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Next decade: a host of planned neutrino detectors
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High-energy neutrinos: TeV-PeV

(Discovered)

Ultra-high-energy neutrinos: > 100 PeV

(Predicted but undiscovered)
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TeV-EeV v cross sections v self-interactions v scattering on Galactic DM
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TeV-EeV v cross sections v self-interactions v scattering on Galactic DM
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In spite of
> poor energy, angular, flavor reconstruction
& astrophysical unknowns
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Making high-energy astrophysical neutrinos
(or p +p)
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Yuya Makino, IceCube /NSF



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)
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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




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)
&
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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




Energy spectrum (7.5 yr)

100+ contained events above 60 TeV: Data is fit well by a single power law:
: W Data —Yastro
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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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o IceCube HESE (7.5 yr)
@ IceCube vy, (10 yr)
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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
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Blazar TXS 0506+056:

IceCube, Science 2018
IC40 I1C59 1C79 IC86a IC86b 1C86¢
5 1 ] 1 1 1 -
=== IceCube-170922A A 4o
47 Gaussian Analysis \ E
Q; 3 Box-shaped Analysis ol NP
<0 :
2 94 .
| - 20
1+ _/_J_l -1
= g
0 - — — e ] = .
¥ L | ¥ | ¥ T 1 —— F T T T
2009 2010 2011 2012 2013 2014 2015 2016 2017
After ve—analysis (2101,09836), I
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




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

Flavor ratios at Eart]y(@t, 1): ;------ﬁ---_---f---.
| Standard oscillations |
fom= D, Puuafss i or
0
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®
%
=
<
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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 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

(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—nt—pt+v, followed by pt—et+v.+v,

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—nt—pt+v, followed by pt—et+v.+v,

Full 11 decay chain

(1/3:2/3:0)s
Muon damped
(0:1:0)s
/ /
03 04 05 06 O ] . : Note: v and v are (so far) indistinguishable
Fraction of v, in neutrino telescopes



One likely TeV-PeV v production scenario:
p+y—nt—pt+v, followed by pt—et+v.+v,

S @

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

Muon damped
(0:1:0)s

Neutron decay

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



II.
High-energy and ultra-high-energy
neutrino physics



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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\ DM decay,

Monopoles

(Acts at detection)

Standard expectation:
v and y from transients arrive
simultaneously

Note: Not an exhaustive list

Standard expectation:
Equal number of v, v, vz



Standard expectation:

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

Isotropy (for diffuse flux)

N
S

: \\
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~

Monopoles

(Acts at detection)

Standard expectation:

v and y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, vz

Note: Not an exhaustive list



Standard expectation:

Standard expectation:
Power-law energy spectrum e‘:’“ :

Isotropy (for diffuse flux)

Standard expectation:

v and y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, vz

Note: Not an exhaustive list



Standard expectation:
Power-law energy spectrum

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

Standard expectation:
Isotropy (for diffuse flux)

«/DM-v interaction

7\

/ _LorentZ+CPT violation

(Acté{at%{eted\i

A\ o

4

Standard expectation:

v and y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, vz

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

Note: Not an exhaustive list



Standard expectation:
Power-law energy spectrum
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Standard expectation:
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«/DM-v interaction

7\

/ _LorentZ+CPT violation

(Acté{at%{eted\i

A\ o

4

Standard expectation:

v and y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, vz

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

Power-law energy spectrum Qec,&“’m Isotropy (for diffuse flux)
5
=
&
& K/
<2 / W4 I .
.Qi i / /@(C s gdlring ¢r0paga ion)

Reviews:
Ahlers, Helbing, De los Heros, EPJC 2018
Argiielles, MB, Kheirandish, Palomares-Ruiz, Salvad, Vincent, ICRC 2019 [1907.08690]
Ackermann, Ahlers, Anchordoqui, MB, et al., Astro2020 Decadal Survey [1903.04333]

. _/

(Actsyat detectjon)

A\ S

Standard expectation:

v and y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, vz

More: PoS ICRC2019 (1907.08690)

NOte' NOt an BXhauStive lZSt Argitielles, MB, Kheirandish, Palomares-Ruiz, Salvad6, Vincent



o IceCube HESE (7.5 yr)
@ IceCube vy, (10 yr)
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Today
TeV-PeV v




Today
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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




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

7”10—7: —— R e :
= - ——
— : ..... ."“" - :
@ ST T ]
" 108 i
: ;
> .
CDU - i
oS C ]
A - i
Al >

4R § i
é B |
= 10710 :
o L ]
k= u i
_ﬁ = ol
qs) B |
c 10—11:_

;_‘ L

@) C

> L

@ L

E L V47U
=~ 10_12 i 1 1 ) 1 1 III 1 1 I L III 1 i § 1 1 L 1 III 1 1 1 1 ik 1 lI] I 1 1 1 - |
< 10° 10° 107 108 10? 1010

Neutrino energy E, [GeV]




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
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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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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




Two examples

c Flavor stuff

Good chances of discovery
e or setting strong bounds

a Cross-section stuff

Keep ourselves grounded by accounting for all
relevant particle and astrophysics unknowns




Flavor:
Towards precision, finally

(with the help of lower-energy experiments)



Astrophysical sources Earth
| Up to a few Gpc |

| |
E.g,

Oscillations change the number
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of v of each flavor, N., N, N,
Different production mechanisms yield different flavor ratios:
(fe,S/ f 1,5y fE,S) = (N e,Sy N 1,5y N 1,5 ) / N tot

Flavor ratios at Earth (o = ¢, p, 1):
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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:
(fe,s, f 1Sy frs) = (N esy N 1,Sr N r,S)/ Not

: — + pmmmmmeoecccmee- ,
Flavor ratios at Eartm, 1): | Standard osciliations |
fao = Z Pry—va I35 i ot

new physics
B=e,u,T e



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



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—nt—pt+v, followed by pt—et+v.+v,

S @

:j::ze 4 _—"Full i decay chain
' 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



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

( Sources

% (fe,s) fu,s) frs)

\

>

Earth

Oscillations
s a» a» a» *

(012, 023,613, 6cp)

J

(. /)
Y

Known from oscillation
experiments, to different
levels of precision

(fe.or fu@: fro)
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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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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 i 1.8F -
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 o
or Esteban et al., JHEP 2020 7]
www.nu-fit.org 5 10¢
Explore all possible combinations o8
0.6
Note: 0.4-_ NuFit 5.0
The original palatable regions were U ' ,
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 ol
(pion decay, muon-damped, neutron decay) (solar + atmospheric -
+ reactor + accelerator) ki
Esteban et al., JHEP 2020 L2r
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 040 04 050 0B 060 065

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



Theoretically palatable regions: today (2021)
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Song, Li, Argtielles, MB, Vincent, JCAP 2021
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Note:

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

Song, Li, Argtielles, MB, Vincent, JCAP 2021
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NuFit 5.0

ST 68%CR.

© mdecay: (1:2:0)g
A ndecay: (1:0:0)q

0.7
5
G
0.6 ‘&
@
%

0.5

/ 7 7 7 7 7 7 7 % 7 7
o0 01 02 03 04 05 06 07 08 09 1.0

Fraction of v, feq

09 [ p-damped: (0:1:0)g




Theoretically palatable regions: today (2021)

NO, upper >3 octant, 0.0
NuFit 5.0
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NO, upper >3 octant, 0.0
NuFit 5.0

0.1
S0 68% C.R.
H N W 95%CR.
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© mdecay: (1:2:0)g
09 [ p-damped: (0:1:0)g
A ndecay: (1:0:0)q

S 0.1
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All plots shown are for normal 1.0 == IceCube 8 yr (68%), 95%,99.7% C.R.)
neutrino mass ordering (NO); / 7 7 7 ~ vi ~ ~ ~ ~ 0.0
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NO, upper >3 octant, 0.0
NuFit 5.0

0T 68%CR.
HE N 95%CR.
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L0 o rdecay: (1:2:0) Two limitations:
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Insufficient precision in the
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Measurement of flavor ratios —
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NO, upper >3 octant, 0.0
NuFit 5.0

0T 68%CR.
HE N 95%CR.
HH N 9%.7%CR.

L0 o rdecay: (1:2:0) Two limitations:
09 O p-damped: (0:1:0)q
A 1 decay: (1:0:0)g Allowed flavor regions overlap —

Insufficient precision in the
mixing parameters

Will be overcome by 2030

Measurement of flavor ratios —

—r Cannot distinguish between

® pion-decay and muon-damped

benchmarks even at 68% C.R. (10)
A A VA VAR 0.1 Will be overcome by 2040

— IceCube 8 yr (68%), 95%,99.7% C.R.)
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Flavor measurements:
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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
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Theoretically palatable regions: today (2021)

NO, upper >3 octant, 0.0
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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.)

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

— IceCube 15yr (68%, 95%, 99.7% C.R.)

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

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

In our results:

e JUNO + Hyper-K + DUNE

2 be tter

—= IceCube 15yr (68%, 95%, 99.7% C.R.) ' Marginal improvement tll 2040

00 01 02 03 04 05 06 07 08 09 10

Song, Li, Argtielles, MB, Vincent, JCAP 2021 Fraction of v, foe



Theoretically palatable regions: 2020 — 2030 — 2040
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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:
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Repurpose the flavor sensitivity to test new physics:

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




New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

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

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

Oyﬁec;ubezm
NAVAVAY

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

Reviews: f e,® MB, Beacom, Murase, PRD 2017
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

. 0.0
» Neutrino decay 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]

&
g oF
0.8
\\\ // ‘\\ ,
N .
1.0 \ / \ /
/ 7 7 7 7 0.0
0.0 0.2 0.4 0.6 0.8 1.0
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



Neutrino-nucleon cross section:
From high to ultra-high energies
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Accelerator experiments
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measurement
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Quasi-elastic
scattering:

vi+n=I+p <
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Quasi-elastic
scattering:

vi+n=I+p o~
vi+p=Il"+n
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High-energy vN cross section: prediction

Center-of-mass energy /s [GeV]
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High-energy vN cross section: prediction

Softer-than-linear

dependence on E,
due to the W pole

Uncertainty from
extrapolating parton
distribution functions
(PDFs) to Bjorken

x ~my/E, ~10°

Bertone, Gauld, Rojo, JHEP 2019
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High-energy vN cross section: prediction
Center-of-mass energy /s [GeV]
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State-of-the-art BGR18 prediction:

» NNLO

» Treatment of small-x effects

» PDFs informed by LHCb D-meson data
» Nuclear corrections

» Heavy-quark corrections
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Measuring the high-energy vN cross section

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

20N

Hooper, PRD 2002; Hussain et al., PRL 2006; Borriello ef 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

Below ~ 10 TeV: Earth is transparent Above ~ 10 TeV: Earth is opaque
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High-energy vN cross section: today

BGR18 prediction from:
Bertone, Gauld, Rojo, JHEP 2019

See also:
Garcia, Gauld, Heijboer, Rojo, JCAP 2020

Measurements from:
IceCube, 2011.03560

MB & Connolly, PRL 2019
IceCube, Nature 2017
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High-energy vN cross section: today

Center-of-mass energy /s [GeV]
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High-energy vN cross section: today
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High-energy vN cross section: today
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High-energy vN cross section: today
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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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IceCube-Gen2 Radio
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After 10 years of
IceCube-Gen2 Radio (~2040):

(If the UHE v fluxes are high)

Valera, MB, Glaser, In preparation
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After 10 years of
IceCube-Gen2 Radio (~2040):

(If the UHE v fluxes are high)

Valera, MB, Glaser, In preparation
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I11.
The future



Next decade: a host of planned neutrino detectors
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Standard expectation:
Power-law energy spectrum o\(\“ﬂ
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More: PoS ICRC2019 (1907.08690)
Argitielles, MB, Kheirandish, Palomares-Ruiz, Salvad6, Vincent

Note: Not an exhaustive list
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telescopes, ~2030¢
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Next decade: a host of planned neutrino detectors
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How it

10-20 years
started o3

from now

EeV v discovered
Precision tests with PeV v

First tests with EeV v

VPLATE (vplate.ru)
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