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The ultrahigh energy range of neutrino physics (above ~107 GeV), as yet devoid of detections, is an
open landscape with challenges to be met and discoveries to be made. Neutrino-nucleon cross sections in
that range—with center-of-momentum energies /s 2 4 TeV—are powerful probes of unexplored
phenomena. We present a simple and accurate model-independent framework to evaluate how well these
cross sections can be measured for an unknown flux and generic detectors. We also demonstrate how to

characterize and compare detector sensitivity. We show that cross sections can be measured to ~'5%

=30

precision over /s ~ 4-140 TeV (E, = 107 — 10'° GeV) with modest energy and angular resolution and
~10 events per energy decade. Many allowed novel-physics models (extra dimensions, leptoquarks, etc.)
produce much larger effects. In the distant future, with ~100 events at the highest energies, the precision
would be ~15%, probing even QCD saturation effects.
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I. INTRODUCTION

New laws of physics are anticipated at high energies. This
has stimulated building large colliders with center-of-
momentum energies (1/s) as high as 13.6 TeV. In principle,
even higher energies can be probed with ultrahigh energy
(UHE) particles from astrophysical sources. When these
particles interact with nucleons at Earth, they probe large
Vs = /2Em,,, exceeding 13.6 TeV for E = 9 x 107 GeV.
UHE neutrinos could provide especially powerful tests of
novel-physics scenarios, as even subtle new interactions
would exceed weak interactions in the cross section with
nucleons, o. Figure 1 previews our results for three inde-
pendent energy bins.

Conceptually, measuring ¢ with astrophysical neutrinos
is simple, taking advantage of Earth’s opacity to high-
energy neutrinos to break the degeneracy between the
unknown flux and cross section [1-8]. Neutrinos reaching
the detector through small column densities probe ¢o,
where ¢ is the flux. Neutrinos reaching the detector through
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large column densities probe ¢oe‘""L(9), where n is the
number density of targets and L (0) is the traversed distance
as a function of zenith angle 6. At lower energies (1/s
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FIG. 1. Neutrino-nucleon cross-section sensitivity for UHE

astrophysical neutrinos, lower energy data, and novel-physics
predictions. See Fig. 12 for different Af. The top axis shows the
center-of-momentum energy +/s. Precise measurements are
possible with reasonable detectors and statistics.

Published by the American Physical Society


https://orcid.org/0000-0001-5265-2404
https://orcid.org/0000-0002-8814-6607
https://orcid.org/0000-0002-0005-2631
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.106.023021&domain=pdf&date_stamp=2023-09-14
https://doi.org/10.1103/PhysRevD.106.023021
https://doi.org/10.1103/PhysRevD.106.023021
https://doi.org/10.1103/PhysRevD.106.023021
https://doi.org/10.1103/PhysRevD.106.023021
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ESTEBAN, PROHIRA, and BEACOM

PHYS. REV. D 106, 023021 (2022)

TARQGE
BEACON POEMMA
ANITA
PUEO

ARIANNA

IceCube

KM3NeT
P-ONE

Baikal-GVD

Gen-2 Radio

FIG. 2. Proposed strategies to detect UHE neutrinos. The
variety guarantees complementary physics opportunities.

below a few TeV), IceCube data have been used to measure
o through a comparison of downgoing (6 < 90°) and
upgoing (6 > 90°) rates [9,10].

Adapting these ideas to UHE neutrinos brings new
challenges. Earth attenuation is strong, and most events
come from near the horizon. The flux is small, steeply falling,
and highly uncertain [11-19], though a nonzero flux is
guaranteed by the measured UHE cosmic-ray flux. Detecting
UHE neutrinos is motivated by important astrophysics
questions such as the origin and composition of UHE cosmic
rays [20-29]; however, the flux is so far undetected [30—34],
so we do not yet know which detectors will be optimal.
Figure 2 shows that a wide variety of approaches are
proposed [35-50]. While there are encouraging prospects
for measuring cross sections for specific assumed fluxes and
specific large detectors [51-53], it is not known how general
these results are. What are the minimal detector requirements
and the statistics needed to make good measurements of the
neutrino-nucleon cross sections at the highest energies?

In this paper, we assess these challenges, guided by three
principles. First, instead of considering specific detectors,
we focus on the required detector properties. Second, we
aim for model independence in terms of the assumed
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FIG. 3. Expected angular profile for a neutrino energy E, =

107 GeV and different cross sections. Angle-dependent Earth
attenuation allows measurement of the cross section.

neutrino fluxes, theoretical calculations of their propaga-
tion in Earth, and detector properties. Third, we stress the
importance of detector complementarity, noting that col-
lective measurements over many detectors and energy
ranges can be combined. Bottom line, we show that o
can be measured in the UHE range without prior knowl-
edge about the flux, that presently allowed novel-physics
scenarios can be tested even with low statistics, and that this
can happen relatively soon.

The remainder of this paper is organized as follows. In
Sec. II, we calculate the effects of attenuation and show how
these relate to the general requirements for measuring the
cross section. In Sec. III, we show how to characterize and
compare UHE detector responses, independent of their
operating technique. In Sec. IV, we calculate how detector
sensitivity impacts cross-section measurements. In Sec. V, we
conclude, and in the Appendices, we provide further details.

II. GENERAL REQUIREMENTS TO MEASURE
THE UHE CROSS SECTION

In this section, we calculate the angular profiles due to
neutrino attenuation in Earth, and the detector energy and
angular resolution required to use these profiles to measure
cross sections. We find that there are benchmark require-
ments for these resolutions. Throughout the paper, we
assume an incoming flux of d¢p/dE, « E;*? and focus our
calculations on neutrino energies around 108 GeV (we
give more details in Sec. III), but the behavior is general.
Some plots for additional fluxes, energies, and resolutions
are given in Appendices C and D.

Figure 3 shows the physics behind measuring the cross
section using Earth attenuation. The relative fluxes of
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FIG. 4. Similar to Fig. 3, but for different energies. Discrimi-
nating cross sections requires achieving benchmark angular and
energy resolutions, which we show approximately.
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neutrinos from different directions depend only on their
trajectories through Earth, as the incoming neutrino flux is
expected to be consistent with an isotropic diffuse back-
ground. Flux measurements above or near the horizon probe
¢o while those below it probe poe "), with L(6) the
chord length of the neutrino path through Earth. Measuring
the angular profile thus allows to probe both unknowns: the
flux and cross section. Here 4 is the neutrino arrival zenith
angle, measured with respect to the vertical at the point where
the neutrino trajectory would exit Earth; and we define
“horizon” as 0 = 90° regardless of the elevation of the
detector. For the matter distribution inside Earth, we assume
the Preliminary Reference Earth Model (PREM) density
profile [54]. We place the detector on top of a 3-km layer of
ice, as many of the proposed detectors are on top of, or
embedded within, large ice sheets (see Fig. 2). As shown in
Appendix D, our results are insensitive to reasonable
variations in these choices, especially the latter.

The angular profile has a strong dependence on the cross
section because Earth attenuation is significant. At a given
zenith angle, if even one event is observed, the cross section
cannot have been too large (a Poisson expectation of near-
zero events cannot fluctuate to one observed event).
Generally, we anticipate precise measurements even with
few events because the exponential factor, e~*°F @), is much
less than unity.

Figure 4 gives a first indication that measuring ¢ in the
UHE range requires resolving benchmark angular and
energy resolutions that are set by the physics of Earth
attenuation. The detector must have sufficient angular
resolution to measure the shape of the angular profile.
This is harder here than in the TeV-PeV range, where ¢ is
smaller and the angular profile varies slower with 6. The
detector must also have sufficient energy resolution to
discriminate if a modified profile is due to a difference in ¢
or energy. This is easier here than in the TeV-PeV range,
where the variation of ¢ with energy is stronger.

For our full calculation, we fit for 6/6gy, the ratio
between the cross section and its Standard Model value,
using unbinned likelihood as we detail in Appendix A. In
summary, we start with an isotropic power-law flux,
d¢/dE, x E;>3. As we detail in Appendix C, a power
law is generic for each energy range we consider, and our
results are insensitive to the spectral index. We then add
neutrino absorption by Earth, computing ogy; following
Ref. [55] with the proton parton distribution functions from
Ref. [56]. We randomly draw N, events from the 2-D
event distribution in £, and € and take into account detector
resolution as well as the detector efficiency as a function of
energy (see the next section). We assume, based on the
properties of current and proposed detectors [38,39,53],
uniform efficiency as a function of angle in the narrow
below-horizon range where all events are expected (see
Figs. 3 and 4); in Sec. IV, we compare detectors with
different above-horizon angular efficiencies. We then fit for

o, marginalizing over the flux normalization and spectral
index. The procedure is repeated many times to obtain the
median lo sensitivity.

We neglect subdominant effects in our theoretical calcu-
lations of expectations, which we find to be justified because
they induce <10% corrections. These include the uncertainty
on ogy [56], non-DIS cross sections [57-61], and v, and
neutral-current regeneration [62—-68] (regeneration is sub-
dominant because the flux is steeply falling; see Appendix E
for further discussion and caveats). They only become non-
negligible in the very high statistics limit, which may only be
obtained in the far future; furthermore, regeneration effects
are model-dependent if novel contributions to the cross
section are considered. We also neglect backgrounds because
they are expected to be negligible relative to the number of
events needed to make a measurement of o (see, e.g.,
Refs. [33,34,69]). Successful astrophysics measurements
also require low backgrounds. Finally, systematic errors
are not included in our main results because these mostly
become relevant for high statistics and affect different
detectors in different ways. For completeness, we discuss
systematic effects on the arrival-direction reconstruction in
Appendix A.

We next quantify the cross-section sensitivity and the
importance of the detector angular and energy resolution. We
use three main parameters: the detector resolution in neutrino
arrival zenith angle A@ and in neutrino energy Alogy E,,
plus the number of detected events below the horizon N.,,.

Figure 5 shows that there are benchmark angular and
energy resolutions beyond which improvement does not
significantly help. Importantly, achieving these resolutions
is challenging but realistic (see, e.g., Refs. [38,45,47]). The
cross-section uncertainties are asymmetric because the
event distribution depends nonlinearly on ¢. We also show
in gray the region where the precision on ¢ is better than
10% and the subdominant effects mentioned above become
non-negligible.

The requirement of a benchmark angular resolution in
Fig. 5 (left panel) can be understood from Fig. 4. For E,, =
1033 GeV as an example, the angular scale that separates
negligible from significant attenuation is of order 1°. If the
detector can resolve this scale, measuring ¢ basically reduces
to a counting experiment of events below and above ~91°;
better angular resolution does not significantly improve the
measurement. Because the angular profile gets narrower as
the neutrino energy increases, the benchmark angular res-
olution gets somewhat more stringent at higher energies (see
Appendix B). Figure 5 (right panel) shows that benchmark
energy resolution is even easier to meet. For a steeply falling
flux, the majority of events for a given detector sensitivity
will be detected within a small range in energy. Therefore
resolving the energy is less critical than resolving arrival
angle; the convolution of a steeply falling flux with a detector
threshold is in some sense a built-in energy resolution.

Figure 6 shows the impact of statistics, with a simplified
illustration (where we generate data once, bin it, and
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Sensitivity to the cross section for different number of below-horizon events and different angular and energy resolutions. Here

we consider neutrino energies around 108> GeV; the results are similar for other choices as shown in Appendix B. Once benchmark
angular and energy resolution are reached, the cross-section sensitivity is mostly statistics-limited.

marginalize over energy) of our analysis procedure (where
we do not). We include angular smearing with A@ = 1°. As
we focus on the number of events, all histograms are
normalized to 100 events, hence the differences at low
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FIG. 6. Simplified illustration of our analysis. The bottom panel
shows, after including each bin, the number of sigmas at which
modified cross sections are excluded. Statistics and resolving the
angular scale where o affects the shape are key.

zenith angles. The bottom panel shows the cumulative

Poissonian \/Ay? after including data from each bin. The
significance accumulates over a wide range of angles, and
so the measurement is not dominated by the extreme tail.
This figure also illustrates that measuring ¢ boils down to
(1) resolving the angular scale where the shape is affected
by ¢ and (2) accumulating statistics.

Bringing this all together, Fig. 1 shows the sensitivity to
o at different neutrino energy bins for the benchmark
resolutions A9 = 1° and Alog,o E, = 1. The black line
corresponds to the SM prediction. At UHE energies, the
sensitivity can be better than at TeV-PeV energies (IceCube
data) due to the stronger attenuation. We show in
Appendix B how the figure changes with varying angular
resolution. Complementary measurements by several UHE
detectors, sensitive in different energy ranges, could build
up the required statistics over a wide range of +/s.

These measurements would be powerful probes of physics
at energies beyond collider reach. We show two novel-
physics scenarios in Fig. 1: large extra dimensions at a scale
of 7 TeV and ~s? growth of ¢ beyond that scale, computed
following Ref. [70]; and a leptoquark with mass of 500 GeV
and coupling of 1 to v,, ¢, and s quarks, computed following
Ref. [71] (according to Ref. [52], this coupling texture evades
LHC limits). Importantly, these would produce large effects,
so high-precision measurements are not required. Physically,
this is because leptoquarks would be resonantly produced,
and because large extra dimensions entail the exchange of a
spin-2 mediator and cross sections grow as ~E; [70].
Increasing the scales of these novel physics scenarios would
produce comparable effects at higher neutrino energies. We
also show QCD saturation effects, computed following
Ref. [72]. Even these are in reach if detectors can collectively
obtain ~100 events above neutrino energies of 10° GeV.
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Overall, we find that UHE neutrino detectors that can
resolve the neutrino direction to better than a few degrees can
measure o to better than ~$3 % with tens of neutrinos. This is
alarge number of events, but is achievable with the breadth of
proposed and in-development UHE detectors in the literature.
Encouragingly, these requirements are not stronger than those
necessary to meet the astrophysics goals of UHE detectors.
Even with poor resolution in energy—three decades, for
example—a measurement of ¢ is still robust, although good
energy resolution and determining the energy scale are of
course necessary for measuring ¢ as a function of energy.

ITII. CHARACTERIZING UHE DETECTORS

In this section, we show how a generic characterization
of detector efficiency, which makes it easy to compare
different detectors, leads to insights on UHE neutrino
detection and cross-section measurements.

UHE neutrino detectors do not directly measure neutrinos,
but rather only secondary or even tertiary products of
neutrino-induced showers. Because of the small neutrino
interaction probability, these detectors must monitor large
volumes of natural material. A very wide variety of tech-
niques can be used, ranging from passive optical and radio
observations to active radar searches. Nevertheless, we can
generally characterize a detector by the efficiency of its
response as a function of neutrino energy. Given the steep
neutrino spectrum and the slow step-functionlike detector
efficiency, a response is generally centered at some energy
and has some spread around that energy, set by both physical
and geometrical factors.

Figure 7 (left panel) shows a general way to describe the
detection efficiency as a function of neutrino energy.
Similar to the approach in Ref. [73], we parametrize the
efficiency with a logistic function,

- tanh [aloglo ED/E()] + 1

where E| is the neutrino energy at which the efficiency is
50% and a characterizes the shape of the rise. For
simplicity, we set the high-energy efficiency to unity,
because relatively few events are expected to come from
the region above E; as shown below. In Sec. II above, we
use E, = 1033 GeV and a =4, a reasonable shape for
next-generation experiments [74].

Figure 7 (center panel) shows the corresponding mini-
mum flux that can be detected, in units of E2d¢/dE, =
2.37'E,d¢/dlog,y E,. This model-independent differen-
tial sensitivity [75] is obtained by E2d¢/dE, < E,/
[Efficiency(E,) x 6(E,) x att(E,)], where the last term is
the angle-averaged attenuation. This representation has
three distinct and interesting regions that are highlighted
in the figure (with corresponding regions indicated in the
other panels). The shape of the curve at low energies is
directly set by «, that is, by the physics of the detector and
what the response is as a function of energy. The minimum
of the sensitivity curves is the energy at which the greatest
number of neutrinos is expected; it therefore represents a
detector’s peak sensitivity. This point is not immediately
evident from the efficiency curves in Fig. 7, but becomes
more evident when looking at the right panel. Finally, at
high energies the efficiency of the detectors saturates and
the sensitivity is determined by the so-called effective
volume V., the volume of material to which a detector
is sensitive (in the UHE regime this can be far larger than
the instrumented volume). Coupled with a falling flux, this
results in fewer detected events and decreased sensitivity at
the highest energies, even though the efficiency (left panel)
is at maximum.

Figure 7 (right panel) shows the spectra of detectable
events in each case. Here we show E,dN../dE, =
2.37'dN,,,/dlog;, E,, which is the number-weighted event
rate per energy decade, obtained by multiplying the flux,
cross section, efficiency, and angle-averaged attenuation (we
only include below-horizon events). For simplicity, we do
not include smearing induced by energy resolution. Due to
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FIG. 7. Neutrino detection efficiency (left), flux sensitivity (center), and expected event distribution (right); for different efficiency-
growth parameters a and E, = 1033 GeV. Detector physics determines the low-energy behavior, the peak number of events occurs
when the efficiency is ~50%, and at high energies the detector is limited by effective volume and the number of events is small.
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the steeply falling flux, the peaks of the event distributions
correspond to the minima of the sensitivity curves (center
panel), and detectors with even slightly more efficiency at
lower energies see more events: a detector with a = 2.5
would see ~2 times more events than one with @ = 10. We
show below that, despite the variety of responses, diverse
detectors can make robust measurements of o with modest
statistics.

IV. COMPARISON OF UHE DETECTOR
SENSITIVITIES

In the previous section, we explored how to characterize
and compare different detectors. Here we apply these
results to quantify the impact on cross-section measure-
ments. We also examine the impact of angular aperture. In
all cases, we assume the benchmark resolutions A8 = 1°
and Alog|oE, = 1.

Figure 8 (left panel) shows that, for the same number of
events, the shape of the sensitivity curve does not signifi-
cantly affect the constraining power on o. This is not a
surprise as the bulk of the events fall within the peak
sensitivity, see Fig. 7 (right panel). However, as shown
there, for a fixed flux the observed number of events N,
depends on a, so the sensitivities in Fig. 8 (left panel)
correspond to different flux normalizations.

Figure 8 (right panel) shows what happens if we instead
keep the normalization of the neutrino flux the same, so that
different a correspond to different numbers of events. The
horizontal axis shows the number of events that a detector
with a = 4 would observe, that we denote as N(e’q:“. For the
same flux normalization, detectors with smaller & would
observe more events (see Fig. 7). This affects sensitivity
simply through statistics.
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FIG. 8.

Because we focus on the requirements for cross-section
measurements, our main results are given in terms of the
number of detected events. The connection between event
counts and flux will differ between detectors by a factor
~2-3. The principal reason is flavor, as different detectors
are sensitive to different flavors. Another reason is the
inelasticity of the neutrino interaction within the instru-
mented volume (i.e., how much of the neutrino energy goes
into the hadronic cascade, and how that cascade and/or the
outgoing lepton are detected). This effect will also impact
the energy resolution Alog;y E, on a detector-by-detector
basis. Our study moves beyond these detector-specific
effects, as well as specific astrophysical fluxes, to under-
stand the problem from a global perspective.

We next investigate the impact of angular aperture. Some
detectors, like v, detectors on the top of mountains or
neutrino detectors in the air or on the surface of ice, have no
sensitivity to neutrinos at angles above the horizon since
they lie above their detection medium (see Fig. 2). Other
detectors, however, like embedded in-ice radio or optical
detectors, may have a larger angular sensitivity range [38].
Only below-horizon events carry model-independent infor-
mation on o (see Fig. 3), but a large above-horizon sample
would accurately measure the overall normalization of the
flux and could add additional information.

Figure 9 (left panel) shows how the sensitivity depends
on the angular aperture of the detector, that we parametrize
in terms of an effective zenith cutoff 8 = 6,,;,. Here, N,
events are distributed from § = 180° down to 0 = 6, (for
0 < 90°, the angular distributions in Figs. 3 and 4 are flat in
cos 0). Oin = {90°,85°,60°, 0°} corresponds to 50%, 55%,
75%, and 100% solid angle coverage, respectively. For
consistency, in all cases we assume that the detector is
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Sensitivity to the cross section for different efficiency-growth parameters, a. Left: we generate the same number of events for

all efficiencies. Right: we assume the same flux and scale the number of events relative to the @ = 4 curve. For the same statistics and

resolutions, the sensitivity is nearly the same across experiments.
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we scale each curve to have the same number of below-horizon events N¢;;”" . The sensitivity is dominated by the below-horizon statistics.

1.5 km underground within a 3 km ice layer. We also
assume that the efficiency is characterized by a = 4. As
expected, detectors that see all of their events below the
horizon have better constraining power on ¢ when the total
number of detected events stays the same. Here, a smaller
E, would make the results less dependent on 6, due to the
higher number of below-horizon events at low energies.

Figure 9 (right panel) shows what happens if we fix the
normalization of the flux, such that all detectors see the
same number of below-horizon events. Then the difference
is negligible: all the information on ¢ comes from below-
horizon events. This also justifies ignoring potentially non-
negligible above-horizon backgrounds [76].

Overall, we conclude that once angular resolution is <1°
and energy resolution is <1 decade, all detectors are
approximately equally sensitive to o, given the same number
of detected below-horizon events. Therefore, the critical
parameters separating experimental strategies are their abil-
ities to (1) reach these resolutions and (2) scale their effective
volume, and increase statistics in their sensitive energy range.
Combining various experiments that reach these goals will
allow for robust model-independent measurements in differ-
ent energy ranges, as Fig. 1 shows.

V. CONCLUSIONS AND WAYS FORWARD

UHE neutrinos will open outstanding astrophysics oppor-
tunities. The guaranteed flux has triggered high interest and
many detector ideas, as shown in Fig. 2. Success in the
astrophysics goals (understanding the cosmic-ray composi-
tion and source evolution, multimessenger detection, etc.)
will require tens of events and good angular resolution.

These detections will also open outstanding particle
physics opportunities. Neutrino-nucleon cross sections will
be probed well above the energy scale of colliders, testing

many allowed novel-physics scenarios. To get the most out
of the potential large investments, it is important to explore
the requirements needed for success and the complemen-
tarity among several detectors.

In this paper, we present a simple, generic, and accurate
model-independent framework to assess the sensitivity to
UHE cross sections. Cross sections robustly shape the
angular profile of the neutrino flux, whose angular depend-
ence is wide enough and whose energy dependence is mild
enough to be measured with reasonable resolutions. We
find that the theoretical treatment of propagation can be
handled simply, since for the expected statistics we can
neglect subleading contribution to the cross section, its
uncertainty, and Earth regeneration effects. On the exper-
imental side, we parametrize detector response in a generic
way independent of the detection technique; and we find
that we can neglect the precise shape of the detection
efficiency and the above-horizon data. We find that once
the angular resolution meets a benchmark of about 1 degree,
for reasonable energy resolutions nothing but statistics
matters; i.e., once the astrophysics requirements are met
physics scenarios can also be tested.

These results lead to an important point regarding Fig. 1:
any generic detector with statistics will do the job, which
means that the results of many experiments, with different
energy ranges and other properties, can be combined. Until
accumulated statistics exceed the point where subleading
effects matter, the potential of each individual detector
immediately follows from our results without the need of
dedicated studies.

Our framework sets the stage for further UHE studies. The
combined power of several detectors with a few events at
different energies should be explored, as this might be
the status in the near future. We also provide a tool to
fairly compare detectors and understand design choices.
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Our framework can be immediately generalized to other
physics studies, such as distinguishing source models. In
addition, for very large statistics measuring neutrino attenu-
ation as a function of angle may shed light on the density
profile of the Earth crust. Finally, at even higher energies
neutrinos interact in the atmosphere, leading to new observ-
ables with different dependencies on o [1,77] and different
detector requirements that could be systematically explored.
Regarding the far future, should a novel physics signal be
observed, there will be plenty of opportunities. Our frame-
work allows for deviations from the SM to be identified in a
model-independent way. Once identified, the deviations can
be explored on a model-by-model basis, ideally in comple-
mentarity with future colliders. For high statistics, Earth
regeneration effects could be an extra handle on novel
physics as they depend on the microphysics details of the
underlying interaction model.

In 1930, Pauli [78] proposed the neutrino, later character-
izing it as undetectable. By 1934, Bethe and Peierls [79]
pointed out that it was in principle detectable, but that the
mean free path of an MeV neutrino was comparable to a light
year of lead. Now, nearly 100 years later, there are realistic
prospects for measuring neutrino cross sections at energies
beyond the reach of any human-made collider. Even more
astonishing, this measurement will be made using astro-
physical neutrinos, taking advantage of the growth of the
cross section with energy and detectors that view gigantic
volumes. By looking at the most elusive particles at the
highest energies, UHE neutrino detectors will probe a range
whose full potential is yet to be determined.
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APPENDIX A: DETAILS OF THE ANALYSIS

Here we provide more details and extended results, which
may help support further developments. First, we describe
how we carry out our sensitivity forecasts in Appendix A. We
then extend our main results: in Appendix B to different
neutrino energies and in Appendix C to different astrophysi-
cal fluxes. Finally, we show that subdominant effects are

negligible: the specific Earth density profile in Appendix D,
and neutrino regeneration in Appendix E.

Here we describe in detail our procedure to obtain the
cross-section sensitivity given in the main text. In general,
we denote as y(Erec, Orec )dE .db,. the expected number of
events with reconstructed energy between E.. and
E..+dE,. and reconstructed angle between 6. and
Orec + db,.. This is given by (with definitions following)

d¢
/t(Erec,erec)_NnucAt/dE”/deEvdm

X O-(El/)e_nL(a)o-(E”)R(EreC’EU)R(Gl”eC’ g)g(El/)’
(A1)

(1) N,y is the total number of nucleons in the sensitive

volume. It is related to the effective volume Vi by
Ve (E,) = Qe(E,)N e/ n, with Q the solid angle to
which the experiment is sensitive and n the nucleon
number density.

(i1) At is the total observation time.

(iii) E, is the true neutrino energy.

(iv) dQ = dgdcos 6, with ¢ and 0 the true azimuth and
zenith angle of the neutrino arrival direction.

) Miﬁ is the UHE neutrino flux. We parametrize it
as an isotropic power law,

d¢p E,\7
dE,dQdrdA fo (ﬁ) (A2)

with ¢, the normalization, E'*" an arbitrary reference
energy, and y the spectral index. Soft fluxes corre-
spond to large values of y, and hard fluxes to small y
(soft fluxes fall more rapidly with energy than hard
fluxes, as they have more low-energy or ‘“‘soft”
events).

(vi) o(E,) is the neutrino-nucleon interaction cross
section.

(vii) nL(6) is the traversed chord weighted by the number
of nucleons. Explicitly, it is

nL(0) = /dsn(s,@), (A3)

with ds the length element along the chord and n the
nucleon number density.

(vili) R(Ec, E,) is the energy reconstruction function,
i.e., the probability to reconstruct an energy E.. if
the true energy is £,. We assume it to be a Gaussian,

_ (IOgIOErec _logIOED>2

R(Epe. E,) xexp 2(AlogE,)? |’

(A4)
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normalized such that [°dE.R(E..E,) = 1. Here,
Alog,, E, is the energy resolution.

(iX) R(Opec. 0) is the angle reconstruction function, i.e., the
probability to reconstruct a zenith angle 0, if the true
zenith angle is 8. We assume it to be a Gaussian,

<9rec B 9)2
R(Orec. 0) o exp [— W] . (A5)

normalized such that [}%%" d0,..R(6,..,0) = 1. Here,
AQ is the angular resolution.
(x) e(E,) is the detection efficiency, given by Eq. (1).
This includes trigger and analysis -efficiencies
(see Ref. [69]).
For computational simplicity, in our fits we use log,o E, as a
variable instead of E, (then d¢/dlogyE, E;Hl) and,
instead of computing Eq. (B1) for all values of E,.. and 0.,
we compute it in a fine 2-D grid and then interpolate. This
also allows us to replace the integrations over E, and 6 with
array convolutions.
We then build an unbinned maximum likelihood,

—2In L(Y? ¢0’ S= G/GSM) = _22 lnﬂ(Eiec’ 91{60) (A6)

with Ei.. and 0. the reconstructed energy and angle of
each event i, respectively. These are drawn from the 2-D
probability distribution given by Eq. (B1) with ¢ = ogy
and y = 2.5. The 1o allowed region on S is then given by
the values that satisfy

—2InL(y, ¢y, S)] < 1.

min[-21n L(y, ¢y, S)] — mi (A7)
V.90

7.0 P ;S[

Because ¢, is just a multiplicative constant, minimizing
over it is trivial. We repeat this procedure, drawing E}.. and

2.0 T ——— T —————
[ Subdominant
1.8 [ effects

non-negligible

for A6 =1°

1.6}
1.4F

1.2F

o/osm

1.0}

0.8}

0.6 _

10 100 1000

Nevt

0i.. many times, to take into account the Poisson fluctua-
tions of low-statistics data, and in our results we show the
median 1o allowed region.

We have not included systematic uncertainties in our
main results, as meeting the astrophysical goals of these
detectors will require in any case systematics to be under
control. Since systematic uncertainties affect different
detectors in different ways, they are still under active
investigation. For example, in-ice radio detectors have
uncertainties in direction reconstruction owing to the
complexities of radio propagation in polar ice, an area
of active research [80-85]. In addition, recent studies [86]
observe systematic reconstruction offsets in RF arrival
direction on the order of 0.1 to 1 degree.

We have checked that an overall systematic offset in 6
does not affect our results, as it just moves the location of
the horizon while keeping the slope of the angle-dependent
attenuation equal; the latter is what measures o (see Fig. 3).
More generally, our results show that for neutrino energies
107 GeV < E, <£10° GeV, ¢ is mostly measured from the
event asymmetry between 8 < 91° and 6 = 91° (see Fig. 6);
systematic angular offsets that do not affect the size of this
asymmetry should not significantly affect sensitivity to o.

APPENDIX B: SENSITIVITY AT DIFFERENT
NEUTRINO ENERGIES

In the main text, we assume for concreteness that the
detector peak sensitivity is around E, = 108> GeV.
Figures 10 and 11 show that the benchmark resolutions
at other energies are comparable. The sensitivities are not
very different either, although, in general, for higher
neutrino energies the measurement is more challenging
due to the steeper angular distribution (see Fig. 4).

Figure 12 further illustrates that angular resolution is
more critical at higher energies, particularly for low

2.0 T —— T ————
[ Subdominant
1.8 [ effects 1

4, non-negligible

I 3, for Alog,,E, =1 ]
1.6 - \‘///,/ 04 i 510 :

1.4F

1.2}

o/osm

1.0}

0.8}

0.6

10 100

Nevt

FIG. 10. Sensitivity to the cross section, as in Fig. 5 but for neutrino energies around E, = 10’ GeV. In the left panel we take
Alog,o E, = 1, and in the right panel A9 = 1°. At lower energies, the angular resolution requirement is less stringent.
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Sensitivity to the cross section, as in Fig. 5 but for neutrino energies around E, = 10°° GeV. In the left panel we take

Alogy E, =1, and in the right panel A@ = 1°. At higher energies, the angular resolution requirement is more stringent.
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FIG. 12. Sensitivity to ¢ as in Fig. 1 but for different angular resolutions. We take benchmark energy resolution Alog,, E, = 1.

statistics. Here, we assume our benchmark energy reso-
lution, Alog, E, = 1.

APPENDIX C: IMPACT OF
THE SPECTRAL SLOPE

In the main text, we assume for concreteness that the true
neutrino flux is given by d¢/dE, « E;*° (although when
fitting we marginalize over the spectral index). A power law

is generically predicted by astrophysical models [87-89],
and is also phenomenologically justified due to the rela-
tively small expected statistics and energy range. However,
our choice of the true spectral index is a priori arbitrary.
Figure 13 shows that the results are insensitive to the
assumed true spectral index. We take our benchmark values
A = 1° and Alog,y E, = 1, plus we set N, = 100. The
fluctuations are compatible with Monte-Carlo noise.
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FIG. 13. Sensitivity to ¢ for different fluxes d¢p/dE, « E,”.
The sensitivity does not depend on the assumed spectral index,
although it is important to marginalize over it when fitting.

APPENDIX D: IMPACT OF THE EARTH
PROFILE

In the main text, we assume the PREM Earth density
profile together with a 3-km ice layer. Here, we investigate
how variations in these affect cross-section measurements.

Figure 14 shows that neutrino trajectories with zenith
angles <110° (these are the relevant angles at UHE
energies, see Fig. 4) mostly cross the Earth crust and upper
mantle. The Earth density there is well understood [89-95];
moreover, neutrino attenuation is only sensitive to the
integrated density profile, i.e., to the average density along
the traversed chord [see Eq. (B3)].

Figure 15 further illustrates that measuring the cross
section does not require precise knowledge of the Earth

1000 ——————T———

£

E 800

= » A

< o

Ja -

o 600

o L

T 00|

8 400 e

+ I =

n 9

) =]

Y0l I =

g 200 e

—_ |
O'HH|HH|HH|"H|HH|HH—ACr'ust
90 95 100 105 110 115 120

01°]

FIG. 14. Largest depth of the neutrino trajectory at a given
zenith angle 6 for a detector on the Earth surface. UHE neutrino
attenuation mostly probes the crust and upper mantle.
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FIG. 15. Grammage of neutrino trajectories with different

zenith angles for different Earth models (see text). As neutrino
attenuation is sensitive to the average traversed density, our
results are not sensitive to the details of the density profile.

density profile. The top panel shows the density-weighted
traversed chord, or grammage, that controls Earth attenu-
ation [see Eq. (B3)] for different neutrino trajectories
assuming the PREM profile [solid] or a simplified profile
where the Earth is modeled by 4 layers of uniform density
[dashed]: a 21.4-km thick crust with p = 2.7 g/cm’, a
645.6-km thick upper mantle with p = 3.5 g/cm?, a 2221-
km thick lower mantle with p = 5 g/cm?, and a core with a
radius of 3480 km and p = 11 g/cm’. In all cases, we
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FIG. 16. Sensitivity to the cross section, as in Fig. 5 but without
including an ice layer. We take benchmark Alog;y £, = 1 and
neutrino energies around E, = 1033 GeV. The sensitivity is
independent of the specific density profile below the detector.
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FIG. 17. Normalized angular distributions at different energies for a v, flux d¢/dE, « E;>> propagating through the Earth. Error bars

show the expected statistical uncertainties if 100 events are observed. For clarity, we do not include energy-dependent detection
efficiency effects. Unless high statistics are reached, regeneration effects are subdominant.

include a 3-km ice layer. The error introduced by modeling
the Earth as a few uniform-density layers is smaller than the
~10% subdominant effects in ¢ that we ignore throughout
this paper.

Finally, Fig. 16 shows that if we do not include the 3-km
ice layer the sensitivity to o is not appreciably modified. This
indicates that our conclusions are robust with respect to the
Earth density profile at the location of the detector, as long as
the analysis is carried out assuming the correct profile. We
have also checked that, if the ice layer is present, the results
do not appreciably depend on the detector being buried
within the ice, as expected because the neutrino absorption
length is much larger than the ice layer depth.

APPENDIX E: NEUTRINO REGENERATION
IN EARTH

In the main text, we do not include neutrino regeneration
in Earth. In principle, even though UHE neutrinos are
attenuated by the Earth, neutral-current and v, charged-
current interactions produce secondary neutrino fluxes at

lower energies [61-68]. This could partially compensate
attenuation. However, due to the steeply falling flux as a
function of neutrino energy, the regenerated flux is generi-
cally subdominant to the primary flux at lower energies.

If this effect were to be important, ¢ could not be
measured in a model-independent way. Regeneration
would be affected by the identity and kinematics of the
produced particles in any new interaction, and the analysis
would have to be performed on a model-by-model basis.

To quantify the importance of regeneration, we have
evolved a v, flux (the flavor for which regeneration is
maximal) using the public software TauRunner [96,97].

Figure 17 shows that regeneration effects are subdomi-
nant. The induced deviations in the normalized angular
distributions are <10%, well below statistical uncertainties
unless the number of events is very large. Regeneration
effects may be important if, for a large energy range, the
spectrum is not steeply falling (e.g., d¢/dE, x E;'). Some
cosmogenic neutrino models predict such spectra [11-13]
but only for small energy ranges.
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Correction: The previously published Figs. 1 and 12
reflected an incorrect cross section and have been replaced.
A corresponding statement in the second sentence of the
penultimate paragraph of Sec. II has been fixed.
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