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They have the highest energies
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Discovered in 2013
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Discovered in 2013 Predicted in 1969
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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




The story so far



Making high-energy astrophysical neutrinos: a toy model
(orp +p)
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Making high-energy astrophysical neutrinos: a toy model
(orp +p)
p+mn’ Br=2/3
]9+'Ytarget—>A+—>{n+T[+, Br=1/3
m0— 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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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,)
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Main high-energy
v observables

SN




Standard expectation:
Power-law energy spectrum

Standard expectation:

Isotropy (for diffuse flux)
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v and y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, vz
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Neutrino energy spectrum

With > 10 years of data, deviations from a power law start to be testable:
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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
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TS = —2A1In(L)

IceCube, 2011.03545



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
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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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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.)
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From sources to Earth: we learn what to expect when measuring f,
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One likely TeV-PeV v production scenario:
p+y—nt—pt+v, followed by pt—et+v. +v,

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

Note: v and v are (so far) indistinguishable

in neutrino telescopes
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One likely TeV-PeV v production scenario:
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Full 71 decay chain
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One likely TeV-PeV v production scenario:
p+y—nt—pt+v, followed by pt—et+v. +v,

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: v and v 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
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Measuring flavor composition: 2015-2020
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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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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
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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
L - — N
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/0 dEy By Fy(Ey) = 2 11— (1= (zpon)) ™ 7 / - dEyEyFy(E,)

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
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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
L Frc — N
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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 Frc — N
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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
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TXS 0506+056: The fi/J: t transient source of hig g

Blazar TXS 0506+O56 IceCube, Science 2018

1C40 1C59 1C79 IC86a IC86b 1C86¢
5 L L =
===+ TceCube-170922A o F 4o
47 Gaussian Analysis E
Q; 3 Box-shaped Analysis ol NP
& .
S 24
| = 20
1 -—-,J_J_ L
ag
0 ‘—|_|_-__’—F-‘r )/__‘_' :
2009 2010 2011 2012 2013 2014 2010 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
Brom p=ix10- to p-gxio- 3.50 significance of correlation (post-trial) 1.40 significance of correlation

=

Combined (pre-trial): 4.10

. DESY



Today
TeV-PeV v

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

Key developments:

Larger statistics
Better reconstruction
Smaller astrophysical uncertainties




High-energy neutrino physics
today



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°




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)

DE-v interaction
,Lorentz+CPT violation

Neutrino deca
.Heavy relics Y

DM annihilation, Long-range interactionse

Secret vv.interactions
DM decay, Ve Supersymmetry.

« Sterile v Effective operators,

Boosted DM. = Leptoquarks
NSI Extra dimensions,

Superluminal v
Monopoles



(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)

y : .
?) (Acts during propagation)
[

(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)

N
S

: \\

\ 9 <
~

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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&
£
Q()v)i? ///@{Qts dlring propagation)
(S / ' |
& V \
(Acts at production /// / /

Standard expectation:
Isotropy (for diffuse flux)

«/DM-v interaction

7\

/ _LorentZ+CPT violation

(Acté{at%{eted\i

A\ o

4

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)

«/DM-v interaction

7\

/ _LorentZ+CPT violation

(Acté{at%{eted\i

A\ o
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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)
5
=
&
& K/
<2 / W4 I .
.Qi i / /@(C s gdlring ¢r0paga ion)

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]

. _/

(Actsyat detectjon)

A\ S

Standard expectation:

v and y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, vz

More: PoS ICRC2019 (1907.08690)

NOte' NOt an €Xhau5tive llSt Argitielles, MB, Kheirandish, Palomares-Ruiz, Salvad6, Vincent



A selection of neutrino physics

c Discovering the Glashow resonance

e Neutrino-matter cross section

9 Dark matter

e Flavor physics

\
Secret neutrino interactions : oo
e 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




First observation of a Glashow resonance
Predicted in 1960:

IceCube, Nature 2021
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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

- )
promptly Tt it +(VL

@_JS/> o
63Pe\> g’gfnrO

A%

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

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

A%

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

IceCube, Nature 2021
Glashow, PR 1960




First observation of a Glashow resonance

Predicted in 1960: First reported by IceCube in 2021:
a%‘ 05 —  Dgtg
hadrons % 041
6.3 Pe\> (n, n, %s 0.3
Br ~ 67% 502
% 0.1
° ; ; ; : 5

Visible energy (PeV)

v

e W Vl
03 Pe‘> ----- < Br =~ 33%
e [-

IceCube, Nature 2021
Glashow, PR 1960




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

:é\ —
% 0.5 Data
o]

hadrons 2 047

6.3 PeV (7t n, g 0.3 -

2 0.2-

Br = 67% S
£ 041
g

0 I I I I
5 6 7 8 9

v

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

IceCube, Nature 2021
Glashow, PR 1960

Monte Carlo

MC events in 4.6 yr per bin

Visible energy (PeV)




2. Neutrino-matter cross section:
From TeV to PeV



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



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

[ceCube




[ 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

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




Measuring the high-energy vN cross section

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

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

Below ~ 10 TeV: Earth is transparent Above ~ 10 TeV: Earth is opaque
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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
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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
Adapted for Snowmass 2021: Ackermann, MB, et al., [HEAp 2022
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Valera, MB, Glaser, [HEP 2022
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3. Dark matter:
Annihilation and decay into v



High-energy neutrinos from dark matter

Dark matter co-annihilation: v + v yield from DM (at source)
X+X—>V+V |
— 2 |
X+tx—...ov+v+... i
Emax — My % 101_;
Z 5
Dark matter decay: =
_ 100 4
X —V+V ’ f
X —7... > V+UV+... ot AN
10-5 104 1073 1072 10°!  10°
Emax — mx/ 2 Ev/Emax IceCube, JCAP 2023

Approximate independence on m,

Electroweak corrections (off-shell W and .
valid for m, = 100 TeV-10 PeV

Z emission) broaden the v spectrum



Dark matter in the Milky Way

Florﬂlo Valera MB Wmter PRD 2023
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Limits on dark matter annihilation

Per annihilation channel
(assuming 100% branching ratio)

{Einasto profile Using 7.5 years of 90% C.L.
' IceCube HESE data

—_ 10—22
l(n
g
=
= 10-23
o B
e bb
. p— S W
10_24__ — )|)
10° 106 107
m, [GeV]

Two DM contributions: Galactic (anisotropic) + extragalactic (isotropic)
Plus background of atmospheric neutrinos (anisotropic, but different)



Limits on dark matter annihilation

Per annihilation channel Compared to other limits
(assuming 100% branching ratio) (assuming annihilation to muons)
frnastoprofile  Using 7.5 years of  90% C.L. 10-22 XX =M™
| IceCube HESE data ?
— 10722 — 10-23 -
IUJ ICIJ
m m 10—24
§ §
. 10—23 < —25
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—_— D | —— HAWC: dSPH —— H.ESS.
10_24 B — . . I . . - 10—27 : :
10° 106 107 10t 103 10° 107
m, [GeV] m, [GeV] IceCube, JCAP 2023

Two DM contributions: Galactic (anisotropic) + extragalactic (isotropic)
Plus background of atmospheric neutrinos (anisotropic, but different)



4. New physics via tlavor
Hard to do, but worth it



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




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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simultaneously



New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:




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; . 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]
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» Lorentz- and CPT-invariance violation ol e
[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010; O" ?, 8 ®
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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]
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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]
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» 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
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» 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
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» 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]
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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
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» 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]
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Lorentz-invariance violation can fill up the flavor triangle

IceCube Collab., Nat. Phys. 2022 Forn=0 O . O ]_ : O
- (similar for n = 1)
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IceCube Collab., Nat. Phys. 2022
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High-energy neutrino physics

in the future
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Measuring the diffuse flux precisely
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From today to
the 2040s
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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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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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Measuring flavor composition: 2015-2040

Song, Li, Argtielles, MB, Vincent, JCAP 2021
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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

Song, Li, Argtielles, MB, Vincent, JCAP 2021
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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

Song, Li, Argtielles, MB, Vincent, JCAP 2021
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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

Song, Li, Argtielles, MB, Vincent, JCAP 2021
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Measuring flavor composition: 2015-2040

Song, Li, Argtielles, MB, Vincent, JCAP 2021
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How knowing the mixing parameters better helps
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Theoretically palatable regions: 2020 — 2040
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All-flavor neutrino flux, E?,CIDVW [GeVem 25 1sr1]
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Rodrigues et al., HL BL Lacs
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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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@ IceCube HESE (7.5 yr) extrapolated Bergman & van Vliet, fit to TA UHECRs Rodrigues et al., HL BL Lacs @ Padovani ef al., BL Lacs
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@ IceCube HESE (7.5 yr) extrapolated Bergman & van Vliet, fit to TA UHECRs Rodrigues et al., HL BL Lacs @ Padovani ef al., BL Lacs
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Valera, MB, Glaser, [HEP 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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TeV-PeV v >100-PeV v
Turn predictions Make predictions for
into data-driven 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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Thanks!
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Neutrino energy spectrum
7.5 yr: 100+ contained events > 60 TeV:
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High-energy neutrinos from the Galactic Plane

1 IceCube All-Sky v Flux (22)
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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
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NGC1068: The first steady-state source of high-energy v

Active galactic nuc’leué
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Neutrino-dark matter scattering

X (fermion) X

Signature:

Deficit of high-energy v
from the Galactic Center
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(scalar)
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Measuring the high-energy vN cross section

Number of detected neutrinos (simplified for presentation):
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Measuring the high-energy vN cross section

Number of detected neutrinos (simplified for presentation):

Nx ®,0,ve N =®,0, e LovvnN
—— N
Neutrino flux  Cross section
Downgoing neutrinos Upgoing neutrinos
(L short — no matter) (L long — lots of matter)
N o< ®,0,y N o ®,0,ye H7vmN
—— | ~ J
Degeneracy Breaks the 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




A feel for the in-Earth attenuation

Earth matter density Neutrino-nucleon cross section

(Preliminary Reference Earth Model)
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A feel for the in-Earth attenuation
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Deposited energy Egep [GeV]
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In-Earth distance to IceCube D [km]
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In-Earth distance to IceCube D [km]
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Peeking inside a proton

H1 and ZEUS
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Limits on dark matter decay

Per annihilation channel Compared to other limits
(assuming 100% branching ratio) (assuming decay into muons)
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Two DM contributions: Galactic (anisotropic) + extragalactic (isotropic)
Plus background of atmospheric neutrinos (anisotropic, but different)



No unitarity? No problem

k/gc;ndard oscillations, NO 0.0
Alltegions997% CR.

B W 2020: NuFit 5.0

+ DUNE
+H -K
yper 0.3

01 © mtdecay: (1:2:0)g
' 09 @ p-damped: (0:1:0)g

A ndecay: (1:0:0)g

A go

i <

5
........... 3

W ey, ™ |
MY/ WAl ®

0.9 / +++2020 (proj.): IC 8 yr (99.7% C.K:

0.1

==2040 (proj.): IC 15 yr + Gen2 10 yr (99.7% C.R.)
== 2040 (proj.): Combined v telescopes (99.7% C.R.)

b4 / / / / / 74 / / / / 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

k/Non-unitary mixing 0.0

e == —— = e,
-~

TATrregions997% C.R.

H NN 2020
B W] 2040 0.2

© 7 decay: (1:2:0)g
0.9 [ p-damped: (0:1:0)qg
A ndecay: (1:0:0)g

-+1:2020 (proj.): IC 8 yr (99.7% C.K.
==12040 (proj.): IC 15 yr + Gen2 10 yr (99.7% C.R.)
—— 2040 (proj.): Combined v telescopes (99.7% C.R.)

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

Fraction of v, f o




How knowing the mixing parameters better helps
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5. New neutrino interactions:
Are there secret vv interactions?
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Secret interactions of high-energy astrophysical neutrinos

“Secret” neutrino interactions between - 200 N g strearrlling !
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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
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

— 2.00

s

il 1.75

N

|

g 1.50

Q

=

3 1.25

|

= 1.00

&

< 075

g

= 0.50

P

=

= 0.25

+

= 0.00
1

T T T T
""""" Free streaming

---- With attenuation
—— With attenuation + regeneration

M =10 MeV
¢ =0.03
m,=0.1eV

@)
@

NIRRT | Ll L ful Ll L
104 10° 100 107

Neutrino energy E [GeV]




Secret interactions of high-energy astrophysical neutrinos

“Secret” neutrino interactions between
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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):

Astrov
>L ~ gpvv

Relic v
s New couphng
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Cross section: ¢ _\W' o~
!
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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
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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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6. 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
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Astrophysical sources Earth
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of each v mass eigenstate, N;, N>, N;
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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;
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!
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Astrophysical sources Earth
| L ~up to a few Gpc |
| |
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\ J
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v; lightest and stable
(normal mass ordering) - -
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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)
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What does neutrino decay change?

Flavor composition

Flavor content of mass eigenstates:
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What does neutrino decay change?

Flavor composition

V2, V3 > V1 .V
\ J 0.7
1 V U 0.60.5 0'50 . Uil
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(normal mass ordering) e -’
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What does neutrino decay change?

Flavor composition
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What does neutrino decay change?

Flavor composition
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What does neutrino decay change?

Flavor composition
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See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /
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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



What does neutrino decay change?

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 /

Song, Li, Argtielles, MB, Vincent, JCAP 2020

Event rate

__ Glashow resonance (GR):

v, + e > W — hadrons — shower
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What does neutrino decay change?

Number of showers Egep dNgp /dEgep (4.6 y1)
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Combined detector exposure [Gton yr]
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Combined detector exposure [Gton yr]
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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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Radio emission: geomagnetic and Askaryan
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Radio emission: geomagnetic and Askaryan
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* Bow-tie design, 3 perpendicular arms

| % * Antenna optimized for horizontal showers
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New physics in the UHE vN cross section




New physics in the UHE vN cross section

Heavy sterile neutrinos
via the dipole portal

10_1 T |||||I1'| T ||n||1'| .
i 3
1 -
i,
10 : El
L m
T .
107 S
£ 10
10O ===~
-6
10 LHC d,,
o7 L LEP d,z
L IIlIIIIi L llllllll 1 Illllu] L IIIIIIII 1 LLLLl
1 10 102 103 104 109
mpy (GeV)

Huang, Jana, Lindner, Rodejohann, 2204.10347




New physics in the UHE vN cross section

Heavy sterile neutrinos
via the dipole portal
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Heavy sterile neutrinos
via the dipole portal
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Lorentz-invariance violation at ultra-high energies
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Lorentz—invariance Violation at ultra-high energies
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Lorentz-invariance violation at ultra-high energies
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Lorentz-invariance violation at ultra-high energies
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Lorentz-invariance violation at ultra-high energies
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IceCube-Gen2 (radio) alone might measure flavor

0.0
IceCube-Gen2 (radio) L0 Using only v, charged-
UHE v, 10 years L 0.9 current interactions
Flux: TA cosmogenj - "~ Usingonly vy, vz

econdary interactions

[Fraction of v, + vT\

Secondary muons
and tauons create
showers that hit

>1 radio station
\_ ),

~N

Fraction of v,

Showers are
elongated due to
the LPM effect
N\

. % True value: (%, %, %)
&

All regions: 68% C.L:
! 7 7 7 7 7 7

03 04 05 06 07 08 09 10

Fraction of v,

Coleman, Ericsson, MB, Glaser, In prep.




IceCube-Gen2 (radio) alone might measure flavor
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Accessing the full UHE flavor information

IceCube-Gen2 (no flavor-id) + GRAND:
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