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Cosmic rays
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Neutrinos
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Gamma rays Neutrinos Cosmic rays
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What about gravitational waves?

They’re equally important!

See talk by James Dent on Thu 17/11



Particle physics & astrophysics with high-energy particles

Pros Cons
Highest energies known/expected: We don’t know the sources
Particle: Test BSM theories (especially for v and CRs)

Astro: Most energetic sources We don’t know production mechanisms

Baselines ~size of visible Universe: We don’t know how partic]es act at PeV+
Particle: Tiny effects can accumulate

Astro: Most distant/ancient sources Detectors are coarser than in colliders

Today: Large particle and astro unknowns
= Measurements are as much of particle physics as of astrophysics!
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Making high-energy astrophysical neutrinos: a toy model
(orp +p)
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Making high-energy astrophysical neutrinos: a toy model
(orp +p)
+1n' Br=2/3
=y +y
"o u t+tv,—ov,+te +v,+0,
n (escapes) —» p +¢e + v,

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




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

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

Energy at Earth =




"> Deflected by magnetic fields
» Lose energy via

N AT
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PeV gamma-rays become GeV-TeV via
Y+ YVop € T €
eE+Y € TV

"> Deflected by magnetic fields

» Lose energy via
- * -
Py, S Pte +e

LTy
P+ Yous T2V, + 0, + 0,




PeV gamma-rays become GeV-TeV via \
Y Yy T E HE |

+ +
e +yCMBee + y
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» Initial flavor r

. ov* ° » At Earth, dug’to oscillations: 1:1:1
= A » » Opportugity for new physics

"> Deflected by magnetic fields
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Gamma rays

1074 -
] $ Diffuse y (Fermi LAT)

10> 3 3
7 f |
5 107 3 3
n T, :
- 1V,
Hln . WQ%%
I 1077 3 o -
3 : A7 :
(] ] b I
S 1078 3 1’ 3
< ] -
r\‘>< ] i i
w 107° 3 3

10-10 ] i

10° 10%° 10t 10%? 10*® 10 10> 10'® 10'7 10'® 10%® 1020 102!

E [eV]
M. Ackermann, MB, et al., JHEAp 35, 55 (2022) [2203.08096]



See talk by Claudio Dib!

(Immediately atter mine)



GRB 221009A: The brightest GRB seen so far

October 9th, 2022

By Swift-BAT, Fermz-GBM 3 e g .
Fermi-LAT i SRR G R R TR
' S TT'i-‘:%.GtF?B22106éAr'-- Sk
~0.6 Gpc (z = 0.151) SF A
LHAASO: 18 TeV photon . w4 7 w7 =
Carpet-2: 251 TeV photon " .« oL -l o T

International Gemini Observatory /NOIRLab/NSF/AURA /B. O'Connor (UMD/GWU) & J. Rastinejad & W Fong
(Northwestern U.). Image processing: T.A. Rector (U. Alaska Anchorage/NSF NOIRLab),
J. Miller, M. Zamani & D. de Martin (NSF NOIRLab)

IceCube Collab., Science 378, 538 (2022)



Did we just discover new physics with GRB 221009A7




Did we just discover new physics with GRB 221009A?

Claim:
An 18-TeV photon should not survive the trip,
so new physics is invoked to make it happen

Examples: Lorentz-invariance violation (2210.06338, 2210.1126, 2210.11376)
Axion-photon conversion (2210.09250, 2210.10022)
Heavy neutrino decay (2210.14178, 2211.00634)




Did we just discover new physics with GRB 221009A?

Claim:
An 18-TeV photon should not survive the trip,
so new physics is invoked to make it happen

Examples: Lorentz-invariance violation (2210.06338, 2210.1126, 2210.11376)
Axion-photon conversion (2210.09250, 2210.10022)
Heavy neutrino decay (2210.14178, 2211.00634)

Correct answer:
New physics is not needed to explain the high-energy photons

These photons can be cosmogenic, i.e., made during UHECR propagation (2210.12855)
(See also 2210.10778)
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UHECRs are extragalactic

5.2¢ dipole in the arrival directions of UHECRs above 8 x 10" eV
| 0.46

360 ; :” _l_ “ 777777 J -"‘ _ { e . ,‘J. - ' _!: ‘ ¥ 0.42

I_.IK (S Uy

Galactic Center 0.38

Pierre Auger Collab., Science 357, 1266 (2017)




The UHECR spectrum has lots of features

— e > » At what energy do CRs change
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Measuring UHECR mass composition is hard

Infer mass composition from the depth of shower maximum, X,

1 =
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R. Alves-Batista, J. Biteau, MB, et al., Front. Astron. Space Sci. 6, 23 (2019) [1903.06714]
Based on Auger data from J. Bellido (for Auger), PoS (ICRC 2017), 301, 506 (2018)




UHECRS: details reveal insight

Low-energy + high-energy flux
components can explain features:
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More on UHE neutrinos later »
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Discovered in 2013
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Discovered in 2013 Predicted in 1969

by IceCube by Berezinksy
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TeV-PeV v
telescopes, 2021
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Yuya Makino, IceCube /NSF
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(mainly from v,)

Shower
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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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O
E?
g

Main high-energy
v observables

SN

Standard expectation:

v and y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, vz




Energy spectrum (7.5 yr)

100+ contained events above 60 TeV: Data is fit well by a single power law:
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Energy spectrum (7.5 yr)

100+ contained events above 60 TeV: Data is fit well by a single power law:
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Arrival directions (7.5 yr)

No significant excess in the neutrino sky map:

+75°

. Largest TS
Post-trial

p-value: 0.092

Galactic Cente

Milky Way sources?
They only contribute, at 0.0 10.5 21.0

most, a few fimes 104 TS = —2A1In(L)

of the tofal diffuse flux IceCube, 2011.03545




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 T,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 \

E.g,
Oscillations change the number // T

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

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

: - . N ,

Flavor ratios at EartM, 7): Stamdand osailistions.
] ]

fao = Z Pry—va I35 i ot i

[}

new physics
B=e,u,T e



From sources to Earth: we learn what to expect when measuring f, g
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One likely TeV-PeV v production scenario:
p+y_)ﬂ:+el’l++vp fOHOWGdby “+—)e++ve+\7p

Full m 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:
p+y_)ﬂ:+el’l++vp fOHOWGdby “+—)e++ve+\7p

S @

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

Muon damped
(0:1:0)s

Neutron decay

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



Gamma-ray bursts and blazars — not dominant

Gamma-ray bursts Blazars




Gamma-ray bursts and blazars — not dominant

Gamma-ray bursts Blazars
ELSLELLLLLL S S SLLLLLL LI ILLLLL SR LLLL EELLELULLLL C I ! ‘ T T T
| W Global Fit (2015) South v, GRB (5 yr) |3 || 2LAC Blazar Upper Limit = = lequal weighting
— i North v, (2016) —— (Cascade GRB (3 yr) _ '_|"_| 1076 1 gy = -25.F, > 10 TeV """""" ;-“/-—Wei-ght-;ing """ E
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v Energy (GeV) IceCube, Ap] 2017 Neutrino Energy [GeV]
1172 GRBs inspected, no correlation found 862 blazars inspected, no correlation found
< 1% contribution to diffuse flux < 27% contribution to diffuse flux



Gamma-ray bursts and blazars — not dominant

Gamma-ray bursts Blazars
B Global Fit (2015) South v, GRB (5 yr) 2LAC Blazar Upper Limit -- Ecqual Wciighting
North v, (2016) —— (Cascade GRB (3 yr) _ '_|"_| 10_6 1 gy = -25.F, > 10 TeV """""" ;-“/-—Wci-ght-;i-ng """ E
E| —  Combined Analysis =—— North v, GRB (7 yr) | Ncsﬁ Pgi=—-22E,>10 TeV | . : :
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HO .
| [P - : ; :
w2
= sl New (2111.10169):
= 27%-100% might be from AGN!
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€ i
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v Energy (GeV) IceCube, Ap] 2017 Neutrino Energy [GeV]

862 blazars inspected, no correlation found

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

< 1% contribution to diffuse flux
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TXS 0506+056: The fi/I: t transient source of hig g

Blazar TXS 0506+O56 IceCube, Science 2018

I1C40 1C59 1C79 IC86a IC86b IC86c
5 L L .
»s a1 JeeCube-170922A i F 4o
47 Gaussian Analysis E
Q; 3 Box-shaped Analysis ol NP
bE .
S 24
| = 20
14 ___,,—J_ |,
g
0 ‘—|_|_-__’—F-‘r )/__‘_' :
2009 2010 2011 2012 2013 2014 2010 2016 9017
After ve—analysis (2101,04834),
significance dropped 2014-2015: 1345 v flare, no X-ray flare 2017: one 290-TeV v + X-ray flare
from p-1x10~° to p-gx10~° 3.50 significance of correlation (post-trial) 1.40 significance of correlation

=

Combined (pre-trial): 4.10

. DESY



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,

VF, [erg cm™2 s71]

=

9
=
N

Fx [erg cm™2 s71]

10—14 i

Stein et al., Nature Astron. 2021 - See also: Winter & Lunardini, Nature Astron. 2021; Murase, Kimura, Zhang, Oikonomou, Petropoulou, ApJ 2020

10—11 ]

10—12 J

UVW2 (193 nm)

10—13 4

Days since discovery

U (346 nm)
. +  UVM2 (225 nm) 1 g (464 nm)
";:ﬁ"'i ¥ UVW1 (260 nm) 4 r(658nm)
Fun . * .
2 ii :
+ 0+ &;:' L]
B R é*:*; | E
” ’++ + i + i
R e T T, 34 i
Optical (ZTF) + UV (Swift- UVOT’) Het
0 50 100 150 200
TN X-ray (Swift-@XRT + EXMM-Newton)
’ ¢
+** O :
+ + 38800 8 8 ']
f o,
$  0.3-10 keV (XRT)
¥ 0.3-10 keV (XMM)
0 50 100 150 * 200

IC191001A, ~200 TeV
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vL, [erg s ]

Ly [erg s71]

Multi-zone model:

mildly relativistic expansion
(v/c ~ 0.2) + acceleration \

1el6

p and e accelerated here
(B=0.07G, E, <160 PeV)
‘ , , , J

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

Active galactic nuc’leué

¢¢¢¢¢

Brightest type-2 Seyfért i

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

2 41.0 40.8 40.6 404 40.2

Significance: 4.26 (global) " B

P

IceCube Collab., Science 378, 538 (2022) . N Eé{:gtb}f il:icggrel}e;cgﬁ



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

B NGC 1068 Diffuse flux from v, (25)
TXS0506+056 —¢— Diffuse flux from vev; (17)

Active galactié nucléué
Brightest type-2 Sejzfért'
7950 v of TeV energy "

E2Q,, [TeV cm 2 s 1]

Significance: 4.2‘65(g1'()b_a1_')i_

.
-
-
-
-

IceCube Collab., Science 378, 538 (2022) Y N E&lzbk il;icggreﬁiceﬁi



The IceCube pie chart

Sources with associated v emission:

Name Type p
NGC 1068 AGN  0.008
TXS0506+056 blazar 0.001
PKS 1502+106 blazar 0.01
PKS 1424-41 blazar 0.05
AT2019dsg TDE  0.002

Fractional contribution
of each source population

to total diffuse flux
(Bayesian analysis)

I. Bartos et al., Ap] 2021 [2105.03792]

< other
I

Note: Outer rings are from separate stacking analyses



o IceCube HESE (7.5 yr)
@ IceCube vy, (10 yr)
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c IceCube HESE (7.5 yr) extrapolated
g IceCube vy, (10 yr) extrapolated
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o IceCube HESE (7.5 yr) extrapolated
Q IceCube vy, (10 yr) extrapolated
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@ IceCube HESE (7.5 yr) extrapolated @) Heinze et al., fit to Auger
g IceCube vy, (10 yr) extrapolated
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@ IceCube HESE (7.5 yr) extrapolated @) Heinze et al., fit to Auger
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@ IceCube HESE (7.5 yr) extrapolated @) Heinze et al., fit to Auger @ Rodrigues et al., all AGN benchmark source
Q IceCube v, (10 yr) extrapolated e Rodrigues et al., all AGN benchmark cosmogenic
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@ IceCube HESE (7.5 yr) extrapolated @) Heinze et al., fit to Auger @ Rodrigues et al., all AGN benchmark source
Q IceCube vy, (10 yr) extrapolated e Rodrigues et al., all AGN benchmark cosmogenic @ Rodrigues et al., HL BL Lacs cosmogenic
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@ IceCube HESE (7.5 yr) extrapolated @) Heinze et al., fit to Auger @ Rodrigues et al., all AGN benchmark source () Fang & Murase, cosmic-ray reservoirs

Q IceCube vy, (10 yr) extrapolated e Rodrigues et al., all AGN benchmark cosmogenic @ Rodrigues et al., HL BL Lacs cosmogenic
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@ IceCube HESE (7.5 yr) extrapolated @) Heinze et al., fit to Auger @ Rodrigues et al., all AGN benchmark source () Fang & Murase, cosmic-ray reservoirs

Q IceCube vy, (10 yr) extrapolated e Rodrigues et al., all AGN benchmark cosmogenic @ Rodrigues et al., HL BL Lacs cosmogenic @ van Vliet, fit to TA with 10% protons
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@ IceCube HESE (7.5 yr) extrapolated @) Heinze et al., fit to Auger @ Rodrigues et al., all AGN benchmark source () Fang & Murase, cosmic-ray reservoirs
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All-flavor neutrino flux E2®, [GeV cm 2 s~ sr™1]
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Discovering the diffuse flux of UHE neutrinos

° IceCube HESE (7.5 yr) extrapolated Rodrigues et al., all AGN g Fang et al., newborn pulsars

g IceCube vy (9.5 yr) extrapolated e Rodrigues et al., all AGN Padovani et al., BL Lacs
Heinze et al., fit to Auger UHECRs Rodrigues et al., HL BL Lacs @ Muzio et al., max. extra p comp.
Bergman & van Vliet, fit to TA UHECRs @ Fang & Murase, CR reservoirs @ Muzio et al., fit to Auger & IceCube
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Discovering the diffuse flux of UHE neutrinos

a IceCube HESE (7.5 yr) extrapolated Rodrigues et al., all AGN Fang et al., newborn pulsars

g IceCube vy (9.5 yr) extrapolated e Rodrigues et al., all AGN g
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Discovering the diffuse flux of UHE neutrinos
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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:

p - Standard expectation:
Power-law energy spectrum g \ O\ Isotropy (for diffuse flux)
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Fundamental physics with high-energy cosmic neutrinos

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

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

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

» Fundamental physics can be extracted from four neutrino observables:

» Spectral shape

» Angular distribution
» Flavor composition
» Timing
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In spite of
> poor energy, angular, flavor reconstruction
& astrophysical unknowns
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Measuring the high-energy vN cross section

Below ~ 10 TeV: Earth is transparent Above ~ 10 TeV: Earth is opaque
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TeV-PeV: > 100 PeV:

IceCube IceCube
Earth is almost fully opaque, Earth is completely opaque,
some upgoing v still make it through but horizontal v still make it through
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GW170817:

First multi-messenger
detection of the merging
of two neutron stars

Radio, infrared, optical X-rays & gamma rays
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Glashow resonance:
Long-sought, finally seen



First observation of a Glashow resonance
Predicted in 1960:

IceCube, Nature 2021
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Flavor:
Towards precision, finally

(with the help of lower-energy experiments)
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Measuring flavor composition: 2015-2040

Song, Li, Argtielles, MB, Vincent, JCAP 2021
T T T | T T T T T T T I T ¥ T T i

D CaTamBo T 0.0
16 F ==tAMBO -
C [P-ONE ] . o
12:‘ KM3NeT —: 01 Qo decay. (1 i U)S
Baikal GVD

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

IceCube-Gen2
IceCube

Volume [km?]
e

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

2015 2020 2025 2030 2035 2040 Fraction of ve, fe,e




Measuring flavor composition: 2015-2040
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Measuring flavor composition: 2015-2040
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Theoretically palatable regions: today (2021)
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How knowing the mixing parameters better helps
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How knowing the mixing parameters better helps
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How knowing the mixing parameters better helps
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Theoretically palatable regions: 2020 — 2030 — 2040
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Theoretically palatable regions: today (2021)
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Three reasons to be excited
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Flavor measurements:
New neutrino telescopes = more
events, better flavor measurement

Oscillation physics:
We will know the mixing parameters

better JUNO, DUNE, Hyper-K,
IceCube Upgrade)

Test of the oscillation framework:
We will be able to do what we want
even if oscillations are non-unitary




No unitarity? No problem
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Standard expectation: Standard expectation:
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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
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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 L m (0:1:0)s
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; Unitarity
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] @ (1:2:0)s
bounds
A (1 :0: O)S

» Tests of unitarity at high energy

[Xu, He, Rodejohann, [CAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, JCAP 2021]
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Reviews: v, fraction ( f e,EB) Ahlers, MB, Mu, PRD 2018

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



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; 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; Argiielles, Katori, Salvad6, PRL 2015]

» Non-standard interactions
[Gonzalez-Garcia et al., Astropart. Phys. 2016;
Rasmussen et al., PRD 2017]
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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
—
—
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» 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, 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 y _ log(Vey /eV)
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; Std. mixing param.. 01 .
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, [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, JCAP 2021]

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

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



IceCube



IceCube — What is it?

» Km® in-ice Cherenkov detector in Antarctica
» > 5000 PMTs at 1.5-2.5 km of depth

» Sensitive to neutrino energies > 10 GeV




How does IceCube see TeV-PeV neutrinos?

Deep inelastic neutrino-nucleon scattering

Neutral current (NC) Charged current (CC)

v, + N—=> v + X v+ N—=[+X




How does IceCube see TeV-PeV neutrinos?

Deep inelastic neutrino-nucleon scattering

Neutral current (NC) Charged current (CC)
Receives (1-(y))E

fr_ Receives (y)E, \
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\
v. +t N={v. ¥X ) v, + N> +)
X \\x’/\\" ! \o

\
)
/

S ”

At TeV-PeV, the average inelasticity (y) = 0.25-0.30




How does IceCube see TeV-PeV neutrinos?

Deep inelastic neutrino-nucleon scattering

Neutral current (NC) Charged current (CC)
Receives (1-(y
f’r_ Receives (y \
v+N9uv %’X) VZ+N9'\Z-’|-\}\<
Makes showerj

(e.m. or hadronic) or track

Makes hadronic shower

At TeV-PeV, the average inelasticity (y) = 0.25-0.30
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First identified high-energy astrophysical v,
Double bang:

[ 4
3.3
il - EX 3
T decay v.N scattering
[-- Single, no brights == Double, no brights === Double, with brights =+ Exp. Data]
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Fraction of v,
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Best fit: 0.20 : 0.39 : 0.42
Global Fit (IceCube, APJ 2015)
Inelasticity (IceCube, PRD 2019)

3v-mixing 3o allowed region

Ve

: vy, 1 vy at source — on Earth:

m 0:1:.0—>0.17:0.45:0.37
e 1:220—0.30:0.36 : 0.34
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IceCube, 2011.03561



First identified high-energy astrophysical v,

Double bang:
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Example:
Measuring vNN cross sections
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Accelerator experiments
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One recent
measurement

(COHERENT)
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Quasi-elastic
scattering:
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Quasi-elastic
scattering:

vi+n=I+p o~
vi+p=Il"+n
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v cross section / Eé(10“3‘“

1 10 10°
Resonant scattering: v+ NI + N* > + 1+ N’ E, (GeV)
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Quasi-elastic
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TeV-PeV:

IceCube

Earth is almost fully opaque,
some upgoing v still make it through




TeV-PeV: > 100 PeV:

IceCube IceCube
Earth is almost fully opaque, Earth is completely opaque,
some upgoing v still make it through but horizontal v still make it through
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A feel for the in-Earth attenuation

Earth matter density Neutrino-nucleon cross section

(Preliminary Reference Earth Model)
Center-of-mass energy +/s [GeV]
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A feel for the in-Earth attenuation
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IceCube, Nature 2017
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Extending the PDa

cross—section plot
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Using through-going muons instead

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

» Inferred: E, = dE,/dx %‘ 07
0
» From simulations (uncertain): g
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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



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: Liho e T I T 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



IceCube-Gen2 Radio

Hpol

Calibration
Pulser

Vpol

IceCube-Gen?2, J. Phys. G 2021 [2008.04323]

P i TS

N\
v Gen2-Radio \\ ©® Gen2-Optical @ IceCube ok IceCube Upgrade

v Amundsen-Scott
South Pole Station

ARA Instrumentation

Central Station
Electronics

small A add
destructively

Calibration
antennas

Antenna
clusters

ARA / WIPAC




Example:
Secret neutrino interactions



vSI with the UHE difftuse flux

M2
Resonance energy: E,es = %
Coupling matrix: Different
flavors can
Jee Gep  Yer have different
= couplings
G= Gep Ypup  YGur
geT gp/r g7—7—

VSI dips and bumps in the diffuse UHE v flux:
» In the cosmogenic flux
» In the flux from sources

But we need enough events to detect the
spectral features — we need POEMMA-360!

Neutrino flux E2®, [GeV ecm 2 s~ sr™1]

q)oc/ CDtot

||| ETE] T Irrr ’:
10_8_ ______ Ve std. 7 std. é
e VSI ve vSI 3

10~k L
10_12 L1 111 ]
: = T TTTTTH

10_8 L L s vystd. -ooee- vy std. J
10—9 ] vy, V81 — Sl ]

T T TTTT
-~ Trstd.

7 VSI

rn 1 Lol L
10° 107
Neutrino energy E, [GeV]

MB, Mésson, Valera, In prep.




vSI with the UHE transient flux

If this happens repeatedly, high-energy neutrinos disappear

So, if we see high-energy neutrinos, we can set an upper limit on the vSI strength
Original idea by Kolb & Turner, using SN1987A (PRD 1987)

Mean free path of a v of energy E: lini(E) = [nc,o,. (E)] !

lint (E)
L

Estimated optical depth if emitted by a source at a distance L: 7(F) =




vSI with the UHE transient flux

High-energy E—» Astro v v \
9 Each:
intermediate-energy £’ < E
L~ gdvv v

Low-energy —9» Relic vy

If this happens repeatedly, high-energy neutrinos disappear

So, if we see high-energy neutrinos, we can set an upper limit on the vSI strength
Original idea by Kolb & Turner, using SN1987A (PRD 1987)

Mean free path of a v of energy E: lini(E) = [nc,o,. (E)] !

lint (E)
L

Estimated optical depth if emitted by a source at a distance L: 7(F) =




Example:
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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B Standard Model (vSM) 1.0

- ® mrdecay: (1:2:0)g
New physics: . =
y decfy}l(ike 0.9 | u-damped: (0:1:0)g

0.2 A ndecay: (1:0:0)qg

e 04

L
combinations of weights w; & o7

2
>
.
G
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N
&
S
é:? 06
T

Varying all possible

@)
el
0.4 -
_.ﬁ_

and
mixing parameters

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

Fraction of v,

Complete decay selects particular weights »
with striking consequences for flavor



Measuring the neutrino lifetime

Sources

v,V —V

N 27 3 1 Y,
Y

v, lightest and stable

(normal mass ordering)

If all unstable
neutrinos decay

0 01 02 03 04 05 06 07 08 09 1
fe,S

v;lightest and stable
(inverted mass ordering)

Earth
051
0.1 0.9 V 1
0.2 08
0 07
0.4 -
05
|Ue
0.6 oie
0.7

1

0.3
0.8 .-
0.3 0.1

0 01 02 03 04 05 06 07 08 09 1

|Ue,i|2
01
01 0.9 V3
0.2 08
03 .
o.4/ -
U 5 Uy
S 0.4
0.7 -
0.8 .-
L 0.1

0 01 02 03 04 05 06 07 08 09 1

|Ue,i|2

foc,EB — |U(x1|2

o5 U P (W ~ 1; w,, ws ~0)




Measuring the neutrino lifetime Earth

051

— |Uoc1|2

— |U(x3|2

VZ’ V3—>V1 0.1 - Vl
\ J 02 08
. e 040.3 . fOC,EB
Sources v lightest and stable o os oo (@ ~ 1w, w, ~ 0)
s, { Decay rate depends on exp[-t / (y t.)] = exp[- (L/E) - (m;/71))]
° %1 \ 0.20.1 0.90.8 V3
V V — V 2 0.50;,‘"/ 0'60.5 U, 2 f(x/EB
N . "'a o b (ws~ L wy, w, ~0)
v, lightest and stable e >

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

|Ue,i|2

(inverted mass ordering)
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0O 01 0.2 03 04 05 06 0.7 0.8 09 1

|Uel®
el

MB, Beacom, Murase, PRD 2017

Baerwald, MB, Winter, JCAP 2012




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)
0 nmo nms ™~ GV 104 —_____I____
1 3 44 777~ Gal. SN
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Y09 101 %
02y a6 S g8 a3 180 / 7
0.7 e 10" . 252 ws\C stenS)-
" 20 ios
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/ " GE) 104
" 0.5 U..; = 10
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AN P © 10
5 / VA.d é O E 7
0.8 V=" AL\, o 10°
- Y T ava W & N 0.2 Z 40
IV ceCube 2U1lo \ , -
Vy}ﬁ@& R W AERa 10710 “
1 Y | / N\, Ny ",4' _ " 10"
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el 10— 10_

MB, Beacom, Murase, PRD 2017
Baerwald, MB, Winter, JCAP 2012

at > 20

Neutrino mass m,, m, [eV]




Flavor composition



Quick aside: how to read a ternary plot

Assumes underlying unitarity —

sum of projections on each axis is 1

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

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

00 01 02 03 04 05 06 07 08 09 10

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

Assumes underlying unitarity —

sum of projections on each axis is 1

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

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

00 01 02 03 04 05 06 07 08 09 1.0

Fraction of v,




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

Sources Earth

Oscillations

cecccccc e e

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

.

From Earth to sources: we let the data teach us about fa.s



How knowing the mixing parameters better helps

Mixing parameter

20 T 7T ']UNO —r Tt | r 1 r Tt | T T T T
...... DUN'E
Hyper-K
IceCube Upg.
09 S/ 3
0.8F 5
82%: sin2923 E
0.5 £
0.4F g
035 sin? 0y,
Ry
02— . I

©2015

2020 2025 2030 2035 2040

For a future experiment
¢ = JUNO, DUNE, Hyper-K:

Best fit from NuFit 5.0 w
(9; — ;)2
Xg () = Z o2
i 1,€

From our simulations -}

We combine experiments in
a likelihood:

—2log L(0) = > x2(9)




Inferring the flavor composition at the sources

Ingredient #1:
Flavor ratios measured at Earth,

(fe,EBa f,u,EBa fT,@)

0.0
] 2015: IC, cont.+thr.

7] 2018: IC, cont. 0.1
[[] 2020: IC, cont. (w/ v;)

2020 (proj.): IC 8 yr 0.2
[ ] 2040: IC 15 yr + Gen2 10 yr
I 2040: All v telescopes 0.3

© mdecay: (1:2:0)g
09 O p-damped: (0:1:0)g
A ndecay: (1:0:0)g

&S
N
> -
& =
3 ®

All regions at 68% C.L. or C.R.
/ 7 ¥ 7 7 7 7 7 7 7 7—0.0
00 01 02 03 04 05 06 07 08 09 1.0

Fraction of v,, fe,qo

Ingredient #2:
Probability density of mixing

parameters (6,,, 0,3, 013, Ocp)

7 —
18- E.g., i
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0.81 A

0.6

T
|

0.4F 1
0.2 DUNE i

P L e e e L
0.40 0.45 0.50 0.55 0.60 0.65
Sil‘l2 923

Song, Li, Argtielles, MB, Vincent, JCAP 2021
MB & Ahlers, PRL 2019



Inferring the flavor composition at the sources

Ingredient #1:
Flavor ratios measured at Earth,

fe.w fue, I1,
(fe.os fuer fre) P (fo )

0.0 - N

T

0.9 0 5 10 15 20 25 30 35

® mdecay: (1:2:0)g 1.0

W p-damped: (0:1:0)g

Sssdecagee (il O)y 1.2 0. lceCube upgrade proj.

0.3

E.g,

Ingredient #2:
Probability density of mixing

parameters (0,,, 05, 015, dcp)
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Song, Li, Argtielles, MB, Vincent, JCAP 2021
MB & Ahlers, PRL 2019



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, JCAP 2021
MB & Ahlers, PRL 2019 93



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, JCAP 2021
MB & Ahlers, PRL 2019 93



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, JCAP 2021
MB & Ahlers, PRL 2019 93



Energy dependence of the flavor composition?

Different neutrino production channels accessible at different energies —

0.40

TP13
0.38}

0.36
0.34}
@

& 0.32}

0.30}
0.28}
0.26}

4.0 45 50 55 6.0 6.5 7.0

Logqo(Ev/GeV)

Std. mixing 0 Vary 0j,0cp
Point TP13  °1 Best Fit
NH To

0.8>>>y— /

0.9
W 0'GeV  10°° GeV
1

0 01 02 03 04 05 06 0.7 0.8 09 1

10* GeV

fe ® MB, Beacom, Winter, PRL 2015

» TP13: py model, target photons from e'e” annihilation rimmer+, Astropart. phys. 20101
» Will be difficult to resolve (kashti, waxman, PRI 2005; Lipari, Lusignoli, Meloni, PRD 2007]



Energy dependence of flavor ratios — in IceCube-Gen2

Measured:

v, fraction at source

0‘0

Flavor ratio at source O
1.0 e 1:2:0
m 0:1:0
A 1:0:0

0.2 (o
0.0
/
Q
. S
fe
1.0 - Pion decay -—
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104 105 10° 107 108

IceCube-Gen2, 2008.04323 E v (G EV)




Energy dependence of flavor ratios — in IceCube-Gen2

Measured:

v, fraction at source

0‘0

Flavor ratio at source O
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Energy dependence of flavor ratios — in IceCube-Gen2

Measured:

v, fraction at source

o
o
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Energy dependence of flavor ratios — in IceCube-Gen2

Measured:

v, fraction at source

QO /IZI;Eratio at source
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Inferring the flavor composition at the sources

Song, Li, Argtielles, MB, Vincent, JCAP 2021
MB & Ahlers, PRL 2019




Inferring the flavor composition at the sources
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Inferring the flavor composition at the sources
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Inferring the flavor composition at the sources

2015: IC, cont.+thr.
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Inferring the flavor composition at the sources

2015: IC, cont.+thr.
(1 2020 (proj.): IC 8 yr 0.1
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More than one production mechanism?
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multiple v production mechanisms?
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Side note: Improving flavor-tagging using echoes

Late-time light (echoes) from muon decays and neutron captures can separate
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