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Abstract: High-energy astrophysical neutrinos, recently discovered by IceCube and observed up to ener-
gies of several PeV, opened a new window to the high-energy Universe. Yet much remains to be known.
IceCube has excellent muon flavor identification, but tau flavor identification is challenging. This limits its
ability to probe neutrino physics and astrophysics. To address this limitation, we present a concept for a
large-scale observatory of astrophysical v in the 1-100 PeV range, where a flux is guaranteed to exist and
where the unique properties of v enhance the observation potential. Its detection would allow us to charac-
terize the neutrino sources observed by IceCube, to discover new ones, and to test neutrino physics at high



energies. The deep-valley air-shower array concept that we present provides highly background-suppressed
neutrino detection with pointing resolution < 1°, allowing us to begin the era of high-energy tau-neutrino
astronomy.

Acknowledgment: Part of this research was carried out at the Jet Propulsion Laboratory, California Institute
of Technology, under a contract with the National Aeronautics and Space Administration (SONMO0018D0004).
(©2020. All rights reserved. A. Romero-Wolf thanks the Caltech/JPL President’s and Director’s Research
and Development Fund. Pre-Decisional Information — For Planning and Discussion Purposes Only.



Introduction.— The last decade has seen the remarkable discovery of an astrophysical flux of high-
energy (>10 TeV) neutrinos' and the subsequent characterization of their energy spectrum up to several
PeV. 346814 These neutrinos carry unique information about the most energetic non-thermal sources in the
Universe, and have the potential to probe fundamental physics at the highest energies. To tap into the full po-
tential of high-energy neutrinos, we require the capability to identify all flavors with comparable efficiency.
Yet, so far, our ability to identify high-energy astrophysical v in neutrino telescopes has been limited.

To address this limitation, we present TAMBO (Tau Air-Shower Mountain-Based Observatory), a de-
tector concept designed to extend observations of neutrinos to higher energies, in the range of 1-100 PeV,
using v-. TAMBO is a response to the strategy advocated by the neutrino astrophysics community'! of a
multi-observatory approach that would extend the collective science reach of neutrino observatories.

Present status.— In multi-messenger studies, neutrinos provide unique information since, while propa-
gating to Earth, they are undeflected by magnetic fields and their attenuation length is greater than the size
of the Universe. IceCube detects TeV-PeV high-energy astrophysical neutrinos>%!%!4, but isolating the v,
component is challenging. In neutrino physics, v, has been the least studied neutrino flavor %738 due to
its smaller cross section at lower energies and difficult particle identification. In fact, only after 10 years of
observations has IceCube found the first candidate astrophysical v,.!>!7:!8 Extending the energy reach to
100 PeV with more than an order-of-magnitude increase in sensitivity would reveal key information about
the neutrino sources ''*'%?" and about fundamental high-energy physics. %2>

Recent coincident observations of neutrinos with electromagnetic signals from transient astrophysical
phenomena have provided the first promising evidence of extragalactic neutrino sources’>'%>°, but we need
more coincident observations to make better sense of them. Measuring or constraining the neutrino flux
from transient events such as stellar explosions, compact object mergers, and relativistic jets is integral to
elucidating the mechanism of astrophysical particle acceleration mechanisms.

TAMBO aims at the unambiguous measurement of the high-energy astrophysical v, flux. The char-
acterization of the v, flux, in combination with the observations of all flavors by IceCube®’, KM3NeT %°,
Baikal-GVD %, and P-ONE®, will grant us comparable sensitivity to all flavors, and help us to realize the
full astrophysics '*1%2Y and particle-physics 2!~ potential of high-energy neutrinos.

TAMBO.— TAMBO is a concept for a deep-valley detector that is most sensitive to 1-100-PeV v, > that
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Figure 1: Detector concept schematic. A v, propagates inside the mountain. In a charged-current interaction, a 7 is
produced; it travels 50 m—5 km before it decays. If the 7 exits into the atmosphere, it decays to produce an air shower
whose electromagnetic component extends 3—10 km , with a diameter of ~ 200 m. The shower is detected by an array
of water-Cherenkov tanks, with ~m? volume each, separated by ~ 100 m along and across the mountain slope.



could be implemented in the Colca Valley of Peru; see Fig. 1 for an illustration. At these energies, neutrinos
propagating in rock have an interaction length of thousands of kilometers®’. A v, can interact in rock to
produce a 7, transferring ~ 80% of its energy to it. A 7 with energy 1-100 PeV travels for 50 m—5 km before
it decays. If the underground v interaction occurs within this distance from a deep valley, the 7 is likely to
exit into the air, where it decays. Roughly 50% of the 7 energy goes into particles that produce extensive
air showers. The longitudinal profile of the electromagnetic component of the showers has a characteristic
length of ~ 10 km and a diameter of ~ 200 m near the shower maximum. In a deep valley with mountain
separations comparable to this length scale, a ground array of small water-Cherenkov detectors, each of
approximately 1 m? and separated by ~ 100 m, located on the mountain slope, would be highly sensitive
to these T-initiated air showers. The deep-valley topography also provides a significant increase to the
geometric acceptance compared to a flat ground array that is sensitive only to Earth-skimming air showers,
as used in on-going experiments.’® The Colca Valley in Peru has been identified as an attractive site to
implement this concept.

Main science objectives.— The science objectives of TAMBO are:

1. Fully characterize the flux of astrophysical 1-10 PeV neutrinos by measuring the v, component. Measur-
ing the diffuse flux of v and including v in the multi-messenger observations of transient astrophysical
events would allow us to better understand high-energy neutrino production'"*> and to more precisely
test high-energy neutrino physics. '%21=23

2. Determine whether high-energy neutrino sources continue to accelerate particles above 10 PeV. This is
motivated by the question of whether the sources of high-energy neutrinos have a cutoff at ~ 6 PeV, as
suggested in some recent studies’, and by the future detection of the cosmogenic neutrino flux®, which
is expected to dominate above 100 PeV. 303

3. Observe the Southern high-energy sky. Because TAMBO will be located in the Southern hemisphere, it
will have a view of the Galactic Center, which hosts an interesting variety of standard sources®*® and
may be a hot spot for neutrinos from dark matter annihilation. ®!

Design and backgrounds.— In its final design, TAMBO envisions using ~20,000 detectors with ~
100 m separation. This represents an exposure of (A€Q) > 400 m?sr (E/PeV)'® at energies E = 1-
10 PeV, which is sufficient to detect = 20 v, events per 3 years, based on the known extraterrestrial neutrino
fluxes measured by IceCube. The expected v, energy resolution is AE/E < 100%, due to the variance in
energy transfer from the v to the 7 in the CC interaction and the energy transfer from the 7 to showering
particles upon decay. The expected pointing resolution is < 1°, which is typical of air-shower arrays**-2
and sufficient to make significant advances in neutrino astronomy'' and studies of fundamental physics. 2%:>*

The key aspect of TAMBO is the large signal-to-background ratio when selecting for v, events (<1
background events for every 20 v, events). High-energy muons, produced either by air showers behind
the mountain or by prompt>* v,, interacting in the rock, are largely shielded by the mountains surrounding
the valley. For the muons that do make it through to the valley, the probability of an interaction with the
atmosphere that results in a sufficiently energetic air shower to trigger the array is < 0.4%, based on AIRES
simulations.> Other backgrounds, like vertical muons and air showers, are suppressed by requiring coinci-
dence detection in multiple detectors and that the direction of the event be pointed towards the mountains.

Conclusion.— The TAMBO concept is a major observatory for the next decade with the potential to
produce a high-purity sample of 1-100 PeV astrophysical v, events for studies in high-energy neutrino
astronomy and fundamental physics. It is complementary to other neutrino observatories such as IceCube,
KM3NeT, Baikal-GVD, and P-ONE, but with unique capabilities of v identification. The implementation
of TAMBO would provide new discoveries in the under-explored 7-flavor component of the existing neutrino
spectrum and extend it to higher energies.
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