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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
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The quest for Park Matter

Colliders

Direct Detection Indirect Detection



The worldwide race
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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.




Simulating Galaxy Formation

http://www.illustris-project.org/media/



http://www.illustris-project.org/media/
http://www.illustris-project.org/media/

Predicted Annihilation Flug




The FERMI sky

5-YEAR FULL-SKY MAP. HTTP://FERMI.GSFC.NASA.GOV



http://fermi.gsfc.nasa.gov/ssc/first_light_allsky.jpg
http://fermi.gsfc.nasa.gov/ssc/first_light_allsky.jpg

Optimal o¢gnsitivity Map
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Indirget Petection

RECENT FERMI CONSTRAINTS FROM DWARF GALAXIES ARXIV:1310.0828

= Observed Limit Ultra-Faint Galaxies Excluded
== Median Expected

68% Containment

95% Containment

10°
Mo (GGV)

FIG. 6. Constraints on the dark matter annihilation cross section (77~ channel) at 95% CL

derived from a combined analysis excluding three ultra-faint dwarf galaxies: Segue 1, Ursa Major I,
and Willman 1 (solid line). The expected sensitivity is similarly calculated excluding these three
ultra-faint dwarf galaxies and is represented in the same manner as in Figure 5.




THE 130 GEV LINE

Fermi LAT Search for Internal Reg3 (SOURCE), E, =129.4 GeV
: : : : :

Bremsstrahlung Signatures from Dark ' ' T 1
Matter Annihilation - Signal counts: 68.7 (4.590) 80.5 - 208.5 GeV

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

Torsten Bringmann® Xiaoyuan Huang’ Alejandro Ibarra® Stefan
Vogl¢ Christoph Wenige

.
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]I Institute for Theoretical Physics, University of Hamburg, Luruper Chaussee 149, DE-
22761 Hamburg, Germany

®National Astronomical Observatories, Chinese Academy of Sciences, Beijing, 100012, China
“Physik-Department T30d, Technische Universitdt Miinchen, James-Franck-Strafle, 85748
Garching, Germany

dMax-Planck-Institut fiir Physik, Fohringer Ring 6, 80805 Munich, Germany
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Counts

E-mail: torsten.bringmann@desy.de, x_-huang@bao.ac.cn, ibarra@tum.de,
stefan.vogl@tum.de, weniger@mppmu.mpg.de
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A Tentative Gamma-Ray Line
from Dark Matter Annihilation
at the Fermi Large Area Telescope
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Christoph Weniger

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

E-mail: weniger@mppmu.mpg.de

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 3.20. 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 'le':, GeV and a partial annihilation cross-section of (0U)yy_\y =
(1.27 £0.327§35) x 1077 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.

Counts - Model
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arXiv:1204.2797v2 [hep-ph] 8 Aug 2012




* THE 130 GEV LINE

Recent development: arXiv:1310.2953
(M. Gustafsson for the Fermi collaboration)

New analysis with reprocessed P7REP CLEAN data: global
significance below 10

Next search with Fermi-LAT’s upcoming Pass 8 data set

The Fermi users’ group new endorsed observing strategy:
doubled exposure rate of the region around the GC



THE 130 GEV LINE

vy upper limit (95%CL)
vy detection (50)
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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
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Indirget Petection

RECENT RESULTS: DAYLAN ET AL. ARXIV:1402.6703

Total Flux Residual Model (x3)
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FIG. 9: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic diffuse model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm'l/s/sn The right frames clearly contain a
significant central and spatially extended excess, peaking at ~1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25° Gaussian.
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“Within these maps, we find the GeV
excess to be robust and highly statistically
significant, with a spectrum, angular
distribution, and overall normalization that
is in good agreement with that predicted by
simple annihilating dark matter models™




Indirget Petection

RECENT RESULTS: DAYLAN ET AL. ARXIV:1402.6703
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‘VANILLA’ DM PROVIDES A NATURAL EXPLANATION..




The trouble with indiregct scarches

/

Annihilation Channel




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
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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



lsatgst resalts:

LUX gxperiment, arXiv:1310.8214
(anford Undgrground Research Facility - SURT)

Upper limit @ 33 GeV/c?is 7.6 x 104 cm?
— first sub-zeptobarn WIMP detector!
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LUX (2013)-85 live days: 90% upper limit
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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



LHC - B CERN
m'_.i;!’omt 8 ~=E= ATLAS ALICE
Point 1 =z Point 2

——— - Nt
,‘- L -
/\’fm iy 'I- LI’!LJ

NTITT

ES40 - V10/09/97




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

DUrsEluIuE

S
i o
(o]
o? % e‘? Qg. A
S° 4§ & (e
o % ole
> <It () 5 SEARCH AT LHC FOR PROCESSES LIKE E.G.
=== 0 7 00
B 5 T 7
T W =
= 7 :
> o«
2h 2 @ L
20 @ of u
Z 0 p WIMP? =
- &
A
6“' TB
cs
. g RiE
W =
n<: I.—ll.l =1 = H = [j T
NagY = W
= S 14 e @ (2]
E 2 < o
L - &



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.

o
o
o

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)

~
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o o o
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What happens if we add these constraints 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



Xenon + leeCube

Benchmark B
Benchmark B XENON1T and

XENON1T IC86 (W'W")
Fixed Astrophysics Fixed Astrophysics

ARINA, BERTONE, SILVERWOOD, 2013



Conclusion

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

* DM Indirect Detection more and more constrained, but there are
tantalizing hints..

* DM Direct Detection looks promising. Info from other exps. is
needed to determine DM parameters

eRun Il of the LHC (2015) is expected to provide crucial information!

Even in case of direct and indirect searches likely necessary to identify
DM

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

LUX gxperiment, arXiv:1310.8214
(anford Undgrground Research Facility - SURT)
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Pirect Petection

STATUS

S a— — ——

XENON100 2012 DarkSide-50 (goal)

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



lsatgst resalts:

LUX gxperiment, arXiv:1310.8214
(anford Undgrground Research Facility - SURT)

Breakout cart

Thermosyphon

Water tank

Source tubes




Xegnon deteetors
(¢.8. LUX and XgnoniO0)




