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The Elusive Neutrino

Standard Model of Particle Physics

e three neutrino flavours

* very small masses
(unknown origin)
047: Manchester University ll 1g77: Fermilab

* large mixing between
flavour and mass states
(unknown mechanism)

e 2nd most abundant
particle in the Universe e
(impact on cosmology) e <

* unique probe of
high-energy astrophysics

(+ Higgs boson)
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Multi-Messenger Paradigm

Acceleration of cosmic rays -
especially in the aftermath of
cataclysmic events, sometimes visible
in gravitational waves.

cosmic ray nucleus @

magnetic pl’OtOﬂ

deflection
O
O pions

Secondary neutrinos and gamma-rays
from pion decays:

multi-
messenger
source

©— —

~

= T+, > y+y

_|_ —
L e+, + 7,
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Neutrino Energies

» Average energy fraction of pions from 10 ' '
CR nucleons: — u ()
0.8 )
<Xﬂ> =~ 20 % 8 . Ve (\_’e)
i)
: R
* Average energy fraction from R 06 _
relativistic pions (r, = (m,/m ) S -
) - g I
- — . “© N _
I/ﬂ 2 3/ \
3+ 4r g \\
(x5 ) = 2 ~26% = 02 ‘O
g 20 '
\
247 : A
T o\
= ~ 0.0 ' ' ' >
(X, 10 26 % 00 02 04 06 08 L0

energy fraction x,

* Approximately: 1 1
(E) = (B = =y

le.g. Lipari, Lusignoli & Meloni '07]

Markus Ahlers (NBI) Neutrino Telescopes and Results



Neutrino Astronomy

Unique abilities of cosmic neutrinos:

no deflection in magnetic fields
L (unlike cosmic rays)
source
coincident with
magnetic . .
deflection photons and gravitational waves

no absorption in cosmic backgrounds
(unlike gamma-rays)

/ \ e smoking-gun of

unknown sources of cosmic rays

absorption

BUT, very difficult to detect!

Markus Ahlers (NBI) Neutrino Telescopes and Results 5



Neutrinos in the Standard Model

Neutrinos are part of weak isospin doublets and anti-doublets:

), (), (), (), (), (),

Participate in charged (W) and neutral (Z) current interactions:

v ¢ i VE VE
8WIZ\W\{ E/&(IZW — Q'sin*6y)
W:i: ZO
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Neutrino Interactions

* Low-energy (<10GeV) neutrino interaction with matter in coherent,
quasi-elastic or resonant interactions.

* High-energy neutrinos interact with nuclei via deep inelastic scattering.

= ‘- vy CC X;ec (HERAi)DFl 5) |
Iepton scattering & 10° =m v CC xsec (HERAPDF1.5) =
g D)
4 = v =
% 1000 - O
5 S
O Q
© 10 20
I~ =
s S
= e
= @)
0.1 % | ‘ ‘ |
100 10* 10° 10° 101 10
. . . E, [GeV
interaction with | | | 1oV |
TR — == v NC xsec (HERAPDFI.5)
individual quarks p 2 105 =m ¥ NC xsec (HERAPDFI.5) =
E D
5 =
2 -
2 1000 O
8 —
O (©
Z 10 5
o) D)
= -
é \/ hadronlc - 01 | | | |
100 10* 10° 10° 1010 10"
nucleon cascade

E, [GeV]
[Cooper-Sarkar, Mertsch & Sarkar’11]
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Detector Requirements

Pl .U G ——yr— »
g 3
‘ -+ back-of-the-envelope (E, ~ 1PeV = 10" eV): |
® flux of neutrinos : d°Ny 1
_ ' dtdA  cm? x 10°yr
| & @ ‘cross section : OyN ~ 10_80pp ~ 107 cm?
. VA.‘ :i:argets: NN ~J NA X V/Cm3
';‘ ;,d-a‘}-..rate of events : ’
) S——
2 N, ~ Ny X 0, X d”Ny 1 v 4
("{ 2 ' N N dA year 1km3 3

minimum detector size: Tkm3
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Optical Cherenkov Telescopes

KM3NeT

lceCube(-Gen2)

Markus Ahlers (NBI) Neutrino Telescopes and Results 9



lceCube Observatory

lceCube Lab

e L * Giga-ton optical Cherenkov
om S telescope at the South Pole

ceCube Array ® Collaboration of about 300
scientists at more than 50
international institutions

* 60 digital optical modules
(DOMs) attached to strings

1450 m

DeepCore

/ * 86 IceCube strings
| jg‘;ﬂf'ﬁwef instrumenting 1 km3 of clear
glacial ice

2450 m
2820 m

* 81 IceTop stations for cosmic
ray shower detections

Markus Ahlers (NBI) Neutrino Telescopes and Results



Optical Cherenkov Detection

Vall _ Ve,r Yu _
”Cascades” \\. \\.
“tracks”
NC showers CC showers muon tracks
Vr Vr Vr
doubl | double b “lollipop”
from CC I/T ouble pulse ouble bang ollipop
. . Vr Vr Vr
o .U 1
inverted “lollipop”™ “sugardaddy” “tautsie pop”
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COSMIC ray

atmospheric cCosImm i C
neutrino °
atmosphetric neUtrl no
IceCube

up-going
down-going 1

COSMIC ray




Neutrino Selection Il

*
‘0
*

 Outer layer of optical o

Y PR (Y S S S J 12l
modules used as virtual J %, | atmospheric /7 * 1.9
i ”.l | mugn f "Sjo S
veto region. lcostrluc J.Al 1 Gondition; ¢} |
- neutrino | 1 1 L1
* Atmospheric muons pass T 7 9 1 141
through veto from above. i1 1 ! d dod 4
1 j j d i i‘ atlnosﬂherlic
. Atmqsphenc ngutrmos y * 9 Iy fneutfmo s
coincidence with 1 1 1 1 1 1
- 1 | 1 1 1 1
atmospheric muons. WA ¢ * T 9
: : | 1 11 1 1 1
e Cosmic neutrino events 11 1 i1 1 1 1
can start inside the i j i J, i Cj’usmf i

: : *+{ neutrino
fiducial volume. 11 0 1 '1.,. 1T 1 1
1 1 S G/ N S
* High-Energy Startin d 4 U d 4 44, 4
5 5Y 5 1l 1 1 1 I

Event (HESE) analysis

Markus Ahlers (NBI)
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High-Energy Neutrinos

First observation of high-energy astrophysical neutrinos by IceCube in 2013.

"track event" (e.g. v, CC interactions) "cascade event" (e.g. NC interactions)

swendt

o
T ] —
A N e e .

] '.

| 1 Q0
| | @a®
| | one

|| .

.

g 1}

i e
ap
1ol
1 <IN
|| el it
o i

Lo P LT
: !-5‘!.13“!““‘....-". re—— .
A 9 -0‘4. - — p—

(colours indicate arrival time of Cherenkov photons from early to late)
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Diffuse TeV-PeV Neutrinos

107° | ]
— 0 : isotropic y-ray high-energy w_ ultra-high energy
- ; background neutrinos e CcOsmic rays
- . t3,, (Fermi) (IceCube) "',,,_ (Auger)
n 10 3 FP"I" ol E
o : »{1{_‘ ca(sg;;i)es -
| o
= | ) -
& " T o,
% 10 — HH . -
i tracks “m
(\‘IS~ I (9.5yr) -
@
21070 | 7590 i
| | | A A M P . .T..I | | A | — .....TI . -
10 100 10° 10* 10> 10°® 107 10° 10° 10" 10"
energy E [GeV] |
0. gy
A< [IceCube, PRL 125 (2020) 12; PoS ICRC2019) 1017; arXiv:2011.03545]
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https://arxiv.org/abs/2001.09520
https://pos.sissa.it/contribution?id=PoS(ICRC2019)1017
https://arxiv.org/abs/2011.03545

Isotropic Diffuse

Flux

- o
|
5 31 L 959 HESE (7.5y Full-sky) >
in ? Phys. Rev. D 104, 022002 (2021) ~
ICD (o) y N
o 304 == 68% — Inelasticity Study (5y, Full-sky) &
c = N, " Phys. Rev. D 99, 032004 S
2 251 " ] yaa— \\\\ PaiS ~ Cascades (6y, Full-sky) =
I ) TS/ : Phys. Rev. Lett. 125, 121104 (2020)
> 7/ /] NI O y <
L 204 »7 "'\/’4\ N \ This work: Through-going Tracks )
0%9 //’;, T \\\\‘ 7\ _’\ \ — 7 (9.5y, Northern-Hemisphere) =
l 15 - // &‘ﬁ x | /-*“ 1 J\.\\\,_ L \ - ANTARES Cascades+Tracks @,
S R4V >\ RO | (best-fit: 9y, Full-sky) PoS(ICRC2019)891 .
5 1.0 A O [ —
o U .
5 / -7 ' 107
E| . '\ ———" - I B o e Conventional Atm.
;gqﬁ 0.5 1 = — T — DPiece-wise (y = 2.0)
'_?: § === Log Parabola
> %@3 0.0 | | | | | | | \ === SPL w. Cutoff
2.0 2.2 24 2.6 2.8 3.0 3.2 3.4 ' ‘\ ~ | Single Powerlaw (68%)
Spectral Index yspy. '

—
9
oe}

» Diffuse flux level agrees across analyses
(within their overlapping energy regions).

E2¢, 7 /GeVem 2sr st

* However, mild tension between spectral

index for a "vanilla" single power-law flux. ]
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Astrophysical Flavours

== Single, no brights

== Double, no brights

=== Double, with brights

<+ Exp. Data

Photoelectrons

- two distinct energ
depositions visible

| | T T T

[ T —

o o®
©
ot 32
e e ¢
e © © ®
°s ¢
oS ¥R o
Q° o;
© o & X o | R
.0 o ) ») X
P S Q o
o o O -+
: ® lceCube
o PRELIMINARY

tau neutrino
candidate

IcCECUBE

e Tau neutrino
charged current
Interactions can
produce delayed
hadronic cascades
from tau decays.

* Arrival time of
Cherenkov photons

is visible in

Markus Ahlers (NBI)

[IceCube, arXiv:2011.03561]
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https://arxiv.org/abs/2011.03561

Astrophysical Flavours

Glashow
resonance
candidate

.
.
.
=
¢
-

L
.
.
-
-

L e

(AEKAGIIRY

TLCRILSS S

A

Resonant interaction of electron anti-

L EETR . 0.6
‘Ll‘ e
‘jt )< >
o8 &% “." £0.4
¢ C
Q
0 0.2
IcECUuBE ¢ N / 0.0
105E
1055— 'E
101 E 0 107t
.
B 103 3 - -2
5 2 10
102L “
B 5 1073
1 >
107 6.3 PeV (L

T Jdo
1015 016

E [eV]

N nl ) N P
1012 1013 1014 1

. l(.;lT l 1618

neutrinos with electrons at 6.3PeV:
v,+e - W =X

B —— data
1 1 1
4 5 6 7 8 9
Visible energy [PeV] (posterior)
] - GRh. = CC
-~ GRe. = NC
4 5 6 7 8 9

Visible energy [PeV] (MC)
[IlceCube, Nature 591 (2021) 220-224]
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https://www.nature.com/articles/s41586-021-03256-1

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

0 0 ci; 0 spe™| (e s O 0 0
U=|0 ¢33 53 0 1 0 =515 ¢ Ol o0 &% 0
0 =83 03 —Sl3ei5 0 ¢ 0 0 1 0 0 1
"atmospheric” &R Dirac phase "solar"  €P Majorana
mixing o sin 6, mixing phases

flavour transition probability (in vacuum):

SN Am-Jz-f

_ % T % !

P, (&)= El 2 UaiUﬁanjUﬂjeXp —
=1 j=

2 = m? = m?

notation: ¢; = cos 0; & s5;; = sin6); & Am ;

] 7
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Astrophysical Flavours

ternary graph 0.0

1.0
flavor ratios

3'ﬂaV9r \4 (1:2:0)s 4 on production
oscillation U

(v-fit v5.0 / NO)

Superposition of
% flavor and mass states
O . . .
< induce oscillations.
¢

RN
‘\“ S

S
A
SSA et

\“\\\ N
SN
N XN

——— N
NN =T

A

-
—
N
)

N
S

X >

7 / Y J‘} / | . |
: /7 i |
)
S MK
. . i
'.‘ o . N ‘. N g = N N\ ‘
/ .

0.0 0.2 0.4 0.6 0.8 1.0

Ve fraction (fe o)

Markus Ahlers (NBI) Neutrino Telescopes and Results



Astrophysical Flavours

Cosmic neutrinos visible via their oscillation-averaged flavour.

0 Z
Likelihood contours z 0 lceCube —— HESE with ternary topology 1D
of observed < PRELIMINARY % Best fit: 0.20 : 0.39 : 0.42

flavour ratios "1 Global Fit (IceCube, APJ 2015)

%)
. Inelasticity (IceCube, PRD 2019)
g\/Q Vf -------- 3v-mixing 30 allowed region
O o
A /A
S
S
Q@ o / AN VAL Ve : Uy @ Vr at source — on Earth:
‘© '
_ m 0:1:0 - 0.17: 0.45: 0.37
- ® 1:220—0.30:0.36: 0.34
% A 1:0:0 — 0.55: 0.17 : 0.28
o ¢ 1:1:.0—=0.36:0.31:0.33
0
“/ .
‘O
/ / / O O
NN N AN SN AN T SN N [IceCube, arXiv:2011.03561]

Fraction of v,
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https://arxiv.org/abs/2011.03561

Status of Neutrino Astronomy

Most energetic neutrino events (HESE 6yr (magenta) & v, + v, 8yr (red))

= ™
Sl <
S .. —
. . S e - =
S . . .
. . .,
. . . o
. $ .

Earth
absorption

1800(
Galactic Plane

Galactic

No significant steady or transient emission from known Galactic or
extragalactic high-energy sources, but several interesting candidates.
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Status of Neutrino Astronomy

Orbiting Solar Observatory (OSO-3) (Clark & Kraushaar'67)
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Status of Neutrino Astronomy

Fermi-LAT gamma-ray count map
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Very-High Energy Cosmic Rays

| | ||||||| | | ||||||| | | ||||||| : | ||||||| | | ||||||| | | ||||||| | | ||||||| 1
" Knee |
10° £ : =
: I -
B 2nd Knee : (E) ad \(E
i i O HAWC = N
— vV MSU :
7) 103 = . % : —:\
. - O Tibet e : i
= B O Akeno @ i
2 "~ O CASA-MIA ]
% m Kascade
S 10° F © Kascade Grande T TN
— B @) oo I N
Eﬂ\ - o Ic.eTop 6 T -
E« L O HfRes 1 B I |
o s ¢ HiRes 2 Q] i
N o0 4
&3 © Auger S _
10 © ¥ =
- % Telescope Array -l>—<4 + .
C > o -
1_ 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII i | IIIIIII | | IIIIIIIE 1 1 IIIIIII 1 1 IIIIIII | | ]
10" 10" 10" 10" 10" 10" 10" 10*
E [eV] [Particle Data Group'21]
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Galactic Neutrino Emission

1077

IcCECUB

KRA~ model
Combined UL KRA~®
===+ Combined UL KRA~"

E?d® /dEdQ [GeV em ™2 s tsr]
=

[IceCube, Astrophys.J. 868 (2018) no.2, L20]

|| —— ANTARES UL KRA®® - Q?%,o |
--~-- IceCube UL KRA~ o8 cj,\g SR
[ [ 1 IceCube starting events O% 2. %& ]
] IceCube up-going v, 2
10—9 1 1 ||||||| 1 1 ||||||| 1 1 ||||||I 1 1 1 ||||I 1 1 | I |
1071 107 10! 10 10°

E [TeV]
Contribution of Galactic diffuse emission at 10TeV-PeV is subdominant.
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Search for Neutrino Sources

75 , pre-trial p-values

lceCube and ANTARES/KM3NeT
with complementary field of views.

15
0 [
15\
-30
ICECUBE =
Southern Hemisphere | Northern Hemisphere 75
| ——- ANTARES E-%Semsit. —=- 90% Sensit. B3 ojrm:fi
10_7? ==+ ANTARES E~° Sensit. —— 5¢ Disc. Pot. E~ ) — logyy(Procar)
| ~=- % Sendt B | [llceCube, PRL 124 (2020) 5]

50 Disc. Pot. E~2

] 90% Upper Limits £ 2 . o . . .
10_9% \{\- v 90% Upper Limits E=3 | * No Slgnlflcant tlme—ln’[egl‘ated pOlnt
A

sources emission in all-sky search.

—_
-
%
~
“
\
I
ll
I
/
/

,I
,4
/
/
D)
<

 No significant time-integrated emission
from known Galactic and extragalactic
high-energy sources, but interesting

10770 —0.5 00 0.5 1.0 candidates, e.g. NGC 1068.
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https://arxiv.org/abs/1910.08488

Northern Hot Spot

accretlon
; ﬁi black hole
disk

107°

E NGC 1068 v
. L=10" erg/s £ scade vy i
1077 L \ d=12.7 Mpc male X ———
— E o\
& i \ RA IceCube
C}IE 108 L ) ", eASTROGAM A
o ; . ‘\‘ :"
> B ‘ ’0‘ :'
e * JAMEGO
O 10%E . AV [ _strburst I
" : | FE (MW16) >
E'_, s | A Fermi LAT
; |
10 10 3 ‘
|
41 1 |
107"

E [GeV]
[Murase, Kimura & Meszaros, PRL 125 (2020)]

104102102107 10° 10" 102 10% 10% 10° 10°

Comptonized X rays
CR induced cascade y
CR optlcaI/UV

107

* Northern hot spot in the vicinity
of the AGN NGC 1068 has a

significance of 3.30

e Emission can be modelled via
stochastic CR acceleration in
AGN coronae.

1.70°

-0.30°

Declination

-2.30°

4287 4087  38.87°
Right Ascension

[IlceCube, PRL 124 (2020) 5]
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Active Galactic Nuclei

Astrophysical Diffuse Flux (95% C.L.)

, [ Ap) 809, 2015 [ PoS(ICRC2019)1017
¢ [ceCube finds a 2.60 —
f | ——- Kalashev et al. 2014 —— IR-selected AGN %
excess Or AGN SeIeCted _ BEEEEEE Stecker et al. 2013 5
by their IR emission. 1107 =
" ;
* Neutrino productionis 7 Z
not directly visible via > 107 <
. . . O O
hadronic y-ray emission 3 E
due to yy,,, scattering. S
bgr 1079 , —
. / .
100 10* 105 108 107 108
E, [GeV]

TABLE I. Properties of the AGN samples created for the analysis. The surveys used for the cross-match to derive each sample,
the final number of selected sources, cumulative X-ray flux in the 0.5-2 keV energy range from the selected sources [44] and the
completeness (fraction of total X-ray flux from all AGN in the Universe contained in the sample) are listed.

Radio—selected AGN IR—selected AGN LLAGN
Matched catalogues NVSS + 2RXS + XMMSL2 ALLWISE + 2RXS + XMMSL2 ALLWISE + 2RXS
Nr. of sources 9749 32249 15887
Cumulative X-ray flux [erg cm™2 s7] 7.71 x 107? 1.43 x 1078 7.26 x 1077
Completeness 575% 1171°% 675 %
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Point Source vs. Diffuse Flux

“Observable Universe”

POpUIatiOnS of eXtragaIaCtiC with far (faint) and near (bright) sources.
neutrino sources can be visible

or by the
combined isotropic emission.
The relative contribution can

be parametrized (to first order)
by the average

local source density

and e

source luminosity.

Hubble horizon
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Point Source vs. Diffuse Flux

Neutrino sources are hiding in plain sight.
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Point Source vs. Diffuse Flux

10 o8 y-ray burst

/ TDE
* LK

0.1}

- IceCube --- IceCube

effective local density pef [Gpc_3]
local rate density p [Gpe >yr—!]

g-2| -- 5xIceCube o1l --5xlceCube . N
------- 20 xIceCube - 20xIceCube )
103 1072 %
10% 100 107 107 109 10% 10% 10% 10¥ 10 10% 107 10% 10° 100 10" 10 10% 10%* 10%
effective neutrino luminosity L,[erg/s] effective bolometric neutrino energy &, [erg|

[Murase & Waxman'16; Ackermann et al.’19]

Rare sources, like blazars or gamma-ray bursts, can not be the
dominant sources of TeV-PeV neutrino emission (magenta band).
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High-energy neutrino emission is predicted by cosmic ray
interactions with radiation at various stages of the GRB evolution.

Jet collides with
ambient medium
(external shock wave)

Very high-energy
228” JAMMA rays
2 (> 100 Gev)

Colliding shells emit gamma rays

(internal shock wave model)
High-energy
gamma rays

Slower
shell

X-rays
Visible light

Radio

Black hole
3 low-energy (< 0.1 GeV) f«
engine high-energy (to 100 GeV)
Promp’r ' gamma rays
emission
[credit: NASA's Goddard Space Flight Center] -~ Afterglow



Gamma-Ray Burst Limits

e [ceCube routinely follows up on y-ray bursts. [lceCube, Ap) 843 (2017) 2]
e Search is most sensitive to “prompt” (<100s) neutrino emission.

* Neutrino predictions based on the assumption of cosmic ray

acceleration in internal shocks. [Waxman & Bahcall /97]
o model-dependent limits model-independent limits
- Er l l””"! l l”“"! l l”“"! l l”“"! l l”“"! l lll““g 10_5 o rrrry LAY | LA | LA | LA |
: ' : : : : : BN Clobal Fit (2015) South v, GRB (5 yr)
106 North v, (2016) —— (Cascade GRB (3 yr)
— Combined Analysis == North v, GRB (7 yr)

E?®, (GeV em 2 sr7t s71)

il : — - Internal Shock Fireball Prediction |-
10 E A — = Photospheric Fireball Prediction [3
- ICMART Prediction

PRI BRI YT B ETTTT SN BT YT BT
103 10 10° 100 107 108 10?
v Energy (GeV)
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GRBs and Gravitational Waves

RN

N\et%et RO ® .neutron star

2500 1 .
= Lightcurve from Fermi/GBM (10 — 50 keV)
g 2250 1 m / gravitational G W " 70 81 7
5 2000 waves
g 1750 ILI 1H.WHN NN | FNMi LAl |||J Nlh WN' g L N' Hﬂl"'nr 0 % MMHJIIMHIJL || / ' / &
R k k neutron star G R B 1 7
2 1250 ~ —W
7 1750 - Lightcurve from Fermi/GBM (50 — 300 keV) merger
ERREVE y-rays graVitatfona\ A Afterglow
s 1207 waves ... ..=. (X-ray/Radio)
4;:-;, 1000 1 |||_,”||”||”... i ' I le UN .,..mlw | [ UL M i ".J. |||I N"""II ] ...”w \ileJm — MMI |”” sy s ::..::'..-_'_:.'.'.-".
Foomof o “1 U o R G AR \se,&‘?‘? R rh o
— Lightcurve from INTEGRAL/SPI-ACS Q}\'é- 30
g 120000 4 (> 100 keV) ‘51} A /
& 117500 - l \& SGRB ">  Weak y-rays
% 115000 A h it HU N %L W gl V B ”h i L i L M | W MJL. ARl N |U I.N_Ill . % Macronova
G Lk i A (UVOIR)
< 112500
/M

IR Gravitational-wave time-frequency map

N 300

)

2 200

c Macronova

g 100

= o 5 powered by

gravitational wave S
50 radioactive
—10 —8 —6 —4 —2 0 2 4 6 .
Time from merger (s) heavy nUC|el

[LVD, Fermi & INTEGRAL, Ap) 848 (2017) no.2, L13]
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GRB 170817A

GW170817 Neutrino limits (fluence per flavor: v, +v,)
10°} 0secimewindow]{  ® NO coincident neutrinos observed

_ ANTARES
el | by IceCube, ANTARES or Auger.
“ ; Auger °
§ 1015- IceCube — E . . .
I —1 | e Consistent with predicted
T SO \ kimaetal { neutrino flux from internal shocks
?TJ 10 e . EE moderate 4
F g° -

and off-axis viewing angle.

1072 -Kimura et al. 0° RS- —-. Kimura et al
. FEE optimistic 4° 4 0° prompt :
10— — e A ol NPT BT RN
10°} _
102 | Auger )
-  —
| = | i ANTARES ]
> Cub ]
2 - leeCube Fang& :
— Metzger ] ——— GW (90% CL)
NGC 4
NLL‘ 10_1 30 days E ; neutrin?)gfandidate (IceCube)
83 Fang & ¢ neutrino candidate (ANTARES)

e | === === IceCube horizon

[
- LAl B L L LR B
N_

1072 hgleézger - — — ANTARES horizon
1 -W1 ays [ ] Auger FoV (Earth-skimming)
o 14 day time-window ys S
103 10* 10° 10° 107 10® 10° 1010 10M!

E/GeV
[ANTARES, IceCube, Auger & LVC, Ap) 850 (2017) 2]
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GRB 170817A - Revisited

10}
1]
0.1¢
T 1072]
merging ! g
sub-shells —— > 103L
I )
| O
: = 10740
I =
: L
2 —_ w1077
3, ! Y
o 1061
V -
) | 107}
F& al 10-8
"
| N
GRB
engine

1 10 102 10° 10% 10° 10° 107 10% 107 100101

| | | |
— Auger
IceCube — —

L

— fixed €], GRB 170817 A

.....
‘‘‘‘

[N
.......
LAV EIRY

off-axis

off-axis
(approximation)

€, [GeV]
IMA & Halser MNRAS 490 (2019) 4]

Formalism can be extended to off-axis emission of
structured jets as in the case of GRB 1708’

7A.
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accretion e -
disk R V]

cloats

i} (BLR/NLR)

Active galaxy powered by accretion onto a supermassive black hole with &

| DESY. )

relativistic jets pointing into our line of sight. \Ze¥/




Fermi-LAT Blazar Limits

| 2LAC Blazar Upper Limit - - éequal Wéighting :
10_6 2 I's1 = =25, k£, > 10 TeV ----------- awei-ght-éi-ng- ------ 3
| e [ = —2.2, F, > 10 TeV | : : ]

10_10: X321 Astrophyéical Diffﬁse Flux 7% _
102 108 10* 10° 105 107 108  10°

Neutrino Energy [GeV] [IceCube, Ap) 835 (2017) 45]

Combined contribution of Fermi-LAT blazars (2LAC) below 30% of the
isotropic TeV-PeV neutrino observation.
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https://arxiv.org/abs/1611.03874

Realtime Neutrino Alerts

Low-latency (<1min) public neutrino alert system established in April 2016.

Iridium
+ Gold alerts: ~10 per year Online Event IceCube ceCube > EHE Alert > avion
o) " Filtering - Lve { i  Live &
>50% SIgnalness . System South © ©  North “»HESEAlert™®  GCN
South Pole, Antarctica Followup
* Bronze alerts: NZO per year ...................................................................... ; -’Reconstructions*

lceCube Data Center, Madison WI

30-50% signalness

[lceCube, PoS (ICRC2019) 1021]

TXS 0506+056

-

O~ DN W Ot J00 ©
Fermi-LAT Counts/Pixel

6 60 ] best ﬁt dlrectlon 10170922A _
; —  [C170922A 50% :
| —— I1C170922A 90%

Earth
absorption

Declination

g

o

'''''''''''''''''''''''''''''''''''''''''''''''''

78 4° 78 0° 77 6° 77 2O 76 8° 76 4°
Galactic Right Ascension
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https://pos.sissa.it/358/1021/

Realtime Neutrino Alerts

IC-170922A
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up-going muon track (5.7° below horizon) observed September 22, 2017
best-fit neutrino energy is about 300 TeV
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TXS 0506+056

— lIceCube (50%) MAGIC (95%) 0 TXS 0506+056 4 . “E““‘X" ﬁm ;;"‘; L. '\;
— - lceCube (90%) Fermi (95%) i ra man s N ‘

L, 872

588

o bed
e g7t 773777733

o
o

e U Txs 050emse D S

on
o

Declination [°]

o hewmad = Wy NEUTRIN“}?
o bl \/ " FROM ABLAZAR

Multimessenger observations
of an astrophysical neutrino
source pp. 115,146, & 147

/8.5 /8.0 77.5 77.0 /6.5

Right Ascension [°] [lceCube++, Science 361 (2018) 6398]

* |C-170922A observed in coincident with flaring blazar TXS 0506+056.
« Chance correlation can be rejected at the 30-level.

* TXS 0506+056 is among the most luminous BL Lac objects in gamma-rays.
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https://science.sciencemag.org/content/361/6398/eaat1378

Neutrino Flare in 2014/15

IC40 IC59 IC79 IC86a IC86b IC86¢
5 1 1 1 1 1 -
=== |ceCube-170922A A = 40
4- Gaussian Analysis _‘\- :
Qé 3 4 = Box-shaped Analysis | \ o I
(@) ]
o 5.

I = 20
1 - ____r’_J_ I 10
O_- — _—— v  p—  E— Y '-]

2009 2010 2011 2012 2013 2014 2015 2016 2017
6.0 [IlceCube, Science 361 (2018) 6398]
1 | | * Independent 3.56 evidence for
U T 069" a neutrino flare (13+5 excess
3 | 5 events) in 2014/15.
§ — . 5.69° 2
| 1 | 5 8 * Neutrino luminosity over 158
—— 4.69° days is about four times that of
’ ‘ ’ Fermi-LAT y-rays.
78.6° 77.6° 76.6°
Right Ascension neutrino “morphology” of 2014/15 flare
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https://science.sciencemag.org/content/361/6398/147

Stars are pulled apart by tidal forces in the vicinity of
supermassive black holes. Accretion of stellar remnants
' powers plasma outflows.

stellar debris

“black hole

........
,,,,,,
W ¥ £

[Credit: DESY, Science Communication Lab]




Tidal Disruption Events

. SWIFT—UVOT + Uvw?22 (193 nm) U (346 nm) _ 1044
— 10-11 . ®0000 o0, +  UVM2 (225 nm) } g (464 nm)
) ""ﬁ*::i : .. ¥ UVWI1 (260 nm) ¢ r (658 nm) —
h " ¢ .¢ ¢ < 0
= bi &I*.}* = L < et + disk o
O .. * e
> R T E .” ;* £110% 2
1072, e ool = [Hhs o3
R ZTF L TS O |
= ’ Wott _— |
. ¢ -
lightcurve of AT2019dsg T
. . . . . -1042
0 50 100 150 200

177 days (after discovery)

* Association of IC-19100TA with TDE AT2019dsg and IC-200530A with AT20191{dr.

* Plot shows optical/UV data from Zwicky-Transient Facility (ZTF) and SWIFT-UVOT
for AT2019dsg

e Combined chance for random correlation of TDEs and IceCube alerts is 0.034%.

[Stein et al. Nature Astron. 5 (2021) 5; Reusch et al. arXiv:2111.09390]
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Multi-Messenger Interfaces

1076 L . . . . ;
— : isotropic y-ray high-energy « ultra-high energy
| ; backeround neutrinos e CcosSmic rays
7 5 roton (E~2) Y
— - (Fermi) (IceCube) b % (Auger)
1077 |
N 3 cascades . . ]

o~ - calorimetric

D S - P (6y1) limit I‘B
g _______________
> 107° | * / 70 ) __
0 production o
= 9.5yr) e
C\L'? HESE

109 | e

T V+v

10 100 10° 10* 10° 10® 107 10% 10° 1010 1ol
energy E [GeV]

The high intensity of the neutrino flux compared to that of y-rays and
cosmic rays offers many interesting multi-messenger interfaces.
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Hadronic Gamma-Rays

EM cascades from interactions in
cosmic radiation backgrounds:

Y+ Yog = €T+ e (PP)
multi- et + Yog — et + y (CS)

messenger
source

. pair production
magnetic

deflection

()
=
~
+
10)
g
=
S
S
+~
Q
Ay}
—
D)
+—
k=

Galactic Center

\ inverse-Compton

102 103 10* 10° 10% 107 10® 10° 10'°10*1 10121013
E [GeV]
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Hadronic Gamma-Rays

Neutrino production via cosmic ray interactions with gas (pp) or
radiation (py) saturate the isotropic diffuse gamma-ray background.

107 e ———————— | E
cascaded and direct PP (V) e ]
gamma-rays saturate pp (y)
— 10® IGRB minimal py (v) _
] minimal py (y) ———— 3
) Fermij
C}lw 10-7 =
=
O
>
[0) -8 _
o) 10 .
=
(Q\|
W 40® E
10-10-...|...|...|...|...|..L|.I.L|.
102 10" 10 10° 10* 10> 10° 10" 10°
E [GeV] [Guetta, MA & Murase’16]

[see also Murase, MA & Lacki’13; Tamborra, Ando & Murase’14; Ando, Tamborra & Zandanel’15]
[Bechtol, MA, Ajello, Di Mauro & Vandenbrouke’15; Palladino, Fedynitch, Rasmussen & Taylor’19]
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Non-Blazar Limit

* Photon fluctuation analyses of Fermi-LAT data allow to constrain the source
count distribution of blazars below the source detection threshold.

2FHL s’ dN/dS for [ >10°

- 2FHL source counts |]
— SIM

—— 100% EGB
—— 85% EGB

e Inferred blazar contribution
to EGB above 50 GeV:

> Fermi Collaboration'15:

o
8 ------- Sensitivity
+16 = :
86714 % RS
° . E
> Lisanti et al.'16: A
C
+9 =
687 (£10) % =
~ Zechlin et al.'16 0 = , .
81+527 10— ' — '11 — ' N
—19 1013 1012 10 10710 107
S [ph/cm? /s] [Fermi'15]
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Hadronic Gamma-Rays

Neutrino production via cosmic ray interactions with gas (pp) in general
overproduce y-rays in the Fermi-LAT range.

10

[Em—
S
2

E2¢ [GeVcecm 25 Lsr 1]
2

[E—
9
O

hadronic y-ray emission normalized to best-fit non-blazar EGB

required:

— v (per flavor)
— total y

— - directy
+ cascade y

HH  IGRB (Fermi)

"~ '\ combined fit range
EE\

pp scenario

Fi" IceCube combined | 7

S - T

E [TeV]

102 0.1 1

E2([) [GeV ecm 2 s Lsr!]

106

hadronic y-ray emission normalized to best-fit non-blazar EGB

FSB =2.0,T] =0.16

— v (per flavor)

; Tamborra, Ando & Murase (2014) — total y
— - directy
i -+ cascade y

L4

EGB (Fermi)

IceCube combined | 1

T

to non-blazar
contribution

T\
H

oo

E [TeV]

BUER

[Bechtol, MA, Ajello, Di Mauro & Vandenbrouke’15]

[see also Murase, MA & Lacki’13; Tamborra, Ando & Murase’14; Ando, Tamborra & Zandanel’15]
[Guetta, MA & Murase’16; Palladino, Fedynitch, Rasmussen & Taylor’19]
[Ambrosone, Chianese, Fiorillo, Marinelli, Miele & Pisanti'20]
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Hidden Sources?

Efficient production of 10 TeV neutrinos in py scenarios require sources
with strong X-ray backgrounds (e.g. AGN core models).

py/yy optlcal depth correspondence

4 | '
4 Fermi-LAT/ power law (oc—2 5) -------
3 | ¥ 4 power law (a=2/3) —— _
g /:,/’/ gray body ..............
2+ g T ! _
- o .
Y C ~. /'/,/
= 1 ’v & CR bound ., - 7
— [ ,on vy annihilation ., Y
S O A .\ L
5
S T
o =
oy Ecé
Q.
-
-3 ©
4 W H l l l l
-3 -2 -1 0) 1 2 3

log(e [GeV])

High pion production
efficiency implies
strong internal y-ray
absorption in Fermi-
LAT energy range:

T, 1000 ];},

— —

[Guetta, MA & Murase’16]
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Multi-Messenger Interfaces

1076 | . . . . :
— : isotropic y-ray high-energy « ultra-high energy
- | background neutrinos g2y e cosmic rays
» : - -
— - (Fermi) (IceCube) proton (£ ) (Auger)
s, 1077 ]
@ S cascades : : ]
o~ - calorimetric
N | T == (6yr) limit I‘B :
ST A VA JEpe % S £ :
% 10-8 | n* / n° _ Waxman-Bahcall .
g production (t;a;k;) limit
Syr) e - _
CE'J -9 HESE ”"cosmo enic”
10 - (7.5yr) & @ .
T :’Q 1% —|_ 17 ",‘

10 100 10° 10* 10° 10® 107 10% 10° 1010 1ol
energy E [GeV]

The high intensity of the neutrino flux compared to that of y-rays and
cosmic rays offers many interesting multi-messenger interfaces.
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Waxman-Bahcall Limit

* UHE CR proton emission rate density: le.g. MA & Halzen'12]

[Eng(Ep)] 10195¢y = 8 X 1043erg NIpC_3 yI‘_1

» Neutrino flux can be estimated as (&, : redshift evolution factor) :
K

E’p(E) ~f, ~—1.5x 107%GeV cm s sr7!
1+ K,. g ,
- IceCube diffuse level
o(1)
* Limited by pion production efficiency: f_ < 1 [Waxman & Bahcall'98]

» Similar UHE nucleon emission rate density (local minimum at " ~ 2.04) :

[EZONEN] 01950y = 2.2 X 10%erg Mpc ™ yr™!
[Auger'16; see also Jiang, Zhang & Murase'20]

» Competition between pion production efficiency (dense target) and CR
acceleration efficiency (thin target).
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Cosmic Ray Calorimeters

* Competing requirements for efficient CR acceleration and subsequent
interaction can be accommodated in multi-zone models.

* Magnetic confinement in CR calorimeters, such as starburst galaxies,

could provide a unified origin of UHE CRs and TeV-PeV neutrinos.
[Loeb & Waxman "06]

 "Grand Unification" of UHE CRs, y-rays and neutrinos?

5
10 [ T T T T T o T T T - 10_5
I o total EG —— | -~ Fermi EGB ~+ IceCube (HESE 4yr) T KASCADE — all
L %XO total Gal © 1 mm= FermiEGB non — blazar == p — allflavor * & KASCADE - light
10% F KASCADE Grande%%X 2_2 . == Associated yray — total ~- Murase — Beacom 2010 ++ A Augerx 1.07
% 5-16 ——— | — —6 | — Associatedyray — source TA + TALE
: o 10 ++ J = CR - all
— 103 - B == CR —medium/heavy
E — = CR—light
@ I
“E 102 » 1077
g v
- :
—_~ 1
w 10 _
0 2 1078
NLLI | LD
10° =
| Ny
1 w 107°
107
-2 i ! v f ‘ ! ‘ \ ‘ —
10 ‘ 10 10 _
10" 10'2 10 10'° 10%° 106
£ [eV] E[GeV]

[Kachelriess, Kalashev, Ostapchenko & Semikoz'17] [Fang & Murase'17]
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Starburst Galaxies

 High rate of star formation and )
SN explosions enhances (UHE) 10
CR production. |

* Low-energy cosmic rays remain 10°
magnetically confined and
eventually collide in dense
environment.

Star Bursts

L)) [GeV/cm2 S sr]
=

A%

* In time, efficient conversion of
CR energy density into y-rays 107
and neutrinos. [Loeb & Waxman '06] |

A%

E2

» Power-law neutrino spectra with 107 - — = .
. . 10 10 10 10 10
nigh-energy softening from CR E_[GeV]
. Vv /
eakage and/or acceleration. [Loeb & Waxman 06]

[Romero & Torres'03; Liu, Wang, Inoue, Crocker & Aharonian'14; Tamborra, Ando & Murase'14]
[Palladino, Fedynitch, Rasmussen & Taylor'19; Peretti, Blasi, Aharonian, Morlino & Cristofari'19]
[Ambrosone, Chianese, Fiorillo, Marinelli, Miele & Pisanti'20]
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UHE CR-Neutrino Correlations?

e Unified source models are tested by - “Observable Universe”
joint neutrino & CR analyses by in neutrinos and UHE CRs

ANTARES, Auger, IceCube & TA.
[PoS (ICRC2019) 842]

* So far, no significant correlations
have been identified.

* Principal challenge: Only 5% of
observed TeV-PeV neutrinos are
expected to correlate with UHE CRs.

;LGZK ~ 5 % neutrino sphere
/IHubble
B Hubble horizon

Markus Ahlers (NBI) Neutrino Telescopes and Results


https://pos.sissa.it/358/842/

Cosmogenic Neutrinos

° ° _7 TTT] = 1T
 Cosmogenic (GZK) neutrinos _ e
produced in UHE CR interactions 5 | F‘ﬁ -
peak in the EeV energy range. DA
(\II 10—8_ T
. . E L
* Target of proposed in-ice 5
>
Askaryan (ARA & ARIANNA), air 3
shower Cherenkov (GRAND) or =
. . - -9 _
fluorescence (POEMMA & Trinity) < 0 S comogenicy
d ete CtO I'S. cﬁ%‘ I Standard i
= T Auger ul, (2017) I Pessimistic
. M . : + | IceCube u.l. (2018)
» Optimistic predictions based on L 10 pomA G 1 ]
high proton fraction and high 5 [ CRANDIeGm
: : > - --= ARA37 (3yr
maximal energies. & [ ARANNAGyD
il | —-— Trinity (3'yr) .
------ GRAND200k (3 yr) Ve s Vy - Vr = 1.1
e Absolute flux level serves as 10~ 1L A

! Ll I Ll Lol Lo
. 10° 10° 107 108 10° 10" 10"
independent measure of UHE CR Neutrino energy Ey [GeV]

composition beyond 40EeV.
[Alves Batista et al.’19]
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= Outlook: Baikal-GVD

PACIFIC

YA, * GVD Phase 1: 8 clusters with 8
T e% | strings each were completed in 2021

nnnnnnnn

nnnnnnnnnnnnnn
'''''

o status April 2022: 9(+1) clusters

e final goal: 27 clusters (~ 1.4 km?>)
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Outlook: KM3NeT/ARCA

KM3NeT
* ARCA : 2 building blocks of 115 = o g
detection units (DUs) % 5
e status April 2022: 8 (ARCA) DUs % 4 --------------------------------------------------------------------------------------------- o
« ORCA : optimized for low-energy * " -

Vam CONventional uncertainty!|
V tm Prompt uncertainty

(GeV) and oscillation analyses L R

[ flux peré flavour 12 10°® (E/1§ GeV)? exgp(-E/S Pe‘é/) GeV' sr1 sem? E
0 05 1 15 2 25 3 35
Observation time [years]

 Improved angular resolution for
water Cherenkov emission.

* 50 discovery of diffuse flux with
full ARCA within one year

* Complementary field of view ideal
for the study of point sources.

detection unit with multi-PMT DOMs
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Outlook: RNO-G

* Detection principle of ANITA, ARA &
ARIANNA (Antarctica)

 Under construction: Radio Neutrino
Observatory-Greenland (RNO-G)

: ‘\\\ ///, Surface

~9m

Deep o*

.. Askaryan
“, Radiation

forward view side view

Hpol E-field polarization E-field polarization

1.z

‘ ot SO
K 4 N |
E // \\
/ \
| ‘

[ \
- @ |-
é:\\ / } .

Vpol

[RNO-G JINST 16 (2021) 3]

Markus Ahlers (NBI) Neutrino Telescopes and Results



Vision: GRAND

Cosmic ray

Radio emission

= K

« Antenna opt|m|zed tor horizontal showers \

'ngﬂ 3 perpen@lmular arms AN

* Frequency range: 50-2 200 l\ﬂﬁlx
) | . Inter antenna spacmg kr'h/

[GRAND SCPMA 63 (2020) 1]
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Outlook: IceCube Upgrade

-

* 7 new strings in the DeepCore .
region (~20m inter-string spacing) "

* New sensor designs, optimized for
ease of deployment, light n
sensitivity & effective area

 New calibration devices,
incorporating lessons from a o e e S
decade of IceCube calibration
efforts

D-Egg

* In parallel, IceTop surface
enhancements (scintillators &
radio antennas) for CR studies.

* Aim: deployment in 2023/24

1000m

Bom " 30cm

Markus Ahlers (NBI)
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1450m 2100m 2150m
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Outlook: IceCube Upgrade

* Precision measurement of
. . . . J—.— DeepCore 3 yr (10)
atmospheric neutrino oscillations IceCube Upgrade
IceCube Work in Progress 1 yr sensitivity (10)

and tau neutrino appearance

_oi OPERA (10)
* Improved energy and angular | . Superk (10)

o 0.0 0.5 1.0 1.5
reconstructions of lceCube data N,
25 | | =
— = Expected (stat. only) 0.00321 ~ " $§Kv/;021081(99(59)/)
g . -- Observed (sys. + stat.) Superk 2018 (90%)
S 20 o- 0.0030{ —-- MINOS 2016 (90%)
o === DeepCore 3 yr 2018 (90%)
O | o= == mmmm [ceCube Upgrade 3 yr sensitivity (90%)
5 15 d o _0.0028 , -
'E' 5 \ o . S
o \ ~ 2
= K o = 0.0026
@© \ & o NEm
= 10- *\* < 0.0024
@ .
= - e HESE cascades
GJ -
= O A 0.0022
0.0020 ,
O S . S . - IceCube Work in|Progress
102 103 104 0.30 0.35 0.40 0.45 050 0.55 0.60 0.65 0.70
: sin?(6,3)
Deposited ener TeV
b gy [TeV] llceCube, PoS (ICRC2019) 1031]
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https://pos.sissa.it/358/1031/

Vision: lceCube-Gen?2

* Multi-component facility (low- and high-energy & multi-messenger)
* In-ice optical Cherenkov array with 120 strings and 240m spacing
* Surface array (scintillators & radio antennas) for PeV-EeV CRs & veto

* Askaryan radio array for >10PeV neutrino detection

Surface Array

Radio Array

IceCube

DeepCore
R PINGU

High-Energy Array

y [km]

string layout surface station

[IceCube-Gen2 White Paper, arXiv:2008.04323]
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https://arxiv.org/abs/2008.04323

Vision: lceCube-Gen?2

Precision measurement of
PeV-EeV neutrino fluxes with
extended in-ice optical and

surface radio array
100s v bursts

AL AL AL AL R ] ~— AN
Eiso = 1OSOerg === |ceCube-Gen2 - | B Gen2-Radio (10 years) w
108 = = |ceCube-Gen2 (optical only) 10709 veivyive=1:1:1 /

Improved sensitivity for neutrino
sources to find the origin of the
isotropic TeV-PeV flux

X9 X 11

10_8?

10_9?

Observable volume, Lsrc=1050 erg [Mpc3]

E2® (all-flavor)[GeV cm™2 s~ 1 sr71]

10719 77,/ —— From AGN
// “~=“ ___. From UHECR, best fit
1/ From UHECR, allowed region
10° il i) L0 S
10 10 10 10 10 10 10 10° 106 107 108 10° 1010 101!
Energy [GeV] Neutrino energy [GeV]

[IceCube-Gen2 White Paper, arXiv:2008.04323]
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Vision: lceCube-Gen?2

: ..
25 50 75
Test Statistic

p-value map of
mock data and sources

=30
5=0 : YRS
5=0 5=30
10-10 . —— IceCube (10y, 5o discovery potential) 10-10 _
- |ceCube-Gen2 (10y, 50 discovery potential) 5X more
- —— lceCube-Gen2 (10y, sensitivity at 90% CL) o o v
" sensitive
5 107" 10}
>
Q, v
e L
~ ¥
w40 p Y ' 107p
7 ¥
10° 10° 100 10° 10" 10° 10 10° 10° 100 10° 10" 100 10
Energy [GeV] Energy [GeV]

[IceCube-Gen2 White Paper, arXiv:2008.04323]

Markus Ahlers (NBI) Neutrino Telescopes and Results


https://arxiv.org/abs/2008.04323

e Neutrino astronomy has reached an important milestone by the
discovery of an isotropic flux of high-energy (TeV-PeV) neutrinos.

* So far, no significant point sources, but many interesting candidates.

* Intensity of cosmic neutrinos is comparable to that of ultra-high energy
cosmic-rays (Auger/TA) and y-rays (Fermi-LAT).

* Many interesting options for joint multi-messenger studies.

* Essential for future discoveries are multi-messenger partners facilitating
low-latency studies.

* In parallel, development of neutrino telescopes for the next decade
with complementary FoV and/or increased sensitivity and energy
coverage.

(Baikal-GVD, KM3NeT, P-ONE, RNO-G, IceCube-Gen2, ARA, ARIANNA, GRAND,...)
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Isotropic Diffuse Gamma-Ray BGR

There is little room in the isotropic diffuse y-ray background (IGRB)
for “extra” y-ray contributions.

IGRB composition with MW SF model
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Astrophysical Neutrino Fluxes

— CuvB core-collapse SNe — avg.atmo.v, + 7, = avg. Galactic diffuse =™ IC cascade (byr) = cosmogenic (p)
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Atmospheric Neutrino Oscillations

e Atmospheric neutrinos with energy E are observed with different zenith angles that
correspond to different oscillation baselines L (lower right plot).

e Arranging the data into bins of L/E one can study the disappearance of atmospheric
neutrinos (lower left plot).

e Together with measurements of tau neutrino appearance (OPERA, Super-K &
lceCube), the data is consistent with oscillations between tau and muon neutrinos.
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Neutrino Mass Ordering

Normal ? Inverted

colours show relative contribution of v,, v, and v,
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Direct Neutrino Mass Measurement

Effective electron neutrino mass term : (m,feﬂ?)2 = Z | U, |2ml.2
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Neutrino-Less Double-Beta Decay

If neutrinos are their own anti-particles (Majorana fermions), they
can be detected by double-beta decay experiments.

60 L

Mass excess (MeV)
&
Q1
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Neutrino-Less Double-Beta Decay
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Markus Ahlers (NBI)

Neutrino Telescopes and Results



Neutrino-Less Double-Beta Decay

expected electron spectrum with no backgrounds

Counts

2vBp

Markus Ahlers (NBI)

Total electron energy
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Neutrino-Less Double-Beta Decay

Effective Majorana neutrino mass : m,, = ‘Z
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Matter Effects
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Matter Effects

Matter effects can introduce a strong energy and time/length dependence
in the neutrino flavour transition.
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Probe of Fundamental Physics

keV MeV GeV

3 | ObservableUniverse - i
& 25 EGZKhorizon T Gpc
é Supernova pC
B 20F High-energy | kpc
e’ R | 4 pe
g 15F . . g P
2 N cosmic neutrinos o
v [ Solar ¥
= 10 F e aU
£ L Geoneutrinos f':ljn 1R
< 5 T - = Re
éo , - | Relactor VSBL — 5D | | | | | | s 1 km

3 5 7 9 11 13 15 17 19 21

Logio(INeutrino energy/eV)
I Mzjorana vs. Dirac I CP violation Flavor mixing

Mass ordering || Gz Cosmic backgrounds
Neutrino decay

Fundamental symmetries
Neutrino cross sections

Sterile neutrinos

Dark matter

[Ackermann, MA, Anchordoqui, Bustamante et al., Astro2020 arXiv:1903.04334]

Markus Ahlers (NBI) Neutrino Telescopes and Results



Pion Production Efficiency

e pion production depend on target opacity T = fon

e “bolometric” pion production efficiency (inelasticity «):

fr=1—exp(—«T)

e inelasticity per pion : k7 = k/ (N, ) =~ 0.17 — 0.2

e “bolometric” relation of the production rates Q:

<N7r+> + <N7r—>

E7Qn= (Ex) =
e charged-to-neutral pion ratio:

K; =

(N70) 4+ (Nz+) 4+ (N

® or in more compact form with Ky:

E2Q.+ (Ex)

<N7TO>

K

=TTk

. [anzz\]QN(EN)}

En=E;/%x

(Ny+) + (Np-) N {2 pPp (CR-gas collision)

1 py (CR-photon collision)

{EZ%IQN(EN)}
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Neutrino and Gamma-Ray Emission

7T+—>,u++yu

® neutrino emission from charged pion decay et 4D
e p

1 [ — B
3 ;Eva (Ev) =~ [EﬂQni(Eﬂ)]En:ALEV
® <-ray emission from neutral pion decay T =y 4y
1 p .
EE'yQ’y(EV) = [EﬂQnO (E?T)]Eﬂzzli7
® neutrino and <y-ray emission are related as
1 1 (N+)+ (N-)
~Y E2Q, (E)) ~ ~ -7 L TE2Qy(Ey)|
3; VQV(X( 1/) 4\ <N7-CO> ) ’)’Q")’( ’)’) E,YZZEV
K ;rl —2

® <-ray emission Is attenuated in sources and, in particular, in the extragalactic
radiation background

Markus Ahlers (NBI) Neutrino Telescopes and Results



