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Annihilation

"!!I’ Ind

® Production N
q / X
I

Ikect Searches with Neutrinos

® (Colliders

Production

® Indirect Searches

® Annihilation of Dark Matter in =~
—h
Galactic Halo, ... a9 =
nw o<
® 3. O
® Gamma-rays, electrons, = I
P i, o =
géutrinos, apti-matter, ... 5 &
® Annihilation signals from WIMPs
captured in the Sun and Earth o V=
® Neutrinos } 0w = g
n =
® Direct Searches +Q 5
O )
. > o)
® WIMP scattering of nucleons =

— Nuclear recoils
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Galactic Halo / Galactic Centre




~ Dark Matter Annihilation Signals

® |dentify overdense regions of dark

%
matter ) Q O{\
=>self-annihilation can occur at %&/Q\ O S
i>°°<z3’& N4 <P 2
significant rates & Q\\Q Y qu
® Pick prominent Dark Matter target X, '} Q <
TQT ]

® Understand / predict backgrounds X\\ /W+ 71 b,..=e v Y,p D....

® Exploit features in the signal to better
distinguish against backgrounds !

T 3 //’ — -7 T —
: ZC/’ \W ,Z,T ,b,...:>€ 9U9yapaDa'"

10

non-relativistic

107 MW Halo + Atm.

OO S
/))/

-5
10

Atmospheric Neutrinos

P Beacom, Bell, Mack (2006)
1029 50 100 200
E|GeV |
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" Extra-galactic Milky Way Halo

> 5%

_Galactic Center Clusters of - -:

Galaxies

Coma Cluster b

"HDF - Mubble Deep Field 4+

_arge DM content,

hearby source, O(10) Large DM content,

high boost factors

Small halo model

dependence, boost No astrophysical

accumulation, nearby

larger flux than extra- backgrounds
factors ger f . source J from sub structure
galactic
Diffuse flux, spectral Anisotropy Extended Source Point source Extended source
feature
Signal weak compared Relatively independent q Ve;y sTrongDM Cored profiles Understanding of
to Galactic signal from DM halo profile ependence on favored, less flux boost factors
density profile
IceCube Coll. Phys.Rev. IceCube Coll. arXiv:
D84 (2011) 022004 1210.3557
IceCube Coll. Eur.Phys.J. C75 IceCube Coll. Eur.Phys.J. IceCube Coll. Phys.Rev. D88 (2013) 122001
(2015) no.99, 20 C75 (2015) no.10, 492

ANTARES Coll. JCAP
1510 (2015) no.10, 068

Baikal AstroPhys 81
(2016)

IceCube Coll. arXiv:
1606.00209
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Measure Flux

line of sight (los) integral

'4
L 4
L 4
l 4
‘4
L 4
! "' V
/

. 4

[Particle Physics .
1"'Z;)'A?}\,‘ dN

2> —B

dr 2m2 T dETT

X

Dark Matter Di

EZdN/dE (GeV)

107!
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0

0

10! 102
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10°
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® Customised implementations

® Packages

Halo Profiles and J-factors

lceCube

® Following for example:Yuksel et

al. PHYSICAL REVIEW D 76,
123506 (2007)

ANTARES

e CLUMPY (computation of J-
factors)

® A.Chardonnier, C. Combet,
D. Maurin, Comp. Phys.
Comm. 183,656 (2012)

® http://Ipsc.in2p3.fr/clumpy/
for the source code

10,

AQ /[ 4rn

1007 10%°10°10* 10710701 03 05 07 091

] L ' ' ' y g J(W) © FW

—_— Gy o
-
C X e

|
003°0.1°03 1° 3

ﬁ.—
<8F

Y

&

''''''

= eoe Gal smooth WA Vinas ] 2 a =
W el J j —(pm + zp;.] Pdld§
0 - P .

NFW profile

i i Ad A L A2l

10
R [deg]
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ANTARES Galactic Center Analysis

} 70 —Y LA I LA I LA l LA I L ] T 77 I LR ] L '2' L é‘z' 1'2Y é LS Y— | 1 | ' 1 L | | 1 ) ' 1  § 1 L | l A L) L  J l 1 1 Ll 1 4 I 1 L)  J l . L) L | ) l
- o ‘ 008-2012 data - -
ol QFit single-line E 16 v, Spectra at Earth bb ME
3 ¥ = ang.diff.(8,eco, Osource) . . W*W- vV
. & . e 10?2
40 1 ' + = 5 1 z
. N 8 -
30— ; = w - E
- J[ . . o e e
- g " 10
EptTi e o g
= . 5
10~ Compatibility with null-  —] 10
- Sample 2007 - 2012 hypothesis . Mume = 360 GeV
—l 22 1 2 2 2 l L1 1 L l 1 1 L l 11 1 1 l 2 1 1 [ 2 2 2 1 l 22 2 2 l 22 2 1 L1 l- 10‘ m 1 m i
05  nleldeledelctalulntet it Cmtalelllalel s lulalele talulnle (EW corr.™ And Oscill."s included) =
\P(O) r 9 9 o Jdy s 0901499000100 0y e ol e 1T
0 50 100 150 200 250 300 350
§1°° AR IR RN LA L BN B LRI B R
; 2008_212 data ] - 10'. T 13 re _T-V T T T LA B B L | T T | S S e g 2 4 E\_ (GQV)
= 90 AFit multi-line ] 5 "
E £ 1°|S
80 Y = space angle(track,source) — S
Woptimum ~ 2° . ¥ 10 ~ -
70 | Ak A —E = 10"
60 ++ . + + -_-.: 10" ‘ ;
® + + E 10"
E bb pop. .“.‘.
40 + + = 10" |y W'W- vy I T S
30 LI - 10° T Y
= s === QFit single-line NN
20 I I - | - JE— QFit multi-line 3
10 Compatibility with null- 3 107 AFit multi-line -
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o 4 ll“lllllllllllllllllllllllllllllllllllllllllllll: 10‘ - - - ll.lllz . - - lllllla - - - et ‘
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IceCube Collaboration arXiv:1606.00209v1

"'DMprofiles ]
Measure Flux Particle Physics % gw—-f\.\.\,\
7T 3 10'F == 1
1 . SO’A'U? 2 dNB -75 1o"i~ E— 4
— . - ; ;
4 2m2 Fap ™7 | o | | E ]
S o I el A
Neutrino Encrgy E\-((}eV) 10’;- Burkert — NFW o8
L kavsol o |
. . . 10 PR .J: A ..“.Jt A Ak .Al: b A AN .
e of sight (las) integral Dark Matter Distribution 07 10 10 0 o 10
- " Xwnxm)?wmp — V¥, bb, WW*, 7777, uu’
o""' 10.19 T T rrrrrrg e 1 LN B B N T T
+ - ity
<@ . XX T 04-%
107 NFW “a,
® Galactic Center (GC) on the Southern hemisphere o2 "
® large backgrounds from down-going muons -
® Search for anisotropy on Northern hemisphere > 102)
® high-purity neutrino sample (up-going muon 5
events) PEU:
. . . © :
® |arge scale distribution (cascades event ~
optimally suited) 107
el . s .- ICS9 dSphs —— ANTARES 2007-2012
® Assume annihilation into vv, bb, pu, tt, WW o (22 Holo - Farml dSphs 95% CL
10 Pt —— IC79 Halo “1s MAGICSegl 95%CL.
M : 1 T -8 IC7T9GC  vem VERITAS Segl 95% C.L.
Models motivated by increase in E Nauple | e e
° ° 10'5 1 1 Ll b aaaaal a1 el [ T R R
positron fraction can be tested 10° 107 10° 10° 10°

my [GeV]
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rH D antre

Improved results Gal @-

— 102 m==  [C59 Dwarfs mmm [C86 GC (2012-14)
& ANTARES GG t'« wm==  [C79 Halo, Multipole ANTARES (2007-12)
B  E [fecosss lceCube GC + cascades t't === [C86 Halo, Cascades — Fermi+MAGIC Segl 95%
A 102 = | e IceCube GC 't =  IC7T9GC — - Veritas Segl 95% (Ein.)
- FERMI dSphs 1072 — —————————————— .
v FERMI + MAGIC dSphs - 3
HESS GC

o i : ' i
) g TR, WE— " P N T B i et
E : ‘ . 'm0 . : -

.
o
N
HTF] ITIIIT’I I”Hml I RALL

102 —

T I 5 : ; ' .

w o S R ..., . cont S S SO S _

10";—— - i : ! T :
= — o ' . ! }
o= T 102 bbb e |
- S : : NFW proﬁle ]
10%; ‘)r: IczpeCube Prel:lmmary E +r—channel ]
; PRELIMINARY i A AR S E

10 27 s sl et aaaaal E 2 Na.t‘ralscale : A 3
10° 10° 10‘ Wi 10G wo-26bed™ il il
NP mass [GeV) 10° 102 103 10 10°

WIMP Mass [GeV]

2007-2015 data

- 3 years of data: 1007 days of lifetime

GC analysis including single line - Rejection of atmospheric muons using

events

containment, veto techniques
- 2D shape likelihood function to estimate
the signal fraction
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Baikal AstroPhys 81 (2016)

»
;E w L T T ]' T T T T T v Y v T
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2 20 + ! , } . T < data r—=—
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v

® Dataset collected during 1998-2003
® Maximum likelihood method
® Limits computed for various channels
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Understanding sensitivities

® Understanding the sensitivity of neutrino detectors

® Neutrino distribution does not change with choice of annihilation channel or
WIMP mass

® There is however a dependence introduced due to the energy dependent
angular resolution

® The signal event rate are roughly flat as function of WIMP mass
® Doubling the WIMP mass reduces the annihilation rate by a factor of four
(Fa~(p/m)?)
® Neutrino cross section increases linear with neutrino energy
® Muon range increases with neutrino energy
® Can be exploited for ANTARES and Baikal for Galactic centre analysis
® Backgrounds decrease with energy
® Atmospheric neutrinos and Atmospheric Neutrinos

® Energy dependence critical to improve bounds towards higher WIMP
masses

® Dependence on neutrino spectrum / annihilation channel

Carsten Rott 6 |5 MANTS 2016, Oct 1-2, 2016



_Combined analysis

® Combined Galactic center analysis ?
® Gain from the different sensitivity ranges on Northern and Southern hemisphere

® Small working group formed
® ANTARES, IceCube, and Baikal

® A wikipage has been prepared in order to gather information related to the analysis and that we have held

some phone calls
® Planned datasets to be used:

® ANTARES scrambled data for 2007-2012
® |nitially lceCube IC79 scrambled data ... and more years soon

g = example for annihilation into muon neutrinos .=.. Combined (with E)
v [\, —— Combined
102 — -==- ANTARES (with E)
= PRELIMINARY I
- i — Baikal
109 = ™ et |
102 = “A Combined Analysis of Data from ANTARES and other
= e Neutrino Telescopes in the Search for Dark Matter” Faye
=l R Havelock (CID: 00822180)
10_25 :_ B L o B —
: l L L 1 s i s b i l i L 1 1 1 1 ) l
10° 10° 10*
Mwup (GeV)

Initial tocus IS on combining the analyses

Carsten Rott |6
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v 1nteractions

o P v oscillations

& -
\ v
. < )
N N
» = ! -
. . Y " -
b AT O A l/
: . T AN ‘1,
b ) ’
TN v/

O ann T Ny
Ogscatt I S—a
capture
Fa.nn /1/
Detector
Freese ‘86
Silk, Olive and Srednicki ‘85 Krauss, Srednicki & Wilczek ‘86
Gaisser, Steigman & lilav ‘86 Gaisser, Steigman & Tilav ‘86
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Neutrino Spectra (Sun)

¢ WIMPSIim
® Pythia
® http://copsosx03.fysik.su.se/ IceCube
wimpsim/
Ve, Mpy = 1000 GeV
® PPPC 4DMV 10° DM seadilncn chaeocl [
® Pietro Baratella, Marco Cirelli, l?; | gs | Baikal
et al. ... arXiv:1312.6408v2 ) N
o E 2 7 Wy )
® Pythia and GEANTA4 s 107 . ‘\"D,ji A ANTARES
5 10-2 \‘;.._..'i.-9;?{ " - t‘.‘_:_‘!_ ” " M -.;-.;
10-3 17 E ',"l' ':i”}*}\):_
10~ T:
105 bl
108 1077 107 10-° 10~ 10°* 1072 107! 1
x=E/Mpx

For any practical purpose, the two approaches yield results which are very well in agreement.

Carsten Rott 19 MANTS 2016, Oct 1-2, 2016
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How. to get neutrino, SpECtia

o
>

I H H H H §H 5§ 5§ | 5§ = 5§ 5 5§ 5 5 5 5 5 5 H 5 5 =B =5 = = = = = l

WIMPSIM : WIMPSIM :
| |

£ n I

> - Oscillations + |

(mT&c]Ealr?r?el) 7 Interpolations|—» Propagation |®

, ° "Neutrino . “Neutrino :

. ' “absorbed in ! . Spectrain ; . Spectraon ,

Pyth|a  the Sun, not : : the Sun o Earth :
fmerest 1 teeeeessss ]

PPPC 4DMv

: “Neutrino -
». Spectrain °
« theSun” .

~GEANTA4

long lived
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rs lceCube Solar VWWIMP Analysi

S)
. _otri : : » Up-going » Up-going
e Three years of data in 86-string configuration used » lcaCithe Dominaded . DeenCore Dominated
(May 2011 - May 2014) « No Containment - Strong Containment

e Only up-going events (Sun below the horizon)
results in 532days of livetime
e Two independent analysis performed

* @ IceCube: Higher energy focus (m, >100GeV)--].
* © DeepCore: Low-energy focus (m, = 30GeV -

100GeV) U
Median anaular resolutions Effective Areas
— DeepCore Selection 10°/ | — DeepCore Selection
o - |ceCube Selection - |ceCube Selection
8 __ 10"
::{j‘: 10* E‘ 1072 @
5 =
= £ 107
- o
T
= 107
0 -6
10101 10° 10° 10 10* 10° 10°

E,|GeV] E,[GeV]
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R up-going - e down-going------- >
10° mc-total : :
102 filter-level |
10' t .

------------ MC-truth satm.
10° H|=—— reconstructed :
10 | @O data
----------------------------------------------------------------------- atm. v, +v,

107 e AL DI TSN TPPPet s PP

10~

4 ,—'

10

. WIMP-v, flux limits Y

.
.
et
-----------

10°

diff. rate 1/d cos(zenith) - Hz

10°}

e
107 | (50GeV)

W*W-
(1TeV)

10°®

-1.0 -0.5 0.0 0.5 1.0

cos(zenith)

Slg nal pdf Spectral part
Si(|Xi — Xsun(#:)|, Ei;my, Cann) N

— (1% — Faun ()], K) X Eongscum (Ei)

Monovariate Fisher Bingham
distribution from directional statistics

Background pdf: #i(txi.Ei) = B(6;) x P(Ei|¢am)
nS nS

Likelihood: Z(ns) =]] (ﬁs" +(1- ﬁ)‘@")

Observed events

[ bkg expectation ] limit:1TeVyy =77
[ limit: 50 GeV yy — 7°r~ eee truedata
300 -
§2')() o o = S v—'_'_‘._'._
w200
o150 lceCube Preliminary
.gl(.)() IceCube
5 50}
0.992 0.994 0.996 0.998 1.000
@® 70 ' - ° .
c GO [ ] @
2. * .
L o0+ *
s 40}
5 30
Q 9() DeepCore
E -
S 10
<0 : . _
0.992 0.994 0.996 0.998 1.000
7.3° 6.3° cos(\V) 3.6°

\ .
® Use track events for better pointing @

® Search for an excess of events from the
direction of the Sun

e Observed events consistent with background
only expectations

N
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\ I m} all m w‘r |
update from IceCubeColl., PoS(§©O15)1099 Z GC’@‘JLW e/

10-36

Hard

. - PICO-2L 2016
' PICO-60 2015

\J
RS

g T
Ve

b O sf;‘*&. -
aons e

w=m |ceCube 3 yrs fulllg ect

- )

— WW

4
-
—_— 7 1

Neutrino bounds
extremely
competitive with
Dark Matter
direct detection
&

Can test models

beyond the reach
of LHC

41| mv Super-K 2015 ¢ M mscan G
10 - .t}ntare52013 ) { pv..s‘? AL :u‘
10° 10° 10°
m, [GeV]

*pMSSM model scans
e Hard / Soft defined by fraction
of hard and soft final states

10 Soft

No evidence for dark matter
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e T— T, ST .
Spin-dependent scattering
-35 I —
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—36F
\ PIcO-2L (2016)
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lceCube (2016)
*PRELIMINARY* _

log1l0( WIMP mass / GeV )

Spm mdependen’r sca’r’rermg
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Baikal Neutrino Line Search

Search for neutrino emission from relic dark matter in the SUn with the Baikal NT200 detector
Baikal Collaboration (A.D. Avrorin (Moscow, INR) ef a/.). May 14, 2014. 9 pp.

Publshed in Astropart.Phys. 62 (2015) 12-20

DOI: 10.1016/.astropariphys. 2014.07.006

e-Print: arXiv:1405,3551 [astro-ph.HE] | PDF

Spm dependem‘ sca’r’rermg Spm mdependen'r scattering

le-35 ——ry le-38 L g Baikal 1998-2003,b b T T YT
TS DAMA nochanneling2008 | i - Baikal 1998-2003, W'W~ ’
------- PICASSO 2012 . R aiki -2003, T
Kavis 2011 - Baikal 1998-2003, v,
e SIMPLE 2011 le-39 | : 2003, Ve Ve
. — COUPP 2012 —a— Baikal 1998-2003, v, Vi
S —a— Baikal 1998-2003,b b P Baikal 1998-2003, v, v.
" e e Ve Vo
le-36 B e Baikal 1998-2003, W*W" 1 &h%
= Baikal 1998-2003, 7*7 l le-40 EEER
- Baikal 1998-2003, Ve Ve W
—o— Baikal 1998-2003, v, v, » g
Baikal 1998-2003, v, v, -~ » a
- K “
20 " R - v, . -‘ '
le-37 >y ~ le-41 F eI :
-~ = e S0 .._.ul" ) 'O b o et ! A “.- ) p
L - ) g “, " v, . y
g " apemtt S ‘_. g i V., T Ocean... - . .
8 . ' & B le-42 £ % T . ot T8 e c
- 3 o A v I ¥ o .
% N e o b& ‘a,.'% ...................
© 1e-38 _-\;-\.\ s r r ", "
L M‘ ---- " /‘ \s““ o |¢'43 .:‘ .“‘“"‘% e .M“" E
[~ - . » \\\ - ouy, o o -
' “\ R — et - . .\‘.. ‘
- ‘ eds b N '
...Q 4 'I‘c‘" e- : , . .
le-39 - s . LN .
= b - ’,
........ A -,
T ~, -
¢ 7 - ., - .
______ ‘. e DAMA no channeling 2008
----------- d le-45 raiermianet® XENON100 2012
4 - e LUX 2013
le-40 - 5 CDMS + Edelweiss 2011
- 2 NP EPIPETPY | 3 s 2 2 3 2221 2 MESEPEPEPEYT -
le-% A A A aaaaal A A Ak A A AL 1 A A A AAALAL
10 100 1000 10000 10 100 1000 10000
L\
mpyp, GeV Mpygs GeV

® .76 years live time with the Baikal neutrino telescope NT200

® Including bounds for annihilation directly into neutrinos
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ANTARES Coll. JCAP

AN TARES Secluded Dacl IMatteR

\.. /
® Dark matter annihilates into (p\\- l ~ ® o s Di-M
. < ~ il > 1- n
meta-stable particle - - —@ HO
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. \V 7/
mediator ¢ N\ AN~ Y e . . .
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< " l :.— »
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L N\ W, /
® Livetime of 1321 days Py ~P v s
— -— > Mediator decay into Neutrino
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ANTARES Coll. JCAP 1605 (2016) no.05, 016

AN TARES Secluded Datl IMatteR

35
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Pat Scott Likelihood methods

A general word on how (not) to recast indirect detection limits

JCAP 04 (2016) 022 / http://arxiv.org/pdf/1601.00653.pdf

@ Indirect limits always presented in terms of hard process final
states

@ Actual experimenis do not measure those final states — they
detect one type of SM particle produced later: vs, vs, etc

@ Limits as presented cannot be combined and applied to
models with mixed final states (= all non-toy models)

@ extra complications with neutrinos from capture-annihilation
balance

@ Proper treatment of indirect detection for BSM searches requires
full phenomenological recast abilities
— full experimental and theoretical treatment at the same time

@ Actually not so dissimilar to LHC in this respecit. ..

Imperial Collegy
London

Data release, public likelihoods and recasting


http://arxiv.org/pdf/1601.00653.pdf

Pat Scott

Neutrino telescope likelihoods: nulike

JCAP 04 (2016) 022 / http://arxiv.org/pdf/1601.00653.pdf

Unbinned v telescope likelihood — full event-level angular and energy info

Mot ® g
Lunbin = ﬁnm(ntotlglol) H (fSACS,i + fBGﬁBG,i) - k |

i=1
Strategy: precompute partial likelihoods for each event, then
reweight with the v spectrum at Earth for each model

@ precompute step uses nusigma with CTEQ6-DIS PDFs
to get charged current v — n and v — p cross-sections as
function of x and y

@ like step input: neutrino spectrum at Earth (from
DarkSUSY or whatever else you want to use)

@ like step output: num predicted events, likelihood

@ — fully model-independent = future-proof for global fits

London
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http://arxiv.org/pdf/1601.00653.pdf

PRL 110, 131302 (2013)

® [ceCube 79-strings configuration (partially completed
DeepCore)

® 318 days (May 2010 - May 201 )

® Search for an excess of events from the direction of the
Sun

® use track events for better pointing
® Separate summer and winter analysis

® use outer detector to veto down-going muons for
summer analysis

Spm dependen‘r sca‘r‘rermg

‘\ |:] Mssumtxsnou(zmz)m/\s,cusmz)
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' - = = COUPP (2012)
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o
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log10(mllGch"")
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Events

lceCube IC79 Solar VWIMP Analysis

Jpbservea events

80r . .
winter high energy
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40
20 I_
winter low energy
6
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2
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15 »
summer low energy
10 .
SO SO SUUPPOTS AOTooros SUCRRR VNP YIT SO Neese avse
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o e ————
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cos(¥)

Spin- mdependen’r sca’r’rermg

l
T.._\

[:l MSSMmLXENON(‘ZMZ)ATLAS +CMS (2012)
[T1 DAMA no channeling (2008)

— « CDMS (2010) -
= = = CDMS 2kaV reanalyzed (2011)
——— CoGENT (2010)

~o= XENON100 (2012) -

_— —
B ~ ~ — e — — - - _.,»/‘ B
o ‘.—”'/
e ™, - ]
'.\,. .JA‘»"’»"
I sttt |
- - @ -+ lceCube 2012 (D) .
—a— |ceCube 2012 (W'W)"*
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1 2 3 4
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Improved Solar VWWIMP Bounds

4 Spin-dependent scattering j.cuse coiiaboration 2016 10-3 Spin-dependent scattering _leeCube Collaboration 2016
&\10 s - — v— — ~ v g'\ F A T YT Py
= s evvsse Syuper-K bb verer JeeCube bb E I \ - == qq W+W— )
< j0-uL o — SuperK WHW~- = = lceCube WHW~ S o#l \ - §
2. F e—e Super-K 7+7- = IceCube 7*7~ & ‘
& B —— PICO-2L (2015) ~ — PICO-60(2015) =
— 10_30 - - -' <) 10
g I :
e o
—36 BT —-36
% 10 g 10 _
8 10—37: % 10—37
= I = :
2 1078} = 107%}
—_ ! .
. :
2 10-39 -39
S 10 B 10 i
g ol i .
iy 10 - ] .‘8_» 10-40:
s . 4 @ )
Q 10—41 ik " ...l' . E 10_41 [
10 10 10° 104 -
Dark matter mass m, (GeV) o 10-42 - - -
10! 10° 10° 104
Bl e 0 s - Yy T —— Dark matter mass m, (GeV)
sy R software to test your own % 02l e
. I — 24 < g0l ¥GeV) <38
model (cross section/ s | ——  LeowoEbiom<as
« Hom . . e} = log! < 1
e branching ratios) & 015 20: ol Jomn <28
s 4 log ! OEW < 1
» Source Code . * lceCube data released ; - oy B
’ R°F’°"'f.‘s°° oTr S oo
2 i nulike Likelihood includes: f —  Mssoiim<is
neutrino telescope likelihood tools . dd , 008 1
Nulike is software for including full event-level information in likelihood energ)’ an dlreCtlonaI :
calculations for neutrino telescope searches for dark matter annihilation. | nfo rm ati on 0
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http://arxiv.org/pdf/1601.00653.pdf

Pat Scott

bigger picture

® Data released for nulike can also easily be digested for
GAMBIT

Results

GAMBIT: The Global And Modular BSM Inference Tool

gambit. hepforge.org

e Fast definition of new datasets e Many statistical and scanning options
and theoretical models (Bayesian & frequentist)
e Plug and play scanning, physics e Fast LHC likelihood calculator

and likelihood packages )
e Massively parallel

Extensive model database — not just SUSY

e Fully open-source

e Extensive observable/data libraries
ATLAS A. Buckley, P. Jackson, C. Rogan, M. White,
LHChH M. Chrzgszcz, N, Serra
Belle-IT F. Bernlochner, P. Jackson
Fermi-LAT J. Conrad, J. Edsjd, G. Martinez, P. Scott
CTA C. Baldzs, T. Bringmann, J. Conrad, M., White
HESS J. Conrad
IceCube J. Edsjo, P. Scott
XENON/DARWIN . Conrad, R. Trotta
Theory P. Athron, C. Balixs, T. Bringmann,

J. Cornell, ). Edsjo, B. Farmer, T. Gonzalo, A. Fowlie,
S. Hoof, F. Kahlboefer, A. Krislock, A. Kvellestad,
M. Pato, F. Mahmoudi, J. McKay, A. Raklev, R. Ruiz,
P. Scatt, R Trotta, C. Weniger, M. White, S. Wild

29 Members, 9 Experiments, 4 major theory codes, 10 countries kmperial Co

=
3

Data release, pubilic likelihoods and recasting
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® Explore the change in capture rate using different velocity ~ Choi, Rott, ltow JCAP 1405 (2014) 049
distributions obtained from dark matter simulations

os f(v) in Galactic frame at solar circle

> SMH ~1.5 ,
= 045 Vogelsberger et al. Q 1.4 Ling et al.
N Ling et al. o - Vogelsberger et al.
: Mao et al. += 1.3
D 7)) — o et al.
0.35 8 1.2
0.3 o 1.1
0.25 9 1
0.2 = 0.9
Q.
0.15 308
o 0.7
0.05 gg
APEPE EFEPEPEP EPEPEPETE BPEPEPER PR ¥ VN T : 2 3 4
100 200 300 400 500 600 700 1 10 10 10 10
vikm/s} WIMP mass(GeV)

® A comparison of captures rates for different WIMP velocity
distributions show that overall changes in the capture rate are
smaller than 20%
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M. Danninger & C. Rott “Solar WIMPs Unraveled” - Invited interactive tool to study impact of

Review for Physics of the Dark Universe (Nov 2014 .
for Physics of > ( ) astrophysical parameters
- - T T B v I
~ v XENON100 (2013)
direct-detection a DAMA
-36 %\ o
Y _ - =" .. COUPP (2012)
signal-regions | .
=37 lceCube-soft
i sl lceCube-hard
lceCube :;.
time (y):L }0.00 5
S .
PINGU = 39
time (y):L j0.00 .8
SuperK -40 |
time (y): Jo.00
time (y):l j0.00
ANTARES | ! | :
time (y):[ lo.oo " 1 2 3 4
log10( WIMP mass / GeV )
local Sun velocity (km s-): _ | 22000
o ey . | o
Dark-disk fraction (puu/p): [ | 0.00
Halo models: | 0.00
. SMH | Ling et al. | Aquarius et al. | Maoetal Reset
e Jodo:

® Limits need to be updated

® |nclude direct detection bounds
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We' Al Darlc Mc er D@pit\/

Particle Data Group (PDG) || Dark Matter Direct Detection Theorists response
110 2. Astrophysical constants Diredf detection commumty"' h_as “Everybody is well aware of the
See R __}_i,:j‘;',:;.-',‘;.__‘.,._:.;_;;b;,, adqp - |/uncertainty in the local dark
O - S | 2 ; matter density. Limits scale
Canonical value of 0.3GeV/cm3 : . .
within a factor of 2 or 3 g 10 Ilnear with !ocal darlf matter
3 St of s el £ F density. | believe theorists are
ELL Gates ot i, Actrophys. . 449, LIS (1905); Iw ¢ | capable of simple multiplication
M. Kamionkowski and A Kinkhsbwals, Phys. Rev. D57, 325 = & . . .
I\:o‘:‘:ilnl and W. de Boer, Astron, & Astrophys. 509, A25 z . ;; If they Want to knOW a Ilmlt
ot e o, Aszon. & Asplyn. 33, 483 (A o'| . Example LUX2016 different from the standard local
ARl = 0302 000GV em 3, o0y conchule oW o (o) o dark matter density.”

Local Dark Matter Density Determinations

- R. Catena, P. Ullio, A novel determination of the local dark
matter density, JCAP 1008 (2010) 004.

- P. J. McMillan, Mass models of the Milky Way,
Mon.Not.Roy.Astron.Soc. 414 (2011) 24462457 . § mof
- P. Salucci, F. Nesti, G. Gentile, C. Martins, The dark matter e
density at the Sun’s location, Astron.Astrophys. 523 (2010) A83.
- F. Nesti, P. Salucci, The Dark Matter halo of the Milky Way, AD
2013, JCAP 1307 (2013) 016.

8 8 B &8 § B8
'+

f ity &)

Crouke
o 5§ 8 E .é g §
T A ia AARAS AAARAI AL e Rt v

Local dark matter density closer to around 0.4GeV/cm3

Gaactocantae rdus (ka0

On the horizon: With ESA’s Gaia satellite (Perryman et al. 2001) we will
soon have access to proper motions and parallaxes for a billion stars.

F. keoo, M. Pato, G. Berione, Nature Physics, DOI 10 1008
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Muon flux Conversion

M. Kamionkowski et al., Phys. Rev. Lett. 74
(1995) 5174

Wikstrom & Edsjo, JCAP04 (2009) 09. arXiv
0903.2986

Neutrino flux Conversion

DarkSUSY [P. Gondolo et al., JCAP, 0407, 008
(2004)]

C.Rott, T. Tanaka, Y. Itow |JCAP09(201 1)029)
based on a study using DarkSUSY version 5.0.4

Integrated neutrino flux above an energy
threshold (here 1GeV) look very similar

Neutrino flux limits allow for easier
comparison of different flavor channels

Recent inconsistency in DarkSUSY
online version and WIMPSim resulted
in inconsistent bounds (now resolved)
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Capture rate in the Earth, C (s™)
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Sivertsson & Eds, 2012

e (Gauss (free space)

“Best” from LE 2004

« Unbound

Bound (with hole)

Tota

Tota! (with hole)
s Total (with hole) red. SD
———== Total (with hole) red. S|

10 100 1000 10°*
WIMP mass, M (GeV)

IceCube Earth WIMPs

Dark Matter could be captured in the Earth and produce a
vertically up-going excess neutrino flux

lceCube: Two statistically independent analyses

® | ow energy & High energy
® |C86-l (327 days of livetime during 2011/12)

IceCube Shape analysis

FWI) = -2 fu(0) + (L= 5 f (9)
Nobs
c=1]r@p

L(1)
L(ft)

jt is the best fit of g to the observation

R(p) =

Carsten Rott CS
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s

-h VVIMPS

® Combine High-energy and low-energy analysis, based on the best

SenSItIVIt)’ 4.5 10%ears ]
C ; Earth typically not
/ v _1 ¢ . age .
Ia= 3 tanh? (; , T=(CCly) 2 Hin equilibrium
‘ = HighE : \x =W W or7 7 »--+ 1C86—I sensitivity for yy = W' W orr' 7
6
0 | == HighE : yy —bb 10" ~—= 1C86—1I upper limit for xx > W*'W~ or7" 7
— LowE :x\x=W W orr'r 1ot «-=+ AMANDA upper limit for xx =W W or7 7
—— LowE : yy—bb
10"
10™
Z 10"
‘o

limit
10’} Factor 10 improvement
over AMANDA IceCube Preliminary

8
10 10° 10° 10*

m, (GeV)
No evidence for dark matter

- === gensitivity

IceCube Preliminary

10! 10° 10° 10*
. 1
m, (GeV)
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Publications:

-  Super-K S.Desai et al (200
- lceCube arXiv:1609.01492
- ANTARES forthcoming

IC86—1 Earth : xyxy =W+ W~

SuperK

i\ SuperCDMS—LT
LUX 2013

IC79 Sun : xx—=W"'"W"™ orr"’

b4 P\ JO86--1 Eapth-Jimit calenlated 5]

assuming (frrAv) = 3x10 % (em® fs”l)

107 10° 10°

m, (GeV)

10°

r Sl \\/Ill ,

N
Hn -,
—— IC86—I Earth limit : m =1TeV, xx > W "W~
-38
10 —— 1C86—1 Earth limit : m =50GeV, xx 7" 7
10'39
10
10
.42 'IC limit
10 on (a_‘v)
104
' IC limit
. LUX limit m, =1TeV 1on {oxv)
1 )l S S e R s B S =
10~4S LUX limit m_=50GeV E
: IceCube Preliminary
46 H
10,007 107 107 107 10 10° 10%® 107 102 107 102

(o4v) (em®s™")

® Earth WIMP analysis more sensitivity than Solar WIMP analysis for Sl scattering for m, close to Fe resonance

® Standard halo model was assumed. Possibility of dark disk could boost Earth WIMP bounds by two orders of

magnitude

Carsten Rott % 8
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® |ssues:

® FEarth is not in equilibrium

. arth VVIMPs

® Strong dependence on velocity distribution

® VWhat benchmark channels to use ?

® How to compare SD and S| ?

T. Bruch et al. (2009)

10 f SHM 10 " Dark Disc 1
- .. Earth - Earth 09
10 | — Solar system .y 10 Solar system ]
1w0'f e o A \l: 8~ o~-o 0-@0.0.0 o o 08 10° 08
Ul S N 10°
; ] . 0.7
10' | ' 07 ? 10' i
- 0 o 0
T 104r 0-6§. T 10 ‘ Mf
~ - -
10 F 0.5 . 10 0.5
107} i éz 107 i
- § v
¢ 107} 04 : & p” °"g
4 <
1o_ar 032 104 03%
107 \ 02 10 0.2
]
10° ° Super-K 2004 : 10°
107 ll "= —"AMANDA 97-00 0.1 107 0.1
sf|——IceCube 80 2016 .
lo n O S - 1z M . o lo n s 0
10 0 10
M, [GeV] M, [GeV]
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rInOS

lceCube ANTARES

e — = w—— Data (2007-2015)
ckground Atmosp uon Flux 3
102 - akg‘ Atm“pheﬂc Nmn“ ('m (g 1 0 |y el 2w | ' LI B | l T l | {E1 [3m Bt | I | 3E bl LR | I llllllll l LA | )
7 Background Uncertainties @© m— Atm. neutrinos
— Atmospheric Neutrinos (90% CL Charm Limit) ° :
0 ~— Bkg.+Signal Best-Fit Astrophysical (best-fit slope E**) || ) 4 i i > ] = CosM. Neutrinos
g‘ """" ~ + Bkg.+Signal Best-Fit Astrophysical (fixed slope E*) (“{‘ 10°
o 10! e%e Data p : : : : : :
~ I IceCube Preliminary | ¢ '
g e— |~ g g 10 . .......... ; ..... ...... .. - ‘ . ..... . ....... f ..........
i S - 1- .- > : : : - : : : :
QL) o -lT R - v ' m - |
a 10 VAL vy sy =_]: : 14 s s 1A H
2 ]
: .......
<
w N 7/s 10—! ...........................
107 [
-2 ba g g . i : i i 11 P 1
| ] 10 2 2.5 3 3.5 4 4.5 5 556 6 6.5 r |
10° 10 10 Eann[au.]

Deposited EM-Equivalent Energy in Detector (TeV)

~7 sigma rejection of

atmospheric-only hypothesis Observed : 19
Science

Expected : 13.5 + 3 from bkg
ICRC 2015 proceedings :
IceCube Collaboration, Science 342, 1242856 (2013), ANTARES Neutrino 2016
IceCube Collaboration, Phys. Rev. Lett 113, 101101 (2014)
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Heavy Dark Matter Decay

Bound on lifetime ~102%8s

Heavy Decaying Dark Matter

(example Y= Vh, = Vx, = VY derived with lceCube data
) ) )
X_,V e e) 2 PHYS. REV. D 92, 023529 (2015)
10~ ¢ e ey
Decay y — vx §
® Focus on most detectable feature | Iz
(neutrino line) T 10% $
Q X £
- i i
® Backgrounds steeply falling with I
. B 27 Lol :
energy, highest energy events 7 ek :
provide best sensitivity 2 e e,
;t'j 1026 L This analysis ]
® Continuum and spacial distribution -~ | Fef,‘;fffffgggﬁ; .......... :
: : : | Esmaili et al. (2012) o ;
could help identity a signal 25 L PAMELA Dta JCAP G013) -
3 4 5 6 7
® Bounds from Fermi-LAT and 10 10 N&llgm 10 10
PAMELA derived from search fOI" bb Heavy DM bounds with neutrinos, see also
annihilation channel (dominant Murase and Beacom JCAP 1210 (2012) 043

Esmaili, Ibarra, and Perez JCAP 1211 (2012) 034

decay channel of Higgs).
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Heavy Dark Matter Decay

Bound .on lifetime ~1028s
derived with lceCube data

Heavy Decaying Dark Matter

(example y—Vh)
PRD 92, 123515 (2015)

® Focus on most detectable 1>
: . i DM — v+y H
feature (neutrino line) oo [ AR AR I
. I I : ,'..: oy, 2% ‘é
BackgmL!nds steeply falling with ol R I
energy, highest energy events - | 2
provide best sensitivity | 1
. . ' —— This Work
® Continuum and spacial ol [ Cube
distribution could help identify a i
Signal 1025 .
102 10° 104 10° 10° 107 108
® Bounds from Fermi-LAT and mpm [GeV]
. Heavy DM bounds with neutrinos, see also
H.E.S.S from Galactic Centre Murase and Beacom JCAP 1210 (2012) 043

. . Esmaili, Ibarra, and Perez JCAP 1211 (2012) 034
line search analysis
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® “|ceCube Boosted Dark Matter Search”

®
o
100} g,°fs/14=1.21x10"%s"" — Total
(9,9v,) folT4=2.76x10" s . ATM
% --= Neutrino
= % MLy . DM-EG
3 — - DM-GC
} 5
=
= 1 '
E H |
g S
0.1 -l
0.01 e 190 UL S A B OV
20 10° 10° 10*

Deposited EM-Equivalent Energy [TeV]

Very heavy dark matter particle ¢ decays

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

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

to lighter stable dark matter x - boost!

Recoil
(only hadronic
cascades)

¢->xXaa-bb
—>V's

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

—
o
w

Boosted Dark Matter

-
o
-~

dL/dlog,qt [arb. units]

prompt
shower

muon
decay
echo neutron
capture -

echo

L L

1 L 1 L
10 10° 107 10° 10° 210* 10°

Time [s)

Neutrons capture on hydrogen
and product 2.2MeV gamma.
In seawater, 33% of neutrons
capture on ClI; the emitted
gamma rays have 8.6 MeV,
making the neutron echoes
more visible

“Echo Technique” holds
prospects to individually tag
high-energy NC and CC
interactions !
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Beyond Standard Model Physics at the PeV scale

3.5 -
— |C cascades
~— 3.0} = ICtracks (6yr)
I’;: — IC HESE (4yr) ®
7, 2.5} = ICcombined. .
520}
-
D
O 1.5
5
= 1.0}
0.5
E>190 TeV IceCube preliminary
0'9.8 2.0 2.2 2.4 2.6 2.8 3.0
Af‘n.ﬂru
2 3 Background Atmospheric Muon Flux
10 @ Bkg. Atmospheric Neutrinos (x/K)
[~_7 Background Uncertainties
—  Atmospheric Neutrinos (90% CL Charm Limit)

) —— Bkg.+Signal Best-Fit Astrophysical (best-fit slope £-**)
> .| &= - - Bkg.+Signal Best-Fit Astrophysical (fixed slope £-7)
o 10! e®e Data
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m ol e -
H - - )
Qo 100 ...... = _ |/ :
2 )
qc) ....... .
@

10.1 ......

1
102 103

Deposited EM-Equivalent Energy in Detector (TeV)

104

® |[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 !

Z

e PeV Scale Right Handed Neutrino Dark
Matter

e Super Heavy Dark Matter

e Neutrino Portal Dark Matter

¢ Right-handed neutrino mixing via Higgs
portal

® Heavy right-handed neutrino dark matter

¢ |_eptophilic Dark Matter

e PeV Scale Supersymmetric Neutrino
Sector Dark Matter

e Dark matter with two- and many-body
decays

e Shadow dark matter

e Boosted Dark Matter

Carsten Rott
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Beyond Standard Model Physics at the PeV scale

35 ,

— IC d : L : :
 3.0L e o tracks (6vE) ® Intense interest in high-energy neutrino region
. —  IC HESE (4yr) : : :

Z s —. £ combland. ® Observations defy any simple explanation
EP| from a single generic source class
| ® Multiple sources classes ?
5 ® Hints of new physics !
= 1.0
05
E>190 TeV IceCube preliminary
08820 22 24 26 28 3.0
Yastro E
3 Background Atmospheric Muon Flux g
10° = Bkg. Atmospheric Neutrinos (x/K) 3
[~ Background Uncertainties X
~  Atmospheric Neutrinos (90% CL Charm Limit) I
" — Bkg.+Signal Best-Fit Astrophysical (best-fit slope £-*) -
% """ - « Bkg.+Slgnal Best-Fit Astrophysical (fixed slope E*) g
o 10! e®e Data §
~ IceCube Preliminary g
§ ..... .
a 10° I BN &
2 e 4 o
c
)
@
o T
2 Baikal-GVD
To? i o KM3NeT LOI arXiv::1601.07459
Deposited EM-Equivalent Energy in Detector (TeV) lceCube Gen? LOI arXiv:1412.5106
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ORCA 3 years - tracks+showers

® Excellent sensitivity to dark matter below 50GeV
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perspective with ORCA/PINGU

Relic WIMPs gravitationally trapped via elastic
collisions in the Sun

« |ceCube 2025
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Superk 2025 ¢
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~ Conclusions

Striking WIMP signatures provide high discovery
potential for indirect searches

® Models motivated by positron excess and gamma-ray

observations can and have been tested by lceCube
and ANTARES

® Neutrino Telescopes provide world best limits on SD
WIMP-Proton scattering cross section

® Neutrinos extremely sensitive to test low-mass
WIMP scenarios at current and future detectors

® Potential to strengthen competitiveness of neutrino
bounds with combined analyses
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