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T ALL BEGINS IN COSMIC ACCELERATORS
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WHAT DO WE
KNOW ABOUT THE
UHE NEUTRINO FLUX?

Unfortunately... not much




WHAT DO WE KNOW ABOUT THE UHE v FLUX

e (Guaranteed component from UHECRs e Unknown origin (cosmogenic or source?)
o Afew experimental upper limits e Unknown source properties and production mechanism
e BSM during propagation??
@ IceCube HESE (7.5 yr) extrapolated Bergman & van Vliet, fit to TA UHECRs Rodrigues et al., HL BL Lacs @ Padovani et al., BL Lacs
@ TceCube vy, (9.5 yr) extrapolated [ Rodrigues et al., all AGN @ Fang & Murase, cosmic-ray reservoirs () Muzio et al., maximum extra p component

Heinze et al., fit to Auger UHECRs QRodrigues etal., all AGN QFang et al., newborn pu]sars B Muzio et al., cosmic ray-gas interactions
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UHE NEUTRINOS REACH THE SURFACE OF THE EARTH

Cosmic
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Diffuse flux of the Earth matters because both Earth
UHE v from sources absorption and detector response are
flavor-dependent
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UHE NEUTRINOS REACH THE SURFACE OF THE EARTH

Cosmic
accelerators

Diffuse flux of

UHE v from sources The diffuse neutrino flux is

isotropic at surface of the Earth
but not at the detector

Diffuse flux of
cosmogenic v

B

Ultra-high-energy
cosmic rays At ultra-high energies the Earth
1s no longer transparent to

neutrinos
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NEUTRINO-MATTER INTERACTIONS GET A 1OT OF ATTENTION

Center-of-mass energy /s [GeV]
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NEUTRINO-MATTER INTERACTIONS GET A LOT OF ATTENTION
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NEUTRINO-MATTER INTERACTIONS GET A 1OT OF ATTENTION

Center-of-mass energy /s [GeV]
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NEUTRINO-MATTER INTERACTIONS GET A 1OT OF ATTENTION

Center-of-mass energy /s [GeV]
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NEUTRAL CURRENT DIS: ENERGY DAMPING
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NON-v_ CHARGED CURRENT DIS: NEUTRINO DISAPPEARANCE
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v_ CHARGED CURRENT DIS: v_ REGENERATION
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WE ALSO ACCOUNT FOR NEXT-TO-LEADING ORDER INTERACTIONS
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WE ALSO ACCOUNT FOR NEXT-TO-LEADING ORDER INTERACTIONS

Neutral-current vV
deep inelastic scattering
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A SIMPLIFIED EXPRESSION FOR DIDACTICAL PURPOSES

Eventrate: N ~ T®,0, e (Ev0-)

X

Increases the probability Decreases probability of
of a neutrino detection a neutrino transmission
Goldilocks situations:

Downgoing neutrinos: Negligible attenuation, degeneracy between cross section and flux
Upgoing neutrinos: Strong attenuation, unlikely for most of the flux models to reach the detector

Horizontal: Just right to break the degeneracy

Victor B. Valera Baca | NBI 17



NEUTRINO EVENT RATE AS A FUNCTION OF OBSERVABLE VARIABLES

04_-010;m

0= Ustd

0 =40gq

103¢

102;

F— " All- sky (0° < erec < 180° )
I —— Downgoing (0° < 6°° < 80°)

—— Near-horizon (80° < 6% < 100°)
Upgoing (100° < 6:¢ < 180°)
Atm. i bg. (veto off)

Atm. j bg. W

I

. Bergman & van Vhet
fit to TA UHECRs

=
>
o
=
S
T
]
[
P
j<P]
9
& C
Q0 1072 ol L PRI R | T L Ll . A
S 107 108 107 107 108 107 107 108 10° 10'°
0 Reconstructed shower energy, Et¢ [GeV]
.5 103 g T T T TR T
n E— 107 < Ef¢/GeV < 1010 3
% o[ — 107 < Ef/Gev <10°
z 10 E—— 10° < E°/GeV < 10 ER3 T E E
N X 10° < Ef¢/GeV < 101° 1F
"‘5 10LE Atm. p bg. x10 (veto off) 1L -
o ; Atm. p bg. x10 (veto on) IE E E E
"8 0___——_‘—____ [ 1 L ]
E 10— ERS - 3
S g - ‘R 3
Z B 1t

1071 3 E |_% 3 E

i — 16 110
102 PRI B W T ER T T N T W R RN | B VO O i
80 85 90 95 80 85 90 95 80 85 90 95 100

Victor B. Valera Baca | NBI

Reconstructed direction, 05 [°]

N ~ T®,0,ye ™ Enb:)

e Small ¢ flattens the 6 distribution

e Large o leads to a more
pronounced cut at the horizon

e Atm. u background mainly in the
lowest energy bin

e Energy binning matters
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THE PARAMETERS OF THE MODEL

o IceCube HESE (7.5 yr) extrapolated Rodrigues et al., all AGN t’i Fang et al., newborn pulsars
@ IceCube vy (9.5 yr) extrapolated 0 Rodrigues et al., all AGN @ Padovani et al., BL Lacs
Heinze et al., fit to Auger UHECRs Rodrigues et al., HL BL Lacs Muzio et al., max. extra p comp. ¢
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All-flavor v flux (108 GeV), log.,(E2 @0/ [GeV cm 25 1 sr1
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BASELINE RESULTS FOR BENCHMARK FLUXES
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OUR RESULTS IN THE CONTEXT OF v~-MATTER INVESTIGATIONS

Center-of-mass energy /s [GeV]
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OUR RESULTS IN THE CONTEXT OF v-MATTER INVESTIGATIONS

Center-of-mass energy /s [GeV]
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S

Good! Cross section measurements are
possible with a few tens of events.

But that is assuming we know the spectral
shape of the UHE neutrino flux.

If we relax that?

N



WE NEED TO DISTINGUISH ANDRECONSRGETTHE TRUE UHE FLUX

0 IceCube HESE (7.5 yr) extrapolated
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Bergman & van Vliet, fit to TA UHECRs
Rodrigues et al., all AGN

Rodrigues et al., HL BL Lacs

@ Fang & Murase, cosmic-ray reservoirs

@ Padovani et al., BL Lacs

@ Muzio et al., maximum extra p component

Neutrino energy, E, [GeV]
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THE lceCube FLUX WOULD BE A SOURCE OF BACKGROUND

0 IceCube HESE (7.5 yr) extrapolated Bergman & van Vliet, fit to TA UHECRs Rodrigues et al., HL BL Lacs @ Padovani et al., BL Lacs
@ IceCube v, (9.5 yr) extrapolated Rodrigues et al., all AGN @ Fang & Murase, cosmic-ray reservoirs () Muzio et al., maximum extra p component
Heinze et al., fit to Auger UHECRs oRodrigues etal., all AGN QFang et al., newborn pulsars B Muzio et al., cosmic ray-gas interactions
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HYPOTHESIS A: THE BACKGROUND HYPOTHESIS

The observed signal is produced by
- Atmospheric muon +

- Neutrinos from the UHE tail of one of the IceCube flux parametrizations with
and exponential cutoff somewhere >10" GeV

HYPOTHESIS B: THE SIGNAL HYPOTHESIS

The observed signal is produced by
Atmospheric muon +

- Neutrinos from the UHE tail of one of the IceCube flux parametrizations with
and exponential cutoff somewhere >107 GeV +

- Neutrinos from a given UHE flux model

WE OBTAIN THE BAYESIAN EVIDENCES 2, AND Z,
INTEGRATING THE LIKELIHOOD OVER THE PARAMETER SPACE
AND FROM THERE THE BAYES FACTOR B = Z/Z,

Victor B. Valera Baca | NBI 26



MOST OF THESE SCENARIOS WOULD BE DISCOVERED IN ONE DECADE

o IceCube HESE (7.5 yr) extrapolated Rodrigues et al., all AGN Fang et al., newborn pulsars - . .
@ IceCube vy (9.5 yr) extrapolated 6 Rodrigues et al., all AGN Padovani et al., BL Lacs o IceCube HESE (7.5 yr) extrapolated Rodrigues et al., all AGN Fang et al., newborn pulsars
. . : . e IceCube vy (9.5 yr) extrapolated o Rodrigues et al., all AGN Padovani et al., BL Lacs
Heinze et al., fit to Auger UHECRs Rodrigues et al., HL BL Lacs @ Muzio et al., max. extra p comp. i R
Heinze et al., fit to Auger UHECRs Rodrigues et al., HL BL Lacs Muzio et al., max. extra p comp.

8 Bergman & van Vliet, fit to TA UHECRs Fang & Murase, CR reservoirs Muzio et al., fit to Auger & IceCube
I Bergrm a 5 @ 8 Bergman & van Vliet, fit to TA UHECRs e Fang & Murase, CR reservoirs @ Muzio et al., CR-gas interactions
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vy

OK COOL, BUT OUR ORIGINAL GOAL
WAS TO DISTINGUISH AMONG FLUX
MODELS

WE SIMPLY CHANGE THE QUESTION




HYPOTHESIS A: UHE FLUX MODEL A HYPOTHESIS

The observed signal is produced by
Atmospheric muon +
Neutrinos from the UHE tail of one of the IceCube flux parametrizations with
and exponential cutoff somewhere >10" GeV
- Neutrinos from UHE flux model A

HYPOTHESIS B: UHE FLUX MODEL B HYPOTHESIS

The observed signal is produced by
Atmospheric muon +
Neutrinos from the UHE tail of one of the IceCube flux parametrizations with
and exponential cutoff somewhere >107 GeV +
- Neutrinos from UHE flux model B

AND AGAIN OBTAIN THE BAYES FACTOR B = 2,/ Z,
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WE QUANTIFY THE CAPABILITY TO DISTINGUISH DIFFERENT
SPECTRAL SHAPES

Separation between flux models @ IceCube HESE (7.5 yr) extrapolated Rodrigues et al., all AGN QFang et al., newborn pulsars @ IceCube v extrapolated

L1 Decisive I Substantial @ IceCube vy, (9.5 yr) extrapolated oRodrigues etal., all AGN @Padovani etal.,, BL Lacs [l Cosmogenic v
- Very strong B Negligible Heinze et al., fit to Auger UHECRs [ Rodrigues et al., HL BL Lacs 1) Muzio et al., max. extra p comp. ‘ Source v
[0 Strong Bergman & van Vliet, fit to TA UHECRs @ Fang & Murase, CR reservoirs 8 Muzio et al., fit to Auger & IceCube @ Cosmogenic + source v
T=1yr T=3yr T =10 yr (IceCube-Gen2 Radio design exposure)
T
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Test UHE neutrino flux model

CORBEEHOEOOCSLO6

<

/

%

N

0OBOEHOHOOODE® OOHHEOHOOOOE OOHOEHOHOOOD®

True UHE neutrino flux model

< V. Valera, M. Bustamante, C. Glaser
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WORK IN

SO MOST OF THE FLUXES CAN BE
DISTINGUISHED FROM BACKGROUND
SOURCES WITHIN A DECADE

AND THOSE CAN ALSO BE
DISTINGUISHED FROM ALTERNATIVE
UHE FLUX MODELS

THESE RESULTS ARE ENCOURAGING!!

PROGRESS
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CONCLUSIONS

With the next generation of neutrino telescopes we can
go beyond the discovery of the first EeV neutrino

e Particle Physics: Next energy frontier through
neutrino-matter interactions.

e Neutrino Astronomy: Distinguish the UHE flux
signal over the most conservative backgrounds.
(see talk by Damiano Fiorillo on point sources)

e Astroparticle Physics: Discern between different
predictions for the UHE neutrino flux model and
therefore learn more about the sources of most
energetic particles in the Universe.

Special thanks to Mauricio Bustamante and
Christian Glaser, co-authors of this work.
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MONOCHROMATIC NEUTRINO BEAM REACHING THE DETECTOR
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PROPAGATE THE NEUTRINO FLUXES THROUGH THE EARTH
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NEUTRINO SHOWER DIFFERENTIAL RATE (see text for details)

Real shower spectrum: ~ ©XPOSULC

dEg,d cos 6, Esn
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FACTOR IN DETECTOR LIMITATIONS WITH RESOLUTION FUNCTIONS

Real shower spectrum:
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Reconstructed shower spectrum (what we use):
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NEUTRINO SHOWER EVENT RATE PER CHANNEL

Number v events, IC-Gen2 Radio, Bergman & van Vliet, fit TA UHECRs (10 yr)
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All-flavor v flux (10° GeV), log,((EZ ¢ o/ [GeV em ™2 s~ sr1])

THE IMPORTANCE OF EARTH-SKIMMING NEUTRINOS
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Sensitivity to the cross section comes
predominantly from near-horizontal showers.
Neutrinos undergo significant, but not
complete, attenuation inside the Earth.

Using only downgoing showers is sensitive
only to the product of the cross section and flux
normalization

The numerous downgoing events can be used

for flux shape reconstruction

41



All—ﬂavor v flux (10° GeV), log,(E7 @0/ [GeV em ™2 s~ 1 sr71])
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Baseline sensitivity dominated by shallow
stations.

Shallow antennas are more (313 vs 144).

We assume the same 2° resolution for both
types stations.

Real measurement resolution will depend on
the single-event quality.

Also on which component (shallow or deep) is
detected

Possible multiple component coincidence
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BEYOND THE o, =2° BENCHMARK RESOLUTION

UHE vN cross section, log, fo = 10g,,(0/0stq)
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Ultra-high-energy neutrino flux model
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Good angular
resolution is of great
importance.

We obtained and
increased of

- 50% (o, =5°)

- 178% (0, = 10°)
in the measurement
error Af compared
to the baseline
resolution of 0,= 2°.
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Expected improvements in the measurement over
time

In the most optimistic scenario the sensitivity after
2.5 years is comparable to 10 years of exposure
And after 20 years we are at the level of the
theoretical uncertainty

A similar situation occurs for the IceCube power

law extrapolation
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0/ 054, marg. posterior

Cross section, f,

= P/ Dyq, marg. posterior

Flux normalization, fo
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