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While IceCube’s detection astrophysical neutrinos at energies up to a few PeV has opened a new
window to our Universe, much remains to be discovered regarding these neutrinos’ origin and
nature. In particular, the difficulty differentiating v, and v, charged-current (CC) events in the
energy limits our ability to measure precisely the flavor ratio of this flux. The Tau Air-Shower
Mountain-Based Observatory (TAMBO) is a next-generation neutrino observatory capable of
producing a high-purity sample of v, CC events in the energy range from 1-100 PeV, i.e. just
above the IceCube measurements. An array of water Cherenkov tanks and plastic scintillators
deployed on one face of the Colca Canyon will observe the air-shower produced when a 7 lepton,
produced in a v, CC interaction, emerges from the opposite face and decays in the air. In this
contribution, I will present the current status of the TAMBO simulation, including preliminary

sensitivities to various flux models.
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1. Introduction

Since IceCube’s discovery of a diffuse astrophysical flux in 2013, the field of neutrino astronomy
has taken immense stride. This year, IceCube has announced the observation neutrinos from the
Galactic Plane [1] and of high-significance neutrino point sources [2]. Among the outstanding goals
of this field is the characterization of the diffuse flux, both in terms of its high-energy spectral shape
and its flavor composition. IceCube has measured this flux in the energy range from tens of TeV
up to a few PeV; however, the spectrum remains unknown at higher energy. Some models predict
a spectral cutoff around 6 PeV, stressing the importance of measuring the flux in the energy range
just above IceCube’s observations. Furthermore, this energy range is important for measuring the
flavor composition of the flux, since for most of the energies to which IceCube is sensitive, events
produced by tau neutrinos are indistinguishable from those produced by electron neutrinos.

TAMBO, the Tau Air Shower Mountain-Based Observatory, is a planned next-generation,
deep-valley neutrino telescope designed to be sensitive to tau neutrinos with energies ranging
from 1-100 PeV. This experiment will bridge the gap between high-energy and planned ultra-
high-energy neutrino telescopes. Additionally, TAMBO will play a key role in neutrino flavor
ratio measurements, as the observatory is fundamentally designed to distinguish tau neutrinos from
other neutrino flavors. The detector is planned to be an array of plastic scintillator panel or water
Cherenkov tanks deployed on the side of the Colca Valley in the Peruvian Andes mountain range.
These will detect secondary particles created from a charged tau lepton decaying and causing an
extensive air shower.

Although the event rate and effective area of TAMBO was estimated in a previous work [3],
a detailed simulation had not been performed. In this proceeding, we will describe the status of
the TAMBO simulation framework. This pipeline uses the Julia [4] programming language to
interface with the existing TauRunner [5], PROPOSAL [6], and CORSIKA [7] to propagate high-
energy tau neutrinos, charged tau leptons, and extensive air showers, respectively. Additionally, it
includes newly implemented injection and weighting protocols written entirely in Julia.

2. Event Injection

The first step in the simulation is choosing the initial neutrino properties, e.g. energy, propa-
gation direction, and interaction vertex. This process, known as event injection, requires balancing
the desire to simulate all neutrinos that could possibly trigger the detector with the need to maintain
computational efficiency. In this section, we will describe the approach we take to achieving this
balance, which is inspired by the approach in Ref. [8].

Before we can describe the injection computation; however, we must first define the environment
in which the simulation is to take place. This region, called this the simulation volume, is the region
of the Peruvian Colca Valley centered at coordinates (—15.581°, —72.12°), extending 22.1 km
to the east and west and 17.7 km north and south. Furthermore, this region extends to 7.5 km
above sea level and 17.5 km underground. The location and size of this region were selected so
as to contain all sites of interest for the TAMBO detector, as well as to have sufficient padding
so that all neutrino interactions that could trigger the detector. For the purposes of our current
simulation, we have placed the center of the detector at coordinates (—15.67°, —72.16°), i.e. in the
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Figure 1: Lepton energies at different injection stages as a function or angle. All events are drawn from a
power law with a spectral index of 1, as evidenced by the pink line being flat in each panel. As we move from
Earth-skimming neutrinos in the top, left panel to core-traversing neutrinos in the bottom, right panel, the
distribution of energies at the TAMBO simulation volume moves to lower energies due to tau regeneration;
however, the total number of events is conserved. The distribution is further shifted to lower energies when
the tau neutrino creates a charged tau lepton. This effect is less pronounced for higher-energy neutrinos since
the charged-current interaction becomes more elastic. The shaded regions roughly correspond to the energy
range to which TAMBO is sensitive. Only angles shown in the top row of panels were considered in previous
sensitivity estimates. Clearly, steeper angles contribute to the total number of neutrino interactions near the
detector; however, further study is required to know if these events will trigger the detector.

southwestern quadrant of the simulation region. This corresponds to a large, flat expanse of the
canyon, well-suited to detector deployment.

Having defined a detector position and local environment, we can now inject events. We begin
by sampling the direction of the neutrinos momentum. We sample this uniformly on a unit sphere
by drawing the zenith angle, 8, uniformly in cos 6 and the azimuthal angle, ¢ uniformly in ¢. We
then pick a point of closest approach by sampling a point on a disc, centered at TAMBO’s center,
the normal vector of which is parallel to the neutrino momentum. The radius of this disc, riy.
should contain the detector; in this work, we set it to 2 km, but this may be changed in the future.
We can then backtrace the direction of the neutrino and determine whether it had to cross the Earth
in order to arrive at TAMBO.

Next, we must determine the energy of the neutrino when it enters the simulation region. If the
neutrino did not have to traverse the Earth, we may draw an energy from a power-law distriubtion
and set the equal to the energy of the neutrino at the edge of the simulation region. If the neutrino
had to cross a portion of the Earth, we sample an energy from the same power-law distribution and
set this equal to the energy of the neutrino at the surface of the Earth and propagate the neutrino
to the detector. At the energies that TAMBO can probe, tau regeneration [9] plays a crucial role
in the tau-neutrino propagation. To simulate this, we interface to the Python-based TauRunner
package [5]. This package uses Monte Carlo methods to propagate neutrinos with energies between
10 GeV and 10'? GeV, accounting for secondary neutrinos produced in charged-current tau neutrino
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Figure 2: Diagram of ranged vertex sampling procedure. The so-called injection disc—the large black
ring—is centered on the center of the detector, represented here as an orange circle and is oriented perpen-
dicular to the direction of the incident neutrino direction. An interaction vertex is the sampled by computing
Rgg 9q,—shown in the plot on the right—for the exiting charged tau lepton and sampling a distance in the
range [O, Cinj. + € (Ro9 9910, ¢)] uniformly in column depth.

interactions and treating charged tau energy losses stochastically. Although there are a variety of
packages that specialize in treating tau regeneration, TauRunner is one of two—the other being
NuPropEarth [10]—that gives the tau neutrino flux. As such, only these two software are suitable
for event injection; however, we opt for TauRunner since its Python implementation is easier to
interface with from Julia. Once TauRunner has propagated the neutrino to the surface of the
simulation volume, we set the final neutrino energy from TauRunner to the energy in the simulation
volume.

We now know the energy of the neutrino that we will force to undergo a charged-current
interaction, and as such can sample the outgoing charged tau lepton energy. To do this, we sample
from the differential cross section as computed by Cooper-Sarkar, Mertsch, and Sarkar [11] and as
implemented in [12]. We assume that the momentum of the outgoing tau lepton is parallel to that of
the neutrino, and as such we only need to sample from the Bjorken-y distribution. The process of
the energy treatment, from initial neutrino, to propagation to the simulation region, to final charged
tau lepton energy can be seen in Fig. 1

At last, we can sample an interaction vertex and thus conclude the event injection. We must
make sure that we are sampling all vertices that could lead to the air-shower from the charged tau
lepton to trigger the detector. Since higher-energy tau leptons can travel for larger distances before
decaying, this process should depend on energy. We solve this by computing Rgg 9q,(E), the
99.9% quantile of distances 7 leptons can travel before decaying. This is computed for a number of
energies, and is then fit to the parametrization:

1
Rog 9. (E+) = 7 log

1+E; ’(—3] .
a

After propagating 107 tau leptons at energies ranging from 103 GeV to 10® GeV with the PROPOSAL

software [6], we found best-fit values of & = 1.473x103 GeV mwe ™' and 8 = 2.63x107> mwe~!. We

then sample a distance from the point of closest approach in the range d € [0, Cinj. + € (R99.99,]6, gb)] s
where £y, is an injection parameter and £(X|6, ¢) a function that converts a column depth to a
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Figure 3: Propagation process for tau and mu neutrinos. The top panels show a bird-eye view of the
propagation process, while the bottom panel shows the process from a vantage point perpendicular to the
neutrino momentum. The thickness of the line in each plot is proportional to the nergy of the lepton. Since
the simulation does not differentiate between neutrino flavors within the simulation region, we represent the
neutrino as a dashed black line in both cases. Once a charged-current interaction takes place, we simulate
the energy losses of the particle in matter. As mentioned in the main text, the charged mu lepton loses energy
much more quickly than the charged tau lepton, and does not decay as promptly.

distance, is sampled uniformly in column depth. We then set the interaction vertex a distance d
from the point of closest approach, in the direction opposite the neutrino momentum.

3. Final State Propagation

3.1 Charged Lepton Propagation with PROPOSAL

Once the initial quantities have been set, the outgoing charged tau lepton is propagated through
the simulation volume until decay using the PROPOSAL software. This software, which uses Monte
Carlos techniques to simulate the passage of charged leptons through matter, contains up-to-date
cross sections for ionization, bremsstrahlung, photonuclear interactions, electron pair production,
Landau-Pomeranchuk—Migdal and Ter-Mikaelian effects, muon and tau decay, as well as Moli¢re
scattering. Furthermore, it has been widely used, and as such has been well-tested by the community.

In Fig. 3, the full path an event takes from entering the simulation region to either decaying
or coming to rest for two different incident neutrino types. As can be seen on the left-hand plot,
the charged tau lepton which emerges from the a tau neutrino charged-current interaction retains
most of its energy and decays quickly in the valley. If we exchange the incident tau neutrino for an
incident muon neutrino, the story is quite different. Although the interaction vertex is the same in
each case, the emerging charged mu lepton is too long-lived and does not decay in the valley, and
thus cannot create an air-shower for TAMBO to detect. Furthermore, even if the muon did decay
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quickly enough, it loses energy very quickly in the mountain, and thus its air shower would be more
difficult for TAMBO to detect than that of an air-shower.

3.2 Air-Shower Simualtion with CORSIKA

After allowing the charged tau lepton to decay in PROPOSAL, we gather the decay products, and
move to simulating the air shower. To model the extensive air showers (EAS) from tau decays we
use CORSIKAS, an updated C++/Python version of the FORTRAN-based CORSIKA7. To begin
simulating air showers, we take tau decay products from PROPOSAL, which propagates taus until
decay, and given energy, direction, interception plane orientation, and local geography we simulate
an air shower. If there is an obstruction, like a mountainside, in that path of an air shower’s shower
axis then that event is cut. Other cuts include, a max elevation limit on how far above the valley-side
will we accept air showers to be propagated, a max distance limit on shower length, cutting showers
that are initiated in rock, and any down-going showers. Furthermore we track all particles from an
air shower unless they fall below 1 GeV.

4. Event Weighting

In order to determine the rate of events at the detector, we must undo all unphysical choices
that were made in the simulation chain, a process known as event weighting. Since TauRunner,
PROPOSAL, and CORSIKA simulate according to physical processes, we need only be concerned with
removing unphysical choices from event injection. Again drawing inspiration from [8], we define
the probability of generating an event according to our injection procedure as:

L pG) 1 dg o @)
- VA v —
0 X vol.y 9 inj.
S S, (B 0 [l 4B, ®(E,)

min.

Pgen. = A

Where Ajy. is the area of the injection disc, Q. is the solid angle of the directional sampling,
o (Xine.) is the mass density evaluated at the interaction vertex, Xgen. is the total column depth in
the range [0, inj. + € (R99.99|6, ¢)], 0'(E1V,°1') is the total neutrino cross section evaluated at the
neutrino energy when it enters the simulation volume, %—Cyr (E¢|E,) is the differential cross neutrino
cross section, @ is the power-law spectrum according to which the initial, i.e. at the surface, neutrino
energies were drawn from, and Ep;,. and Ep,x. are the minimum and maximum energies that can
be sampled. It should be noted that all quantities with inj. are metaparameters of a given injection
and do not vary from event to event.
The true rate of a physical event may be computed with:
1 Xphys.NA Pphys. (Xine.) 00

Lew. = ——(E¢|Ey) ®phys. (EY),
. Pgen. Miso. Xphys. ay TP Y

where Xphys. is the column depth traversed by the neutrino en route to the interaction vertex, N4
is Avogadro’s number, Mig,. is the isoscalar nucleon mass, pphys.()_c’im. is the mass density of the
physical medium evaluated at the interaction vertex, and ®ppys. is the physical neutrino spectrum
for which one wishes to compute the rate. One may then compute the average rate for an ensemble
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of events by taking the average, i.e.:

1

Ftot. =

— Wevt.
- evts.

Additionally, we typically define the oneweight for an event as:

1—‘evt.

Wevt. = —— —sen.v-
chhys.(Ewg/ )

This is a convenient quantity since one may then find the rate for any flux by simply take the product
of the flux and the oneweight. Furthermore, this quantity may be used to find the so-called effective
area of TAMBO by computing the average value in a given zenith and energy range.

5. Conclusion

TAMBO is a neutrino telescopes that exploits the unique geometry of the Colca valley to
detect neutrinos. The unique geometry of TAMBO brings new challenges to neutrino telescopes
event generators and simulations. In this contribution, we have introduced the TAMBO simulation
framework, which combines existing software for high-energy neutrino propagation, charged tau
lepton propagation, and air shower simulation with newly implemented protocols for injecting and
weighting neutrino events. This simulation has been orchestrated in the Julia computing language
which offers improve performance and ease of use compare to other languages used in particle
physics [4].

To the date, all components need to simulate the particle physics processes exist and are
currently undergoing validation and injection parameter optimization. This represents a major
mile stone in the development of the TAMBO since, once these validation checks have passed,
we can begin detail optimization of the detector configuration to further increase the sensitivity of
TAMBO to various physical processes. In a future contribution, we will present results using the
software describe in this procedure to determine detailed deployment geometries, timing resolution
requirements, triggering, and background rejection. Furthermore, we will then be able to present
updated sensitivities to various models of the high-energy neutrino flux.
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