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Anhual Modulation
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Figura 7.6: Ritmos de interaccion en un detector de Nal el 1 de junio y el 50 de noviembre para
diferentes masas del WIMP y asp = 7,2 x 107 %pb. Podemos observar que tanto la amplitud de

la modulacion como su signo varian segin la energia y mw .
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Review of the Experimental Status

One single experiment has reported evidence of a signal
compa?ible con Dark Matter observing a model independent
ahnual modulation

DAMA/Nal-LIBRA Experiment

Other much sensitive experiments do not have any hint

CONTROVERSIAL issue

" |s possible a model independent
B confirmation or refutation’

Make data public could have |\ec||p? ﬁn
I

Are we preparecl for uhexpec‘l'.e resuH'.s?



Review of the Experimental Status

DAMA/LIBRA experiment
~250Kkg Nal(Tl) scintillators @ LNGS

Total exposure:

DAMA/Nal (100 kg Nal, 7 years, completed in 2002)
+ DAMA/LIBRA (250 kg Nal, 7 cycles, ongoing)
— total exposure reported so far: 1.33 ton x year

«Final model independent result of DAMA/LIBRA—phasel » arXiv:1308.5109
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DAMA/LIBRA experiment

2-6 keV

DAMA/LIBRA 250 kg (1 04 t0n><yr)

A, = 0.0112 +0.0012 cpd/kg/keV
T =1(0.998 £0.002 )y

T, = (144 £7) d (2 June=153)
No modulation above 6 keV
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Total exposure:

Evidence (9.3 o C.L.) of an annual
modulation of the single-hit events in the
(2—6) keVee energy region satisfying all
the requests of a DM component in the
galactic halo

DAMA/Nal (100 kg Nal, 7 years, completed in 2002)

+ DAMA/LIBRA (250 kg Nal, 7 cycles, ongoing)

— total exposure reported so far: 1.33 ton x year

«Final model independent result of DAMA/LIBRA—phasel » arXiv:1308.5109
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Review of the Experimental Status

DAMA/LIBRA experiment

Model Independent Result

2-6 keV

A, = 0.0112 +0.0012 cpd/kg/keV
T =1(0.998 £0.002 )y
T, = (144 £7) d (2™ June=153)

DAMA/LIBRA 250 kg (1 04 t0n><yr)
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+ DAMA/LIBRA (250 kg Nal, 7 cy
— total exposure reported so far:

«Final model independent result of DAMA/LIE

No modulation above 6 keV

A
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where Njj; is the number of events collected in the i-th
time interval (hereafter 1 day), by the j-th detector and in
the k-th energy bin. Njj; follows a Poisson’s distribution
with expectation value jt;jx = [bjx + So .k + Sm.k -cos @ (t; —
10)IM;At; AE€ . The bj; are the background contribu-

tions, M; is the mass of the j-th detector, Af; is the detector
running time during the i-th time interval, AE is the chosen
energy bin, € j; is the overall efficiency. The usual procedure
is to minimize the function yy = —2In(Lg) — const for each
energy bin; the free parameters of the fit are the (b;x + So.x)

contributions and the S,, y parameter.
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DAMA/LIBRA experiment
Model Independent Result
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A, = 0.0112 +0.0012 cpd/kg/keV
T =1(0.998 £0.002 )y

T, = (144 £7) d (2 June=153)
No modulation above 6 keV

Evidence (9.3 o C.L.) of an annual
modulation of the single-hit events in the
(2—6) keVee energy region satisfying all
the requests of a DM component in the
galactic halo

part: (rijx — flat j) jx. Here rjj is the rate in the considered
i-th time interval for the j-th detector in the k-th energy
bin, while flat j; is the rate of the j-th detector in the k-th
energy bin averaged over the cycles. The average is made
on all the detectors (j index) and on all the 1 keV bins (k
index) which constitute the considered energy interval. The
weighted mean of the residuals must obviously be zero over
one cycle.
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DAMA/LIBRA experiment
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DAMA/LIBRA experiment
Model Independent Result
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Figure 9: Energyv distribution of the S, ; variable for the total exposure (0.82 tonxyr,
DAMA/Nal & DAMA /LIBRA). See text. A clear modulation is present in the lowest
energy region, while Sy, i values compatible with zero are present just above. In fact,
the S, 5 values in the (6-20) keV energy interval have random fluctuations around
zero with 2 equal to 24.4 for 28 degrees of freedom. See also Appendix A.
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Review of the Experimental Status

DAMA/LIBRA experiment Annual Modulation

st‘l',ema'tics difficult to ahalyse.

Model Independent Result Most obvious discarded

PROCEEDINGS OF THE 31** ICRC, LODZ 2009

. o =1(3.31£0.03) 104 (m? s)1
period T = (367 £ 15) days

Analysis of the seasonal modulation of the cosmic muon flux in

the LVD detector

Marco Selvi® on behalf of the LVD collaboration

during 2001-2008. 5op = (5.0 £ 0.2) 1076 (M2 s)",
Phase t0 = (185 + 15) days
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shown in eq. 3 The verical dashed lines separate sach solar year
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DAMA/LIBRA experiment Annual Modulation
st‘l',ema'tics difficult to ahalyse.

MOdel IhdePehdeh{ Resulil: MOS{ obvious d;scqrded
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Review of the Experimental Status

DAMA/LIBRA experiment Annual Modulation
st‘l',ema'tics difficult to ahalyse.

Model Independent Result Most obvious discarded

=

Modulation found in huclear

decay rate with maximum
ih February and minimum in
ﬂugus‘t at 0.5% level

Search for time dependence of the '*’Cs decay constant
Excluded ot LNGS

E. Bellotti?, C. Broggini”*, G. Di Carlo€, M. Laubenstein ¢, R. Menegazzo"

Contents lists available at SciVerse ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb
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DAMA/LIBRA exPe,-imeh-l; Still some u\ings to uhcleil;s{ﬁhcl
eller
Model Independent Result |
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Fig. 1. Simplified schema of the channeling effect in the Cl\qhheled ;Ons Ioose {.,I\e;r ehel"gy

Nal(T1) lattice. The axial channeling occurs when the angle of

the motion direction of an ion with the respect to the crystal- PeroMthh{ll {o elec'troh S

lographic axis is less than a characteristic angle, ¥., depicted

there (see for details Sect. 2). Two examples for channeled and more SC"‘{'IIG 1oh Il gk't ih nql TI

unchanneled ions are also shown (dashed lines)

for nuclear recoils channeled
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DAMA/LIBRA exPerimen‘l', Gl some things to uhclell;s{'ﬁhcl
Model Independent Result o

Non negligible uncertainties in the
relative ethiciency factor for
nuclear recoils vs electron recoils

Quenching Factor

Q
Colaboracion Na I
UKDMC 0,31 0,09 Ih the case of Nal detectors in
0,275 + 0,018 | 0,086 + 0,007
DAMA 0,30 0,09 ’d\e searcl\ 'For quk Mdl','ter we
Saclay-Nal | 02040,03 | 0,08=0,002 have to know recoll energy scale
ELEGANTS V | 04402 | 0,05%002

for Na nuclei and | huclei and are
very different
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t  Still some things to understand

better

Non negligible uncertainties in the
relative ethiciency factor for
nuclear recoils vs electron recoils

Ih the case of Nal detectors in

the search for Dark Matter we

have to know recoil energy scale
for Na nuclei and | huclei and are
very different

Recent measurements point at

strong energy dependence
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DAMA/LIBRA experlmeh‘l'. No evidence of signal in

Comparison with other experiments  target A
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DAMA/LIBRA experiment

Comparison with other experiments
SPIn INDEPENDENT INTERACTIONS
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DAMA/LIBRA experiment -
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DAMA/LIBRA experiment

Comparison with other experiments

Many WIMP scenarios considering
halo and particle models have been
considered and reconciling
experiments seems very difficult

: SO _...,'."" . '\ Biod v L
. *THEHUNTINGOF ., .

Therace to detect dark matter has yielded mostly confusion. But the larger,
more sensitive detectors being built could change that picture soon.

PHYSICS IF TRUE!

Ih order to decouple unknown and uncertainties from particle,
astronomical and huclear models we should combine:

o Different detection techniques
o Different target materidls
o Different signal signatures



Difficult to review all the experiments in the fiel
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Most sensitive experiments

Xe double phase TPC L@X

LUX @ Sanford quorq'l',ory (350 Kkg)

| —p
| WIMP grift time

S1 S2

-. 'Dgft ti:ned th 1
i ‘
s drift time’

Particle

na

—— ionization electrons
N UV scintillation photons (~175 nm) image by CH Faham (Brown)
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Most sensitive experiments

Xe double phase TPC
LUX @ Sanford quorq'l',ory (350 kg) s j
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Most sensitive experiments ISV
Xe double phase TPC L@X
LUX @ Sanford quorq'l',ory (350 kg)
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95 days net (previously 85d) - conservative 1.2 keV signal cutoff
145 kg fiducial (118 kg) —3.3GeVm_, (3.0keV, 5.2 GeV)
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Most sensitive experiments

Xe double phase TPC
XENON100 & XENONIT @ LNGS

'  XENON10 | XENON100 ! XENON1T | XENONnT
oy M s s

' 2005

' 21 kg + ~7000 kg X
L Totalm: D

| ] v

| <8.8 x 1044 | <2 x 1045 | ~<2 x 1047 | ~<2 x 1048

] '
WIMP-nucleon cross section [c
) ] I ] 1
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Most sensitive experiments
Xe double phase TPC
XENON1 00 & |

« 161 kg LXe TPC
(62 Kg target + 99 kg active

veto)
é‘ 25 :.:.'_. Single-scatter rate ' - g
2 - 20-58 keV ' E 'l:
P | Study of anhudl
& 1sE K
g
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Most sensitive experiments

Xe double phase TPC
XENON100 & XENONIT @ LNGS

- Total LXe mass: ~3.3 tonnes

- Total LXe active volume: ~ 2 tonnes
- Fiducial volume: ~1 tonne

- 248 3" PMTs Hamamatsu R11410-21

A T MV' .mlrm_.__\\\

From 2015 on
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Most sensitive experiments  Pulse shape discrimination

Ar double phase TPC Liqud Scntillator for n
DarkSide @ LNGS Water tank for muons
| * Free from 3%Ar
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Most sensitive experiments

Ar double phase TPC
DarkSide @ LNGS
46 kg active 153 kg totdl

—— Neutron

—— Electron

Pulse shape discrimination
Liquid Scintillator for n

Water tank for muons

Free from 39Ar

S2

eeeeeeeee AA/\JW S1
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Most sensitive experiments

Ar single phase liquid scintillation detector
DEAP @ SNOLAB

3600 kg LA —

(Outer neck)

Inner neck (green)
Vacuum jacketed neck (orange)

Excellent PSD capability 5
Cool down and Ar fi lling this er{ember 2 |

Cooling coil

Acrylic flow guides

? 48 Muon
~ 3 /_ veto PMTs
>

T, (keV_)

255 PMT
p_20 40 60 80 100 120 140 160 /" &lightguid
09F ;
0.8 Acrylic vessel
0.7 Steel shell
= 06
£ 0.5k 3600 kg
=04 liquid arg
8-3 3 Filler blocks
: Foam blocks behind
P 5 PMTs and filler blocks
% 50 100 150 200 250 300 350 400 450 50

Bottom spring support
Number of photoelectro
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Most sensitive ‘lechhiques Ca WO, bolometers
Qcih‘l’.illa‘l’.ihg Bolometers 300 eV threshold
CRESST @ LNGS :‘:W s 52 kg days exposure

Very good discrimination

Explore masses in the sub-GeV/¢ ‘fange
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Most sensitive experiments <100 eV lonization Trigger
70 kg c|ay exposure

Heat lonization Bolometers
Further improvement

(DMS Lite @ SOUDAN expected after moving into
e ShOLAB

\\\ i/ k /"/‘\- Electron propagation
v \\ | ¢, — Luke phonons
b A
-V, volts

S Primary recoil phonons

Hole propagation

1 3 5 7 10l 15
[GeV/c?] CDMS 11 Si
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Experiments trying to reproduce DAMA LIBRA signal
Nal scintillators (same ‘l'.arge‘l', and 'l'.ecl'\hique)

DM-ICE @ South Pole (2011-...)

’ /| B
D i &l ]
| .\ o ‘» J§~k

ANAIS @ LSC (2000 - ...)

il
KAMLAND-PICO @ KAMIOKA

KIMS @ Y2L (2013 - ...) (2014 - ...)
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Experiments trying to reproduce DAMA LIBRA signal

Nal scintilators (same target and technique)
ADAIS @ Canfranc

100 kg of ul‘l'.rapure Nal(Tl)

| Exposure: 100 kg x 5 y, window: 1 - 6 keVee

5~102§ \

o 10°F

: -
10°F \

E \ /_ -___,"—‘——
10°F

F \\.

1 0-6 5 ;A [%2I0'1, Savage Uy

| [ev8

10-7 i HEFRHHH |
1 10 102 10°
Wimp mass (GeV)
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Review of the Experimental Status

Experiments trying to reproduce DAMA LIBRA signal
Nal scintilators (same target and technique)

DM ICE @ South Pole SYSTEMATICS for annud

o modulation very different at
gy - et southern hemisphere and ice
e, ot e envirohment
IceCube In—[ce_ array °
& fli ) === 17 kg deployed in 2010
5] 0 il lecCune e o) DM-Ice Feasibility Study Detector
_«ﬁ: =




Review of the Experimental Status

o-u\e'. Teclmiques F content ih{eres‘l',ihg for SD sEhsi‘l',iviJCy

Wide liquid choice able to tune target
Bubble Chambers to different WIMP couplings

PICO 60 @ Sho Optical and acoustical detection of the

bubbles
L. I |ttt et ey A sy WM\' YH H‘ijm W\tﬂ, M

R Sl N WY Npl\a PClI"{'.ICGS are louder
o.asmxw, Al WLIM i &ﬂr‘,\\ww&v GhC‘ can be CllSCf'IMIhG{'.eCI

Filled with 36.8 kg of CF,|.

PICO-60 Run-1: June 2013 to
May 2014.

Run-2 with C;F, target in
2016.




Review of the Experimental Status

L% \“

Other Techniques
Bubble Chambers
PICO 60 @ ShO

Filled with 36.8 kg of CF,I.
8".".-;: .
PICO-60 Run-1: June 2013 to - '&' »
May 2014. o
$ede
: : o KX N
Run-2 with C;F, target in 8

2016.




Review of the Experimental Status

O'H\er Teclsniques VerE low threshold 40 eV/pier

xcellent spatial resolution
CCDs Low exposure with good sehsijcivijcy

DAMIC @ Sho

Calibration data to X-ray lines

ch
d s5pe 60 keV——; Mn Ko/ Mn[K,
g‘ \ <— Noise CrK.
H H Mn K r
- S| K(x . escape lines
3 24| wp Sike \
; \ Am \} Ak \
g o WIMP 90% exclusion limits
i, -
Ca Kq 4 ! ! 1 pb = 1073 cm?
S ot | SUPERCDMS (2014)
1 = .‘
/ 1 ¥ Energy / kev lo ! 2 : ¢ 3 lnor;y / IuV.’ ‘:‘3 ) ‘I'.
10 3 H
C Ku (0.28 keV) R Nk toee.... DAMIC
p g
810 %
G
3G . RN ;
Si - 32P candidate § 107
Ei = 114.5 keV =
At = 35 days g 10 | DAM ==
(X Yo) ax*E TSN
Decay —, —> e
e ! - 10-6 ) >
pomnt {,:.. £ = 328.0 keV g T
. -7 Ll Tyt
107 10 10

WIMP mass / GeV c?



Review of the Experimental Status

Direc‘lioml De‘tec‘lors PI'OPOSCIIS

Test using 400 keV Kr ions

Nuclear emulsions

NEWJS @ LNGS
Nano Imaging Tracker

ﬂg Br Crys'tcds 40 nm size R
Readout of submicrometric tracks - -
Directiondl gehsi'l'.ivi‘l'.y | 3°

X-ray images

track )

o .- ® 5=235mrad=13°

1. Plexiglass/nylon
< h re:

sphere: sealed from air
and flushed with HP N,

"% 2 External sghere: 50 cm
thick PE shielding




Review of the Experimental Status

Modular Desigh
chﬁhg towards Im?

D;I‘GC'l'.iOhCII De‘tec‘lors Pl'OPOSClIS

Low Pressure Gaseous Detectors

DM TPC @ SNOLAB

2xTPC 2xTPC
1xCCD
4 x PM1
570

cChD - o

—560 LA -

D camera o e AP Can il w 3

’g_"’” ‘208

CE— R 100

F ’ ' >_540 &

Measure: Q

530 +

] energy 0 £

range 5o DY SRS =

AT 7 ... 5

axis
| Turbo :
pump SEI/ZI ang; T e 380 390 400 410 420 430 440
g | X profile X (pixels)
}Amphhws , Digitizers head-tail sense




counts / 0.05 keV,, 0.33 kg 442 days eoents/ 0.12 keV,, 053 kg 442 duys

Review of the Experimental Status

. Ge target — 4409 mass
Other techniques 300 eV threshold
Semiconductor Detector P type Point Contact diode

COGeNT @ SOUDAN Very low energy threshold

T T == 146 kg day

W e, i ' t 1, lrreducible excess of events

below 3 keVee

Annual modulation 2.2 o




Dark Matter Indirect Detection

=) ()

DM ’,"W_,Z,b,'r_,t,h.. DD .YV, ...
\. : final
primary
products

/ T channels
> E i e (=)




Dark Matter Indirect Detection

=
= P J(AD)

X P+ d P d dt dAdFE
Y , _ {oannV) d.u_’\"'
VvV
Particle Pkysics Model

J(AQ) = / / dldQp (1)
AQ JI=0

ﬂs‘liropl\ysics uncertaities




Dark Matter Indirect Detection

-
_ P J(AQ)

X P+ d P- d dit dAdFE
Y P = Y BE; %
v o
o ot Particle Pkysics Model

P primary spectra e” primary spectra

T T T

10 Mpy = 1000 GeV A ‘wDM = 1000 GeV :

dN/dlog x
dN/dlog x




Dark Matter hdirect Detection

) T r
NFW : pnrw(r) ps (1 + —)

rs
2 (83
oo i = ne (2]} _dm
— I . l](AQ)
[sothermal :  pr,(r) = P 5 di dAdE
1+ (r/r)
: _ Ps
Burkert:  psu(r) = @70 m/r dg‘\‘
ro\ 116 p\ 184 sz
Moore:  pumeo(”) = ps (7) (1+E>
O S A0y 5 omest qu‘licle Pl\ysics Model
1 ~ i J(AQ) = / f N at a3 (1)
102:::::::::::'::::::::::::::“ _IjinastoB E AQ Ji=0

pom [GeV/em?]

. As‘lropl\ysics ancertainties
Burkert
107!
102 TPV SN W -halo models
103 102 10! 1 10 102

© ko] (R propaga‘lion




Dark Matter Indirect Detection

Gamma rays

- HESS

- VERITAS
- MAGIC

- FERMI LAT

ned.rinos

- ICE CUBE
- ANTARES

Charged particles

« HEAT
«  PAMELA
- AMS2




Dark Matter Indirect Detection

'RODUCTION MECHANISMS

AN T i g
S :\-n,hrv_ tron, CHANDRA 5

secondary

proSucbon

g

SM.g
o Solar modulation
lower the IS CR
spectra '

-




Charged Particles Detection

° I.OOk 'For dh{ih‘\d{l{:el" ih orc|er {O I)ed't bGCkgI"OUhd

+ Keyissue Model the transport of charged
COSh‘\iC r'CI\/s {hrougl\ou{ {he QGIGC{;C mqghejtic

fields

PAMELA

energy



Charged Particles Detection

Complex Particle Detectors in the space

antiproton

positron

TOF : Time of Flight (S1) PAMELA

Pamela

Separating p
from e

- TOF : Time of Flight (S2)

Tracker(s)
Silicon
Strip
Detectors

Magnetic Spectrometer

Im

——~ TOF : Time of Flight (82)

Silicon Calorimeter

ditidilll

1

I S4 and Neutron detectors




Det Charged Particles Detection

C. Lacasta lessons

Complex Particle Detectors in the space
electrons and posi'l',rOhs .
protons and antiprotons
Light nuclei

photons, etc.

TRD:
Transition
Radiation
Detector

TOF: (51,52}
Time of Flight
Detectar

MG:

Magnet

TR:

Silicon Tracker
ACC:
Anticoincidence
Counter

AST:

Amiga Star
Tracker

TOF: (s1,52)
Time of Flight
Detector

RICH:
Ring Image
Cherenkov Counter

EMC;
Electromagnetic
Calorimeter

Aloha
Mogrietic
Speciromeler

Integration MIT



Charged Particles Detection

POSITRON EXCESS

First hints by HEAT and AMS
Confirmed by PAMELA from 10-100 GeV & Fermi up to 200 GeV
Confirmed by AMS.-2 up o 350 GeV

AMS-02 2014 ]
MAGIC 2011
FERMI 2010 LE -
FERMI 2010 HE |
HESS 2009
HESS 2008

TrrTT T rrrTTT
/e'+e
B PAMELA 2008

PAMELA 2010
FERMI 2011

AMS-02 2014

''''''

102 r

Positron fraction
— 2 2
E? (¢” +¢7) GeV2 fem® sec sr

10—3 LLlil 1 1 Ll 1111l A 1 L L L Lill
10 100 1000

LALL ' LA LA LL)L 1 1 LA L L LLL
1 10 100
Positron Energy [GeV]

Energy [GeV]




DM-T Charged Particles Detection

D. Cerdeiio lessons

POSITRON EXCESS

First hints by HEAT and AMS

Confirmed by PAMELA from 10-100 GeV & Fermi up to 200 GeV
Confirmed |>y AMS.-2 up o 350 GeV

To be determined in the next 10 years:

0.2
. & ! Other astrophysical
DM Interpretation § - T
difficult to match & 013
. o
with models B
s 0.1 Dark Matter
my ~1TeV
As{ropkysmcﬂ i
explcmqjtioh possiHe °'°5f e
T [
200 400 600 800 1000

e* energy [Billion ev]




Charged Particles Detection

ANTIPROTON RATIO EXCESS
First hints by PAMELA but NOT CLEAR EXCESS AFTER AMS2

1072

¢ PAMELA 2012
¢ AMS-02 2015

DM Interpretation
possible but not

hécessary

OnLY LIMITS FOR
ANTIDEUTERONS

(I’i)/ ‘I)p

Solar modulation

106

1 5 10 50 100
Kinetic energy T [GeV]



Gamma Rays and Neutrino Detection

Fee. CMB (Planck) Mul'tiuavdehg'u'\

o :
N AR IR, e - )
T ol LR If"".:,'
d gL
3\

| 3 g ;i::-;j';i;-;'?'_‘j~; ‘*’; Muljcimessenger
o — . Infrared/optical
.. (galaxy catalogs)

CXB (ROSAT, eROSITA)

CGB (Fermi)

» N\
+*
’ 3 ‘L’ \
14 + - x |
0+ ‘ |
" J
4 / LS » ,."'
i/ 12+ Vi /
}
/ +
iO

CNB (lceCUbe) ‘7 ;:.' 10 A Galamc



Neutrino Detection

Cherenkov detectors under-ice or under-water

Detect the shower of secondary particles produced after v
interaction through Cherenkov light

T [ICECUBE (South Pole)
ANTARES — N | = =
(Under Mediterranean See) - - ===
ST S s < 4L
e b lll| I i“\\
r - i \\\ # — | DeepCore |




Neutrino Detection

Cherenkov detectors under-ice or under-water

Detect the shower of secondary particles produced after v
interaction through Cherenkov light

11 Y
i !

Directionality
NEUTRINO ASTRONOMY

interaction



Neutrino Detection

High energy v from the Sun
DM smoking qun

No known astrophysical
processes able to mimic it

Borrowed from Matthias Danninge @ TAUP 2013

SI WIMP-proton cross-section limit SD WIMP-proton cross-section limit
[T ' [ MSSMindl. XENON :zmzqnus +CMS (2012) N [i M'SSM r';cl, XE‘NON !mnz}’nu\;fci;s (auvm
\ . [ DAMA o channeling (2008) R DAMA no channeling (2008) —
-39 | . — - CDMS (2010) — \ - - - COUPP (2012)
S *, - = - CDMS 2keV reanalyzed (2011) \ -.-.- Simple (2011)
o) X — - PICASSO (2012)
O\ SUPERK (2011) (65)
—_ - LN —— SUPERK (2011) (W'W)
% E LN
, 2 S a7\, -
a a X~
ceCube : ST
B- P e -
8 o | 0 e N Tmmemmanmii L
o

arXiv:1212.4097

""" IceCube 2012 (b6)
—e— IceCube 2012 (W'W)*

O e e 80.4GeVic) ) n
N v A R L
= 1
3 ' r g [ ‘ '
2 C = E  |ceCube-79 ANTARES 2007-2008
:k s 3 DE (dashed) (upper solid lines)
Ly ;‘3 ] S E
g g F-Em . e
3 -

Antares 1o = a:;:f
JCAP11 (2013) 032 - /
10 107 pre 7B ! -&.1 :

10° 10 10? 10° 10*
My (GeV) Myep (GeV)



DM-t Neutrino Detection

D. Cerdeiio lessons

‘P . 99 B
PRL 111, 021103 (2013) Big Bird o

J w

Estimated energies: - Estimated enerqy:
1.04 + 0.716 / 1.14 + 0O.17 PeV 2 PelV

L;he @I PeV ? 102 pr—r—r—r—= |ce§elﬁ%}z -;':
It could be |h'terprejtec| as super o L\ 3
I\equ clecqymg DM proclucmg F oaly _ thir . | 3

I\GC‘I"OhIC CGSCGCleS
This model would produce excess , ,
Ih ‘u‘e dl‘F‘Fuse qmmq w0 10° 101 1(I)2 1(l)3 1<I)4 165 1<|)6 137 | 108

background Jces.’uzulale with FERMI ¢ Gev

Declination (dearees)
E20 [GeV em?stsr 4




Gamma Ray Detection

o Satellites

+ Mmospheric Cerenkov Telescopes ACTs

Atmospheric Cherenkov Telescopes
(ACTs)

CHANDRA

X-RAY OBSERVATORY




Search Strategies

Galactic center:
Satellites:

Good statistics but source
Low background ,

confusion/diffuse background

and good source ID, Milky Way halo:

but low statistics Large statistics but

diffuse background

Spectral lines: Extragalactic:

Large statistics,

No astrophysical SR
uncertainties, good GL‘JI‘ as rop-wr?ngs,
source ID, but low Galaxy clusters: bdiCUC ddl use
: 'S ackgroun
statistics Low background o

but low statistics



Gamma Ray Detection

Fermi

Gamma-ray Space Telescope

How Fermi LAT detects gamma rays

4 x 4 array of identical towers with:

* Precision Si-strip tracker (TKR) -1

- With W converter foils )
* Hodoscopic CsI calorimeter (€AL)

+ DAQ and Powerysupply box’

An anticoincidence detector
around the telescope distinguishes gamma-
rays from charged particles

~~~~~
sssss
~—a.

oohpronTy
(»UTT‘: I & '|“|Txm-

: Incoming Y

Conversion
Cy in a*/a")
in W foils

sIncoming direction
reconstruction by
tracking tha

chargad particles

Ena|
witl

calt

Anticoincidence
Detector (background rejection)

T~ Conversion Foil

[T~ Particle Tracking

Detectors

Calorimeter
(energy measurement)



Gamma Ray Detection

Fermi

Gamma-ray Space Telescope

The Fermi LAT 1FGL Source Catalog

]367’)711:
Spsce Tekisiros

Fermi reveals the universe above 10 GeV

Supernova remnants and
pulsar wind nebulae
5%
Pulsars __ ’ High-mass binaries, other
5% i / sources in our galaxy
Less than 1%

Unknown ‘ | - .
34% ‘ ‘ M e st e ~ SNR
; : ) PSR PWN

UFos ¢ Active galaxies
. 1 Starburst Galaxy PSR w/PWN
Globular Cluster

on with SNR and PWN Galaxy
1 with Galactic diffuse emission < HXB or MQO

Other galaxies
. .
Less than 1% Credit: Fermi Large Area Telescope Collaboration

Credit: NASA/Goddard Space Flight Center




DM-t GeV Calactic Center Excess

D. Cerdeiio lessons

3.0-10°6

N
e
-
o
@

Annihilation of a dark matter

par‘ucle wiﬂ'\ a mass between

~20-40 GeV could explain the

excess

1.0-10~8

E? dAN/dE (GeV/em?/s/sr)

-1.0-1078 L——lu

Antiproton should show hints

m;“iseCOHC‘ DUISGFS COUICJ eXDIGih I{



Searching for excess from dwarf galaxy satellites

cvnli

SDSSJ1049+5103

UMa

| Sextans

Fermi-LAT, arXiv:1503.02641 [astro-ph.HE]

10-2

== 4-year Pass T Limit
22|| = G-year Pass 8 Limit
10 3 '

== Median Expected

68% Containment

23 -
~ 10 3 95% Containment

'} (CITISS !

v
—
—
=
()

10737} bh 1

10* 10° 10° 10°
DM Mass (GeV/c?)



<ov>,, 95% CL Limit (cmi’s™)

<ov>,, 95% CL Limit (cm’s™)

Searching for lines

T
3.7 year R3 NFWc Profile
—=— Observed Upper Limit
----- Expected Limit
[ Expected 68% Containment
[ Expected 95% Containment

3.7 year R41 NFW Profile
—=— Observed Upper Limit

- Expected Limit
[ Expected 68% Containment
[ Expected 95% Containment
— Weniger [20] Limit

m, (GeV)

<ov>,, 95% CL Limit (cm’s)

<0v>,, 95% CL Limit (cm’s")

3

3

%

3.7 year R16 Einasto Profile
—=— Observed Upper Limit
--Expected Limit

Counts / 1.00 °?

[ Expected 68% Containment 3
[ Expected 95% Containment E
— Weniger [20] Limit B
o ) ) ]
10
m, (GeV)
T T I T T
3.7 year R90 Isothermal Profile 3 = 10°p E
—=— Observed Upper Limit B E £ B
- Expected Limit ] 3 F 4
[J Expected 68% Containment 3 = [ ]
(3 Expected 95% Containment 3 :: i ]
] 8
3 z 107 E
F 3 L E 3
r B I 3.7 year R180 NFW Profile 1
| I —— Observed Lower Limit 9
E - Expected Limit q
3 | ) Expected 68% Containment ]
b (@0 Expected 95% Containment
E 3 107 <
o ] F. . N 3
y . 10 12

m, (GeV)

m, (GeV)

3-7 years of data
5 ROls:

R3 (NFW Optimized)

R76 (Einasto Optimized)
R47 (NFW Optimized),
R90 (1sothermal Optimized)
R780 (DM Decay)

No evidence found!



DM-t Evidence for 130 GeV line ?

D. Cerdeiio lessons

43 moths Fermi LAT data +
hew adaptive procedure 1o select optimized target regions depending o the profile of

'U\e GCI'CIC{;C C|Cll'k MCI{{GI' hCIIO.

Reg3 Regd (ULTRACLEAN), E, =129.8 GeV
Einasto 35 i i ' ' ' i

[ T L I— — T ]
Signal counts: 46.1 (4.360) 80.5 - 210.1 GeV

30} p-value=0.37, x2, =23.6/22 .
4-5 o Evidence

b [deg]

Signal ‘é
particularly 3
strong in 2
of the 5 Reg4
analyzed Contr. a=1.15
sky regions - E of I I I I —:
i | W o By Y TR e ) Aoty i SR W o }:II T.
= 2 i t IIII ¥ IIII LX) EI;:
é U L . . . . ] L _
100 150 200
E [GeV]

Possible systematic effects involved
Similar line appears in limb view
Slatistics of the evidence under question



(ov) [em's™")

Gamma Background spectrum

Di Mauro, Donato, Phys.Rev. D91, 123001 (2015)

B U TT T TR

1072, . This work
........ Conservative limits (Ackermann ¢t al, 2014¢) bb
1073, ceeee Sensitivity reach (Ackermann <t al, 2014¢)

10°=

10734, P

GC Halo, HESS

>
")-.‘,

..... P

(‘n'>lr«m—<d

-
-
-
o ————— "

1073,

10-77- =
10! 10° 10° 10*

Annihilation

» Stringent constraints although
with relatively large uncertainty
(PASS 7)

Decay

» Stringent constraints (better
than dwarf galaxies and galaxy
clusters)

Interesting implications for
phenomenological models that
address positron excess found
with PAMELA and AMS-02



Eff. Area

3.5 keV X ray ine

Virgo cluster (Chandra, center)

73 galaxy clusters (XMM-Newton, center)
Perseus cluster (Chandra, center)

XMM - MOS A
Perseus b

gical

. nificanc®

34 ‘ 3.6
Energy (keV)

10

| e ]
38 > i

M31 galaxy (XMM-Newton, center &
Perseus cluster (XMM-Newton, outs

outskirts)
kirts)

......

0000
TTF T ”T”.”‘.‘””””T’f”?’fkf
\\\\\

T T T TTTHOTr T T T T°71
|

e

o
Lo
A

e

5 2 o I I

Line found in spectra from
gaqu;es thl gqquy Clus.l..ers

g{i" COh{roverS;al
possibility of atomic line
or instrumental
SYS{GMG{ECS

Could be produced by the decay

of sterile neutrinos




Atmospheric Cerenkov Detectors

The atmosphere is the detector

l Primary y-ray

Particle :
Shower
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Atmospheric Cerenkov Detectors

TeV dark matter is motivated by LHC negative results on
SUSY and will be reachable by CTA

Cabvera et al 2015
| | 1 ] 1 1 | I
21 F = CTA GC, Einasto
w " et ractad NE 0.9
CTA GC. contracted NFW
N9 L = HESS GC, Einasto 0.8
= HESS GC, shallow NFW g
- : TP ) . 0.7 1
- Fermi-LAT Pass 8 Dwa . -
|
[ 4
ol 0.6 -
S 05 1
- 04 -_
— e
:‘) v-
2 03 =
<o)
. & 0.2
P 0.1
-28 4 4o - 0
|

m‘ll»(TcV)



Atmospheric Cerenkov Detectors

el - . 500h, WWV / bb, different targets
Sensitivity for different targets : e
107
GOOCl PI"OSPeC'l'.S -
'FOT' 'U'\e gC]ICIC{IC R 10'2‘? Fermi
center CTA (WW)
g 0E Statistical ggfors only
( ° g— we HESS GC halo (112 h)
[ T Crncacionaio® - ooehe. o)
CTA: 500h, | deg around GC, Einasto 3 — g;ﬁ f%ptor dwarf
 cTAw. T HESs : s g A é:vé)% o
10'26E _Burkért e, °
= Fermi & o
el X ® .o el e o
; E LT A Sehsrl'.lvrl'.y to gamma ray
B s e
ok AT 1A nES
- H/!\{/l\l/l/r unbinned
likelihood

m,,, [TeV]



Credit: Jester @ http:/iresonaances.blogspot.c

CDMeson

llllllllll

T

mpm|[GeV]

Anomalies hqve prod .ce.f a cohtihuous
improyement ih sehs:{lw y of DM
detectors and techniques

Most of these

ahomalies are expected
{O d;SGPPeGr ver\/ 'FCIS{

Others do not
... like DAMA LIBRA

Next decade could be
crucial to find the
solution LHC CTA LZ
SUPERCDMS XENONIT,



Hopefully in the next
decade the

multimessenger
approach will succeed to

solve the dark matter

problem
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