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Image of the Sun in neutrinos Super-Kamiokande (1998)




It’s true: the Standard Model is
Incredibly successful!

SU(3) x SU((2) x U(1) — 18 parameters

Measurement Fit  [O™*-Q"ysm®
ATLAS and CMS Preliminary = RTLAS (I) 1 lp 3
L ) -+-ATLAS+CMS
= —_t
o(9g— _ —zk m, [GeV] 91.1875+0.0021 91.1874
H-ZZ)| - L I,[GeVl  24952+0.0023 24959
Oyer! Ogqr e Go Inb]  41.540+0.037  41.478
= ' R, 20.767 £0.025  20.742
Owi Ogor = Al 0.01714 +0.00095 0.01645
- A(P) 0.1465+0.0032  0.1481
02/ Ogor T = R, 0.21629 +0.00066 0.21579
= R, 0.1721+0.0030  0.1723
¢) H/O' 0b
ttH ©ggF . Al 0.0992+0.0016  0.1038
[ AYF 0.0707 £0.0035  0.0742
WW/ npZZ —_ fb
BR™/BR —— A, 0.923+0020 0935
; A 0.670 + 0.027 0.668
BR"/BR™ ~e+— AC(SLD) 0.1513+0.0021  0.1481
B | 1513+ 0. .
BR"/BR% e S — sin“0°(Q, ) 0.2324+0.0012  0.2314
| o m, |GeV] 80.385+0.015  80.377
BRY/BRZ — I, [GeV]  2.085+0.042 2.092
Ll 1l l L1 1 l L1 1L 1 l VIS IS | l 11 1 1 l 1L 1 1 I 1L 1 1 mt [GeV] 173.20 i 0.90 173.26
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But the model is VERY complicated
for a “Fundamental Theory”

® @

® ®

AT
-\
o
| @ !
? - _v/
e ilBOCN
[ —\
3
N
» e’
¥
(AT

AT :.- _-':-"‘.

g \
Eat )
! L9 o
et )
A :-' _- J.- ,"3"-
£ B ,
B X y
a2 s
S5y

7 n e §
- r;'
[~
td 22}

c el
N
T .

» ’

¥ >

L

® ®

® 0

0P0OOOO®OHWW@H®

That’s a lot of fundamental particles!

And, oddly, they form rows and columns

Flavor structure not explained!

Quarks



Not the first time we’ve stumbled
upon this problem!

, Periodic Table Of The Elements

Number
) Symbol
Name
Atomic Mass
3
3 4 b 6 1 8 9 10 n 12
21 22 23 24 25 26 21 28 29 30
. Sc Ti v Cr Mn Fe Ni Cu In
Seandium ~ Titanium jum  Manganess Iron Cobalt Nickel m Tin
44956 41867 50942 51.996 54938 55,845 56,933 58,693 65.38
40 1 42 43 4“u 45 [ 41 48
5 Ir Nb Mo Te Ru Rh Pd Ag Cd
Zirconium Niobium Molybdenum  Technetium  Ruthenium Rhodium Palladium Silver um
91224 92906 95.95 93,907 10107 102906 106.42 107868 112414
1 13 4 15 16 7 8 19 80
5 Hf Ta W Re 0s Ir Pt Au Hg
Hafnium Tantalum Tungsten Rhenium Iridium Platinum Gold Mercury
17849 180.348 18384 186207 190.23 192211 195085 196367 200592

104 105 106 107 108 109 10 m 112
7 Rt Db Sg Bh Hs Mt Ds Rg Cn
Rutherfordium Meitnerium  Darmstadtium Copernicium

‘ fj H 59 H \ 61 62 63 b1 65 67
Lanthanum Cerium  Praseodymium ~ Neodymium  Promethium Terbium ‘ Dysprosium \ Holmium
138.905 140.116 140.908 144.243 144913 158.925 162.500 164.930

Dubnium m  Bohrium Hassium
[262] “[5‘? [264] 1268]

[218]

(21

[285)

10 n
PAEAE Y
Erbium Twium  Ytierbim  Lutetiom
161259 168934 173085 174361
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And the Standard Model particle
content comprises only a small
fraction of the Universe today ...

Atoms
4.6%

Dark
Energy

71.4%
Dark ’

Matter
24%

TODAY



mass - 2.4 MeV/c? | 1.27 GeV/c? : 171.2 GeV/c? 7 0 =126 GeV/c?

charge > 2/3 213 23 0 0
spin-> 1/2 1/2 1/2 1 0
up charm  top photon E'(')gg?,

4.8 MeV/c? 104 MeV/c? 4.2 Gev/c? 0

-1/3 -1/3 -1/3 0

1/2 1/2 1/2 1

down strange ottom gluon

0.511 MeV/c? 105.7 MeV/c? 1.777 GeV/c?

1

1/2
‘ NUC

<0.17 MeV/c?

0
- 1/2
muon
.~ neutrino

And, why do these particles have mass?

QUARKS
o

91.2 GeV/c?

0

1

Z boson

- 80.4 GeV/c?

- 4 |
1

W boson

GAUGE BOSONS




Outline of the rest of this talk:

1. Neutrinos in general
2. Neutrinos as a cosmic messenger and in lceCube

3. Three strategies to find astrophysical neutrinos

4. Physics with a beam of a astrophysical neutrinos
-Neutrino-Dark Matter Interactions
-Neutrino interferometry in astrophysical baselines

5.The future
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Three

Very
Light

Neutrinos




40 Billion neutrinos are going through your thumbnail
right now. I

X
7

vs from

Supernovae S

Relic vs from

Big Bang
10° per m’ ) ‘
| — - ;
Cosmic Ray —
Showers Beams made from Reactors

and Particle Accelerators

12



They interact by the weak force

Interactions don’t happen often!

Solar neutrino cross section ~ 1043 cm?

Compare to pp fixed target ~ 10->* cm?

...... -

A neutrino has a good chance of travelling through
200 earths before interacting at all!
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We describe interactions in terms of
14 . 7
exchange particles

0 neutrino
V \/ V
c :
@ : .
= / mediator
®
S /\
d d quark

time
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We use the outgoing particle to classify the
neutrino. We term this neutrino “flavor.”

e~ |~ 1~

V. Vu V.
d d d

U

U

IVEBR)
1B
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Neutrino Oscillations Primer

In two generations, the neutrino survival oscillation probability is given by:

1.27TAm?L
E

P(vo — Vo) = 1 — sin?(26) sin” (

PV, —Vg) + P(V, —V,)

o

Distance, x = ct

I Probability that v, has become v, [/ Probability that v, is still v,

i
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103 1C0e
128

Neutrino Hamiltonian

o— standard vacuum term

s 0 0 0 rt s mas
H=""_ U0 Am% 0 U’

20 28 \o 0 AmZ

v(t)) = e i) Vi

Ve

To have a sense of time, neutrinos must have mass.
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Outline of the rest of this talk:

1. Neutrinos in general
2. Neutrinos as a cosmic messenger and in lceCube

3. Three strategies to find astrophysical neutrinos

4. Physics with a beam of a 1000 TeV neutrinos
-Neutrino-Dark Matter Interactions
-Neutrino interferometry in astrophysical baselines

5.The future
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origin of cosmic rays: oldest problem in astroparticle physics
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highest energy radiation from the Universe: protonsi

high energy -
high Iuminosity LHC accelerator should have circumference

of Mercury orbit to reach 102 eV!-

Fly's Eye 1991
300,000,000 TeV




accelerator is powered by
|-Iarge gravitational energy

v and y beams : heaven and earth

> SUPErmassive
>

nearhy
radiation

p+y->n -I-@
directional

beam ~ COSMIC ray + neutrino

magnetic , 2P
fields

~ COSMIC ray + gamma
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| before reaching our telescopes
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highest energy “radiation” from the Universe:
neutrinos and cosmic rays

optical X-rays gamma-rays neutrinos COosmic rays

Fo
L*:"‘.‘ . 3
i T

P
~ .
> S o .
oy Wi, 2 VAN ~

- cosmological max of star formation . .
3 lerra incognilta.
_ ] only revealed by
O 10%E neutrinos
o - nearest Blazar
=
— 10'E
Q
O
C 10°E
g - nearest Galaxy
A 107
107
- Galactic Center Gravitational waves - ripples in space-time
10‘3 | | | | | | | | | | | | |
10® 10% 10% 10° 102 10* 10° 10® 10'° 10%* 10* 10'® 10'® 10%
Energy [eV]
e Universe is opaque above ~100 TeV energy
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Perfect Messenger

+ electrically:neutral 55 & RS SEE.
 essentially massless SRS
. essentially unabsorbed T T
 tracks nuclear processes otz HETy
» reveal the sources of cosmic rays

. ... but difficult to detect . *
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Neutrinos in IlceCube
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Looking at it
from our point of view
here in the northern hemisphere:




|I3E|3UBE

SouUTis POLE NEUTRING OBEEERVATORY

IceCube Laboratory

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

1450 m

Digital Optical
Module (DOM) 2450 m

5,160 DOMs
deployed in the ice

50 m N

86 strings of DOMs,
set 125 meters apart

——

DOMs
are 17

_- ;G’ 1 . il

60 DOMs
on each
string

meters
apart

Antarctic bedrock
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C—G—G—0G—G¢—¢
C—Gp—G—0G—G¢—¢

C—O—C—G—0—¢-

Digital Optical Module

C—O— GGG

C—G—G—0G—G—¢
C—G—G—0G—G¢—¢

(DOM)

Penetrator

HV Divider

Glass Pressure Housing
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¢
¢

Cherenkov-light time and spatial
distribution
5 muon direction

Charged-current interaction
in ice or bedrock

Vit N—>p+X
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These events are really big!
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Remember our

interactions?

Events can start
In the detector
or below it
(through-going).

V e

C

W+

d u

Events must be
contained or
partially
contained in the
detector.

Vi

W+

d u

Events must be
contained in the
detector

VEQIR)
1ES)
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All event morphologies

Charged-current v, Neutral-current /ve ~ Charged-current v ¢

(simulation)

| Isolated energy
Up-going track deposition (cascade) Double cascade

with no track

Factor of ~ 2 energy resolution 15% deposited energy resolution (resolvable above ~ 100 TeV
< 1 degree angular resolution 10 degree angular resolution deposited energy)
(above 100 TeV)
35



Neutrinos from cosmic-ray air
showers

36



Atmospheric neutrinos come
from all directions

\'
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IceCube observes a lot of atmospheric neutrinos!

10*

10°

Experi

Sum of

A

Prompt ¢
Conventional €

Atmospheric
Neutrinos

10° 10* 10° 10°

Muon Energy (GeV)

Phys. Rev. Lett. 115, 081102 (2015) 38



But wait, there’s more!
entaldata e j

redictions
rophysical m—
mospheric

Astrophysical
Neutrinos

10° 10” 10° 10°
Muon Energy (GeV)

Phys. Rev. Lett. 115, 081102 (2015) 39



Neutrinos From Cosmic Beam dump
Blazar: TXS 0506+056

Multimessenger observations of a coonomy GBI DS :}I‘;‘J‘ i, ,‘f’ 25‘.’.?5‘2"';8251'33‘“
flaring blazar coincident with |
high-energy neutrino IceCube-170922A

! e NPa
i =
l $15
The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S., e 7 SO — 13 - -
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR, Py ;i ~ ._ ) ___E,. | BV A7 & = or
VERITAS, and VLA/17B-403 teams™{ B 5@3 cm) \| | i |
S 0 R TS 5 ,

- 4 | |
<5 <l
“T h S

- * . 564_- C :
G S TSR S 7741 7737 7733
6.0 Latlspit ina n Bt 2 LS BRI |

—_ IceCube(50/) AR e e R R T

50 J|— - loeCube (90%) |1 “ixi - cot b e e o]
MAGIC (95%) | i Tt PK80502+049

Fermi (95%) R T it R

o TXS 0506+056 T T a1 T R

Neutrino emission from the dlrection | |
of the blazar TXS 0506+056 prior to

the IceCube-170922A alert — .

B e W
. ” i ! NEUTR|N0§
' | FROMABLAZAR

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

1.5

0.0

78.36° 77.36° 76.36°

Right Ascension




Outline of the rest of this talk:

1. Neutrinos in general

2. Neutrinos as a cosmic messenger and in lceCube

3. Three strategies to find astrophysical neutrinos

4. Physics with a beam of a astrophysical neutrinos
-Neutrino-Dark Matter Interactions
-Neutrino interferometry in astrophysical baselines

5.The future
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10 msec of IceCube data
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Muons detected per year
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r second)

. Atmospheric u ~ 10! (3000 pe

« Atmospheric*v — u ~ 10° (1 every 6 minutes)

. Cosmic** v — u ~ 107
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brAs)

106 atmospheric u
per atmospheric v

e
%107 :
o = e v, (unfolding)
& =
: E v (forward folding)
g 10 = b
% E A v, (DeepCore 2013)
(&) E
>4nd
) 10 E
& =
10° =
107

| [ IIHHI

@

IceECuBe

— Honda v, (HKKMS2007)

. Honda v (HKKMS2007)
10°E modified Honda v,
S i g Bartol v,
soolo b o o b b Lo b i L N

1 (TR DRI HAE THHHE Y T TR Vgl 5.5
Iog10 (Ev/GeV)

Challenges:
Astrophysical neutrino flux is very small
Large atmospheric neutrino and muon backgrounds
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Strategy One: look at the 73 Astophysial
Northern Sky 10~ |

Muon-Template

Sum

103 —E Exp. Data

10% =

Events

- astrophysical
- neutrinos

10~1 =<
IIIII 1 IIIIIIII 1 IIIIIIII 1 e 1 Lo

1.5 =

1.0 —-

0.5 _IIIII 1 1 IIIIIII 1 1 IIIIIII 1 I rrrnn 1 P oo 1 P rreren
102 103 10% 10° 100 107
Muon Energy Proxy / GeV

Strategy:
- Use the Earth to block the large atmospheric muon flux
- Look at the highest energy where the atmosphric neutrino flux
Is smallest 44
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Strategy Two: Use the
outer detector as a veto

u

Strategy:
- Define a veto region in the detector to supress the
atmospheric background,
- Advantage: All-sky vision

103 1C0e
128

45



VBRI
168

High-Energy Starting Events (HESE)

Large muon
background
Is well-
separated

Events per 2635 days

Astrophysical
neutrinos
candidates!

ed Wit} eVen%O/OOOO 3 S
Pe/
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LVE g
168

This event selection contains some of the
highest energy neutrinos ever observed

Caesgeeses -
LR ¢
~etgltsssse -
EEE L 2R}
5 22 -
.
LT IO

>
L
-
:l
.
.
-
-
-
-
-
-
-~
-~
-
L

Color indicates time (red earlier, green later)
Sphere sizes indicate charge deposited.
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Strategy Three: Find tau

neutrinos
N TS / i Most atmospheric neutrinos are mostly
Vi produced by either pion or kaon decay.
,7' L 0
w7y
/iy i : :
//,,;// Tau neutrinos are predominantly produced by
~30 kilometers Ve D-meson decay, which is a very small

contribution.

Tau neutrino contribution negligible in energy
range of interest.

Atmospheric neutrino source

‘ll"—>;.l"'+\/u

I—*e"’+\/e+\7u
T — ].1_+V!_1

|—>e_+Ve+V

1

Strategy:
Yy - Search for high-energy double cascade deposition 48



Strategy Three: Find tau
neutrinos

Detecting anthropogenic tau neutrinos at neutrino experiments

DONUT: charmed mesons (no oscillation)

and emulsion

FL.= 4535 um

Bink = 93 mrad

p >2097% GeVie
pr > 0277011 GeVic

F.L. =280 um

Bt = 90 mrad

p =46\ GeVie
pr =0.4135: GeVic

.:I; "-.,u....,__ ‘-~

] A

""""""
‘‘‘‘‘

FL. =1800 pm

Ok = 130 mrad

p =19%% Gevie
Py = 0.25“2@ GeV/ic

F.L. =530 ym

Oy = 13 mrad

p > 217, GeVie
pr »0.28 212 GeVic

[

e e

;

DONUT Phys. Lett. B, Volume 504, Issue 3, 12 April 2001, Pages 218-224

OPERA: oscillation (appearance from CNGS
muon neutrino beam) and emulsion

My
4 15 35 3

)

No appearance rejected at >5¢

) /(/;
Vi (M ———
\ ——- -—— - dl' L.ghl( r ”I/ ,;"r
\ *.\'.— - i
\ -
A\ 74\
N - \\\ “wd
\\ \
\ \
\ \
\\
\ »
) 4 \ dl
\ 3
N\ - !
3 o |
7L
7 p 1000 ym

OPERA Phys. Rev. Lett. 115, 121802 (2015)

VBRI

tau decay length =y ¢ T = 50m per PeV

168
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First astrophysical v. candidate found!

J. Stachurska, ..., CA@Neutrino2018

Total deposited energy
~ 90 TeV.

First “bang” in time
(shower)

Second “bang” in time

(tau decay)

W+

Ve

—— single cascade —— double cascade -+ -+ exp. data —— reco with bright DOMs - -~
é T I T e e e e e ' brigzjht DOM*
s]
x|
?
©
Q -
o)
(]
© o® g °
s %e\.: 2 /&
© © ® S
o o © o
o (&)
e © o o 5
e © ¢ ° 3 °
©3 ¢ 8 .
o ()
e U
© © © Q
& ° o: 7
® o
(W)
® 0 O ¢ ° ° 9]
© o 9
C o O o
o o
Q
WORK IN PROGRESS| ©

* Bright DOMs are excluded from this analysis
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HOME > SCIENCE > VOL.378,NO.6619 > EVIDENCE FOR NEUTRINO EMISSION FROM THE NEARBY ACTIVE GALAXY NGC 1068
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Evidence for neutrino emission from the nearby active
galaxy NGC 1068
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Latitude |b] Latitude |b] Latitude [b] Latitude |b]

Latitude |b|

Neutrinos from Our Galaxy

y. Optical

y Gamma Ray.
Predicted n®

v Analysis Expectation

Typical Event Uncertainty

Northern Sky Northern Sky

- - B e

Southern Sky Southern Sky

Galactic Coord.

Galactic Longitude [/]

Recent news:

we see our galaxy in neutrinos

IceCube Collaboration, Science, 2023
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1. lceCube is sensitive to all neutrino flavors.

2. \We have measured the diffuse astrophysical neutrino
flux using track and cascade morphologies.

3. First astrophysical neutrino sources are appearing.
Exciting times ahead!

4. We have observed the galaxy in neutrinos!

LV 91
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Outline of the rest of this talk:

1. Neutrinos in general
2. Neutrinos as a cosmic messenger and in lceCube

3. Three strategies to find astrophysical neutrinos

4. Physics with a beam of a astrophysical neutrinos
-Neutrino-Dark matter interactions
-Neutrino interferometry in astrophysical baselines

5.The future
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Outline of the rest of this talk:

1. Neutrinos in general
2. Neutrinos as a cosmic messenger and in lceCube

3. Three strategies to find astrophysical neutrinos

4. Physics with a beam of astrophysical neutrinos
-Neutrino-Dark Matter Interactions
-Neutrino interferometry in astrophysical baselines

5.The future
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IceCube Collaboration, arXiv:2205.12950
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And many more measurements ...
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CA, A. Diaz, A. Kheirandish, A. Olivares-Del-Campo, |. Safa, A.C. Vincent Rev. Mod. Phys. 93, 35007 (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 58




New
Trail With High-
Energy
Neutrinos

S " DM-vinteraction will result in

~ scattering of neutrinos from
- extragalactic sources, leading to
anisotropy of diffuse neutrino flyx.

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




HESE Neutrino Skymap

HESE: high-energy starting events
IceCube Collaboration, arXiv:2205.12950

+: cascade
X: track

rrrrrrrrrrr

Galactic coordinates

N 2 B
21.3 logyo(pprm/GeVem™2) 23

Events are compatible with an isotropic distribution: found no signal!
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Also include effects in energy and direction
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Take aways on
Neutrino-dark matter interactions

1. lceCube brings unigue capabilities to understanding
dark matter.

2. We are now competitive with cosmology, and

getting better with improved analyses
and more data to come!




Outline of the rest of this talk:

1. Neutrinos in general
2. Neutrinos as a cosmic messenger and in lceCube

3. Three strategies to find astrophysical neutrinos

4. Physics with a beam of astrophysical neutrinos
-Neutrino-Dark Matter Interactions
-Neutrino interferometry in astrophysical baselines

5.The future
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Neutrino oscillations:
natural interferometers

Neutrino oscillation is an interference experiment (cf. double slit experiment)

ﬂ

light source slits screen

uJened
aouaJaIa)ul

For double slit experiment, if path v, and path v, have

different length, they have different phase rotations and it
causes interference.
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Neutrino oscillations:
natural interferometers

Neutrino oscillation is an interference experiment (cf. double slit experiment)

If 2 neutrino Hamiltonian eigenstates, v, and v,, have
different phase rotation, they cause quantum interference.

If v, and v,, have different mass, they have different
velocity, so thus different phase rotation. 65



Neutrino oscillations:
natural interferometers

Neutrino oscillation is an interference experiment (cf. double slit experiment)

If v, and v, interact with anything along their way, they will
produce new oscillation features!

For example: long-range neutrino forces, dark matter-neutrino
iInteractions, neutrino decay, Lorentz violation, etc ...
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Flavor composition @ source

(GRBs, AGNSs, blazars, pulsars...) (e : Q- o)

7T+%,u+—|-yﬂ

Pion llﬁ et o U+ Te (1 20)

Neutron n—p+e —+ Ve (1 OO)
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The flavor triangle

Fraction of electron flavor at Earth

68



The flavor triangle

100% muon neutrino

Fraction of electron flavor at Earth
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The flavor triangle

100% electron neutrino
Fraction of electron flavor at Earth 70




The flavor triangle

Fraction of electron flavor at Earth
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The flavor triangle

3 of each flavor

Fraction of electron flavor at Earth
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After oscillations where will the
different sources end up?

Measuring a flavor 0.0,1.0
composition outside of (1:2:0) pion
: . ®(1:0:0) neutron
these regions points to ®(0:1:0) muon-damped
new physics! ®(0:0:1) exotic tau
.6
Ze
CA, T. Katori, J. Salvado
(Phys. Rev. Lett. 115, 161303)
1.0 0.0
00 02 04 06 08 1.0
@
ae

See also Bustamante et al. PRL 115, 161302 (2015); Rasmussen et al. 1707.07684; Palomares-Ruiz
03 0 1411.2998; Palladino et al 1502.02923; Bustamante et al 1610.02096; Brdar et al. 1611.04598; Farzan & 73
£y Palomares-Ruiz 1810.00892; CA et al. 1909.05341; Learned & Pakvasa hep-ph/9405296 ..




Latest Astrophysical Flavor
Measurement

« . All flavors

i “

Double cascade = *°

Fraction of v,

—— HESE with ternary topology ID v, : v, : v, at source — on Earth:
%  Best fit: 0.20 : 0.39 : 0.42 ®w  0:1:0 > 0.17: 0.45: 0.37
Global Fit (IceCube, APJ 2015) e 1:20—030:036: 034
Inelasticity (IceCube, PRD 2019) A 1:0:0 - 0.55: 0.17 : 0.28

"""" 3v-mixing 30 allowed region ¢ 1:1:0—-0.36:0.31:0.33

IceCube Collaboration
EPJ-C 82, 1031 (2022)




Search for Lorentz
Violation via Flavor
Morphing

As neutrinos travel from
their far away source
they can interact with a ol “
Lorentz violating field. N

Effects expected at the
Planck Scale.

Space-time effects
J. Ellis et al arXiv:1807.051550
‘ K. Wang et al. arXiv:2009.05201
f@ Zhang & Ma arXiv:1406.4568
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Trajectories in the flavor triangle in the presence
of Lorentz Violation (LV)

0.0
E(G)Elfl =0 , [ Standard Scenarios ]
® E=1 : 00 (1/3:2/3:0), + N.P.

________________________________ 68% C.L.
1 0 TE =3 _ ~TE mm1 95% C.L.
Hy=—UM“U"\+ d0qU ;.
SR P ORI R 1 VA !
Dimension
Standard Mixing New Physics Terms
(1:2:0) plon 10 0
0.0 01 02 03 04 05 06 07 08 09 1.0
(0:1:0) neutron J
(1:0:0) muon-damped —— : : \
—gee(l:O:O)S—gi;(I:O:O)S —g(eT)(I:O:O)S
[ New ] év (1:0:0), &7 (01 : 0),
Ph}’SlCS (NP) — 8;6; (O -1 - O)S — 85_? (1/3 : 2/3 : O)S
108 160r . . .
IceCube collaboration Nature Physics (2022) arXiv:2111.04654 76
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Results on high-dimensional LV operators

AN NN N N NN
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o 6. | ONN Re(c,;) atm. limit (90%)
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L I y Basia Skrzypek
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9 IceCube collaboration Nature Physics (2022) arXiv:2111.04654 177



What is the nature of neutrino mass?

Excluded by KamLAND-Zen,
GERDA, EX0-200, CUORE

INVERTED
censtuvily goal ol next generation

NORMAL

0.001

i P | L il
0.00001 0.0001 0.001 0.01 0.1 1
m [¢V]
MIN

Neutrinoless
double beta decay

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

4

If Pseudo-Dirac: ultra long-baseline

neutrino oscillation measurements

Arkani-Hamed et al, 2007
Oogquri & Vafa, 2017
Gonzalo, Ibafiez, Valenzuela, 2021 /8



Carloni, Martinez-Soler, CA, Babu, Bhupal Dev arXiv:2212.00737 See also Rink & Sen arXiv:2211.16520
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Oscillation Landscape

K. Carloni PoS(ICRC2023)1040
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PseudoDirac Neutrinos

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
(10-22 —10~12) eV*
m, om? = 10717 2eV? NGC 1068
3 -
o A vV, ,V 1.0
m 3a 3s . ﬂ
3 : — Uy — Ve
0.8_‘ Uy — vy,
> -3 2 T V/l, — Vs
atmospheric ~ 107°eV X 0.6
adl Vy — Vs
T
2041
+ A
m2
at VA b Vaa Vo 0.2}
m2 i
.\ solar ~ 10~%eV?
My 7 b v, 10~ 100 10!
In1 a > E,,/TCV
Lmass - %‘IIECM\IJL VaL
U, = .
(Var)
Dirac neutrinos (Mpr = 0) M 0s Mp
See-saw scenario Mpr >> Mp ~ \Mp Mg

Pseudo-Dirac Mp << Mp
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Neutrino Oscillations At Cosmic Scales

*Estimated sensitivities using public information,
detailed internal IceCube data analysis in progress
IceCube, current

- NGC 1068
{ |B-L 20 7 2 _ 101172 172
z 50 gauge NGO 106 5 - om* =10 "“eV
N3sd | 1424240 TXS 5 -
o5 . 0506-+056 0 -
lo PKS 1424240
» 20 om? =10""*?eV?
IceCube-Gen2, projected = 15+
= 10 -
— 8 5 -
E 0o - |B-L gauge 0-
o TXS 0506056
(AN
| 5o -
36 -
10—22 10—20 10—218 10—16
om?2/eV
B NGC 1068 S5 1044+71 I B2 1520+31
¥ PKS 1424+240 IC 678 " PKS 1717+177
1 TXS 05064056 ! NGC 5380 I 3C 454.3

: ..A.‘./

Work by Kiara Carloni and Ivan
Martinez-Soler

Data analysis pending ... fingers crossed!

K. Carloni, I. Martinez-Soler, CA, KS Babu, PS Bhupal Dev arXiv:2212.00737
See also Rink & Sen arXiv:2211.16520 82




Neutrino Oscillations In Galactic Neutrinos?

spatial distribution P(r, ¢,b = 0)
of neutrinos which arrive at Earth
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spatial distribution P(r, ¢, b = 0)
of neutrinos which arrive at Earth

pseudo-Dirac oscillations: £ =1 TeV, dm? = 107
15
<4 Solar System
10
5 , /
) /
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~— L/
N ( S
S \
—10
—15 '
—15 —10 —9 0 5) 10 15
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Pseudo-Dirac neutrinos can produce oscillations on
galactic neutrinos for mass-squared-differences around 10~ 13%e V2

M. McDonald, K. Carloni, |. Martinez-Soler, CA, ...
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@ ] Ng
& y "

1.Cosmic neutrino oscillations are sensitive
to extremely small mass differences.

2.lceCube astrophysical neutrinos allow
physics-reach into the Planck scale.

3. We are beginning to enter territory of
quantum gravity

LV 91
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Outline of the rest of this talk:

1. Neutrinos in general
2. Neutrinos as a cosmic messenger and in lceCube

3. Three strategies to find astrophysical neutrinos

4. Physics with a beam of a 1000 TeV neutrinos
-Neutrino-Dark Matter Interactions
-Neutrino interferometry in astrophysical baselines

5.The future
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| hope | have convinced you that ...

High-energy solar
neutrinos

lvan MS Jeff L

Search for Lorentz
Violation

Cosmic
Accelerators

Nevutrino
. Astronomy

Multimessenger
Astr

Supernova
Explosions
Gamma Ray
Astronomy
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Physics
Solar Physics
Space-time
Symmetry

ASTROPHYSICS
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SYMMETRIES SCIENCES
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STANDARD
MODEL

Flavor Ratio

Strangelets

Monopoles

Neutrino
Oscillations

'

Heavy Quark
Production
Non-standard
Interactions

Nevtrino Decay

Tau Appearance

NEUTRINO
PHYSICS

EARTH

Sterile Neutrino Search

100.0
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S
= This result (10.7y)

== TeeCube 2020 (10.7y) |z
DeepCore 2023 (8y) \
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Alfonso
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MATTER

Glaciology
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Tomography
Atmospheric
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Indirect
Searches for DM

Neutrino telescopes have great
potential for discovery

Heavy Neutral Lepton

Search

Example decay mode
v

N uyl?
Z +
e
p

Production

Julia Book
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Landscape of New Physics That We can Explore

Standard expectation: gt
Power-law energy spectrum "Qc-"-(“

g

Standard expectation:
Isotropy (for diffuse flux)

v :
CActéét\detec\ion)

<

See CA, Bustamante, Kheirandish, Palomares-Ruiz,
Salvado, and Vincent arXiv:1907.08690 for more
details

Standard expectation:
v and 7y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, v«

Note: Not an exhaustive list
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That potential is growing:
The Upgrades

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

........... 1000m
; b RO 4 R New detector
° .0 g 7w @ technologies.
bl A P Better low energy
* . s reconstruction.
S o Improved flavor
N ji identification.
- . 3;’“
hcobe Diptore Upgmie | 1l 1en
Instrumented Depth
-




Improved light-collection for
low-energy events

N DeepCore g

.-

Detected light

*DeepCore (shown on the left) is the current low-energy extension of lceCube

VBRI
168
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That potential iIs growing:
The Upgrades

Phase 2: x10 the volume
of present lceCube,

plus additional detectors.

o1



KM3NeTl

Work by
Professor Gwen . . _
De Wasseige! Reconstruction level - upgoing - v,CC + v,CC
103_
101_ ’/‘
N
E 101-
©
Y
© 1073
()
A s 717§ _ 2
g | ym—— e O 10_5
C; o w01 Biweed [B. 0
B - - 1 ‘3.- -l | o F =
. - H o107 —— ANTARES
' Rapid deployment :
Autonomous unfurling —— KM3NeT/ARCA21
Recoverable 10~° —— KM3NeT/ORCA18
1
101 103 10° 107

Energy [GeV]

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

2020 2021 2022 2023 2024 2025 2026 2021

NOW ]
ANTARES ANTARES ORCA ARCA
decommissioning legacy papers completions
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1 TeV EMinus, 0.01% of all photons

IceCuBE



0

1 TeV EMinus, 0.01% of all photons
N

t

IceECuBE



Felix Yu

Jeffrey Lazar

That potential is growing:

New Reconstructions

..
el T
1 .l
1
1
1

o B it £

Event Rate (Hz)

Y

103 3

———————————————————————————————————————

10° E

10% 2

I S R S SR S R R R R R R R R R R R R R S S

|
[ceCube

1
Baikal-GVD KM3NeT

Sparse input

T e e o

teelhheadeacbadackbadaas

I

F. J. Yu, J. Lazar, and CA arXiv:2303.08812

Convolutional
kernel

_
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Miaochen (Andy) Jin

[S) (&)
(O]
L ]
L J
Timeslice 0 Timeslice 1 Timeslice 2 Timeslice 3
60 60 60
a0 a0 a0
‘” 20 “ 20 20
(4] 0 of 0 2
10.0 10.0 10.0
50° 0.0 s0° 0.0 50° 00
0.0 .
25 » 25 2.55075 25 2.55075 25 1.55075
10,0 90 100 90 10.0 90 10,0 90
Timeslice 5 Timeslice 6 Timeslice 7 Timeslice 8

Timeslice 10 Timeslice 11

Low-Power Reconstructions

Total Power (Watts) I Inference Frequency per Watt (Total)
I Accelerator Power (Watts) BN [nference Frequency per Watt (Accelerator)

glo-’
If all the lceCube data were processed

- - by GPUs, they would use, on average,
.. X the power of 18 households, whereas
a TPU would use only 1% of this

energy.
gy Google Edge TPU

M. Jin, Y. Hu, and CA 2311.04983

102

10!

100
107!
1072

Inference Power Efficiency (Hz/Watt)
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Thinking about Earth-skimming neutrino detectors

Shower

The geometry here is key for the acceptance of neutrino detection

o7



Thinking about Earth-skimming neutrino detectors

mouys

H B 'E =

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
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William Thomson Diya Delgado Jeffrey Lazar Ibrahim Safa
|‘ill I Y
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DEEP VALLEY " log Energy

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

P. Zhelnin, |. Safa, A. Romero-Wolf and CA ICHEP2022

*TAMBO means house or inn in Quechua.




Malata

Cabanaconde

3 150 We went to Peru earlier last year and found a location for the experiment!
129 First prototype detectors are expected to be deployed next summer.
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' IceCube
I IceCube Gen2
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Neutrino astronomy has started with first high-significance sources.
Exponentially growing field expected.
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We live in exciting times for particle astrophysics

- First astrophysical neutrino sources are appearing.
- Diffuse neutrino measurements hint towards gamma-opaque sources.
- High-energy neutrinos give us a new way to search for dark matter.
- Neutrino interferometry is a powerful tool to measure tiny effects.

We also have great opportunities for the future

- With IceCube we have a rich data set for continuing searches
- With the Upgrade we will have great new precision
- More neutrino telescopes: more data!

May your physics be
L. BSMI

13 100¢
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And many more measurements ...

— LU B
]-029 | % I\Z\IS.\TET/// e
1027 i Cohen et al.)
1025 1y
O T
> JUNO M T
t~ 1023 1
KamLAND %
1021 | Borexino %
=
5
1019 1
107! 10! 10° 10° 107 10” 104
m, (GeV)
o CA, D. Delgado, A. Friedlander, A. Kheirandish, I. Safa, A.C. Vincent, H. White
Y arXiv:2210.01303 105



VBRI
128

Improvements with Machine Learning

Examples from IceCube, but true across the board
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Neutrinos from Our Galaxy

Observed Data Background Scramble
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Neutrinos from Our Galaxy

spatial distribution P(z,y, z = 0)
of neutrinos at production

15 |
[ 4 Solar System 0.008 lceCube Collaboration, Science, 2023
10k o Fain 0.007 1 “=== KRA? Model === KRA? Best-Fit v Flux
0,006 1 EEE KRAf}O Model = KRA‘?),0 Best-Fit v Flux
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IceCube Collaboration, Science, 2023
Diffuse Galactic o, = o eitivity © p-value Best-fitting flux &
plane analyses
70 5.98 1.26x1075 (4.710) 21.8 7%
KRA? 0.16xMF 6.13x1075 (4.370)  0.557018xMF
KRA? 0.11xMF 3.72x107° (3.960)  0.37°013xMF
Catalog stacking
p-value
analyses
SNR 5.90x 10" (3.240)* AR R L T T
PWN 5.93x10~* (3.240)* 100 10 10° 10 10
UNID 3.39x107* (3.400)* E [GeV]
Other analyses p-value v
Fermi bubbles 0.06 (1.520)
Source list 0.22 (0.770)
Hotspot (North) 0.28 (0.580)
Hotspot (South) 0.46 (0.100)
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expected events

107

Expected ATLAS Rates for HESN
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Energy distribution of
starting events and muons
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Sky Coverage of ATLAS
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Flavor Triangle for HESN
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Projected Upgrade Flavor
Measurement
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New constraints on
neutrino-dark matter interactions

IceCube Collaboration, arXiv:2205.12950
T T Dominated N Dominated ]

by Cosmology by IceCube — !
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Color scale is the maximum allowed coupling.

Cosmological bounds using Large Scale
Structure from Escudero et al 2016
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» Similar energy in the y-rays, neutrinos and cosmic rays suggest common origin
[Ahlers 2015, Murase+ 2014, Kowalski 2014]

* Pionic gamma rays associated with high-energy neutrinos cascade in EBL and
contribute to IGRB below 100 GeV — upper limit on neutrino spectrum.

* Cosmic neutrino flux above 100 TeV saturates this limit.

s «Excess at lower energies suggest opaque sources 116



9.5 years of northern-sky neutrinos
show consistent excess over atmospheric background
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Starting Events Energy Distribution And
Inferred Spectrum
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High-Energy Starting Events energy distribution is well described
by a single power-law, but with a spectral index softer than the
northern tracks!
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Neutrino Telescopes In the
Quantum Computer Era

ATOMS/BIT )
Current number encoding e.qg.:

DIGITAL QUANTUM

1025

Int32 00000000000000000000000000000101

UInt32 00000000000000000000000000000101

Float32 01000000101000000000000000000000

1014

Quantum digital encoding:

Store the information in the correlation between spins (parity
states):

’ '
3 '
i '
i '
; i
K '
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' '
i : |
' '

i : : =
108 : i
' '
' '

PAPYRUS PAPER PUNCH CARD MAGNETIC OPTICAL DISK OPTICAL DISK FLASH DRIVE  SOLID-STATE QUBIT CHIP
STORAGE DRIVE
. TEATE
USE 3.

* IBM STORAGE = IBEM MOD. 726 » 1% GEN: CD » 2%° GEN.: DVD

1 O‘|‘I —

.
MPS540, 4TE « PERFORMING CONTEXTUAL COMPRESSION

bit | 1 1 1 1 1 0 1 0 0
* Quantum encoding allows for compression (16qbits). O

 Can store a typical IceCube event in 8 qubits and all google
drive contents in 44 qubits.

* Protocol allows for contextual access to the data: can
retrieve the relevant parts of information efficiently.
J. Lazar, S. Giner, G. Gatti, CA, and M. Sanz (2022) in preparation

XX XY XZ YX YY YZ ZX ZY ZZ

A -1 1 -1 1 -1 1 -1 1 -1

Let’s think how this technology will help
us ten years down the road!

IVEIB[R 8
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See A. Delgado et al. 2203.08805 for recent review on Quantum Computing used in HEP data analysis.
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Sources of Astrophysical Neutrinos
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Search for Lorentz Violation with
High-energy Atmospheric Neutrinos

The analysis sensitivity, especially for )

- - - - H~Tl 1 6B _p.a@ L g2.56) _ g3.a6) ..
high-dimensional operators, is o T @ € a ¢ :
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6
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Lorentz violation changes the ratio of horizontal to vertical events. 121



Leading constraints across several fields of physics

dim. method type sector limits ref.
3 CMB polarization astrophysical photon ~ 10~%° GeV 6]
He-Xe comagnetometer tabletop  neutron ~ 10734 GeV [10]
torsion pendulum tabletop  electron ~ 10731 GeV [12]
muon g-2 accelerator =~ muon ~ 10724 GeV [13]
. B . . o (3) o(3)y, < 2.9 x10724 GeV (99% C.L.) . D
neutrino oscillation atmospheric neutrino |Re(ay7)|, [Im (a,7)] < 2.0 x 10-24 GeV (90% C.L.) this work
4 GRB vacuum birefringence  astrophysical photon ~ 107°° 7]
Laser interferometer LIGO photon ~ 10722 [8]
Sapphire cavity oscillator tabletop  photon ~ 1018 5]
Ne-Rb-K comagnetometer tabletop  neutron ~ 10729 [11]
trapped Ca™ ion tabletop  electron ~ 1019 [14]
: S : : o(4) o(4)y; < 3.9 x 10728 (99% C.L.) : G
neutrino oscillation atmospheric neutrino |Re (cp7)|, |[Im (¢p)| < 2.7 x 1028 (90% C.L.) this work
5 GRB vacuum birefringence  astrophysical photon ~ 107°% GeV 7]
ultra-high-energy cosmic ray  astrophysical proton ~ 10722 to 10~18 GeV—1 9]
. S . . o (5) o(5)y, < 2.3x10732 GeV~1! (99% C.L.) .. G
neutrino oscillation atmospheric neutrino |Re(ay7)|, |[Im (a,7)| <1.5% 1032 GeV—1 (90% C.L.) this work
6 GRB vacuum birefringene astrophysical photon ~ 10731 GeV—2 7]
ultra—hlgh-energy cosmic ray astrophysical proton ~ 10742 t0 10735 GeV—?2 [9]
10N heren ko adi1ation A nnhvsics T3V A n—31 \/ —2
. L o(6) o(6)y, < 1.5x 10736 GeV~—2 (99% C.L.) .. ‘
neutrino oscillation atmospheric neutrino |Re(c¢y7)|, [Im (¢.r)| <91 x 10-37 GeV—2 (90% C.L. this work ‘
7 GRB vacuum birefringence astrophysical photon ~ 107%% GeV~— [7]
. _ . . o(7) o(7)y; < 83x 1074 GeV—3 (99% C.L.) .. G
neutrino oscillation atmospheric neutrino |Re(ay7)|, |[Im (a,7)| < 3.6 x 1041 GeV—3 (90% C.L.) this work
8 gravitational Cherenkov radiation astrophysical gravity ~ 10740 GeV—* [15]
. s . . o(8) o(8)y; < 5.2x 10745 GeV—% (99% C.L.) ..
neutrino oscillation atmospheric neutrino |Re(c,7)|, |[Im (cu7)] <14 x 1045 GeV—4 (90% C.L.) this work ‘

Very strong limits on Lorentz Violation induced by dimension-6 operators!

Nature Physics (2018) s41567-018-0172-2 122




