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They have the highest energies
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IceCube-Gen2:
~10 decades in energy for particle physics!
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Neutrino cross sections Flavor mixing

PeV hadronic interactions Sterile neutrinos

IceCube-Gen2

Other exotica Non-standard v properties
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Measuring neutrino-nucleon cross sections at UHE

Baseline Gen2 radio array design:
» 169 hybrid stations (shallow + deep) + 144 deep stations

» Detector angular resolution (zenith angle): 2°

» Detector shower energy resolution: 10%

Detailed event-rate calculation scheme:

» V. Us. shower energy vs. angle, custom-generated in NuRadioMC
» In-Earth propagation, leading & sub-leading v interactions in NuPropEarth

» Inelasticity distribution factored in

» Use recent cross-section predictions as baseline

» Background from atmospheric muons (< 0.1 event per year above 10” GeV)
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Larger neutrino-nucleon cross section
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Neutrino cross sections: outlook for Gen2

Limitations of our estimates / future work (see 2204.04237 for details):

» Extract cross section, flux normalization, and energy spectrum shape (071g0i1g)
» Use unbinned likelihood (071g0ing)
» Adding secondary lepton interactions to effective volume

» Improving effect of LPM effect in relation between neutrino and shower energy

Needed:
» Forecast TeV-PeV cross section measurement in optical array

» Forecast UHE cross section for competing radio array designs (01g0ing)

» Urgent: estimate background of reflect air-shower cores
(could be as high as 10 events per year!)
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Flavor mixing: outlook

Limitations of our estimates so far:

» Our flavor sensitivity projections are based on early Gen2 estimates
— Need to be updated for latest Gen2 design

» Not transparent what went into those early Gen2 estimates

Ongoing work:
» Sensitivity to the energy dependence of flavor ratios?
—> Stay tuned [Fiorillo, Liu, Argiielles, MB, Song, Vincent]

» Flavor sensitivity at UHE with radio?
— Early, but promising [Garcia-Ferndndez, Nelles, Glaser, PRD 2020; Stjarnholm, Ericsson, Glaser, ICRC 2021]



Neutrino cross sections Flavor mixing

PeV hadronic interactions Sterile neutrinos

IceCube-Gen2

Other exotica Non-standard v properties

Dark matter




Neutrino cross sections Flavor mixing

Pev har;lvnﬂin intoracrtinnc CQtorilo noi ]trinos
Reviews:

Ahlers, Helbing, De los Heros, EPJC 2018
Argitielles, MB, Kheirandish, Palomares-Ruiz, Salvad6, Vincent, ICRC 2019 [1907.08690]
Ackermann, Ahlers, Anchordoqui, MB, et al., Astro2020 Decadal Survey [1903.04333]

Other exotica i Non-standard v properties

Dark matter




High energy
TeV-PeV v

Gen?2 offers improved statistics

We know the diffuse flux already!

Maintain roughly the same energy
and angular resolution of IceCube

Gen?2 optical array can still be optimized
for diffuse and point-source searches

Y

“Guaranteed” sensitivity to more
subtle particle-physics effects

Ultra-high energy
>100-PeV v

Gen2 offers a chance of discovery

Particle physics possible only if we
discover UHE neutrinos

Naively, three competing thrusts:

Diffuse flux discovery

vs. Point-source discovery

vs. Particle-physics studies

Y

Find a three-way compromise for
the Gen2 radio array design
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We know the diffuse flux already!

Maintain roughly the same energy
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Gen?2 optical array can still be optimized
for diffuse and point-source searches

Y

“Guaranteed” sensitivity to more
subtle particle-physics effects

Ultra-high energy
>100-PeV v

Gen2 offers a chance of discovery

Particle physics possible only if we
discover UHE neutrinos

Naively, three competing thrusts:

Diffuse flux discovery

vs. Point-source discovery

vs. Particle-physics studies

(Ongoing work is promising!)
Find a three-way compromise for
the Gen2 radio array design
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Fundamental physics with HE cosmic neutrinos

» Numerous new-physics etfects 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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Fundamental physics with HE cosmic neutrinos

n = -1: neutrino decay

» Numerous new-physics etfects grow as ~x,, - E" - L } B CIReEle) sz el iiion

n = +1: CPT-even Lorentz violation
» 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

In spite of
poor energy, angular, flavor reconstruction
& astrophysical unknowns




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: Lihe e o "G i 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



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 ’:
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rn 1 Lol L
10° 107
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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
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vSI with the UHE transient flux

High-energy E—» Astro v v \
L~ gdvy /

Low-energy —9» Relic vy

Each:
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Perfect for POEMMA!
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) =
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How knowing the mixing parameters better helps
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Measuring flavor composition: 2015-2040
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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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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
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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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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 =
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@ Argiielles, Katori, Salvadé, PRL 2015

Reviews: (8
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New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

» Neutrino decay Detection effect 0.0 @ NSls in Earth
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; 1.0 ® Det. NSI
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] 0 1 -
0.9

» Tests of unitarity at high energy

[Xu, He, Rodejohann, JCAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, JCAP 2021]

» Lorentz- and CPT-invariance violation

[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010;
Kostelecky & Mewes 2004; Argiielles, Katori, Salvad6, PRL 2015]

» Non-standard interactions
[Gonzalez-Garcia et al., Astropart. Phys. 2016;
Rasmussen et al., PRD 2017]
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New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

» Neutrino decay 95% cred. int.

[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; 0.0,1.0 NH
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017]

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
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Y Y e Y
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» Lorentz- and CPT-invariance violation L
[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010; X 0.4 i e e
Kostelecky & Mewes 2004; Argiielles, Katori, Salvad6, PRL 2015] T L T

S 90000
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» Non-standard interactions
[Gonzalez-Garcia et al., Astropart. Phys. 2016;
Rasmussen et al., PRD 2017]

» Active-sterile v mixing

[Aeikens et al., JCAP 2015; Brdar, Kopp, Wang, JCAP 2017;
Argtielles et al., JCAP 2020; Ahlers, MB, JCAP 2021]
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New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

: 0.0

» Neutrino decay 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



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
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Energy dependence of flavor ratios — in IceCube-Gen2

Measured:

v, fraction at source
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Energy dependence of flavor ratios — in IceCube-Gen2

Measured:
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Side note: Improving flavor-tagging using echoes

Late-time light (echoes) from muon decays and neutron captures can separate
showers made by v, and v, -
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All UHE neutrino flux models
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Event rates per channel

Number v events, IC-Gen2 Radio, Bergman & van Vliet, fit TA UHECRs (10 yr)
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Posteriors for all UHE neutrino flux models
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Effect of angular resolution
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Results for alternative radio array designs
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