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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 k, ~ 4 - 10* (E/PeV)™" (L/Gpc)! PeV!™

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




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 k, ~ 4 - 10* (E/PeV)™" (L/Gpc)! PeV!™

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




Main high-energy
v observables

SN




Standard expectation:
Power-law energy spectrum

Standard expectation:

Isotropy (for diffuse flux)
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Main high-energy
v observables

SN

Standard expectation:

v and y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, vz



Note: Not an exhaustive list

« DM-v interaction

DE-v interaction
,Lorentz+CPT violation

Neutrino d
Heavy relics eutrino decay,

DM annihilation, Long-range interactions.

Secret vv.interactions
DM decay. Ve Supersymmetry.

« Sterile v Effective operators,

Boosted DM. Leptoquarks
NSI Extra dimensions,

Superluminal v
Monopoles



Note: Not an exhaustive list

« DM-v interaction

(Acts at production)
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(Acts during propagation)

(Acts at production)

Monopoles

Note: Not an exhaustive list



(Acts during propagation)

(Acts at production)

Monopoles

(Acts at detection)

Note: Not an exhaustive list



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:

— Standard expectation:
Power-law energy spectrum g g \ N\ Isotropy (for diffuse flux)
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~Heavy rehcs |\
DM annihilation, _

N

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:

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

Isotropy (for diffuse flux)
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Monopoles

(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:
Isotropy (for diffuse flux)
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Standard expectation:

v and y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, vz

More: PoS ICRC2019 (1907.08690)
Argitielles, MB, Kheirandish, Palomares-Ruiz, Salvad6, Vincent

Note: Not an exhaustive list



Standard expectation:
Power-law energy spectrum
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Standard expectation:
Isotropy (for diffuse flux)
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Standard expectation:

v and y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, vz

More: PoS ICRC2019 (1907.08690)
Argitielles, MB, Kheirandish, Palomares-Ruiz, Salvad6, Vincent

Note: Not an exhaustive list



Standard expectation: Standard expectation:

Power-law energy spectrum Qec,&“’m Isotropy (for diffuse flux)
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Reviews:
Ahlers, Helbing, De los Heros, EPJC 2018
Argiielles, MB, Kheirandish, Palomares-Ruiz, Salvadd, Vincent, ICRC 2019 [1907.08690]
Ackermann, Ahlers, Anchordoqui, MB, et al., Astro2020 Decadal Survey [1903.04333]
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Standard expectation:

v and y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, vz

More: PoS ICRC2019 (1907.08690)
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A selection of neutrino physics

c Discovering the Glashow resonance

e Secret neutrino interactions

e Neutrino-matter cross section

e New physics via flavor
Find this in the

> backup slides

e Neutrino decay




1. Glashow resonance:
Long-sought, finally seen



First observation of a Glashow resonance
Predicted in 1960:

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

hadrons
S G
67%

IceCube, Nature 2021
Glashow, PR 1960




First observation of a Glashow resonance
Predicted in 1960:

hadrons
6.3 Pe> (7t n,
67%

v

e W Vl
6.3 Pe\> _____ < Br = 339%
e I

IceCube, Nature 2021
Glashow, PR 1960




First observation of a Glashow resonance

Predicted in 1960:

hadrons
W
67%

A%

e W Vl
6.3 Pe\> _____ < Br = 33%
e I

IceCube, Nature 2021
Glashow, PR 1960

First reported by IceCube in 2021:




First observation of a Glashow resonance
Predicted in 1960: First reported by IceCube in 2021:

Pions decay
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IceCube, Nature 2021
Glashow, PR 1960




First observation of a Glashow resonance

Predicted in 1960: First reported by IceCube in 2021:
Pions decay
?’nwwm '
L
63 PeV , Efim
RN _ Early muons detected
Br = 67%

£ | before the shower
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IceCube, Nature 2021
Glashow, PR 1960




First observation of a Glashow resonance

Predicted in 1960: First reported by IceCube in 2021:
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hadrons % 041
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First observation of a Glashow resonance
Predicted in 1960: First reported by IceCube in 2021:
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2. New neutrino interactions:
Are there secret vv interactions?



Astrophysical neutrino sources Earth

| Galactic (kpc) or extragalactic (Mpc — Gpc) distance |




Astrophysical neutrino sources Earth

| Galactic (kpc) or extragalactic (Mpc — Gpc) distance |

Standard case: v free-stream
»@ ‘
(And oscillate)




Astrophysical neutrino sources Earth

| Galactic (kpc) or extragalactic (Mpc — Gpc) distance |

Standard case: v free-stream
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(And oscillate)

Non-standard case: high-energy v scatter of CvB
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Astrophysical neutrino sources

Earth

| Galactic (kpc) or extragalactic (Mpc — Gpc) distance

Standard case: v free-stream
»@ <
(And oscillate)

Non-standard case: high-energy v scatter of CvB

“Secret” v

i Astrov Vv :

interactions | |
— [ N |

= |

BSM v self- : !
interactions ! L~ ghvy i

Relic v




Astrophysical neutrino sources

Earth

| Galactic (kpc) or extragalactic (Mpc — Gpc) distance

Standard case: v free-stream
»@ <

(And oscillate)

Non-standard case: high-energy v scatter of CvB

“Secret” v
Interactions

[ |

. : : Astrov 1% : Can change:
= NN __Y__ |
|
BSM v self- ' '
interactions i L~ ghvy i

Relic v




Astrophysical neutrino sources

Earth

| Galactic (kpc) or extragalactic (Mpc — Gpc) distance

Standard case: v free-stream
»@ ‘

(And oscillate)

Non-standard case: high-energy v scatter of CvB
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Astrophysical neutrino sources

Earth

| Galactic (kpc) or extragalactic (Mpc — Gpc) distance

Standard case: v free-stream
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Astrophysical neutrino sources

Earth

| Galactic (kpc) or extragalactic (Mpc — Gpc) distance

@ Standard case: v free-stream
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Astrophysical neutrino sources Earth

| Galactic (kpc) or extragalactic (Mpc — Gpc) distance |

@ Standard case: v free-stream
(And oscillate)

Non-standard case: high-energy v scatter of CvB
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Secret interactions of high-energy astrophysical neutrinos

“Secret” neutrino interactions between - 200 N g strearrlling !
astrophysical v (PeV) and relic v (0.1 meV): a 175 L -~~~ With attenuation i
L . —— With attenuation + regeneration
Astrov Vv o
c 150 - M=10MeV -
_____ ; =0.03
L~ gpvv & 125 =0.1eV _
Relicy ~8 v 0
= 1.00 -
4 8
: s .
Cross section: g — & 5 = 0.75
TC (s — M?)” + M?T2 S
= 0.50 -
X
)
M?2 § 0.25 -
Resonance energy: Eigs = o T
M-, = 0.00 AT BT RTTTY B ¥ BRIy S . e
MB, Rosenstroem, Shalgar, Tamborra, PRD 2020 103 104 105 106 107 108

See also: Esteban, Pandey, Brdar, Beacom, PRD 2021 .
Creque-Sarbinowski, Hyde, Kamionkowski, PRD 2021 Neutrino energy E [GeV]
Ng & Beacom, PRD 2014
Cherry, Friedland, Shoemaker, 1411.1071
Blum, Hook, Murase, 1408.3799




Secret interactions of high-energy astrophysical neutrinos

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

Astro v > Vv
Relic v L~ghpvy

New coupling
i 4%
: Al
Cross section: g =‘&* r—s
4
T (s _.\MZ} + M?2T2
~” Mediator mass
ME
Resonance energy: Eios = ——
2m,,

-

§

MB, Rosenstroem, Shalgar, Tamborra, PRD 2020

See also: Esteban, Pandey, Brdar, Beacom, PRD 2021
Creque-Sarbinowski, Hyde, Kamionkowski, PRD 2021
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
>L ~ gpvv

Relic v

s
(s —M2) + M2T2
= Mediator mass

ME
Resonance energy: Eieq = S
m“\-"

Cross section: g =

MB, Rosenstroem, Shalgar, Tamborra, PRD 2020

See also: Esteban, Pandey, Brdar, Beacom, PRD 2021
Creque-Sarbinowski, Hyde, Kamionkowski, PRD 2021
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
::;Z. ~ gpvv

Relic vy 1%
_-~_New coupling
\
: L gt ) )
Cross section: g =‘&.4 o~
/
Tt [S _|\M2} + M?2T2
- Mediator mass
M?
Resonance energy: Eygs = ——
2m,,

MB, Rosenstroem, Shalgar, Tamborra, PRD 2020

See also: Esteban, Pandey, Brdar, Beacom, PRD 2021
Creque-Sarbinowski, Hyde, Kamionkowski, PRD 2021
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):

Astrov
>L ~ gpvv

Relic v
s New couphng
W8t ) 5
Cross section: ¢ _\W' o~
!
T (s —|\M2) + M2T12
- .
Mediator mass
2
Resonance energy: Eygs =
2m,,

MB, Rosenstroem, Shalgar, Tamborra, PRD 2020

See also: Esteban, Pandey, Brdar, Beacom, PRD 2021
Creque-Sarbinowski, Hyde, Kamionkowski, PRD 2021
Ng & Beacom, PRD 2014
Cherry, Friedland, Shoemaker, 1411.1071
Blum, Hook, Murase, 1408.3799

Looking for evidence of vSI

» Look for dips in 6 years of
public IceCube data (HESE)

» 80 events, 18 TeV-2 PeV

» Assume flavor-diagonal and
universal: g,, = g 0.,

» Bayesian analysis varying
M, g, shape of emitted flux (y)

» Account for atmospheric v,
in-Earth propagation, detector
uncertainties

- /




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 ¢
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No significant (> 3c) evidence for a spectral dip ... ... so we set upper limits on the coupling ¢
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3. Neutrino-matter cross section:
From TeV to EeV



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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How does DIS probe nucleon structure?

What you see Beneath the hood
ve(py) £ (pe) ve(pv) ¢ (pe)
W+ (q)
Wt (q) u(pr)
d(p;)
X (px)
N(pN) N(pN)

(Plus the equivalent neutral-current process (Z-exchange))

Giunti & Kim, Fundamentals of Neutrino Physics & Astrophysics



Fermilab Today




Peeking inside a proton

H1 and ZEUS

xf

Q% =10 GeV?

—— HERAPDF1.0

- exp. uncert.
E model uncert.

- parametrization uncert.
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04

(Parton distribution function)

» nce down quark
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< Extrapolation ses =5
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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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Horizon
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[ WN charged current scattering
N hadrons
\7 ]

Horizon

[ceCube




[ WN charged current scattering
N hadrons
. l
(VN neutral current scattering
N hadrons
Horizon \
IceCube X Vi Vi

(lower energy)



[ceCube

.

vN charged current scattering

N hadrons

Depletes the flux

Horizon

(VN neutral current scattering

N hadrons

Shifts flux to

lower energies

Vi Vi

\ (lower energy)




Measuring the high-energy vN cross section

Number of detected neutrinos (simplified for presentation):

N x P, 0, ve N = (I)VO'VNG_LU”NTLN

—— S
Neutrino flux Cross section

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




Measuring the high-energy vN cross section

Number of detected neutrinos (simplified for presentation):

N x ®,0,ve N =®,0,ye LN

——
Neutrino flux Cross section

Downgoing neutrinos
(L short — no matter)

N (I),/O',/N

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




Measuring the high-energy vN cross section

Number of detected neutrinos (simplified for presentation):

N x P, 0, ve N = (I),/O',/NG_LU”NnN

——
Neutrino flux Cross section

Downgoing neutrinos
(L short — no matter)

N x (I),/O',/N
a_J

Degeneracy

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




Measuring the high-energy vN cross section
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via the dipole portal
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via the dipole portal
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A feel for the in-Earth attenuation
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A feel for the in-Earth attenuation
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In-Earth distance to IceCube D [km]
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No unitarity? No problem
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How knowing the mixing parameters better helps
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What does neutrino decay change?

Flavor composition

Flavor content of mass eigenstates:

Flavor content © Vary 0;,3¢cp
Known to within 2% NH 0.1 0.9 Best Fit
58 16
© W36
e 0.7
0.4 06

| U(xi | 2= | U(xi(612/ e23/ e13/ 6CP) | :
A Ud* 7 0% U

Known to within 8%

Known to within 20%
(or worse)

0 01 02 03 04 05 06 07 08 09 1

. 2
MB, Beacom, Winter PRL 2015 | U ejl
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3. Flavor:
Towards precision, finally

(with the help of lower-energy experiments)



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
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Measuring flavor composition: 2015-2040

Song, Li, Argtielles, MB, Vincent, JCAP 2021
| T T | T T T T I T T T T I T ] T T

Volume [km?]

Mixing parameter

1‘ua’i‘2

e~

2 |

16F == TamBO
[ I P-ONE
12 ] KM3NeT
8 F © Baikal GVD
[ 0 IceCube-Gen2
4 C IceCube

: I 1 i 1 1 I 1 L 1 1 I 1 1 1 1
2 . O l T T T T | T T T IJ UNO T T T ‘ T T T T | T T T T

B DUNE

Hyper-K
IceCube Upg.

1.0 E
0.9 5
0.85 ]
0.7¢ =
0.6F =
0.5 -

E
04r E
0.3 =
O 2 i 1 | 1 1 1 1 | 1 1 1 1 1 1 1 |

‘ T | T T | T I T T T ] ‘ T T ] T | T T T T

1.0} o

r Non-unitarity
0.9 =

C x=c¢e e=y =T

: ‘ 1 1
72015

PN R I TS A AT ST N T ST ST N AN
2020 2025 2030 2035

2040




Measuring flavor composition: 2015-2040
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Measuring flavor composition: 2015-2040

Song, Li, Argtielles, MB, Vincent, JCAP 2021
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Measuring flavor composition: 2015-2040
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Measuring flavor composition: 2015-2040
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Measuring flavor composition: 2015-2040
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Measuring flavor composition: 2015-2040
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Measuring flavor composition: 2015-2040
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How knowing the mixing parameters better helps
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Theoretically palatable regions: 2020 — 2040

NO, upper 03 octant, 0.0
NuFit 5.0 - © mdecay: (1:2:0)g
W [ 68% CR. 0-1

09 O p-damped: (0:1:0)qg
A ndecay: (1:0:0)g

H N N 95%CR
HE N 9.7%CR.

— IceCube 8 yr (68%), 95%,99.7% C.R.)

Ve / / / 4 / / / / / / 0.0
00 01 02 03 04 05 06 07 08 09 10

Fraction of v,, fe o
Song, Li, Argtielles, MB, Vincent, JCAP 2021

NO, upper 6,3 octant, 0.0
JUNO + DUNE + HK 10 @ mdecay: (1:2:0)g
W 68%CR. 0.1

09 @ p-damped: (0:1:0)g
A ndecay: (1:0:0)q

H BN 95%CR.
HEN9%7%CR.

0.7
%
%
06 &
C
K

05

— IceCube 15 yr + Gen2 10 yr (68%, 95%, 99.7% C.R.)

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

Fraction of v,, f; o




v and y from transients arrive

Note: Not an exhaustive list

Standard expectation:

Standard expectation:
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New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:
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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; . 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

&
&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, 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



5. Unstable neutrinos:
Are neutrinos for ever?



Are neutrinos forever?

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

» One-photon decay (v, — v, +y): © > 10% (m,/eV)® yr

» Two-photon decay (v; = v, +y +y): 1> 10% (m,/eV)? yr 7 ‘(A:gf 4O,é I(J}l;;\)ferse

» Three-neutrino decay (v, — v, + v, + v,): T > 10% (m,/eV)5 yr

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

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




Are neutrinos forever?

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

» One-photon decay (v, — v, +y): © > 10% (m,/eV)® yr

» Two-photon decay (v; = v, +y +y): 1> 10% (m,/eV)? yr 7 égf 4(,)é [(J}l;;\)ferse

» Three-neutrino decay (v, — v, + v, + v,): T > 10% (m,/eV)5 yr

N Nambu-Goldstone
» BSM decays may have significantly higher rates: v, — v, { @ J—Dboson of a broken
symmetry

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




Astrophysical sources Earth
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Astrophysical sources Earth
| L ~up to a few Gpc |

|
Eg,
Decay changes the number ?
of each v mass eigenstate, N;, N>, N;

Only sensitive to their ratio
—h—

The flux of v, is attenuated by exp[- (L/E) - (m,/1,)]
—
Mass of v; Lifetime of v,




Astrophysical sources Earth
| L ~up to a few Gpc |

|
Eg,
Decay changes the number ?
of each v mass eigenstate, N;, N>, N;
Lower-E v are longer-lived...

—

The flux of v; is attenuated by exp[- (L/E) - (m;/ ;)]

... but v that travel longer L are more attenuated!



Astrophysical sources Earth
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Astrophysical sources Earth
| L ~up to a few Gpc |
| |

V2, V3 — V1
\ J
Y
v; lightest and stable
(normal mass ordering) - -
-
-
ecay is complete
If decay i plet
-
~eo -
“~eo
Fine print: \ ) o
» Decay can be incomplete Y
» Final-state v might be detectable or not v, lightest and stable
» Many more possible decay channels (inverted mass ordering)

(see Winter & Mehta, [CAP 2011)




Astrophysical sources Earth
| L ~up to a few Gpc |
| |

V2, V3 — V1
N J
Y

v; lightest and stable
(normal mass ordering)

Fine print: \ )
» Decay can be incomplete Y
» Final-state v might be detectable or not v, lightest and stable

» Many more possible decay channels (inverted mass ordering)
(see Winter & Mehta, [CAP 2011)




What does neutrino decay change?
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What does neutrino decay change?

Flavor composition

Flavor content of mass eigenstates:

Flavor content © Vary 0;,3¢cp
Known to within 2% NH 0.1 0.9 Best Fit
0.2 16
0.8
W30
e 0.7
0.4 06

| U(xi | 2= | U(xi(612/ e23/ e13/ 6CP) | :
A Ud* 7 0% U

Known to within 8%

Known to within 20%
(or worse)

0 01 02 03 04 05 06 07 08 09 1

. 2
MB, Beacom, Winter PRL 2015 | U ejl



What does neutrino decay change?

Flavor composition
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What does neutrino decay change?

Flavor composition
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Flavor composition
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Flavor composition
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Flavor composition
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Flavor composition
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https://github.com/songningqiang/FANFIC/
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What does neutrino decay change?

Glashow resonance (GR):
v, + e > W — hadrons — shower

If v, had decayed en route to Earth,
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Event rate

there would not have been v, left to trigger a GR
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See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /
MB, Beacom, Murase, PRD 2017/ Rasmussen et al., PRD 2017 /
Denton & Tamborra, PRL 2018 / Abdullahi & Denton, PRD 2020 /
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Event rate

__ Glashow resonance (GR):

v, + e > W — hadrons — shower

So by having observed 1 GR event we can
place a lower limit on the lifetime of v, (=v,)

If v, had decayed en route to Earth,
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What does neutrino decay change?

Number of showers Egep dNgp /dEgep (4.6 y1)
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