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e ASTROPHYSICS . .
Multi-messenger Observations
® point sources of V’s (SNR,AGN ... ), extended e T T 166Cube/ANTARES/Auger/LIGO
sources 5 % R e > arXiv:1710.05839
30% y. ) 2 \ \ ,lA
e transients (GRBs,AGN flares ...) 15 __Mmmiﬁ%"xl T e AN
15° AR N 1 o7/ [—aw (m%'cu >

+ NGC 4993

® diffuse fluxes of V’s (all sky, cosmogenic, galactic plane § o it (csCrbe)

-30 i .
¢ neutrino candidate (ANTARES)
—60° N =

= = ANTARES horizon
[ Auger FoV (Barthmskimming)

-75° /| Auger FoV (downeing)
e COSMIC RAY PHYSICS
Fermi-LAT detection of increased gamma-ray activity of
’ 'Y o e TXS 0506+056, located inside the IceCube-170922A
® energy spectrum around “knee”, composition, error region.
. TXS 05064056 | ™11 et tosine sivry, srs Bson AASHGSFC) D
anisotropy sl ursfecren: 54 7| First-time detection of VHE gamma rays by MAGIC from
a direction consistent with the recent EHE neutrino
° D ARK M ATTER 90% event IceCube-170922A
ATel #10817; Razmik Mirzoyan for the MAGIC Collaboration
. . . . Credential Certification: l::;:z‘;lf:z;::’(mzﬂlnmn @mpp mpg.de)
® Dark matter self-annihilation, decay, scattering, ... °
e BSM PHYSICS
® magnetic monopoles b . ARV 100°KOesE 1.0
n :
® violation of Lorentz invariance 100

Oute\r’ core: Fe Fe+2wt% H

e PARTICLE PHYSICS p .

® V oscillations, sterile V’s

...........

® charm in CR interactions

SUPERNOVAE (galactic/LMC)
GLACIOLOGY & MARINE SCIENCE & EARTH SCIENCE
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Atmospheric Neutrino.Sp

IceCube Collaboration Phys. Rev. Lett. 110 (2013) 151105 /1212.4760v2
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IceCube v; Appearance
Analysis A

[ CC Expected (N;=1.0, 68%)
I NC+CC Expected (N;=1.0, 68%)
== CC Best-Fit
= NC+CC Best-Fit

20
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v; Normalization

Jau Neutrino Appearance

IceCube Collaboration - Phys.Rev. D99 (2019) no.3, 032007
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® Dataset:April 2012 - May 2015

® [wo independent analyses

® Analysis 4A: Optimize for high

efficiency to select neutrino

events in DeepCore
(1006days)

e Analysis B: Designed to

effectively reject atm. muon
backgrounds (1022days)
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IceCube PHYS. REV. D 99, 032007 (2019)

Low. -ener:

-

Expected charge qi(t) at it DOM

(/i([) — A?SCd(f) ° Ecscd/GeV + Z Afer([) + 1n;
\ segmentseL, \

charge expectation
for a |GeV cascade

expected charge for
one track segment
of the MIP muon

® N\cscd and Atrck obtained from photon propagation look-up tables
® Find best-fit hypothesis using MultiNest

Track like Cascade like

CCVe V1 NC—V)

Track (25GeV)

Cascade (25GeV)
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IceCube PHYS. REV. D 99, 032007 (2019)
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® Event identification T"aCkxf muon neutrino
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IceCube PHYS. REV. D 99, 032007 (2019)
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IceCube PHYS. REV. D 99, 032007 (2019)

is lceCube

i une AnalysisA| e Binned analysis (Energy, reconstructed angle,

vy wic V(€ { Daa

PID (ALLHreco))

® 2 - minimization as function of v;
normalization and nuisance parameters associated
with the relevant systematic uncertainties
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IceCube PHYS. REV. D 99, 032007 (2019)

T sector is the least well-
constrained

IceCube v; Appearance
Analysis A

20

I CC Expected (N,=1.0, 68%)
I NC+CC Expected (N, =1.0, 68%)

Most important test of the
unitarity of the PMNS matrix

V1 appearance rate
consistent with
standard neutrino
oscillations

== CC Best-Fit
- NC+CC Best-Fit
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Best-Fit 68%, 90%

Analysis 73, NC+CC
Best-Fit 68%, 90%

Analysis A, CC
Best=Fit 68%, 90%

Analysis B, CC
Best-Fit 68%, 90%

SuperK 2017, CC 68%

arXiv-1711.09436 *
OPERA 2018, CC 68% .
arXiv:1804.04912
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IceCube Collaboration arXiv:1902.0777 |

Neutrino. Mass O

® Basic idea:
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® Neutrino Oscillation effects enhanced for NO. For the case of IO oscillation effects of anti-

neutrinos enhanced

® Neutrino / anti-neutrino cross-sections differ ! Atm. neutrino fluxes differ between neutrinos

and anti-neutrinos

® Three years of data collected with IceCube
- DeepCore (May 2012 and April 2014)

® Two independent likelihood analyses

® Analysis A: Optimize the sensitivity to
the NMO with DeepCore

® Analysis B: Designed to resemble the

proposed PINGU analysis
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Data Selection Recon. Energy Analysis  Background  Template Estimated Contributions [%]
Events Strategy Likelihood Range Binning  Description  Generation  CCv, /CCy, /[CCyv; [NC/u/noise
A 43214  high statistics hit-based 4-90GeV 10,10,3  simulation KDEs 21.7/58.4/6.2/ 8.8/4.8/0.1
B 23053 quality events charge-based 5-80GeV 10, 5,2 data histograms 2904/58.0/20/104/0.2/ -
Prospects of Neutrino Physics, .
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IceCube Collaboration arXiv:1902.0777 |

track bin transition bin cascade bin
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® Adaptive Kernel Density Estimation
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IceCube Collaboration arXiv:1902.0777 |

Neutrino Mass Ordering lce@ubg
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® Slight preference for normal ordering (NO)

® JALLHNo.0 =0.738

® p-value of inverted ordering is 15.7%
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IceCube / DeepCore

Other Particle Physics Highlights

with atm. neutrinos
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lceCube Coll. PHYS. REV. D 99, 03200 015 - 18 e |
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® 3 years of lceCube Deep Core data
® Measurements of muon neutrino

disappearance, over a range of baselines up

to the diameter of the Earth
® Neutrinos from the full sky with

reconstructed energies from 5.6 to 56 GeV

Normal ordering best fits

Am3, = 2557012 x 1073 eV?

sin o3 = (.58 003
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lceCube Coll. PHYS.REV.D 9
(see also ANTARES Coll. a
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< 3
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IceCube / DeepCore 1.5 - L
1 :
® 3yearsof lceCube Deep Coredi b .. . ..o ‘
. ' 01 02 03 04 05 06 07 08 09, 10 2 4
® Measurements of muon neutrino sin“d,,  -2A logL

disappearance, over a range of ba Figure 71 Contour at 90% CL in the plane of sinfy; and Am2, obtained

to the diameter of the Earth in this work (black line) and compared to the results by other experi-

. . ments: IceCube/DeepCore (red) [7], Super-Kamiokande (green) [42], NOvA

® Neutrinos from the full sky with (purple) [43], T2K (blue) [44], and MINOS (light blue) [45]. The lateral plots
reconstructed en ergi es from 5.6 s?s;vythe 1D projections on the plane of the two oscillation parameters under
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_____ Sterile NeutrinGs

M.G. Aartsen et al. (lIceCube), Phys. Rev. ANTARES arXiv:1812.08650v1
Lett. 117, 071801 (2016), 1605.01990 2 o r rrrn
] ~~ o sl - A _ _ _ . o]
o_ .
-5
100__ ®§ [ L O il . ; ::n:ufm-sﬂ:l
~ ] “ig ="} ... ANTARES .- _M;":a“:*:‘g;ﬂ
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NE<1' (7] L I N
< 10"} -
10_1—_ &8 ]
| =—— IceCube 90% CL. |
| == MINOS90%CL  «_
- MINOS+ 90% CL ”
Kopp et al. (2013) _’_’
mmmm Collin et al. (2016) === > 102 - e | - ]
102 D I 10 10°2 10" sino,, 24 logL
1072 1071 10°

Sin?20;4
® Anomalies in short baseline experiments have been interpreted as evidence for
additional neutrino mass states with large mass splittings

® No evidence for sterile neutrinos observed. Data consistent with 3 active
neutrinos
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IceCube Nature 551 (2017) 596-600

Neutrino Absorption in the Eakeh

Vertical Neutrino-Nucleus Cross Section

Core-Mantle g
boundary IceCube Nature 551 (2017) 596-600
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— Weighted combination
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® Absorption of neutrinos in the Earth can be a powerful tool to measure
neutrino-nucleus cross section

® Data sample more than 10,000 muon neutrino in one year of data

® Measured cross section between 6.3-980 TeV (extents previous
measurements by more than an order of magnitude
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Neutrino Absorption in the Eakth

Astro2020 Science White Paper
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See also tomography:
® Gonzalez-Garcia, Halzen, Maltoni, Tanaka, Phys. Rev. Let. 100 (2008)
® Rott, Taketa, Bose, 2015;Winter, 2016; Bourret, Coelho, van Elewyck, 2017
® A.Donini, S. Palomares-Ruiz, and J. Salvado, Nature Phys. 15,37 (2019)
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lceCube Coll. Nature Phys. (2018), doi:10.1038/s41567-018-0172-2
[arXiv:1709.03434 [hep-ex]]. _ -
ests of Lorentz Symmetsy;

Neutrino Interferometry for High-Precision Tests of Lorentz Symmetry with lceCube

IceCube Coll. Nature Phys. (2018), doi:10.1038/s41567-018-0172-2,

[arXiv:1709.03434 [hep-ex]]. 161§ § Data — 1) = 105 GeV2 |
== NoLV — |c)| = 10737 GeV-2
cosmic rays 4l Systematic Uncertainties o |C£ﬁr | —109Gev-2| |

P. vmtica]/ P harizon

Ioeube

‘ %
[ horizontal

tau neutrino

() ——— .................... |-

vertical

E,(GeV)

® Most precise test of space-time symmetry in the neutrino sector to date
® Search for anomalous neutrino oscillations in lceCube’s high energy neutrino sample

® No evidence for such phenomena

Prospects of Neutrino Physics,
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Astropart. Phys. 92 (2017) 30

A&A 607 (2017) A115

NUMBER: 21916
SUBJECT: IceCube-1

TITLE: GCN CIRCULAR

energy neutrino candidate event

70922A - IceCube observation of a high-

DATE: 1 R . .
rrom- £| Fermi-LAT detection of increased gamma-ra
TXS 0506+056, located inside the IceCubgis
Claudio Ko error region. p”
report on
ATel #10791; ¥4
K{
On 22 Sep
probability Crede
Extremely| Subjects: Gamma event lceCUbe‘1 70922A
narmal An
A Referred 1 by Al ATel #10817; Razmik Mirzoyan for the MAGIC Collaboration
10844, 10845, 10 ond 0ct 2017; 17:17 UT
[ @ Tweet | 3 e

12596370, +05 41 35,3279 (J2000), [Lani et al., Astron, 1., 139, 1695-1712 (2010)]), located 6

First-time detection of VHE gamma rays by MAGIC o‘m_
a direction consistent with the recent EHE neutrino

Credential Certification: Razmik Mirzoyan (Razmik Mirzoyan@mpp mpg de)
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 05064056 (05 09

lceCube-|70922A & [ XS 050

arcmin from the EHE 170922A estimated direction (ATel #10791). MAGIC observed this source
under eood weather conditions and a 5 sigma detection above 100 GeV was achieved after 12 h of

® 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

radioto y

-rays
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Multimessenger observations of a <€ gig Ll
flaring blazar coincident with e BT A
high-energy neutrino IceCube-170922A Bl

The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.ES.S., e %
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR, - ‘, VA
VERITAS, and VLA/17B403 teams*t | 24‘00.‘\‘\_

) ! top view

® Chance probability of a Fermi-lceCube T e s T o -
coincident observation: ~30 (determined 65 il A MR N el N A
based on the historical lceCube sample T R I e R e N f

and known Fermi-LAT blazars) ik Yl \\ 56;;41 T

L . . BPYN T S o B O S PP e e
® Time-integrated neutrino spectrum is s IR e LT ' Redin
approximately E-2| 5 SR Al T O
PP Y £ MO s abecadg®. ) e Tk
® TXS 0506+056 redshift 2 B iTls St g B R

determined to be z=0.3365 (S. A
Paiano et al. ApJL 854.L32(2018)) — lceCube (50%) |~ -1

50|~ — lceCube (30%) ATV 8, S v e
® Time-average luminosity about an order :ﬁgﬁgﬁ;’;) S R RRS 000N,
of magnitude higher than Mkn 421, Mkn | = TXS0506+056 |+

501, or IES 1959+605

78.5 78.0 775 77.0 76.5
Right Ascension [°]
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,NGC 1817
/

; —NGC 1807 TaUrQs
Multimessenger observations of a |
flaring blazar coincident with

high-energy neutrino IceCube-170922A L

The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.ES.S., A = ; Tesi SRRl B v \
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpoal Telescope, Subaru, Swift/NuSTAR, i < Lt am Ay ' 2 ST i : ‘
VERITAS, and VLA/17B403 teams™ : : RS N : i St ik ‘~_LBN866 -

S Betelgeuse’" e B anl S : —//_’___.7
BB e o g . Belatrix = - + :

A
NGC 1662

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

NGC 21127

® Time-integrated neutrino spectrum is
approximately E-2|

® TXS 0506+056 redshift it
determined to be z=0.3365 (5. Sl
Paiano et al. ApJL 854.L32(2018)) S

- l » - - ."' 55 >
LBN 999 . L b R rogt : —~IC 2118

el Erdanus

® Time-average luminosity about an order
of magnitude higher than Mkn 421, Mkn
501, or IES 1959+605

©.S.Guisard & R.Gendler
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_IceCube-| /0922

IC40 IC59 IC79 IC86a IC86b IC86¢

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

2009 2010 2011 2012 2013 2014 2015 2016 2017

® 95 years of archival data was

: , ) 20125 20130 20135 20140 20145 20150
evaluated N d|rect|on Of TXS ................... FIMPIMIPINE PP P 20 o
£ 4« = Best Fit: Box [_‘—I\ 10 Q@
0506+056 ;%’ = = Best Fit: Gaussian ,' \ 5 L;’
\ %
- 3T ! \ 9
(— Q.
® An excess of [3+5 events above ¢ 1 -
. “ood ! 05 &
background was observed during ¢ ! g
2 4 0.1 5
SeP 2014 - March 2016 56200 56400 56600 56800 57000 §g

MJD
® |nconsistent Wlth background only Time-independent weight of individual events during the 1C86b period.

hypothesis at 3.50 level

(independently of the 30 associated
with lceCube-170922A alert)
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T. Carver @ XVIII International Workshop on Neutrino
Telescopes - Venezia - 18-22 of March,

Northern Hottest Spot

1%

. ’lAl'li_l,_nl'll.'ll\’
i B
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B T —— 4 e ce.

NGC 1068

\ h . -

DECL J2000([*)
o
o) (»track-like events)

-1).30) al)
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: : i -41 e N - v . /'-"-"" ‘ 1%
| ‘ Q - 44 a2 a0 38 e

Be s - . e csnfennsnme -
= R

-
a

-3.0l) RA J2000 [*]

ICELUBE

futu

5

Npys (Cascade-like events)

™
-

‘

'Elitn‘lin"“rfaif” ANTARES NGC 1068 10 years of data

BCE

{

—

a0

;;\T l”.\-l- ;T \T 10 Ly
right ascension
|'|
F | a0 Y
() Z b g
—_— l()ul|':‘1)l|||.‘1! _,:'. -.:| "

0506
PKS 1424+240
v

% Sensit. EF

Disc. Pot. E*
D0% Sensit, This Work E~2
a7 Dise. Pot. This Work E-

00% Upper Limits £ °

00%Upper Limits -1

GB6 J1542+6129

10 years of lceCube data which recently have been
unblinded, unifying the muon diffuse and point source -
streams S
Most significant excess in the Northern Source List. ‘
— 2.90 post-trial

1 05 (.0

e 0.35° from the hottest point in the sky. sin(d)

1.0
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Next generation
ino telescor
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see also:
- PINGU LOI arXiv:1412.5106

Of the PMNS matrlx Site Preparation
- Calibration devices e Ce—
- Platform to test new technologies

________ 1000m 2.00
- b : IceCube-Upgrade Preliminary
v, Appearance |
] : S o 1.75 [
. A *Note, lceCube Upgrade is T
. A AP KR CC+NC inclusive while SK &
) Ve et , .' . 1.50; OPERA are only CC '
- . .
. O 3
. .. o @, _S 1.25
o © 3 L
® ° B X
, g 1.00 I o
* 17m 5 ) L~ ©
100m 7m < g R
270,751 © S @ N
—————————— 3m > O A ¥ —~—
. i m TN X
[ - g Q
9 -9 @ 0.50- ARz
IceCube  DeepCore  Upgrade ;jggm ;lgg: ;l%gm g g [ \n
Instrumented Depth D' (é_ § 2
Ref: Stuttard 20181107 0.251 " 90% range é g 8 é
.~ 68%range | O o
: String Module Modules / 0.00 | | | | | © ©
Spacing Spacing String 05 10 15 20 25 30
livetime (years)
IceCube 125m 17m 60
DeepCore  75m  7m 60
Upgrade 20m 2m 125
First step to restart South Pole activities
- Tau neutrino appearance - Test unitarity
| | |

Project Year 1 Project Year 2 Project Year 3 Project Year 4 ! Project Year 5
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25 T ———rry —— -
) - = Expected (stat. only) l J o !
Al [ he IceCube Upgradé
(7)) 20 O n Q
8 )
I o Recalibration campaign
o OF ignifi improv .
N * e thiough novel salibration ® Improved ice model
= o\ o devices . . .
= 10| *\*ﬁ ° ® Retroactively apply improved ice-model to
:‘E - wiog archival data
2 5t N~ ® Precision neutrino physics
S eea- ® Multi-messenger science with improve pointing
0 ....l' ....l' ) R S
10° 10° 10*
Deposited energy [TeV]
o — |ceCube 2017 —  MINOS w/stm 2013
< 10 ~~ NOVA 2018 SK 2018
3.01 + T2K 2018 ~ Upgrade 3 year
T S ——
<
VF '?m 2.6
L 2
o :im 2.4 \’T,;‘"—_ <
/ i
% 224 S — —
0.0
Q v » © > N U B e
< < S ' S} S e DT SO SYSTLTEEEE REL b
2.0 1
Ve
30 discovery of cosmic tau neutrinos in 12 years of 035 040 045 _Ov:goe 055 060 065
IceCube data, using the new calibration devices Sin(8z3)
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® |[ceCube has provided an to°
amazing sample of events, 10°}
but is still statistics limited

lceCube DOM mDOM

]UJ -
108

1“2 L

® Observed astrophysical flux
is consistent with a
isotropic flux of equal

10F

35cm 36 cm 36cm 30 cm 30cm 11 em 11 em

e Directional information  ® Directional information e more sensitive

. . - 3
effective local density poii [Gpe ™|

01r . JceCube * More sensitive area per ® More sensitive area per  area per $
: " - 5x]ceCube module maodule » Small diameter
amo u nts Of aII n eutrl no 107 o 20x]ceCube ¢ Smaller geometry o Lower noise rate
3
flavors 10731
10% 10% 10% 10%2 10* 104 10* 10% 10% 10% l liah | Hi
. effective neutrino luminosity L, lerg/s] ] igin EReigy Al

® What is the flavor -

composition? et

O PO O o Deepcore/PINGU

® What IS the SPECtrum? lceCube Gen2 Cosmic Ray Array (CR/

Cutoff?
® Transients ?
® Multi-messenger physics?
o GZK neutrinos!?

® New physics or something
unexpected ?

tY—n = 14 km
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ORCA / KM3NeT see talk b B :
Jannik Hofestaedt on Thursdm;\(g

- e®

' .
.............
.....

' Radius: &
H - ~120r ORCA‘
4§ (S00mMARCA)"

- ! . e ‘
‘‘‘‘‘‘ * - *

_mm ORCA will consist of one dense

String spacing 23 m 90 m KM3NeT Building Block
Vertical spacing 9 m 36m
Depth 2470 m 3500 m | I 5 detection lines

° k
Instrumented 1x8 Mton  2x 0.6 Gton Total: 64K = 3" PMTs

mass ARCA/ORCA construction on-going
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® GVD detector construction underway in Lake Baikal

® Currently clusters #2 and #3 are in operation while cluster #| is
subject to maintenance works

® Baikal-GVD expedition on-going (deployments until April | Ith) |
Plan was to deploy and commission two new GVD-clusters PMT. R7081-100
(clusters 4 and 5), well underway (and completed on April 7) g

® Now reached 0.25 km3 effective volume

2018: 24 strings (864 OMs) — largest NT in the northern latitudes
2015: «Dubna»

192 288 576 864 o

10 shore

The number of OMs

Geometric sizes, m Z80x345 @120x525 = 2xJ120x525 3xJ120x525

@)
=

8
)—999999@999999999999(%?9996'{?99999?999999

Eff. Vol 0.03 km? 0.05 km? 0.1 km? 0.15 km?

2018: Data taken with three Baikal-GVD clusters

e
P99 29959¢ 20094
w spe

g shore cables

Optical modules

: 2 -
Status in 2018 g
* Cluster 1 since 2016
* Cluster 2 since 2017
* Cluster 3 since 2018 X \\' b
* Powerful isotropic laser source *- PN \.‘j‘:‘
o I eI ot
= ~‘;.4,j-‘.\\. T
El} ot 2= e e
—RS Y
A M

Carsten Rott 6 Prospects of Neutrino Physics, 37 Aprll 9’ 2019

8-12 April 2019 Kavli IPMU, Kashiwa, Japan



Vo
W AL C ﬂjﬁ@ﬂﬁﬁ@ﬁ?ﬁﬂu /A\lﬂﬂ‘\/\ S dU &

3AIKAL-GVD

Details see Olga Suvorova @ XVIII International Workshop on
up-gomg down-going
mu n. o

e 33live days were analyzed of the first GVD data

Neutrino Telescopes - Venezia - 18-22 of March, 2019

dN/d6b

— atm mouns
......... . atm neutrlnos

= SN S -
|

6(degq)

® Event selection via BDT

Atmospheric Neutrino Physics starting at GVD

® Preliminary results:

® ~ 3 events — estimation of atm. muons
background

® ~36 events — estimation of signal atm.
neutrinos

® 23 events observed in data

GVD-1 to reach 0.4 km3 by 2021
with 9 clusters and 2592 OMs

About 0.6 astrophysical events/year
are expected per GVD cluster

Prospects of Neutrino Physics,
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T e . T i —
GVD-aims-on sea rch for astrophysical neutrino:

Details see Olga Suvorova @ XVIII International i 2 Basicapproach in GVD construcﬂon'

Workshop on Neutrino Telescopes - Venezia - e
18-22 of March, 2019 = Flexible structure allowing .an expand;— -
> upgrade and-rearrange of the detection syste
& and
. 1370 m maximum depth Bl Y * Simplicity of the basic detector elements

. Distance to shore ~4 km

;
- o o gli[Fee- LT
. Absence of high luminosity

from biology and K*°
background 1500M

. Water properties: f
Abs. length: 22 +2 m
Scatt. length: L_ ~ 30-50 m ﬁ-
L, /(1- <c0s6>) ~300-500 m n 51.76° I
E 104,41°

Strongly anisotropic phase
function: <cos6>~0.9

Possibility to deploy the
detector from the ice of the

lake
3D array, 104 photodetectors

= ~ :
R G 00gle e
l| . AZNSE 12 TEYAMEI8 1S :




Details see E. Resconi @ XVIII International Wo |
Neutrino Telescopes - Venezia - 18-22 o @ ‘ [\ C

OCEAN NETWOR!

Discover the ocean. Understand

® Ocean Net

NEPTUNE Observatory

® New idea to build
a heutrino
telescope in the
Pacific Ocean

I | ’ " ‘-hy “.~ e = PoreAlberni S 3 > .‘ - ' ’ :
ol e OIS e | T
T =
2089660 m v : . = g 7,:' - . FemyWack
O Rel)' on gOOd i : . L} JJ\E
: o : ' ; 1’(‘ Seattle
L
'

Clayoquot
Slope

Saamch ‘ Q g&
Inlet viclh

infrastructure of L‘
the Ocean Huge volume available and (partly) cabled! - R /wm, sity of Victoria
Network Canada - S
10 strings bundle 70-100 strings
e Straw Pathfinder V = ~0.1km3 V = ~2km3
Deployed in 2018, m—® =
data taking on-going |
e ONC (UVICTORIA), ' { | (&
U. of Alberta, Queen’s : : = ¢
U.,TU Munich 1 711
5 x‘ ’ . J‘ |
m*.l ks . ‘, Vi : 5.
PRELIMINARY geometry PRELIMINARY geometry*
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Details see E. Resconi @ XVIII International Wor
Neutrino Telescopes - Venezia - 18-22 o @ ‘ [\ C

SN ,
e N =~

OCEAN NETWOR!

Discover the ocean. Understand

® Ocean Net

NEPTUNE Observatory

® New idea to build
a heutrino
telescope in the
Pacific Ocean

Clayoquot
Slope

Inlet Vic A i v ¢

L > N horgSeae
o g S o COOAF
. e R ' -
= RN
RN
) B\
WASHINGTON, 2154 i
g ! 4
\
!

® Rely on good j ——Tesscad
infrastructure of % : E

the Ocean
Network Canada

: It An Initiative of the University of Victoria

~500 strings
® Straw Pathfinder

Deployed in 2018,

data taking on-going 5 e i
NG TH!1,

e ONC (U.VICTORIA), @ U
U. of Alberta, Queen’s

: e @&
U.,TU Munich & T8
S T @
B =

\’;L._._V X |.' -
@

STARTING UP CONCEPTUAL DESIGN
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M. Boehmer et al 2019 JINST 14 P02013

® STRAW - STRings for Absorption length in Water

e Pathfinder mission towards a possible large scale
neutrino telescope

® Deployed in June 2018 at the Cascadia Basin site
operated by Ocean Networks Canada (ONC)

® Depth of about 2600meters

® Two STRAWI20 meters tall mooring lines

® instrumented with 3 POCAMs and 5
sDOMs

48 kg 1

Swiwel
WLl 2O
MEL 2% N

TopSpacens

FOCAM 1
mmeam

& Spacers

SDOM #1
mNm

4 Spacens

SDOM $2
Aam

4 Spacers

SDOM 3
¥ m

4 Spacens

Spacerns
for Nini-fl mare

Mni-Juncton Box

BoftomSpacer

A
a2 kg
* Sactic i Arccn

« e aigrment
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37T mhorontd spacing
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® We have now entered the era of neutrino astronomy

® Neutrino Telescopes accumulate rich high-statistics dataset of atmospheric neutrinos
® Competitive oscillation parameter measurements
® World-leading tau-neutrino appearance measurements
® First results on neutrino mass ordering

® Cross-section measurements, Sterile neutrinos, Non-standard interactions, and
more...

® Next generation neutrino telescopes is becoming a reality fast
® Multi-messenger astroparticle physics

® Tremendous potential for neutrino physics / neutrino property measurements
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Bonus materials
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Details see E. Resconi @ .
Neutrino Telescope @ N CC

XVIIl INTERNATIONAL WORKSHOP ON NEUTRINO TELESCOPES | VENEZIA | 18-22 OF MARCH. 2019 E. RESCONI m 22

NEW ENTRY ON THE NEUTRINO MAP - @ONC

BRAINSTORMING AROUND A SEGMENTED DETECTOR FOR HE HORIZONTAL TRACKS
= STARTING UP CONCEPTUAL DESIGN

bun pentagonal bundle
rectangu.l - dle Water model from Antares
E“ - 50 TEV. E,. vertex - 28 Tev Ep‘, - SO TeV. E{_ vertex - 28 Tev
— e S LI T T
\‘;*ﬂ.\‘ e o s . . -1\ ) g; - .
. o ‘e °* *n‘k:ﬁ ., ——— _
pe o .9 % ,. ? . \s\\ :. ?. . \§\
AR R T ‘ e @S % : ~

Study on going from K. Krings (TUM)

1600 1800 2000 2200 2400 2600 2800
amval time of first photon [ns]
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Baikal-GVD: phase 1 (2020-2021)

A N\
% ™M 8 8\ g}' gg | ijﬁé‘ ..,..,i.
H: M, T A o
@] | 2 S ol " . ‘; \
H1g 4 i N AT
S E } § "
| P 3 o E 2 R
& | s 1 IR I AR TS \{
Optical module gg § FT ii n T 1)
PMT: R7081-100 | :§ P ah % I ‘ .
8 A : 2 4 » W'a
&2 -% GE P ull AN “ I
2| 3 —120m -~ +—700m—>
)\ Cluster: 8 strings GVD-1: 8 clusters

GVD-1
oMs 2304

Clusters (8 Strings) 8 Cascades: 3.5°-5.5° &(E/Esh) ~ 0.15
Depths, m 750 — 1275 Muons: 0.25°-0.5°  §(IgE) ~ 0.4
Eff, VO|ume 0.4 km3 Details see Olga Suvorova @ XVIII International Workshop on

Neutrino Telescopes - Venezia - 18-22 of March, 2019



IceCube Collaboration arXiv:1902.0777 |

Neutrino _IMass Order

Normal Ordering

V/J,_>V/L vV, —UV

cos(0,))

N

2 4 8 1lo 32 64 2 4 8 1lo 32 64 2 4 8 16 32 64
E,/GeV
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IceCube Collaboration arXiv:1902.0777 |

Neutrino _IMass Order

Inverted Ordering
vV, —UV V’LL%V,u vV, —UV

oscillation probability (10)
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ANTARES Coll. arXiv:18

; w— MC no 060
1000 ANTARES |
-
- | A— IR, SOOI SSRPIRIOIOS SOPTPRRSPROIOS SRRSO SO .
g 800
' 2 Lnsass - _
: : 600
‘ | L LAl L.l Ll » LA L.l . LU L L LAl 1 *
o LA L.l l Lol L L l l l l l - -
& .S : : : : ! 400
> —— DecpCore 2017} | : : - ANTARES - _
T — SK (2018} : : : : a - -
? 4 MINOS (2018 : : : : : B
'O_ — Y 200
— 3 5 — N A 2018) : a | =
~ g . : . . H . . s 3 : —
E _I 0 i T A I |
a 3 50 100 150 200
. E eco/C0S6,.., [GeV]
2.5/
2;__ Figure 6: FEreco/ oS freco distribution for data (black), MC without oscillation
- (red), MC assuming the world best-fit values (blue) [41] and MC assuming best-
1 5:—___ fit values of this analysis (green).
1 :
: P - l - l .- . 1 Dt

I P FEEE P P 1. . [ i
0.50 01 02 03 04 05 06 07 08 09, 10 2 4
sin“6,,  -2A logL
Figure 7: Contour at 90% CL in the plane of sin®f,; and Am3, obtained
in this work (black line) and compared to the results by other experi-
ments: IceCube/DeepCore (red) [7], Super-Kamiokande (green) [42], NOvA
(purple) [43], T2K (blue) [44], and MINOS (light blue) [45]. The lateral plots

show the 1D projections on the plane of the two oscillation parameters under
study.
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. Muon Neutrino
. [au Neutrino I
0 ' '
—_ ICZOl7[NO] (this work) = SKIV 2015 [NO]
34F... MINOS wiatm [NO] SN UNOYA 2017 (NOT[
sof== T2K2017[NOY oo e 1
% 30 , e
o e’ T :
o 2.8} ; eige ety e o8 S R R TR
Z 3 e, ’ FC:68%
=26} e
J R
i 2.4 St A TRV STy
2 -2 B . ‘" ":"'-' i"-' Te ".'|"|"'l'"i‘;il' IIIIIIIIIIIIIIIIII I‘. -
20I -90% CL- contours |
ceCube / Deenc 0.4 0.5 0.6 0 1 2
ceCube eeplore . 2 A 2
sin® (6y3) X
® 3 years of lceCube Deep Core data N | deri best fit
® Measurements of muon neutrino ormal ordering best Tits
disappearance, over a range of baselines up +0.11 —3 2
] Am32 = 2 3]. —0.13 X ].O eV
to the diameter of the Earth
® Neutrinos from the full sky with Sin 923 = 0. 51+8 8;

reconstructed energies from 5.6 to 56 GeV
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® Anomalies in short baseline experiments have been interpreted as evidence for
additional neutrino mass states with large mass splittings

® No evidence for sterile neutrinos observed. Data consistent with 3 active
neutrinos
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Neutrino Directional ReconstrUuction
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Pseudo-Experiments
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Analysis A
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