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® |dentify overdense regions of dark

matter JQ Q
$ - O
= self-annihilation can occur at QQ‘Q’ 2 q',o &
© o @ <P qg’
significant rates & QW S
SN . H S
® Pick prominent Dark Matter target <

. Q
® Understand / predict backgrounds X \\\\/W+,Z,T+,b,...=> ei,v,y,p,D,...

® Exploit features in the signal to better
distinguish against backgrounds '
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Neutrino lelescopes & Detectors




° ANTARES is located at a depth
of 2475 m in the Mediterranean
Sea, 40 km offshore from Toulon

° Consists 885 [0”PMTs on 12
lines with 25 storeys each.

° Detector was competed in May

2008

Neutrino Telescopes / Detectors

ILo7

Cable to shore
Junction Box

Depth: 850 hg/cm?

17x17x11 m?

Tank size:
70x70x30 cm’

Baksan Underground Scintillator
Telescope with muon energy threshold
about | GeV using 3,150 liquid scintillation
counters

Operating since Dec 1978 ; More than 34
years of continuous operation

To Shore \
. - calibeation laser

IceCube at the Geographic South Pole

5160 |0”PMTs in Digital optical modules
distributed over 86 strings instrumenting ~|km3

Physics data taking since 2007 ; Completed in
December 2010, including DeepCore low-

g - g :(Ei’:-\ﬁnfmy elx:lo;hﬁfc
° Lake Baikal, Siberia, at a depth |.| km &2 (A P scing
NT36 in 1993 \F2 2 oI T moue Super-Kamiokande at Kamioka uses | K
", PO oL - OMs -
= s TR T4 ., 20” PMTs
‘\o. wey, - . s;é]aska_
625m° L PP s g fmctlr]oemcs
° NT?200 (since Apr 1998) consists of 5t I 113 "
one central and seven peripheral strings | [ =k =il 50kt pure water (22.5kt fiducial) water-
of 70m length A5 2\ 2 / 3 I8 k3 cherenkov detector
v' J -': ﬁ{ ol .:V' 625 m
b LB & :: 6.25m . .
%' - _;jt 2 Operating since 1996
‘f’fg“’*t&{i’— ) }zoo m
i S R6m
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Dark Matter Self-annihilations
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Dark Matter Annihilation
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INDIRECT DARK MATTER

- SEARCHES IN ICECUBE / ANTARES

IceCube Lab

= Data = Signal, NFW profile
= = Scrambled signal = Signal, Burkert profile
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SEAR

INDIRECT DARK MATTER

CHES IN ICECUBE / ANTARES

Galactic Center

ICFCLIRE

® ANTARES and IceCube complementary
positioned on Northern and Southern
Hemisphere

® Galactic Center only accessible in down-
going events for lceCube

® Weak halo model dependence for

Galactic Halo DM annihilation searches cover 10
GeV - 300 TeV Dark Matter masses with 4 analyses:

e ANTARES GC 2007 to 2015

e |ceCube Galactic Halo Cascades 2yrs

lceCube Galactic Center Track 3yrs (low-energy)

lceCube [arXiv:1705.08103] Eur. Phys. J. C
(2017) 77: 627

F v v veveerg L B L B A | v rvveveeen L

. W—# IC 3yr halo cascades k—4 IC 2yr cascades -
- @@ IC 3yr GC tracks — -  ANTARES GC -
- ¥y IC 4yr PS+ 3yr MESE ANTARES Physics Letters .
b B 769 (2017) 249-254 1

YT T ™3

IceCube Preliminary

‘N o Natural scale -
b e i ————rrr — T T J
10 10? 10° 10* 10°

m, [GeV]

observation of extended DM halo
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INDIRECT DARK MATTER

SEARCHES IN ICECUBE / ANTARES

Galactic Center

ICFCLIRE

® ANTARES and IceCube complementary
positioned on Northern and Southern
Hemisphere

® Galactic Center only accessible in down-
going events for lceCube

® Weak halo model dependence for

Galactic Halo DM annihilation searches cover 10

GeV - 300 TeV Dark Matter masses with 4 analyses:
e ANTARES GC 2007 to 2015

e |ceCube Galactic Halo Cascades 2yrs

lceCube Galactic Center Track 3yrs (low-energy)

lceCube [arXiv:1705.08103] Eur. Phys. J. C
(2017) 77: 627
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observation of extended DM halo
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Galactic Center / Galactic Halo - IceCube/

ANTARES/Super-K

J.A. Aguilar Sanchez [ANTARES & IceCube] ICRC2017 (911) Galactic Center Super_K

M| T

—_— i — — 1 10‘17$ T T ITTI T T T T T T T T T T T T TS
— IceCube (1007 days) . = +ear: IceCube-86 (GC) 90% CL UPPER LIMIT
— ANTARES (2101.6 days) ‘ 10 = arXiv:1705.08103 [hep-ex] . SK oreliminar
— Combined ANTARES + IceCube g [ 5 Superk BB (NFW) E . /
' ' 107" E =@ super-k w'w (NFW) % bB IC
1022 | : : : R = = Super-K 'y’ (NFW)
_['._' [ : ' —_1020 £ == Super-K v7 (NFW) 3
n - = 3
E -2 1071 ot 1C,
= - ‘n
E (8] E bb SK . ""a
3 N0 = '
5 > = u+u- SK o
v 102 - "
E VWSK T
N 1024 = Vv IC
XX — T T 25 :_
: : 10 = natural scale — expectation for DM as thermal relic
10! 102 103 1025
$ | IIIIIIII | llIIIIIl | III||||| | I||||l|| | I 1111l
™, [Gev] 10" 1 10 102 10° 10*
Combined Search for Neutrinos from Dark Matter Annihilation in 2
the Galactic Center using lceCube and ANTARES Mx [Gev, c ]

® Combined analysis enhances sensitivity in overlap region and helps to make
analyses more comparable

® Very competitive result from Super-K for dark matter masses below a 100GeV
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Neutrinos test lepton anomalies

by

E 1 1 LI l-l+l ll B E l Ll L L L ll n"'. IO I L L L ll Ll 1 L 25 PAME
XX T T U, 5
[ =-. Ay e20p
107 NFW : ""i.o(, "';' -
: o 315
I 2k
W10
10-21 E_ '0. _ E
o I 5 -
& 102 L “ E T 10° 10°
g E ‘ — - Figure . TheAMSoositonﬂnxmeasmemeut compared with theoretical models.
A~ i armi. =
- ' Fermi _
;‘:3 10 E 66 ‘. ’”» = 7 = (e+ + e)
- <8GR
S - gamma-ray = b o)
~ " HEAT (2001) “
10% p : o et
Z =7 [~ 1c59 dsphs — ANTARES 2007-2012 £ st 1T 8
25| -7 == 1C22 Halo — — Fermi dSphs 95% C.L. S Trel ] g
107 ¢ P —— 1C79 Halo «1s MAGICSeqgl 95% C.L. — 100 T
e -8= [C79GC ~ we VERITAS Segl 95% C.L. “ 1k
L == |C86 Halo Casc. —— Fermi+MAGIC 95% C.L. C omventional ittusive mode
10'26 ] ] Ll ] Ll ] L 11t I |
10* 102 10° 104 10° 10 100 1000

E (GeV)

m, [GeV]

Neutrino Telescopes can probe models motivated by the observed lepton anomalies
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Science

IceCube Coléboration, Science 342, 1242856 (2013),
80 events (trac k_like & Showe rs) Obse rved IceCube Collaboration, Phys. Rev. Lett 113, 101101 (2014)

Expected from the Earth atmosphere ~4|events

Energy Threshold

= Background Atmospheric Muon Flux
[ Bkg. Atmospheric Neutrinos (#/K)
[ Background Uncertainties
= Atmospheric Neutrinos (90% CL Charm Limit)
‘ —— Bkg.+Signal Best-Fit 1-Component Astrophysical (E~%%2)
102 Lo L = - Bkg.+Signal Best-Fit 2-Component Astrophysical
: e®e¢ Data
9 |
© IceCube Preliminary
a 1
2 |
1 3
o 10" p @ b d B R
N 3
L :
q) .
Q i
hd] :
he| -
c 3
g 100 T
z 10 S A il O
1 N
-1 . .
== I
I
-1
10 ............. e f U SO
> - | A [ B
10 10 10 0.0 TS =2In(L/Lo) 12.6

Deposited EM-Equivalent Energy in Detector (TeV)

Best fit spectral index (E): no significant clustering observed

¥='2-92+O'33'O-29
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Heavy Dark Matter Decay

Bound on lifetime ~1028s
derived with lceCube data
PRD 92, 123515 (2015)

Heavy Decaying Dark Matter (example y—Vh)

Focus on most detectable feature (neutrino line)

Backgrounds steeply falling with energy, highest energy events 10% F—— -
provide best sensitivity >
. e I faa g
Continuum and spacial distribution could help identify a signal 102 Y J,',?‘d o
Bounds from Fermi-LAT and PAMELA derived from search for . Z‘
bb annihilation channel (dominant decay channel of Higgs). o .
7 Y :
» * ‘g
- E
. 10”7 2
"o .
) — This Work
) > s [ccCube
. 1026 [ceCube
T
> I 0 ——
- 107 102 10° 10°* 107 10° 107 10
ey mpy [GeV]
N Heavy DM bounds with neutrinos, see also
'g 10-20 : Murase and Beacom JCAP 1210 (2012) 043
= o B, Feldstain A Kusonko, \ Esmaili, Ibarra, and Perez JCAP 1211 (2012) 034
= " Matsumoto, and T. Yanagida arXiv:1303.7320v1 1 El Aisati, Gustafsson, Hambye 1506.02657
.|/ PhysRev. D88 (2013) 1, 015004
10- : —

104 10° 108
Neutrino Energy (GeV)
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http://arxiv.org/abs/1506.02657

Heavy Decaying Dark Matter

Marco Chianes'e, Gennaro Miele, and Stefano Morisi

Could the observed neutrino flgx be due to only httoss/arxiv.org/odf/ 707 05241 pdf
dark matter decaying into multiple channels? S A

dPpmy,  dPqyu, N dPrc ..
dFE, N dFE, dFE,

Take Galactic and Extra galactic
contributions into account

Atri Bhattacharya, Arman Esmaili, Sergio Palomares-

. : . W atm. v
T . . W atm. p =
- : | [ astro. y=2.0 3
I DMx - T

-
o
N

-
o
—

-
o
o

IceCube events per 2078 days

Ruiz and Ina Sarcevic, arXiv:1706.05746 DM — ve 7. 107" R SRR N BN I
’ : o S M A AR 10° 10° 107
single channel : =SR] Energy [GeV]
pol ey, —EEREmE T PR IR Py
g 5 of ] L y=22 H b
j 2 - T + ] 1029 ':u"}
F1t s 10°§- ::_I"' 3 :
10.:01 .I” 162 . l(l)3 T iO‘
Deposited EM-Equivalent Energy in Detector [TeV]
Find that HESE data can be best described with the combination of :
the astrophysical neutrino flux and the dark matter decay F Marco Chianese, Gernaro Miele, and Stefano ‘
Morisi https://arxiv.org/pdf/1707.05241.pdf .
1026 Ll Ll L
, , , 10 102 10° 10*
Caution when interpreting HESE events: Moy [TeV]
- Earth absorption needs to be considered y T
. eavy DM bounds with neutrinos, see also
- Outcome strongly depends on background assumption Murase and Beacom JCAP 1210 (2012) 043

Esmaili, Ibarra, and Perez JCAP 1211 (2012) 034
Rott, Kohri, Park PRD92, 023529 (2015)
El Aisati, Gustafsson, Hambye 1506.02657

UCLA Dark Matter ¢
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http://arxiv.org/abs/1506.02657

Dark Matter Decay with lceCube

Two expected flux contributions:

° ° ° + S
® Dark Matter decaying in the Galactic Halo / ] !
(Anisotropic flux + decay spectrum)
dpC 1 dN, [ |
- V/ p(r(s,1,b))ds 4 . ' ' . g
dE,  4mmpymdum dE, Jy 30°  60° 90° 120° 150 330
® Dark Matter decaying at cosmological distances
(Isotropic flux + red-shifted spectrum)
EG o0 ¢ Galactic Center
d?i)E = 4W$2DM p: / th) 32}’ (14 2)E,] dz Galactic Plane ’
DM DM /0 v J. Stettner PoS(ICRC2017) 923

Dark matter lifetime limit comparison -

096 150 204 258 312 3.66 420 474 528 582
Line-of-Sight Integral J(¥) [10*2GeV/em? |

28

T T

o
£ . . DM DM gAstro .astro
g Prellmlnar}’ Test-Statistic: TS = 2 x log LX|r™, M ’:I) il )
gg L(XlTDM = 00, (I)Astro’ ,’yastro)
g .
£ 7 /: 44" |ceCube 6y tracks Zv —== HAWC tt
- —— lceCube 6y tracks bp =+ MAGIC T Bound on DM lifetime at ~1027s
= X —— |ceCube 2y cascades Hy === MAGIC pu . .
& 20 ¥ - HAWC Tt —- Fermi Tt obtained with lceCube data for
- = HAWC pu == Fermi uu
~== HAWC bb —-= Fermi bb mpm>10TeV
23 I I I I I
3 4 5 6 7 8 ; : :
(0910 (Dark matter mass [GeV]) (Fermi-LAT and HAWC results see talk by Simona Murgia)
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lceCube Boosted Dark Matter

® “Boosted Dark Matter Search”

[ m,=30GeV, m,=80GeV, my=3.9PeV ;

100

10

Event after 988 days

0.01

Following search proposed by Kopp, Liu,Wan (2015)

using “Echo Technique” Li, Bustamante, Beacom (2016)

2 6 1 lceCube
g, TylT4=1.21x107s o
(9,9, falT4=2.76x10"%°s7" . ATM
. --- Neutrino

----- DM-EG
= - DM-GC
20 102 10?

Deposited EM—-Equivalent Energy [TeV]

108

prompt

107 | shower

muon
decay
echo neutron
capture

echo

dL/dlog,,t [arb. units]

103 | ] ] 1 1
10° 10® 107 10°® 10° 10* 107

Time [s]

Very heavy dark matter particle ¢ decays
to lighter stable dark matter x - boost!

Recoil ¢d->xXaa=bb
(only hadronic Sv's
cascades)

see also A. Steuer, L. Koepke [IceCube] PoS(ICRC2017)1008

May sound crazy, but is just an example for exotic interactions in IceCube detectable via recoil

UCLA Dark Matter
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Bboosted Dark Matter

— ——>— —— B B

\,/\// Kaustubh Agashe, Yanou Cui,

A B

l 1 /A2 Lina Necib, and Jesse Thaler
| JCAP10(2014)062
//'\/'\\ arXiv:1405.7370
A B ( P
(GC) { Lab)

Cone search: 8 cones from 5° to 40° around GC
- no cluster found around Galactic Center
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Dark Matter Capture in the

Sun




velocity distribution

v 1nteractions

' U Earth
v oscillations
O ann
O -
seatt Fca\,pture
I
A Detector
Freese ‘86

Silk, Olive and Srednicki ‘85
Gaisser, Steigman & Tilav ‘86

Krauss, Srednicki & Wilczek ‘86
Gaisser, Steigman & Tilav ‘86




Solar Dark Matter - IceCube/ANTARES

ANTARES

ANTARES - Phys.Lett. B759 (2016) 69-74

2

multi line
AAFIt estimate
L AAFIt Data

N
o
w

single line
__ BBFit estimate
BBFit Data

2

Number of Events / 0.1 Log10[°]

N
o

1 I L 1 1 | I L 1 1 |

) —

Distribution of separation angle for
2007-2012 ANTARES data

0 1 1 1 1 1 1 1 1 1 2 3
Log, (V[°)

lceCube

lceCube Eur.Phys.J. C77 (2017) no.3, 146

e o data — limit: 1 TeV yx =W W~
— bkg expectation — limit: 50 GeV yyx — 77
350} ' v : ]
300—.0_||—'—'_'_'_._|-' o 1 ° |
250+ : : :
200 I I I
150¢+ . 1 1
100+ lcaCube : :
50- 1 1 1
O 1 1 2
2 70f : . . :
T 60 f—r—s—r— — —
w 50+ : : ° : |
‘G 40t ' . . _
< 30+ ! 1 1 |
é 20}  DeepCore : :
10| o o o ’
Z°0 L7 b 3

0.992 0.994 0.996 0.998 1.000
cos(0)

e Search for an excess in direction of the Sun
o Off source region used to reliable predict backgrounds from data
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Solar Dark Matter Summary

11111

S le
<~ = i i a 1
[ L)\
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e (0%
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~35 | , | . e T
wami bbb . === |ceCube (2011-2014)
DAMA — T wn Super-K (1996-2012)
—361 4 10" = = Antares (2007-2012) {10*
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37 PICO-60 (2015)
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Dark matter-proton cross-section ogp , (cm

Super-K bb

— — Super-K W+W~—

Super-K 77~
PICO-2L (2015)

IceCube Collaboration 2016
IceCube bb ]
IceCube WHW— 7
IceCube 7H7— ]

PICO-60 (2015)

10-4 i
10!

10°

Dark matter mass m, (GeV)

&) (€ ) () nulike.hepforge.org.

¢ Q_ search

B O I » =

nulike is hosted by Hepforge, IPPP Durham

Availability of data

Spin'-dpnden‘r scattering

IceCube Collaboration 2016
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Dark matter-proton cross-section ogp, (cm?)
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Dark matter mass m,, (GeV)

10

> i N Is.elss log10(E(u )/GeV) <4.0 ]|
software to test your own £ 2l T aeligtoEnyoev<an ]
e Home . % =L _ 3.4 = log10(E(u )/GeV) <3.6 |
+ Download model (cross section/ : T ey |
o . . 2.8 =<1log10(E(y )/GeV)<3.0 |
Source .Code . branch|ng ra’uos) n’“_ 0.15 26= loglO(E( )/GeV) <2.8 |
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» Mailing list - * IceCube data released i ——  22<kg0ER)GV <24
nu I i ke _ 2.0 < log10(E(p )/GeV) <2.2
« Contact 0.1 —— 185 log10(E(u )/GeV) <2.0
H H . . i B — 1.6 < log10(E(u )/GeV) <1.8 |
neutrino telescope likelihood tools e Likelihood includes: r — 14slogl0(E( )/GeV) <1.6 |
Nulike is software for including full event-level information in likelihood o energy and directional 0.05 |
calculations for neutrino telescope searches for dark matter annihilation. . . i
information o
50 60
N
chan,c
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http://arxiv.org/pdf/1601.00653.pdf

Solar Atmospheric Neutrino Floor
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Cosmic ray interactions with the Sun

see Fermi-LAT Collaboration: http://arxiv.org/pdf/1104.2093.pdf
IIIII IlllllllllIlllllllllIlllllllllllllllllll'llll:
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Leptonic
e Moskalenko, Porter, Digel (2006)
e Orlando, Strong (2007)

® Cosmic ray interactions in the Solar atmosphere

produce gamma-rays and neutrinos Hadronic _
e Seckel, Stanev, Gaisser (1991)
® Background to dark matter searches from the Sun, that » Moskalenko, Karakula (1993)

soon will be relevant (and could result in the first high-
energy neutrino point source)

* |[ngelman & Thunman (1996)
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Solar Atmoespheric Neutrino Flux

C. Argulelles, G. de Wasseige, A. Fedynitch, B. Jones JCAP 1707

P The SOIar atmOSPheI‘IC (2017) no.07, 024 [ngiv:1703.07'798]
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com P o Sltl on mo d el S extremal solar density and composition models. See text for more information and references.
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Cosmic background from the Sun

i)

no.10, 103006

5 Ng, Beacom, Peter, Rott Phys.Rev. D96 (2017)
10 N 1 LI I 1 1 1 1 1 LI I 1 1 1 1 1 1 I_
- lceCube — my=200GeV
" (cubic kilometer detector) — m,=500GeV |
I —  m,=1000 GeV
! —  m,=3000 GeV
';‘ m,=5000 GeV
£ 10° m,=10000 GeV [ _
Q ]
> ] NE
LLl i (@)
=
i1 { a8
= 190 ©
Z 10 .
3 ]
L i
10-1 2 3 1 1 L1 1 4
10 10 10
E,[ GeV ]

® Solar Atmospheric give a new background to solar dark
matter search

® However, energy spectrum expected to be different

® DM annihilation neutrinos significantly attenuated above

a few 100GeV

Expect ~2events per year at cubic
kilometer detector
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Ng, Beacom, Peter, Rott Phys.Rev. D96 (2017) no.10, 103006
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Recent works on the Solar Atmospheric Neutrinos /
Atmospheric Neutrino Floor

C. Argulelles, G. de Wasseige, A. Fedynitch, B. Jones JCAP
1707 (2017) no.07, 024 [arXiv:1703.07798]

K. Ng, J. Beacom, A. Peter, C. Rott Phys.Rev. D96 (2017) no.
10, 103006 [arXiv:1703.10280]

J. Edsj6, J. Elevant, R. Enberg, and C. Niblaeus, JCAP 2017 .
06 (2017), p. 033, arXiv: 1704.02892 [astro-ph.HE]

M. Masip Astropart.Phys. 97 (2018) 63-68 [arXiv: 1706.01290]
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Secluded Dark Matter




ANTARES Secluded Dark Matter

 Dark matter annihilates into o~/ T\~ 0
meta-stable particle /',/\’%{\
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® Contrarily to standard solar WIMP scenarios, secluded dark matter can produce neutrinos > 1TeV
® For most channels,EM signals are expected, cross checks with HAWC, etc. possible
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Beyond Standard Model Physics at the PeV scale

Energy Threshold T TRy
T ———————— - PeV Scale Right Handed Neutrino Dark
= Background Atmospheric Muon Flux )
3 Bkg. Atmospheric Neutrinos (7/K) Matter
‘— i?r::)gsrpohu:r(ijcUNneCL?tr:iigstl(eso% CL Charm Limit) ¢ Super Heavy Dark Matter
, | —_ :l;g.+2igna: I;est-:jit ;-Eomponent 2strop:ysica: (E2%2) ® Neutrino Portal Dark Matter
: - .+Signal Best-Fit 2-Component Astrophysica . . .. . . 1
CUSSE eo Datr i " '; * Right-handed neutrino mixing via Higgs portal §
0 o f * Heavy right-handed neutrino dark matter '
8 'Cecg‘Jbe Preliminary | e Leptophilic Dark Matter
0 ] * PeV Scale Supersymmetric Neutrino Sector
™~ 1
Q 107 p Bl g B g ] Dark Matter i
= ® Dark matter with two- and many-body decays
o e Shadow dark matter
re = ® Boosted Dark Matter
q>) 100 B T —d T T o
L C 1T -1- o
[ : :
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101 B L T B
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Deposited EM-Equivalent Energy in Detector (TeV)
® |[ntense interest in high-energy neutrino region

® Observations defy any simple explanation
from a single generic source class

® Multiple sources classes !

® Hints of new physics ?
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Next generation neutrino detectors

IceCube-Gen2 (PINGU fill in)
S. In [IceCube] ICRC2017 (912)

107364 — 77 /7 o=@ |ceCube-Gen2 1 Year +— |ceCube 2025 *
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» ORCA and IceCube-Gen2 (PINGU infill) have |

WIMP Mass [GeV]

10*

unigue capability to explore DM between
4-50GeV in indirect solar wimp searches

* This will also be an interesting region for =

Hyper-K / DUNE
* KM3NeT and IceCube-Gen2 extremely
competitive for high-mass DM decay
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(see also talk on boosted DM sensitivities by Joshua Berger - Friday Feb 23)
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_Conclusions

Striking DM signatures mlght provide high dlscovery potential for
indirect searches

Models motivated by positron excess and gamma-ray observations
can and have been tested with neutrino telescopes

Lifetimes of heavy decaying dark matter can be constrained to |02%8s
using neutrino signals

Neutrino Telescopes provide world best limits on SD Dark Matter-
Proton scattering cross section

The new neutrino floor for solar dark matter searches has been
calculated

Neutrinos extremely sensitive to test low-mass Dark Matter
scenarios at current and future detectors

Efforts underway to expand searches beyond WIMP hypothesis ...
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Sensitivity

Deep Underground Neutrino Experiment

i v.dunescience.org/ NSC
DUNE e 3 e

Long-Baseline Neutrino Facility (LBNF)
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Low-Energy Neutrinos from the Sun

{qq,gg,cc ss,sbb tt, W+W-, ZZ, T+T H b-, W, e*er,YY

_____________________________________________________________ “few neutrinos

" :: some “high energy” neutrlnos in decays
=> basis of present day searches

dominant decay into hadrons T+

Charged pions and kaons
decay at rest producing
mono-energetic neutrinos

™ — ptv, E= 29.8MeV
K+ = Vll u"‘ Ey,=235.5MeV 170 Lifetime too short to interact

® |nteraction length short compared to losses

® Produces secondary particles in collision with

C. Rott, J. Siegal-Gaskins, J.F.Beacom Physical Review D 88, P rotons
055005 (2013) (arXiv1208.0827)
Bernal, Martin-Albo, Palomares-Ruiz JCAP 1308 (2013) 011
C.Rott, S.In, J.Kumar, D.Yaylali JCAP11 (2015) 039 ® Dom | nant energy IOSS term iS 11-0 pI‘Od UCtion
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Solar Dark Matter -
lceCube/ANTARES

e Convert neutrino flux limit into limit on
WIMP-nucleon scattering cross section

lceCube Eur.Phys.J. C77 (2017) no.3, 146

mm |ceCube (2011-2014)
+ Super-K (1996-2012)
Antares (2007-2012)

-

102 103

m, [GeV]

10t

Solar WIMPs

e ANTARES - Phys.Lett. B759 (2016) 69-74
lceCube Eur.Phys.J. C77 (2017) no.3, 146

e S.Inand K. Wiebe [IceCube] ICRC2017 (912)
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Impact of astrophysical uncertainties

M. Danninger & C. Rott “Solar WIMPs Unraveled” - Interactive tool to study impact of
Physics of the Dark Universe (Nov 2014) .
astrophysical parameters

https://mdanning.web.cern.ch/mdanning/public/Interactive_figures/
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Indirect Detection of Dark Matter

Relic WIMPs gravitationally trapped via elastic
collisions
Sun, Earth, Galactic Center)

e 7 strings (funded)
e operational by
2017/2018
o ek o Phase 2:
--------------------------- Nt e 115 strings
(funding request
ongoing)
e operation by 2020
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ORCA 3 years - tracks+showers
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Imaging Galactic Dark Matter with

lceCube's Fligh-Energy Cosmic Neutrinos

Dark Matter - Neutrino Interaction

(1) Fermion DM, (2) Scale DM,
vector mediator ferminonic mediator

Galactic

- 10g(p s/ GeVem 2) 23.0201

*Einasto Profile Assume:
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Low Energy Neutrinos from the Sun
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Pion and Kaon yields

rt r-value - fraction of center-of-mass Kt r-value fraction of center-of-mass
energy which goes into 1t energy which goes into K*
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For low dark matter masses difference between flux from
stopped pion and kaon decay at rest can be used to disentangle
annihilation final states
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® PINGU upgrade plan

® |nstrument a volume of about = - ...
5MT with 20-26 strings oo £toor .
® Rely on well established ok e 3 ST T
eIl -800 - N
drilling technology and photo e O (/ et .
Sensors g0 0§ 1 e R R
i i : st/
- P ~100f- NG
® Create platform for : s
calibration program and test -t HH S1%F ‘
technologies for future n T el
detectors
. =T E E% 10736} — f*_/'r" o= IceCube-GenZ/PII\'IGUIYear — IceCu‘be.20.25*
o Ph)’S'CS GoaIS: %g% ......... b/ : ::E::-;i;rn"Zr/nPiltNGUSYear — ::zz:ilznrgzl:ms (3903 days)
o - ]§] 107 S.In & K.Wiebe [IceCube] PoS(ICRC2017) 912
® Precision measurements of i s
neutrino oscillations (mass i
hierarchy, ...) S100
® Test low mass dark matter g
models "
Preliminary « Scaed b et
107 10" 102 10° 10*
WIMP Mass [GeV]
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https://arxiv.org/pdf/1607.02671.pdf

“The lceCube Upgrade” ~7strings

~100
E e ® |ceCube
>
50- A DeepCore
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First step to restart South Pole activities
- Tau neutrino appearance

Calibration devices

Platform to test new technologies

see also:

- PINGU LOI arXiv:1412.5106

The IceCube Upgrade

2.00
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Site Preparation
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DeepCore 2017 (68%) 1

Super-K 2016 (68%)

OPERA 2015 (90%)

Deployment

Project Year 1

Project Year 2 Project Year 3

Project Year 4

Project Year 5
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Neutring‘_sics with PINGU
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—~ 15 dSphs, 6 Years
10_24 T 15 dSphs, 15 Years
r == 45 dSphs, 15 Years
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[ == H.E.S.S. GC Halo
@ @ Abazajian et al. 2014 (10)
—— Gordon & Macias 2013 (20)
P— 10—2° - — Daylan et al. 2014 (20)
Tw [ —  Calore et al. 2015 (20)
ooa "“~\\
R ’,'/ -
7~ i 7 Thermal Relic Cross Section
/:; 10—26 5 g @ 27 (Steigman+ 2Q
o il 2 2
S e - /// //
- ,/ ”~
e L CTA GC Halo 500 h
__---"””’ /’,
,/
10727} sl :
: b Fermi 15 Years, 45 dwairfs ;
101 102 103 10
DM Mass (GeV/c?)
UCLA Dark Maiter 48 (S Carsten Rott



PINGU DM Sensitivity

r+[r- o=@ |ceCube-Gen2/PINGU 1 Year
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Solar Neutrino Floor

see K. Ng, ]J. Beacom, A. Peter, C. Rott PRD 2016
In preparation Ng, Beacom, Peter, Rott

UCLA Dark Matter
February 21-23, 2018 50 6 Carsten Rott



Sun — Cosmic-Ray Beam Dump

e Leptonic CR electrons

Ny

Moskalenko, Porter, Digel (2006)
Orlando, Strong (2007)

Nov 12 2015 Kenny C.Y. NG, 6th Fermi Symposium



Sun — Cosmic-Ray Beam Dump

* Hadronic

Seckel, Stanev, Gaisser (1991)
Moskalenko, Karakula (1993)

Ingelman, Thunman (1996)

CR protons

V Vv

Nov 12 2015 Kenny C.Y. NG, 6th Fermi Symposium




Cosmic Rays vs Dark Matter

CR protons

V Vv

Nov 12 2015 Kenny C.Y. NG, 6th Fermi Symposium




Gamma-ray's from the Sun

® |.5yrs of data during “fake Sun” (off source)
solar minimum

e Aug 2008 - Feb
2010

® Standard Fermi analysis
selection criteria

A LI B B BN B B B pixel 0.25°x0.25°
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Count maps for events >100 MeV taken between August 2008 and February 2010
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® Extended and disk
emission is observed
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http://arxiv.org/pdf/1104.2093.pdf

Gamma-ray's from the Sun

o Iv}n% Ferm|2011 (1 5 yr)
® 6 yrs of data - ++ e - %i} ﬁ%+%{; This work (6 yr)
® Aug2008- ¢ . E e
S >
Aug 2014 Ew-‘n—*’ﬁh‘ﬁ 1 3.
v -
E ‘5 nomina
® Fermi science > | = 5561991 nominal
. 5 ii 5ermi12(2)11 (1.5 yr) g
tools version g |4+ e g |
vor33p0 el Yearse L]
100 101 10° 10-]6.0-1 — “]l-l(l)O — 1”{61 — Ill:ll.lOZ
Energy [ GeV ]
Energy [ GeV ]

® Observed gamma-ray flux cannot be described by current models

® Significant time variation in solar-disk gamma-rays observed

(<10GeV)

® Gamma-ray flux from the Sun extends beyond 100GeV

see K. Ng, J. Beacom, A. Peter, C. Rott PRD 2016
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Gamma-ray’s from the Sun

NG, BEACOM, PETER, and ROTT In preparation Ng, Beacom, Peter, Rott
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® Sun is a promising source for ground-based high altitude water
Cherenkov detectors

® Background to dark matter search from the Sun, that soon will be

relevant (and first high-energy neutrino point source ??)
see K. Ng, J. Beacom, A. Peter, C. Rott PRD 2016
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