3

CONSTRAINTS ON M(<R) -> CONSTRAINTS ON Ox

SEE ALSO STRIGARI AND TROTTA 2009; WEBER AND
DE BOER 2009; SALUCCI ET AL. 2010; GARBARI,
LAKE & READ 2010; locco, GB ET AL. 2011 1



Modulation of PM density

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

R = 85 KECH

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



Complegmentarity of PP targets

p0:0.4 Geviem’, V =044 kmis, v =230 km/s, k=1

B xe
[ IXe+Ge
i Xe+Ge+Ar
¢ DM benchmarks

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



Complegmentarity of PP targets

p0:0.4ir0.1 GeViem®, v osc=044133 km/s, v =230130 km/s, k=0.5-3.5

B xe
[ | Xe+Ge

i Xe+Ge+Ar
e DM benchmarks 7

Pato, Baudis, GB, Ruiz, Strigari, Trotta, arXiv:1012.3458
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Beyond the otandard Modgel

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
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Beyond the otandard Modgel

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
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cxample of Inverse problem at LHC

Inferring the relic density (thus the DM nature) of newly discovered particles from
LHC data... What we would like:

mass (GeV)

LCC3 spectrum

FIG. 34. Particle spectrum for point LCC3. The stau-neutralino
mass splitting is 10.8 GeV. The lightest neutralino is predomi-
nantly b-ino, the second neutralino and light chargino are
predominantly W-ino, and the heavy neutralinos and chargino
are predominantly Higgsino.

AD.
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probability density dP/dx

FROM BALTZ, BATTAGLIA, PESKIN, WIZANSKY (2005)




cxample of Inverse problem at LHC

(example in the stau coannihilation region, 24 parms pMSSM)

Mass Benchmark value, p LHC error, o
m(X3) 139.3 14.0
m(X3) 269.4 41.0
m(€r) 257.3 50.0
m(iir) 257.2 50.0
m(h) 118.50 0.25
m(A) 432.4 1.5
m(71) — m(x3) 16.4 2.0
m(uRr) 859.4 78.0
m(dR) 882.5 78.0
m(Sr) 882.5 78.0
m(¢r) 859.4 78.0
m(ur,) 876.6 121.0
m(dy) 884.6 121.0
m(sL) 884.6 121.0
m(cL) 876.6 121.0
m(b1) 745.1 35.0 MCMC As

m(ba) 800.7 74.0 IMPLEMENTED IN THE
m(t1) 624.9 315.0 SUPERBAYES CODE
m(g) 894.6 171.0

m(eLr) 328.9 50.0

m(pL) 228.8 50.0

Probabdty
Protabdty

Probokdry

£ £
& g
3 3

Probabilly

Protatiity
Protateity

TABLE I: Sparticle spectrum (in GeV) for our benchmark
SUSY point and relative estimated measurements errors at
the LHC (standard deviation o).

+BENCHMARK IN THE CO-ANNIHILATION
REGION (SIMILAR TO LCC3 IN BALTZ ET AL.).

+ERRORS CORRESPOND TO 300 FB-1.
+ERROR ON MASS DIFFERENCE WITH THE STAU

~10% FOR THIS MODEL CAN BE ACHIEVED WITH
10 FB-1



cxample of Inverse problem at LHC

what we will most probably get
(example in the stau coannihilation region, 24 parms MSSM)

Lr, “ll

GB, CERDENO, FORNASA, RUIZ DE AUSTRI & TROTTA, 2010
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cxample of Inverse problem at LHC

what we will most probably get
(example in the stau coannihilation region, 24 parms MSSM)

Bertone et al. (2010)

LHC only

GB, CERDENO, FORNASA, RUIZ DE AUSTRI & TROTTA, 2010



DD+LHC

“ocaling” fInsatz

Bertone et al. (2010) T T '
' LHC + 1 ton DD (scaling px)

~ 1

os,~ LHC + 1 ton DD (scaling px)

~
4+ .
Vo)

o o o
O

Probability density

O
N

o




What happens if we add Fermi upper limits from dwarfs to the LHC posterior?

IF we identify

neutralino = Dark Matter

(in Draco for Fermi, or in the
Universe in the case of CMB)

THEN
we can exclude the
spurious solution at low
relic density

GB, FORNASA, PIERI, RUIZ, TROTTA 201 1



PP + [P

XENONTT do _do) | do
dE dElsr dElsp’

Benchmark B
XENON1T
Fixed Astrophysics

ARINA, GB, SILVERWOOD, IN PREPARATION



P + P

XenoniT + legcube 86

do do do

N i aElst T aElsp

Benchmark B XENON1T
XENONI1T

Fixed Astrophysics

and IC-86 (W*W")
Varied Astrophysics

ARINA, GB, SILVERWOOD, IN PREPARATION
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Conclusions

e Huge Theoretical and experimental effort towards the
identification of DM.

e DM Indirect Detection more and more constrained, but
detection still possible

e DM Direct Detection looks promising, but info from other exps.
is needed to determine DM parameters

e| HC soon running at full energy! Direct and indirect searches
likely necessary to identity DM

e Next 5-10 years are crucial: this is the moment of truth for
WIMP Dark Matter!



