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TeV-EeV v cross sections
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TeV-EeV v cross sections v self-interactions
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TeV-EeV v cross sections v self-interactions v scattering on Galactic DM
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Fundamental physics with high-energy cosmic neutrinos

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

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

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




Fundamental physics with high-energy cosmic neutrinos

E.g,
n = -1: neutrino decay

» Numerous new v physics effects grow as ~x,, - E" - L } n = 0: CPT-odd Lorentz violation

n = +1: CPT-even Lorentz violation

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

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




High-energy cosmic neutrinos:
Basics and current status



Making high-energy astrophysical neutrinos: a toy model
(orp +p)
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Making high-energy astrophysical neutrinos: a toy model
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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




Redshift g ] z=0

Note: v sources can be steady-state or transient




Redshift g ] z=0

4 MeV y h Note: v sources can be steady-state or transient
TeV-PeV v
“High-energy”
PeV p ° o
Photohadronic or pp interaction Vv propagation
\ inside the source / inside the Earth
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TeV-PeV
v telescopes

ICECUBE

NEUTRINO OBSERVATORY

Strebe /Wikipedia



Track
(mainly from v,)

Shower
(mainly from v, and v,)

OO DONHD .

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)
o

\,

A.
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o
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Main high-energy
v observables

SN

Standard expectation:

v and y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, vz
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TeV-PeV v

Turn predictions

into data-driven tests




Today
TeV-PeV v

Turn predictions
into data-driven tests

Key developments:

Bigger detectors — larger statistics
Better reconstruction
Smaller astrophysical uncertainties




Note: Not an exhaustive list

« DM-v interaction

DE-v interaction
,Lorentz+CPT violation

Neutrino d
Heavy relics eutrino decay,

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



Note: Not an exhaustive list

« DM-v interaction

(Acts at production)

DE-v interaction
,Lorentz+CPT violation

Neutrino deca
.Heavy relics Yo

DM annihilation, Long-range interactionse

Secret vv.interactions
DM decay, e Supersymmetry.

« Sterile v Effective operators,
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Three examples

c Glashow resonance
e Neutrino-matter cross section

e New physics via flavor




1. Glashow resonance:
Long-sought, finally seen



First observation of a Glashow resonance
Predicted in 1960:

IceCube, Nature 2021
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2. Neutrino-matter cross section:
From TeV to EeV



Valera, MB, Glaser, [HEP 2022 —f_
Adapted for Snowmass 2021: Ackermann, MB, et al., [HEAp 2022 Center Of mass energy \/g [GeV]
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Measuring the high-energy vN cross section

Distance from Earth’s surface to IceCube

. 1 N L4 r —
Optical depth to YN int’s Mean free path inside Earth

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

20N

= T(EV? ez) X OvyN
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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,
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Valera, MB, Glaser, JHEP 2022
Adapted for Snowmass 2021: Ackermann, MB, et al., [HEAp 2022
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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




3. Flavor:
Towards precision, finally

(with the help of lower-energy experiments)



Astrophysical sources Earth
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Flavor ratios at Earth (o = ¢, p, 1):
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One likely TeV-PeV v production scenario:
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Theoretically palatable regions: today
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Note:

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

0.0
"] 2015: IC, cont.+thr.

7] 2018: IC, cont. 0.1

10 © mdecay: (1:2:0)g

[ u-damped: (0:1:0)g
A ndecay: (1:0:0)g

0.9
. A . A \ . 0.1
1.0 ﬁ/g/ All regions at 68% C.L. or C.R.
/ 7 / / / / / 7 7 / / 0.0
LeeCube Collab,, EPJC 2022 00 01 02 03 04 05 06 07 08 09 10
IceCube Collab., PRD 2019 Fraction Of Ve; fe o

IceCube Collab., ApJ 2015




Measuring flavor composition: 2015-2020

IceCube Collab., EPJC 2022
IceCube Collab., PRD 2019
IceCube Collab., ApJ 2015
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v and y from transients arrive

Note: Not an exhaustive list

Standard expectation: Standard expectation:

Power-law energy spectrum eo\(\)m Isotropy (for diffuse flux)
R /
&
5 O
& / e : .
S ,f/@qts dlring protregation
= ’ .
~ ’ . ,‘( % %/ / DM-v interaction
(Acts at production // S

LorentZ+CPT violation

/
Yy
Heavy relics ']

DM annihilatio} /

DM decal //

Long-range interactions

?Acre vv.interactions

h
|

\/

(Actsyat detectjon)

‘s -
More: PoS ICRCZ046 (1907.08690)

~~-_élzi£e.ll£§,M‘K, Kheirandish, Palomares-Ruiz, Salvadé, Vincent
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!
Standard expectation: Standaptl expectation:

Equa}'ﬁumber of V., Vy, vz
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New physics in flavor composition

Use the flavor sensitivity to test new physics:
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Use the flavor sensitivity to test new physics:

Reviews:
Argiielles et al. (inc. MB), EPJC 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Use 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
0.8y

0 -;}YEQCubeZOﬁ /N

0O 01 02 03 04 05 06 0.7 08 09 1

Reviews: f e,o MB, Beacom, Murase, PRD 2017
Argiielles ef al. (inc. MB), EPJC 2023; Mehta & Winter, [CAP 2011; Rasmussen ef al., PRD 2017



New physics in flavor composition

Use the flavor sensitivity to test new physics:

. 0.0
» Neutrino decay L 1.0 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]

&
o o
0.8
% o \\ o
\ / o /
1.0 \\\ //’ N\ /
/ 7 ra 7 7 0.0
0.0 0.2 04 0.6 0.8 1.0
Reviews: Ve fraction ( f e,@) Ahlers, MB, Mu, PRD 2018

Argiielles ef al. (inc. MB), EPJC 2023; Mehta & Winter, [CAP 2011; Rasmussen ef al., PRD 2017



New physics in flavor composition
Use the flavor sensitivity to test new physics:

» 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 :
[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010; O" : Y ®
Kostelecky & Mewes 2004; Argiielles, Katori, Salvad6, PRL 2015] / . =

A T VWY y A
Ry YN - r o ae

Ll AV
v’y

TR T TSR L OSSR 0 O
00 02 04 006 08 1.0
@ Argiielles, Katori, Salvadé, PRL 2015

Reviews: (8
Argitielles et al. (inc. MB), EPJC 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017 €




New physics in flavor composition

Use 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
000102030405060.708091.0

Reviews: §e+é’® Rasmussen et al., PRD 2017

Argiielles et al. (inc. MB), EPJC 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Use the flavor sensitivity to test new physics:

. u ™
» 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 2:0°0)
» Tests of unitarity at high energy all considered L.U- ;U
[Xu, He, Rodejohann, [CAP 2014; Ahlers, MB, Mu, PRD 2018; . U' 2 U' 8 l . U
Ahlers, MB, Nortvig, JCAP 2021] exp. included 0:1:0
0:0:1

» Lorentz- and CPT-invariance violation L
[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010; o L T
Kostelecky & Mewes 2004; Argiielles, Katori, Salvad6, PRL 2015] 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

X e Brdar, Kopp, Wang, JCAP 2017

Reviews:
Argiielles et al. (inc. MB), EPJC 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Use the flavor sensitivity to test new physics:

» 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

[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:

0.0
log(V.,/eV
Std. mixing param.: og(Veu/eV)
Varying 10 (I0) ) 0.9  _20.21-20-19-18-17—16

08 O Standard mixing

0.7

Argiielles et al. (inc. MB), EPJC 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




Lorentz-invariance violation can fill up the flavor triangle

IceCube Collab., Nat. Phys. 2022 Forn=0 O . O ]_ s O
- (similar for n = 1)

Hiot = Hstg + Hnp

I ] : 2
Hsig = - Upyns diag (0, A3y, Am3; ) Upmins

2E
N 1.0 0.0
=% (/\_> Ul diag (O, Ons,Ops) U, 0.0 0.2 04 06 0.8 1.0
n = D
ae
See also: Ahlers, MB, Mu, PRD 2018; Rasmusen et al., PRD 2017; MB, Beacom, Winter PRL 2015;

MB, Gago, Pefia-Garay JCAP 2010; Bazo, MB, Gago, Miranda IJMPA 2009; + many others Argiielles, Katori, Salvadé, PRL 2015



IceCube Collab., Nat. Phys. 2022

1028 — =
N == BF > 10 === BF > 31.6 N—10
10731
i —34
L 10
e8] _ |-
CD _ — -
’3‘\"3 _37 — —_"—-’—’—/ —————
S 310%
101 = iy
B 22
10—43 = -
0.0 0.2 0.4 0.6 0.8 1.0
Dimension-5 x, source flavour ratio (z: 1 — x: 0)g
CPT-odd New Physics (N.P.) ) Key
Isotropic g
. p . —— Re(&<5>) | — Re(&(5)> !
Lorentz-invariance « M7 S Re(d) atm. limit (90%)
~violating e Re (i) Re(d,,)
coefficient Re(e?) Re(a?) :

.




Measuring flavor composition: 2015-2040

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




Measuring flavor composition: 2015-2040

0.0

@ mdecay: (1:2:0)qg
O u-damped: (0:1:0)g
A ndecay: (1:0:0)q

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

Fraction of ve, f, o
Song, Li, Argtielles, MB, Vincent, JCAP 2021




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

Based on
real data

Projections <

0.0

—
[ 2015: IC, cont.+thr. 1.0

© 7 decay: (1:2:0)g

7] 2018: IC, cont. 0.1
[C] 2020: IC, cont. (w/ vz) 0.9 @ p-damped: (0:1:0)q
L1 2020 (proj.): IC 8 yr 0.2 A ndecay: (1:0:0)g

] 2040: IC 15 yr + Gen2 10 yr 0.8

I 2040: All v telescopes 0.3
N~

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

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

Fraction of ve, fe o

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




How knowing the mixing parameters better helps

— IceCube 15 yr (68%, 95%;, 99.7% C.R.)

00 01 02 03 04 05 06 07 08 09 10
Fraction of v, foo

—= IceCuibe 8 yr (68%, 95%,99.7% C.R.) — TeeCube 15 yr (68%, 95%, 99.7% C.R.)
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Fraction of v,, foo

In our results:

e JUNO + Hyper-K + DUNE

2 be tter

— LeeCube 15 yr (68%,95%, 99.7% CR) ' Marginal improvement til 2040
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Song, Li, Argtielles, MB, Vincent, JCAP 2021 Fraction of v, foe



Flavor composition at ultra-high energies
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What's next?



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 53
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In 10-20 years
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particles

Aow?

» Event statistics (more detectors)

» Identify more sources

» New detection techniques

» Shrink particle and astro systematics

>
Energy
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Backup slides



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



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):
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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



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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Larger neutrino-nucleon cross section
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Larger neutrino-nucleon cross section
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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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Extending the PDa

cross—section plot
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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):
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Needed to measure
the cross section?

~30-300 events

In this work:

We fix the energy
dependence of flux and
cross section (but explore
many alternatives)

Soon to come:

Measure the energy
dependence of the flux
and cross section

Valera, MB, Glaser, JHEP 2022



Flavor at the Earth: theoretically palatable regions

Theoretically palatable flavor regions

MB, Beacom, Winter, PRL 2015

Allowed regions of flavor ratios at Earth derived from oscillations

Note:

The original palatable regions were
frequentist [MB, Beacom, Winter, PRL 2015];
the new ones are Bayesian
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Ingredient #1:
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Explore all possible combinations

Note:

The original palatable regions were
frequentist [MB, Beacom, Winter, PRL 2015];
the new ones are Bayesian



Flavor at the Earth: theoretically palatable regions

Theoretically palatable flavor regions

MB, Beacom, Winter, PRL 2015

Allowed regions of flavor ratios at Earth derived from oscillations

Ingredient #1: Ingredient #2:
Flavor ratios at the source,

(fess fuss fes)

Fix at one of the benchmarks
(pion decay, muon-damped, neutron decay)

or

Explore all possible combinations

Note:

The original palatable regions were
frequentist [MB, Beacom, Winter, PRL 2015];
the new ones are Bayesian



Flavor at the Earth: theoretically palatable regions

Theoretically palatable flavor regions

MB, Beacom, Winter, PRL 2015

Allowed regions of flavor ratios at Earth derived from oscillations
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Flavor ratios at the source, Probability density of mixing
(fess fuss frs) parameters (0,,, 6,3, 013, dcp)
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Flavor at the Earth: theoretically palatable regions

Theoretically palatable flavor regions

MB, Beacom, Winter, PRL 2015

Allowed regions of flavor ratios at Earth derived from oscillations

Ingredient #1: Ingredient #2:
Flavor ratios at the source, Probability density of mixing
(fess fuss frs) parameters (0,,, 6,3, 013, dcp)
2020: Use y’ profiles from 20— ]
. : i 1.8 .
Fix at one of the benchmarks the 11\IuF1t 5.0 glo}lzal ,ﬁt Ll
(pion decay, muon-damped, neutron decay) (solar + atmospheric -
+ reactor + accelerator) 4 .
or Esteban et al., JHEP 2020 7]
www.nu-fit.org 5 10
Explore all possible combinations o8
0.61
Note: 0.4-_ NuFit 5.0
The original palatable regions were 02 ' ,
frequentist [MB, Beacom, Winter, PRL 2015]; 040 045 050 055  0.60 065

the new ones are Bayesian sin? 63



Flavor at the Earth: theoretically palatable regions

Theoretically palatable flavor regions

MB, Beacom, Winter, PRL 2015

Allowed regions of flavor ratios at Earth derived from oscillations

Ingredient #1: Ingredient #2:
Flavor ratios at the source, Probability density of mixing
(fess fuss frs) parameters (0,,, 6,3, 013, dcp)
2020: Use y’ profiles from 20— ]
1 1 1.8+ .
Fix at one of the benchmarks the 11\IuF1t 5.0 glo}lzal ,ﬁt d
(pion decay, muon-damped, neutron decay) (solar + atmospheric :
+ reactor + accelerator) il
Esteban et al., JHEP 2020 L
or www.nu-fit.org % 1.0 °
Explore all possible combinations Post-2020: Build our own = %%
profiles using simulations
Note: of JUNO, DUNE, Hyper-K ™% UNE
The original palatable regions were Ancetal., J. Phys. G 2016 02r ]
frequentist [MB, Beacom, Winter, PRL 2015]; DUNE, 2002.03005 04004 050 0B 060 065

the new ones are Bayesian Huber, Lindner, Winter, Nucl. Phys. B 2002 Sl



No unitarity? No problem
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How knowing the mixing parameters better helps
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Unstable neutrinos:
Are neutrinos for ever?



Are neutrinos forever?

» In the Standard Model (vSM), 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 +y): t > 10> (m,/eV)” yr 7 (Ngf 40.5 [(J;;;x)ferse

» Three-neutrino decay (v, — v; + v, +v,): T > 10” (m,/eV)” 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 (vSM), neutrinos are essentially stable (t > 10 yr):

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

» Two-photon decay (v, = v, +y +7): 1> 107 (m,/eV)”’ yr 7 égf fé [(J;;?)/erse

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

N Nambu-Goldstone
» BSM decays may have significantly higher rates: v, — v, £ @) }— boson 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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Eg,
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of each v mass eigenstate, N;, N,, N;

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




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

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

Only sensitive to their ratio
—h—

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




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

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

—

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

... but v that travel longer L are more attenuated!
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v, lightest and stable
(normal mass ordering) o= * y
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Astrophysical sources Earth
| L ~up to a few Gpc |
| |

Vz’ V3 - V1

\ J
Y
v, lightest and stable
(normal mass ordering) o= * y
-

-
-

(If decay is complete)

-
-
’ -
Fine print: N 2 3 ) ' N

» Decay can be incomplete
» Final-state v might be detectable or not v, lightest and stable

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




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

V.V >V

2/

R,
N

v, lightest and stable
(normal mass ordering)

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

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




What does neutrino decay change?
Flavor composition <~ > Spectrumshape <~ -  Eventrate




What does neutrino decay change?

Flavor composition

Flavor content of mass eigenstates:

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

| Ui | ? = | Upi(012, 023, 045, 6CP) | ’ _
A Ud* 0% U

Known to within 8%

Known to within 20%
(or worse)

0 01 02 03 04 05 06 07 08 09 1

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



What does neutrino decay change?

Flavor composition

v,V —V

N 27 3 1 Y,
Y

v, lightest and stable

(normal mass ordering) -
’ ’

0.5
U l?
|Ueil 06

v; lightest and stable
(inverted mass Ordering) 0 01 02 03 o,4|toj.:jlg.a 07 08 09 1




What does neutrino decay change?

Flavor composition

v decay 0.0
All regions 99.7% C.R. 01 ® v
B[] W 2020: NuFit 5.0 ' 09 W

1 L] [ 2040: JUNO

e ————

==12040 (pro ) IC15yr + Gen2 10 yr (% :
— 2040 (proj.): Combined v telescopes (Y

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

Fraction of v,, f

/ / / / 0.0

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 /
MB, 2004.06844




What does neutrino decay change?

Flavor composition

v decay 0.0
All regions 99.7% C.R. ®
. 0.1
; g : 2020: NuFit 5.0 09 O
2040: JUNO
+DUNE 3 Avs
+HK Approx. today
(IceCube 2015
combined analysis,
Ap] 2015)
_____ e
& ...... 2
% ; ®
- =2040 (pro ) IC15yr + Gen2 10 yr e - 0.1
1.0 — 2040 (proj.): Combined v telescopes (¥
¢ 7 7 7 7 7 r 7 7 7 >—0.0

00 01 02 03 04 05 06 07 08
Fraction of ve, fe o

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 /
MB, 2004.06844




What does neutrino decay change?

Flavor composition

v decay 0.0

All regions 99.7% C.R. ® v
. 0.1

M ] W 2020: NuFit 5.0 09 Hn

110 & 2040: JUNO

Approx. today

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 /
MB, 2004.06844

(IceCube 2015
combined analysis,
Ap] 2015)
¢ ..... ‘®
Complete decay into

— 2040 (proj.): Combined v telesc@Pes

7 7 7 7 7 7N 7 i 7 7
00 01 02 03 04 05 06 07=U8 09 10

Fraction of v,, f

v, distavored by 2015
IceCube flavor measurement




What does neutrino decay change?

Flavor composition

v decay 0.0
All regions 99.7% C.R. 01 ® v
B[] W 2020: NuFit 5.0 ' 09 W

1 L] [ 2040: JUNO

12020 (p10].): IC 8 yr (99.7% C.R.)
==2040 (proj.): IC 15 yr + Gen2 10 yr
— 2040 (proj.): Combined v telescopes

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

Fraction of v,, f

/ / / / 0.0

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 /
MB, 2004.06844




What does neutrino decay change?

Flavor composition

v decay 0.0
All regions 99.7% C.R. o1 ®
; g : eURIEENIEEES .0 09 Buwn Two ingredients:
2040: JUNO f ot ; i
puNe %2 O.SA V3 Distribution mixing parameters

& IceCube flavor posterior
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==12040 (pro ) IC15yr + Gen2 10 yr (% :
— 2040 (proj.): Combined v telescopes (Y

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

Fraction of v,, f

/ / / / 0.0

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 /
MB, 2004.06844




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 /
MB, 2004.06844

Flavor composition

v decay 0.0
All regions 99.7% C.R. 01 ® v
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What does neutrino decay change?

Flavor composition

v decay 0.0
All regions 99.7% C.R. R
. 0.1
E g 2020: NuFit 5.0 09 O w
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Neutrino lifetime, T [s]

See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /
MB, Beacom, Murase, PRD 2017 / Rasmussen et al., PRD 2017 /
Denton & Tamborra, PRL 2018 /Abdullahi & Denton, PRD 2020 /
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See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /

What does neutrino decay Change? MB, Beacom, Murase, PRD 2017 / Rasmussen et al., PRD 2017 /

Denton & Tamborra, PRL 2018 /Abdullahi & Denton, PRD 2020 /
MB, 2004.06844

Flavor composition
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What does neutrino decay change?

Flavor composition

v decay 0.0
All regions 99.7% C.R. 1.0 ®
. 0.1
. e 09 Own Two ingredients:
- 2000 J{I]J)I}TJ%E 0.2 A v Distribution mixing parameters
+HK ' ’Cﬁ\ 08 & IceCube flavor posterior
0.3 VTR

ﬁ
VA gl Approx. today

_____

o lifetime, T [s]

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 /

MB, 2004.06844

Song, Li, Argtielles, MB, Vincent, JCAP 2021
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https://github.com/songningqiang/FANFIC/

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

What does neutrino decay Change? Rasmussen et al., PRD 2017 / Denton & Tamborra, PRL 2018 /

Abdullahi & Denton, PRD 2020 / MB, 2004.06844 /
Song, Li, Argtielles, MB, Vincent, JCAP 2020

Spectrum shape

I I IIIIIII I 1 IIIIIII I I_~IIIIII
N V,V. >V
J 2’ 73 1
- 3 '\'\N I_!,\N/_
e — 10 )
N o l?) Low energy: decay evident
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= o -9
— %
o |E 10 - H High energy: no decay
= O " VT
- _ N
5 = - --- No decay
Q 8 o m=10sev-! - Look for sigmoid-like
Z — -10 | : transition in spectrum:
1 O | L1 11111 | 1 1 11111 1 1 1 111 Challenging, but possible
MB, Beacom, Murase, PRD 2017 1 05 1 06 1 07 1 08 wlth more StﬂtiStiCS!

Neutrino energy E, [GeV]



See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /
MB, Beacom, Murase, PRD 2017/ Rasmussen et al., PRD 2017 /

What does neutrino decay Change? Denton & Tamborra, PRL 2018 / Abdullahi & Denton, PRD 2020 /

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

Event rate
MB, 2004.06844
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See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /

What does neutrlno decay Change? 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

MB, 2004.06844
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° See also: B tal., PRL 2002 / B 1d, MB, Winter, JCAP 2012 /
What does neutrlno decay Change? eease I\/fgf%rgaio;, Murase, PRDaZe(;l‘/;a/ Rasmussel?l Str al., PRD 2017 /
Denton & Tamborra, PRL 2018 / Abdullahi & Denton, PRD 2020 /

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

Event rate
MB, 2004.06844
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See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /

What does neutrlno decay Change? 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

MB, 2004.06844
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What does neutrino decay change?

MB, 2004.06844

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):
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there would not have been v, left to trigger a GR



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

What does neutrlno decay Change? 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
MB, 2004.06844
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° ? See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /
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MB, 2004.06844
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What does neutrino decay change?
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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?

Event rate
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What does neutrino decay change?

Number of showers Egep dNgn /dEgep (4.6 y1)
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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 e Streaﬂ'ﬁng '
astrophysical v (PeV) and relic v (0.1 meV): jJ 175 L -~~~ With attenuation i
o . —— With attenuation + regeneration
Astrov Vv o
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Creque-Sarbinowski, Hyde, Kamionkowski, PRD 2021 Neutrino energy E [GeV]
Ng & Beacom, PRD 2014
Cherry, Friedland, Shoemaker, 1411.1071
Blum, Hook, Murase, 1408.3799




Secret interactions of high-energy astrophysical neutrinos

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

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

Astro v Vv
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Secret interactions of high-energy astrophysical neutrinos

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

Astro v Vv
>L ~ gpvv

Relic v v
o~ New coupling
. ] g4 ) §
Cross section: g =‘&.4 =~
4
47t [g‘ —|\M2} -+ M?2T2

Mediator mass

Resonance energy: Eieq =

MB, Rosenstroem, Shalgar, Tamborra, PRD 2020

See also: Esteban, Pandey, Brdar, Beacom, PRD 2021
Creque-Sarbinowski, Hyde, Kamionkowski, PRD 2021
Ng & Beacom, PRD 2014
Cherry, Friedland, Shoemaker, 1411.1071
Blum, Hook, Murase, 1408.3799
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Secret interactions of high-energy astrophysical neutrinos

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

Astrov >
Relic vy L~ghpvy

. New couphng

' \
8" ) s
Cross section: ¢ =24 s
4t (s _,’\MZ} + M2T2
So o .
Mediator mass
MZ
Resonance energy: Eygs = >
m"\l"

MB, Rosenstroem, Shalgar, Tamborra, PRD 2020

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

Looking for evidence of vSI

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

» 80 events, 18 TeV-2 PeV

» Assume flavor-diagonal and
universal: g,, = ¢ &,

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

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

- /




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



Flavor composition: measuring the energy dependence
Future
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Directional high-energy astrophysical neutrino flavor composition: IceCube HESE (7.5 yr)
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Directional high-energy astrophysical neutrino flavor composition: Anisotropic (2040, all detectors)

This work: IceCube 2020 all-sky: Benchmarks:
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