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longest distances
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What have we learned
about astrophysics
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Luckily, UHECR Sources Should Be Wasteful...

Man-made accelerators Astrophysical accelerators
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Astrophysical accelerators inevitably make high-energy secondaries
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Three strategies to reveal sources of TeV-PeV v

Examine single No evident single steady source,
sources two likely transient source
Look at bright

e.m. point sources
e Stack several Ruled out gamma-ray bursts,
similar sources most blazars as dominant

Clustered Placed generic limits on source

in direction number density and luminosity
Look for neutrino

multiplets .
Clustered Used to trigger follow-ups
in direction and time by other detectors

Use the diffuse Any population of candidate sources
must account for all or part of it

neutrino flux




Point-source upper limits
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Point-source upper limits

90% C.L. Sensitivity and Limits for y = 2.0
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Source discovery potential: today and in the future
Bl Accounts for the observed diffuse v flux (lower/upper edge: rapid/no redshift evolution)
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PeV neutrino sources in the Milky Way?
Candidates for full or partial contribution:

» Diffuse Galactic gamma-ray emission
» Unidentified gamma-ray sources
» Fermi bubbles

HESE 3yr with Egep > 60 TeV, noy = 20, fiso = 0.81, 1 = 0.74

» Supernova remnants ________
» Pulsars - e e
» Microquasars
» Sagitarius A*
» Galactic halo
» Heavy dark matter decay

Galactic
Ahlers, Bai, Barger, PRD 2016
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PeV neutrino sources in the Milky Way?

Candidates for full or partial contribution:

» Diffuse Galactic gamma-ray emission
» Unidentified gamma-ray sources
» Fermi bubbles

HESE 3yr with Egep > 60 TeV, noy = 20, fiso = 0.81, 1 = 0.74

» Supernova remnants =/ |
» Pulsars -
» Microquasars
» Sagitarius A*
» Galactic halo
» Heavy dark matter decay

P Galactic
Ahlers, Bai, Barger, PRD 2016

Q: What about the 0.1—1 PeV Galactic gamma

' Contribution from Galactic sources: < 14% E

A: The accompanying v emission from the
Galactic Plane is < s—10x of fhe diffuse v

IceCube, ApJ 2017
flux seen by IceCube (2104,09491)



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

Energy In neutrinos o« energy in gamma rays

Waxman & Bahcall, PRL 1997
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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, Ap] 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




Bright in gamma rays, bright in high-energy neutrinos

Energy in neutrinos o energy in gamma rays
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Bright in gamma rays, bright in high-energy neutrinos
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— R—

I a I

-
00 1 . fp 10 MeV
/ dEyEyFy(Ey) = ] [1 - (1 - @p%ﬂ) p;] _/ dEy By Fy(Ey)
0 < e kv

) hd
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
Ja— B —

I a I

-
00 1 . fp 10 MeV
/ dEyEyFy(Ey) = ] [1 - (1 - @p%ﬂ) p;] _/ dEy By Fy(Ey)
0 < e kv

) hd
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
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Bright in gamma rays, bright in high-energy neutrinos

Energy in neutrinos o energy in gamma rays
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Jet collides with

'GRB fireball model e
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‘GRB fireball model - ey
. : : Jet collides with
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Gamma-ray bursts and blazars — not dominant
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Gamma-ray bursts and blazars — not dominant

Gamma-ray bursts Blazars
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... but we have seen one blazar neutrino flare!
Blazar TXS 0506+056: AR
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Joint modeling of the two periods is challenging!
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Tidal disruption events
Solar-mass star disrupted by SMBH (>10°M,) —

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

NASA



An apparent TDE neutrino source
Radio-emitting TDE AT2019dsg coincident with neutrino event IC191001A:

AT2019dsg: Apr9,2019 / z =0.051 (230 Mpc) / My =3 X 10" M,
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Stein et al., Nature Astron. 2021 - See also: Winter & Lunardini, Nature Astron. 2021; Murase, Kimura, Zhang, Oikonomou, Petropoulou, ApJ 2020
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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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Using high-energy neutrinos as magnetometers
If sources have strong magnetic fields, charged particles cool via synchrotron:
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Inferring the flavor composition at the sources

Ingredient #1:
Flavor ratios measured at Earth,
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Inferring the flavor composition at the sources

Ingredient #1:
Flavor ratios measured at Earth,
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In the face of astrophysical unknowns,
can we extract fundamental TeV-PeV v physics?
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Standard expectation:
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Fundamental physics with HE cosmic neutrinos

» Numerous new-physics etfects 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 HE cosmic neutrinos

n = -1: neutrino decay

» Numerous new-physics etfects grow as ~x,, - E" - L } B CIReEle) sz el iiion

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




Example 1:
Measuring TeV-PeV v cross sections
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Measuring the high-energy cross section

Below ~ 10 TeV: Earth is transparent Above ~ 10 TeV: Earth is opaque
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Hussain, Mafatia, McKay, PRD 2008 Connolly, Thorne, Waters, PRD 2011; Marfatia, McKay, Weiler, PLB 2015
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A feel for the in-Earth attenuation
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Extending the PDa

cross—section plot
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Example 2:
Secret neutrino interactions
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Secret interactions of high-energy astrophysical neutrinos

“Secret” neutrino interactions between

astrophysical v (PeV) and relic v (0.1 meV):
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g 5
Cross section: g =
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ME
Resonance energy: Eios = ——
2m,,

MB, Rosenstroem, Shalgar, Tamborra, PRD 2020
See also: Ng & Beacom, PRD 2014
Cherry, Friedland, Shoemaker, 1411.1071
Blum, Hook, Murase, 1408.3799
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Secret interactions of high-energy astrophysical neutrinos

“Secret” neutrino interactions between
astrophysical v (PeV) and relic v (0.1 meV):

Astro v> Vv
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Cherry, Friedland, Shoemaker, 1411.1071
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Secret interactions of high-energy astrophysical neutrinos

“Secret” neutrino interactions between
astrophysical v (PeV) and relic v (0.1 meV):
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Secret interactions of high-energy astrophysical neutrinos

“Secret” neutrino interactions between
astrophysical v (PeV) and relic v (0.1 meV):

Looking for evidence of vSI

AstroV v » Look for dips in 6 years of
> 0 < public IceCube data (HESE)
Relicy” ~~8bvv N, » 80 events, 18 TeV-2 PeV
o . New coupling » Assume flavor-diagonal and
Cross section: ¢ _\f ‘ ’,-\‘; universal: g,, = g Oy,
2 212
T (s _'\‘}4 ) +M7T » Bayesian analysis varying
Mediator mass M, g, shape of emitted flux (y)
MZ
Resonance energy: Eieq = » Account for atmospheric v,
2m., in-Earth propagation, detector
uncertainties
MB, Rosenstroem, Shalgar, Tamborra, PRD 2020 \\ /

See also: Ng & Beacom, PRD 2014
Cherry, Friedland, Shoemaker, 1411.1071
Blum, Hook, Murase, 1408.3799




No significant (> 30) evidence for a spectral dip ...
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No significant (> 3c) evidence for a spectral dip ... ... so we set upper limits on the coupling ¢

: |||| T T T 77 |l|| T T T TTT ||l ETTTL} O
l% B This work: vSI (best fit + 68% CL) { | A
— 10_7 I IceCube: power-law fit (68% C.L.) 3 ~  F
lm 4 IceCube: differential fit (68% C.L.) 1 SN 1987A SN 1987A
(\|l g = Shalgar et al. Shalgar et al.
-8 L 8
g 10 &
= 1077 F <
2 2
S I = IceCube HESE
= —-10 g-' -3 6 years
= 10 3 o) (this work)
= : O (90% C.L.)
e I —~
~ B 8 4
x _ — —
s 10 a1 = S
o E "8
= [ >
=
o 12 — —5 I =
> 10 c
cc -
E i BBN (ANgg = 1)
L —13 o NIRRT o 4 F b
~ 10 _ . .
10* 10° 10° 107 108 5 —4 -3 -2 -1 0 1 2 3 4 5

Neutrino energy E, [GeV] Mediator mass log,,(M/MeV)

MB, Rosenstroem, Shalgar, Tamborra, PRD 2020
See also: Shalgar, MB, Tamborra, 1912.09115




No significant (> 3c) evidence for a spectral dip ... ... so we set upper limits on the coupling ¢
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Example 3:
New physics in flavor



Standard expectation: Standard expectation:

Power-law energy spectrum Qeo\(\)“‘ Isotropy (for diffuse flux)
2
Q}@ /
<

A
] /
qé'? /, ;@Qts gl(n')/ﬁg Bropegqtion
g:& ,// > | S

(Acts at br‘oduc’tjl)"n‘ v,
7/ /]

'y
: ! \
.Heavy relics ] /
DM annihilatio ] Long-range interattionse
DM deca ///] %Crewinterae' ns

«/DM-v interaction

DE-v interact
LorentZ+CPT violation

(Acté{at%{etecﬁ\i

‘L ’
More: PoS ICRCZ046 (1907.08690)

~~--élﬁiai£ll£§,M‘K, Kheirandish, Palomares-Ruiz, Salvadé, Vincent

4

/
Standaptl expectation:
Equa}'ﬁumber of Ve, Vy, Vz
'd

Standard expectation:

v and y from transients arrive
simultaneously

Note: Not an exhaustive list



New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

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; MB, . D - O 50
Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] eij,SCP: var. 3¢ 01 . - Y

D =0.10
NH
0% M D=0.01
0.3 (complete)
i
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, [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

&
&6 ®
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, [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; ?, 8 ®
Kostelecky & Mewes 2004; Argiielles, Katori, Salvad6, PRL 2015] (4 A =

(EREE RS SRTTRRE L T CTER 0 0
0.0 02 04 06 0.8 1.0

@ Argiielles, Katori, Salvadé, 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; MB, 1.0
Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] 0 1 ‘ Det' NSI
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; Argiielles, 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; MB, 0.0,1.0 NH
Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017]

L
—
—
e’

» Tests of unitarity at high energy all considered

[Xu, He, Rodejohann, [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; Argiielles, 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, Nortvig, 2009.01253]

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 y _ log(Vey /eV)
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; MB, Std. Mg param.: 01 m_—rq
Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] Varying 1¢ (IO) \
0.9 —22-21-20-19-18-17-16

» Tests of unitarity at high energy

[Xu, He, Rodejohann, [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; Argiielles, 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, Nortvig, 2009.01253]

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

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



IV.
The future



Next decade: a host of planned neutrino detectors
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Next decade: a host of planned neutrino detectors
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Next decade: a host of planned neutrino detectors
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Redshift g ] z=0

4 MeV y h Note: v sources can be steady-state or transient
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Point-source limits




Point-source limits
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Point-source limits
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Point-source limits
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[We will reach comparable sensitivity in both hemispheres ]
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Next decade: a host of planned neutrino detectors
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Detection of UHE v in ice and water

Optical detection Radio detection Radio detection

in ice or water in ice from the air or space

o?IceCube — IceCube-Gen2 ® ARA o7 v ANITA — PUEO ®
o"ANTARES — KM3NeT® ARIANNA &% NuMoony/
o NT200+ — Baikal GVD® RNO-G®

P-ONE® IceCube-Gen2®
\_ J L J  \L y,
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PHYSICS

Searching for the Universe’s Most
Energetic Particles, Astronomers
Turn on the Radio

New radio-based observatories could soon detect ultrahigh-energy neutrinos, opening a new
window on extreme cosmic physics

By Katrina Miller on April 27, 2021

READ THIS NEXT

SPACE
South Pole Experiment Traps Neutrinos
from Beyond the Galaxy

December 1, 2015 — Francis Halzen

SPACE

Neutrinos on Ice: Astronomers’ Long
Hunt for Source of Extragalactic "Ghost
Particles" Pays Off

July 12, 2018 — Mark Bowen

SPACE
Didn't Scientists Already Know Where

& ; .
Artist's composite of the IceCube Neutrino Observatory in Antarctica, accompanied by a distant Cosmic Ra}’s Come from?
astrophysical source emitting neutrinos that are detected in lceCube’s subsurface sensors. Credit:

Katrina Miller for Scientific American, lceCube and NSF i Ay e
April 27, 2021 [link]

Ever since their discovery in the 1960s, ultrahigh-energy cosmic rays have
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UHE neutrinos: steady-state sources
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UHE neutrinos: steady-state sources
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UHE neutrinos: steady-state sources
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UHE neutrinos: steady-state sources
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Characterizing the diffuse power-law flux in PLEvM
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What now?



What theorists give

Well-motivated target sensitivity to
aim for: flux, energy resolution,
angular resolution, flavor

What should detectors
optimize for: event rate,
source discovery, etc.

What experimentalists give

Realistic instrument sensitivity
(in useful form, e.g., effective
volume vs. shower energy)

Realistic projected event rates,
including backgrounds
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™. 2(020s (we are getting there):
More source candidates

Characterize the v flux precisely
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2030s (under planning): S ™ 20205 (we are getting there):
Discovering EeV neutrinos INesslilsasss More source candidates

Characterize the v flux precisely =&

§ TeV-PeV v discovered §

74 First possible sources

i 3 R o= e =z




_— 2030s (under planning): £ 2020s (we are getting there):
« ® __ Discovering EeV neutrinos Il More source candidates

Characterize the v flux precisely =&




End
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Tomography of the Earth

Flux is strongly attenuated

cosf, = —1

Neutrinos are more likely to interact while
traveling inside the Earth ...

... the higher their energy, and
... the longer the distance they travel.

Donini, Palomares-Ruiz, Salvad6, Nature Phys. 2019



Tomography of the Earth

Flux is strongly attenuated
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Tomography of the Earth

Flux is strongly attenuated

cosf, = —1
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Tomography of the Earth

Flux is strongly attenuated
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Neutrinos are more likely to interact while
traveling inside the Earth ...

... the higher their energy, and
... the longer the distance they travel.

Comparing atmospheric neutrino fluxes
reaching IceCube from different directions:

Earth’s mass = 6.077% x 10** kg

Vs. gravitational measurements:
(5.9722 + 0.0006) x 10* kg




Sources



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 EQCID,,WL,;M =107 TeV em 2 s~ ! Closest source with £2 Fy i, = 0.1 GeV cm 2
10° 107

. 10° } 100 F

cvla -

g 10%t L 105t

Q. =~

) '

5 10°) g 104}

> )

2102t < 103t

e >

9] b=

S 10t 2 10%}

e 3

— 1t L 10t

:

E 0.1 --- IceCube . § 1r .. IceCube 1

< 10-2| —- 5xIceCube ‘ - 01l -- 5xIceCube N,

....... 20 xIceCube - 20x IceCube . 8
10—3 . \,\ 10_2 B \'\‘\
107 10% 109 102 109 109 10% 10% 107 10 10% 107 10% 10 10 105" 107 105 105 10%
effective neutrino luminosity L, [erg/s] effective bolometric neutrino energy &, [erg]

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



Using high-energy neutrinos as magnetometers

If sources have strong magnetic fields, charged particles cool via synchrotron:

p+V(p)%7T+_>M+‘|‘Vu

L>DM—|—6+—|—V€

MB, Tamborra, PRD 2020



Using high-energy neutrinos as magnetometers

If sources have strong magnetic fields, charged particles cool via synchrotron:

Proton cooling

Induce a high-energy cut-off
in the emitted v spectrum:

max . 107T GeV —
e Ay = at st 4,

MB, Tamborra, PRD 2020



Using high-energy neutrinos as magnetometers

If sources have strong magnetic fields, charged particles cool via synchrotron:

Proton cooling Muon cooling
Induce a high-energy cut-off Change flavor composition:
in the emitted v spectrum: (f ; ; ) { ( % 7 % | O), if B, < E’iyl?c
/ / max 7S ,S 7S — 3 ’ n
B2 fzg' o 20w BB, e,S1 /1,50 JT (0,1,0), if B, > EYne
9 G
110 E7YC ~ IO)F— GeV
max . 10°°T" GeV ’,..\\ v, B’
1% 4
VB'/G (pF ) =7 —>'u H v,

T—>VM—|—6+—|—V€

MB, Tamborra, PRD 2020



Using high-energy neutrinos as magnetometers

If sources have strong magnetic fields, charged particles cool via synchrotron:

Proton cooling Muon cooling
Induce a high-energy cut-off Change flavor composition:
in the emitted v spectrum: (f ; ; ) { ( % , %, O), if B, < Eiyl?c
/ / max ,S ,S ,S — . )
B2 Zg/u  F2-0w o~ FLIE eSSy I (0,1,0), if B, > B0
v sync 19 G
B 1010F GGV .- — — EI/(,/I, ~ 10 F? Gev
vy~ 7N 7\ PR
VB'/G (pF () =T )=’ )+ v,

\\_'/ N\ -’
T—> vV, + et + v,

Pion cooling

it B EPYae
Steepen the v spectrum: ¢, = { 7 v < Byin

v+2, if B, > By

. ¢!
B ~ 10T, GeV

UV, B’
MB, Tamborra, PRD 2020




GWl 708 1 7 (NS 'NS merger) GW170817 Neutrino limits (fluence per flavor: v, + ;)

103 + +500 sec time-window |

» Short GRB seen in Fermi-GBM, INTEGRAL - ANTARES EE: extended emission]

» Neutrino search by R 102? _ Auger
IceCube, ANTARES, and Auger § 10} oo T '
» MeV-EeV neutrinos, 14-day window S 10 = _K;et ;
» Non-detection consistent with off-axis oo ¢ ------- EE moderate -
1072 Igrr/l;ra et al. ’ Ve -Kimura et al;
I il o > e
103 -
102 | Auger

i ANTARES
10 1 U

——— GW (90% CL)
+ NGC 4993
¥ neutrino candidate (IceCube)
¢ neutrino candidate (ANTARES) [

= === IceCube horizon 1072 3

— — ANTARES horizon | 14 day time-window
[_]Auger FoV (Earth-skimming) 3
[ Auger FoV (down-going) 10 102 103 104 10° 10° 107 10® 10°

ANTARES, IceCube, Pierre Auger Collab., Ap]L E/GeV

2017

i Metzger
10~ L Millisecond magnetar 30 days
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&
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Are GRBs still good UHECR source candidates?

» High-luminosity bursts: Not so much
» Low-luminosity bursts: Yes!

Luminosity (erg s-1) > 1049 < 1049
300

Rate (Gpc3 yr-1) 1 (predicted)

Survival of heavy Unlikely Likely

nuclei in jet?

Can explain
IceCube v?

D. Boncioli, D. Biehl, & W. Winter, Ap] 2019; B.T. Zhang et al., PRD 2018

No Yes



Are GRBs still good UHECR source candidates?

"‘:' L — Galactic ¢ Auger, ICRC2015 — total
» High-luminosity bursts: Not so much e o~ G
» Low-luminosity bursts: Yes! N
|2 10%7¢
o
ca 1036§}}’H/ZR flux ayléa \Q\Q
Luminosity (erg s-1) > 1049 <1049 175 185 1957720 205

D. Boncioli, D. Biehl, & W. Winter, Ap] 2019

Iogm(E/eV)

300 & 900
Rate (Gpeyr ) ! (predicted) 5 850
S lof h =000
urvival of heav : : 3

nuclei in jet? 4 Unlikely Likely 2</E750

700
Can explain .50
IceCube v? No Yes o

D. Boncioli, D. Biehl, & W. Winter, Ap] 2019; B.T. Zhang et al., PRD 2018



Are GRBs still good UHECR source candidates?

» High-luminosity bursts: Not so much
» Low-luminosity bursts: Yes!

§
Luminosity (erg s-1) > 1049 <1049
300
Rate (Gpe™ yr!) 1 (predicted)
Survival of heavy : :
nuclei in jet? Unlikely Likely

Can explain
IceCube v?

D. Boncioli, D. Biehl, & W. Winter, Ap] 2019; B.T. Zhang et al., PRD 2018

No Yes




Low-luminosity and dark GRBs

In jetted supernovae, the jet might be choked —

Orphan Neutrinos <, Precursor Neutrinos Prompt Neutrinos oy
¢ 4+ 3
. 4 4 Vi / v ? Y
£ 1' : a’ *\ Il : , 195
\ ! ! Vot i VO
) | I Vo
| ! ] | | |
il (Wl i |
' 1 ]
\ 1 1
L
1] 1 ]
& 4 3 Emerging Jet
k 1 0
1 1 I
|| : |' Shock Breakout
L
Vi Stall Radius
Stall Radius Choked Jet Choked Jet

Extended
Material

Extended
Material

Extended
Material

Progenitor
Core

N. Senno, K. Murase, & P. Meszaros, PRD 2016

Progenitor

Progenitor
Core

Core




Low-luminosity and dark GRBs

-5 -
10 ‘ - ' ' 10 T T T T T T T

=== QOrphan neutrinos (upper limit)

—— Orphan neutrinos (best fit)
: 10 ¢ IceCube E
K= Precursor (¢j) & Prompt (SB)
10° H = - Prompt (EJ : i
rompt, (EJ) e _

2L HL-GRB |
IUJ

IC-GRB ¢

LL-GRB

AR
| (E,)
SI

a2 sGRB

L
E
S

-15
7 10 = |3 |4 T I 1 1 1

10° 10’ 10 10 10 10° 186 10 10° 10° 10
E, [GeV]

10

E, [GeV]
N. Senno, K. Murase, & P. Meszaros, PRD 2016

I. Tamborra & S. Ando, JCAP 2015




Example 1:
Measuring TeV-PeV v cross sections



Updated cross section measurement

» Uses 7.5 years of IceCube data

» Uses starting showers + tracks
» Vs. starting showers only in
Bustamante & Connolly 2017
» Vs. throughoing muons in IceCube 2017

» Extends measurement to 10 PeV

» Still compatible with Standard

. e © 10—34 _ )

Model predictions —— Augiielles et al. (v)

= == (Cooper-Sarkar et al.
. . . / <= Bustamante and Connolly

» Higher energies? Work in progress - }  This work
by Valera & MB i P B ) P B
Y 10° 106 107
E, |GeV]

IceCube, 2011.03560



Using through-going muons instead

» Use ~10* through-going muons
» Measured: dE /dx

» Inferred: E, = dE,/dx %‘ 07
» From simulations (uncertain): < - ;
most likely E, given E, § 05
» Fit the ratio 0_, ./ 0g, é 0.4
1.30 75 (stat.) Holsyst.) ui 03
5 0.2

» All events grouped in a single
energy bin 6-980 TeV

S
—

o
o

0.9 ;

0.8 -

-=-Neutrino

-4 Antineutrino

—Weighted combination

I T

- .
Sen
~
~a

—This result

i

- Accelerator
Data

-
(€

2.5

3.5 4.5 5.5 6.5

log,o(E, [GeV])
IceCube, Nature 2017



Bonus: Measuring the inelasticity (y)

» Inelasticity in CC v, interaction v, + N> p + X:
Ex=yE, and E,=(1-y)E, = y=(1+E,/Ey)"

» The value of y follows a distribution do/dy Muon track
E,

T

» In a HESE starting track:

Ey = E, (energy of shower) y=(1+E./E,)"
E, = E, (energy of track) )

Hadronic shower

» New IceCube analysis: Eg.
» 5 years of starting-track data (2650 tracks)
» Machine learning separates shower from track leeCube. PRD 2019
» Different y distributions for vand v '



Bonus: Measuring the inelasticity (y)

» Inelasticity in CC v, interaction v, + N> p + X:
Ex=yE, and E,=(1-y)E, = y=(1+E,/Ey)"

0.7
0.6 1
» The value of y follows a distribution do/dy
0.5‘\
0.4 =
» In a HESE starting track: = y
Ey = E, (energy of shower) y=(1+E,/E,)" : —
E, = E, (energy of track) 0.2 v CSMS
01 7 CSMS
' —— Flux-averaged CSMS
» New IceCube analysis: Lihe e o "G i T
» 5 years of starting-track data (2650 tracks) E, (GeV)
» Machine learning separates shower from track lceCube, PRD 2019

» Different y distributions for vand v



Example 4-
Neutrino decay



Are neutrinos forever?

» In the Standard Model (vVSM), neutrinos are essentially stable (t > 10 yr):

» One-photon decay (v, — v, +v): T > 10 (m,/eV)” yr

i Age of Uni
» Two-photon decay (v, » v, + v +v): 1> 10" (m,/eV)” yr 7 (Ngf 4(?5 Gr}};x)ferse

» Three-neutrino decay (v, > v, + v, +v,): 1> 10® (m,/eV)® yr

» BSM decays may have significantly higher rates: v, — v, + ¢

» 0: Nambu-Goldstone boson of a broken symmetry (e.g., Majoron)

» We work in a model-independent way:
the nature of ¢ is unimportant if it is invisible to neutrino detectors




Flavor content of neutrino mass eigenstates

Flavor content 01 Vary 6;,8¢p

Known to within 2% NH 0.1 6% Best Fit

0.2 0.8 1o

- M3
0.3 0.7 o
0.4
2 _ 2 0.6
| Uoci | - | Uoci(elzl e23/ e13/ 6CP) | 5 _ | 05 5
A Ui sV © U

Known to within 8%

Known to within 20%
(or worse)

0 01 02 03 04 05 06 07 08 09 1

2
| U el | MB, Beacom, Winter PRL 2015



Neutrinos propagate as an incoherent mix of v,, v,, v; —

W,

r

0 01 02 03 04 05 06 07 08 09 1
2

_|_
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New physics: . =
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el
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and
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/ / / / / / 7z / / / / 0.0
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Fraction of v,

Complete decay selects particular weights »
with striking consequences for flavor



Measuring the neutrino lifetime Earth

VZ’ V3 —> Vl B o Vl
\ J o 0.8 )
. Y fa, o = | U, |
Sources v, lightest and stable , 05, 0'605 2 1; 0
(normal mass ordering) Ul 'OAIUu,fI (w, ~ 1; w,, wy ~ 0)

0.7

0.3
0.8 .-
0.3 0.1

1

0 01 02 03 04 05 06 07 08 09 1

If all unstable |Uef?
neutrinos decay

054
01 0.9

0.1 02 o8 V3

0 01 02 03 04 (}.5 08 07 08 00 1 o . f = | U 2
oS U 06 a® — a3
V,V. >V o o, SR

1 "2 3 U ) U 1. 0
N J Y 4 0.4 (w3 ~ 1, W, W, ~ )

Y 0.7 03

. 0.8 ;

v;lightest and stable 09 >
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0 01 02 03 04 05 06 07 08 09 1

|Ue,i|2




Measuring the neutrino lifetime Earth

051
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/ / / 4
0O 01 02 03 04 05 06 07 08 09 1
2
|Uei|

Baerwald, MB, Winter, JCAP 2012

MB, Beacom, Murase, PRD 2017




7
0O 01 02 03 04 05 06 EZ-N2_0Q__1

2 .
|ULi| Pure v, disfavored

MB, Beacom, Murase, PRD 2017 at > 2o
Baerwald, MB, Winter, JCAP 2012




E' E > 10 i 5 NQrmaI hierarchy I(alctive c?nly; v stablle)
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Using the Glashow resonance to test decay

» At 6.3 PeV, the Glashow resonance 1.4 c ' — T
_ . . v = Complete decay (0.1seV™") I
(v, + e > W) should trigger showers in IceCube 2 ~—- No decay I
+ 1.2~ [ =
s |
» ... unless v;, v, decay to v, en route to Earth ,Lg 1ok 'l' :l |
(the surviving v, have little electron content) ;a Lo @
I |
= 08F A R
» IceCube has seen 1 shower in the 4-8 PeV 3 '.' E E
range, so v;, v, must make it to Earth & 06r g g- 7
i i
|
92} — -
» So we set lower limits on their lifetimes 5 b ," I'|
(in the inverted mass ordering) g H !
g 02 r /II \\ -
= ~—— \
» Translated into upper limits on coupling 2 0.0 ““----—-,’;:., ool
106 107

Deposited energy Egep [GeV]

MB, 2004.06844
See also: MB, Beacom, Murase, PRD 2017



Using the Glashow resonance to test decay

» At 6.3 PeV, the Glashow resonance 1.4 c ' — T
- . . e = Complete decay (0.1seV™") I
(v, + e = W) should trigger showers in IceCube —Z——_=-- No decay I
+ 1.2~ [ =
s |
» ... unless v;, v, decay to v, en route to Earth ,Lg 1ok 'l' :l |
(the surviving v, have little electron content) Z N
g Z, I | o0
= 08F L E S
» IceCube has seen 1 shower in the 4-8 PeV 3 :' E E
range, so v;, v, must make it to Earth & 06r g g- 7
| g
|
92} — -
» So we set lower limits on their lifetimes 5 b ," I'|
(in the inverted mass ordering) g 0 I,' !
. — ‘ —
g ==~ // \‘
» Translated into upper limits on coupling gol_——==s====oeot 7 NS
106 107

MB, 2004.06844 Deposited energy Egep [GeV]
See also: MB, Beacom, Murase, PRD 2017




Using the Glashow resonance to test decay

» At 6.3 PeV, the Glashow resonance 1.4 c ' — T
_ . . v = Complete decay (0.1seV™") I
(v, + e = W) should trigger showers in IceCube —Z——_=-- No decay I
 12F [ -
& |
» ... unless v;, v, decay to v, en route to Earth 5:3 10k 'l' :l |
(the surviving v, have little electron content) Z N
g d I | o0
'EQ 0.8 - " : g -
» IceCube has seen 1 shower in the 4-8 PeV 3 :' E E
range, so v;, v, must make it to Earth g 06 [ 1= g
i i
|
n — -
» So we set lower limits on their lifetimes 5 b ," I'|
(in the inverted mass ordering) g H !
g 0.2 i ! -
e ~»
» Translated into upper limits on coupling 3 0oL ———====2 '1’;/ .
106 107

MB, 2004.06844 Deposited energy Egep [GeV]
See also: MB, Beacom, Murase, PRD 2017




Using the Glashow resonance to test decay > 291 10° s oV (90% C.L)
T,/m,>1.26 x10%seV' (90% C.L.)

100 RIS e

» At 6.3 PeV, the Glashow resonance g 11, Np, = 1 (IC today) s, N = 1 (IC today) A2
(v, + e — W) should trigger showers in IceCube R ) g
RN 11, SOIATNNNUDDNUONUNNNY s 1y, solar 4

107 e Z

> ... unless v;, v, decay to v, en route to Earth Nmmmnng- -7 ]
(the surviving v, have little electron content) o2 Al Mascisctioadid /)
N by cosmology 3

» IceCube has seen 1 shower in the 4-8 PeV
range, so v;, v, must make it to Earth

10-3 MasexdtdedN\\X | T el
0 £ by v oscillations E

Neutrino lifetime 17, T [s]

» So we set lower limits on their lifetimes 10-4

(in the inverted mass ordering) :

» Translated into upper limits on coupling 107 &
1072

Neutrino mass mq, my [eV]

MB, 2004.06844
See also: MB, Beacom, Murase, PRD 2017




Using the Glashow resonance to test decay

-3

» At 6.3 PeV, the Glashow resonance LL NN wosolar vy, solar ]
., . . <- \ v1, Nobs = 1 (IC today) 12, Nops = 1 (IC today) ~
(v, + e — W) should trigger showers in IceCube 3 S NN 7,

» ... unless v;, v, decay to v, en route to Earth
(the surviving v, have little electron content)

Mass excluded
by v oscillations

» IceCube has seen 1 shower in the 4-8 PeV
range, so v;, v, must make it to Earth

L. L . N Mass excluded
» So we set lower limits on their lifetimes o by cosmology
(in the inverted mass ordering) /
» Translated into upper limits on coupling 108 | ZZ Y
L = g;jvivi¢ + hiviysvi¢ + hae. 102 1071
MB, 2004.06844 Neutrino mass my, ms [eV]

See also: MB, Beacom, Murase, PRD 2017




Flavor composition



Inferring the flavor composition at the sources

Ingredient #1: Ingredient #2:
Flavor ratios measured at Earth, Probability density of mixing
(fews fuos fro) parameters (6,,, 0,3, 013, Ocp)

Posterior probability of f, s (MB & Anlers, PRL 20197

P(f.) = / WL Pesp(Fo(f5.9))

Song, Li, Argtielles, MB, Vincent, 2012.12893
MB & Ahlers, PRL 2019 [IRSIY



Inferring the flavor composition at the sources

Ingredient #1: Ingredient #2:
Flavor ratios measured at Earth, Probability density of mixing
(fews fuos fro) parameters (6,,, 0,3, 013, Ocp)

Posterior probability of f, s (MB & Anlers, PRL 20197

P(f.) = / WL Pesp(Fo(f5.9))

J S
Y g

Oscillation experiments Neutrino telescopes

Song, Li, Argtielles, MB, Vincent, 2012.12893
MB & Ahlers, PRL 2019 [IRSIY



Inferring the flavor composition at the sources

Ingredient #1: Ingredient #2:
Flavor ratios measured at Earth, Probability density of mixing
(fews fuos fro) parameters (6,,, 0,3, 013, Ocp)

Posterior probability of f, s (MB & Anlers, PRL 20197

foo = D Pssalss

B=e,u,T

~

P(f,) = / L) Posp(f o (f5.9))

-

Y g

Oscillation experiments Neutrino telescopes

Song, Li, Argtielles, MB, Vincent, 2012.12893
MB & Ahlers, PRL 2019 [IRSIY



Theoretically palatable regions: today (2020)

NO, upper 623 octant, 0.0
NuFit 5.0

© mdecay: (1:2:0)g
@ p-damped: (0:1:0)g
A ndecay: (1:0:0)g
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Note:
All plots shown are for normal
neutrino mass ordering (NO);

inverted ordering looks similar 4 / 7 7 7 7 7/ 7 7 7 7—0.0
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Song, Li, Argiielles, MB, Vincent, 2012.12893 FraCtlon Of Ve, fe’@
See also: MB, Beacom, Winter, PRL 2015




Theoretically palatable regions: today (2020)

Note:

All plots shown are for normal
neutrino mass ordering (NO);
inverted ordering looks similar

Song, Li, Argtielles, MB, Vincent, 2012.12893
See also: MB, Beacom, Winter, PRL 2015
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Theoretically palatable regions: today (2020)

NO, upper >3 octant, 0.0
NuFit 5.0

ST 68%CR.
NN 95%CR
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Note:
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neutrino mass ordering (NO);

inverted ordering looks similar 4 / / / / / 4 A / ! al
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Song, Li, Argiielles, MB, Vincent, 2012.12893 Fraction Of Ve, fe’@

See also: MB, Beacom, Winter, PRL 2015
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How knowing the mixing parameters better helps

20T e T T ) We can compute the oscillation
. Hyper-K i
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For a future experiment
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Best fit from NuFit 5.0 w
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From our simulations -}

We combine experiments in
a likelihood:

—2log L(0) = > x2(9)
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Theoretically palatable regions: 2020 vs. 2040
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Energy dependence of the flavor composition?

Different neutrino production channels accessible at different energies —
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More than one production mechanism?

Can we detect the contribution of
multiple v production mechanisms?

ndecay: pdamped: n decay:
1/3,2/3,0) (0,1,0)  (1,0,0)

Propagate to Earth l

fe

Assume real value k, =1 (k, =k, = 0)

By 2040, how well will we recover the real value?
[Adding spectrum information (not shown) will likely help]

Song, Li, Argtielles, MB, Vincent, 2012.12893

JUNO + Hyper-K + JUNO 0.0

IC 15-yr + IC-Gen2 10-yr
68% C.R.

M 90% C.R.

M 99.7% C.R.

0.1
0.2
\uQ'

\ 04 4
5
& 05
>

<
&
o
P

,(\\4

v Assumed real value N
7 7 7 7 7 7 =00

00 01 02 03 04 05 06 07 08 09 10
nt-decay fraction, k.




More than one production mechanism?

Can we detect the contribution of
multiple v production mechanisms?

ndecay: pdamped: n decay:
1/3,2/3,0) (0,1,0)  (1,0,0)

Propagate to Earth l

fe

Assume real value k, =1 (k, =k, = 0)

By 2040, how well will we recover the real value?
[Adding spectrum information (not shown) will likely help]

Song, Li, Argtielles, MB, Vincent, 2012.12893

JUNO + Hyper-K + JUNO 0.0
IC 15-yr + IC-Gen2 10-yr

680/0 C.R. 0.9 4 3 2 1 0
M 90% C.R. 0.2 Logo(P (ki)
M 99.7%C.R. 0.8
e
\L’Q' 0.7 b;
\ 04, %
S 4 06 2,
& 05 %»
;:o- 0.5
& >
A 06 %
&
I
N =
0.8 =

¢ Assumed real value

7 7 7 7 7 7
00 01 02 03 04 05 06 07 08 09

nt-decay fraction, k.

We do recover the real value



More than one production mechanism?

Can we detect the contribution of
multiple v production mechanisms?

ndecay: pdamped: n decay:
1/3,2/3,0) (0,1,0)  (1,0,0)

Propagate to Earth l

fe

Assume real value k, =1 (k, =k, = 0)

By 2040, how well will we recover the real value?
[Adding spectrum information (not shown) will likely help]

Song, Li, Argtielles, MB, Vincent, 2012.12893

JUNO + Hyper-K + JUNO 0.0
IC 15-yr + IC-Gen2 10-yr

680/0C.R. 0.9 4 3 2 1 0
M 90% C.R. 0.2 Logo(P (ki)
M 99.7%C.R.

¢ Assumed real value

7 7 7 7 7
00 01 02 03 04 05 06 07 08 09

nt-decay fraction, k.

We do recover the real value



More than one production mechanism?

1 i NO + Hyper-K + JUNO 0.0
Can we detect the contribution of I Nort yperic: {gyr o
multiple v production mechanisms? 68% C.R. 0.1 » —
o, 4 -3 2 -1 0
) H n o0 /OOC.RI 0.2 Logo(P (ki)
fS — kwfs + kufs + knfs M 99.7%C.R.
—— —— ——

ndecay: pdamped: n decay:
1/3,2/3,0) (0,1,0)  (1,0,0)

Propagate to Earth l contribution

fe

Assume real value k, =1 (k, =k, = 0)

¢ Assumed real value

By 2040, how well will we recover the real value? N NN
[Adding spectrum information (not shown) will likely help] 00 01 02 03 04 05 06 07 08 09
nt-decay fraction, k.

Song, Li, Argiielles, MB, Vincent, 2012.12893 We do recover the real value



More than one production mechanism?

Can we detect the contribution of
multiple v production mechanisms?

fs = knf§ + kufs + knfs
ndecay: pdamped: n decay:

1/3,2/3,0) (0,1,0)  (1,0,0)

Propagate to Earth l

fe

Assume real value k, =1 (k, =k, = 0)

By 2040, how well will we recover the real value?
[Adding spectrum information (not shown) will likely help]

Song, Li, Argtielles, MB, Vincent, 2012.12893




More than one production mechanism?

Can we detect the contribution of
multiple v production mechanisms?
fS :kwfg—'_kufg"'_k
—

ndecay: pdamped: n ddNay:
(1/3,2/3,0) (0,1,0) (1,0,

Propagate to Earth l

fe

Assume real value k, =1 (k, =k, = 0)

By 2040, how well will we recover the real value?
[Adding spectrum information (not shown) will likely help]

Song, Li, Argtielles, MB, Vincent, 2012.12893




More than one production mechanism?

Can we detect the contribution of 16 __ 2015 (measured) ]
. . . I IC (Ap] 1, 98) @ NuFit 5.0 )
multiple v production mechanisms?

fS:kwf§+kufg+k
—— ——

ndecay: pdamped: n ddNay:
(1/3,2/3,0) (0,1,0) (1,0,

14F -

12F ]

Propagate to Earth l

fe

Probability density P (k)
%
I
|

Assume real value k, =1 (k, =k, = 0)

By 2040, how well will we recover the real value?

[Adding spectrum information (not shown) will likely help] Lo o o boin oo b boc Lo Lo
0.0 01 02 03 04 05 06 07 08 09 1.0

Pion-decay fraction, k

Song, Li, Argtielles, MB, Vincent, 2012.12893




More than one production mechanism?

Can we detect the contribution of 161 | 2015 (measured) -
) . . r IC (Ap]J 1, 98) ® NuFit 5.0 1
multiple v production mechanisms? 2020 (projected): y
14+ ¥ 1C8 yr @ NuFit 5.0 -

fs=kafS+kufs+Fk
—— ——

ndecay: pdamped: nddNay:
(1/3,2/3,0) (0,1,0) (1,0,

12F ]

Propagate to Earth l

fe

Probability density P (k)
%
I
|

Assume real value k, = 1 (k, = k, = 0) 4;_ :

. 2F J
By 2040, how well will we recover the real value? :
[Adding spectrum information (not shown) will likely help]

00 01 02 03 04 05 06 0.7 08 09 1.0
Pion-decay fraction, k,

Song, Li, Argtielles, MB, Vincent, 2012.12893



More than one production mechanism?

rerr[prrrr[prrrr[prrr [ rrr o rrr ettt e T

Can we detect the contribution of 16|~ 2015 (measured): -
. . . i IC (Ap] 1, 98) @ NuFit 5.0 ]
multiple v production mechanisms? [ 2020 (projected); y
14+ ¥ 1C8 yr @ NuFit 5.0 -

i 2028 (projected): i

[ B 15yr @ (NUFit 5.04JUNO)

fs=kofS+kufs+k :
— 121 -

ndecay: pdamped: nddNay:
(1/3,2/3,0) (0,1,0) (1,0,

Propagate to Earth l

fe

Probability density P (k)
%
I
|

Assume real value k, =1 (k, =k, = 0) 4:_ |

2r

By 2040, how well will we recover the real value?
[Adding spectrum information (not shown) will likely help]

00 01 02 03 04 05 06 0.7 08 09 1.0
Pion-decay fraction, k,

Song, Li, Argtielles, MB, Vincent, 2012.12893



More than one production mechanism?

Can we detect the contribution of 16F 2015 (measuredy ]
. ) ) - "7 IC (Apy 1, 98) ® NuFit 5.0 ]
multiple v production mechanisms? 200 (projected): _
(proj )
14+ ¥ 1C8 yr @ NuFit 5.0 .
i 2028 (projected): i
fS = kﬂfg + kufg + k oL }Ijrrcgi)efl\?uFitS.OﬂUNO) ]
— — 12+ 2040 (projected): 2
. . . " (IC 15 yr+IC-Gen2 10 yr) ®
mdecay: —pdamped: 7 doway: A NUFI(5.04JUNO DUNE-HK)

1/3,2/3,0) (0,1,0) (1,0,

—
(@)
T T | T ¥

Propagate to Earth l

fe

Probability density P (k)
%

Assume real value k, =1 (k, =k, = 0)

. 2F
By 2040, how well will we recover the real value? i
[Adding spectrum information (not shown) will likely help]

0.0 01 02 03 04 05 0.6 0.7 0.8 09 1.0
Pion-decay fraction, k,

Song, Li, Argtielles, MB, Vincent, 2012.12893



More than one production mechanism?

Can we detect the contribution of 16 2015 (measured): -
) . ) - IC (Ap] 1, 98) ® NuFit 5.0 .
multiple v production mechanisms? 2020 (projected): ]
(proj )
14+ ¥ 1C8 yr @ NuFit 5.0 -
i 2028 (projected): 1
fS — kﬁfg + kufg + k [ 5 }I:rr(%efl\?ulﬂit 5.0+JUNO) ]
— — 12+ 2040 (projected): 1
. . . i (IC 15 yr+IC-Gen2 10 y1) ® i
ndecay: pdamped: 7 dNgy: i -(NuFitYSr.-(;+]Ul\?g+DUyl{TE+HK)
(1/3’ 2/3’ 0) (O’ L, O) (1’ 0’ 10+ 2040 (projected):
" (Combined v telescopes) ®
(NuFit 5.0+JUNO+DUNE+HK)

Propagate to Earth l

fe

Probability density P (k)

Assume real value k, =1 (k, =k, = 0)

By 2040, how well will we recover the real value?
[Adding spectrum information (not shown) will likely help]

0.0 01 0.2 0.3 04 05 06 0.7 0.8 09 1.0
Pion-decay fraction, k,

Song, Li, Argtielles, MB, Vincent, 2012.12893



Side note: Improving flavor-tagging using echoes

Late-time light (echoes) from muon decays and neutron captures can separate
showers made by v, and v, -
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The future



UHE neutrinos: transient sources
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Take-home message

We might see an

UHE v burst before
we see a diffuse flux
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Discovering a Galactic v flux in PLEVM
56 discovery potential (GC only)
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Figure courtesy of Matthias Huber
Huber, Schumacher, Agostini, MB, Oikonomou, Resconi, In prep.
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