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TeV-EeV v cross sections v self-interactions
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TeV-EeV v cross sections v self-interactions v scattering on Galactic DM
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TeV-EeV v cross sections v self-interactions v scattering on Galactic DM
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Astro: Find & understand sources Make predictions for
Particle: Turn predictions into tests a new energy regime
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Making high-energy astrophysical neutrinos: a toy model
(orp +p)




Making high-energy astrophysical neutrinos: a toy model
(orp +p)

—~A

Proton density

Energy




Making high-energy astrophysical neutrinos: a toy model
(orp +p)

2 Z
oy )
= ~E? g
)

° E
5 g
)

2 2
A~ a»

Energy Energy




Making high-energy astrophysical neutrinos: a toy model
(orp +p)

2 Z
o p—) )
= ~E? 5
)

° E
5 g
)

2 2
A~ a»

Energy Energy




Making high-energy astrophysical neutrinos: a toy model
(or p + p)
p+m, Br=2/3
P+ Yarga = A7 { n+m, Br=1/3
0 — 9y +y
o utt+v, > v, +tet+v,+ 0,
n (escapes) —» p +e + v,

Neutrino energy = Proton energy / 20
Gamma-ray energy = Proton energy / 10




Redshift g ] z=0

Note: v sources can be steady-state or transient
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TeV-PeV
v telescopes

today

ICECUBE

NEUTRINO OBSERVATORY

Strebe/Wikipedia



IceCube — What is it?

» Km3 in-ice Cherenkov detector in Antarctica

» > 5000 PMTs at 1.5-2.5 km of depth

» Sensitive to neutrino energies > 10 GeV




Shower Track

(mainly from v, and v,)

i)
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Angular resolution
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Poor angular resolution



Main high-energy
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Standard expectation:
Power-law energy spectrum

Standard expectation:

Isotropy (for diffuse flux)
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Neutrino energy spectrum (7.5 yr)

100+ contained events above 60 TeV: Data is fit well by a Single power law:
: B Data —Yastro
! stro. d@G E
4 =i, o Y = — 1078 GeV lem 2 s sr!
% 101_5 &:—}‘-}H N Atmo. Muons dEV astro 100 TeV
p 15.0 7
2 1004 { —— IceCube HESE 7.5yr (This Work)
°§ ] ] —— IceCube Inelasticity 5yr
= 12.5 ] = IceCube Cascades Gyr
1 = IceCube Northern Sky Tracks 9.5yr
107" T o ] -~~~
10 10° 109 107 10.07
Deposited Energy [GeV] 8 ]
v attenuated by Earth Atm. v and p vetoed % 7.5
S i —— Upgoing S
ﬁ 10 T mm Atmo. Conv. cos ez =i—] 5.0 ]
% E EEl Atmo. Muons :
@ 1073 o e T S A E
L 2.5
Z 10 ]
5 0.0 . .
2107 2 3
= cos0, = +1 Yastro IceCube, 2011.03545

Downgoing

-1.0 —0.5 0.0 0.5 1.0



Neutrino energy spectrum (7.5 yr)

100+ contained events above 60 TeV: Data is fit well by a single power law:
: W Data —Yastro
! stro. d@G E
'{_I | :tmo. Conv. i = —V * 10—18 Gev_l Cm_2 S—l SI'_l
% 101_3 &:—}‘-}H I Atmo. Muons dEV astro 100 TeV
p 15.0 7
2 107+ ] —— IceCube HESE 7.5yr (This Work)
°§ 3 4 = IceCube Inelasticity 5yr
= 12.5 ] = IceCube Cascades Gyr
] = IceCube Northern Sky Tracks 9.5yr
107" T T 4 77N
104 10° 10° 107 10.07

Deposited Energy [GeV]

v attenuated by Earth Atm. v and p vetoed
1 F b g—t—Pp Upgoing
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q)astro

2| Astro.
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R il et

Events per 2635 days (> 60TeV)

100é
107!
cos0, = +1 Yastro IceCube, 2011.03545
1072 Downgoing

S B I = Spectrum looks harder for through-going v,
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Standard expectation:
Isotropy (for diffuse flux)




Distribution of arrival directions (7.5 yr)

No significant excess in the neutrino skymap:

+75°

. Largest TS
Post-trial

p-value: 0.092

Galactic Cente

Milky Way sources? ' ' | | | | | | |

They only contribute, at 0.0 10.5 21.0
most, a few Times 10 TS = —2A ln(ﬁ)
of the tofal diffuse flux IceCube, 2011.03545




Standard expectation:
Equal number of v, v, vz



Astrophysical sources Earth
| Up to a few Gpc \

l
Eg,

Oscillations change the number
-------------------*
of v of each flavor, N., N, N,
Different production mechanisms yield different flavor ratios:
(fe,S/ f 1,5y fr,S) = (N e,Sy N 1,5y N r,S)/ N tot

Flavor ratios at Earth (o = ¢, p, 1):

foz,EB — Z PVB—H/& fﬁ,S

B=e,u,T



Astrophysical sources Earth
| Up to a few Gpc

Oscillations change the number

L T L

of v of each flavor, N., N,, N,

Different production mechanisms yield different flavor ratios:
(fe,S/ f 1,5y fr,S) = (N e,Sy N 1,5y N T,S)/ N tot

: - R :
Flavor ratios at Eaf"M’ T): ' Standard oscillations !

_ ' or
fa,@ — Z PVB_”/O& fﬁvs i new physics
B=e,u,T LT T




Quick aside: how to read a ternary plot

Assumes underlying unitarity —

sum of projections on each axis is 1

How to read it:
Follow the tilt of the tick marks

Always in this order: (f,, f,, f.)

00 01 02 03 04 05 06 07 08 09 10

Fraction of v,
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Quick aside: how to read a ternary plot

Assumes underlying unitarity —

sum of projections on each axis is 1

How to read it:
Follow the tilt of the tick marks

Always in this order: (f,, f,, f.)

00 01 02 03 04 05 06 07 08 09 1.0

Fraction of v,




From sources to Earth: we learn what to expect when measuring f,

( Sources

\_

E.g,

(fe,Saf,u,S7fT,S) (

Oscillations

\

012,023, 013,0cp)

b

(fe.or fu@: fro)

>

Earth

____*@@



One likely TeV-PeV v production scenario:
p+y_)ﬂ:+el’l++vp fOHOWGdby “+—)e++ve+\7p

Full r decay chain
(1/3:2/3:0)s

Note: v and™ are (so far) indistinguishable

in neutrino telescopes
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One likely TeV-PeV v production scenario:
p+y_)ﬂ:+el’l++vp fOHOWGdby “+—)e++ve+\7p

Full 71 decay chain

(1/3:2/3:0)s
Muon damped
(0:1:0)s
/ /
03 04 05 06 O ] . : Note: vand™ are (so far) indistinguishable
Fraction of v, in neutrino telescopes



One likely TeV-PeV v production scenario:
p+y_)ﬂ:+el’l++vp fOHOWGdby “+—)e++ve+\7p

S @

rECseay Full 7t decay chain
u-damped
' A A ndecay (1/32/30)5

Muon damped
(0:1:0)s

Neutron decay

(1:0:0)s
00 01 02 03 04 05 06 07 08 09 10 Note: vand™ are (so far) indistinguishable
Fraction of v, in neutrino telescopes



Measuring flavor composition: 2015-2020

IceCube Collab., EPJC 2022
IceCube Collab., PRD 2019
IceCube Collab., ApJ 2015




Measuring flavor composition: 2015-2020
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Measuring flavor composition: 2015-2020

0.0
] 2015: IC, cont.+thr.

14 © 7 decay: (1:2:0)g
@ u-damped: (0:1:0)g
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IceCube Collab., ApJ 2015




Measuring flavor composition: 2015-2020

0.0
] 2015: IC, cont.+thr.

7 2018: IC, cont. 0.1
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Measuring flavor composition: 2015-2020

IceCube Collab., EPJC 2022
IceCube Collab., PRD 2019
IceCube Collab., ApJ 2015
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] 2015: IC, cont.+thr.

7 2018: IC, cont. 0.1
[ 2020: IC, cont. (w/ v¢)
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real data
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All regions at 68% C.L. or C.R.

/ / / / 7 7 / 74 / / / 0.0
00 01 02 03 04 05 06 07 08 09 10

Fraction of ve, fe s




Standard expectation:

v and y from transients arrive
simultaneously




Bright in gamma rays, bright in high-energy neutrinos

Energy in neutrinos o energy in gamma rays

00 S 10 MeV
/ dEyEvFy(Ey) = 3 [1 - (1 - @p%ﬂ) p;] 7/ dEy By Fy(Ey)
0 e J1 keV

E. Waxman & J. Bahcall, PRL 1997
D. Guetta et al., Astropart. Phys. 2004




Bright in gamma rays, bright in high-energy neutrinos

Energy in neutrinos o energy in gamma rays

4 I

00 S 10 MeV
/ dEyEvFy(Ey) = 3 [1 - (1 - @p%ﬂ) p;] 7/ dEy By Fy(Ey)
0 e J1 keV

E. Waxman & J. Bahcall, PRL 1997
D. Guetta et al., Astropart. Phys. 2004




Bright in gamma rays, bright in high-energy neutrinos

Energy in neutrinos o energy in gamma rays
L - — N

4 I - I

CAELELFL(E) — <1 - (1 O
| BB RE) =51 (1= (o)) 2 [ AB B ()

E. Waxman & J. Bahcall, PRL 1997
D. Guetta et al., Astropart. Phys. 2004




Bright in gamma rays, bright in high-energy neutrinos

Energy in neutrinos o energy in gamma rays
L - — N

~

_
00 1 TH f 10 MeV
/0 dE EyFy(Ey) =< [1— (1 — (zposn)) ™ 7 / dEyEyFy(E,)
-

e
Fraction of total p energy
given to pions

E. Waxman & J. Bahcall, PRL 1997
D. Guetta et al., Astropart. Phys. 2004




Bright in gamma rays, bright in high-energy neutrinos

Energy in neutrinos o energy in gamma rays
L ot . N

~

_
00 1 TH f 10 MeV
/0 dE EyFy(Ey) =< [1— (1 —({zpsn)) ™ 7 / dEyEyFy(E,)
-

e
Fraction of total p energy
given to pions

E. Waxman & J. Bahcall, PRL 1997
D. Guetta et al., Astropart. Phys. 2004




Bright in gamma rays, bright in high-energy neutrinos

Energy in neutrinos o energy in gamma rays

- ~—
L N
e N -~ ™
00 1 . 10 MeV
/ dEyEyFy(Ey) = ] [1 - (1 - @p%ﬂ) p;] | dEy By Fy(Ey)
0 N y /1 keV

) e
Fraction of total p energy

siven to pions Baryonic loading

E. Waxman & J. Bahcall, PRL 1997
D. Guetta et al., Astropart. Phys. 2004




Bright in gamma rays, bright in high-energy neutrinos

Energy in neutrinos o energy in gamma rays
L ot . N

4 N : I

10 MeV
dE')’ E’TF'Y(E'Y)

/0 " AB, By Fy(E,) % [\1— (- <xp%>)"’m/]

) Y
Fraction of total p energy
given to pions

Liso 4 /
Optical depth to py: 7, = (1052 gl 1) (0.01) (@) ( MeV )
ergs ty I €+, break

E. Waxman & J. Bahcall, PRL 1997

D. Guetta et al., Astropart. Phys. 2004

/1 keV

Baryonic loading
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Blazar TXS 0506+056:

IceCube, Science 2018
1C40 1C59 1C79 1C86a 1C86b 1C86c
5 1 ] 1 1 1 -
=== IceCube-170922A A 4o
47 Gaussian Analysis \ E
Q; 3 Box-shaped Analysis ol NP
<0 :
S 94 .
| - 20
14 —_f’_J_l L1
= g
0 - — — e ] = .
T T — T T T T — e — T Y
2009 2010 2011 2012 2013 2014 2015 2016 2017
After ve—analysis (2101,09834),
significance dropped 2014-2015: 1345 v flare, no X-ray flare 2017: one 290-TeV v + X-ray flare
from p-1x10-s fo p-gx10-3 3.50 significance of correlation (post-trial) 1.40 significance of correlation

=

Combined (pre-trial): 4.10




Today
TeV-PeV v

Astro: Find & understand sources
Particle: Turn predictions into tests

Key developments:

Bigger detectors — larger statistics
Better reconstruction
Smaller astrophysical uncertainties




I1.

What have we learned
about astrophysics



Fluxes at Earth

. Gamma rays Neutrinos Cosmic rays
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Fluxes at Earth
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Fluxes at Earth

. Gamma rays Neutrinos Cosmic rays
10- S E— S L L L L NS L e L L T
f —+ Fermi EGB —— IceCube (HESE 6yr) *§ KASCADE —all
[ == Fermi EGB (non — blazar) I IceCube (v, Gyr) t ¢ KASCADE — light
1 O -6 3 _ ?t? A Auger (Ex 1.05)

— | ﬁﬂ 1{_ TA + TALE (E x 0.91)
= 107 % .. Roughly.the same ﬂux lev
- ol TR / """

Hint of joint production?
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E[GeV]

GRAND Collab., 1810.0994 (Adapted from Fang & Murase 2017)
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Gamma-ray bursts and blazars — not dominant

Gamma-ray bursts Blazars




Gamma-ray bursts and blazars — not dominant

Gamma-ray bursts Blazars
ELSLELLLLLL S S SLLLLLL LI ILLLLL SR LLLL EELLELULLLL C I ! ‘ T T T
| W Global Fit (2015) South v, GRB (5 yr) |3 || 2LAC Blazar Upper Limit = = lequal weighting
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1172 GRBs inspected, no correlation found 862 blazars inspected, no correlation found
< 1% contribution to diffuse flux < 27% contribution to diffuse flux



Gamma-ray bursts and blazars — not dominant

Gamma-ray bursts Blazars
B Global Fit (2015) South v, GRB (5 yr) 2LAC Blazar Upper Limit - = Ecqual Wciighting
North v, (2016) = Cascade GRB (3 yr) |] T 1070 Tsi= 25, > 10 TeV [0 y-weighting -5
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! ! : ! : ] | : : :
S 107 Tl ]
v—io .
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=~ 108k Very new (2111.10169):
<2 27%-100% might be from AGN!
A:L .
S 107 s
&) [
! | | 10-10L ‘ :
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v Energy (GeV) IceCube, ApJ 2017 Neutrino Energy [Ge\/]

862 blazars inspected, no correlation found

1172 GRBs inspected, no correlation found
< 27% contribution to diffuse flux

< 1% contribution to diffuse flux



... but we have seen one blazar neutrino flare!
Blazar TXS 0506+056: AR

1C40 1C59 1C79 1C86a 1C86b 1C86¢
L L L '] 1

"1 JceCube-170922A A F 40

Gaussian Analysis

Box-shaped Analysis E L 35

—logig p

= 20

- 1o

T v ]
2009 2010 2011 2012 2013 2014 2015 2016 2017

= Ty

2014-2015: 1345 v flare, no X-ray flare 2017: one 290-TeV v + X-ray flare
3.50 significance of correlation (post-trial) 1.40 significance of correlation

| - —
===

Combined (pre-trial): 4.10

Hard fluence: E*Jyo = 2.1707 (555 )_2'&0'2 TeV cm ™2

100 TeV

Joint modeling of the two periods is challenging!




... but we have seen one blazar neutrino flare!

Blazar TXS 0506+056:
IceCube, Science 2018
1C40 1C59 1C79 1C86a 1C86h 1C86¢
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2014-2015: 1345 v flare, no X-ray flare 2017: one 290-TeV v + X-ray flare
3.50 significance of correlation (post-trial) 1.40 significance of correlation
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Combined (pre-trial): 4.10
) —2.1£0.2

1f every blazar produced neufrinos

Te\/ Cm_2 as TXS os06+056, the diffuse v flux

would be 20x higher than observed:

Hard fluence: E?Jyo) = 2.17°07 (155w

Joint modeling of the two periods is challenging!



... but we have seen one blazar neutrino flare!
Blazar TXS 0506+056:

IceCube, Science 2018

1C40 1C59 1C79 1C86a 1C86b IC86c
5 '] '] 1L 1 1L -
"1 JceCube-170922A A F 40
47 Gaussian Analysis
i 3 d Box-shaped Analysis o R
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After ve—analysis (2101,09836), “ l
significance dropped 2014-2015: 1345 v flare, no X-ray flare 2017: one 290-TeV v + X-ray flare
from p=1x10-5 to p-gx10-3 3.50 significance of correlation (post-trial) 1.40 significance of correlation

===

Combined (pre-trial): 4.10
) —2.1£0.2

. 1f every blazar produced neufrinos
TeV cm 2 as TXS 0s06+056, The diffuse v flux

would be 20x higher than observed:

Hard fluence: E?Jyo) = 2.17°07 (155w

Joint modeling of the two periods is challenging! -
35



Tidal disruption events
Solar-mass star disrupted by SMBH (>10°M,)

W Py ~50% of the debris bound to the SMBH,
B creates a flare (occasionally a jet)

NASA



NGC1068: The first steady-state source of high-energy v

Active galactic nuc’leué

¢¢¢¢¢

Brightest type-2 Seyfért i

+22 :“ **. : ' i\ﬂ ’{,"
7950 v of TeV energy WS .

2 41.0 40.8 40.6 404 40.2

Significance: 4.26 (global) " B

P

IceCube Collab., Science 378, 538 (2022) . N Eé{:g’k i};icggreﬁzcgﬁ



I NGC 1068 Astro. v,
TXS 05064056 ~ =—¢=— Astro. v, v,

10° 10* 10° 106 107
IceCube, Science 2022 EU [ GeV]




Bright in gamma rays, bright in high-energy neutrinos (?)

Energy In neutrinos o« energy in gamma rays

Waxman & Bahcall, PRL 1997




Bright in gamma rays, bright in high-energy neutrinos (?)

- e,

Energy in neutrinos « energy in gamma rays

\.I.o Waxman & Bahcall, PRL 1997

Fudge factors:
Source properties (e.g., baryonic loading)

Particle effects (e.g., v-producing channels)




Bright in gamma rays, bright in high-energy neutrinos (?)

- e,

Energy in neutrinos « energy in gamma rays

\.I.o Waxman & Bahcall, PRL 1997

Fudge factors:
Source properties (e.g., baryonic loading)

Particle effects (e.g., v-producing channels)

But the correlation between v and y may be more nuanced:
Gao, Pohl, Winter, ApJ 2017




Bright in gamma rays, bright in high-energy neutrinos (?)

Energy In neutrinos « energy in gamma rays

I Waxman & Bahcall, PRL 1997

Fudge factors:
Source properties (e.g., baryonic loading)

Particle effects (e.g., v-producing channels)

But the correlation between v and y may be more nuanced:
Gao, Pohl, Winter, ApJ 2017

Sources that make neutrinos via py
may be opaque to 1-100 MeV gamma rays

Murase, Guetta, Ahlers, PRL 2016

Modeling of py interactions & nuclear cascading

in the sources is complex and uncertain

Morejon, Fedynitch, Boncioli, Winter, JCAP 2019
Boncioli, Fedynitch, Winter, Sci. Rep. 2017




Source discovery potential: today and in the future
Bl Accounts for the observed diffuse v flux (lower/upper edge: rapid/no redshift evolution)

Closest source with E2¢VM+,7M =107 GeVem 257!
10°
105 L
104 L
103 L
102 L

10 |

S
it

--- IceCube
—- 5xIceCube
------- 20 x IceCube

effective local density peg [Gpc_3]

—_
i
N

—_
9
w
4

107 109 107 102 109 109 10% 10% 107 10
effective neutrino luminosity L, [erg/s]

Ackermann, MB et al., Astro2020 Survey (1903.04333) — See also: Silvestri & Barwick, PRD 2010; Murase & Waxman, PRD 2016




High-energy neutrinos from the Galactic Plane
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High-energy neutrinos from the Galactic Plane
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High-energy neutrinos from the Galactic Plane

15°

y. Optical

0°

Latitude |b]

-15°
15°
y Gamma Ray.

0°

Latitude |b]

-15°
15~ g
Predicted m° Northern Sky Northern Sky

O° - -

Latitude |b]

Southern Sky Southern Sky
-15°

'180° 120° 60° 0° -60° -120° -180°
Galactic Longitude [/]

IceCube Collab., Science 2023



High-energy neutrinos from the Galactic Plane
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High-energy neutrinos from the Galactic Plane
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High-energy neutrinos from the Galactic Plane

1 IceCube All-Sky v Flux (22)
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High-energy neutrinos from the Galactic Plane
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High-energy neutrinos from the Galactic Plane
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What have we learned
about particle physics
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(Acts during propagation)

(Acts at production)

Monopoles

Note: Not an exhaustive list
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(Acts at production)

Monopoles

(Acts at detection)
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Standard expectation:

i Standard expectation:
Power-law energy spectrum g &g\km

Isotropy (for diffuse flux)
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(Acts at production)

~Heavy relics
~ DM annihilation,

DM decay.

Monopoles

(Acts at detection)

Standard expectation:

v and y from transients arrive
simultaneously

Note: Not an exhaustive list

Standard expectation:
Equal number of v, v, vz



Standard expectation:
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Standard expectation:

y Standard expectation:
Power-law energy spectrum &g\

Isotropy (for diffuse flux)

N
S

: \\

\ 9 <
~
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(Acts at detection)

Standard expectation:

v and y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, vz

Note: Not an exhaustive list



Standard expectation:

Standard expectation:
Power-law energy spectrum e‘:’“ :

Isotropy (for diffuse flux)

Standard expectation:

v and y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, vz

Note: Not an exhaustive list



Standard expectation:
Power-law energy spectrum
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Standard expectation: Standard expectation:

Power-law energy spectrum Qec,&“’m Isotropy (for diffuse flux)
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Reviews:
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Fundamental physics with high-energy cosmic neutrinos

» Numerous new v physics effects grow as ~x,, - E" - L

» So we can probe x, ~ 4 - 10* (E/PeV)" (L/Gpc)™* PeV'"

» Improvement over limits using atmospheric v: x, < 10 PeV, x; < 10

» Fundamental physics can be extracted from four neutrino observables:

» Spectral shape

» Angular distribution
» Flavor composition
» Timing
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Fundamental physics with high-energy cosmic neutrinos

E.g,
n = -1: neutrino decay

» Numerous new v physics effects grow as ~x,, - E" - L } n = 0: CPT-odd Lorentz violation

n = +1: CPT-even Lorentz violation

» So we can probe x, ~ 4 - 10* (E/PeV)" (L/Gpc)™* PeV'"

» Improvement over limits using atmospheric v: x, < 10 PeV, x; < 10

» Fundamental physics can be extracted from four neutrino observables:

» Spectral shape

» Angular distribution
» Flavor composition
» Timing

In spite of
~ poor energy, angular, flavor reconstruction
& astrophysical unknowns




Two examples

a Flavor stuff

\ Good chances of discovery
or setting strong bounds

a Cross-section stuff




Flavor:
Towards precision, finally

(with the help of lower-energy experiments)



One likely TeV-PeV v production scenario:
p+y—nt—pt+v, followed by pt—et+v. +v,

S @

:j::ze 4 _—""Full 7 decay chain
' A A ndecay (1/32/30)5

Muon damped
(0:1:0)s

Neutron decay

(1:0:0)s
00 01 02 03 04 05 06 07 08 09 10 Note: v and v are (so far) indistinguishable
Fraction of v, in neutrino telescopes



From sources to Earth: we learn what to expect when measuring f,
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Next decade: a host of planned neutrino detectors
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Knowing the mixing parameters better helps

— IceCube 15 yr (68%, 95%;, 99.7% C.R.)
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+ Marginal improvement til 2040
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v and y from transients arrive

Note: Not an exhaustive list

Standard expectation:

Standard expectation:
Power-law energy spectrum Qeo\(\)“‘ Isotropy (for diffuse flux)
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New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:
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Reviews:
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

» Neutrino decay Mixing + decay 0 No decay
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; . D - O 50
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] GU,SCP: var. 3¢ 01 . - Y

D =0.10
NH
0% M D=0.01
0.3 (complete)
e
0.7
0.8

Oyﬁec;ubezm
NAVAVAY

0O 01 02 03 04 05 06 0.7 08 09 1

Reviews: f e,® MB, Beacom, Murase, PRD 2017
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:
0.0

» Neutrino decay
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010;

MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017]

» Tests of unitarity at high energy

[Xu, He, Rodejohann, J[CAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, JCAP 2021]

Reviews:
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017

Unitarity O (2;8)5
bounds ® (1:2:0)s
A (120:0)5

&
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0.8
\\\ // \\\ ,
1.0 \ / \ /
/) > 7 . 7 0.0
0.0 0.2 0.4 06 0.8 1.0

Ve fraction (fe,@) Anlers, MB, Mu, PRD 2018



New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:
0.0,1.0

» Neutrino decay
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010;
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017]

» Tests of unitarity at high energy
[Xu, He, Rodejohann, J[CAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, JCAP 2021]

. ) . ) @

» Lorentz- and CPT-invariance violation ol e
[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010; O" ?, 8 ®
Kostelecky & Mewes 2004; Argtielles, Katori, Salvad6, PRL 2015] (4 A =

A \/_’I s o et \ 00
00 02 04 006 08 1.0

@ Argitielles, Katori, Salvadd, PRL 2015

Reviews: (8
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017 €




New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

» Neutrino decay Detection effect 0.0 @ NSls in Earth
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; 1.0 ® Det. NSI
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] 0 1 -
0.9

» Tests of unitarity at high energy

[Xu, He, Rodejohann, JCAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, JCAP 2021]

» Lorentz- and CPT-invariance violation

[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010;
Kostelecky & Mewes 2004; Argtielles, Katori, Salvad6, PRL 2015]

» Non-standard interactions
[Gonzalez-Garcia et al., Astropart. Phys. 2016;
Rasmussen et al., PRD 2017]

0.0
000102030405060.70.8091.0

Reviews: § e+é’® Rasmussen et al., PRD 2017
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

» Neutrino decay 95% cred. int.

[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; 0.0,1.0 NH
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017]

L
—
—
e’

» Tests of unitarity at high energy all considered

[Xu, He, Rodejohann, J[CAP 2014; Ahlers, MB, Mu, PRD 2018; ; I d d
Ahlers, MB, Nortvig, JCAP 2021] EXpP. INCluae

CoOmON
Y Y e Y
e £

» Lorentz- and CPT-invariance violation L
[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010; X 0.4 i e e
Kostelecky & Mewes 2004; Argtielles, Katori, Salvad6, PRL 2015] T L T

S 90000

e

» Non-standard interactions
[Gonzalez-Garcia et al., Astropart. Phys. 2016;
Rasmussen et al., PRD 2017]

» Active-sterile v mixing

[Aeikens et al., JCAP 2015; Brdar, Kopp, Wang, JCAP 2017;
Argtielles et al., JCAP 2020; Ahlers, MB, JCAP 2021]

0.0 0.2 0.4 0.6 0.8 1.0
Reviews: Xe Brdar, Kopp, Wang, JCAP 2017

Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

: 0.0

» Neutrino decay St mixd _ log(Vey /eV)
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; il miXing params .
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] Varying 1¢ (IO) \ 09  _op i oo 1615 17 2

» Tests of unitarity at high energy

[Xu, He, Rodejohann, J[CAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, JCAP 2021]

08 O Standard mixing

0.7

» Lorentz- and CPT-invariance violation
[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010;
Kostelecky & Mewes 2004; Argtielles, Katori, Salvad6, PRL 2015]

» Non-standard interactions

[Gonzalez-Garcia et al., Astropart. Phys. 2016;
Rasmussen et al., PRD 2017]

» Active-sterile v mixing

[Aeikens et al., JCAP 2015; Brdar, Kopp, Wang, JCAP 2017;
Argtielles et al., JCAP 2020; Ahlers, MB, JCAP 2021]

» Long-range ev interactions
[MB & Agarwalla, PRL 2019]

Reviews:
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017



Neutrino-nucleon cross section:
From high to ultra-high energies



Valera, MB, Glaser, [HEP 2022 —f_
Adapted for Snowmass 2021: Ackermann, MB, et al., [HEAp 2022 Center Of mass energy \/g [GeV]
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Valera, MB, Glaser, [HEP 2022 v
Adapted for Snowmass 2021: Ackermann, MB, et al., [HEAp 2022 Center Of mass energy \/g [GeV]
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Measuring the high-energy vN cross section

Distance from Earth’s surface to IceCube

. 1 N L4 r —
Optical depth to YN int’s Mean free path inside Earth

Below ~ 10 TeV: Earth is transparent Above ~ 10 TeV: Earth is opaque

20N

Hooper, PRD 2002; Hussain et al., PRL 2006; Borriello et al., PRD 2008
Hussain, Mafatia, McKay, PRD 2008 Connolly, Thorne, Waters, PRD 2011; Marfatia, McKay, Weiler, PLB 2015

20N

= T(EV? ez) X OvyN
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Measuring the diffuse flux precisely
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Point-source limits




Point-source limits
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Point-source limits

IceCube-Gen2 (optical) KM3NeT
Northern sky Southern sky

25 50 75 100
Test Statistic

>~
I
Jeo
Z
o)
H

107 g | KM3NeT/ARCA, 6 y
5=30" ?1 E ........... IceCube, 7 y
= i —— ANTARES, 9 y
5=0 S " I
e = — — IEPPTLLLLL TP |
6=0 6=30 | 1 0 - T, 3
10—10 —— IceCube (10y, 50 discovery potential) 0—10 n o ."'.,' .
—— |ceCube-Gen2 (10y, 50 discovery potential) > : "-.' :
- —— IceCube-Gen2 (10y, sensitivity at 90% CL) 7 | n
» D)
g O 9
§10™" ) 107" - 10~ oy =
< (a] L .
: L ‘ 2 L e :
x ¥ @ :\/ .
N 10—12 — 3 10—12 _— 2 i
—¢—|_|? I e | | P - | |
o — ' -1 -0.5 0 0.5 1
10° 10 10" 10" 10" 10° 10 10° 10° 10 10

Energy [GeV] Energy [GeV] KM3NeT, Astropart. Phys. 2019 S11 (5 )

IceCube-Gen?2, |. Phys. G 2021

[We will reach comparable sensitivity in both hemispheres ]




JUSIOHIP Ping

)
T
-
e
-
e
b
e
-




o —
3 T
O [0e]

T IIIIII| T T IIIIIII T T / “‘I T T

-

i
—_
o

All-flavor neutrino flux, E%CI)VH [GeVem2s Lsr1]
3

@ IceCube HESE (7.5 yr)
@ IceCube vy, (9.5 yr)

L | | | | R R | | ] | | L1 | | | | L
107 108 10° 1010
Neutrino energy, E, [GeV]

[N
@)
[o)




—_ —_
S S
Ne) ©
T IIIIII| T T IIIIIII T // T T
|

-

i
—_
o

All-flavor neutrino flux, E%CI)U” [GeVem2s Lsr1]
3

@ IceCube HESE (7.5 yr)
@ IceCube vy (9.5 yr)

L | | | | R R | | ] | | L1 | | | | L
107 108 10° 1010
Neutrino energy, E, [GeV]

[N
@)
[o)




[N
2
0]

All-flavor neutrino flux, E%CDVH [GeVem2s Lsr1]

@ IceCube HESE (7.5 yr)
&) IceCube v, (9.5 yr)

Neutrino energy, E, [GeV]

10~ |
1010 =
Ultra-high energy range |
10—11 . | . ioniononnl . . innnll
106 107 108 10° 1010




[N
T
[0e]

All-flavor neutrino flux, E%CI)VH [GeVem2s Lsr1]

@ IceCube HESE (7.5 yr)
@ IceCube vy, (9.5 yr)

Neutrino energy, E, [GeV]

10~? E

10-10 E

Ultra-high energy range |

10—11 ! L | ! L ] ! s L |
100 107 05 107 10




@ IceCube HESE (7.5 yr)
@ IceCube vy, (9.5 yr)

:“

|

—

CD [ T T T T T T T T T T T T T T T T \ T T T T T T T T I T T T T T T T ]
— L \'\-é.u\g_er u.], ,./',",’-'/"/ i
(\|l _— — - -

E 10*8 X ,./‘)' ----- e

) - — ]
S \ :

Q r i
&) - _

[N B 7

o
(o 10_9 - -
NES - 3
48| B ]

x\ - =

=i " i
- L i

e

-1

g 107 ;

=2 - §

Q N i

< § i

— - i

o I ]

% Ultra-high energy range
EI 10_11 1 L 1 1 L 1 L 1 | 1 1 1 1 1 1 1 L I 1 1 1 1 1 L 1 1 I L L L 1 It L 1 1
g 106 107 108 10° 1010

Neutrino energy, E, [GeV]




All-flavor neutrino flux, E?,CIDVW [GeVem 25 1sr1]

@ IceCube HESE (7.5 yr)
@ IceCube vy (9.5 yr)

—_
3
0]

-

........ @& PUEO (3 flights, 100 days)
S ,(7 =
[E - O
i RETN % RNO-G ]
L . _
i TAMBO T
107 Cr =
- Trinity, 7 A, :
L as, (]0 4
L Yr)
i 1C-Gen2 Radio sens. (10 yr) 1
10~10 |
Ultra-high energy range |
10_11 1 | 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 || 1 1 1 1 1 I 1 1 1 1 1 1 1 |
10° 107 10° 10° 1010

Neutrino energy, E, [GeV]




All-flavor neutrino flux, E%CI)VW [GeVem 25 1sr1]

@ IceCube HESE (7.5 yr)
@ IceCube vy (9.5 yr)

—_
3
o

1 lILlIlI

1077F © .
i s, j
I 1C-Gen2 Radio sens. (10 y1) |
10~10 |
Ultra-high energy range
10— 11 . N . L] . . . . L
10° 107 103 10° 1010

Neutrino energy, E, [GeV]




All-flavor neutrino flux, E%CI)VW [GeVem 25 1sr1]

@ IceCube HESE (7.5 yr)
@ IceCube vy (9.5 yr)

—_
3
o

Ultra-high energy range

1C-Gen2 Radio sens. (10 yr)

1 lIIlIlI

llIIlIl

1 IIllIII

1077
10—10
10—11

10°

107

103
Neutrino energy, E, [GeV]

1010




Redshift g

e \

TeV-PeV v
PeV p

Photohadronic or pp interaction
inside the source

“High-energy’

4

1 i
\
\,

prd

\5—

\\~~ -(\
é é "HEv

o

o

Note: v sources can be steady-state or transient

v propagation
inside the Earth

v detection




Redshift g ] z=0

Note: v sources can be steady-state or transient

Vv propagation
inside the Earth

v detection

’ é HE v

{ \
i ]
\ é’l -
' UHE source v
\
\
\
\
\\

meV y Undiscovered I

EeV v
“Ultra-high-
EeVp energy”
Photohadronic or pp interaction
\ inside the source /




Redshift g

Note: v sources can be steady-state or transient

Vv propagation
UHE P+ nuclej '/"‘_\

inside the Earth
— /‘UIjIE Cosmogenic v, v detection
HE v =
UHE source v 'l")\w@\ \
a ) — \
é/’ — '-. UHECR
5 ; detection
t { CMB/EBLy \
EeVv
e EeV p “Ultra-high-

energy’
Photohadronic interaction
\ during propagation




Redshift g

Note: v sources can be steady-state or transient

Vv propagation
inside the Earth
UHE p + nuC Iei "I” ’_~‘\\\
\ 2/# ,"UHE Costmogeniic v detection
"”— -~\\‘ + == ‘\\\\

\ ) N

\Q' T, ’ \\
' UHE source v 7N \
\ L) —— \
\“ ‘‘‘‘‘ -\\\ |‘

. é’-f AN \ UHECR
o \ (] .
\ \ i detection
\ \ - i -
o \ (e
EeV v \ EeV v
“Ultra-high- Pt “Ultra-high-
EeV p energy”’ EeV p
Photohadronic or pp interaction
inside the source y

energy’
Photohadronic interaction
\ during propagation




All-flavor neutrino flux, E%CIDVH [GeVem 25 1sr1]

IceCube HESE (7.5 yr) extrapolated
y p
@ IceCube vy, (9.5 yr) extrapolated
iz y p

- — — — — — —

. — — —— o =

. — —— " - —
— — —— —

o — —

—n—
o —

—_
3
o

1077k

I IC-Gen2 Radio sens. (10 yr) T
10~ 101 =
L @ IceCube v extrapolated i
r : Cosmogenic v T
. Source v -

Ultra-high energy range @ Cosmogenic + source v

1 0 - 1 1 1 ] 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 i 1 || 1 1 1 I 1 1 1 1 1 1 |

106 107 10° 10° 1010

Neutrino energy, E, [GeV]



@ IceCube HESE (7.5 yr) extrapolated
@ IceCube vy (9.5 yr) extrapolated
Heinze et al., fit to Auger UHECRs
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@ IceCube HESE (7.5 yr) extrapolated
@ IceCube vy, (9.5 yr) extrapolated

Bergman & van Vliet, fit to TA UHECRs
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All-flavor neutrino flux, E12,<I>1,+17 [GeVem 25 1sr1]
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All-flavor neutrino flux, E12,<I>1,+17 [GeVem 25 1sr1]
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Valera, MB, Glaser, JHEP 2022
Adapted for Snowmass 2021: Ackermann, MB, et al., [HEAp 2022
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Valera, MB, Glaser, JHEP 2022
Adapted for Snowmass 2021: Ackermann, MB, et al., [HEAp 2022
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High-statistics, full-sky neutrino astronomy

Discovering dimmer sources, faster Fitting the v spectrum from a source
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Today Next decade

TeV-PeV v >100-PeV v
Astro: Find & understand sources Make predictions for
Particle: Turn predictions into tests a new energy regime
Key developments: Key developments:
Bigger detectors — larger statistics Discovery
Better reconstruction New detection techniques
Smaller astrophysical uncertainties Better UHE v flux predictions

Similar to the evolution of cosmology to a
high-precision field in the 1990s

Made robust and meaningful by accounting
for all relevant particle and astrophysics uncertainties
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First observation of a Glashow resonance

Predicted in 1960:
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IceCube, Nature 2021
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First observation of a Glashow resonance

Predicted in 1960: First reported by IceCube in 2021:
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First observation of a Glashow resonance
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First observation of a Glashow resonance
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Discovering sources fast, with high significance

TXS 0506+056 NGC 1068
20 —————— s ————— — 1
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IceCube-Gen2 Collab. Technical Design Report Part I



Constraining candidate source populations

effective local density pe¢ [Gpc —3 ]
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Boosting source searches with showers

KM3NeT/ARCA
IceCube: IlceCube Median, 68% quantiles IlceCube
Hard to use showers to § Showers 1, CC selected as frack showers
find pOlﬂt sources v, CC selected as shower
KM3NeT:
Degree-scale shower { ~—~
-~
Angular resolution \——-—____.—-—-—/\/
= 10"
= ~
N
\\
Light scattering length \\
in water > in ice 10-1 T~
—
e
(100-300 m vs. 4—40 m) —
3 Vi % 6 \7 3
IceCube Collab., NIM 2013 10 10 10 10 10 10
ANTARES Collab., Astropart. Phys. 2005 Ey [GGV] KM3NeT Collab., arXiv:2402.08363




Characterizing the diffuse power-law flux in PLEvM

B2 = ¢ N\
— PL00TeV A 100 TeV
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Figure courtesy of Matthias Huber f)/

Huber, Schumacher, Agostini, MB, Oikonomou, Resconi, In prep.



Bump-hunting in the diffuse flux of high-energy neutrinos

Bump-like spectra can reveal the presence of v production via py:
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—— GRBs (Tamborra et al., 2015)
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Bump-hunting in the diffuse flux of high-energy neutrinos

Bump-like spectra can reveal the presence of v production via py:

Equivalent IceCube exposure [years]
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Bump-hunting in the diffuse flux of high-energy neutrinos

Bump-like spectra can reveal the presence of v production via py:
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Bump-hunting in the diffuse flux of high-energy neutrinos

Bump-like spectra can reveal the presence of v production via py:

Equivalent IceCube exposure [years]
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Bump-hunting in the diffuse flux of high-energy neutrinos

Bump-like spectra can reveal the presence of v production via py:

Equivalent IceCube exposure [years]
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High-statistics neutrino blazar flares

Observing the 2014-2015 TXS 0506+056 at 5o:
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Flavor | Technique Neutrino Target Geometry
o s oz B, B
=] & & o B lm B
Experiments Phase& Energy Site E = <2 g % 2 ; % & § o @»
Online Date Range |2 5 7 S o B Rl B o< B g B
3 2|2 B 3|lmE 58 SEE EE T 2
SIS E |53 EZzEEE 3 EF S5
2010 TeV-EeV |South Pole v |V N v
[ 0 2021 TeV-PeV [Mediteranean v |V v v
Baika D 2021 TeV-PeV |Lake Baikal v IV v v
=0 2020 TeV-PeV |Pacific Ocean v |V N Vv
eCube-Ge 2030+ | TeV-EeV [South Pole vViIiv Vv v Vv
2014 >30 PeV [Moore's Bay N4 N4 N Vv
ARA 2011 >30 PeV (South Pole v v v v
RNO 2021 >30 PeV |Greenland v v N v
Many TeV-EeV : 2024/ PeV-EeV | Antarctica ¥ ¥ ¥ J
A A 008,2014,2016| EeV  |Antarctica v Vv v N4 N4 N
v telescopes PUEC 2034| FeV |Antarctica v J % Y v Y
. . 2020 EeV  |China/ Worldwide |V v v v/ v v
n plannmg for BEACO 2018 EeV  |CA, USA/ Worldwidd v/ v v v v
ARO 2018 EeV  |Antarctica v v v v
2020_2040 A 2029| >100 EeV|Australia v v v v
2022 PeV-EeV |Utah, USA N4 v N v
PO A >20 PeV |Satellite v V|V v v v
O-SPB 2022| EeV |New Zealand N N N v
Pierre Auge 2008 EeV  |Argentina v v v v v/ v
AugerPrime 2022| EeV |Argentina v Y v v v VY v
elescope Arra 2008 EeV  |Utah, USA v Y v N v
\ Ax4 EeV  |Utah, USA v Y v
AMBO 2025-2026 PeV-EeV |Peru N N Vv Vv
Operational Date full operations began Abraham et al. (inc. MB),
Prototype Date protoype operations began or begin | ;1 pyys. G: Nucl. Part. Phys. 59, 11 (2022) [2203.05591] -
Planning Projected full operations 95




Lake Baikal, Russia
Effective volume: ~ 1.5 km3
i modules
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i6 Ocean Neutrino Explorer
Cascadia Bas
Effective volume: _
70 strings, 1400 optical mo

TUM / Marc Blazewicz



South Chma Sea

ffective volume: 8 km?
1000 strings, 20,000 optical modules

Would have seen the TXS 0506+056 at 106

. S
..
g —_— .
L
R T
s e
-e
e .
el
—
e
-

/ More infprmtion: Nafure Astfon. 2023, trid


https://trident.sjtu.edu.cn/en
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South C}{ma Sea or Lake Ba1ka1
E'ffectwervolume 30,fkma i
2304 str,mgs 55, 296 optlcal modules

-
- = !‘___

Muon track angular resoluilon
s as good as@B3 © . .
tfor tracks of 6 krh in length)

3 °

More information: hunt.ihep.ac.cn
’ e . . . HUNT


http://hunt.ihep.ac.cn/

G& Giant Radio Array for Neutrino Detection

Cosmic ray

~ = ! ‘V_ﬁ‘_:#'
Extensive aiyéhower
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] Gl Pyys. Mech. Astron. 2020 [1810.9994]
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Cosmic Ray
Extensive Air Shower

BEACON

Beam forming Elevated Array for COsmic Neutrinos

: High elevation increases
Cosmic Ray .
Source Direction monitored volume
Elevation > 2km

) Beamforming cuts

anthropogenic noise
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PUEO

Payload for Ultrahigh Energy Observations

- |
——all VAW

I

30-day flight above Antarctica
Builds on earlier ANITA I-1V flights




POEMMA: Observing fluorescence

Probe of Extreme and Cherenkov radiation from space
Multi-Messenger Astrophysics using twin satellites

Fluorescence Cherenkov radiation
POEMMA-Stereo POEMMA-Liunnb

‘“’300 km
b o—0

525 km

?

[ ]

~500 km ~2,300 km

POEMMA, JCAP 2021 (2012.07945)




POEMMA: Observing fluorescence

Probe of Extreme and Cherenkov radiation from space
Multi-Messenger Astrophysics using twin satellites

Fluorescence Cherenkov radiation
POEMMA-Stereo POEMMA-Liunnb

‘“’300 km
b o—0

525 km

P
o 2l

~500 km ~2,300 km

POEMMA, JCAP 2021 (2012.07945)




All-flavor neutrino flux, E%CIJVW [GeVem 25 1sr1]
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TeV-PeV
In-water and in-ice
Cherenkov detectors

> 100 PeV
Radio, fluorescence, etc. detectors
(more on this later)
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TeV-PeV > 100 PeV

In-water and in-ice Radio, fluorescence, etc. detectors
Cherenkov detectors (more on this later)

T I T T T T T T | T T T |

—_
9
o

Target
sensitivity

—

3
\O
I

10_10 =

10_11 1 1 1 1 1 L 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1L 1 1 1 1 1L 1 1 1 1
100 107 108 107 1010

Neutrino energy, E, [GeV]

All-flavor neutrino flux, E%CIJVH [GeVem 25 1sr1]




TAMBO — De

ROCK

>4 KM SHIELDING FROM
BACKGROUND MUONS
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SEPARATION
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~AIR-SHOWER — INTERACTION
DETECTOR ARRAY —
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DEEP VALLEY

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




TRINITY — Detecting Cherenkov light

» Atmospheric Cherenkov imaging applied to PeV neutrinos
» Pioneered by MAGIC (pointing at Atlantic), ASHRA, and NTA (Mauna Kea)
» TRINITY: 3 arrays each of 6 mirrors of 10 m?

particle
shower

e
-
-
-----
e
-
----
-

Detector placed on a
mountaintop looking
towards the horizon




All-flavor neutrino flux, E12,<IJV+g [GeVem 25 1sr1]

Neutrino energy, E, [GeV]
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Radio emission: geomagnetic and Askaryan

Geomagnetic

' Shower Axis

B
N
X . -
5 — - —
./3( B g

Shower Front

» Time-varying transverse current
» Linearly polarized parallel to Lorentz force

» Dominant in air showers

Askaryan

< !
£ ® shower Axi
§ :, Shower Axis N
Q 'f’

$ o
B

]
& e
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-~ .

@/ Shower Front

S
» Time-varying negative-charge ~20% excess
» Linearly polarized towards axis

» Sub-dominant in air showers

Figures by H. Schoorlemmer and K. D. de Vries



Radio emission: geomagnetic and Askaryan



Discovering the diffuse flux of UHE neutrinos

Bayes factor compares
signal+bkg. vs. bkg.-only
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Discovering the diffuse flux of UHE neutrinos

o Rodrigues et al., all AGN
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Discovering the diffuse flux of UHE neutrinos

Bayes factor compares
signal+bkg. vs. bkg.-only

P

e Rodrigues et al., all AGN
Rodrigues et al., HL BL Lacs
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Discovering the diffuse flux of UHE neutrinos

Bayes factor compares
signal+bkg. vs. bkg.-only
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e Fang & Murase, CR reservoirs
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Discovering the diffuse flux of UHE neutrinos

Bayes factor compares

signal+bkg. vs. bkg.-only
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Discovering the diffuse flux of UHE neutrinos

Bayes factor compares
signal+bkg. vs. bkg.-only
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Discovering the diffuse flux of UHE neutrinos

Bayes factor compares

signal+bkg. vs. bkg.-only
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Discovering the diffuse flux of UHE neutrinos

Bayes factor compares
signal+bkg. vs. bkg.-only
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Using high-energy neutrinos as magnetometers
If sources have strong magnetic fields, charged particles cool via synchrotron:
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From sources to Earth: we learn what to expect when measuring f, g

Sources Earth

Oscillations

T

(fe.ss fu,ss frs) (012,023,013, 6cp) (fe,0r fu,o, fro)

.

From Earth to sources: we let the data teach us about fa.s
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Inferring the flavor composition at the sources
(Assuming f,s = 0)
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