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Complementarity

here: in context of phenomenological minimal SUSY model (pMSSM): 19 parameters

Cahill- Hnwlay et al. 2015, Phys. Rev. D, 91, 055011
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5 Indirect Dark Matter Detection

 What are cosmic rays?
— number, spectrum, particles

 |f dark matter particles annihilate somewhere in
the Universe (Sun, Galactic Center, Dwarf
Galaxies, ...), we could detect the decay products
In the cosmic rays:

— positrons (Pamela/AMS-I)
- gamma-rays (Fermi)
— neutrinos (lceCube)



Cosmic Ray Abundance

« Abundance in good agreement with
observations of ,metal ratios" in
interstellar metal

« odd/even structure is due to
binding energy

 Large disagreement at some
Isotopes
— t00 many cosmic rays or

too little in solar neighborhood?
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The Cosmic Ray Spectrum
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Charged Particles daﬂe;téd'ﬁy omnipresent mﬁgne‘l‘.it fields -..
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PAMELA

Payload for Antimatter-Matter Exploration and Light-nuclei Astrophysics

PSSPV SR IV ORET 10
099099000090 0008

S—— ;_____,/

1, 3, 7- TIME OF FLIGHT SYSTEM,;
2, 4- ANTICOINCIDENCE SYSTEM,;
5- SILICON STRIP TRACKER (SIX DOUBLE PLATES);
6- MAGNET (FIVE SECTIONS);
launched 2006 8- SILICON STRIP IMAGING CALORIMETER;
9- SHOWER TAIL CATCHER SCINTILLATOR;
10- NEUTRON DETECTOR;
11- HERMOCONTAINER.




A 92 GeV positron
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Sampling imaging Calorimeter

hadron (R=196V) electron (R=176V)

magnetic rigidity R=pc/Ze =r. B



Positron ldentification

Energy - momentum match
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AMS-02 @ ISS
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RICH: measure particle velocity
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Satellite
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Gamma-Line: A smoking gun!

¥y

+ directly related to WIMP mass
+ sharp, distinct feature
+ at the relevant energies, astrophysics does not create lines

— does not happen at tree level (DM does not couple to gammas)
—~ 2"% order process, rate is largely suppressed
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IceCube Lab

50 meters :\."'_.:_-:_-:_-__; _.; =

! IceCube Array

| 86 strings, 60 sensors each

| | 5,160 optical sensors
L il
i I g ;
1,450 meters 1 % L ' DeeP Cor'e. .
i il 6 strings optimized

. for low energies

Eiffel Tower

. 324 meters
2,450 meters

2,820 meters
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lceCube WIMP Limits

~8°

80

— 7T
dataset WH (winter, high-energy)

60

40

20

—t ]
dafaset WL (winter, low-anergy)

oo
L |

Events

i I
dataset SL (summer, low-energy)

f

19F

10

099 0992

background from
atmospheric g and v

measured data

simulated WIMP signal:
1 TeV/c?, 50 GeV/c?
(scaled to 90% CL limit)

similar results from Super-K

40

Sﬁ)in-indepe_ndent

v

|--#-- leeCube 2012 (KB} [~
—=— IceCube 2012 (W"W)*

# (T for rrLlﬁrr\.\J = 80.4GeVic?)

T T T T | T T T T
[ ] MSSMincl. XEMOMN (2012) ATLAS + CMS (2012)
DAMA no channeling (2008)

—— - CDMS (2010) —

— — — CDMS 2keV reanalyzed (2011)
—— CoGENT (2010)

—---— XENON100 (2012) —]

1 2

log10 (m /GeV c?)

U T T T T I
— 'spin-dependent

proton only

--=-- |ceCube 2012 ()
—=— lceCubs 2012 (W'W)* |

f
+ (0T for my<my, = 804GV} |

T T T T T T T T
] MSSM incl. XEMOM (2012) ATLAS + CMS (2012)
DAMA no channeling {2008) ]
— - — COUPP (2012)

----- Simple (2011)
- PICASSO (2012) Ny
---------- SUPERK (2011} (bB) .
SUPER-K (2011) (W™W) S

1 2

log10 (m, / GeV c?)




6 The current dark matter landscape

wrapping it all up...

At the moment, we have exclusion limits and
conflicting detection claims (- anomalies) at the
same time

e Collider Seaches
- no sign of dark matter yet - O. Buchmuller's lecture

 |ndirect Detection
— rising positron fraction?
— galactic center excess?
- a new X-ray line at 3.5 keV?

 Direct Detection
— two anomalies,
strongly challenged by various limits



Hints / Anomalies

from resonaances.blogspot.com.br
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The graph shows the number of years the signal has survived vs. the inferred mass
of the dark matter particle. The label's size is related to the statistical significance of the signal.

The colors correspond to the Bayesian likelihood that the signal originates from dark matter,
from uncertain (red) to very unlikely (blue).

The masses of the discovered particles span impressive 11 orders of magnitude,
although the largest concentration is near the weak scale (this is called the WIMP miracle).



Positrons — PAMELA

Payload for Antimatter-Matter Exploration and Light-nuclei Astrophysics

PSSPV SR IV ORET 10
099099000090 0008

S—— ;_____,/

1, 3, 7- TIME OF FLIGHT SYSTEM,;
2, 4- ANTICOINCIDENCE SYSTEM,;
5- SILICON STRIP TRACKER (SIX DOUBLE PLATES);
6- MAGNET (FIVE SECTIONS);
launched 2006 8- SILICON STRIP IMAGING CALORIMETER;
9- SHOWER TAIL CATCHER SCINTILLATOR;
10- NEUTRON DETECTOR;
11- HERMOCONTAINER.




A rising positron fraction!!!

I - Positron ,R?}“O 0.4210° Anti-proton Ratio
© B TR e Donato 2001 (D, $=500MV)
J0.22 ol Q8EE =oriss Simon 1998 (LBM, p=500MV}
i 55 Tl 5 e ! Ptuskin 2006 (PD, $=550MV)
P A i 0.3 ® PAMELA
0.18 ¥ L % e
1\ g Mulier and Tang 1987
0.16 \ |

0.12

0.1

0.08

2

10
0.06 kinetic energy (GeV)

0.04

Measured anti-proton ratio
In agreement with secondary

production!
(also true for new AMS-02 data)
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0.02

Energy (GeV )

influence of sun
— not accounted for PAMELA does not have a TRD:
in the Galprop model maybe some of the positrons are protons?
(There are 1000-10000 more p that e*)
— a proton contamination of 3 x 104
could explain the rise



Dark Matter?

Neutralino Dark Matter Kaluza-Klein Dark Matter

Bergstrém, Bringmann and Edsjs (2008) i '2 | [
0.2 F ; : ! ! : T - mgn=600 GeV,/BF=415, ¥°/def=0.97 1
M4 PAMELA 0.20 | mgw=800 Ge\",f{duhl.zg |
- 4 HEAT T i ~
= e 0.0
0.1 %f},w . N : ;
= - o 2
2 > : ' ? =~  0.05
s +.— + IIII ;': ; e Propagation Model A
Foos . ! g il
3, L 0.02 — e
= i -
= 1 7 !‘.}01 L1 || | I I I L1 || |
_____ : 5 10 20 50 100 200
aozl . ____ BMS (m,=132 GeV) : i Ee {Ge?}
BM3 (m, =213 GeV) i L || T T I T T ||
i — - mgm=600 GeV/BF=700, X°/dof=0.86
—_— Background 0.20 _m,m-&l)ﬂ Ga‘-’fdof-ﬂlﬁ»ﬂ
tot :- llf] én ::n 1Inu ‘Ell.l-l} ~
E.. (GeV) e 0.10F e
+ 5 y
« DM neQdS to be |ept0phI|IC % 0.05 T ________________ boost factor ~1000
(excess in e, not in p) - Rt
— need to overcome helicity suppression 0.02 Propagation Model B
* radiative corrections might enhance | | | | |
the e * fraction 0.01, 10 20 50 100 200
« WIMP miracle expects <ov> ~ 3 x 1026 cm3/s, Ba G0

PAMELA would lead to <ov> ~ 10-% cm3/s
— need large boost factors!



How can we get Boost Factors?

Astrophysics: local overdensity of dark matter in nearby sub-halos

Particle Physics: Sommerfeld Enhancement
X+ X - f+f
typically, the rate of the process is proportional to ,flux x cross-section®

Sommerfeld: if the colliding particles attract each other, the rate is enhanced.
Classically: focusing effect and incresed velocity

10°F L 40

(o, V) =a+bv? ...

ann.

0 = 00+ Sr=0

N

e pure s-wave contribution, ~ €nhancement factor;
2 no enhancement can be very large




Or is 1t simply from nearby pulsars?

Protons
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Need better data...

PAMELA

_1_
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+e7)
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AMS (projection)
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from a 10 GeV/c2 KK WIMP annihilation
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Positron fraction

AMS-02 result confirms PAMELA

2013 2014
2 — T — T —— 0.002 -
i - - (a)
o AMS-02 = -
! o PAMELA A 1z % - ;***HMW*"M
A Fermi S, ok 11+
Q t! 1Ay
u ] 2 - .
= - + * Data
++% % @ -0.001 i~ +Jf - Fit c-log(E/E)
. 0002 L . —
107 " AAA‘? o 1 - 10 10°
-0 o"gy i 0.2
_ _ - (b)
[ Fog ::-;,M 18 |
g = i
- - E =
I { % o T o
IIIII 1 1 1 IIIIII 1 1 1 IIIIII 1 1 1 _g [ .Data
1 10 102 § i # Minimal Model
e* energy [GeV] R ]
1 10 10? 10
Energy [GeV]

— Is the spectrum turning around??
— no features found in data!



Closing Thoughts: e* and p

stolen from Pierre Salati, arXiv:1605.01218:

The [PAMELA] cosmic ray positron anomaly has been
confirmed by the AMS-02 collaboration. It is difficult to explain
this excess solely by DM annihilation. [...] The most plausible
explanation has to be found in nearby pulsars.

As regards antiprotons, the preliminary AMS-02 p/p ratio is
compatible with a pure secondary component [=no DM],
although the data are close to the upper edge of the expected
background. To decide whether a DM signal is hidden,
cosmic ray propagation needs to be better constrained and
the antiproton production cross sections in pp and NN
collisions should be more accurately measured.



FERMI - The LAT Modular pair-conversion

telescope
4 x 4 array of identical towers

Incoming Y

Conversion
(y in et/e)
in W foils

reconstruction by
tracking the
charged particles
+y identification

Si- strlp detector, W cnnverler fﬂllS
80 m® of Si active area, %

%
LY

1.5 radiation lengths on-axis. -

ki
%
%
%
"a

. measurement with
array of 1536 Csli(TIl) crystals in 8 Iayqrs Sone.Eses IE| P el
8.6 radiation lengths on-axis. L ==l s s s alale s 2 + shower imaging

L [| S S B S s
89 plastic scintillator tiles and 8 ribbons. | | B s sans s
charged particles veto (0.9997 average b
detection efficiency).

b o ] i e b i

Fermi LAT Collaboration, APJ 697, 1071 (2009)

slide from E. Nuss



Where to search for gammas?
The dark matter Sky

Galactic Center

e Large statistics

e Complex astrophysical
fore/backgrounds

DM clumps in Halo
¢ Few backgrounds
e Llinknown location

Galactic latitatls

Extragalactic_ . (looking above Spectral Li!‘IEE
s All galaxles Galactic pianel e - . Smnkmg gun
¢ |sotropic Sl : e Small signal

—_————ee
Galactic Halo

s Large statistics Galactic longitude

e Complex astrophysical ' . r (looking away from
fore/backgrounds - : Galactic center)

Galaxies Clusters
+ e Virgo
¢ DM enriched
o |ikely astrophysical
fore/backgrounds

Satellite Galaxies
¢ dSph DM enriched
¢ Known location
e Smoking gun

slide from Olaf Reimer



Fermi Gamma Sky




Dwarf Galaxies

expect almost no background (DM only), but rather weak signal

10-2 Fermi/LAT, arXiv:1503.02641
[ — 4 vear Pass 7 Limit :
10-22 = {-year Pass 8 Limit
| == Median Expected
sel 68% Containment
— 10 _ 95% Containment
' [
= 107#L
£ ‘
- 10 256
BT L
L]
105 L
a7 | -
10 3 bb

101 102 10° ] b"
DM Mass (GeV/c?)

15 dSphs analyzed together, 6 year of Fermi data:
— no indication of a signal



Galactic Center Excess

0.5-1 GeV residual 1-2 GeV residual
20 l5r.u 20 !25
140 20
10 = 10
l_-l.
g 115
0 @ 0
9 110
10 & -10 I5
-20 -20 0
20 10 0 -10 20 10 0 10 -20
2-5 GeV residual 5-20 GeV residual
20 20 !5
oo 4
10 o 10
8 o
% 43
0 @ 0
: E
3
10 @ -10 I1
.20 -20 0
20 20 10 0 10 20

Hooper & Goodenough 2010



Galactic Center Excess

Many groups have reported a spatially extended excess of gamma-ray emission in the
inner Galaxy peaking at ~2 GeV in E? dN/dE and consistent with a contracted NFW profile

10_4 i

*
-

V]

* s

IU_‘] E_ "‘.

rsGe

s

2

10

dN/dE [1/cm

I{J ?:_ I

1

y GeV oexcess emission

-at F =2 GeV

o [ - Lo o~ e 1

L) L ¥ l L L
Hooper&Goodenough 2010

Boyarsky+ 2010

Hooper&Slatyer 2013 '
Gordon+ 2013 -— -
Abazajian+4 2014

Daylan+ 2014

Calore et al. 2015, Phys. Rev. D, 91, 063003

Clalore4+ 2014

Fermi coll, (preliminary)
contracted NFW ~ = 1.26
Fermi Bubbles (extrapolated)
HI + H2 (at z < 0.2 kpe) E

arXiv:1411.4647

10
Galactic latitude |b| [deg], at £ = 0°

Spectrum, spatial profile, and inferred annihilation cross section are consistent with WIMP
hypothesis within uncertainties — can an astrophysical interpretation be excluded?

slide from Olaf Reimer



Caveat: Modelling the diffuse

astrophysmal background S dlfflcult

EGRET

X-ray source B e

SNR

X hyes i x o,
3 ] =~
3 L = TH- =
3

» GC is a crowded region
* modeling diffuse emission of all individual

sources along line-of-sight is challenging
« what is the impact of astrophysical point sources?

slide from Olaf Reimer




X-ray line at 3.5 keV

DETECTION OF AN UNIDENTIFIED EMISSION LINE IN THE STACKED X-RAY SPECTRUM OF GALAXY
CLUSTERS

Esia BuLeur™?, Maxmd MarkeviTer?, Apadm FosTer', RaNpaLL K. SuiTe! MICHAEL LOEWENSTEIN®. AND
sScorr W. RanpaLr
! Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA (02138
¥ NASA Goddard Space Flight Center, Greenbelt, MD, TSA.

Submitted to ApJ, 201§ February 10 [1402.2301]

We detect a weak unidentified emission line at|E=(3.55-3.57)+ /-0.03 keV|in a stacked XMM spectrum

of|73 galaxy clusters spanning a redshift range 0.01-0.35. MOS and PN observations independently

show the presence of the line at consistent energies. When the full sample is divided into three
subsamples (Perseus, Centaurus+Ophiuchus+Coma, and all others), the line is significantly detected

in all three independent MOS spectra and the PN "all others” spectrum. It is also detected in the

Chandpra spectra of Perseus with the flux consistent with XMM (though it is not seen in Virgo). ..

An unidentified line in X-ray spectra of the Andromeda galaxy and Perseus galaxy cluster

A. Boyarsky', O. Ruchayskiy®, D. Iakubovskyi®* and J. Franse':®
nstituut-Lorentz for Theoretical Physics, Universiteit Leiden, Niels Bohrweg 2, Leiden, The Netherlands
“Ecole Polytechnique Fédérale de Lausanne, FSB/ITP/LPPC, BSP, CH-1015, Lausanne, Switze [1402.4119]

S

We identify a weak line at|E ~ 3.5 keV in X-ray spectra of the Andromeda galaxy|and the Perseus

galaxy cluster — two dark matter-dominated objects, for which there exist deep exposures with the

XMM-Newton X-ray observatory.|Such a line was not previously known to be present in the spectra

of galaxies or galaxy clusters. Although the line is weak, it has a clear tendency to become stronger
towards the centers of the objects; it is stronger for the Perseus cluster than for the Andromeda galaxy

and is absent in the spectrum of a very deep "blank sky” dataset. ..



Andromeda Galaxy

' l I I I l I I ' I-.'[!!l GH—Icent.Jr '—I'—i
[1402.4119]




Data - model

Normalized count rate

[ctefesec/keV]

Andromeda Galaxy: Zoom

[cteSsec/kev]

M31 ON-center —@—

Ho line at 3.5 kewv

11072 =
81073 |~
61077 [~
41073 =
21073 |-

0-10°

-2107° -9

Ne line at 3.5 keV —@— |
Line at 3.5 keV —-8—_|

~41073
3.0

Energy [keV]

.0



Possible new physics interpretations

e decaying gravitinos

e axino dark matter

e axions and ALPs

e light-nonthermal dark matter

* R-parity violating decays of keV sparticles

* sterile neutrinos
7.1 keV v
sterile v | <

* millicharged dark matter '

e eXciting dark matter
e etc etc etc

Or boring old things?
e unknown astrophysics
e atomic lines (known lines at 3.48 and 3.52 keV are included in fit)



No Conclusion yet

Target Instrument Significance (1) Reference
Boyarsky 2014
M31 AMM-Newton/MOS 3.2 1402 4119
Perseus Cluster XMM-Newton/MOS 2.6 Boyarsky 2014
(outskirts) XMM-Newton/PN 2.4 1402.41192
Perseus Cluster Bulbul 2014
(center) Chandra/ACIS 3.5 1402 2301
Perseus Cluster
(center) Suzaku 3 J. Franse (TAUP 2015)
Boyarksy 2014
Galactic Center XMM-Newton/MOS 5.7 | 408 2503
73 Stacked XMM-Newton/MOS 5 Bulbul 2014
Clusters (z<0.4) XMM-Newton/PN 4 1402.2301
XMM-Newton/MOS . Malyshev et al. 2015
8 Stacked dSphs XMM-Newton/MOS Mon-detection 1408.3531
. Horiuchi et al. 2014
M31 Chandra/ACIS Non-detection 1311 0282
: Boyarsky 2014
Blank Sky AMM-Newton/MOS Non-detection 1402 4119

Not a consensus, see, e.g., Jeltema & Profumo 2015, MNRAS, 450, 2143 (arXiv:1408.1699)

table from Olaf Reimer
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The DAMA/LIBRA Modulation

« DAMA: PMTs coupled to Nal Scintillators
- extremely low background necessary

* looks for annual modulation @ LNGS
* large mass and exposure: 0.82 ton years

« DAMA finds annual modulation @ 8.9¢

-~ .?0:;”‘“"“-—~i—sw ol « BUT: result cannot be explained with
* ) standard neutralinos or KK Dark Matter,
result in conflict with other experiments
arXiv: 0804:2741 2-6 keV — arXiv:1002.1028
o o — DAMA/NAL (0,29 tonxyr) —————3 | | <DAMA/LIBRA (0.53 tonxyr >
v Q.08 & | (targetmass =873kg) | ! i | | ! | (target mass=232,8 kg)
ﬁ% 0.06 B I A
2 oo f e |
T 0.0z B w1 LT -
& ¥ i I: : . ¥ FLN A i r“‘"l;l;‘- L o= % o,
= —om P gl e N " oy N 4
E —0.04 i._ E E %« E »}* | oo A |
Toel L 9~ Syt S cos(w(t — 1)) |
_r B L T | i i P Ll : | |
0.1 500

3500 3000 3500 4000 4500
Time (day)

1000 1500 3000



DAMA vs XENON

Science 349, 851 (2015) PRL 115, 091302 (2015)
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XENON100 excludes DAMA as being due to o 1]
— WIMP-e~ axial-vector couplings at 4.40 phise [Dave]
— luminous dark matter at 4.6c - exclude DAMA/Libra as being induced by
— mirror dark matter at 3.6c axial-vector WIMP-electron couplings at 4.8c

Modulation also directly tested by KIMS, CoGeNT, CDMS-II; upcoming: SABRE, DMIce/Anais



Upcoming Nal Projects

aim at testing the DAMA claim using the same target/detector
— main challenges: crystal purity, low threshold, target mass

SABRE B. Suerfu (UCLA DM 2016)
Sodium-iodine with Active Background REjection

Strategy:

* lower background: better crystals v, PMTs
* liguid scintillator veto against “°K (factor 10)
* lower threshold (PMTs directly coupled to Nal) 0Bt
* North (LNGS) and South (Australia) 04t

Y
I|II

DAMA observed

~
I|II

Rate (cpd/kg/keV )
T T TT

=
=
T T

. _ e i SABRE expected
» Status: tests with 5kg crystals ongoing at LNGS g Tl N N

00_ L L L 2' ; é L L L é 1 1 1 1|0 L
Energy (keV)

Veto vessel
w/ scintillator

other: DM-Ice + KIMS-Nal + ANAIS

PMT Detector DM-Ice: 17 kg @ South Pole

Crystal e arxiv:1602.05939
rysta
Veto PMTs DM-Ic.e: 55kg @ Yangyang
PMT KIMS: 52 kg @ Yangyang

ANAIS: 113 kg @ Canfranc

— start data taking by June 2016
— background 2-3x DAMA (no veto)




CDMS-II: Silicon Detectors

PRL. 111 (2013) 251301
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» 140 kg x days of data from cryogenic silicon detectors
e data acquired 2007-2008 CDMS @ APS 2013:

* background prediction ~0.5 event ,We do not believe this result
* blind analysis reveals 3 candidate events rises to the level of a discovery,
(- Poisson likelihood is 5.4%) but does call for further investigation*



I[Ijgh WIMP-masses TPC dominated
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some results are missing...



Existing dual phase detectors

XENON100 @ LNGS (IT) LXe

Astropart. Phys. 35, 573 (2012)

- 62 kg LXe,
225%34kg exposure
- reached WIMP science goal |
- inelastic DM, spin-dependen
modulation,
axions, ...

LT

- still running
as testbench

PandaX-ll @ CJPL (CN)
arXiv:1602.06563

- the (currently) largest
LXe TPC taking data
- new SS cryostat
— lower radioactivity
- TPC: 60cmx60cm,
500 kg target

First result from commissioning run
- 306 kg x 19d exposure; no signal excess

~6 GeV/c2
- 250 kg LXe:

W

85dx118kg exp.

- best limit above

LUX @ SURF (USA) Lxe
NIM A 704, 111 (2013)

26f [ Profile-Likelinood Analysis shows a

2al I p-value of 35% consistent with ER |
. background and no WIMP signal

PRL 112, 091303 (2014)
- _ re-analysis: arXiv
hede i n . | 151203506 |

INd
o

N
T

log 5 0(32b/81 ) X,y,z corrected

- high LY R A
- currently 1ot ST e
taking data ‘-4’ R
1.2f
10 16 éO 30 4b 50
2 PE ~ 3 keVr S1 x,y,z corrected (phe)
l -
¥ e DarkSide-50 @ LNGS (1) LAr
arXiv:1510.00702
- 46 kg *Ar-depleted LAr (factor 1400)
- 71dXx37kg ¢ ¢
- no event in
search region
- taking data

- proposal for
DarkSide-20t

i
400
S1 [PE]

50 PE ~ X keVr



The ultimate limit for direct detection

— with directional information, it is in theory possible to go beyond...
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The ultimate limit for direct detection

— with directional information, it is in theory possible to go beyond...

JCAP 01, 044 (2014)
WIMP 6 GeV/c *

v: Sum

—
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Energy [keV]

WIMP m Interactions from coherent neutrino-nucleus
scattering (CNNS) will dominate
- ultimate background for direct detection
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The Future
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