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Outline

® Motivation

® Search for self-annihilating or decaying dark
matter

® Probing neutrino DM interactions with
astrophysical neutrinos

® Dark Matter capture in the Sun
® Solar Atmospheric Neutrino Sensitivity Floor

® Qutlook & Conclusions
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Role of Neutrinos in Dark Matter Searches

Anmhllatlon

SM\ T
SM/

Production

3uii93jeds
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Role of Neutrinos in Dark Matter Searches

Indirect

Annlhllatlon

SM\
SM /

Production
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Role of Neutrinos in Dark Matter Searches

Indirect
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Role of Neutrinos in Dark Matter Searches

Indirect
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Role of Neutrinos in Dark Matter Searches
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Role of Neutrinos in Dark Matter Searches

Neutrinos from |

s
A
e
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Indirect
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Role of Neutrinos in Dark Matter Searches

. The case for Neutrinos
Neutrinos from |

-
\
e
b y '] 4
y N\ e :

Indirect

———
Annihilation

SM\ L
.
M,/ X

Production
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Role of Neutrinos in Dark Matter Searches

The case for Neutrinos

® Search for signals from the
Galaxy, etc.

Neutrinos from |

® Probe DM self-annihilation

cross section or lifetime
(for decaying DM)

———
Annihilation

SM\ L
.
M,/ X

® Search for signals of dark

matter captured in the Sun
(and Earth)

® Probe DM-Nucleon

scattering
Production Neutrinos from ® Neutrino detectors naturally
- observe the entire sky (all-sky
coverage)

® Neutrino detection efficiency
rises with energy, and angular
resolution improves
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Channel
N SM
X . /
?
x// \sM

X-- 7

\sM

x> X

(halo) > N ,(c/apture

27 \sm

N\
K

(halo) » \ /

AN

Type of Search
DM Annihilation searches

V from SM particle decay,
direct neutrinos helicity
suppressed

DM Decay searches

V from SM particle decay or
directly produced

DM Nucleon scattering

Following  capture, annihilation.
Once annihilation and capture in balance
(equilibrium) - no dependence on <gv>

Neutrino DM scattering

Astrophysical v scatter off ¢
from Galactic halo - resulting
in anisotropy

Signatures of Dark Matter in

Galactic Center
Galactic Halo

Dwarf Spheroidals
Galaxy clusters

Extragalactic
Galactic Halo
Galaxy clusters

® Sun
® Farth

e Milky Way Halo
® Distant Source

Typical Sources

Neutrino Detectors

Measures
Self-annihilation
Ccross section <gv>

DM Mass m,
(Branching fractions)

DM Lifetime 1y

DM Mass m,
(Branching fractions)

DM-Nucleon scattering
cross section ¢SSP / ¢SI

DM Mass m,
(Branching fractions)

Combination of coupling
strength g and masses m¢ my

- ® Galactic Center DM Lifetime t
K X Boosted DM .o e Tt
. ... or self-annihilation
oo ? (boosted) Highly boosted % from the decay or ¢ cross section <GV>
. annihilation of a heavy DM particle mg
oo X interacts directly in the detector DM mass myg
T.D. Lee Institute, JiaoTong University - Seminar 7 {S Carsten Rott
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® |dentify overdenseregions of dark

9
matter A,
& N
=self-annihilation can occur at Q‘%‘Q/Q
) ] .\r&o Q.'b'&
significant rates N
NN
v N\

® Pick prominent Dark Matter target

® Understand / predict backgrounds X \\/WJr,Z,‘L’Jr,b,

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

. —— X~ N\WZT b,

non-relativistic

MW Halo + Atm.

OO
S/b/b .

&

Atmospheric Neutrinos

Beacom, Bell, Mack (2006)

10°
20 50 100 200
E[ GeV |

=e0Y,p,D,..

.=e,y,p,D,..
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® |dentify overdenseregions of dark

matter eaQW o
$ - 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,’L'+,b,...=> e*,v,y,p,D,...

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

10 | | )/{/,/,\W',Z,r',lg,,,.z €$,U,’}/,l_),D,...

non-relativistic

MW Halo + Atm.

OO
S/b/b .

Atmospheric Neutrinos

Beacom, Bell, Mack (2006)
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E[ GeV |
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IceCub

Atmospheri

A

e

10°®

107

10°

10'10

p = proton
L= muon

I = pion

V = neutrino
et = electron
e” = positron
7= photon

A |
llaboration Phys. Reuv.

¢ Neutrinos
Cosmic rays interact
in the upper

atmosphere:

P + A — 118 (Ki) +
other hadrons

> M+Vu — e+VeVpV
y

Lett. 110 (2013) 151105 /1212.4760v2

[ IIIIlIIl | IIIIIIII

—— Honda v, (HKKMS2007)
—— Honda v, (HKKMS2007)
—— modified Honda v

---— Bartol v,

|1||||||||||||||||||||.')'\'1

e v, (unfolding)

428 v, (forward folding)

» Vv, (DeepCore 2013)

A Vv.(2014)

2

3 4 5 6
log,_ (E /GeV)

p+ (piy) >

L™ -

pHyy>A*
(GZK)

Sources of High Energy Neutrinos
Astrophysica

Active Galactic Nuclei

%
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&
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Principle of an optical Neutrino Telescope

Charged particles (from a nuclear reactor in the

Array Of optlpal ‘ picture) pfocz‘luce li»luquﬂ’r in w’rer
SENsors ptu rs the 5 |

» 2 é
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Neutrino Telescopes / Detectors
Searching for Dark Matter ...

° IceCube at the Geographic South e ANTARES is located at a depth ° Super-Kamiokande

Pole of 2475 m in the Mediterranean at Kamioka uses | K 20”
Sea, 40 km offshore from Toulon PMTs

° 5160 I10”PMTs in Digital optical
modules distributed over 86 e Consists 885 |0”PMTs on 12 ® 50kt pure water (22.5kt
strings instrumenting ~ I km3 lines with 25 storeys each. fiducial) water-cherenkov

detector

° Physics data taking since 2007 ; e Detector was competed in May
Completed in December 2010, 2008 ; Phyiscs data taking since ®  Operating since 1996
including DeepCore low-energy 2007
extension

Detect Cherenkov light from neutrino interaction products
Main backgrounds: Atmospheric neutrino, atmospheric muons (down-going)

T.D. Lee Institute, JiaoTong University - Seminar €S
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The IceCube Neutrino Telescope

® Gigaton Neutrino Detector at the
Geographic South Pole

e 5160 Digital optical modules
distributed over 86 strings

IceCube Lab

IceTo
81 Stations, each with
2 IceTop Cherenkov detector tanks
2 optical sensors per tank
324 optical sensors

® Completed in December 2010

50m[— -
® Extremely stable: >99% uptime and \ -
98% of sensor modules in perfect

condition !

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string

® Neutrinos are identified through 5160 optical sensors

Cherenkov light emission from
secondary particles produced in the
neutrino interaction with the ice 1450mp

December, 2010: Project completed, 86 strings

Ethr ~ 100 GeV

(0] Z|AHE 201444 018 06X A2 2320l AHRhsl A Lich) DeepCore
I MAR 2o 2 F2 01y / 8 strings-spacing optimized for lower energies
FIERE X o|x| Ew, BIof M A7 HH SK.. ATA-Y AolH AT i 480 optical sensors

Ethr~ 10 GeV

2450 m
2820 m |
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The IceCube Neutrino Telescope

® Gigaton Neutrino Detector at the
Geographic South Pole

e 5160 Digital optical modules
distributed over 86 strings

IceCube Lab

IceTo
81 Stations, each with
2 IceTop Cherenkov detector tanks
2 optical sensors per tank
324 optical sensors

® Completed in December 2010

50 m — S
® Extremely stable: >99% uptime and \ .

98% of sensor modules in perfect
condition !

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string

® Neutrinos are identified through 5160 optical sensors

Cherenkov light emission from
secondary particles produced in the
neutrino interaction with the ice 1450mp

December, 2010: Project completed, 86 strings

Ethr ~ 100 GeV

(0] Z|AHE 201444 018 06X A2 2320l AHRhsl A Lich) DeepCore
I MAR 2o 2 F2 01y / 8 strings-spacing optimized for lower energies
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The lceCube Neutrino Telescope

® Gigaton Neutrino Detector at the
Geographic South Pole

e 5160 Digital optical modules
distributed over 86 strings

® Completed in December 2010

® Extremely stable: >99% uptime and
98% of sensor modules in perfect
condition !

® Neutrinos are identified through
Cherenkov light emission from
secondary particles produced in the
neutrino interaction with the ice

(0] Z|AH= 20144 018 062X} AE 23Hol| AlRf= A& HCE)

I CMAE 2ol 8 201
T\ E=HE FR X Y, HIo] A A7 EHHE SA.. AFA-FHYE S AT

IceCube Lab

50m[—

1450 m

2450 m

2820 m |

_IceTop
81 Stations, each with
2 IceTop Cherenkov detector tanks
2 optical sensors per tank
324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string
5160 optical sensors

December, 2010: Project completed, 86 strings

DeepCore

/8 strings-spacing optimized for lower energies

480 optical sensors
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1 South
| Po| p + A = Tt (K%) + other hadrons ... TT*—=U*Vuy—e*VeVpVy
' Pole

lceCube Depth:
|.5-2.5 km

-

| North Pole
|

Up-going events tan be used to obtain
“clean” neutrino sample

Earth is used as muon filter

Atmospheric neutrinos create
irreducible neutrino background to
extra terrestrial neutrino fluxes
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' South
' p + A = 11 (K%) + other hadrons .. TT* > H*Vu—e*VeVuVy

' Pol
lceCube Depth: v FOIE
|.5-2.5 km
Downgoing
Muons
 North Pole

|
Up-going events tan be used to obtain

“clean” neutrino sample
Earth is used as muon filter

Atmospheric neutrinos create
irreducible neutrino background to
extra terrestrial neutrino fluxes
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|
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|
' Pole
lceCube Depth: U//\
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Downgoing
Muons

 North Pole

|
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lceCube Depth: U//\
|.5-2.5 km

Downgoing

Muons

 South

Up-going events tan be used to obtain
“clean” neutrino sample

Earth is used as muon filter

Atmospheric neutrinos create
irreducible neutrino background to
extra terrestrial neutrino fluxes
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p + A = 11 (K%) + other hadrons .. TT* > H*Vu—e*VeVuVy
lceCube Depth:
|.5-2.5 km
Downgoing
Muons

 North Pole

|
Up-going events tan be used to obtain

“clean” neutrino sample
Earth is used as muon filter

Atmospheric neutrinos create
irreducible neutrino background to
extra terrestrial neutrino fluxes

T.D. Lee Institute, JiaoTong University - Seminar c‘
October 21,2019 |7 Carsten Rott




p + A = 11 (K%) + other hadrons .. TT* > H*Vu—e*VeVuVy

IceCubVe Depth:
|.5-2.5 km

Downgoing
Muons

 North Pole

Atmospheric muons ~|0ll/year
Atmospheric neutrinos ~ |03/year
Astrophysmal neutrinos * >IOO/year 1

il CaduUGilJIv Tivuu v ua\.\s VUl iua v

extra terrestrial neutrino fluxes
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Event topologies in IceCube

Cascade

Track

S SSSpe—
. -

[T T = S -
.

@ NCor ve/v;
@ Resolution ~ 15° — 20°

@ Energy resolution
SE/E =~ 15%

@ Muon tracks (CC v,)
@ Resolution < 1°
@ Large energy uncertainties

Ve Vy Vg

early s assssosssm |ate

amount of light in detector « v energy

Double-bang

w2l
ARl d ) 2
o0 PR oo

P

@ High energy v_(>100 TeV)

@ Nor observed yer

{S Carsten Rott
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New Window to the Universe !

1 Following the observation of supernova burst neutrinos in
1987, neutrino astronomy is becoming a reality quickly now .

20 13 Discovery of diffuse
astrophysical
neutrino flux

70 | 8 Neutrino multi-messenger
astroparticle physics
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® S SM| DM Annihilation searches ® Galactic Center Self-annihilation
X / ® Galactic Halo cross section <OvV>
‘ V from SM particle decay, e Dwarf Spheroidals
. direct neutrinos helicity e Galaxy clusters DM Mass m,
Y7 \SM) suppressed ° (Branching fractions)

Darlk Matter Self-annihilations

<OAV~>

T.D. Lee Institute, JiaoTong University - Seminar
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® |dentify overdenseregions of dark

9
matter A,
& N
=self-annihilation can occur at Q‘%‘Q/Q
) ] .\r&o Q.'b'&
significant rates N
NN
v N\

® Pick prominent Dark Matter target

® Understand / predict backgrounds X \\/WJr,Z,‘L’Jr,b,

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

. —— X~ N\WZT b,

non-relativistic

MW Halo + Atm.

OO
S/b/b .

&

Atmospheric Neutrinos

Beacom, Bell, Mack (2006)

10°
20 50 100 200
E[ GeV |

=e0Y,p,D,..

.=e,y,p,D,..
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® |dentify overdenseregions of dark

matter eaQW o
$ - 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,’L'+,b,...=> e*,v,y,p,D,...

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

10 | | )/{/,/,\W',Z,r',lg,,,.z €$,U,’}/,l_),D,...

non-relativistic

MW Halo + Atm.

OO
S/b/b .

Atmospheric Neutrinos

Beacom, Bell, Mack (2006)

10°
20 50 100 200
E[ GeV |
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Dark Matter Annlhllatlon

Measure Flux Particle Physics

dP 1 <0Av> dNBf

>
dE( X )j k47T 2m§< IdE )

E2dN/dE (GeV)

10 10°
Neutripo Energy E, (GeV)

X Dark Matter Dlstrlbutlon

line of sight (los) integral

P,

L] . 10°
e | O [prAwyd ) g
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Dark Matter Annlhllatlon

Measure Flux Partlcle Phy5|cs

r N - D

dd (oav); (TAV), Bf

dE( X )j 47‘(’ Zmi‘ de )

E2dN/dE (GeV)

10 10°
Neutrlno Energy E,, (GeV)

X Dark Matter Distribution

line of sight (los) integral

: (W) f PRUC D/
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INDIRECT DARK MATTER

ECUBE / ANTARES

IceCube Search l0g,(J(D)) for NFW

® ANTARES and IceCube complementary positioned on Northern
and Southern Hemisphere

® (alactic Center only accessible in down-going events for lceCube

® Weak halo model dependence for observation of extended DM
halo

T.D. Lee Institute, JiaoTong University - Seminar

October 21,2019 23 QS Carsten Rott



INDIRECT DARK MATTER

- SEARCHIES IN ICECUBE / ANTARES

’ IceCube Eur. Phys. J. C (2017) 77: 627

ANTARES Physics Letters B 769 (2017) 249-254

m==  Signal, NFW profile = = Scrambled data g 601
=== Signal, Burkert profile I I Data Zz [ Data
: ! D ™ ‘ ! 50— Background expectation
0.30 ot ] W*W~-channel - B
’ mMmpMm = 100 GeV B
@ : : 40 —
R e o e R S '] a
3 30|
B 018 - -
= -
= -
— S
S 0.12 “L
R :
0.06 - 10—
O.m 0 — 1 I L 1 1 1 I 1 | 1 1 | 1 L 1 | | 1 1 1 l I 1 1 1 1
0 5 10 15 20 25 30

Distance from Galactic Center W [deg]

Search for DM annihilation in the Galactic Halo (lceCube) and
Galactic Center (ANTARES)

Observations consistent with background expectations
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Nadége lovine [ANTARES & IceCube] PoS(ICRC2019) 1177

Galactic Center / Galactic Halo - lceCube/

ANTARES/Super-K

Galactic Center Suner-K

~ ANTARES/IceCube Combined Exclusion Limit 10" R ) Ay
YT ] ] —_— Annihilation channel
100 L Preliminary NFW 7+ 7 | —»— VY Kravtsov
3 . . 3 107 —— bQ , —o— NFW
20Ff — This work - Combined ANTARES/IceCube Search A W Moore
1077 ¢ — - IceCube [EPJC (2017) 77:627] : == 1 B
R — - ANTARES [PLB (2017) 769:249, PLB (2019)] — —— UU
- 10 F Veritas - dSphs [PR (2017) 95:082001] )
n i --- Fermi+MAGIC - dSphs [JCAP (2016) 02:039] ™ 10—21
E 10221 ~ — - HESS - Einasto [PRL (2016) 117:111301] g
i N -
= enf - A
~ > 28
<
5 102} 0 10
L J— N\ -
1025;xx—>7'+7' e N - y
e et Tee- oo | 10
....... Combined Search for Neutrinos from Dark Matter Annihilation in
1027 __ . the Galactic Center using IceCube and ANTARES - Yasuo Takeuchi @ PPNT19
101 102 103 104 10—27 Lol Lol Lol Ll
m, [GeV] 1 10 10? 10’ 10’

M, [GeV/c?]
e 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

Neutrino searches have been important test to probe models motivated by observations
with other messengers (example the cosmic-ray positron excess (PAMELA,AMS-02, ...))

Low mass DM difficult to probe with neutrinos - strong bounds from gamma-rays
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Search DM Annihilation with

. IceCube’s 7years HESE Sample

[ANTARES/KM3NeT Collaborations]
PoS(ICRC2019)552 C. Arguelles & H. Dujmovic PoS(ICRC2019)839

[ceCube preliminary — Fretorete

—— bb
— W'W
T
— W
vV

p—
-
I
N
N

}

aﬁ
/ | |||""| [ TTI "ll T T T
(ov) [cm3 s71]
2

ANTARES PRELIMINARY

LT lIIllﬂI I IIIIIIII

10—24
10‘26 lllll | | lllllll3 | | lllllll4 | 1 lllllI5 ol ' ' ' ' | ' ' ' ' con T
10° 10 10 WIMPMass[GeV/c?]10 105 106 107
m, [GeV]
® || years of ANTARES data e 7 years of lceCube’s HESE (High Energy

Starting Events) Sample

® Upgoing muon tracks
® Events with energies above >60TeV

® |Improved statistics compared ® Binned likelihood analysis

to previous searches ® |Improve neutrino bounds above 100TeV
and extend to high masses
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/SM DM Decay searches ® Extragalactic DM Lifetime T,

e Galactic Halo

¢ Gal lust
A ‘ v from SM particle decay or o .
\SM directly produced

DM Mass m,
(Branching fractions)

Dark Matter Decay
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Heavy Dark Matter Decay

Decay process might produce mono-

energetic neutrinos

10-12
= Line signal é - N
2 | ‘Heavy-loop
Q

16
T 10-
7]
o
9
§10-20 - -
X _example: B. Feldstein, A. Kusenko, S. Mat m\ob\_
o and T. Yanagida arXiv:1303.7320v1 / Phys.Rev. D88
2013) 1, 015004
1024 (2013) L L ) Garnly, lbarra, Tran,
10¢ 10° 106 Weniger 1011.3786

Neutrino Energy (GeV)

/ Gravitinoﬂ/l‘\r‘v L
> \

N DM \
Rott, Kohri, Park ‘
1408.4575 (Phys. Rev. |
D 92, 023529 (2015)) >

N
Wi/

\

J. Stettner & H. Dujmovic [IceCube] PoS(ICRC2017) 923
< ; /.
/ B

30° 60° 90° 120° 150° 180° B 330°

¢ Galactic Center p .
Galactic Plane equatorlal

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

Two flux contributions:
Galactic and Extra galactic
d®pmy, dPgu. dPrgu.

iE, 4B, dE,

e Characteristics of the signal components:

® (1) Dark Matter decay in the Galactic
Halo (Anisotropic flux + decay
spectrum)

dpC 1 dN, [

= r(s,l.b))ds
dE,  dmmpm om dEL Jo plr( )

® Dark Matter decay at cosmological
distances (Isotropic flux + red-shifted

spectrum)

deEC  Qpype
dE 47 mpum ToMm .

/0 B th) ;”; (14 2)B,] dz
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J. Stettner & H. Dujmovic [IceCube] PoS(ICRC2017) 923
IceCube Collaboration arXiv:1804.03848v1 (published EPJC)

1029-;

® Two IceCube analyses have been 3
. ~ 128
performed on independent data samples g "
® Track-like with six years of data P 107
2
® (Cascade-like with two years of data B0
3
Track-like Cascade-like 10%
Number of events 352,294 278
Livetime 2060 days 641 days 1024
Sky coverage North (zenith > 85°) Full Sky
Atm. muon background 0.3% 10%
Median reconstr. error < 0.5°(E, > 100TeV) ~ 10°
Energy uncertainty ~ 100% ~ 10%

IceCube (this work)
HAWC (dSph, 2018)
HAWC (GC, 2018)
Fermi/LAT (2012)

LA e LI | LI el LY | LY | LI S e
103 10* 10° 108 107 108 107

Dark matter mass / GeV

E(X |7.DM’ MDM : (I)Astro’ ,.},aStTO)

Test-Statistic: 7'S = 2 x log ‘ = -
,C(XlTD‘M = 00, (I)Astro, ,),astro)

Bound on DM lifetime at ~1027s
obtained with lceCube data for
mpm> | 0TeV

® Dark matter alone cannot explain the observed astrophysical neutrino flux in

lceCube

® Scenarios with a PeV neutrino line became less attractive with lceCube’s
observation of neutrino events well above this energy

T.D. Lee Institute, JiaoTong University - Seminar
October 21,2019

29

{S Carsten Rott




Search DM Decay with IceCube’s

\ 7years HESE Sample

C. Arguelles & H. Dujmovic PoS(ICRC2019)839

1029
@,
= 1028
10274 ..
i  ~~lceCube preliminary
0 90 180 270 360 10° 107
RA [°] my [GeV]
00 01 02 03 04 1020 lIceCube preliminary XU
Expected events/bin for .
X =, my=1PeV, T, = 10%%s 1028 N, -
4 , ’ - -
® / years of lceCube’s HESE (High Energy Starting > 1027‘5 ”7'_.—\
Events) Sample O 1076 _;_/-—“- .
e Events with energies above >60TeV i
_ o . 10251 wesss [C: HESE 7.5yr = = HAWC: M31
® Binned likelihood analysis — = IC: Cascades 2yr == Fermi
' = HAWC: GC e VERITAS
® Most competitive limits above 100TeV for a large 1024 —\ e —
number of channel 10° 104 10° 10° 107
my [GeV]
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‘ . ® Sun DM-Nucleon scattering
X DM Nucleon scattering e Earth . cross section 65D / ¢SI
Following ¥, capture, annihilation.

Once annihilation and capture in balance
(equilibrium) - no dependence on <ov>

DM Mass my
(Branching fractions)

Dark Matter Capture in the Sun

T.D. Lee Institute, JiaoTong University - Seminar
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N PN p—

velocity distribution

v 1nteractions

' U Earth
v oscillations
O ann
T«
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 Capture

PHYSICAL REVIEW D 88, 065005 (2013)

* WIMPs can get gravitationally 107 . | '
captured by the Sun 107
e Capture rate, ['c,depends on 10%
WIMP-nucleon scattering cross - 10%p-.§.
section f) =
* Dark Matter accumulates and 5
starts annihilating 1071 o
* 2 Only neutrinos can make it 10°F D
out 10*
 Equilibrium:The capture rate . . [GeV]
regu_lates the annihilation rate The capture rates scales as:
(Ia=I'c/2) e~ p ;
e The neutrino flux only depends C TPyt OA 1O Iy ~ WA
on the WIMP-Nucleon I'c ~pymy2ca for my >>ma
scattering cross section number density + kinematic suppression

Mma - is the target mass

Evaporation limits searches for DM in the Sun to masses above 4GeV

T.D. Lee Institute, JiaoTong University - Seminar {
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Number of Events / 0.1 Logm[°]

Solar Dark Matter - lceCube/ANTARES

ANTARES ~ JceCube

ANTARES - Phys.Lett. B759 (2016) 69-74 IceCube Eur.Phys.J. C77 (2017) no.3, 146
10 — e o data — limit: 1 TeV xx - W+ W~
S mu_ltl Ime — bkg expectation =~ — limit: 50 GeV yx — 7"
. AAFIt estimate 350 - = -
.| : - I I J—
1oE AAFIt Data 300—.-_:|—-—'—'—'—‘—:" . - =
- single line 250} ' ' '
S 200 ' ' '
102 = BBFIt estimate 150} I ' '
E BBFit Data 100f  IcdCube : :
B 50+ 1 1 1
o 0 ! = —
. "2 70¢ 1 ° * 1
u v 60 e ' ' *
- D 50} : ot -
e T 5 40| . : '
E L 30_ ] ] 1 .
220l DelepCore : :
"_'2""_11""0""1""2 3 £ 104 ' 7° 1 5° '30‘
T . Log (V[°]) z 00— s —
Distribution of separation angle for 0 0.992 0.994 0.996 0.998 1.000

Search for an excess in direction of the Sun
Off source region used to reliable predict backgrounds from data
Energy and angular information taken into account

No excess observed - set limit ...
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Solar Dark Matter Summary

5;‘ 3 JSeii /{O | 5; &
Spin-dependent scattering Spin-independent scattering
1036 —— . ——10°  10% ———— . S—
10-37
— 1038
NE 10 3 ey IS
ﬂ,.,’h..--,-’ p—
E ”.ul"”"””“ o O - 0
T, aan! { | o ! Q.
& 10-39 frg i T \ 1103 =3, —
9);10 ' @% N PTPTRIT LA \ 10777 . X
X 0% . . o : ;*10 PMSSM region frg 10
7 % "'"""',..,2,.,2..........“&‘" Bagnaschi et al. Eu 001‘1\
_ 45| C78 (2018 110
1040 oy ‘ 0 4+ 10 (2018) 10
— eCube (2011-2014) | ube (2011-2014)
_ e (1996.201) 1079 o\ = her K (1996-2012) {1071C
— tares (2007-2012) — ares (2007-2012)
104 e ksan (1978-2009) |1 5 ol an (1978:2009) |
kal (1998-2003) 107} T kal (1998-2003) {10
10° 10 103 10* 10! 10 103 10*
Dark Matter Mass (log(mpwm/GeV)) Dark Matter Mass (log(mpwm/GeV))
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Impact of velocity distribution

® Explore the change in capture rate using different velocity =~ Choi Rott [row JCAP 1405 (2014) 049
distributions obtained from dark matter simulations

f(v) in Galactic frame at solar circle

= % SMH ~1.5
= 045 - \/Ogelsberger et al. o 1 4 r— ng etal.
——— Ling etal. »n - === \logelsberger et al.
0.4 — ao et al. += 1.3
N — o et al.
0.35 8 1.2
0.3 o 1.1
0.25 e 1
0.2 E 0.9
Q.
0.15 8 0.8
o1 0.7
0.05 gg
P IPEPEETE AP TR AR B ' 2 3 4
100 200 300 400 500 600 700 1 10 10 10 10
vikmvs] 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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Impact of astrophysical uncertainties

M. Danninger & C. Rott “Solar WIMPs Unraveled” --
Physics of the Dark Universe (Nov 2014)

Interactive tool to study impact of

astrophysical parameters
I

-35 A |
= v XENON100 (2013)
-
direct-detection 2 s DAMA
-36 [ .- N
= COUPP (2012)
signal-regions | L e
37 IceCube-soft
é 38 |- IceCube-hard ]
~ Pingu-soft
IceCube a’
time (y):| 10.00 B
S  _a0l- —
PINGU 'a' %9
time (y):1 10.00 o Pingu-hard
SuperK =40 ]
time (y):| 10.00
. Baksan 41 -
time (y):| |0.00
ANTARES | | | |
i : -42
time (y).| |0.00 1 2 3 4
log10( WIMP mass / GeV )
NPT 3
e sun veocty G ).
local DM densi :
cealDM dersiy ) -
~di 1 / -
Dark-disk fraction (p,,/p,): 0.00
Halo models: 0.00
SMH | Ling et al. | Aquarius et al. |  Mao etal. Reset

https://mdanning.web.cern.ch/mdanning/public/Interactive_figures/
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Impact of astrophysical uncertainties

M. Danninger & C. Rott “Solar WIMPs Unraveled” --
Physics of the Dark Universe (Nov 2014)

Interactive tool to study impact of

astrophysical parameters
I

-35 A |
= v XENON100 (2013)
-
direct-detection 2 s DAMA
-36 [ .- N
= COUPP (2012)
signal-regions | L e
37 IceCube-soft
é 38 |- IceCube-hard ]
~ Pingu-soft
IceCube a’
time (y):| 10.00 B
S  _a0l- —
PINGU 'a' %9
time (y):1 10.00 o Pingu-hard
SuperK =40 ]
time (y):| 10.00
. Baksan 41 -
time (y):| |0.00
ANTARES | | | |
i : -42
time (y).| |0.00 1 2 3 4
log10( WIMP mass / GeV )
NPT 3
e sun veocty G ).
local DM densi :
cealDM dersiy ) -
~di 1 / -
Dark-disk fraction (p,,/p,): 0.00
Halo models: 0.00
SMH | Ling et al. | Aquarius et al. |  Mao etal. Reset

https://mdanning.web.cern.ch/mdanning/public/Interactive_figures/
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Solar Atmospheric Neutrinos




Cosmic ray interactions with the Sun

see Fermi-LAT Collaboration: The Astrophysical Journal 734 (2011) 116 (arxiv:1104.2093)
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Leptonic
e Moskalenko, Porter, Digel (2006)

e Cosmic ray interactions in the solar atmosphere produce e Orlando, Strong (2007)
gamma-rays and neutrinos

Hadronic
® Background to dark matter searches from the Sun that are e Seckel, Stanev, Gaisser (1991)

becoming very relevant and also harbor the opportunity to ¢ noskalenko. Karakula (1993)
detect a high-energy neutrino point source e Ingelman & 'i'hunman (1996)
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Cosmic background from the Sun

Ng, Beacom, Peter, Rott Phys.Rev. D96 (2017) no.10, 103006

Ng, Beacom, Peter, Rott Phys.Rev. D96 (2017) no.10, 103006

102:||||| T T T |||||I I I I IIIII: E IIIIII 1 IIIIIIII 1 IIIIIIII 1 LI
- IceCube — my=200GeV. ;
" (cubic kilometer detector) - m=3500GeV |1 38 [
I —  m,=1000 GeV 107" &
i — m,=3000 GeV :
" m,=5000 GeV ol
£ 10! m,=10000 GeV |- _ 1077 F
g) i ~ u
] = -
LLl ] O -
- _ C 1040L
3 -
L - A S N
o o |
= 0 1041 L
s 10 &
= ] -
L i _
' 10
: : -~~~ 77 floor
- lceCube
-1 L 10_43 ] ||||||| ] L1 111t
10 2 3 4 10* 107 10° 10°
10 10 10
E,u[GeV] mX[GeV]
e Solar Atmospheric neutrinos give 2 new background to Recer_it works on the Solar Atmospheric Neutrinos / Atmospheric
Neutrino Floor
solar dark matter searches « C. Argtelles, G. de Wasseige, A. Fedynitch, B. Jones JCAP 1707
) (2017) no.07, 024 [arXiv:1703.07798]
® However, energy spectrum expected to be different e K.Ng, J. Beacom, A. Peter, C. Rott Phys.Rev. D96 (2017) no.10,
o . o 103006 [arXiv:1703.10280]
® In DM annihilation neutrinos significantly attenuated « J.Edsj, J. Elevant, R. Enberg, and C. Niblaeus, JCAP 2017 .06
above a few |00GeV (2017), P 033, arXiv: 1704.02892 [astro-ph.HE] .
e M. Masip Astropart.Phys. 97 (2018) 63-68 [arXiv: 1706.01290]
Expect ~2events per year at cubic
kilometer detector Experimental lceCube Search S.In & C.Rott ICRC2017 (965)
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Data sample

Solar Position

® The analysis utilizes data collected over a 7 year 2 - ey
period (May 31,2010 - May 18,2017) s 2f O ;
ke :
® Up-going muon neutrino candidate events are S 10 Austral Winter Sunrise .
selected using the well established IceCube § :
point source analysis selection procedure 0 ~182days
. 1 ~207days .......................
® VWe only consider eve!wts from the W|n.ter 10l Austral -
season when the Sun is below the horizon . Livetime ~ 207days / year
—_— o (e] . . o
(0=[-5",23"]). This results in a total analysis -20 PR RN S &L
livetime of 1420.73 days. ' ' : ' : : :
4 0 50 100 150 200 250 300 350
Day of the Year
10-3 Energy proxy dlstrlbutlon | oled Zenith angle distribution
—— MC (Background Expectatlon) : : . — MC (Background Expectatlon) ‘ ' :
+ Data : : 1.0 ‘
E E 0.8
= o 06
4= (g
& “ 04
0.2
~ 100 < B A A A ]
= 8jo Z;LQ;LQQQ-LQLELLL;L;ZL;LLL;Qﬁﬁ;ﬁL;Qﬁ;ﬁIﬁ;jﬁ;ﬁﬁﬁﬁﬁﬁﬁﬁ-ﬁﬁﬁ;ﬁlﬁ;ﬁﬁL;LLLLLﬁ;ﬁﬁlﬁﬁﬁ;ﬁllﬁjffjijﬁjﬁﬁ*ﬁjjj: ] AR S A N Mt i S
= ig.g— --------------------- R R S S an P + 1 & 100 ; . . ; ;
20 2.5 3.0 35 4.0 4.5 -1.0 08 _O'6cos(ze.;i2'r:§ 0.2 0.0
10910 (Eproxy [GeV])
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()
35 4 3 2 10
10 l T
ﬂ 102 ..................................................................................................................
S IceCube Prellmmary
> : : 5 :
qLILI 101_ ............ MC'(‘Ba'ckground) .......... ............... ...............
(@ — MC (Slgnal JEdSJO et. aI 2017) : :
o Ol 4 . Data ‘...
g 10 +z ; z
E - é
2 107 SR S b I.’ .............................................
P I theoretlcally flux predlctlon
102 : J. EdSJO et al. JCAP 06( 2017)033)
—~ 20
g\cl 18 ..................................................................................................................
= _%8 :ffff;ﬁffﬁffffﬁ:fﬂfff'+ffﬂ:iﬁfﬁfffﬁ:f;ﬁﬁﬂ{ﬁfﬁfffﬁ;fffffﬁ+.fﬁ:fffffffﬁf;ﬁf{fffﬁfﬁ_
o - 0.9965 0.9970 0.9975 0.9980 0.9985 0.9990 0.9995 1.0000

cos(0)

® No excess of events
observed

® Proceeded to set bound
on the neutrino flux from
the Sun

E2 dd,/dE, [ GeV cm? 5]
T 1713 98 8

107° ¢

R esult

II| IIIIIIII| IIIIIIII| IIIIIIII| IIIIII|'|] IIIIII|'|] IIIIII|'|] [T

.9..‘ LT LL LT T T TP A s P P PPN

B L T T T L PP P PP EPEPE P

Expected signal ﬂux (J Edsjé et al. 2017)

Expected signal flux (FJAWS 2017)

IceCube 90% C.L. (thls work: J.Edsjo | et al. 2017)

IceCube 90% C.L. (thls work: FJAWs 2017)

106 107
E,/[GeV]

10° 10* 10°

Systematic
DOM efficiency
lce properties

Source distribution
Cosmic ray shadow
Total

Carsten Rott 8
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lceCube Raltime Alerts

IceCube sending alerts since

C. Tung NU9b

Updated alerts as of June 2019

IceCube Alert System

Ear Signalness >50% >30%
Gold P Initial GCN Notice followed by Expected signal/yr 6.6 28
IC190619A GCN Circular with updated ) )
reconstruction Expected bkgd/yr 6.1 14.7
Iridium
Online Event lceCube IGBEHE > Gold Alert *  AmON
Filtering = L& 1 i |jve &
System South i i North = Bronze Alert=p»  GCN
Bronze ;
South Pole, Antarctica Follo
ICI9072A 50 AR = | erenmoesssmsessenssssasssssssnd - o?lstmé%ms.’
: lceCube Data Center, Madison WI
................... Median alert latency: 33seconds
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IceCube-170922A & TXS 0506+056

TITLE: GCN CIRCULAR
NUMBER: 21916
SUBJECT: IceCube-170922A - IceCube observation of a high-

energy neutrino candidate event

DATE: 1
rrom: el Fermi-LAT detection of increased gamma-ra

TXS 0506+056, located inside the IceCubdiis
error region. i

Claudio Ko

report on v - - b |
ATEL 10791 1 First-time detection of VHE gamma rays by MAGIC from
S:oijjﬁg 2| @ direction consistent with the recent EHE neutrino

event lceCube-170922A

ATel #10817; Razmik Mirzoyan for the MAGIC Collaboration
ond Oct 2017; 17:17 UT
Credential Certification: Razmik Mirzoyan (Razmik Mirzoyan@mpp mpy de)

Extremely| Subjects: Gamma

narmal nn

Referred o by Al
10844, 10845, 10

¥ Tweet | 3 fec

' _ Subjects: Optical, Gamma Ray, >GeV, TeV, VHE, UHE, Neutrinos, AGN, Blazar

Referred to by ATel #: 10830, 10833, 10838, 10840, 10844, 10845, 10942

m ] Recommend 448

After the IceCube neutrino event EHE 170922A detected on 22/09/2017 (GCN circular #21916
Fermi-LAT measured enhanced gamma-ray emission from the blazar TXS 0506+056 (05 0
12596370, +05 41 353279 (J2000), [Lani et al., Astron. J., 139, 1695-1712 (2010)]), located
arcmin from the EHE 170922A estimated direction (ATel #10791). MAGIC observed this sourc
under eood weather conditions and a 5 siema detection above 100 GeV was achieved after 12 h ¢

Declination [°]

® September 22, 2017: a neutrino alert issued by
lceCube

* Fermi-LAT and MAGIC identify a spatially
coincident flaring blazar (TXS 0506+056)

* \ery active multi-messenger follow-up from
radio to y-rays

Z00HX] SS0IRIe] FRX| AHS 2 =2 &0

AlHs =0l s S0IA AEFXIQ OI0|AFE A E110LHX| SS0[AHE
AERUCE DBIAE2 0| SS0[AR7H 37 B SO{E A TXS 0506+056' 0 A
AARCHE AledE ME22 BRI HS0AM AEst SJ0IAe] A% S FXet
211 MIA| ZEX[2] MH Y B 2300 U= BHES0| 26t ks HAlst 22
R0 SE0|AP} HIRRSS SHOIRC

2|42 5H2HS & ol

T
HE dgd .

Fo X7 yaoz
7 S30[X1e

HX}7 | mhl
374
gd

B H et xppmiol

ZopMg 2R
Hoixp7t g HE0|

VLT »
/’_,'l&$ I'Y"'

MIA| 607HE —

nHB% 4

867H7t US| g —— AN N
2450m i 516074
| y

|
Ld

J|8to o ZMO|RI= K| 12
- - WP =51 4= 010| A
ZA0|xtel e S8 TR H 0| 2o

0|5 42 J xi=Z=Al0|9iA, ofo|ARE v AXE
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lceCube-170922A & TXS 0506+056

TITLE: GCN CIRCULAR
NUMBER: 21916
SUBJECT: IceCube-170922A - IceCube observation of a high-

energy neutrino candidate event

FD:(I:,;; IE Fermi-LAT detection of increased gamma-ra

TXS 0506+056, located inside the IceCube

Claudio K9 error region. P SN
report on , o~ e | "\ top view
At o First-time detection of VHE gamma rays by MAGIC from e —
robatit, c-s| @ direction consistent with the recent EHE neutrino P O e s AN LRy S ey ) T
Extremely| Subjects: Gamma event IceCube-170922A _‘ Pl e e ; A o :
narmal an ‘ o ) o T e e 2gn ol e S ik
Illggege?ntgag) IAOW ATel #10817; Raynoi: ybr;‘o;g; 7{0; 7!?:;7.%;‘616 Collaboration 65 4- ¥ R LRGP JOR M o AR L PR p 5:Q8 "
Credential Certification: Razmik Mirzoyan (Razmik Mirzoyan@mpp mpg de) ‘o e
: Subjects: Optical, Gamma Ray, >GeV, TeV, VHE, UHE, Neutrinos, AGN, Blazar e £ R pa gl
Referred to by ATel # 10830, 10833, 10838, 10840, 10844, 10845, 10942 . A e etk -/_'..—‘.."-'_ - “ e, o 56;;;1 ' ”77"3'7 77:33|
[ Twse | ) recommens ¢ — 604 e g B PR YR Ry
After the IceCube neutrino event EHE 1709224 detected on 22/09/2017 (GCN circular #21916 N Y
Fermi-LAT measured enhanced gamma-ray emission from the blazar TXS 05064056 (05 0 ©
12596370, +05 41 353279 (J2000), [Lani et al., Astron. 1., 139, 1695-1712 (2010))), located g .
arcmin from the EHE 170922A estimated diection (ATel #10791). MAGIC observed this sourc &
under sood weather conditions and a 5 sigma detection above 100 GeV was achieved after 12 h e g
_ _ 2 554 -
® September 22, 2017: a neutrino alert issued by : .
Icngbe o |  loeCube (50%) | Tt M e e
* Fermi-LAT and MAGIC identify a spatially 60 ||~ - leeCube (90%) [>Tt ot e O]
coincident flaring blazar (TXS 0506+056) O ';‘AG',C(;?S?)Z‘;) S Tt PKS 050240497
. . O ermi e Pl ¥ I . I
* \ery active multi-messenger follow-up from o TXS0506+056 |« " e
radio to y-rays AR A A S AR T G S T
78.5 78.0 77.5 77.0 76.5

Right Ascension [°]
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(Science 361, eaat1378 (2018)

Multimessenger observations of a
flaring blazar coincident with

high-energy neutrino IceCube-170922A

The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS SN, HAWC, HLES S,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/1T7B403 teams ™

® Chance probability of a Fermi-
lceCube coincident observation:
~30 (determined based on the
historical lceCube sample and
known Fermi-LAT blazars)

Time-integrated neutrino spectrum
is approximately E-2!

TXS 0506+056 redshift determined
to be z=0.3365 (S. Paiano et al. ApJL
854..32(2018))

Time-average luminosity about an
order of magnitude higher than Mkn

421, Mkn 501, or 1ES 1959+605
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Science 361 (6398), 147-151.

lceCube-170922A

IC40 IC59 IC79 IC86a IC86b IC86¢

smus |ceCube-170922A
wn (Gaussian Analysis
== Box-shaped Analysis

2009 2010 2011 2012 2013 2014 2015 2016 2017

20125 20130 20185 20140 20145 20150

® 9.5 years of archival data was M oo R T l—_l 1 L2 3

. . . o . y . '™ c

evaluated in direction of TXS ] Best Ft: Gaussian o\ S %

- 34 -

0506+056 : ‘ , €

- 2= ,l 0.5 g’

e c

® An excess of |3+5 events above I3 al

. 1 0.1 o

background was observed durlng 56200 56400 56600 56800 57000 S
MJD

Sep 20 | 4 B March 20 | 6 Time-independent weight of individual events during the 1C86b period.

® Inconsistent With bacl(ground Onl)’ R e e e e L e P LR L P L EEE R EEEEE R EEEEEEPEEE

: : However: Maximum contribution of the 2LAC
hypothesis at 3.50 level

. . blazars to the observed astrophysical neutrino qux
(Ir?dependently of the 30 associated to be 27% or less between around 10 TeV and 2
with IceCube-170922A alert) i PeV [IceCube Astrophys.J. 835 (2017) no. |, 45]
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R Neutrino DM scattering ® Milky Way Halo Combination of coupling
(halo) "~ € strength g and masses mg m;,
Astrophysical v scatter off
(a;tm) from Galactic halo - resulting

in anisotropy

Neutrino-Dark Matter Scattering
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Distance scales ...

Milky Way = GW170817 [ Closest Blazar TXS0506 +056

GRB 170817 ! z=0.33
z=0.01 B iz=Y. 1.4Gpc

40Mpc

Blazar TXS 0506+056

Highest redshift GRB

~10kpc. T ‘ GRB090423
Diameter ~50kpc B '\j .

- ~B 19
Cosmic Rays 335% (I:\x:)c?ﬁ (E~5-107%V)
Gamma-rays (@1TeV) Gamma-rays interact with
+ Gamma-rays (@1PeV) EBL and CMB

Gravitational waves

|1 pc=3.26 Iy
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Dissipation of Neutrino flux due to

. DM-neutrino interaction

Choi, Kim, Rott PRD 99, 083018 (2019)
The interaction of neutrinos with dark matter in the

Universe can suppress the flux of neutrinos along the path
from the astrophysical source to the Earth

H — <I>oe_ bath on(x)dl

The suppression depends on the scattering cross section between
DM and neutrinos and as well as the DM number density along the

path.
The observation of neutrinos imply that

T.D. Lee Institute, JiaoTong University - Seminar {S
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Dissipation of Neutrino Flux from |C170922A

Choi, Kim, Rott PRD 99, 083018 (2019)

Dissipation of Neutrino flux
from [C170922A DM is non-relativistic

sigma is constant

/ an(x)dl:/ n(z)adl+/ ONgal(X)dl,
path los los

o
= dl a1(x)dl
A/[dm ([os p(Z) N v/los P I(X) )
[Kelly, Machado, 2018] / \ Galactic DM

[Alvey, Fairbairn, 2019] C05m0|OgiC3| DM

p(2) = po(1 + 2)® pear(x) = —
po =~ 1.3 x107°%GeV/cem? P (1 + E)
I — 1420 M ps = 0.184 GeV/cm?
Bl l be r, = 24.42kpc
dt
/zos p(z)dl :/P(z)z—zdz, /l peal(x)dl ~ 3.8 x 1022 GeV / cm?

~ 7.2 x 10** GeV/ ecm?,
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Constraint on the DM-neutrino interaction

Choi, Kim, Rott PRD 99, 083018 (2019)

Requiring less than 90% suppression of the flux [ ondl < 2.3

We obtain the upper bound on the cross section/mass as

0/Mam < 5.1 x 1072° cm?/ GeV

at FE, = 290TeV

—1
9]

<23 L A dl
A x(po + [ et )

~51x107** cm?/GeV at FE, =290 TeV
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Energy dependence of the constraint

ChOI Klm Rott PRD 99 083018 (201 9)

—15 T 4
_20 __ N i
Y SN1987A
S, _f )
v T n=0 ... AR .
bo =351 * /’,
50 Lyman-a 9 -7 Simple power-law |
S _aof e dependence 1
. /',, E n
aad -~ o(E,)) =0 .
: ’,/ ( V) 0 1 Gev -
-50 [ ;.’ ! ! L ! A A L ! !
-10 5 0 5 10
Log,oE/[GeV]
The strongest constraint depends oo/Mam <1072 cm?/ GeV  for n =0,
on the form of cross section 00/ Mam < 6.3 x 10734 cm?/ GeV  for n =2,

00/Mam < 7.5 x 107* cm?/ GeV  for n = 4.
CMB / Lyman-x constraint:
small scale suppression of the density fluctuation that has
been caused before the last scattering of photons, when the
neutrino energy was around 100 eV

T.D. Lee Institute, JiaoTong University - Seminar {
October 21,2019 53 | Carsten Rott



Complex scalar dark matter with fermion mediator

Choi, Kim, Rott PRD 99, 083018 (2019)

S X dark matter
Lint = —gxNvg +h.c.

N ;massive fermion

45— -
-Mpy=10 KeV Mym=1 KeV;
S My=1GeV ===~ et
~~ =25} o“" "
3 SN1§&Z¢5«-:‘~.-«;~ lceCube
& ”’ o"" ~~~§
) ~30 e =
s | £
g S
)
o
— _40
-45: . ' '
210 -5 0 5 10

Log,,L,[GeV]
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X>o X Probing dark matter neutrino interactions with

halo) *~

astro) .
/ \ V [C. A. Arguelles, A. Kheirandish A. C. Vincent Phys.Rev.Lett. 119 (2017) no.

20, 201801 (arXiv:1703.00451)]

Dark Matter - Neutrlno Interaction

® Scattering of high energy astrophysical neutrinos
on DM in the Galactic halo can lead to a deficit
of high energy neutrinos

.‘HESE 7.5yrs and Galactic Halo

IceCube Preliminary e )
N Sttt +: cascade

...... . - : e x: track
. ’ : o -

® Neutrino-DM interactions mediated by a
scalar or vector mediator f.

® Limits on coupling constant, g, possible by —_—
. . . 21.3 logo(ppar/GeVem ) 23
measuring the isotropy of the HE neutrino
Assume:
flux 2
O-DM—I/ X v
vector medlator . scalar mediator
(1) Fermionic DM, (2) Scalar DM, e T Do e N Dommmated ™ 1
vector mediator  ferminonic mediator IceCube Preliminary by Cosmology "\ by IeeCube || |
0.5 :
10° 11,
05 %
].0_2 I S})
4R
10~ il RS
-2
—6 . ad
1073 102 101 100 010—8 10-6 10~ 10-2 2.5
m, /GeV m,/GeV
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Outlook
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Neutrino telescope landscape expanding quickly

The neutrino telescope timeline mm
v

[ ANTARES 3

KM3NeT/ARCA

|
[iC Upgrade JIWARES lceCube Gen2 — — 2

IceCube Gen2 | o] i
------------------------------------------------------- | ' Wy . 4%+ l

Baikal/GVD-1 Baikal/GVD (next steps)
f I I
4 Baikal GVD

2015 now 2020 2025 2030

U. Katz: Future neutrino telescopes Neutrino 2018, Heidelberg 6

hern latitudes

2015: «Dubna»
i strings (192 OMs)

ycore/PINGU

lceCube Gen2 Cosmic Ray Array (CRA)

Status in 2018
* Cluster 1 since 2016

* Cluster 2 since 2017
¢ Cluster 3 since 2018
* Powerful isotropic laser source

Bedrock

—_ 14 km I
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Neutrino telescope landscape expanding quickly

The neutrino telescope timeline SIEEEATY
“:mmmEEEQ’

[ ANTARES 3

KM3NeT/ARCA

& KM3NeT/Phase 3
KM3NeT/Neutrino astronomy

KM3NeT/ORCA

KM3NeT/Neutrino oscillations

|
[iC Upgrade JIWARES lceCube Gen2 — — 2

IceCube Gen2 ARCA)‘
..... SRR RPN (R Sy PRy R — 444 J.
Baikal/GVD-1 Baikal/GVD (next steps)
il | [
4 Baikal GVD
el ﬂ hern latitudes
210-1? Future ne "n'ra-]tgmm 2020 T\Pu"naz“g?i\jpbm 2030 6 2015 «DUbna»
U. Kz e neutrino telescopes eutrino 2018, Heidelberg i  strings (192 OMs)
1000m
lceCube Upgrade @
SN TR & BAIKAL-GVD
° Co T , o Array (CRA) 2018: Data taken with three Baikal-GVD clusters
e .0 * I:: " . -7 - ;
. ® o O, | et
o ® ¢
e ©
® -
. : Status in 2018
V7m * Cluster 1 since 2016

* Cluster 2 since 2017
¢ Cluster 3 since 2018
* Powerful isotropic laser source

\\\\ _ ;”'rl,r
100m mm
T 3m
- i
.’ Oo .@

1450m  2100m  2150m
IceCube DeepCore  Upgrade 2a20m  2a50m  2400m

Instrumented Depth

Ref: Stuttard 20181107
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lceCube Upgrade -~ " -~ . The IceCube Upgrade |
. ° S L 0 * NSF has funded a $30M extension
e RURIRIA - to IceCube
s . » A - Deployment in 2022/2023
’ ... SR foo * 700 multi-PMT sensors
° e * Improved ice calibration
.. 00 .@
IceCube DeepCore Upgrade ;:_2732 glgg: gl%gm

| === NOvA 2019 (90%)
000321 ___ 12k 2018 (90%)
——— DeepCore 3 yr (10) =~ SuperK 2018 (90%)
0.0030{ --- MINOS 2016 (90%)
—— IceCube Upgrade e DeepCore 3 yr 2018 (90%)
IceCube Work in Progress 7 1 yr sensitivity (10) 0.0028 mm (ceCube Upgrade 3 yr sensitivity (90%)
/ OPERA (10) %
? =, 0.0026-
——e—— SuperK (10) Eﬂ
0.0 0.5 1.0 1.5 0.00241
Ny,
0.0022 1
10% precision after 1 year
(6% after 3 years) Com[.betltwe w!th Ionq 0.00201 @ ok i brogress
baseline experiments in

. 0.30 035 0.40 045 050 055 060 0.65 0.70
disappearance channel 5in?(653)
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Next generatlon neutrlno detectors

IceCube-Gen2 (IceCube-Upgrade) 5 years of ORCA (115 |'nes)

S |n & K Wlebe [|CeCUbe] ICR0201 7 (91 2) [ORCA 115 (5 years) ANTARES (2007 2012) IceCube (2011-2014), SK (1996-2012), PICO (2016 2017)]
. . s
10736 — 7F /7" =0 |ceCube-Gen2 1 Year +— |ceCube 2025 * 10-1k i \ KM3 NeTPrellmlnary
v bfb o=@ |ceCube-Gen2 5 Year * — SuperK limit 2015 (3903 days) |PICO C3|:Fs| \ |IceCube bb
~—4 |ceCube 3yr limit SuperK 2025* - ENTARES bb] .
107374 I i . ! ]
£ ‘ . \
< N 10 g ; | IceCube W' W
2 1038} R Q - | i i
‘§ A & ,"‘/ & L E@ i i
A - L - bb .
&E) 107974 1 1073 \ i
() - r i 1
1B
g 10—40 . s e
¢ y
.a ~
n . . P NN N R
101! I i = |
Pre]lmlnary + Scaled by lfetime | [KM3NeT~ORCA Collalooraﬁiom/i
10-12 10-5 5| POS(ICRC2019)536 i
10! 10° 10° 104 T 3R ’ ——— R |
WIMP Mass [GeV] 10 10 10 10
Mwivp [GeV]

lceCube Upgrade (to be deployed 2022/2023) and ORCA (under construction)
will be able to improve Solar Dark Matter sensitivity for masses below 100GeV

lceCube recalibration campaign will result in improved limits for higher dark
matter masses
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https://arxiv.org/pdf/1607.02671.pdf

- lce properties dominant source of
sys. uncertainties for most analyses
- Solution: SKKU ice camera system

Median angular error (cascades)

lce Camera System

Monitor freeze in
Hole ice studies

| ¥ : ¢ Example
oc.a. ICE environmen | B camera for
Position of the sensor in the hole illustration
Geometry calibration
Survey capability
B = = 'E'.x'p‘('a(l:t,ed (st.at.'. ovnl'yi
@ - Observed (sys. + stat.)
20 b -
T S " i Camera system key to comprehensive
by o e understanding of the detector medium
O A= factor of 6 | —> Retroactively analyze more than 10
- e . .
5| TN - | years of IceCube data with substantially
I iImproved angular and energy resolution
O ...1.(1)2 a " A ...1.(1)3 A A PR .‘.1‘04

Deposited enerqgy [TeV]

Improved sensitivity for astrophysical source detection through better calibration
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_Camera testing ...

" .
S = -
$ rag N ® e ’ ‘; . ~ -
-'J , ¥ “‘.«-,' .
. ,‘/Qw., e v
Ay -

JU L LTTRNY By e

lllumination Gyeonggi Physical Education High school, ™ P
module the public high school for athletes «

i

Camera s e =
module {

Geometry measurements of order ~10cm at 25m
distances

Scattering cones clearly visible - scattering
length measurements
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SpiceCore Camera System

SKKU graduate student Hrvoje
Dujmovic @ South Pole

T.D. Lee Institute, JiaoTong University - Seminar
October 21,2019

=
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=~ - e+ 3 SRS

kg

(1) light source

-

- =

v l‘- _ ’ & oy

o~

SPICE Core camera system was successfully
deployed in January 2019 (one 7h deployment
to the maximal depth of 1695m)

Several hundred images taken - image analysis
on-going

Platform to test camera systems for integration
into next-generation optical sensor modules
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Conclusions

Striking signatures provide high discovery potential for indirect
searches for dark matter with neutrinos

Stringent limits on dark matter self-annihilation cross section
set using neutrino telescopes

Lifetimes of heavy decaying dark matter has be constrained to
| 028s using neutrino signals

Neutrino Telescopes/Detectors provide world best limits on
the Spin-Dependent Dark Matter-Proton scattering cross
section

A new neutrino floor for solar dark matter searches has been
calculated and might be observable in the near future

Neutrino telescope landscape rapidly expanding providing new
opportunities for BSM physics searches
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lceCube

PMNS unitarity

* PMNS mixing matrix is unitary in standard
oscillation picture
* e.g. mixing between the 3 known neutrino flavours

» Additional (sterile?) states - 3x3 matrix is subset

of full unitary matrix

» Test unitarity by measuring 3x3 matrix elements

* v, elements least well measured \ o
6
Upnns ! el

Ve Ueir Ueg Ues 131
U, U,3

vy U 1 125
Vr o IU'rl Ura UT3I V3

X L —  w/o Unitarity

<] | --. withUnitarity
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IceCube Lab

|3|
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.. arXiv:1508.05095
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DeepCore Sensitivity
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Solar Dark Matter - lceCube/ANIARES

All flavor Solar WIMP - IceCube

e Convert neutrino flux limit into limit on Q/O

WIMP-nucleon scattering cross section

Cascade

A i
g
.
g
g
.

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

" CC vy [vq] ‘CC Ve [V1]

A NC Ve Vp V1
107 ! ! ! . ! !
— rr* r~ 1yall-flavor sez;\sitivity @& ® 777 1yall-flavor limit!
— bb 1 y all-flavor senSmVIty &9 1 y all-flavor limit
— H W1y all-flavor sensmwty 9
Prellmlnary e
-38 ] e S o e 5

1o e

S ' -

107 SIn[IceCube]ICRCZO‘I7(912) """""""""" ey

S ANTARES. B
* ANTARES - Phys.Lett. B759 (2016) 69-74 10740 L. ’—Q— _____________ P W ;; - ,,',':I'f:js:::
e IceCube Eur.Phys.J. C77 (2017) no.3, 146 3550 100 250 560 o0

e S.Inand K. Wiebe [lceCube] ICRC2017 (912) m, [GeV/c?]
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e Convert neutrino flux limit into limit on
WIMP-nucleon scattering cross section

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

T T T T T T T T T T T T T T T T T T 100
=== |ceCube (2011-2014)

---- Super-K (1996-2012)

= = Antares (2007-2012)

410

m, [GeV]

Solar WIMPs

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

e |ceCube Eur.Phys.J. C77 (2017) no.3, 146

e S.Inand K. Wiebe [IceCube] ICRC2017 (912)
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lar. Dark Matter - lceCube/ANIARIES

All flavor Solar WIMP - IceCube
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0.3 GeV cm—3) [cm?]

SD
Ox-p- (P

PICO-IceCube Combined Limit

[ lceCube+PICO Collaborations arXiv:
10—37_: W+W_
] Tt Shaded regionlsgsl(1)o7mi Is%s e(r)ngatic uncertainties
10—38_:
I\'
10—39_:\‘
\
I\
. \
10740 4 \,
5 N,
~
PICO2017SHM =77 7777% Seee _____/
10-41.- lceCube 2017 SHM
0t 1

my [GeV]

Halo Model independent bound

(Extremely conservative, decomposing the

velocity distribution in dark matter
streams with fixed velocity)

Combines data from
® PICO-60 CsFg
superheated bubble
chamber experiments -
| 167 kg-days
® |ceCube 3years data

Exploit the complementarity
of direct and indirect searches
(see F. Ferrer,A. Ibarra and S.
Wild, JCAPI1509, no. 09,
052(2015))

Standard method to compute
bounds assuming Standard
Halo Model (SHM) of an
isotropic Maxwellian velocity
distribution
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