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“These sources are complicated ...
Unless you have many ways to look at
them you’re not going to figure them out

Francis Halzen on Multimessenger
Astronomy, Scientific American

See CA, Kurahashi,
and Halzen
(arXiv:2405.17623)

“... reality may avoid the obligation to be
interesting, but hypotheses may not.”

Jorge Luis Borges, La Brujula y la Muerte
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Image of the Sun in neutrinos Super-Kamiokande (1998)
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Outline for the rest of this talk

1.Neutrino astrophysics and IceCube

2.Most significant observations in neutrino astrophysics
3.New opportunities for particle physics

4.Future detectors & new ideas
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accelerator is powered by
large gravitational energy
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ICECUBE

S0uUTiH FOLE NELTRING OEEERVATTIRY

50m

IceCube Laboratory

Data is collected here and
sent by satellite to the data
warehouse at UW-Madison

Digital Optical
Module (DOM)

5,160 DOMs
deployed in the ice

2450 m

A ol d o6 n-sc ’ %-’s;:- s :

A National Science Fou
managed research facility

T

60 DOMs
on each
string

86 strings of DOMs,
set 125 meters apart

DOMs ’
are 17 ‘{
meters

apart N

2
)
-

r’

Antarctic bedrock f
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A cubic-kilometer of
clear ice instrumented
with photo sensors.

~1 Gigaton target
mass for neutrinos to
Interact.
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Cherenkov-light time and spatial
distribution
5 muon direction

Charged-current interaction
in ice or bedrock

Vit N> p+X

N
\
\
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Principle
detection
mechanism of

neutrino
telescopes Is
Cherenkov light.
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vn, max E(GeV) == 1206.72
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All event morphologies

Charged-current v,

Up-going track

Factor of ~ 2 energy resolution
< 1 degree angular resolution

Neutral-current / ve Charged-current v+

(data) dim (simulation)

Isolated energy
deposition (cascade)
with no track

Double cascade

15% deposited energy resolution (resolvable above ~ 100 TeV
10 degree angular resolution deposited energy)
(above 100 TeV)

Carlos A. Arguelles — Invisible Workshop 2024

Neutrino
telescopes can
identify tau

neutrinos on an
event by event
basis.



Observables and Models

More: 1907.08690 CA, Bustamante, Kheirandish, ‘k

Palomares-Ruiz, Salvado, Vincent

- Heavy relics
DM annihilation ]

(
|
- DM decay

' "‘ .
(Act%(at

Carlos A. Arguelles — Invisible Workshop 2024

10



Outline for the rest of this talk

1.Neutrino astrophysics and IceCube

2.Most significant observations in neutrino astrophysics

3.New opportunities for particle physics
4.Future detectors & new ideas
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10 msec-of IceCube '/ ./ /
data 177 N Y 7/ . .r

Muons detected per year:

. Atmospheric u ~ 10'! (3000 per second)
« Atmospheric* v — u ~ 10° (1 every 6 minutes)
. Cosmic** v — u ~ 107

oy Carlos A. Arguelles — Invisible Workshop 2024




Diffuse Measurement of the Neutrino Sky

IceCube v EHE limit (2019) -+ Fermi gamma-ray (2014) IceCube v Glashow (2021)

+++  Pierre Auger cosmic rays (2013)  —#— IceCube v globalfit (2023) i  IceCube v ESTES (2023) CA, T. Katori, J. Salvado

(Phys. Rev. Lett. 115, 161303)

0.0,1.0
" - - " (1 :2 O) pion
Isotropic y-ray high-energy ultra-high energy @ (1:0:0) neutron
107° A 0.2 0.8 @0:1:0) muon-damped
i background neutrinos ' " cosmic rays ®(0:0:1) exolictau
—_ [ | - 6 o
< +++ (Fermi) + (IceCube) - (Auger) < ®
m i
. i“‘f&i{* ESTES \ | ;
» ++++ -+~  Muon-dominated -
~ 1077 1 e —Q—# o :
I ~6—_¢ GlobalFit | -
opairi
e ++ +- o, 1.0 0.0
- H_ ‘ 4l ) 00 02 04 06 08 1.0
8 19— —L— mmm aeeB
o 10-% - 4+ Cascade-dominated RE y |
-e_ ] DIH t ngli]h-gnelrg)t/). t Vacuum Earth
o\ astrophysical object Vg
B R
B TT I -
j 1 @ :
all flavours ¢ &
L IceCube work-in-progress & See also Bustamante et al. PRL 115, 161302 (2015);
10 ' ' ' : : ; ' ' ; : ' Rasmussen et al. 1707.07684; Palomares-Ruiz
10 100 103 104 10° 106 107 108 10° 1010 1011 1411.2998; Palladino et al 1502.02923; Bustamante et
al 1610.02096: Brdar et al. 1611.04598; Farzan &
energy E [GeV] Palomares-Ruiz 1810.00892; CA et al. 1909.05341;
L. Lu PoS(ICRC2023)1188 Learned & Pakvasa hep-ph/9405296 ..
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Looking at the archival data in the TXS 0506+056 direction

1IC40 IC59 IC79 IC86a IC86b |IC86¢c

5
== =1 |[ceCube-170922A A . | 40
o ' Gaussian Analysis \ :
-~ 3«4 = Box-shaped Analysis ks
> :
-_— 2 2
| 20
1 ; 1o
0 - — — A ——— -
2009 2010 2011 2012 2013 2014 2015 2016 2017
A original GCN Notice Fri 22 Sep 17 20:55:13 UT 10
- B wm refined best-it direction |C170922A L +35 . . .
5 w= |C170922A 50% - area: 0.15 square degrees 19 TW o 110—24 days 13i5 Slgnal events reJeCtlng
w |C170922A 90% - area: 0.97 square degrees i
e ° - Do = (1.670¢) x 1075 TeV Tem 257! background hypothesis at 3.5¢
7 X
(o
5 6 £
g > TXSOSOG-OOS?. > g
“ e "3 C e o . . .
- No significant gamma-ray emission at earlier flaring time!
2
>.0° PKS osozm@ ’
; E. Kun, I. Bartos, J. B. Tjus et al 2009.09792
- e 0 Te Tz 768 764
Right Ascension Carlos A. Arglielles — Invisible Workshop 2024



Gamma-neutrino anti-correlation?

a PKS B1424-418 ("Big Bird") b TXS 0506+056 (IC-170922A) C PKS 1502+106 (IC-190730A)
2 I [ I I I I I I [ I I I I I I I
1.8 |- 4 1 90 . B _
— _¢_ '" ‘_I/\ ‘_./\ 1.5
'‘w 1.6 | - o B w 'n
C\Ilw ° + g 6.0 + N
£ 1.4 - 1 <a0l E £10 e | -
© 1.2 |- 4 o I PR
= - - ‘_ "o = < [|* o+ |t
x 11 o o 1 =007p X X 05| T -
el O 50 — — 7 . |
< 08 [ - - O < <
0.6 | 1 + + 140 00 I _._+ _
0.4 I I I i I I I I | ‘ | I ' I I I I I I
-60-40-20 0 20 40 60 -10 -5 0 5 10 15 20 -40-30-20-10 0 10 20 30 40
Time (MJD-56265.13) Time (MJD-58018.87) Time (MJD-58694.87)

Figure 3. v-ray light curves for three blazars with coincident high-energy neutrinos. a: PKSB1424-418 as mea-

E. Kun, I. Bartos, J. B. Tjus et al 2009.09792

The gamma-ray correlation is not so direct/obvious
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®
SCleI lce Current Issue  First release papers ~ Archive ~ About v <Submit manuscr

HOME > SCIENCE > VOL.378,NO.6619 > EVIDENCE FOR NEUTRINO EMISSION FROM THE NEARBY ACTIVE GALAXY NGC 1068

@  RESEARCH ARTICLE = NEUTRINO ASTROPHYSICS f ¥ in @ % X

Evidence for neutrino emission from the nearby active
galaxy NGC 1068
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0 NGC 1068 Diffuse flux from v, (25)
TX50506+056 —¢— Diffuse flux from v, v, (17)

-
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a
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TXS 0506+0566 NGC 1068 -
------------------------------------------------- SRR LRICR < S UUT SRR o B TOWE TR See more details in J. Lazar talk (Tuesday)
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Carlos A. Arglielles — Invisible Workshop 2024 19

Right Ascension



Gamma-ray’s and Neutrinos From NGC 1068

| ==-- IceCube v, + v, Best Fit

- Lamastra et al. 2016:4
10—1() :
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Neutrinos from Our Galaxy

lceCube Collaboration, Science, 2023

By oy oy

oy y. Optical
” .
[}
2
©
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Q ACET i ENRE]S
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[}
2
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©
-
Q Predicted m° Northern Sky Northern Sky
)
O S r—
2
§ 15 Southern Sky Southern Sky
— 15 ’ . .
Q v Analysis Expectation
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2 _- Typical Event Uncertainty
o
= 15- D
_15°
Q Galactic Coord.
0) o
z 0
q
-15° .
180° -120°

See more details in J. Lazar talk (Tuesday)
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Outline for the rest of this talk

1.Neutrino astrophysics and lceCube
2.Most significant observations in neutrino astrophysics

3.New opportunities for particle physics
4.Future detectors & new ideas

Carlos A. Arguelles — Invisible Workshop 2024
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Dark matter annihilation

Primary Final
Channels Products
e your favorite theory ‘ ‘ Qo ‘ ‘ » O

W+Z b Tt (E)

lceCube Collaboration 2205.12950.
See also CA, H. Dujmovic arXiv
1907.11193, Dekker et al
1910.12917; Chianese et al.
1907.11222; Sui & Bhupal Dev
1804.04919: Feldstein et al
1303.7320; Murase et al 1503.04663,
Murase & Beacom 1206.2595 ...

Carlos A. Arguelles — Invisible Workshop 2024



Dark matter annihilation to neutrino:
a largely unexplored frontier

10—19 % y'

Q IceCube-EHE

10~ -
g
102117 A
O //
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/N ,f\\\v
{ S
o —929 Ko
E ].O i . Q}\?’
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) /| 3
N _23 i |
> 10 -
\b/ (Olivares
_ ; ] A -
].O 24| Q ' . Dgﬁ?),/’ ——————— IC-Upgrade NTARES CTA ~—~ I i
KamLAND \S_)/: e o)) (Queiroz et al.) _~~ :
-~ Be\\ ek) ’/’ JR4g
,,,, i { IS
10—25 i Vol LT A =7 ’\ﬁ\‘” -
QIUNON VMO SKz i e
10—26 i Thermal Relic Abundance i

0-* 100 100 102 10° 10°® 10° 10° 107
m, (GeV)
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CA, A. Diaz, A.
Kheirandish, A.
Olivares-Del-Campo, I.
Safa, A.C. Vincent Rev.
Mod. Phys. 93, 356007
(2021),

See also Beacom et al.
PRL 99: 231301, 2007 .
See also CA, D.
Delgado, A. Friedlander,
A. Kheirandish, |. Safa,
A.C. Vincent, H. White

(arXiv:2210.01303) for a
recent review focused
on dark matter decay
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Dark matter scattering with neutrinos

U

our favorite theory

e

CA, A. Kheirandish & A.

ﬁ

Scatteri ng Carlos A. Argiielles — Invisible Workshop 2024

'DM-v Interaction will result Iin

scattering of neutrinos from

~ extragalactic sources, leading to
anisotropy of diffuse neutrino flyx.

Vincent Phys. Rev. Lett. 119, 201801
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Dark matter scattering with neutrinos

lceCube Collaboration, arXiv:2205.12950

U HESE: high-energy starting events

.

Q/

your favorite theory

+: cascade
X: track

Galactic

| T
21.3 log1o(ppar/GeVem ™) 23

NS

CA, A. Kheirandish & A. Vincent Phys. Rev. Lett. 119, 201801

ﬁ

Scatteri Nng Carlos A. Argiielles — Invisible Workshop 2024 26




Dark matter scattering with neutrinos

] SM prediction i
10 ) ) ) 1(] 1
< l w/interactions o

8 . 8 -
— | '— N
2. : = |T——_Glashow % o -
z B T N resonance SM predlc_tlon g |
z - o = w/interactions -0

10" | _ = 10° - -

- 10° 10°

1(')3 o B i(')ﬁ S i[)T
Deposited energy /GeV

Deposited energy/GeV

Integrated over energy

Integrated over energy

I
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|
=
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I
=
—

5
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0
0
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0
/{ 0 -1
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Galactic center

your favorite theory

Constraints comparable to cosmology
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Dark matter scattering with neutrinos: new analysis!

-
Medium-Energy
Analysis Range
=
Eingar;;zr;eé%{]ge Work by Diya Delgado
A. McMullen, A. Vincent, CA, A. Schneider arXiv:2107.11491
1.0 ~ ]_0_21 IceCube Sensitivity
> %0 ¢ . . XENON10:DM-e
=+ ———— XENONI1T:DM-e
s (08 - 146 = 10~ - SENSEIL:DM-e
i@ .. &>V . XENON10:DM-n
8 L 190 U QE) ............ XENON1T:DM-n
— - SENSEI:DM-
0.6 - O — —929 " - - N
O - 100 ].0 .....................
@)
al - e S
B 0p)
— (0.4 - | e
© R B 1033 ¢
- Lo Ho T - N -
-Soz 1 | b= - \-\-\——"’——
2 - — 40 - -
o 5 < 10737 £ = 46 Tev e
3 m¢ — 10 MeV Model: Scalar DM, Scalar Mediator \\\ _______
m 20 bt \\\\ =
0.0 m, =1 GeV IceCube work in progress T
LA v LI L L L L) | v LN L L L L L | v LA L L L AL ) | v L AL L L I_7 I_5 '_3 '_1
107 104 10° 106 107 10 10 10 10

Dark matter mass (GeV)

Energy(GeV)

Larger sample sizes data sets yet to be used for these searches.
Only IceCube’s High-Energy Starting Events used so far.
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What is the nature of neutrino mass?
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What is the nature of neutrino mass?
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What is the nature of neutrino mass?
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What is the nature of neutrino mass?
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What is the nature of neutrino mass?

Excluded by KamLAND-Zen,
GERDA, EXO-200, CUORE

INVERTED

3 ensiuvity g gen
0.01

NORMAL

0.001

| R | | [ R A
0.00001 0.0001 0.001
. m__[eV]
Neutrinoless

double beta decay
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What is the nature of neutrino mass?

Excluded by KamLAND-Zen,
GERDA, EXO-200, CUORE

0.001

1 1 lllllll 1 L Lo L L L L L l. L L U L b e B )
0.00001 0.0001 0.001 0.01 0.1 1

Neutrinoless
double beta decay

If exactly Dirac: combine measurements
from Cosmology or direct neutrino mass
measurements and neutrinoless double
beta decay.

3
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If Quasi-Dirac: ultra long-baseline
neutrino oscillation measurements

I CECUBE

| 1UTH POLE NEUTRINO OBSERVATORY

¢

2\




Quasi-Dirac Neutrino Model

Carloni, Martinez-Soler, CA, Babu, Bhupal Dev arXiv:2212.00737

Beacom et al, 2003 (arXiv:hep-ph/0307151
Shoemaker & Murase, 2015 (arXiv:1512.07228)

Esmaili, 2012
1 DaL
L = Y CM¥Y ¥, = c
mass N L L (UaR)
Expected to be the
dominant contribution if
neutrinos are Dirac-like
Lepton-number breking
term.
Dirac neutrinos: M, =0
See-saw scenario: My, > M,
QuaSi-DiraC scenario; MR << MD J. W. Valle Phys.Rev.D 28 (1983) 540

35
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Oscillations With Quasi-Dirac Neutrinos

Beacom et al, 2003 (arXiv:hep-ph/0307151
Shoemaker & Murase, 2015 (arXiv:1512.07228)

Esmaili, 2012
. (10-22 —10~12) eV?2
m,
m. A } V3a ’ V3s
3
L 10-3ay2
atmospheric ~ 1077¢V
+
m,
-" YA } V2a ’ VZS
m,
s solar ~ 10~%V?
m,
- v } Vla ’ Vls
m,
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Oscillations With Quasi-Dirac Neutrinos

Beacom et al, 2003 (arXiv:hep-ph/0307151
Shoemaker & Murase, 2015 (arXiv:1512.07228)

Esmaili, 2012 ; ) )
1 2 2 5m?l’eff
(10—22' L 10—12) 6V2 POé — 5 Z ‘Uﬁjl |U04j‘ 1 + cos ( IR
+ | j=1 i o i
= A } V, ,V
-~ 3a’ 3s
m, Lo 0m? =107V NGC 1068
o7 -
| Invisible — v, > v
— 0.8] — U, — U
..~ 107%eV? | e
atmospheric o — Lo
< 0.6 — U, —V
T S
o4k ||
+ A ﬁ N A o
= A ) |
S IV £
m2 - | |
—4 ~x72 ! .
s solar ~ 107%V 0.0l YD U S
m 101 10" 10!
! v } v, LV B,/ TeV
m
1 Carloni, Martinez-Soler, CA, Babu, Bhupal Dev arXiv:2212.00737
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IceCube, current
e
B B-L gauge
N -
~ 2 L | NGC 1068
F . ol | PKS TXS
. ’ 14244240 5\ U506-+056

. \ //’ \\/I T~

IceCube-Gen2, projected

b

Work by Kiara Carloni and \
Ivan Martinez-Soler

1072 2 1078
om?/eV

¥ NGC 1068 SH 1044+71 i B2 1520+31

' PKS 1424240 IC 678 PKS 1717+177
TXS 05064056 1 NGC 5380 l 3C 454.3

Highest significance sources GB6 J1542+6129

03 2oy
By

Carloni, Martinez-Soler, CA, Babu, Bhupal Dev arXiv:2212.00737
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Search for Lorentz
Violation via Flavor
Morphing

As neutrinos travel from
their far away source
they can interact with
fields in space.

Example: spontaneous
Lorentz violation.

Effects expected at the
Planck Scale.

Space-time effects

J. Ellis et al arXiv:1807.051550
K. Wang et al. arXiv:2009.05201
Zhang & Ma arXiv:1406.4568




Trajectories In the flavor triangle in the presence
of Lorentz Violation (LV)

( R 0.0
@) S(G)Elfl = ( , [ Standard Scenarios
0.9

(1/3:2/3:0), + N.P.]

' mmm 68% C.L.
0.7 mm 95% C.L.

|

________ P ——-
Dimension
Standard Mixing New Physics Terms
0.1
- B 7 7 7 7 &) 7 ‘/' 7
(1 - D) O) plOn 00 01 02 03 04 05 06 07 08 09 1.0
fe
(0:1:0) neutron
G (1:0:0), w7 (1:0:0), me &7 (1:0:0),
(1:0:0) muon-damped [ } £ (1:0:0), ——90:1:0),
PhySiCS (NP) — 822 (O -1 - O)S — 8:_) (1/3 : 2/3 : O)S

lceCube collaboration Nature Physics (2022) arXiv:2111.04654
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lceCube collaboration Nature Physics (2022) arXiv:2111.04654

Results on high-dimensional LV operators

Constraints of neutrino flavor
transition can be interpreted In
various models

Model

Limits

IceCube Lorentz violation limit

Dark matter potential

Dark matter effective Fermi coupling
Dark matter non-standard interaction
Vector dark matter coupling

Axion dark matter coupling

&) < 2x10726GeV

Vir <2x107%°GeV
w <107 GeV?(my /107 eV)
err < 8 X 1077 (my/107%%V)
grr < 3 x107%%(my/107%%V)

Garr < 3 x 107 Bev !

CA, Farrag, Katori arXiv:2404.10926
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Outline for the rest of this talk

1.Neutrino astrophysics and lceCube

2.Most significant observations in neutrino astrophysics
3.New opportunities for particle physics

4.Future detectors & new ideas
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Big Question:
Where are these neutrinos coming from?

I NGC 1068 Astro. v,
TXS 0506+056  —4— Astro. v, v,

IceCube Collaboration, Science, 2022

N. Kurahashi ICRC204 for the IceCube Collaboration
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lceCube is growing:
The Upgrades

Phase 1: 7 new, high-precision strings in
the central, densely instrumented region.
Funded, installation in 2025.

_________ 1000m
® .®
@& 3 ..o : L
° ® ® ®
° . -
A 1o § New detector technologies.
wn 7 i Better low energy reconstruction.
""""" ’ i z Improved flavor identification.
.9 .6 .0
IceCube DeepCore  Upgrade bl B
Instrumented Depth

Carlos A. Argiielles — Invisible Workshop 2024 See more details in J. Lazar talk (Tuesday) 46



Improved light-collection for
low-energy events

B DeepCore B

-

*DeepCore (shown on the left) is the current low-energy extension of lceCube
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Near-term atmospheric neutrinos together

. Current reactor data fit 1 2

HyperK LBL projection for 2030 (2.5 years)
Current NOvA data fit
Current T2K data fit

B Combined atm.v projection, for 2030 (this work)

I Atm. v Combined fit
True NO, sin® 6,3 € [0.45,0.60]

R Atm. v Combined fit
True 10, sin? s € [045 060]

----- HyperK acc. True NO
DUNE ace. True NO
#® SuperK data fit, Neutrino 2022

sin® 63 7 =

10

CA, P. Fernandez,
|. Martinez-Soler,
and M. Jin, PRX 13

sin® 613 7 s e § 041055
00% -30% -10% -5% 5% 10% 30% 90%

lo error size

See also Giner-

{ === SuperK + SKGd (5 years)

\/ Ax? for wrong ordering rejection

iaineds | e 2;‘22’?335:;‘}" i P tart of Hyperkk Olavarrieta, Jin, CA,
e 'Start lof ORCA Fernandez, Martinez-
00028 -+ Tivial * sum 9 e o Soler (2402.13308)
.= 0.0026 - Vi ! :Start of IC-Up and E i L’
= ‘ {SKGd (full Gd loading) B
- ‘ R S 1 0 s s P4
0.0024 - s y -
| R 2025 2026 2027 2028 2029 2030

0.0022 - Yea,r

R Maamaaaemme ol See also talks earlier by
) | ) ' | Carlos A. Argiielles — Invisible Workshop 2024 S. Parke and S. Petcov 48




lceCube is growing:
The Upgrades

Phase 2: x10 the volume
of present lceCube,
plus additional detectors.

5 2024 See more details in J. Lazar talk (Tuesday) 49



Next Neutrino Telescope: KM3Nel

Reconstruction level - upgoing - v,CC + v,CC

103_
101_ ‘Hrrr,.r"/
~N
£ 10
O
Y
o 1073
)
P
T 107>
e
(.
W o-7 —  ANTARES
— KM3NeT/ARCA21
Autonomous unfurling 10-9 — KM3NeT/ORCA18
Recoverable I
101 103 10° 107

ARCA + 10 DUs by December
—”ORCA + 8 DUs by December

2020 2021 2022 2023
I

0
ANTARES ANTARES

decommissioning legacy papers

(Adapted from a slide courtesy of Antoine Koushner)
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1 10PeV u MC
1 1PeV uMC
VHE event
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Number of data events

1000 2000 3000 4000 5000
# of triggered PMTs

...DEVELOPING STORY...

—01.00 -0.75 -0.50 -0.25 0.00 0.25
cos(zenith)

Muons simulated at 10 PeValmost never generate this much light
—Likely multiple 10’s of PeV!!! =
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Future, Water Neutrino Telescope: P-ONE

Phase 2, Demonstrator

3 -... European (‘\

-':.‘.erc Research INN\.)VAI ION
s Council Canada Foundation ~ Fondation canadienne
pour P'innovation

Narional
Science
Foundation

R E for Innovation

2023 - 2027
STRAW : \
1 D Target: 2028-2030
O/O\O
¢ g |E o P-ONE
) . . - \O/
1st pathfinder 2nd pathfinder Papers in preparation P-ONE-1 P-ONE demonstrator

Target: 2025 Target: 2026-27

Mainframe -

Subframe -

(Adapted from a slide courtesy of Elisa Resconi)
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GVD, Russia
KM3NeT, Sicily

ONC, Canada

Galactic center/plane
TXS 0506+056
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Cascade in Water and Ice Compared

10 TeV In Ice 10 TeV Iin water

Water detectors are expected to have better particle
identification capability.
Carlos A. Arguelles — Invisible Workshop 2024
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All i1s that Is very good, but ...
why we can’t find the sources right now?

Carlos A. Arguelles — Invisible Workshop 2024
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Why we can’t find the sources right now?

Trnials and tribulations

Test type Pre-trial p-value (piocq;) Post-trial p-value (pgiopai)

Northern Hemisphere scan 5.0 x 1072 (5.3 0) 2.2 x 1072 (2.00)

~ 445,000 trials —LOG, (p,es)
trials

—

02 Carlos A. Arguelles — Invisible Workshop 2024
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Why we can’t find the sources right now?

Trnials and tribulations

Test type Pre-trial p-value (pjocq;) Post-trial p-vqlue (Pgiobal)
Northern Hemisphere scan 5.0 x 1072 (5.3 0) 2.2 x 1072 (2.00)
List of candidate sources, single test 1.0 x 1077 (5.2 0) 1.1 x 10™° (4.2 0)

List of candidate sources, binomial test 4.6 x 107°% (4.4 0) 3.4 x107* (3.4 0)

i RS VR b | sz Q506+056 ..
1P G 1 g AR R SR Y T R, TR e e NGC 1068
SR e R S PR EPEE Pl T SO RRETEE
24h Oh
| | | |
1 3 5 /
_LOG1C~(p_CCAL)

If you know where to look, bright sources are currently detectable
Carlos A. Arguelles — Invisible Workshop 2024
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Thinking about Earth-skimming neutrino detectors

Shower

The geometry here is key for the acceptance of neutrino detection

Carlos A. Arguelles — Invisible Workshop 2024
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Thinking about Earth-skimming neutrino detectors

MOYS

Il I '

The geometry here is key for the acceptance of neutrino detection
This would be a more ideal scenario, but can’t put mountain over detector

Carlos A. Arguelles — Invisible Workshop 2024
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Pavel Zhelnin William Thomson

And many others ...

38 N ROCK

>4 KM SHIELDING FROM
BACKGROUND MUONS

SEPARATION

*CHARGED-CURRENT
INTERACTION

~WATER CHERENKOV
DETECTOR ARRAY

~M?3 EACH

TAU AIR-SHOWER MOUNTAIN-BASED OBSERVATORY (TAMBO) - COLCA VALLEY, PERU

Y7 W. Thompson ICRC2024 (arXiv:2308.09753) Carlos A. Argiielles — Invisible Workshop 2024 *TAMBO means rest place, house or inn in Quechua.



Cabanaconde

Huambo

CABANACONDE
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Expected rates at TAMBO
given unknown-origin lceCube flux

J. Lazar, P. Zhelnin, W. Thompson for the TAMBO Collabotion (2024, to arXiv)

10"

Global fit Cascades 6 yr
Inelasticity 5 yr == HESE 7.5 yr

= N. tracks 9.5 yr
S. tracks 10 yr

Most likely event rate
given lceCube
measuremetns

1

| yr1000 mod. |
=
L

dN,
Y dE,dt

E

For 5000 sensors we expect a couple of events
every year.

Few events, but every event points to a source:

no trial factor in a IceCube/KM3NeT follow up

10 ©°
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Towards a Joint Global Neutrino Telescope

(Diagram courtesy of Qinrui Liu)
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Many neutrino telescopes on similar
energy ranges and with complementary | lceCube-Gen2
capabilities under construction/planning | SouthPole)

100 (G0
159
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Q. Liu, F. G. Fiorillo, CA, M. Bustamante, N. Song, A. C. Vincent (arXiv:2312.07649)

25 -
| lceCube
I |ceCube Gen2
I Baikal GVD
>0t KM3NeT
- P-ONE
 m TAMBO
— | mmm TRIDENT
& 15¢
i !
O
£ |
-
S 10}
> !
5-
W15 2020 2025 2030 2035 2040

Neutrino astronomy has started with first high-significance sources.

Exponentially growing field expected.
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1077

Specialized Neutrino Telescopes

|:| § 1 IIIIIII 1 IIIIIII 1 IIIIIII 1 IIIIIII 1 IIIIIII 1 IIIIIII 1 IIIIIII 1 IIIIIII 1 IIIIIII 1 IIIE
. CA, Kurahashi, and Halzen (arXiv:2405.17623) —
FU) -4 B Art by Jack Pairin
o 107 =
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*Energy ranges here are only approximate and meant for illustration, not to be taken at face value. E [G eV]
"
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The Power of Collaboration:
Flavor measurements

P ' ' ¢ ' | ¢ rir T 1 ¥ T 71
NP 16 »TAMBO

_s 6 - 1 P-ONE Standard oscillations, NO 0.0

.B. 12:‘ KM3NeT All regions 99.7% C.R. 01 1.0 Q@ 7t decay: (1:2:0)g

[ Baikal GVD . _

;Es 8 s IceCube-Gen?2 : 1 B 2020: NuFit 5.0 09 @ p-damped: (0:1:0)g
R 4F  TceCube 2040: JUNO ) .

:g S + DUNE 0.2 /N 0.8A n decay: (1:0:0)g

------

*e,
'''''''
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= 1.0
- 0
< o S
= 0.7 §§
& 0.6F om0 & N
g 0.5 —; Qg/ ?®
g 041 —
03- ...................... Sin2612 - 09
T ] = =2040 (proj.): IC 15 yr + Gen2 10 yr (99.7% C.R.) 0.1
1.0 —— 2040 (proj.): Combined v telescopes (99.7% C.R.)
~ 02— e e e 7 7 7 7 7 7 7 7 7,00
~ 10#{ """""" i A Nomamitarity T "I """ E 00 01 02 03 0.4. 05 06 07 08 09 1.0
— 09F = Fraction of v,, f, o
COH - ba=e Wa=u Aa=1 - /

I T S TR (N TN S T T T SO S T S HNN TN T SR SO A SR RO S
= 0-85015 2020 2025 2030 2035 2040 N. Song, S. Li, CA, M. Bustamante, A. Vincent (arXiv:2012.12893)
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100 (G0
159

We live in exciting times for particle astrophysics

- First astrophysical neutrino sources are appearing.
- lceCube is able to observe neutrinos from all flavors.
- Neutrino interferometry is a powerful tool to measure tiny effects.

We also have great opportunities for the future

- With lceCube we have a rich data set for continuing searches

- With the Upgrade we will have great new precision

- More neutrino telescopes: more data!

- Diversified neutrino telescope portafolio opens new opportunities for discovery

May your physics be
. Bswm!
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Bonus slides
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Dark Matter Decay To Neutrinos

1029 _ % — VU v g leeCube-HE GRAND
: 7 _--"P-ONE | | X« LHAASO -~ .
e ; CA, D. Delgado, A.
p ; =T TA . Friedlander, A.
/7 ANTARES 2 : :
1027 - Coen et al | Kheirandish, |. Safa,
A.C. Vincent, H. White
arXiv:2210.01303
L
/\]-O 0 HK (Bell et al) -1
®w, | SsK-wm T
S JUNO T T
= 10%3- !
KamLAND|
1021 ) Borexino
1019 i
Work by Diya Delgado
10! 101 107 10° 107 10” 10
m, (GeV)
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Quasi-Dirac Oscillations and Galactic Neutrinos

spatial distribution P(r, ¢, b = 0) spatial distribution P(r, {,b = 0)
of neutrinos which arrive at Earth of neutrinos which arrive at Farth
: 1 _ 2
15 pseudo-Dirac oscillations: £ =1 TeV, dm? = 10 o ey
15 ¢
0.00200
0.00200
+ Solar System <4 Solar System
10 0.00175 10 0.00175
0.00150 0.00150
5 5 / ,
. 0.00125 5 0.00125
o,
iy, 0 vy 0 &)
~ 0.00100 ~ ~ 0.00100
=
> i $
- 0.00075 . ‘ 0.00075
0.00050 0.00050
—10 —10
—-0.00025 -0.00025
—15 | L0
—15 | ()
" 15 _ 10 5 0 5 10 15 —15 —10 —d 0k 5 10 15
r / kpc z / kpe

Pseudo-Dirac neutrinos can produce oscillations on
galactic neutrinos for mass-squared-differences around 10~ 3¢ V2

M. McDonald, K. Carloni, R. Alves, CA, and |. Martinez-Soler to appear
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Constrains on Dark Matter Neutrino Scattering

lceCube Collaboration, arXiv:2205.12950

1

1073 102 101 10
m, /GeV

Color scale is the maximum allowed coupling.

Cosmological bounds using Large Scale
Structure from Escudero et al 2016
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S. Sclafani PoS(ICRC2023)1108
Observed Data Background Scramble
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=:= 50% Contour

Test-Statistic Contribution 1/ sr

KRA'i; Model —— KRA? Best-Fit 1 Flux
‘ KRA?0 Model = KRAZ" Best-Fit v Flux
« 79 Model 79 Best-Fit v Flux
D.ff ‘ G ] t. o . o IceCube All-Sky v Flux (22)
FHSE B EACHE plux sensitivity @ p-value Best-fitting flux ¢ 107° 5
plane analyses : _
0 5.98 .26 1075 (4.710) 21.8 +“‘J T
KRA® 0.16xMF 6.13x107% (4.370)  0.557G15xMF 7
KRAZ 0.11xMF 3.72x107% (3.960) 0. 27*8 }foF 3
Catalog stacking e
: p-value S
analyses .
SNR 5.90x10~%(3.240)*
PWN 5.93x107* (3.240)*
UNID 3.39x 107" (3.400)" s |
™ W i
E, [GeV]
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2014 Neutrino Flare From TXS 0506+056

SNR=50

MASTER vs IceCube

* Enhancement is seen

IceCubel70922
SNR=2

2014-2015 is
correlated with
enhancement in radio

[Garrappa+, 2019]

around IC170922A in — -
gamma-rays and A S
radio, and a drop in 7 2008 2009 2010 2011 2012 yzeoE::S 2014 2015 2016 2017 2018 2019
Optlcal' _ A4 - 1c170922A
:"’ ':;:Lr::\n:r:?,r:aiglzﬁg/la neutrino flare
] . e 3| 4 Fermi-LAT 100 MeV - 1 Tev in 2014
* Neutrino flare in £ gamma ray
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Improved light-collection for
low-energy events

B DeepCore B

-

*DeepCore (shown on the left) is the current low-energy extension of lceCube
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How would these events look like?

-4.0

o /
o /
. . . . 4
o®
/]

—2 —1 0 1 2

Figures possible by the amazing simulation work done by Jeff Lazar, Pavel Zhelnin, and William Thompson
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Atmospheric neutrino distributions

[ceCube Upgrade

1200 ¢

1000}

300 f

Events/3years
@)
-
-

200 L]
- Cascades  cosf € [—1, —0.8]
10" 10!
E,|GeV]

The sensitivity to the ordering is dominated by the cascades
crossing the core in IC-upgrade and ORCA around the GeV.
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Atmospheric neutrino oscillation probabilities

Multi-GeV ’

Q
Q

At the GeV scale, trajectories crossing the mantle experience an Al 0.5: v
MSW resonance, making neutrinos sensitive to the mass ordering: 7
Normal Ordering
* The matter effect enhances the oscillation of neutrinos (anti- 0.0 - — ‘
neutrinos) for NO (l1O) 0
A 0.5
80 s : Invert Ordering
0.0t !
60 10" 10*
S0 E,|GeV
= 40 _-
20F 2 Th 9
: 0, » e enhancement of 3 lead to a deep
O [r— e in P, for v () for NO (l0)
—100 —50 0 50 100
pY E Palomares-Ruiz and Petcov, NPB 712 (2005)

Akhmedov, Maltoni and Smirnov, JHEP 05 (2007)

Carlos A. Arguelles — Invisible Workshop 2024

77



