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Neutrino telescopes in a nutshell

Large instrumented volume

Deep sea water
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The current generation of neutrino
telescopes

https://icecube.wisc.edu/
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The current generation of neutrino

telescopes
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The current generation of neutrino

telescopes

KM3NeT/ARCA

Construction
The Detection Unit (DU) and first data
holds 18 DOMs

2 Building blocks, 115 DU each ~
— ~Gton instrumented volume

The optical sensor:
Digital Optical Module

(DOM). Each DOM .~
comprises 31 3" PMTs

J. Phys. G 43, 8: 084001 (2016)



The current generation of neutrino

telescopes

KM3NeT/ARCA
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The Detection Unit (DU)
holds 18 DOMs

2 Building blocks, 115 DU each
— ~Gton instrumented volume .

The optical sensor:
Digital Optical Module

(DOM). Each DOM . *
comprises 31 3" PMTs

Construction
and first data

6 DUs since April-Sept 21
Currently 9 deployed 7
operating

Deployment of 11 DU
ongoing now!

J. Phys. G 43, 8: 084001 (2016)



The current generation of neutrino

telescopes

KM3NeT/ORCA

~ 225 m

~200m

Depth=2450 m _.

7 Mton volume

Construction
and first data

Uniform KM3NeT detector design

Designed to assess Neutrino Mass
Ordering with atmospheric neutrinos

See e.q.

POS(ICRC2019)857
POS(ICRC2019)934

J. Phys. G 43, 8: 084001 (2016)



The current generation of neutrino
telescopes

Nov 2021: 10 DUs
Currently operating 7
Add 4 DUs in Summer

KM3NeT/ORCA POy 6 DUs since Feb 2020

~ 225 m

Construction
and first data
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~200m

Uniform KM3NeT detector design

Designed to assess Neutrino Mass
Ordering with atmospheric neutrinos

See e.q.
POS(ICRC2019)857
POS(ICRC2019)934

Depth 2450 m

J. Phys. G 43, 8: 084001 (2016)



Event topologies in a neutrino telescope
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Targets For neutrino telescopes

Target GeV to PeV energies with the same instruments

Allow the study of all-flavour neutrino fluxes

1034 . u n .
i Neutrino “beam” flavour ratio
10 _| at source
_ cosmological neutrinos
1016 _
% S solar neutrinos
i L;\ ----- .
- 10 , supernova neutrinos
e o] % geological neutrinos Then oscillations!
E, = ‘ \ power plant neutrinos
- i “standard model”
= . atmospheric neutrinos will produce 1:1:1
B , at Earth
10° M. Cribier, M. Spiro, D.Vignaud AGN neutrinos
— 1995
1012 _| ﬂ"“\
| | | | | | | | | ] | | | | | | 1 | 1 | | | | l | |
10 10° 1 10° 106 10° 101 10'5 101
ueV meV eV keV MeV GeV TeV PeV EeV 10
Neutrino energy (eV)




The discovery of HE cosmic neutrinos

Diffuse flux from astrophysical objects observed by IceCube in all-flavour
analyses

Events per 2635 days
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The discovery of HE cosmic neutrinos

Diffuse flux from astrophysical objects observed by IceCube in all-flavour
analyses
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HE tau neutrinos in IceCube

— single cascade —— double cascade 4 4 exp. data | | — reco with bright DOMs  ---  reco without bright DGMS|

bright DOM* bright DOM”

No atmospheric background — tau flux
can only be of cosmic origin

Detected Photons

2 candidate events in 10 years of IceCube
data

o
o o0

Tau observation
— constrain flavour ratio
@Earth and thus @source
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Fraction of v,

—— HESE with ternary topology 1D

% Best fit: 0.20: 0.39 : 0.42 0:1:0 — 0.17 -
Global Fit (IceCube, APJ 2015) e 1:2:0—030:
Inelasticity (IceCube, PRD 2019) A 1:0:0 = 055 :

------- 3w-mixing 3o allowed region ¢  1:1:0 = 0.36 :

https://arxiv.org/abs/2011.03561

HE tau neutrinos in IceCube

Ve : Uy : Uy at source — on Barth:

0.45: 0.37
0.36 : 0.34
0.17 : 0.28
0.31: 0.33

No atmospheric background — tau flux
can only be of cosmic origin

2 candidate events in 10 years of IceCube
data

Tau observation
— constrain fFlavour ratio
@Earth and thus @source
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The future of cosmic neutrinos searches

KM3NeT ARCA Prellmlnary
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The future of cosmic neutrinos searches

Track Reconstruction

T T T I T T Ty T [T T TTT

Lodo L
_i_'ﬁii'_ii‘Zij‘_iiZﬁi;i'.ii‘_ii_'iii'_ii‘iij‘_ii.___é_____iﬁiiliiiﬁi S 30- 50%
[« _cosmicflux_ T |— 50 50%

KM3NeT ARCA Preliminary
JRTRRL JR JURS JON |" :':::,,' B J" TR JUURR JOUOY TN UOT R

—
S
)]
I

—
FTrT

codeeeeedreeecfenefoeehec] o ]

Angular-resolution [ ° ]

—
2

................................

—h
S
@

@, (GeV cm? s'sr)

10_2 L ST 0t 1] CETTIEs TR ot ST T | EECRRtE SITT U NI LT 10 SELCERt I, TECTEE &/ S8 11 STt CIE SR ST U ey | Lt S ad T

ﬂuxq)oE-ZEZbu"dmgblocks : :

10

10—7 L | R | L1 | L1 | L 1 L |
0 1 2 3 4 5 6
observation years

i Algorithm
{8 This work |-
AR Aashowerfit | [

Angular deviation [degrees)

With a much better angular resolution
for both tracks and cascades

10 108 10°
Meutrino energy [Gev]




The future of cosmic neutrinos searches

Point-source sensitivities

KM3NeT Preliminary

107 F ANTARES 13yr E
IceCube 7yr 1 Improvement in searches for
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https://pos.sissa.it/395/1077/pdf

The future of cosmic neutrinos searches
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Neutrino physics with the atmospheric beam

COSMIC

ray \
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Neutrino physics with the atmospheric beam
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Muon neutrino disappearance from the atmospheric beam

— tau appearance is difficult to see
—neutral current contribution affect the “cascade” sample
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Neutrino physics with the atmospheric beam
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Neutrino oscillations in KM3NeT/ORCA

KM3NeT preliminary
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Neutrino oscillations in KM3NeT/ORCA

Neutrino2022
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KM3NeT/ORCA Preliminary
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* Better selection & particle
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« Sample increased by a factor 5

* Unblinding to come in the
next months
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And then ...

3 years of full ORCA operations
will give unprecedented sensitivity
to oscillation parameters
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Tau appearance in KM3NeT/ORCA

v, hormalisation
Eur. Phys. J. C 82, 26 (2022)
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The full KM3NeT/ORCA detector
should measure few thousands
of tau neutrinos from oscillation

— strong constraints on unitarity
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First studies ongoing
Good estimated sensitivity
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P (vx—=vy)

Neutrino mass ordering with atmospheric

cosmic

neutrinos "\ i

>‘/
normal inverted glmasp cm}
F‘i

e i

& mugn 0 neutrino
v; I v, I
% v, ]
= L :
= NEUTRINO MASS ORDERING ‘
3 UNKNOWN . \
5 _ upgoing
= v, — . atmospheric
v, v; I i
T T’Hy /
N NEO
v, v, v
Matter effects for neutrinos
through the Earth
1.0¢ N - NMO accessible
0.8
. Measurable effects at ~10 GeV
0.6 18 in 10 Mton water Cherenkov
0.4 detector
b= Huge detector — large statistics
0.0 #
Continuous line -» NO 26/ 5:

Dashed line = 10



Neutrino mass ordering with atmospheric
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NMO in KM3NeT/ORCA

- |~ Inverted Ordering

:—-§+NormaIIOrder'|ng | ------------ KM3N&T -----
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NMO determination at 3 sigma level within 3 years of detector completion

Eur. Phys. J. C 82, 26 (2022) 28



Beyond Standard Model searches with
neutrino telescopes

* Indirect Dark Matter searches
* Non-standard interactions in neutrino oscillations*

* Sterile neutrinos*

° *

*(in the backup slides)
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Dark matter searches with neutrino
telescopes

* Indirect Dark Matter searches
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Dark matter searches with neutrino
telescopes

Sun - scattering cross section
(spin dependent or independent)

. _aal e 1. . JHEP12(2021)035
Galactic Centre 1038 <1072 (2021)
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Conclusions

* Neutrino telescopes are showing how lively the field is

* |ceCube has already produced discoveries

- Diffuse neutrino Flux
- First neutrino candidate sources

- Phenomenology of atmospheric neutrinos

 KM3NeT on the rise, with First physics results on their way

—  Quickly confirm IceCube discoveries thanks to its improved sensitivity

— Complete the observation of the sky fully opening the Southern
Hemisphere to neutrino astronomy

- Full neutrino oscillation physics program « already started!
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The KM3NeT Deployment

2020 JINST 15 P11027




The KM3NeT Digital Optical Module

https://doi.org/10.48550/arXiv.2203.10048




Mediterranean waters
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Mediterranean waters
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Antarctic ice

Ice shells Formed over 100k yrs
from snowfall

— ice collects impurities + air
bubbles

These represent scattering
centres for light in the ice

— scattering length changes
with depths

—needs to be taken into
account when reconstructing
Cherenkov light
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Vu
Frejus 1995
AMANDA 2010
lceCube 2011
ANTARES 2012
IceCube 2015
SK 2016
ANTARES 2020
" By
Frejus 1995 J%%
4 lceCube 2013 ]l e
- IceCube 2015b Sd 1 L
F + SK2016
[ 4 ANTARES 2020 %
-1 0 1 2 3 4 5 6
log10(EL/GeV)

The atmospheric neutrino “beam”

Muon and electron neutrino
energy spectrain the
atmosphere can be
measured

— energy estimation
— detector systematics

+ physics of cosmic rays in

the atmosphere
(composition, interactions)
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The IceCube High Energy Starting Events

Vetoing downward-going passing-through events
— rejection of accompanied atmospheric neutrinos
High Energy Starting Events

10’8 :
10° —
© o O Opens the sky to
0 5 o | downward-going neutrino
2. s events — highest energies
@\ E 10°° F
—
- 10713 | |
© .1 conventional -
10- 1 1 1 1
z— 0 02 " e 08 *  Dependent on the proper
< modelisation of:
™ 1018 ¢ . . —
(b} [ 130 TeV prompt vvit !%r?geuc?ﬂgg ______
c iniesCue =1 — CR muon flux at the
N s _ e { = CR muons in the detector
13 Earth absorption N\ T
w \
% o b \_\‘ Self veto ]
L - \« ]
\. 4
prompt N 40

10-16




The IceCube High Energy Starting Events

High-energy starting events above 60 TeV
— Southern sky accessible (veto)
— Northern sky more opaque (absorption)

®''(100 TeV) = (2.1555) 10" (GeV cm’ s sr)

N=2.910.2
Too soft? Compatible with isotropy
| .
IceCube! Preliminary F D = F Dua
stro. o 102 stro.
’iLI B Atmo. Conv. = B Atmo. Conv. o
E\- 101 E :{_‘ﬂH Hl Atmo. Muons % HEl Atmo. Muons ICGCU.be Prehmlnary
- 1 AN
| — 1 . . . .
2 u bt
o g
® 10" S 10
77} —1
g 10
9
101 | . 102
10 10° 106 107 —1.0 —0.5 0.0 0.5 1.0

Deposited Energy [GeV] cos (0.)

Not really compatible with any reasonable atmospheric 41
assumption; however a null-prompt is fitted



The highest-energy cascade event

Partially contained events
— allow for higher energies

— need more sophisticated analysis
to reject backgrounds

LA
-

is

&

. - \"““mw -
o ‘ .
[+

‘l‘.‘l“‘

/ ll(w!“

3
6 PeV cascade: candidate found indata - ‘,‘
- candidate Glashow-resonance event — ©

Direct identification of an anti-electron %
neutrino « flavour studies | o

+ study of the W production at resonance |

42
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13 neutrinos gamma flare
in excess +1C170922A
No gammas

Some ambiguities in the
interpretation are still there
(no flare in 2015?is it a
peculiar source?...)
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v and v: CR propagation in the Milky Way

%  CRsource Neutrinos carry direct
¥ CRinteraction information on CR
propagation. e.g.:

— vy

- Non-homogeneous
diffusion can enhance vy

and v emission

- Molecular
clouds/dense
environments boost vy

and v Fluxes




* ApJ.750: 3,2012
** ApJ Lett. 815: 125, 2015

v models from GCR and vy

Fermi Benchmark

Standard
model*

Ratio of the two

Mollweide view

Galactic

| B
6.4 log10(Spatial PDF) 23
Gaggero et. al.

| log10(Fermi/Gaggero)
KRA,, is stronger <> Fermi is stronger

"Gaggero et al.**
Radially dependent
cuacic diffusion — data tuned

Harder/stronger in the centre
Softer/lower in the periphery
S =5 - different Fields of view can

65 log10(Spatial PDE) 3 test differently the model
Plots by C.Haack, for the IceCube Collaboration 45




vs from the GP

Joint analysis ANTARES (tracks +
) and IceCube (tracks)
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+ spectral energy distributions Low latitude Galactic contribution
are different in the model constrained to 8% of the all-sky Flux
New IC cascade analysis: 46
ApJ Lett 868: L20 (2018) ySIS.

ApJ 886: 1, 2019 (see backup)



Hemisphere

* Water is optimal fFor light

- Limited scattering — direct photons

Why a km? detector in the Northern

- Homogeneous medium — easy to simulate, less systematic effects

- 0.1 degree angular reconstruction accuracy

90

189

'ii

_'IF

-90

* Neutrino-Showers
* Neutrino-tracks

Swift X-ray
3lac Sources

= TeWCat

-188

KM3NeT resolution

ve

vt/vp -
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Why a km? detector in the Northern
Hemisphere
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Sterile neutrino searches

4*™ sterile neutrino added into oscillations
— atmospheric oscillograms are modified
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Non-standard interactions

] 0 0 0 L+ € €y €or
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Non-standard interactions
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Quantum Decoherence

¢ P=—ilH.p]-2[{p.D,D,}-D,p D).

The solution is given by
_ —."AEﬂ.t—y”.t
Iy :
The decoherence parameter y determines the strength of the
damping. Three limiting cases can be considered, where one

of the parameters is zero, and the other two are equal:

0 Normal hierarchy Inverted hierarchy
T, ITE A T
: N e
ic limit: - - I ’
e Atmospheric limit: vy =0 <= (y32= y1) G P | R Z— i ;; i ,1 S —
e Solar limit 1: Y32 = 0 <= (Y21 = Y31) ?; it !'5 : i L
.. i _ _ il Py 4
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N. Lessing
Neutrino2022
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— = Solarlimit 2
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Quantum Decoherence

Normal hierarchy Normal hierarchy
10—19 Vq E_2 VO( E_l 1lj—2f’ yocEl 10—30 V{sz
1 x e ORCA115, 21Mton-yrs. . ARCALl5, . ARCAll5,
1 m  ORCA6, 600kton-yrs. 545Mton-yrs. 545Mton-yrs.
10-20. = % | x DeepCore, 2018 x lceCube, 2018 x lceCube, 2018
] X —27 | —31],,
—_ S 10727 43 1073y
> m
8 o1 ) ﬁ #
—~ 10 E R y E s P
E o . x >10-2] 10732 x
1022 ‘
® KM3NeT/ARCA preliminary KM3NeT/ARCA preliminary
] KM3NeT/ORCA preliminary . 1o-20 2L 0Ny | qg-ssiStatonly |
10-%3 . . : . : . Atm. Sol. 1 Sol. 2 Atm. Sol. 1 Sol. 2
Atm. Sol. 1 Sol.2 Atm. Sol. 1 Sol. 2 Limits Limits
Limits Limits
N. Lessing

Neutrino2022 53



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53

