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Neutrinos are quintessential quantum particles

A neutrino is created But may be detected with a
with one definite flavor, e.g., different flavor, with some probability

It travels a long

Ve distance to the detector Ve Vﬂ vV,
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“flavor oscillations”
Neutrino source (Nobel Prize 2002, 2015) Neutrino detector

We use quantum mechanics to compute probabilities over macroscopic distances!
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1.

High-energy cosmic neutrinos:
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)
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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
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TeV-PeV v
telescopes,
~today

\ Pt e
TS Soﬁth Pole
| a)gnpleted 2011

0.01 km® (10 TeV)
1km® (>1PeV)

> 86 strings, 5000+ OMs

' > Sees high-energy
. astrophysicalv

' ICECUBE
| a SOUTH POLE NEUTRIND OBSERVATORY.

OM: optical module Strebe/Wikipedia




Yuya Makino, IceCube /NSF



IceCube — What is it?

» Km? in-ice Cherenkov detector in Antarctica
IceCube Lab

o \ i » > 5000 PMTs at 1.5-2.5 km of depth

- -

ceCube Aray B Sensitive to neutrino energies > 10 GeV

i
1450m | i i
DeepCore
? Eiffel Tower
324 m
2450 m
2820 m

Bedrock




Track
(mainly from v,)

Shower
(mainly from v, and v,)

i)

Time [microseconds]

Time [microseconds]

<1°

Angular resolution

~10°

Poor angular resolution



Main high-energy
v observables

SN




Standard expectation:
Power-law energy spectrum

Standard expectation:

Isotropy (for diffuse flux)
&

\,

As

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 (IceCube, 7.5 yr)
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Energy spectrum (IceCube, 7.5 yr)

Data is fit well by a single power law:
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Spectrum looks harder for (lower-energy) through-going v,
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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




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

( Sources

(fe,s) fu,s) frs)

\_

(

Oscillations

012,023, 013,0cp)

\

J

(fe.or fu@: fro)

>

Earth



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



Measuring flavor composition: 2015-2020

Song, Li, Argtielles, MB, Vincent, JCAP 2021
IceCube, PRL 2015, Ap] 2015, PRD 2019, |. Phys. G 2021, 2011.03561
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Status today:
Measurements are
compatible with
standard expectations
(but errors are large!)
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Status today:
Measurements are
compatible with
standard expectations
(but errors are large!)

Song, Li, Argtielles, MB, Vincent, JCAP 2021
IceCube, PRL 2015, Ap] 2015, PRD 2019, |. Phys. G 2021, 2011.03561
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Today
TeV-PeV v

Turn predictions
into data-driven tests

Key developments:

Bigger detectors — larger statistics
Better reconstruction
Smaller astrophysical uncertainties




Banco Central de Reserva del Perti / NASA / ESA / CERN / Symmetry Magazine



I1.

What have we learned
about astrophysics



DESY



Gamma-ray bursts and blazars — not dominant
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Gamma-ray bursts and blazars — not dominant

Gamma-ray bursts Blazars
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1172 GRBs inspected, no correlation found 862 blazars inspected, no correlation found
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Tidal disruption events
Solar-mass star disrupted by SMBH (>10°M,) —

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

NASA



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



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

Energy In neutrinos o« energy in gamma rays

Waxman & Bahcall, PRL 1997
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Bright in gamma rays, bright in high-energy neutrinos?

Energy In neutrinos « energy in gamma rays

I Waxman & Bahcall, PRL 1997

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

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

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

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

Murase, Guetta, Ahlers, PRL 2016

Modeling of py interactions & nuclear cascading

in the sources is complex and uncertain

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




Using high-energy neutrinos as magnetometers
If sources have strong magnetic fields, charged particles cool via synchrotron:

MB, Tamborra, PRD 2020
Winter, PRD 2013




Using high-energy neutrinos as magnetometers
If sources have strong magnetic fields, charged particles cool via synchrotron:
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Using high-energy neutrinos as magnetometers
If sources have strong magnetic fields, charged particles cool via synchrotron:
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Bump-hunting in the diffuse flux of high-energy neutrinos

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

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

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

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

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

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

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

Equivalent IceCube exposure [years]
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What have we learned
about particle physics
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Measuring the high-energy vN cross section
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Today Next decade

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




Discovering the diffuse flux of UHE neutrinos
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Larger neutrino-nucleon cross section
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Larger neutrino-nucleon cross section
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Sensitivity to cross
section comes
from horizontal
neutrinos



GRAND & POEMMA

Both sensitive to extensive air showers If they see 100 events from v, with initial
induced by Earth-skimming UHE v, energy of 10’ GeV (pre-attenuation):
% Denton & Kini, PRD 2020
GRAND POEMMA' Oé}{q 100 T T T T T T T T
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fluorescence i .
= 107
¥
&)
%
=
300 -
» 1072
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o = within 20% S
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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
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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 e a—
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



New physics in the UHE vN cross section



New physics in the UHE vN cross section

Heavy sterile neutrinos
via the dipole portal
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New physics in the UHE vN cross section

Heavy sterile neutrinos
via the dipole portal
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Multiple v-induced
bangs

Huang, EPJC 2022 [2207.02222]



HyN (UB)

Heavy sterile neutrinos
via the dipole portal
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New physics in the UHE vN cross section

Multiple v-induced
bangs

Huang, EPJC 2022 [2207.02222]

Leptoquarks,
charged Higgs, etc.
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Huang, Jana, Lindner, Rodejohann, J[CAP 2022 [2112.09476]



Cosmic
accelerators

Diffuse flux of
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Diffuse flux of
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deep inelastic scattering
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Valera, MB, Glaser, JHEP 2022 [2204.04237]




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

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

10 |

S
it

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

effective local density peg [Gpc_3]

—_
i
N

—_
9
w
4

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

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




Flavor | Technique Neutrino Target Geometry
o s oz B, B
S| g 8 o 8 |= 5
Experiments Phase& Energy Site E = <2 g % B = % & § o @»
Online Date Range |2 5 7 S o B Rl B o< B g B
3 2|2 B 3|lmE 58 SEE EE T 2
SIS E |53 EZzEEE 3 EF S5
2010 TeV-EeV |South Pole v |V N v
[ 0 2021 TeV-PeV [Mediteranean v |V v v
Baika D 2021 TeV-PeV |Lake Baikal v IV v v
=0 2020 TeV-PeV |Pacific Ocean v |V N Vv
eCube-Ge 2030+ | TeV-EeV [South Pole vViIiv Vv v Vv
2014 >30 PeV [Moore's Bay N4 N4 N Vv
ARA 2011 >30 PeV [South Pole v v v v
RNO 2021 >30 PeV |Greenland v v N v
Many TeV-EeV : 2024/ PeV-EeV | Antarctica ¥ ¥ ¥ J
A A 008,2014,2016| EeV  |Antarctica v Vv v N4 N4 N
v telescopes PUEQ 2034| FeV |Antarctica v J % Y v Y
. i 2020 EeV  |China/ Worldwide |V v v v/ v v
n plannmg for BEACO 2018 EeV  |CA, USA/ Worldwidd v/ v v v v
ARO 2018 EeV  |Antarctica v v v v
2020_2040 A 2029| >100 EeV|Australia v v v v
2022 PeV-EeV |Utah, USA N4 v N v
PO A >20 PeV |Satellite v V|V v v v
O-SPB 2022| EeV |New Zealand N N N v
Pierre Auge 2008 EeV  |Argentina v v v v v/ v
AugerPrime 2022| EeV |Argentina v Y v v v VY v
elescope Arra 2008 EeV  |Utah, USA v Y v N v
\ Ax4 EeV  |Utah, USA v Y v
AMBO 2025-2026 PeV-EeV |Peru N N Vv Vv
Operational Date full operations began Abraham et al. (inc. MB),
Prototype Date protoype operations began or begin| 1 ppys G: Nucl. Part. Phys. 59, 11 (2022) [2203.05591] -
Planning Projected full operations 73




IceCube, Science 2018
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Combined (pre-trial): 4.10

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

100 TeV

Joint modeling of the two periods is challenging!




IceCube, Science 2018

1C40 1C59 1C79 1C86a 1C86b IC86¢
5 [ [ ] '] [ ] 1 -
===t IceCube-170922A A o
47 Gaussian Analysis \ .
&o 3 Box-shaped Analysis \ "L 35
&0 :
L 9 .
| = 20
14 I
i . | B
0 ¥ T T T “-".l— T T —— e T T T -
2009 2010 2011 2012 2013 2014 2015 2016 2017
After ve—analysis (2101,04836), ‘ l
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from p=1x10"° to p-gx10~ 3.50 significance of correlation (post-trial) 1.40 significance of correlation

| - —
===

Combined (pre-trial): 4.10

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

100 TeV

Joint modeling of the two periods is challenging!




3. Flavor:
Towards precision, finally

(with the help of lower-energy experiments)



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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Theoretically palatable regions: today
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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
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T T T | T T T T T T T I T ¥ T T i

— N S R T 0.0
mE 16:‘ TAMBO B _:l g [7] 2015: IC, cont.+thr. 1.0
S ot Eﬁ;fg ased on W 2018: IC, cont. - @ 7 decay: (1:2:0)g
2 gy real data :
g il = 7] 2020: IC, cont. (w/ vz) 09 [ p-damped: (0:1:0)q
C IceCube-Gen2 ] A
2 4F " TceCube = || 2020 (proj.): IC 8 yr 0.2 A n decay: (1:0:0)g
©) B . 4 ’
> C I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 | PIrIO]IeCIt] Ons < D 2040. IC 15 yr + Genz 10 yr 0.8
I 2040: All v telescopes 0.3
-

All regions at 68% C.L. or C.R.

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

Fraction of v, fee

2015 2020 2025 2030 2035 2040




Theoretically palatable regions: today

NO, upper >3 octant, 0.0
NuFit 5.0

0.1
ST 68% CR.
HE N 95%CR.
H BN o9.7%CR.

L0 o rdecay: (1:2:0) Two limitations:
09 O p-damped: (0:1:0)q
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How knowing the mixing parameters better helps

20T e T T ) We can compute the oscillation
. Hyper-K i

feCube Upg | probability more precisely:
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How knowing the mixing parameters better helps

— IceCube 15 yr (68%, 95%;, 99.7% C.R.)
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Theoretically palatable regions: 2020 — 2030 — 2040
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New physics in flavor composition

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




New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

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

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

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, [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
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