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= Scientific context
= Operation principles
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= Atmospheric neutrinos
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= Search for steady point sources
= Search for transient sources and the multi-messenger concept
" The diffuse flux of cosmic neutrinos

= A look to the future



SEARCH FOR STEADY
POINT SOURCES



HOW GOOD DO WE POINT ?



Pointing accuracy: shadow of the moon

Data: IceCube-40, IceCube-59 E600 T
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Pointing accuracy: shadow of the moon

IceCube-59
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Sea rC h fO r pOi nt SO U rCES (figures from arXiv:1406.6757, 4 years)

lceCube Collaboration:

Searches for Extended and Point-Like
Neutrino Sources with Four Years of

IceCube Data,
arXiv:1406.6757

Figures bottom: Effective neutrino area and
central 90% energy/declination region for

3 different spectra
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IceCube 7 vears pre-trial significance skymap
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IceCube 7 vears Sensitivities and upper limits

=== Pre-trial (Disc. Potential) = = ANTARES (Sensitivity)
= = Pre-trial (Sensitivity) + Upper Limits (90%)
=== Post-trial Upper Limit (90%) +# Hotspots
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Influence of a cut-off

Astrophys. Journal Letters, Vol. 824, Nb.2, L28 (2016)
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Limits vs. Models for selected sources

Crab Nebula

— Model = == Sensitivity + Upper Limit 90%

10—1&

Crab Nebila (6 = 22.0°).
, Amato et al. 2003, I' = 10°
. = Kappes:et al. 2007 '



Limits vs. Models for selected sources

Blazars (Petropolou et al. 2015)

— Model = == Sensitivity + Upper Limit 90%

—— 1H1914:104 (§ = —19.4°)
—— Mrk 421 (6 = 38.2°)
PG 1553113 (6 = T11.2%)




~ 15 years ago
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skymap Amanda + Baikal NT200

The first combined

A reminescence




SEARCH FOR TRANSIENT SOURCES

Gamma Ray Bursts
Follow-up Programs

Supernova Trigger



Gamma-Ray Bursts

. from USSR or from the cosmos?

Vela Satellite 1969




Gamma-Ray Bursts (GRBs): The Long and Short of It

Long gamma-ray burst Short gamma-ray burst
(>2 seconds’ duration) (<2 seconds’ duration)

A
statcolapses

oMo its core...,

The resulting torus
has atits c'emer
u

v\

Gamma rays

Long and Short GRB

Waxman/Bahcall:

GRB are the sources of highest
energy cosmic rays

— Expect neutrinos from GRB



. Off-Time B Always Blind
Flreba" mOdel B Precursor On Time

1 hour 10 min 1 hour
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Neutrinos from GRB Astrophys. J. 805, L5 (2015) & arXiv:1412:6510
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Fig. 1.— Constraint on generic doubly-broken power law neutrino flux models as a function of

first break energy £p and normalization ¢p. The model by Ahlers et al. (2011) assumes that
only neutrons escape from the GRB fireball to contribute to the UHECR flux. The Waxman-
Bahcall model (1997), which allows all protons to escape the fireball, has been updated to account
for more recent measurements of the UHECR flux (Katz et al. 2009) and typical gamma break
energy ((Goldstein et al. 2012).



Neutrinos from GRB sum.to Ap) & arXiv:1702:6510

—~ Ahlers et al.

1172 GRB —- Waxman-Bahcall

Neutron escape models #
a la Ahlers ruled out.

WB model almost ruled
out.
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Note that we assume roughly uniform
production across all GRB. Should a rare subclass of GRB produce a significant neutrino signal,
it may still be discoverable by IceCube and with MWL observations!



FOLLOW-UP PROGRAMS

... With just one recent example



Follow-u P observations all-sky devices — pointing devices

— Pointed observations
ANTARES ¥

HESS/MAGIC/Veritas
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Rationale of the follow-up programs

Impact on the significance of a possible v signal by
observations of flares/bursts in el.-magnetic waves

Neutrino alerts have the potential to observe otherwise
un-noticed flares/bursts in el.-magnetic waves

Getting the full picture

of a source by combining information from
different messengers




Multi-wavelength follow-up of a rare v multiplet

2/17, 2016: 3 v-induced tracks within
100 s, consistent with point source.

Expected once every 13.7 years as
random coincidence of BG events.
- Detection of 0.38 BG events was
expected at the time of the alert.

Location of the 3 events with their 50% error circles.
+ is combined direction, the shaded circle :combined
50% error circle. Solid and dashed circles : results of

the standard (solid) and an alternative (dashed) reconstruction.
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arXiv: 1702.06131, subm. to A&A
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Follow-up observations by Swift’s X-ray telescope, by ASAS-SN, LCO and
MASTER at optical wavelengths, and by VERITAS in the very high energy
gamma-ray regime, plus analysis of Fermi LAT and HAWC.



Multi-wavelength follow-up of a rare v multiplet

—  prompt emission (15-150 keV)|]

107 — ray atterglow (03-10 kev) | No likely electromagnetic counter-
107 ' part detected, setting constraints
§ 107 on candidate v sources such as
5 107" GRB, core-collapse SN and AGN flares.
= 19‘” E > N
- Iﬂ_u
- X-ray ______optical
] I I MASTER {no filter) - - SN1998bw at z = 0.05
15_Mmu BT T Ry By a s — 1011 T ASAS-SN (v-band) - SN1998bwatz=0.1 |]
time since trigger [s] — LCO (UBVgri-bands) -~ SN1998bw at z = 0.15

i
+
k|

° I i
16t >
g @1} T
I g1er I A T
I E | | ! U
° H E ! I :; ! II T ™
EIE : R L A

magnitude
[ PJ
A o
T
rJ
(=)
I

— GRB afterglows {R band}
— LCO (UBVgri-bands)
24L|I T MASTER (no filter)

I I ASAS-SN {‘u’ band}

time relative to neutrino alert (days)

!
\@ | -
- IS 10 i S
\ 5 | | 1K 1;111 ...
\ =30 -20 -10 0 10 20 30

10° 10° 10° 10°
time since trigger [s]



 ©Angio-Au

@”m'ory :; £ ; > { ;."-,-'v, : :

&% '

Ay

»

SUPERNOVA BURST
MONITORING
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Supernova detection in IceCube

20 MeV

positrons

Detection via enhanced
PMT noise rates

Dark noise (1PE) in
lceCube
photomultipliers

only ~ 320 Hz !
I' 1 meter
MGgE//an IC -.= Lawrence-Livermore
» — O-Ne-Mg 1D
Clouds

Signal for SN in GC, 10°counts : CT [ T



Significance as function of the distance

IceCube Sensitivity for Low-Energy Neutrinos
from Nearby Supernovae IceCube Coll. A&A, Sept 2011
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THE DISCOVERY OF A

DIFFUSE COSMIC
NEUTRINO FLUX




IC79/ IC86

3~ Emle i 2

~1.14PeV






4 d iffe re nt a p p rOa Ch ES (note the overlap of the event samples!)

&/ Tracks from below
Through-going muons —> or around horizon
/AV\
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Spherical light propagation @
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4

High-energy starting events
(HESE) late light

E > 30 TeV, meanwhile lowered) b--—- -

Events start inside,
not in veto region

Extremely high energy events

(EHE)
> 10 PeV events, mostly

from horizon or above.
Discrimation against atm U: energy




® Muon Veto

" Q,, >6000
photoelectrons

- 400 Mton eff.

Volume




® Muon Veto

" Q,, >6000
photoelectrons

- 400 Mton eff.

Volume

Veto is also good for rejecting large part of atmospheric v !!



Rejection of atmospheric u and v by ,,selfveto”
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Rejection of atmospheric u and v by ,,selfveto”
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HESE analysis

Effective target mass for various interactions
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HESE (High Energy Starting Event)

First evidence for an extra-terrestrial h.e. neutrino flux
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HESE (High Energy Starting Event)

First evidence for an extra-terrestrial h.e. neutrino flux
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HESE (High Energy Starting Event)

First evidence for an extra-terrestrial h.e. neutrino flux
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2 yrs data, 28 evts
Science 342 (2013)

3 yrs data, 37 evts

4.1c

590

Phys.Rev.Lett, 113:101101 (2014)

4 yrs data, 54 evts

~ 1o

Analysis has been extended down to ~ 10TeV threshold: Phys.Rev. D91 (2015) 022001
Results from a 6-year sample released at ICRC 2017



(High Energy Starting Event)

Inl::.r:":.(é:ube i:’reiin';uinary :
. A | 2yrsdata, 28 evis 4.1c
10 el Science 342 (2013)
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Results from a 6-year sample released at ICRC 2017




Atmospheric Nneutrino self-veto
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Atmospheric Nneutrino self-veto

1{]1 —+ hvsical Some neutrinos
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Atmospheric neutrino self-veto
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Amospherc Nneutrino seff-veto
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Atmospheric neutrino self-veto

1[]1 — Some neutrinos
are absorbed

in the Earth

astrophysical v
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Atmospherc Nneutrino self-veto

lnl 1 - Some neutrinos Tr-]e Zenlth
- astrophysical v re absorbed _ _ _
; in the Earth distributions of
I high-energy
100 - astrophysical and
i atmospheric

-

T
[
I

Interactions km—2 sr—! yr—1 E, > 100 TeV

Nneutrinos are
fundamentally
different.

102
: Schonert, Gaisser, Hesconi,
Schulz, Phys. Rev. D,
103 79:043009 (2009)
—1.0 —0.5 0.0 0.5 1.0 Gaisser, Jero, Karle, van Santen,

Phys. Rev. D, 90:023009 (2014)

sin(d) = — cos(#) at the South Pole

# ICELLUBE Jakon van Saren - Asiroohsical neutinos in lceluno



Model-independent proof of astrophysical origin:

‘ Southern Sky {dnwngning]l ‘ Northern Sky {upgning]‘

I Background Atmospheric Muon Flux

0l e — I Bkg, Atmospheric Neutrinos (=/K)

: Background Uncertainties

m Atmospheric Neutrinos (90% CL Charm Limit) ]
— Bka,+Signal Best-Fit Astrophysical (best-fit slope £ %) |
= = Bkg,+5ignal Best-Fit Astrophysical (fixed slope £°)

e*s Dats ]
101 b e e Some neutrinos

lceCube preliminary  ,c0hed in the Earth

10° . — o T
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sin(Declination)

Events per 1347 Days with deposited E > 60 TeV



Highest energy muon in 2009-12
o (iIc59+79+86)
Reco. muon energy: o0 = {& RS0 NiPe
Reco. zenith: 90°
Date: Qct. 28 2(.)10'.




Through-going muons, six years (2009-15)

Astrophys. J. 833 (2016) 3
+++ Fxp data M Astrophysical v+7 I Conv. atmosphericv+7 I Combined v + i
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Through-going muons, six years (2009-15)

Spectrum: @, = (0.90103%) - (E, /100 TeV)~(213£0-13)

Fit parameters: S ——

Parameter Best-Fit 68% C.L.

P astro 0.90  0.62—1.20
Yastro 213 2.00 — 2.26
Pprompt ~ 0.00  0.00 — 0.19

B ystro:/ 10718 GeV lem 25 1sr!




Spectrum: throughgoing muons vs HESE

[ Fluxes and Limits
[| = - Prompt Upper Limit(e, 7, ) [1.04x ERS]

& [l _ . Conventional (v, =F, ) (zenith-averaged) L
107 § [1.07% Honda2006] S ]
F| = EHE Differential Flux 90% Upper Limit :
[ ~ ; .
% I

Fit Astrophysical Fluxes
Inn fon of atmnasnharic)

Contained vertex (HESE) *
i, Best Fit E

Contained vertex (HESE) ) |-
- best fit* ]

Neutrino Energy [GeV]



IC tracks (6yr)
IC tracks (2yr)
IC HESE (4yr)
IC combined 7

IC cas-':adesf 4

1.8 2.0 2.2

Ff'astrcr

2.4

26

2.8

3.0



Flavor composition: what do we expect?

f{ ! muon-suppressed
——  pion decay
(0:1:0)

pion & muon

(\) € decay
(1:2:0)

neutron
decay



Flavor composition: what do we measure?

v, : v, : v_ at source
m 0:1:0 Z 20
e 1:2:0 1.00

the best fit flavor
composition
disfavors 1:0:0

at sourceat3.6 o




Sources of HESE events? 4 year skyplot

ANTARES (looking from the North at
lower energies and with better angular
.| resolution):

Single source with
" {E2p=-8x10° GeV/(cm?s)
and < 0.5° width

* Is discarded as reason for this ,hot spot”.

¥ ¥ %
a5 .-
:' x 30 S
L}Iri """ _11‘9 """" e | '-#1
20
, ----- _.,-'....----,.-'.'_'.. ....... _41
L +? o Galactic

0 TS=2log(L/LD) 10.9



Latest SkVplOt for E > 100 TeV (> 50% are cosmic)

Through-going tracks (>200 TeV)

Cascades |
o — % i Starting tracks
Ty — == -—-——j————7’————-—'———-:—‘—;.-———1— ;_____'_-___._ P p———
; . : L@ “~
30° % e ® PRI S f vl
a? ® 9 | ® e &= =B ®
' ' o O k| ® o
24@1- i S u ° ® oh
0° Te A% g %"l""‘f"";i """"" o % we
3 9% "' : ' " (" ok ."'
& , fut 08 S
30° N, l' """ -I- ""ﬂ""'"i """ | 1*" L - ;f- """
B L ™ w B .
& ___"'_.__'_ﬁ_'.f ______________________ _”_'I_ ________
-60 - e Y .. Equatorial
Sl

Alas! No hints to clustering...



Contribution of Fermi-2Lac Blazars to the diffuse TeV-PeV flux

AplJ vol. 835, no. 1, p. 45 (2017)

Search for cumulative neutrino emission from blazars in the 2nd Fermi-LAT AGN
catalogue (862 blazars)

[| 2LAC Blazar Upper Limit - ;equal We%ighting :
10_6 _ — FSI = _2.53 Ep = ]_0 TGV --é—--—lllll u--ifﬁ.,,_zﬁrelgll.t_ii_ng ______ _E
e ['sp = —2.2, F), > 10 TeV | : 1 :

Data from 2009-2012

No significant excess

Contribution of 2LAC blazars
to IceCube’s astrophysical

v flux<27% (0.01- 2 PeV), g
for equipartition of flavors T
at Earth and spectral index 2.5.

7% _
10_1[] A A -_-u-_u_i_u_u_ui_- e i-_- -_T-u-u_u-ufu-i_ o

|BEER® Astrophysical Diffuse Flux |

102 108 10F  10°  10° 107 105 1(

< 50% for spectral index 2.2
Neutrino Energy [GeV]

Constrains recent models for neutrino emission by blazars



Galactic Plane emission (from CR interactions with dust)

max. 16% of measured astrophys.
flux from our Galaxy

| Measured

* Astrophysical Flux
N AN :
10794 ey

ek
T
-]

E2ID/dE [GeV cm ™ s

lceCube Preliminary

1078

10° 10* 10° 10° 107
E, |GeV]



®Cosmic high-energy v discovered

" New window opened, but landscape not yet
charted: no point sources identified up to now

® Remaining uncertainties on spectrum and flavor
composition

" Excluded GRB, Blazars, .... as sole source of HESE
events

® But: some individual sources seem to be in reach

" Don‘t forget: fascinating results on oscillation physics!



" ... with different systematics

" ... with better angular resolution
" ...in North and South

" ... larger area

GNN "

The GLObdL NeUutinino NetcuWort#




Baikal, Mediterranean Sea, South Pole

KM3NeT [
(ARCA+ | .
ORCA) |#

lceCube Gen2




GIGATON VOLUME DETECTOR

BAIKAL GVD

~ 60 authors

6 Russian, 1 Czech, 1 Slovakian and 1 Polish institution
(lead Institutions: INR Moscow and JINR Dubna)
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After 5 years of prototype tests:

..’..0..9.0
PPI8IIND% PP I IDD

“Dubna”
Demonstration

cluster
April 2015
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Old NT200:
volume ~ 0.0001 km?3

GVD cluster:
0.006 km?
(Antares 0.015 km?3)

Full scale
cluster
April 2016

BE BN N R B B I B

» » > b
2%

LA B B L BE B B BE BE B BE B B BE B

A%

SRR

)
»

> 5% 7%%

s %% 3333

I. l' D. D,I'].D.l'] ." .l ‘l ,) ‘ »

B B B N B B I I

BB 22D NND

LR NS B B B BE B
LA B B B B B B J

> 222 0PN

~600 m



Second cluster April 2017
Old NT200: Both clusters taking data

volume ~ 0.0001 km?3

GVD cluster:
0.006 km?
(Antares 0.015 km?3)
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2 GVD Clusters
0.012 -0.04 km?3
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2304 OMs (2020)
8 clusters

~600 m



A clear muon
heutrino |
candidate

(Dubna cluster)

Single string. Upward moving p

Time



An interesting cascade event

E=158TeV, 6=59° p= 73 m (radius of Dubna cluster = 40 1)

shower

= E X LA



GVD-1 timeline

Cumulative number of clusters vs. year

2016 | 2017 | 2018 | 2019 | 2020

Nb. of clusters

Nb. of OMs 288 576 1152 1728 2304

Effective volume GVD-1 for cascades ~ 0.4 km?3




~ 400 authors

50 institutions in 15 countries
(lead Countries: ltaly, France, The Netherlands)




The KM3NeT Optical Module




Original idea: 6 blocks at 3 locations: 6 x 0.6 km?

115 strings per block
18 DOMs per string
France 31 PMTs per DOM

Italy

Greece




KM3NeT Phase 1: Prototype

France

7 strings, small spacing
- Feasibility test for ORCA

0 Italy

24 strings, 124 m spacing
- Demonstrate principle
- Physics on the 3-4 times Antares scale



KM3NeT Phase 2: ORCA and ARCA (2021)

ARCA

ORCA: determination of the Neutrino Mass Hierarchy (NMH)

ARCA: IceCube physics, but with better angular resolution and
from the Northern hemisphere



KM3NeT Phase 2: ORCA

Expected sensitivities vs. time

France

DUNE

Median significance (o)

NOvVA

I
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

ol v v Lo L L L P L L by
2006 2018 2020 2022 2024 2026 2028 2030 2032 2034

Time (years)

ORCA: determination of the Neutrino Mass Hierarchy (NMH)

Time schedules have to be taken with a grain of salt!
NMH sensitivity of ORCA/PINGU depends on the octant of 0,; (lower values for 1st octant), that of JUNO on energy resolution
(lower values for 3.5%, upper for 3%), that for DUNE on the o, value.

Compilation by p.Coyle, based on the original one of Blennow et al.




KM3NeT Phase 2: ARCA

KM3NeT/ARCA

oo

on

o

---------------------------------------------------------------------------------------------------------------------------

Significance [0]

-------------------------------------------------------------

e combined :
B v, conventional mnerl.ainty‘;
' v prompt uncertainty '

= o

(¥ A — T —p—
flux per flavour 12 10 (EH GeV)” exp(-E/3 PgV) GeV ' §r' s cmr?

I 1 1 1 | 1 1 1 1 i 1 1 1 1 i | I I | | 1 1 1 1 i 1 1 1 1 | 1 1 1 1 |
G55 415 2 25 3 35
Observation time [years)

ARCA: IceCube physics, but with better angular resolution and
from the Northern hemisphere



ICECUBE GENZ2

~ 400 scientists

~50 institutions in 12 countries
(lead Institutions U. Wisconsin, DESY)




IceCube Gen2

Gen2 Surface Veto

* PINGU : GeV scale, v mass hierarchy
* High Energy Array: PeV scale, v astronomy
* Surface array: Veto array for HEA , cosmic ray physics

» Radio Array: > 100 PeV, BZ (GZK) neutrinos



Next step: IceCube-Gen2 Phasel

2.0

1000m Genz F;_'IElil!' 1 F'n=_'l!rrruinE|-r'|r : 90% range
. v, AppEarance 68% range
- ' + . ) 15
. . 1-.‘ . i
o e g .
e |8
.. . * E - v
* b @ e E % & E
o®e ° _ 2 Ei B 3
* - ” i3 S
" o '_E. E‘
* 17m £
. o 7m 0 ; ;
- 0.5 1.0 1.5 2.0 2.5 30
2dm livetime (years]
- g .
.9 .9 o 3.5 N Il':?;-l;zltﬁl-ﬂ\::;::; . zﬁfﬁ:m
lceCube  DeepCore  Phase 1 ;ﬁ:‘r EEMEEE: T2K 2017 i ::ﬁuéxz-zplﬂaﬂgin %m].:
nstrument a %
. . 5
» 7 new strings in the DeepCore footprint. B 20
=
» Proposed to NSF and international funding = I IR A —— .y
agencies. i
» Newly deployed calibration devices will also S
Improve reconstruction of high-energy events. 20{ 90%CLcomtowrs[NO] leeCube Preliminary
Markus Ackermann 0.35 0,40 0.45 0.50 0.55 0,60 065



Optical sensors: R&D along various concepts

+ P-DOM

+ M-DOM @
|

+ D-EGG 2
k

 WOM a»

* Brusselsprout OM | -]




Gen2: Tentative time scale

2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | | 2031

r GenZ Phase 1

mid-scale (7 string) -:

R&D Design

tﬂ'd ﬂy Page



Gen2: Example for point source sensitivity

Mrk 421
g 107 J
Q - g
8 [+ 5 |
W pPe o «® Mrka21 (v, prediéted)
RN ’
S 10° L-Mrkad21 (y, LAT + MAGIC) A
1w C S o !
u lceCube q.r;'rant (6 =A0°)
MAGIC (50h)
107 = 1
- IceCube-Gen2 (10y, 6 = 40°):
- LAT (10y)
.lﬂ-"] L1 IIiIIII L1 IIIIIII L IIIIIII L IIIIIII | ]'IIIIIII. L1 Illllll Ll IIIIIII liul L LLLi
1 10 10° 10° 10* 10° 10° 10’ 10°
Energy [GeV]




Global timeline

——a

1-2 x 0.6 km?
+1 x0.4 km3

_—#
lceCube e e ke >

Gen2: R&D + preparatory phase

—

1 km?3

e
e >




® > 2020:
Baikal GVD-1 and KM3NeT-ARCA will scrutinize IceCube
results on diffuse fluxes with different systematics.

IceCube with more statistics, and GVD-1, ARCA will
measure the v flux from the Galactic plane and
very likely identify individual sources.

" End of the 2020s:
Hope to have 5-7 km? in the North (GVD-2 and full ARCA)
and 7-10 km? in the South (IceCube Gen2)

= Start full v astronomy (individual sources, spectra)

" And don‘t forget: particle physics (oscillation physics, ...) !






PINGU and ORCA

» Precision IceCube Next Generation » Oscillations Research with Cosmics in the
Upgrade (PINGU - IceCube Gen2) Abyss (ORCA - Km3NeT)

» Deploy additional 40x96 DOMs » Deploy new 115x18 multiOMs
» Spacing 20x3m » Spacing 20x6m

600 oo : KM3NeT/ORCA preliminary
™ g w::;&,, "E oy .;-.L.-;‘;-.\___H
- | - ANGU OOy m; . v .10 9 il;l"].’,. .
ok A , » S Mo | S '.',":,' . .0 .-,.‘
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w D AEDG U v e e
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B ol i 78 o O sl £ o N I |
Bsfml$ 8 88 81813 83 8 T
gg5 6 ¢ o o oo & o » x (m)
IRNEEEE]  FRE: : _—
T i 83 B - Light collection increased by an
_ml s 28 RERER: order of magnitude
== - f ; 3 : ; f § - Similar instrumented volume
g ™ ¢ 8 § 1  REE - PINGU: relying on IC veto
- 38 o o . : 0 .
BEEEE i . R - ORCA: not using a veto
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NMH via Matter Oscillations In the Earth

P(vy — vy) for 8=130° -

Akhmedov et al., arXiv:1205.7071

——

P (Vx - Vp)
o
ul

> Maximum difference NH < IH for 6 =130° at 7 GeV

> For anti-v, NH and IH are approximately swapped — effect cancels if v and anti-v
have equal fluxes and cross sections and if the detector cannot distinguish u* and

> However: flux of atm.v ~ 1.3 x flux of atm. anti -v
and o(v) ~ 2 x o(anti-v) at low energies

= 2> Count N (8, E) from v, + N ->p + X 'and compare with NH/IH predictions



NMH via Matter Oscillations In the Earth

Normal Mass Hierarch (True)

s wun
o) o

o8
N

W
o)

W
o
Counts per bin per year

N
H

Energy [GeV]

— —
N (o)

o

0
1(-)—1.0 -0.8 -0.6 -0.4 -0.2 0.0

coszenith
Reconstruction and particle ID not included here



NMH via Matter Oscillations In the Earth

Inverted Mass Hierarch

5
4
: ‘s
Q.
- 0c
> 8
m —
5 4 8
c 4.
Wl
18 5
O
O
12
6
10"
-1.0 -0.8 -0.6 -0.4 -0.2 0.0
coszenith

Reconstruction and particle ID not included here



NMH by different experiments

Expected sensitivities vs. time

DUNE

Median significance (o)

NOvVA

I
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

ol v v Lo L L L P L L by
2006 2018 2020 2022 2024 2026 2028 2030 2032 2034

Time (years)

NMH sensitivity of ORCA/PINGU depends on the octant of 6, (lower values for 1st octant), that of
JUNO on energy resolution (lower values for 3.5%, upper for 3%), that for DUNE on the o, value.

Compilation by p.Coyle, based on the original one of Blennow et al.



Search for astrophysical tau neutrinos

IceCube collaboration, ICRC 2017

f \ == HESE with ternary PID | < Ve'Vi'¥r atl source
Leamed and Pakvasa, k=]
_double bang channel 577" "0 *0 === IceCube APJ 2015 1.0 . 010
= ' ® 120
: . IceCube i a 100
W Preliminary '

M O 2

- e ¥
: Ty 2l
TIIS
il 3§
. B reEfrere 22,

St #4 Shees e 0 > B

(XX TI ad- * 5
-

— T 2D O 00—

| ¢ ‘
o SN AN OSSR
simulated double bang event with ~10 PeV neutrino energy & = % Py . ‘ 0.0
S QS < Q o ~

Fraction of v,

(&= " | » Search for characteristic v: signature
= O(E) diff. unfolding
- _ | » Sensitive to v- with E > 100 TeV
.l- Nsig = 1.441 :8832 l - ' ' . .
> | - : » No tau neutrino candidate found in starting event sample.
2| B 091 Consistent with fluctuation.
>° Nbg - 0.938 -0.092 z X
= | : . » Future analysis will be extended to other data samples:

I

up to 50% more expected v: candidates



Resolving the sources of the diffuse flux

Luminosity L [ergs/yr]

10™

Marek Kowalski

1056
10> |
1054
1053
1052
1051
1050
1049
1048
1047
1046

insufficient power density Lp

. Xiv:1411.4385
mdiffuseoc L P o _

45 | .
10 010

107

10°®

T
Source Density p [Mpc™]



Resolving the sources of the diffuse flux

Luminosity L [ergs/yr]

10™ T r - 7T - T r 1 ]
100k P <M Candidate sources -
107 £ _ FRo for diffuse flux -
1054 = S T~ ~ \BI LacC |
1053 @ Galaxy Clusters |
10> N W/5et :
3 $ - 1% e s
10 N. TSNS @ L
10°° <. S~_ Frt ]
10 | @ arburst 0, -
1048 ~ ~ \Ji/o
1047 | : - : ) ) \JO/O
insufficient power density Lp
1046 L
1045 A o A o A o A o A o A o A - A
10 107 10° 107 10° 10° 10" 107

Source Density p [Mpc 2]



Spectrum: throughgoing muons starting events, HESE

_ IceCube@ work in pr-;:'_agress T ctmosuberio |
T:-. 10'5 ; ; | e® e Differential
1_‘I:;n':: W Best-fit (26 £0.08) _
o mam v, Best Fit (E21"°01) |1
q o '

g 10'? ...................
ot

(¥
o

oy

+10°®
S
= . . :

109 | . Energyrange:~10TeV-2Pev "
10° 10° 10° 10° 10’

Neutrino Energy [GeV]



Optical Modules (4): The WOM

Wavelength-shifting
Optical Module (WOM)

- PMT & Electronics
TS & élf‘f
WLS light guide [ AN\

adiabatic
- ’ light quide

W Pressure housing

wavelength shifier
coated glass tube

) {<4— pressure housing




Resolving the sources of the diffuse flux

Fit Astrophysical Fluxes

Fluxes and Limits

[| = - Prompt Upper Limit(e, 5 ) [1.04x ERS] inn tan nf atmasnharic)

6 [| - . Conventional (i, ~7, ) (zenith=averaged) **+ (Contained vertex (HESE) * |

B [1.07x Honda2006] e ' =

1{] f| = EHE Differential Flux 90% Upper Limit L e Best Fit ]

[ ™ i ; mam  Contained vertex (HESE) ) [

- T é é ~ -bestfit* o
I - : : .
-7 - : : :

# 10

lﬂ—ll
10*

Neutrino Energy [GeV]



Resolving the sources of the diffuse flux

LI L L L L | ! ! LI L L L L | ! ! ! L | ! ! AL L | E
i Fluxes and Limits Fit Astrophysical Fluxes ]
[| == Frompt Upper Limit{e, + 7, ) [1,04x ERS] {on top of atmospheric)
g1l -- Conventional (v, -7, ) (zenith=averaged) **s (Caontained vertex {HESE] I
107 | [1.07x Hondazoos] e B i sest i
F| = GRE Internal Shock Fireball Model 50% Upper Limit K ]
[| == Blazar Equal Weights =211 90% Upper Limit I Contained vertex {HESE] ]
— — EHE Differential Flux 90% Upper Limit — ) I
r N - - - best fit*
- "
H01077 b S SO S NN S i
b
Iu:
i -
5 -8 o
:} 10 e I-. _______________________________________________________
v i
O
| B
I
+
2 -9
2 1{] T TS O
g I E l Il

Fermi Blazars?

<7% of flux
ul -1 ' < 1% of flux
10 -

10* 10° 10° 10’ 10°
Neutrino Energy [GeV]




lceCube 7 vears Sensitivities and upper limits

Point-source equivalent flux, if the diffuse astrophysical flux (see later) came from:

1000 points in the sky

—1.0 —0.5 0.0 0.5 1.0



