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'WIMP Dark Matter Indirect Detection |

K Relic WIMPs are .captur&
in celestial bodies.
» DM annihilates into SM
particles (c, b, t quarks,
leptons or W, Z bosons)
that yield neutrinos
 as final state particles.

These neutr are detected through Cheren®
hght emitted by the products (relativistic =+
charged partlcles) of the neutrino interaction.
~ » Cherenkov light is detected by the PMTs
- distributed in vertical strings (Detectlon Unlts)
astrophysical uncertainties o Even’t‘s are reconstructed from :

- than y-ray indirect detection. . ‘of the PMT hits. ‘ :
e o ¥ Trlgger algorithms classity reconstructed

|~ - events and distinguish light from neutrmos and :
from background emission = »
\\(4°K blolummescence downgomg atm muory

- D.Lopez-Coto '~ o TRl s EDSHEP (IO uly 2071

> Neutrinos are less affected by




‘Neutrino Telescopes around the World

maie o T
=T | ‘

o

L 4

P-ONE

(Under Construction)

JE KM3NeT, r!
...... ARCA (Italy) and O ]ﬁ;ﬂt&

4 (Under Constructlon) B e

L)

[

IceCube Gen 2, 10 km? :



Acoustic Storey
(Pointing Down)

Cable to shore

D. Lopez-Coto

Anchor

Acoustic Storey
(Standard)

ANTARES : \
2007-2008 construction.

Anchored at 2500 m on the seabed.
40 km offshore of Toulon (France).
12 Lines.

25 Storeys/Line.

3 PMTs/Storey.

~ 900 PMTs. . /

ﬁvv'vvv-v\

events (v CC)
» Upgoing events. = ' “

»  Angulartesolu
>  Long path (highe
contained within the detector volume):-

¢+ Better angular resolution.
* Worse energy resolution.

N

K High atmospheric u background. /

C Cascades events (v-v.CC, NC) -

» Upgoing events.
» Angular resolution < 3 °.
» Contained events:
¢ Better energy resolution.

~*  Worse angular resolution. 5 '
\ Low atmospheric background. 4

EPS-HEP 2021, 28" July 20

ANTARES The first undersea neutrino telescope
NUCL INSTRUM METH A, Vol 656, 2011

angular resolution (°)

angular resolution ()

=

-

107
E, [GeV]

Median angular resolution vs Energy

cascades,


https://doi.org/10.1016/j.nima.2011.06.103
https://doi.org/10.1016/j.nima.2011.06.103

. : i e Letter of intent for KM3NeT 2.0 -
e _ ' J. Phys. G (43) (2016) no.8
: ' - cC, A>-5.8  KM3NeT
\ [ 90% of the AW(v,fit) distribution

[ 68% of the A(v,fit) distribution

median AY(v,fit)

115 strings
18 DOMs / string

~225m

—_
o

/ ; y events (v cQO)
» Upgoing events. ;
Angular resolution < 0.3 ° for E, > few TeV

> Long path (higher energy events aren’t
contained within the detector volume):
¢+ Better angular resolution.
* Worse energy resolution.

K High atmospheric u background.

» Anchored at 3500 m on the seabed. / 1iS Jusigy >
> 100 km offshore of Porto Palo (Italy) : . Ll e ey 10
> e = V8 e L

median AY(v

~200m
v

—_

£

Angular resolution [°]

: 10° 10
2 building blocks: « ‘ ; >
¢ 1B strmgs/block 700 m helght >

. Contained events; o ; Ang. resolution vs E,
95 m horizontal spacing. . ' —

4 : . _ Better energy resolutlon
¢+ 18 DOMs/string, 36 m vertical spacing. .

: il : : Worse angular resolution.
x - Optimized for GeV-TeV neutrino detection. / \. Low atmospheric background. /
G ORCA o

> Anchored at 2450 m on the seabed.
40 km offshore of Toulon (France).
~ *» 1 small, dense building block:
-+ 115 strings, 200 m height, 5
20 m horizontal spacing.
¢+ 18 DOMs/string, 9 m vertical spacing.
& Optimized for v oscillation and mass orderinfy

D. Lopez-Coto e ) — EPS-HEP 2021, 28" July 20
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https://iopscience.iop.org/article/10.1088/0954-3899/43/8/084001
https://iopscience.iop.org/article/10.1088/0954-3899/43/8/084001

'Dark Matter in the Sun

Neutrino Signal from WIMP Annihilation \

> WIMPSim package’ to generate events in the Sun in a model
independent way.

» Annihilations into b quarks (soft spectrum) and ;

(hard spectrum) used as benchmark.

T

;f » 3 » Take into account v interactions in the solar medium,
o = : ‘ - regeneration of v_in the Sun and v oscillations.
-{ | | 1
¢ X fi : \ P 4
i Gr',«'
TJCAP01(2008)021

K Sensitive-to DM-nucleon sca-'t'te‘r'ii_lg cross-section,
spin-dependent (SD) and spin-independent (SI).

» Differential neutrino flux is related to the
annihilationrate d¢ _ I' dN,
dE  4nd? dE,
» In equilibrium between capture and annihilation

r=0/2

» Very clean signal (if any). Direct interpretation
(well known astrophysical background).

Signal from moving source: bias-free. / - T T Y TN AT
z=E/M,

D. Lopez-Coto : e ) : — EPS-HEP 2021, 28" July 20


https://iopscience.iop.org/article/10.1088/1475-7516/2008/01/021

Dark Matter in the Sun ANTARES

Phys. Lett. B 759 (2016) 69

/ : Strategy : \ ,
Maximization of the Likelihood function based on Signal and > N - number of hits used for track reconstruction.
Baccprotnd BUE Niwt ‘ » B :errorin the reconstructed track angle.

L(ng) = e~ (rsFNb9) H [6S (s, Nhit.z, B:) + Nog BWs, Nuie s, 8] » N,,: total number of reconstructed events.
e > 1,b : angular distance to the source. .
» Signal PDF from MC simulation based on WIMPSim spectra. e and N,, number signal and background events

\’ Background PDF from time scrambled data.

Limit on the neutrino flux coming from the Sun
assuming 100% branching ratio of WIMP
annihilation into benchmark channel

Observed events in the Sun direction
vs. background in 2007-2012 data sample

=
g
T’
o 2L,
-~ -0
8 &
5 8
d 3
k-] ="
o

o -
2 2
5 $
4

10-111|I1l..|.ltll Ll 1)

- - B
Log, (¥1°)
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https://doi.org/10.1016/j.physletb.2016.05.019
https://doi.org/10.1016/j.physletb.2016.05.019

D. Lopez-Coto

Dark Matter in the Sun ANTARES

 Phys. Lett. B 759 (2016) 69

Limits on the SD and SI Cross-Sections
Conversion to limits on WIMP-nucleon SD and SI cross-section, assuming;:
*  Equilibrium between capture and annihilation rates inside the Sun.
* Local WIMP density = 0.4 GeV/cm?.
* Maxwellian velocity distribution of WIMPs with r.m.s. = 270 krn/s

Limit on ' _ Limit on
Spin Dependent Cross-Section ', o Spin Independent Cross-Section

ANTARES b b (this work)

XENON100

!lceCube t* T

10
Myr [GEV]
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https://doi.org/10.1016/j.physletb.2016.05.019

Dark Matter in the Sun KMBNeT

- PoS ICRC2019 (2020) 536

Prehmmary studies on sensitivities to WIMP- proton scattering Cross- _section for
5 years of _ _ ' data.

[ORCA 115 (5 years) ANTARES (200? 2012) IceCube (2011- 2014) SK (1996- 2012) PICO (2016 2017)] [ORCA 115 (5 years), ANTARES (2007—2012) IceCube [2011 2014) SK (1996 2012) PICO (2016 2017)]
i

KM3NeT Prellmmar 1077 i ‘
TFeay TN v | - | Fessecny | KM3NeT Pre"m'”ary B
ORCA bb 1 bE

/N1cecube wiw]

" [1cecube]bb |3

ANTARES bb

90%CL

Hcecube E

9
S
=]
()
o
|
o
=
=
S

90%CL
Ovimp — p, 51 LPP]

=
9

lceCube T 77| A

102 10*
Mwime [GeV] Mwime [GeV]

Spin-Dependent Cross section Spin-Independent Cross section

D. Lopez-Coto EPS-HEP 2021, 28" July 20


https://pos.sissa.it/358/536

DM Searches towards the Galactic Center

Physics Letters B, Vol 805,2020

: / Strategy : \
> Unbinned likelihood method, to search for signal signatures.
» - Signal PDF from MC. PPPC4 signal spectra and dlfferent models
for J-Factor.
» Background PDF from scrambled data.
Ntot

£(ng) = e "o tee) T [, S(abs, Nnat s, Bi) + NogB(8i, Npitiss Bo)] |
\ : : ; / P ' 10 g cev)’0”

Energy distribution

— NFW Profile
— - Burkert Profile

J, [GeV* cm™ srt]

100 120 140 160 180
¥ [deg]

Morphology

» - J-Factor accounts for the
morphology of the source.

measurement
particle physics

¢ _{ov)

50
Reconstructed number of events

HOO =AMt~ 2

Pseudo-experiments
number of events observed = annihilation rate * '
average number of particles per collision * source

etry * acceptance * time

D. Lopez-Coto g T EPS-HEP 2021, 28" July 20 10


https://www.sciencedirect.com/science/article/pii/S0370269320302434?via%3Dihub

DM Searches towards the Galactlc Center ANTARES

ANTAHES Galactic Centre NFW 't ( ANTARES GC : e m

IceCube Galactic Centre NFW t*1°

VERITAS dwarf spheroidals ©'t 11 years ‘of Data (2007-2017) | 11 years of Data (2007- 2017)

Fermi-LAT + MAGIC dwarf spheroidals t*t°

HESS Galactic Centre Einasto t*t° L PhYSiCS LettErS B, V01805,2020 Y : PRD 102 (2020) 082002

Combined ANTARES/IceCube search
ANTARES [PLB (2017) 769:249, PLB (2019)]
IceCube [EPJC (2017) 77:627]
Fermi+MAGIC - dSphs [JCAP (2016) 02:039]
H.E.S.S. - Einasto [PRL (2016) 117:111301]
Veritas - dSphs [PR (2017) 95:082001]

[MP WIMP _>T+T S

10° 10“ . 102
WIMP Mass [GeV/c? -

WIMP WIMP — bb | R 10%%
—WIMP WIMP — W+ W~
—WIMP WIMP — 7t7— ]
—WIMP WIMP — ptp—
—WIMP WIMP — v

10—23 N

(gv)[em® s ]

10%°

ANTARES PRELIMINARY 26
s R 1077 F

100 1000 104 10°

MW|MP [GeV/c?] - 1077 L
S S e S BT 10

[ ANTARES GE;

- 13 years of Data (2007- 2020)
. PoS (ICRC2021) 537

Binned Likelihood method mpu [GeV]
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https://www.sciencedirect.com/science/article/pii/S0370269320302434?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.082002
https://doi.org/10.22323/1.395.0537

DM Searches towards the Galactlc Center KMBNeT

> Prehmlnary sensitivity study for WIMP annlhllatlon J R Slmllar sensitivity as ANTARES
in the GC with ARCA detector. ‘ : | with ARCA 24 lines after 1 year. -

— ears limits S v ; I ~1 full i
b PoS (ICRC2019) 522 : Aﬁg};’;m%ﬁl;g(’vememwﬂh " Pos (1ICRC2021) 537

== KM3NeT ARCA 24 lines 1 year sensitivity

ARCA with 24 lines, 1y
KM3NeT preliminary

| —— ANTARES 11 years limits

==== KM3NeT ARCA 230 lines 1 year sensitivity

{(av)[emd s71]

-
- -
T

Full ARCA with 230 lines, 1y
KM3NeT preliminary

(ov)y[em® s

2.5 3.0 3:5 4.0 3 g
Log Myp [GeV / 2] ANTARES PRELIMINARY
1000 10*

My [ GeV / ¢* ]
WIMP WIMP — 7++—

2.5 3.0 35 4.0

Log Mwme [GeV / ¢ ] ANTARES 14 years (NFW)

------- ANTARES 11 years (NFW)
For interpretations of limits in terms of Dark Matter Models see - : :ZSSSN';T ' yearE(,NFW)
“Probing Dark Matter Models with Upcoming Neutrino Telescopes” _ 0 years (Einasto)
EPS-HEP. 29 jul. 2021 10:30 T04: Neutrino Physics . Fermi-MAGIC (Dwarf Sph.)
By: Suzan du Pree : ! VERITAS (Dwarf Sph.)
: IceCube 3 years (NFW)
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https://doi.org/10.22323/1.395.0537

Secluded Dark Matter in the Sun ANTARES

JCAP 05 (2016) 016
DM anmhﬂates into unstable mediator ®. ;
Detectable particles: dlrnuons or neutrinos: ® > £, &l e i (V,V)eur
3 cases:- - : ‘ h
D pp. '
D pp— vv.
RO B VAV

Testing Models:
Meade et al., JHEP06(2010)29 _
Bell and Petrak1 JCAP04(2011)OO3 ;

Limit on Fluxes ol
= = =h) Di-pinto v
c) ¢ into v

and the decay length
for three different
scenarios.

| T Excluded
Data 2007-2012 T ;

10°
M.

2 o7 7 2%
10 10 10 10

Exclusion region Annihilation Rate T [s"]
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https://iopscience.iop.org/article/10.1088/1475-7516/2016/05/016
https://link.springer.com/article/10.1007/JHEP06(2010)029
https://iopscience.iop.org/article/10.1088/1475-7516/2011/04/003

- » Limits on WIMPs scattering cross-section for unstable but

sufficiently long-lived mediators.

Secluded Dark Matter in the S_un ANTARES

CAP 05 (2016) 016

First constrains to these models from neutrino telescopes.

Restrictive limits for Spin Dependent proton-WIMP cross-
section in secluded models for suff1c1ently long -live but
unstable mediators.

‘= =" ANTARES Di-ji yt=1.5-10° km

— ANTARES Dj-yi ®1=2.8-10" km
ANTARES ¢ into v; yet=1.5-10° km
ANTARES ¢ into v; yct=2.8-10" km

— LUX 2013
XENONI100 2012

== ANTARES Di-}l 1t1=1.5-10° km
—— ANTARES Di-p1 1c1=2.8-10" km
ANTARES ¢ into v; yet=1.5-10 km
ANTARES ¢ into v; yt=2.8-10" km
—— PICO-2L

= PICO-60
.= ' = XENONI100

D. Lopez-Coto
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https://iopscience.iop.org/article/10.1088/1475-7516/2016/05/016

Secluded DM Searches towa_rds the Galactlc Center ANTARES

Search for heavy secluded dark matter with ANTARES

Neutr1n02020 #467
» No 51gnal evidence found.
> Data from 2007-2015 (9 years)
e ~2100 days of livetime
Secluded scenarios can provide dark-matter
_ candidates abote 10-100 TeV. )

4

mV =1TeV

Vie

e
1S
S

ja]
)
s
z
=
oy

100 1000 104
E,, [GeV]

v, Energy distribution (at Earth) per annihilation of

DM pair into two mediators with mass m =1 TeV/c*.
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ANTARES 90% CL upper limits

ANTARES PRELIMINARY

my =50 GeV
DMDM — VV — 4p
sensitivity
lar

20
L

104 108 108
MM [Ge\']

ANTARES 90% CL upper limits

" ANTARES PRELIMINARY

my = 50 GeV
DMDM — VV — 4b
sensitivity
1o

20
I 1 L

1015

10* 10° 106
'm’DA\‘I lG(—!\Y]

ANTARES 90% CL upper limits

ANTARES PRELIMINARY

my =1 TeV
DMDM — VV — 47
sensitivity
1o

20

10°

10* 10° 108
mpM [GeV]

ANTARES 90% CL upper limits

[ ANTARES PRELIMINARY

=
my = 50 GeV

DMDM — VV — 4p
sensitivity

1o

20
I L L

loii

10* 10° 108
”"DXI IGH\'J
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Upper limits at 90%CL on thermally averaged annihilation
cross section for 4 different final states.
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VVVV‘

In progress:
 Full ANTARES data set . ANTARES will stop

Inclusion of shower events (v /v. CC+ v NC).
New Solar Dark Matter Indirect Searches with ANTARES in progress (2007 2020)

* Summary and Outlook

Neutrino telescopes have shown to be a promlsmg tool in the indirect search for Dark Matter. ‘
No 51gnal evidence has been found yet, instead, upper limits have been stablished.
to direct detection experiments.

has set very c« its for WIMP masses between 50 GeV — 10 TeV.
KM3NeT-ORCA has shown to be potentially comptetitive for low WIMP masses 1 — 100 GeV.
shows to DM in the GC with double the lines of and just

1 year of data taking.
' S in the near future. :

First analysis in Solar DM Indirect Searches with ORCAG6 (6 lines of ORCA already deployed, October 2020). .

Apply ML method to DM searches within ANTARES and KM3NeT data.

ANTARES-KM3NeT Related talks at EPS-HEP: |

“The KM3NeT neutrino telescopes: status and perspectives”. July 27, T01, 10:45

“The ANTARES neutrino telescope (on behalf of the ANTARES Collaboration)”. July 27, T01, 11 15
“Probing Dark Matter Models with Upcoming Neutrino Telescopes” July 29, T04, 10: 30

EPS-HEP 2021, 28" July 20
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Effective area [m“]

Effective areas: KM3NeT vs ANTARES

Underwater Neutrino telescopes: status and future

SO0
v°C 4+ yCC

u u

KM3NeT - Preliminary

i
-
o C':-l (%
LRALIL BRERLL BERILL BRREILL

-

-
o
T

ARCAB6 v u + 0 [reco]
ANTAF-‘.ES v,

ORCAB V, v T+

& [reco]

. [reco]

‘r
F

T T

[ 8
log10(E [GeV]) |

ARCAB6+0ORCA®b bit better than ANTARES

Doubling of detector in Sept 2021
(ARCA11 + ORCA13)

effective volume [Mm°]

-
L=
rs

S
=
[~

-
=]
]

KM3NeT / ANTARES Preliminary
| ARCA (1 block)

— W CC
——- v CC

m“ m 105
neutrino energy [GeV]

Completion of ORCA115 array in 2025
and ARCA230 in 2027



https://pos.sissa.it/395/042

ORCAG6 neutrino oscillations (tracks) =#=5

PoS(ICRC2021)536

ORCAB, 354.6 days ORCAB, 354.6 days
3§ Data io.-d atm. p + v (no osc.) § Data CIZ23 atm. g+ v (no osc.)
— atm. u 3 atm. u+v [ atm. u ] atm. g+ v

KM3NeT
preliminary

KM3NeT [preliminary]

| — ;
]_('jl A —0.8 —-0.6 —0.4 —-0.2
Reco. enerqgy, track length based [GeV] Reconstructed cos{Bzenitn)

1.6 ™
No oscillations

Underwater Neutrino
telescopes:
status and future

MNu-Fit 5.0
Fit

—=&— ORCA data

1.4

1:2

1

0.8

0.6

Ratio to no-oscillations

ORCAG (355 days)
1 1 1 I 1 1 1 1 1 1 |

102 10°
Lo/ E eco [kM/GeV]

reco
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https://pos.sissa.it/395/042

ARCA6 data 701 A.Sinopoulou

PoS(ICRC2021)701

y position (m)

T T T
200 300 100
X position (m)

- KM3NeT-ARCA Preliminary
+.:Ll:.1

o el Underwater Neutrino
g, s telescopes:
status and future

number of events / bin

PO S R PRI R T [ TR
0.6 0.8 1
cos(zenith reco)
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