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In February 2025, Nature published the observation of a neutrino with a record energy
of 220 PeV by the KM3NeT experiment. At the same time, the IceCube experiment
— with a significantly larger effective volume and exposure — has not reported any
neutrinos with such high energies. What conclusions can be drawn about the nature of
neutrino sources based on a single extreme-energy detection?

I. INTRODUCTION

In February 2025, the KM3NeT collaboration
announced the observation of a neutrino with a
record energy of 220 PeV [1] (the topography

of the event can be seen at Fig. 1). At the same
time, the IceCube experiment — with a signif-
icantly larger effective volume and exposure —
has not reported any neutrinos with such high
energies.
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FIG. 1: Ilustration of the KM3NeT event topography.

The project aims to evaluate the probability of
such an outcome. We model detector efficien-
cies and effective areas, and obtain estimates of
the neutrino flux in the isotropic flux model. We
also perform a joint-fit analysis with the data
from IceCube, both with non-detection in the
> 100 PeV range and with the data from the
~ PeV region.

II. DETECTOR MODELS

The general idea of the detector model is as fol-
lows. We assume that the detector looks for
Cherenkov light from high-energy muon tracks
born in the interaction of muon neutrino with
the Earth. Cherenkov light cone must reach the
detector, so the muon must reach the point de-



fined by the angle of the Cherenkov cone. We
assume an ad-hoc cutoff on the minimum en-
ergy of detected muons of 1 TeV. As the analy-
sis deals with PeV neutrinos, this has no signif-
icant impact and partly accounts for detection
efficiency. The length of the muon path is de-
fined by the pair-production energy losses (see
the school’s lectures :)).
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FIG. 2: IceCube geometry illustration.
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Neutrino must interact with matter via the v, +
p/n — p+ X process before the detector and
closer than the maximum muon path. This gives
us a simple analytical expression for detector ef-
ficiency:

Eff = exp(—on(L—lya:)) —exp(—onl), (2)

where L is the neutrino path to detector and
lmaz 18 the maximum muon path in matter.
Neutrino interaction cross-sections are taken
from [2]. We forgo the neutrino energy reso-
lution entirely, as it is not as important for the
flux analysis and very hard to estimate with any
degree of accuracy due to light absorption in
the medium and photomultiplier efficiency.

We then model the detector geometry and
the neutrino path length, accounting for the
different materials along the path (rock, water,
and ice). The resulting dependence of detection
efficiency on the incoming neutrino angles is
presented in Fig. 3.
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FIG. 3: Dependence of detection efficiency on
altitude angle for both KM3NeT (solid red
line), and IceCube (dashed blue line)
experiments. Energy is fixed at 100 PeV.

We also present the effective area dependence
on neutrino energy for both the KM3NeT and
IceCube detectors (Fig. 4), as well as a com-
parison with the real KM3NeT effective area
(Fig. 5) taken from the open collaboration data.
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FIG. 4: Naive estimation of KM3NeT and

IceCube effective areas with respect to muon

neutrinos. The red line and the blue lines

correspond to the KM3NeT and IceCube,

respectively.
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FIG. 5: KM3NeT eftfective area with respect to
muon neutrinos. The red line represents a

naive estimation, the blue line corresponds to
the KM3NeT data [3].



We note a very good agreement with the real ef-
fective area, within a factor of 3. We overesti-
mate the real data because of imperfect trigger
and muon detection in the real world.

III. ISOTROPIC FLUX MODEL

The simplest neutrino flux model is isotropic
with a customary E~2 spectrum. We estimate
this flux based on the single event in KM3NeT
via maximum likelihood. The number of ex-
pected events in the detector is

Emax
n:/ O -E 2% A(E)-47-T-dE. (3)

Emin

We then estimate the flux assuming Poisson
statistics for the number of arrived events and
get

Prvaner = 3.87357- 1078 GeVem 2 s sr !,

(4)
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FIG. 6: Confidence Levels for different
number of expected events x4 vs. the number of
events n.

The error is 90% CL following the Neu-
mann error estimation method [4]. Fig. 6 and
Fig. 7 show the confidence interval calculation.
This error accounts for the fact that KM3NeT
stopped the observation after just one event, and
the estimator is unbiased.

This value agrees with the published flux of
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FIG. 7: R-parameter dependency on p and n.

A. IceCube non-observation

If one accounts for the IceCube non-observation
of any events in this energy range in the 9 years
of operation, it is possible to perform a joint-
fit estimation of the flux and the probability of
such an outcome. One should get 1 event in the
KM3Net and 0 events in IceCube. This joint fit
results in an estimate of

Pemvaric = 9.875%2- 10710 GeVem 2 s sr !
(5)
For this flux, the expected number of events
in KM3NeT is nxyz = 0.025 and in IceCube
nic = 0.97. The probability of such an outcome
is 0.009. This results in an upward fluctuation
of approximately 20.

We also provide a Bayesian goodness-of-fit
analysis. One wants to check that this power-
law spectrum can describe both datasets. The
tension is computed using the posterior predic-
tive check approach. The joint probability is

Ppee = //P(‘PW)'ﬁlcﬁKMsNeT'd@dv (6)

Here the prior distribution of variables is taken
to be uniform. We than convert this probability
to a z-score using the one-tail convention. This
results in a tension of 2.4, which roughly cor-
responds to the frequentist approach.

B. Extension to lower energies

It is also possible to do a single power law fit
to both the KM3NeT event and IceCube events
in the PeV region (GOLD and BRONZE type
events are used here). We treat the flux and
spectral index as unknowns and estimate them
in a similar way. This procedure yields a flux
and spectral index of



Prvizriciow = 2.1-1078GeVem 2 s sr!,
v=-23, (7)

but a probability of 0.001. This also coin-
cides with the KM3NeT collaboration estimates
within the errors [5].

IV. CONCLUSIONS

We estimate the detection probability and effec-
tive areas for KM3NeT and IceCube detectors.
They are in good agreement with detailed calcu-
lation result provided by KM3NeT. We also pro-
vide estimates of neutrino flux with the assump-

tion of an isotropic model. The flux obtained
from only the KM3NeT event is unrealistically
large. The estimates are also prone to big un-
certanties, rooted in the fact that this is a single
observation of a rare Poisson process. We pro-
vide a detailed error calculation that takes this
into account.

The joint-fit for both IceCube and KM3NeT
shows that this event (in this model) can be a
fluctuation of 20 significance. If lower energy
IceCube events are taken into account, the prob-
ability of such an outcome remains very low,
even with an arbitirary power law spectrum.
We believe that this analysis hints at a non-
isotropic nature of this event. Possible explana-
tions could be sources with flaring activity, like
radio blazars or other similar objects.
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The Baikal-GVD Collaboration reported [1] neutrino events near the position of the
blazar TXS 0506056, a location previously associated with a high-energy neutrino
observed by IceCube [2]. This raises the question: is this spatial coincidence signif-
icant, and what does it reveal about the nature of the source? Our goal is to quantify
the probability that both experiments would detect neutrino event near the same astro-
physical source by chance, and explore what constraints such observations place on

source models and detection systematics

I. SIGNAL MODEL DEFINITION

In general the model defines the differential
neutrino flux from a given direction 2

= d®N,

V() t, E) = ——=2— [s"'srad 'm2GeV ]
dtdQdE

(1

A. Factorization
In our study we assume the energy, time and an-
gular dependencies to be independent and fac-
torizable
U(Q,t, E) = 0(Q,t) - g(E) =
=C-f(t)- F(Q) - g(E) (2
where C is an average integral rate [s~'m ™|

/dt/dﬁ~®(ﬁ,t) = CT 3)
T

and other factors are normalized to one:

/dtf(t) =T, /dﬁ FQ) =1 (4

T

In our study we consider the following source
models:

1.1 Isotropic constant source ®.

F@) =1 fy=1

- C
(L HC) = (©)

1.2 Point-like constant source ®*. The an-
gular dependency is singular:

F*(Q) = 6*(Q — ) (7)

1.3 Point-like flaring source ®*. Intensity is
assumed to be a periodic function. We can ap-
proximate it with a set of square pulses with pe-
riod 7" and width 7:



fy=> "0t —Tn)-0(Tn+7—1) (9

(0, 4)C, Q0 T,7) = C - 620 — 0 x

x> Ot —Tn)O(Tn+7—1t) (10)
n=0

II. BACKGROUND

Astrophysical background. Parameteriza-
tion from [3, eq. 4]

by = dE Oy - [ —
A / 0 (Eo) X

min

x 10718 GeVlem2%s lsr ! =

E/E) |
PPN
7 Emin
FEy®y

" (7= 1)(Epin/Eo) ! (11)

Energy scale Iy = 100 TeV and in our case the
minimal energy F,,;, = 200 TeV.
Model parameters from [3] are shown on Tab. I

Baikal-GVD, based on [4]: Astrophysical neu-
trino event selection efficiencies were tested as-
suming a flux with equal numbers of neutrinos
and anti-neutrinos, and with an equal neutrino
flavor mixture at Earth:

The one flavor (1f) flux presented by IceCube
was chosen as a baseline: MESE 2014.

Atmospheric neutrino.

IceCube

1. V.Agrawal ef al. “Atmospheric neutrino flux
above 1 GeV”. Phys.Rev.D 53 (1996), pp.1314—
1323. DOI:10.1103/PhysRevD.53.1314.

2. C.Mascaretti and F.Vissani. “On the rele-
vance of prompt neutrinos for the interpretation
of the IceCube signals”. JCAP 2019.08 (2019),
p-004. DOI:10.1088/1475-7516/2019/08/004.

Baikal-GVD

1. V.Allakhverdyan et al. arXiv:2211.09447.
The conventional atmospheric neutrino flux
from pion and kaon decays was modeled ac-
cording to [L.V.Volkova, Sov.J. Nucl.Phys. 31,
784 (1980)]. Atmospheric prompt neutrinos
were simulated according to the BERSS model
[A.Bhattacharya et al., JHEP 06, 110 (2015)].

2. Based on M.Kleimenov’s Thesis
Parametrization of atmospheric neutrino
flux based on Vivek Agrawal et al. “At-
mospheric neutrino flux above 1 GeV”.
Phys.Rev.D 53  (1996), pp.1314-1323.
DOI:10.1103/PhysRevD.53.1314. Table of bar-
tol flux points in file atmospheric nu_flux.txt

TABLE I. IceCube and ANTARES Neutrino Analysis Results

Analysis Energy Range Dy v
HESE 2020 69.4 TeV-1.9PeV 2121049 2.87+0.20
Cascades v, + v 2020 16 TeV-2.6PeV  1.667032 2.53 4 0.07
MESE 2014 25TeV-1.4PeV  2.06703 2.46 £0.12
Inelasticity 2018 3.5TeV-2.6PeV  2.04703% 2.62+0.07
IceCube v, 2016 194 TeV-7.8PeV  0.90703° 2.13+£0.13
IceCube v, 2019 40 TeV-3.5PeV 144752  2.28%008
ANTARES 2019 NA 15+10 23404

Obtained atmospheric neutrino spectrum at en-
ergies greater than 100 TeV is below astrophysi-
cal background. Therefore to simplify the back-
ground model we neglect it.
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FIG. 1: Parameterization of the spectrum of
atmospheric neutrinos as a function of the
zenith angle 6 (shades of red) and astrophysical

muon neutrinos (blue) [M. Kleimenov, 2024].
where AT, AQ) and AFE are the regions consid-
ered in the analysis.
In this analysis we just consider counting events

III. DETECTOR MODEL E, > 200 TeV, energy resolution (within rea-
) o sonable limits) does not affect the result.
The detector model for the neutrino detection in- Angular region AQ is defined by the angular
cludes many complex features: resolution. Time region is the total detector
* interaction cross-section (E) exposure. Using our factorization from signal

models description, N o<
* Detection & selection efficiency vs. the neu-

trino angle and energy (Q, t, F)

* detector exposure fraction for the given part of A JJQJE

4t (1) A6 F(0) dB g(E) A,y($1, B)
the sky () ) (13)

TABLE II. Detector parameters from [1, Table 3].

Source spectrum AleeCube ABGVD
E-20 55.46 cm? 3.23 cm?
E—25 31.27 cm? 2.9 cm?

Point source with constant rate:

Aesp = VA

N*:AeffCAT (17)
- /dtf(t) / ig) / dE g(E) Aess(Q,1, E)
AT AQ  AE For this analysis we use the integrated A, for
(14) given point source, assuming the energy spectra
. ~ and a flaring activity, as listed in Tab. II.
So if we assume that A.;r(Q2, 1, E) ~ A.fr in For the angular uncertainty we used 6.2° for
the regions of interest, we can use formula cascades in BGVD, and 0.25° for track in Ice-
Cube, which leads to AQ~ = 1.49 srad and
AQr = 9.2 - 107 3 srad, respectively.
N =
= Aupp-C [ dif(t) [ dOF(Q) | dE g(E
s / f#) / () / 9(E) IV. OBSERVATION SIGNIFICANCE

AT AQ AE

(15) A. Hypotheses test
Isotropic constant source (diffuse background): In order to test the significance of observation
_ _ AQ we need to consider the probability of our obser-
N = Ay -C-AT- yrs (16) vation (1 track event in IceCube, and 1 cascade



event in Baikal-GVD) to be a random coinci-
dence from background neutrino source.

We consider an isotropic background source
with integral ®,.

For the significance we need to define the prob-
ability of:

having at least 1 track in considered sky fraction

sky

which has at least 1 cascade within the cascade
angular resolution Q¢

B. Coincidence probability
Coincidence probability is composed of:

Probability P(n.|N7) to observe n, tracks in the
considered fraction of the sky Sy, : Poisson dis-

tribution with mean Ny = A7, x g x S,

Probability that at least one cascade is within an
angular area of given n, tracks: Poisson with
mean Ng = AG;p x @ x ny X Qg /4w

Which leads to a final expression:
Pcoinc(q)0> Ssky) =

- Z P(n¢|Nr) - P(n. > 0|Ng(ny)) =

ng=1

=) P(n|®g x AL x Sypy) %

ntil
x (1 —exp(Pg x AS;; x ny x Q¢ /47))
(18)

C. SKky regions of interest

We perform the study for several regions of in-
terest:

Full sky S, = 1, assuming a sensitivity to
tracks and cascades in all 47 region. While
technically incorrect, this gives us the most pes-
simistic estimation of the random coincidence
probability.

Half sky Ss, = 1/2, taking into account
that IceCube considers only upward-going track
events i.e. neutrinos from Northern hemisphere.

10

* Tracks pointing to one of the Nyyyrees Within

the (2 angular uncertainty: Sgry = Nsources X
Qr/4m. We used Nypyrees = 1694 - a half of
3388 blazars used in [5].

Finally we consider a probability to see the co-
incidence from a signle source (TXS 0506+056)
direction Sy, = Qr/4m.

D. Result

The resulting significance in o vs. the integral
background flux ®; is show on Fig. 2

We compare this integral flux with the flux esti-
mations, considered in [3], integrated for £, >
200 T'eV, as described in sec. II.

The probability of having a track and cas-
cade coincidence, associated with one of 1694
sources, generated by diffuse astrophysical neu-
trino background is rejected at 3.8 — 4.20 level.

{®f HESE_2020
Cascades_2020

{®f MESE 2014

{#] Inelasticyty 2018
{®] IceCube 2016

|®] IceCube_2019
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Integral astrophysical neutrino flux £, > 200 TeV, -1 le-12

FIG. 2: significances for different models

V. SOURCE PARAMETERS
ESTIMATION

We used Markov Chain Monte-Carlo approach
to calculate the posterior distribution for the flux
normalization parameter C'.

In a simple approach without the account for
systematics we used the values:



C

expected events IceCube
expected events Baikal
C

bg flux IC

bg flux BGVD

eff area IceCube

eff area Baikal
sum_flux IC

sum_flux BGVD
expected_events_IceCube
expected events Baikal

2l

Uniform(le — 17, le — 11)

Poisson(f(C))

Poisson(f(C))

Uniform(le — 17, 1e — 11)
TruncatedNormal(4.64e — 19, 3.21e — 19, 0, inf)
TruncatedNormal(2.85¢ — 16, 1.98e — 16, 0, inf)
Normal(3.13e 4 05, 3.13e + 03)

Normal(2.9e + 04, 290)

Deterministic( f(bg_flux IC, C))

Deterministic( f(bg_flux BGVD, C))

Poisson( f(eff area IceCube, bg flux IC, C))
Poisson( f(eff area Baikal, bg flux BGVD, C))

TABLE III. Constraints on the signal flux normalization

16% percentile

50% percentile

84% percentile

without systematics, constant flux 5 year
with systematics, constant flux 5 year
without systematics, flare flux 2 year
with systematics, constant flux 2 year

2.5572 x 10714
2.5688 x 1071
6.3652 x 10714
6.3863 x 10714

4.8793 x 10714
4.9328 x 10714
1.2349 x 10713
1.2406 x 10713

8.4167 x 10714
8.6061 x 10714
2.1283 x 10713
2.1391 x 10713

VI. SUMMARY
Analysis and results
Coincidence probability

Calculated the likelihood of spatially coincident
events arising from background:

Poisson statistics for track (IceCube) and cas-
cade (Baikal-GVD) events.

Tested sky regions: full sky, northern hemi-
sphere, regions around 1,694 blazars, and TXS
0506—-056 specifically.

The chance probability of a coincidence from
background was rejected at 3.8—4.2¢0 when con-
sidering 1694 blazars, strengthening the case for
TXS 0506-056 as a neutrino source.

Constraints on the neutrino source
parameters

Key Implications

» The findings suggest that the observed neutrino

events are unlikely to result from random back-
ground fluctuations.

Systematic uncertainties (angular resolution,
energy reconstruction) were shown to moder-
ately affect significance but do not invalidate the
conclusion.

* Both steady and flaring emission models are

compatible with observations, though flaring
scenarios require further temporal analysis.
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Muons and electrons are both charged leptons but exhibit very different behavior in
detectors due to their mass and interaction processes. Super—Kamiokande (SK), a large
water Cherenkov detector, is used to detect neutrinos and search for rare processes like
proton decay. This project investigates the interaction and detection characteristics of
muons and electrons and evaluates the sensitivity of SK to proton decay.

Analyze and compare the energy deposition mechanisms of muons and electrons, es-
timate particle ranges, and determine the limits of full containment in SK. Evaluate its
sensitivity to proton decay assuming optimal detection conditions.

I. ENERGY DEPOSITION
DIFFERENCES

Electrons (m.c*> = 0.511 MeV/c?) and
heavy charged particles (for example, muon
m,c® = 105.658 MeV/c?) are able to lose
energy in matter through ionization, radiation
(bremsstrahlung), and pair production.

In the region of low electron energies (£ < 10
MeV), ionization processes of interaction with
atomic electrons, including the ionization of
atoms, provide the determining contribution to
energy losses.

Specific ionization energy losses of electrons':

dFE 2r 2,
—_— = ———-Nr_ MeC
dx e ion 52 ‘

mec*T, B3?
e )

—(2 1—52—1+62)1n2+1—52], 1)

where m,. — mass of the electron; 7, — kinetic

v

energy of the electron; 8 = 2, v — speed of

' All following formulas are taken from [1].
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the particle, ¢ — speed of light; n, = N4 (%) p
— electron density of the medium, N4 — Avo-
gadro’s number, Z — medium atomic number,
A — medium atomic mass, p — medium density;

I — mean ionization potential of the atoms in
= 2

the medium: I = 13.5ZeV, r, = meecz =
2.818 - 10713 ¢cm — classical electron radius.
Hard collision (Moller scattering) is elastic scat-
tering of an electron on an atomic electron. A
charged particle (electron) transfers part of its
energy to the atomic electron. As a result, the
atomic electron is knocked out of the atom and
becomes a o -electron that is also able to pro-
duce ionization. This process occurs at £/ < 10
MeV.

For electrons, it is also significant that at en-
ergies of a few MeV, radiative losses become
noticeable. At higher energies, radiation losses
dominate over ionization losses (£ > 10 MeV).
Specific radiative energy loss of electrons:

dE 1
- :_Ee._, 2
(d‘r)erad XO ( )

where F, — energy of the electron; X, — ra-
diation length of the material, a characteristic
length over which an electron loses all but 1/e




of its energy due to bremsstrahlung.

A high-energy electron in the field of the nu-
cleus (or atomic electron) produces an electron-
positron pair. Pair production becomes sig-
nificant at £ > 10 GeV and competes with
bremsstrahlung at £/ > 100 GeV. Energy losses
of electrons for pair production:

dE , 22
—_— =—ar.—FE.p-®(E, Z
(dx>epair Oére A ep ( ) )7 (3)

where « — fine structure constant; Z — medium
atomic number; A — medium atomic mass; p —
medium density; ®(F, Z) — function that takes
into account the kinematics of the process.
Muons are heavy charged particles. The ioniza-
tion losses for them dominate in the whole en-
ergy range (especially at £ < 100 GeV). Spe-
cific ionization energy losses of muons:

dE
- — K2
(dx)uion o

Z1 {1 (QmGCQBQVQTmaX) o )

L
“amp 2" 2

where K — simplifying constant, K =
0.307 MeV - cm?/g; z — charge of the muon; y —
relativistic factor, v = L, T ez — Maximum

kinetic energy transfer in a single collision; § —
density correction.

Hard collision (Moller scattering) also occurs
with a muon on an atomic electron, but it is neg-
ligible. The cross section of the process is in-
versely proportional to the muon mass. When
a heavy particle scatters on a light particle, the
momentum/energy transfer is small (as when a
billiard ball hits a grain of sand).

The braking radiation for muons is negligible at
E < 100 GeV (due to their mass as well). Spe-
cific radiative energy loss of muons (significant
at £/ > 1TeV):

dE Me 2 1
o S E .—_ (5
(d‘r)urad <mﬂ) 8 XO’ ©

where E,, — energy of the muon; X, — radiation
length of the material, a characteristic length
over which an electron loses all but 1/e of its
energy due to bremsstrahlung.

A muon in the nucleus field emits a virtual pho-
ton, which transforms into an electron-positron
pair, but this process is rare and only becomes
important at ultra-relativistic energies(& > 1

2
TeV), due to suppression in <m> ~ 10~*. En-

mu

ergy losses for pair birth:
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dE , 22 me\’
e — —ar?Z Me ) o(E, 2).
(d'x)ppair e A lup (mﬂ) ( 7 )

, (6)
In brief:

Ionization losses are the main loss mechanism
for electrons at £ < 10 MeV and dominate
the entire energy range for muons (especially at
E < 100 GeV). Electrons have a shorter range
due to their mass and strong scattering, while
muons have a longer range (= 200 times longer
e at the same energy).

Hard collision (Moller scattering) is critical for
electrons at £ < 1 MeV, forms d-electrons, and
is negligible for muons at &/ < 1 TeV. Moller
scattering for muons at £/ > 1 TeV is formally
possible, but still uncompetitive with radiative
losses.

Braking radiation (bremsstrahlung) is dominant
for electrons at £ > 10 MeV and negligible for
muons at £ < 100 GeV. Braking radiation be-
comes significant for muons at £ > 100 GeV
and dominates at &/ > 1 TeV.

Pair production becomes significant for elec-
trons at £ > 10 GeV and competes with
bremsstrahlung at £ > 100 GeV. For muons,
the process is suppressed and is only relevant at
ultra-high energies £/ > 1 TeV.

Super—Kamiokande is able to detect neutrinos
in the energy range from 4.5 MeV to 1 TeV. As
a result of quasi-elastic scattering of neutrinos
through a charged current, negatively charged
particles such as electrons and muons appear:

Vet+n—e +0p,

Vpy+n—pu +p.

The identification of events in the detector is
based on the shape and size of the Cherenkov
rings.

For electrons produced by electron neutrinos,
radiation losses and electromagnetic showers
dominate, forming a fuzzy cone of Cherenkov
light. At energies below £ < 100 MeV, show-
ers do not develop, so such rings are less fuzzy.

Muons produced by the muon neutrino in the
process of their passage through the detec-
tor form a clear cone of Cherenkov radiation
due to the main process of ionization losses.
Cherenkov light concentrates along the track.
For muons with £ > 10 GeV, radiation losses
are possible, but they are rare in SK.



A comparison of the described Cherenkov rings
is shown in Fig. 1.

FIG. 1: Cherenkov rings detected by SK in
1998: (a) from muons with a momentum of
604 MeV, (b) from electrons with a momentum
of 492 MeV. This figure of a simulation in the
SK detector is a courtesy of the SK
collaboration.

II. RANGE ESTIMATION IN MATTER

Electrons lose energy via radiation. The range
R, can be estimated as:

XO Ee
SR P i 7
R p n(EC) (7

where X — radiation length, p — medium den-
sity, F, — critical energy, F. ~ 80 MeV, F. —
initial energy.

Rough numerical estimations of R.:

Water:
36.1 1000
R, . n( -3 ) = 90 cm,
Lead:
6.4 1000
~ —— - In(——) = 2. )
e~ 73 - In(557) ~ 27 em

Muons lose energy via ionization. The range 7,
can be estimated as:

E
iy (8)

dx

R, ~

where (2£) — average energy loss per unit

length (about 2 MeV - g~tcm? for water and
1.3 MeV - g tcm? for lead). Rough numerical
estimations of I7,:

e Water: 1000
R# ~ ﬁ ~ 500 cm,
e Lead:
1000
By~ g1z~ 70em
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III. CONTAINMENT IN SK

The geometric size of the SK Inner Detector
(ID) [2]:

Total height: 36.2m,

Diameter: 33.8 m.

The fiducial volume (for neutrino interactions)
is the virtual cylinder inscribed within the ID at
a distance of 200 cm from its walls:

Height (Hgq): ~ 32m,

Diameter (Dgq): ~ 30m,

Maximum contained track length (diagonal to
the cylinder):

Lumax = \/ Hiy + D3, = v 322 4+ 302 ~ 44 m.

Electrons lose energy via radiation. Their en-
ergy is calculated using equation (7):

Lmaz pw 44-100
(Ee)maac N Le-e o ~80-es61 &~

~ 2.6 -10° GeV.

Electrons with any energy will remain con-
tained.

Muons lose energy via ionization (Bethe-
Bloch). Their energy is calculated using equa-
tion (8):

(Eu)ma:c ~ Lmaz * Puw 2MeV - g_lch ~
~ 44 -100 -2 =~ 8.8 GeV.

Multi-GeV muons will exit if they pass in the
detector less than the specified length L.
Muons with energy F,, > 8.8 GeV will escape
the SK limit.



IV. PROTON DECAY SIGNAL

The expected signal for proton decay:
p —> et + .

This is one of the channels for proton decay
searches in water Cherenkov detectors such as
Super-Kamiokande. The positron produces a
single Cherenkov ring (electron-like). The neu-
tral pion decays almost immediately (7 ~ 10717
s):

™ =+

Each photon from produces an electromagnetic
shower (via pair conversion), resulting in two
more electron-like rings. A maximum total of
three Cherenkov rings are expected from proton
decay.

A free (from H, are available in Super-K) pro-
ton is at rest, all of its energy is shared between
the positron and neutral pion. They go in op-
posite directions to compensate for the momen-
tum. Kinematic features of the event for a free
proton:

— —

DPp = Pro + Per = 0= pro =per,  (9)

p=VE2—m2=vVm2+2mT +T%—m?2 =

= \V2mT +T2. (10)

Combining equations (9) and (10), and energy
conservation law:

my = T + Tro +me + myo, (11)
2m. I, + Te2 =2m ol 0+ TT?O'

From (11) can get that:

1
2m,,
x (my — (+)me + (=)mqo). (12)

Te(WO) = (mp — Me — mﬂo) X

Particle masses: m, = 938 MeV, mjo= 135
MeV, m.+ =~ 0.5 MeV (negligible). So far ki-
netic energy for the positron 7, ~ 460 MeV, for
neutral pion 7,0 = 340 MeV. A positron with
such energy will lose it via radiation. Thus, a
ring from the positron will be electron-like.
Photons from a neutral pion usually have a small
angle between them because of the limited mo-
mentum. So, the two rings can overlap or be
very close. The type of rings from gammas will
be electron-like.

The signature of a free proton decay will be
characteristic rings on opposite sides of the
detector (back-to-back). If we consider a proton
inside the oxygen nucleus, decay products can
undergo nuclear effects [3]. Due to nuclear
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effects, observable particles can differ from a
”free proton” particles. For example, a neutral
pion interaction inside a nucleus would result
in positive pion production. This positive pion
would give (depending on the energy) a a
muon-like ring or no ring at all. Nuclear effects
spoil the signal and make it inseparable from
backgrounds.

Main Backgrounds:

Atmospheric neutrino interactions through a
charged-current:

Vet+n—e€e +p,
Ve +p—et +n.
Interactions of muon neutrinos from the beam.

Neutrino interactions through a neutral-current:

V+p—>Vv+p+ 7°.
Cosmic muons decays:

o= e Ve + 1y,

pt = et + v+ v

The following cuts can be used to suppress
backgrounds:

Interaction vertex inside Super-Kamiokande
FV.

No delayed signal (from charged pions decay).
Total collected energy ~ 940 MeV.

No tagged neutron: to tag neutrons and thus dif-
ferentiate the signal from some backgrounds’
channels, Gd (0.01%) was added to Super-

Kamiokande.

Back-to-back topology for e-like rings.

V. PROTON LIFETIME SENSITIVITY

Proton Lifetime Lower Bound Estimation for
Super-Kamiokande

Experimental parameters:

Fiducial mass: Mpq = 22.5kt = 2.25 x 101 ¢
of water,

Proton count per gram: N,/gram = 6.022 X
10% - 10 ~ 3.35 x 10%,

Total protons: N, = 2.25-10'% x 3.35- 10% ~
7.5 x 1033,



« Exposure time: 7' = 10 year ~ 3.15 x 108 s.
Statistical limit calculation

For zero observed decays with perfect effi-
ciency and no background, the 90% confidence
level lower limit on the proton lifetime 7, fol-
lows from Poisson statistics:

P0)=e¢*>01 = u<In(10)~ 2.3026,

where p is the expected number of decays:

= Np— Np(T) =
= N, — N, -exp(-T/7,) =
~Ny,-(1-(1-T/7,)) =N, -T/7p, (13)

/"L:
Tp

Combining these gives:

N,-T
> P~ ~(0.434N,T >
= In(10) =

>7.5x%x10% x 3.15 x 108 x 0.434 >
>11.03 x 10*2 s &~ 3.26 x 10** years |.

Comparison with Actual Limits

Current SK limit (2017) [4]: 7/B(p —
etm¥) > 2.4 x 103! year — obtained constraint
~ 1.5 times longer than published.
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Prof. Jianglai Liu discussed that certain n-activated radionuclides are valuable for cal-
ibrating neutrino detectors. One such isotope is fluorine-18 (‘8F), a et emitter widely
used in medical imaging and neutrino physics. In this project, you will design a method
to produce 'F using a compact n-generator, analyze its decay signature, and study its
application in calibrating a liquid scintillator detector (LSD), like JUNO [1].

I. DESIGN OF THE ACTIVATION SETUP

Firstly, we need to figure out how to obtain
a sample with 8F from polytetrafluoroethy-
lene (PTFE). PTFE is a synthetic fluoropoly-
mer widely recognized for its exceptional chem-
ical resistance, thermal stability, and low fric-
tion properties. Commercially known as Teflon,
PTFE is a white, waxy solid at room tempera-
ture. PTFE consists of a carbon backbone fully
substituted with fluorine atoms, giving it the for-
mula (CyFy),. Therefore, PTFE is chemically
pure and contains a high proportion of fluorine
atoms, ensuring minimal contamination. In ad-
dition, PTFE is quite cheap and widely available
and can be processed into various forms to suit
experimental needs.

According to the task requirements, the pro-
duction of ®F for neutrino detector calibration
will involve the irradiation of PTFE samples us-
ing a neutron generator. Neutron generators are
compact devices that produce neutrons through
nuclear fusion reactions, primarily using deu-
terium (D) and tritium (T). We have discussed
two possible options.

. Deuterium-Deuterium (D-D) generator:
’H + ?H — 3He + n, where E,, ~ 2.5 MeV

. Deuterium-Tritium (D-T) generator:
’H + 3H — “He + n, where E,, ~ 14 MeV

PTFE irradiation with fast neutrons is described
by the nuclear reaction

YF(n, 2n)"°F, (1)
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which energy threshold is 10.4 MeV. Based on
this fact, we can use only the D-T generator.
The TANGRA facility at JINR [2] provides an
example of such a generator. The core of TAN-
GRA is a portable D-T neutron generator with a
flux of up to 10® n/s. A schematic of this gener-
ator is shown in Fig. 1. It is worth noting that the
neutron flux used in the following calculations
is 10° n/s/cm?, as specified in the task condi-
tions.

Neutron generator

Tagged Neutrons
Tritium 14 MeV:5cm/s
Target

Alpha-detector

|

Alpha-particles
3.5MeV:1.3cm/s

Recording of Events (Alpha-Gamma Coincidences)
dmtale Bl — i i i

“Time, Tay
Gamma Energy, Ey | P—
Address (ID) of Alpha-Detector Pixel :._
Address (ID) of Gamma Detector ]

S~
Deutron Beam

PC

FIG. 1: Schematic diagram of the tagged
neutron generator setup, illustrating the
production of 14 MeV neutrons via the
SH(d, n)*He reaction.

The cross-section of reaction (1) depends on the
neutron energy, as shown in Fig.2. According to
this plot, if our hypothetical D-T generator pro-



duces neutrons with energy about 14 MeV, the
reaction cross-section o ~ 0.05 + 0.01 b.

9-F-19(N,2N)9-F-18
EXFOR Request: 148572/1, 2025-Apr-07 2025:04:04

FIG. 2: Experimental cross-section data for the
19F (n, 2n)'8F reaction as a function of incident
neutron energy, compiled from the
Experimental nuclear reaction data (EXFOR)
database [3].

The activity of the irradiated sample increases
during irradiation and approaches a saturation
value when the production and decay rates be-
come equal. It can be described by formula:

A(t) = AN(t) = paNo(1 — ™), (2)

includes dependencies on the neutron flux ¢, the
cross section of the reaction o, the number of
target nuclei Vy, the decay constant \, and the
irradiation time ¢. The flux and the cross section
have been defined above. The decay constant
depends inversely on the half-life of an isotope:

In(2
= ;E/Q), 3)

A

for '8F T2 ~ 110 min. To determine the ir-
radiation time, we have considered two options
for the target mass, which are 5 g and 10 g of
PTFE. As shown in Fig. 3, the time required to
produce 100 Bq of *¥F is approximately 3 min-
utes for a 5 g PTFE sample. This result is con-
sistent with the estimate from [4], which reports
a production time of less than 10 minutes for a
cylindrical PTFE sample of comparable mass.
The increase in irradiation time accounts for two
key factors:

Self-shielding effects within the PTFE sample,
which reduce neutron flux penetration.

The delay between the end of irradiation and the

start of calibration, ensuring sufficient '®F accu-
mulation for reliable measurements.
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18F Radioactive Activity vs Time for Different masses of PTFE

—— m_PTFE=5g
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o
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FIG. 3: Radioactive activity of '8F as a
function of irradiation time for PTFE samples
with masses of 5 g and 10 g. The red dashed
line indicates the required activity of 100 Bq.

II. DECAY PROPERTIES

I8F is a key positron-emitting radioisotope.
Positron emission accounts for 96.7% of decays,
producing a positron and a neutrino while trans-
forming into stable 0. The emitted positrons
have a maximum energy of 635 keV and a con-
tinuous spectrum with a peak between 200 and
300 keV. In 3.3% of decays, electron capture
occurs, directly yielding *O without positron
emission.

The endpoint of positron ionization is annihi-
lation, producing two ~ with energy 511 keV.
Therefore, *F is a source of v with energy
that mimics the prompt signal of inverse (-
decay (IBD) events. Furthermore, short half-
life allows repeating calibration without long-
term contamination. As shown in section I, ra-
dioactive sample with '8F can be easily gener-
ated before each deployment at the large LSD
site along expected operational life of the exper-
iment.

III. DETECTOR RESPONSE MODELING

Assuming the irradiated PTFE is sealed in a
stainless-steel capsule and placed in the cen-
ter of a large LSD. Firstly, it prevents contam-
ination to LSD. Secondly, the capsule shields
positrons, so positron annihilation occurs only
in the PTFE sample or in the capsule. Con-
sequently, scintillation light is produced by ~-
pairs. As shown in Fig. 4, the detector response
forms from:

Compton Continuum (0 - 340 keV): Partial en-
ergy deposition from scattered gammas, with a
sharp edge at 340 keV (Compton edge).



* A gaussian-like peak at 511 keV when the
gamma deposits all its energy, assuming a signal
from a ~y-pair is read out as two single events.

A gaussian-like peak at 1 MeV when the y-pair
deposits all its energy.

If the stainless-steel capsule is sufficiently thick,
it will fully contain the positrons, preventing
them from reaching the detector and induc-
ing quenching effects. Under these conditions,
the proposed calibration method remains reli-
able, as the positron kinetic energy does not
contribute to the measured light yield. With-
out taking into account the detection efficiency
and other effects, the number of photoelec-
trons (PE) collected from positron annihila-
tion can be calculated by knowing the photon
yield. The project condition suggests 1600 PE
per MeV. Working only with energy integrated
from whole detector, the 2y-peak around 1 MeV
can be described by Poission distribution (see
Fig.5):

P(p,n) = —e*, 4)

where mean value ¢ = 2 - 51lkeV]
1600[PE/1 MeV], and n is the number of *F
decays.

Simulated 8F Decay Spectrum in Liquid Scintillator
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FIG. 4: Simulated '8F decay spectrum,
assuming 50% of the detection efficiency.
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FIG. 5: Poission distribution of the number of
PE detected for positron annihilation from
20,000 '8F decays.

IV. CALIBRATION PRECISION

We can estimate the energy resolution and cali-
bration precision of our method using Poisson
distribution variables. An uncertainty in the

peak position is equal to y/x/n, while an un-

certainty in the distribution width is /242 /n.
Suppose that the ideal precision for both energy
peak reconstruction and width is when the rela-
tive uncertainty is less than 1%. Fig. 6 and Fig. 7
show the number of decays, which is enough
to achieve this uncertainty. Namely, it is more
than 6 events for the peak position, and more
than 20,000 events for the peak width.
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FIG. 6: Relative uncertainty in the peak
position. The red dashed line indicates desired
1% uncertainty.
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FIG. 7: Width as a function of the number of
decays. The red dashed line indicates desired
1% uncertainty.

Estimates of the time the irradiated sample will
be in the LSD are shown in Fig.8. As the initial
activity of 18F, Ay = 100 Bq, decreases by law:

A(t) = Aoe_Ata (5)

with ¢ being the post-irradiation time, the av-
erage number of decays becomes greater than
20,000 in 4 minutes.
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FIG. 8: The average number of '8F decays as a
function of time. The red dashed line indicates
the desired number for precise calibration.

V. CONCLUSION

I8F provides a viable source of positrons for cal-
ibrating large liquid scintillator detectors. Us-
ing a stainless-steel capsule ensures that only v
from positron annihilation deposit energy and
mimic the prompt signal of IBD. Irradiating 5 g
of PTFE with fast neutrons for approximately 5
minutes produces sufficient *F, and a 4-minute
exposure within the detector achieves a calibra-
tion precision with less than 1% uncertainty in
both the peak position and width. All of our cal-
culations can be found at [5].

We acknowledge D. Dolzhikov, D. Ilyushkin, I.
Perevalova, N. Anfimov for insightful discus-
sions and support throughout this project.
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The XENONIT experiment is a liquid xenon detector designed primarily for dark mat-
ter (DM) searches, but it is also sensitive to neutrino interactions and low-energy back-
grounds. In 2020, an excess of low-energy electron recoil events was reported, leading
to discussions about possible new physics or background explanations. This project
explores solar neutrino interactions, background estimation, and expected DM signals.
Estimate the number of expected neutrino and dark matter events in XENONI1T, ana-
lyze the low-energy excess, and determine if it could be explained by a small amount

of tritium contamination.

I. INTRODUCTION

The XENONIT experiment is a liquid xenon
dual-phase time-projection chamber located in
Laboratori Nazionali del Gran Sasso. It is pri-
marily designed for the search of the so-called
WIMPS (weakly interacting massive particles)
— one of the most popular dark matter can-
didates. WIMPs are detected via the coherent
elastic scattering on nuclei (CEvNS) but the ex-
periment is also capable of detecting particles
via the elastic scattering on electrons. It is also
expected to be sensitive to solar neutrinos from
the ®B reaction via CEvNS on Xe nuclei. In
2020, the collaboration published their electron
recoil spectrum featuring an excess of events in
the 1-7 keV region [1].

II. OBJECTIVES

Properties:

e Detector mass: 1.04 ton

» Exposure time: 0.62 year

« Dark matter density: 0.3 GeV /cm?®
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* Dark matter velocity: 220 km/s

Tasks:

. Look up the flux and energy spectrum of ®B so-

lar neutrinos. Define the relevant energy range
for elastic scattering with electrons and Xe nu-
clei.

. Estimate the number of events due to v—e and

v-Xe coherent scattering.

. Plot the differential energy spectra for both elec-

tron and nuclear recoils from solar neutrinos.
Discuss the spectral shape and relevant features
(e.g., recoil energy range, endpoint).

. Use the XENONIT data (electron recoil spec-

trum) showing a slight excess at low energies.
Assuming it is due to *H (1172 =13.2 years, Q=
18 keV), estimate total number of *H atoms in
the detector.

. For DM of mass 100 GeV/c?, and cross section

107%% ¢m?, assuming a standard local DM den-
sity and velocity, estimate the expected number
of DM-Xe scattering events.



III. SENSITIVITY TO 2B SOLAR
NEUTRINOS

Coherent elastic scattering of solar neutrinos
from the B reaction is a possible source of ir-
reducible background for dark matter detectors.
Among the other neutrino sources it is the clos-
est one to the sensitivity range of modern DM
experiments.

The energy spectrum of the ®B neutrinos is
available at [2].

As neutrinos are practically massless compared
to electrons and nuclei, their elastic scattering
process is compton-like with the maximal recoil
energy

Tmax (El/)

1
= 1
1+ 5 M

where M is the mass of the electron/nucleus and
E, is the neutrino energy. As the endpoint of
the ®B neutrino spectra is 16.56 MeV, the recoil

spectrum endpoint is 16.31 MeV for electrons
and 4.49 keV for nuclei, respectively.

A. Electron Recoil

The differential cross section of the v — e elastic
scattering is:

do(E,,T) 2
—ar RO
T T
X {Q% + g7, (1 - F) — ngRmeﬁ:| , (2)

where G r is the Fermi constant, m, is the elec-
tron mass, g7, and gr are coupling constants:

1 qin2
5 +sin“(fw)  foru,
— J2
IL {—% +sin*(fy,) for v, and v, )

sin® (O ), 4

and Ay is the Weinberg angle.

Solar neutrinos are emitted as electron neutri-
nos but experience neutrino oscillations on their
way to the detector and thus are detected as
a mixture of flavors. Moreover, they expe-
rience the matter effect (Mikheyev—Smirnov—
Wolfenstein (MSW) effect) while propagating
in the Sun, so the survival probability of elec-
tron neutrinos gains energy dependence. We
considered the MSW-LMA solution [3] for the
survival probability of solar neutrinos and ap-
plied it to our estimation of the event rate. As
the cross section of non-electron neutrinos is
smaller than that of v., we expect less events
with respect to the non-oscillated signal model.
The rate of neutrino interactions is then calcu-
lated as follows:

dr =
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Tmax

d\, [ [do.(E,,T)
=N, E,— — P (F
R eu/d VdEV/|: AT ee( 1/>+
0

doy, . (E,,T)
dT

where N, = 2.58 - 10%? is the total number of
electrons in the detector, @, is the total neutrino

flux, jgy is the differential neutrino spectrum,

P,. is the survival probability of electron neu-
trinos.

The electron recoil sprectum can be calculated
from equation (5) if we integrate only over F,,.
The comparison of the initial neutrino spectrum
and the electron recoil spectra with and without
neutrino oscillations is shown in Fig. 1.

Recoil energy spectrum and neutrino spectrum

3 4 — electron recoil without oscillations
3 electron recoil with oscillations
T -
—— neutrino spectrum

T T T
107! 10° 10t
recoil energy, MeV

FIG. 1: Energy spectrum of ® B solar neutrinos
and electron recoil spectra with and without
oscillations.

Integrating equation (5), taking into account
the exposure time and assuming zero detection
threshold, we get the next estimation for the
number of electron recoils due to solar neutri-
nos: 0.94 4+ 0.11 events in the non-oscillation
case and 0.7440.09 events in the case of MSW-
LMA neutrino mixing. In this estimation we
considered the ®B flux predicted by the Stan-
dard Solar Model with high metallicity (GS98)
¢, = 5.46(1 +0.12) x 10° cm2s~! [4].

B. Nuclear recoil

The differential cross section of coherent elastic
neutrino-nucleon scattering is [5]:

do(E,,T) _ G¥M

o - TG P QR - ),

(1 - Pee<Eu)):| dT? (5)



where M is the nuclear mass, Qw = N — (1 —

4 sin® 0w )Z is the weak nuclear charge, N and
Z are the numbers of neutrons and protons in the
nucleus, respectively, F'(Q)) is the nuclear form
factor as a function of the momentum transfer
(. In this estimation we consider full coherence
and F'(Q) = 1.

Coherent neutrino-nucleus scattering is a flavor-
blind process, and equation (5) is reduced to

Tmax
d\, [ do(E,,T)
= N E T
R Xeq)y/d VdEV/ dT d )
0

(7)
where Nx. = 4.78 - 10%7 is the number of nu-
clei in the detector. Given the '3} Xe properties,
the total number of nuclear recoil events during
the exposure time 1s 132.01416.14 under the as-
sumption of zero detection threshold. The recoil
spectrum is much less energetic with respect to
the electron recoil (see Fig. 2), so in a real case
the event rate would be suppressed due to the

trigger efficiency of the detector at low energies.

Recoil energy spectrum and neutrino spectrum

— electron recoil without oscillations
electron recoil with oscillation

— nuclear recoil

= neutrino spectrum

T T T T T T T
1075 1074 1073 1072 1071 10" 10!
recoil energy, MeV

FIG. 2: Comparison of electron and nuclear
recoil spectra for the same exposure.

Normalization of the initial neutrino spectra is
arbitrary.

TABLE V. Expected events in 1.04 ton x 0.62
yr exposure

8B recoil type ~ Number of events
ER (non-ocs) 0.94+0.11
ER (MSV-LMA) 0.74 +0.09
NR 132.01 4+ 16.14
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IV. LOW-ENERGY EVENT EXCESS AND
THE TRITIUM BACKGROUND

A. Fit of the electron recoil spectrum

To study the tritium background hypothesis as
a possible explanation of the low-energy excess
in the electron recoil spectrum we performed a
binned likelihood fit of the data spectrum with
the sum of the standard background f5(7") and
the tritium S-decay spectrum fr,(7):

f(T) = RB : fB(T> + RTr : fTr(T)7 (8)
where event rates Rz and Ry, are free parame-
ters. The rate of tritium events from the fit is
158.38 + 51.98 events/t/y, or 102.13 + 33.52
events during the exposure time. The fit exam-
ple is shown in Fig. 3.

il

60 1 ].J-

|

Tritium spectrum
—— Bg spectrum
— Best fit [chi2/ndf = 34.15/27]
} Data

Events/t-yr-kev

20

T T T T T
0 5 10 15 20 25 30
E, keV

FIG. 3: Fit example. Resulting x? value
corresponds to p-value=0.16.

B. Number of tritium atoms in the detector

From the number of decays during the exposure
time 7, one can obtain the total number of tri-
tium atoms in the detector. For isotopes with
mean lifetime 7 it reads

o N, decays
]Vtotal - 1 _ exp(_TeXP/T) (9)
For the mean lifetime of tritium 7 = — log(2) -

71,2 = 17.75 years, the total number of tritium
atoms from the fit is 2974.31 £+ 976.12.

V. DARK MATTER SEARCH

Dark matter flux can be expressed in terms of
the standard dark matter properties as:

®pm = npm - Upm = pDWM " UbM, (10)
where ppy and vpy are the standard energy den-
sity and velocity of DM particles and M is the
WIMP mass. WIMP interaction rate is then



Rpm = Nxe - Ppm - 0 (11)

For DM of mass 100 GeV/c?, and cross section
10~*2 cm?, one can get the rate of 0.01 event per
year or 0.006 events during the exposure time.

V1. SUMMARY

As a result of the project, the following results
were obtained:

The data for the energy spectrum and flux of 8B
solar neutrinos were established. The relevant
energy rages for or elastic scattering with elec-
trons and Xe nuclei are Exr € [0,16.31] MeV
and Eng € [0,4.49] keV respectively.

The number of events due to v-e and v-Xe
coherent scatterings were calculated. For v-e

scattering neutrino oscillations were been tak-
ing in account: Npgp©® = 0.94 £ 0.11 and

NMVIMA — (.74 + 0.09. For nuclear recoils
Nyp = 132.01 + 16.14.

The differential energy specutra for both elec-
tron and nuclear recoils from solar neutrinos
were plotted (Fig. 1, Fig. 2).

The fits to XENONI1T data under hypothesis of
trittum nature of excess was prodused. The rate
of tritium events from the fit is 102.13 4 33.52
events during the exposure time. The x?/ndf =
34.15/27 means that assumption that exceed is

due to 3H is too approximate.

for DM mass 100 GeV/c?, andcross section
10~*2 ¢cm?, assuming a standart local DM den-
sity and velocity (ppys =0.3 GeV/c?, vpp=220
km/s), the expected number of DM-Xe scatter-
ing events were estimated: 0.006 events during
the exposure time.
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Imagine the next generation of neutrino astronomy, unconstrained by Earth limita-
tions. The Moon offers a stable, low-background, seismically quiet, and atmosphere-
free environment ideal for deploying a revolutionary neutrino telescope. This project
explores the conceptual design of a Moon-based detector optimized for detecting ultra-

high-energy astrophysical neutrinos.

Propose a realistic design of a large-scale neutrino detector on the Moon. Engineer the
detection concept, estimate performance, and formulate a scientific case for funding a
space-based mission to observe the most energetic neutrinos in the Universe.

I. INTRODUCTION

In this paper, we consider an acoustic method
for detecting ulta-high-energy neutrinos on the
Moon. We propose possible applications of
acoustic detection, describe the optimal geom-
etry and location of the detector system, and
present a possible project deployment plan with
a preliminary budget.

Observations made in recent years by exper-
iments such as Auger and Telescope Array
have confirmed the existence of cosmic ac-
celerators capable of emitting charged parti-
cles with energies up to 100 EeV. The interac-
tion of these highly energetic cosmic rays with
gas or low-energy photons surrounding astro-
physical sources or present in the intergalactic
medium guarantees the emission of ultra-high-
energy neutrinos. Ultra-high-energy neutrinos
have great cosmological significance and may
reveal new physics beyond the standard mod-
els. However, since the neutrino flux decreases
with increasing energy, an observatory larger
than one cubic kilometer will be required to de-
tect them. Since a number of problems arise to
register high-energy neutrinos on Earth, we pro-
pose to place a neutrino observatory on the sur-
face of the Moon.
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II. DETECTION METHOD

The acoustic neutrino detection technique is a
promising approach for future large-scale de-
tectors with the aim of measuring the small
expected flux of cosmogenic neutrinos at en-
ergies exceeding 100 PeV. The technique is
based on the thermo-acoustic model, which im-
plies that the energy deposition by a particle
cascade—resulting from a neutrino interaction
in a medium with suitable thermal and acoustic
properties—Ieads to a local heating and a sub-
sequent characteristic pressure pulse that prop-
agates in the surrounding medium [1].

A thermo-acoustic wave, generated by heating a
suitable medium, can be described by the pres-
sure difference p’ between the ambient pressure
p and the equilibrium pressure p,, yielding the
relation [2]:

2y 1 9% 0%
P~z = o

(1

where ¢, is the adiabatic sound velocity and € is
the energy deposition density. This formulation
assumes an isotropic energy deposition without
momentum transfer to the medium. The gen-
eral solution to this equation for the pressure dif-
ference measured at time t and position r is the



Kirchhoft integral [3]:

™ 1 a/ dv' 9? ot
PAL At e, Jy ]r—r’|8t26 ’ Cs
o Q)
The maximal amplitude of the produced wave
is in a direction orthogonal (incidence angle =
90°) to the axis of the cylinder. This is depicted
in Fig. 1. In axial direction ( = 0°) of the cylin-
drical volume only small signal amplitudes will
be emitted. The expected frequency of the P
wave is in the range between 10 to 60 kHz.
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FIG. 1: Diagram of acoustic wave propagation
in a medium and amplitude plot respectively.

10"'GeV @ 1000

Some of the reasons why the search for acous-
tic fingerprints of EeV neutrinos in bedrock has
never been proposed could have been the lack
of suitable infrastructures and concerns about
the lack of uniformity of the geological for-
mations. Also, the potential costs of produc-
ing a network of deep deposition holes in gran-
ite bedrock, covering an area of several square-
kilometers, appears to be beyond practical con-
sideration.

A concern is non-uniformity of the rock and the
effect of cracks and layer boundaries on the sig-
nal propagation and attenuation. The possible
fault lines will certainly degrade the acoustic
properties. Another major concern is the signif-
icant background on Earth, which consists of:

atmospheric neutrino background,
natural and anthropogenic acoustic background.

The solution to these problems could be in plac-
ing the observatory on the Moon, which features
some unique advantages:

Atmospheric Interference. Earth’s atmosphere
absorbs EeV neutrinos, while moon, having no
atmosphere allows direct detection. Zero atmo-
spheric neutrino background (vs. 10® cm=2s™!
on Earth);

Ultra-Low Noise Environment. Seismic activ-
ity is ~ 107 weaker than Earth’s and features no
anthropogenic noise.

r—r’|

)
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III. OPTIMAL LOCATION AND
GEOMETRY OF THE DETECTOR

For a neutrino telescope, the ideal location on
the Moon would be a place with the maximum
thickness of lunar regolith (the material that
absorbs) and minimal radioactive background.
One of the most promising locations on the
Moon for a neutrino telescope is the south pole
of the Moon (Fig. 2). The lunar south pole fea-
tures a region with crater rims exposed to near-
constant solar illumination, yet the interior of
the craters are permanently shaded from sun-
light.

A

FIG. 2: Location of optimal craters on the
Moon’s surface.

The most promising candidate is the Shackle-
ton crater. This crater is located in the southern
hemisphere of the Moon and has a size of 130
km?2 with the depth of about 4.2 km. The Shack-
leton crater is of interest for a neutrino telescope
for several reasons:

Large thickness of regolith: The Shackleton
crater has a thick layer of lunar regolith, which
can provide the necessary protection against ra-
dioactive background and cosmic radiation.

Low radioactive background: The south pole of
the Moon has a relatively low level of radioac-
tive background compared to other regions of
the Moon, which is important for detecting neu-
trino interactions.

Stable temperature: The Shackleton crater has
a stable temperature, which is important for the
operation of a neutrino telescope.

Availability of resources: The south pole of the
Moon has access to water ice, which can be used
to produce fuel, oxygen, and other necessary re-
sources.

The other promising candidate is the Shoemaker
crater. While temperature here is not as stable



as in the Shackleton crater, it features a larger

area of around 500 km?, with around 170 km?
region of permanent darkness.

The concept of the detector is a Grid of piezo-
electric sensors (3) with 10-100 kHz bandwidth,
able to detect acoustic waves, produced by the
Askaryan effect. Assuming AE detection radius
as around 10m [4], we assume the number of de-
tectors as 3000 and 300000 for 1 km? and 100
km? detector area respectively.

FIG. 3: Location of the piezoelectric sensor
array inside the crater.

IV. NEUTRINO FLUX CALCULATION

The following parameterisation (IceCube-fit)
was utilised to calculate the flux of neutrinos:

dd,
dE

3)
Moreover, it is feasible to get the integrated flux
(E>1EeV):

P, ~ 107 cm 25 lsr! 4)

Following a thorough and methodical process,

a lower bound on the number of events per year

was established:
N=3,xSXT xQx0 XNyt XL~

~ 107 %em2%s7! x 10"%m? x 3 x 10"sx
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V. CONSTRUCTION PHASES AND
EXPENDITURE BUDGET

Possible solutions to those include:

Solar arrays at the crater rims (regions with per-
manent solar illumination);

Passive radiators with phase-change materials;
Multi-layer thermal insulation of equipment;
Lossless data compression (1000:1 ratio);

Lunar orbit relay constellation (up to 4 satel-
lites).

Based on the above, we estimate budget expen-
ditures as:

Phase 1 (Development): $50M over 5 years

Detector prototyping (30%)
Simulation studies (20%)

Technology maturation (50%)
Phase 2 (Deployment): $200M

Launch vehicle (60%)
Robotic deployment system (40%)

Phase 3 (Operations): $20M/year

Data analysis (40%)
Maintenance (30%)
Upgrades (30%)

VI. CONCLUSIONS

Building an observatory on Moons leads to the
following technical challenges:

power continuity;
equipment thermal management;

data transmission.
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Abstract

While traditional neutrino detectors rely on dense media like water or ice to ensure suf-
ficient interaction rates, the Earth’s atmosphere, despite its low density, covers a vast
volume and area. From orbit, one can observe fluorescence or Cherenkov light from
extensive air showers initiated by ultra-high-energy neutrinos or gamma rays. Addi-
tionally, the Earth itself can act as a shield, allowing only neutrinos to skim through
and initiate detectable upward-going events.

Evaluate the viability of using Earth’s atmosphere as a large-scale neutrino detector.
Estimate interaction rates, compare with water-based detectors, and identify the energy
regime where atmospheric detection becomes competitive. Propose a realistic orbital
detection concept and defend it as a scientific mission.

I. TASK 1: ATMOSPHERE VS WATER Simplifying the Calculation
AS DETECTION MEDIUM

Air density decreases with height according to

A. The effective mass of the atmosphere an exponential law:

Formula for Calculating Atmospheric Mass
gh

The mass of the atmosphere can be calculated as p(h) = poe” #To (2)
the integral of air density over height:

Where:

h
M= / 4rp(2) (R + 2)?dz (1)
0 « po = 1.225 kg/m? is the air density at sea level,

Where:
* h - height
p(h) is the air density at height / (in kg/m®), et
R IS the I‘adlus Of the Eal’th lf we Suppose that ° TO - temperature at sea level’
the Earth is an ideal sphere,
47 - (R + 2)? is the surface area of the sphere, * R - specific gas constant for dry air,
h is the upper boundary of the considered atmo-
sphere (10 km in this case). * ¢ - is the acceleration due to gravity.
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Substitute the density formula into the integral:

h
M= A/ poe” H dh 3)
0

Calculating the Integral

The integral of the exponent is calculated as:

/e—?z dh = —He 1 )
Substitute this into the formula:
L1k
M = Ap [—He—ﬁ} (5)
0
After simplification:
M = ApoH - (1 _ e—%) (6)

Substituting Values
A=51x10"m?,

po = 1.225 kg/m3,

H = 8.5 km = 8500 m,
h = 10 km = 10000 m.

Substitute:

10000

M = 5.1 x 10 x 1.225 x 8500 (1 R )

(7)
Calculation
. First, the exponent:
e~ w00 = e 1176 2 0,308 (8)

. Substitute the result:

M = 5.1x10" x1.225x8500(1—0.308) (9)

. Perform multiplication:

M = 5.1 x 1.225 x 8500 x 0.692 x 10** (10)

. Result:

M = 3.7 x 10" kg (11)
Result

The effective mass of the atmosphere from sea
level to 10 km is approximately 3.7 x 10'® kg.
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B. Comparison with Water

For comparison, the mass of water in 1 km? (the
volume of a standard water detector) is:

Myater = PwaterV = 1000 kg/m® x 10° m*® = 10" kg

(12)
The atmosphere has a much larger mass, but
its density is significantly lower, affecting the
probability of neutrino interactions. One can
compute neutrino interaction probability as par-
ticle flux times density of the target times the
cross section of the interaction.
The column density N of a medium is given by
the product of the density p and the thickness d
of the medium: N = pd
The probability P of a neutrino interaction is
then given by: P = 0N = opd, where o - the
cross-section for the neutrino interaction.
Let’s assume, that the thickness of the atmo-
sphere d is approximately 100 km and the cross-
section for neutrino interactions o is approxi-
mately 1073¥m?2. So, then

N = pd = 1.225 kg/m*x10° m = 1.225x10° kg/m?

(13)
For air, the number of particles per kilogram is
approximately 1.3 - 10% particles/kg:

oN = 1.225x10° kg/m?x 1.3x10* partilces/kg =

= 1.5925 - 10*" particles/m* (14)

P=0oN =
= 1.5925 x 10*particles/m? x 10~ *¥m?* =
=1.5925 x 107% (15)

So, the probability of a neutrino interaction in
the atmosphere is approximately 1.6 x 1078

II. COMPARING NEUTRINO
INTERACTION PROBABILITIES IN
WATER VS. ATMOSPHERE

A. Key Parameters



TABLE VI. Comparison of water and atmosphere parameters

Parameter Water Atmosphere
Density (p) 1 g/em?® = 10°® kg/m? 1.2 kg/m? (at sea level)
Effective path (L) 1 km (detector scale) 30 km (atmospheric height)

Cross-section (0,)

~107%2 cm? (for E, = 10'7-10'8 eV)

Same as water

B. Atomic Number Density (1)
0

Mmolecule

where N4 = 6.022 x 10?3 mol~! is Avogadro’s
number.

n =

Ny (16)

Water (H,O, molar mass ~ 18 g/mol):

10° kg/cm?®
18 x 10~3 kg/mol
~ 3.34 x 10%2 molecules/cm® (17)

X 6.022 x 10?3 ~

Nwater =

Atmosphere (air, avg. molar mass ~ 29 g/mol):

B 1.2 kg/em®
Mt = 59 % 10-3 kg/mol
~ 2.48 x 10" molecules/cm® (18)

x 6.022 x 10% ~

C. Optical Depth (7)
T=mn-0, L
Water (L =1 km = 10° cm):

Twater = 3.34%x1022x 10732 % 10° ~ 3.34x107°
(19)

Atmosphere (L =30 km =3x10° cm):

Toir = 2.48x 109 % 10732 x3x10% ~ 7.44x 1078
(20)

D. Interaction Probability (P)
P=1-e¢"=~71 (forT<1) (21)
Water:

Prarer = 3.34x107° (= 3.34x107° %) (22)

Atmosphere:

Py ~ 744 x 1078 (= 7.44 x 1075 %) (23)
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E. Comparison & Conclusions

Water offers 448 times higher interaction prob-
ability per unit path (1 km)

Atmosphere compensates with its vast volume
(orbital detectors observe ~10° km?)

For E, < 10'7 eV: Water is superior due to den-
sity

In the range 107 — 10'® eV (100 PeV - 1
EeV): The atmosphere becomes comparable to
large water-based detectors like IceCube. At
these energies, the effective interaction volume
of the atmosphere, when scaled against its lower
density, can match the sensitivity of a cubic-
kilometer water detector. The interaction cross-
section, although still rising, shows initial signs
of deviation from strict linearity.

For E, > 10" eV: Atmosphere becomes com-
petitive due to rising o, and large volume

ITII. TASK 2: NEUTRINO AND
GAMMA-RAY DETECTION MODES

A. Down-going Neutrinos or Gamma Rays
Physical Process

A neutrino or gamma-ray enters the Earth’s at-
mosphere from above.

Gamma rays initiate electromagnetic cascades;
neutrinos interact via weak interactions, produc-
ing hadronic or electromagnetic air showers.

These showers propagate downward and gener-
ate secondary particles.

Observational Signatures

Fluorescence Track: Excited nitrogen
molecules emit UV light along the shower path.
The result is a long, track-like signal visible at
night under clear atmospheric conditions. De-
tectors: Pierre Auger, POEMMA, EUSO.

Cherenkov Flash: A sharp, forward-directed
blue light flash from relativistic electrons in the
shower. Very brief (nanoseconds). Can be de-
tected from the ground, balloon platforms, or or-
bit if aligned. Detectors: Ashra, Trinity.



Surface Particles: Secondary particles that
reach the ground (muons, electrons) can be de-
tected using surface arrays. Detectors: IceTop,
Auger, Telescope Array.

Signal Properties

Duration: nanoseconds (Cherenkov) to mi-
croseconds (fluorescence)

Direction: downward
Spatial distribution: from narrow beam to ex-
tended track

B. Earth-skimming . Neutrinos
Physical Process

v, enters the Earth at a shallow angle and inter-
acts in rock or crust, producing a tau lepton.

The tau lepton exits the Earth and decays in
the atmosphere, initiating an upward-moving air
shower.

Observational Signatures

Upward-going Cherenkov Flash: A narrow
beam of Cherenkov light emitted near the hori-
zon, traveling upward. This is a unique signal to
v, and provides excellent background suppres-
sion. Detectors: ANITA, BEACON, Trinity.

Fluorescence from Upward Shower: Similar
to standard fluorescence tracks, but moving up-
ward. Visible from orbital or mountain-based
platforms. Detectors: POEMMA (planned).

Signal Properties

Duration: nanoseconds (Cherenkov), microsec-
onds (fluorescence)

Direction: upward, near the horizon

Uniqueness: only v, can produce this signal

TABLE VII. Comparison of Neutrino Detection Modes

Feature

Down-going

Earth-skimming

Shower Direction
Type of Neutrino

Observable Signatures

Event Probability
Signal Uniqueness

Direction
Interaction Site
Energy Range

Example Projects

Downward
Any v, 7y

Fluorescence, Cherenkov,
surface arrays

Higher

Low (background from cosmic
rays)

From above

In the atmosphere

1017-101% eV

Auger, EUSO, POEMMA

Upward
Vr

Cherenkov, fluorescence from
horizon

Lower

High (unique upward-going
shower)

Near-horizontal (from Earth)
In Earth’s crust
> 1017 eV

ANITA, Trinity, BEACON,
POEMMA

IV. CONCLUSION

V. OBSERVATIONAL SIGNATURES OF
NEUTRINO AND GAMMA-RAY

* Mode 1: Suitable for mass neutrino observa-

tion but requires complex technology for back-

ground suppression.

DETECTION MODES

This section describes in detail the observa-

tional signals produced in the two main detec-
tion modes of ultra-high-energy (UHE) neutri-
nos and gamma rays in the atmosphere.

* Mode 2: Unique for studying ultra-high-energy
neutrinos, especially tau neutrinos, and could be

key for orbital detectors.
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VI. COMPARISON TABLE OF
OBSERVATIONAL SIGNATURES

TABLE VIII. Comparison of Detection Features for Down-going and Earth-skimming Neutrinos

Feature

Comparison: Down-going (v, 7) vs
Earth-skimming (v;)

Main Signal

Shower Direction
Signal Duration
Detection Platforms
Signal Uniqueness

Viewing Conditions

Fluorescence, Cherenkov, surface particles vs
Upward Cherenkov, fluorescence

Downward vs Upward, near-horizontal

NS—4S VS NS—[48

Ground, orbital vs Balloon, orbital, mountaintop
Not unique vs Unique to v,

Night-time, clear sky vs Horizon visibility, low
background

VII. TASK 3: RATE ESTIMATES
A. Objective

Estimate the expected number of ultra-high-
energy (UHE) neutrino events per year that can
be observed from space, given a specific neu-
trino flux model and assuming a reasonable field
of view for the detector.

B. General Formula

The expected number of events N per year is
calculated using the following expression:

N =®(E)-0(E)-p-Aegr- LT Qegr- N (24)

Where:

®(FE) is the neutrino flux for energies above
10' eV,

o(E) is the neutrino interaction cross-section at
109GeV,

p is a density of the Earth crust,

Acyy is the effective area of the detector (cm?),
L is a livetime fraction,

T is the total observation time,

Qe 1s a solid angle,

N4 - an Avogadro number.
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C. Detector Parameters

We assume a space-based detector with:

Agr =1 x 10% cm?

sponding solid angle (2. is 0.1 sr.
Observation time:

T = 3.15 x 10" s/year (26)
Realistic GZK neutrino flux:
Py =1x10"%eViem 3 lsr ! (27)
D. Calculations

N = q)(E) : U(E> . NscatteringT : Qeff (28)

N, scattering — 4 Vnucl. — A-N, atoms —
—Av-Ni=A-Z Ny=m-Ny (29

M

m=p-V=p:Ag-L (30)
N=&y-0-p-Aegr- L-T- Q- Na (31)
e &; = 1 x 1078 eV-lem s !sr! - neutrino

flux,

e o = 107%2cm? - cross-section of neutrino inter-

action,

* p = 2.8-%; - the density of the Earth crust,

cm3

« N4 =6 x 10**mole™" - an Avogadro number

(25)
Field of view FoV is from 5° to 10°. The corre-



A = 10%cm? - an effective detector’s area,
L = 2x10° cm - an effective interaction length,
Qe = 0.1sr - a solid angle,

T = 3.15 x 107s - seconds in a year.

E. Final Result

N = 11 events per year

F. Conclusion

This is a first-order estimate of the number of
UHE neutrino events observable from space in
one year using a detector with A, = 1016 cm?
and a field of view from 5° x 10°, assuming
a simple GZK flux model. More accurate es-
timates would include energy-dependent effec-
tive areas and detailed simulation of interaction
probabilities and atmospheric geometry.

VIII. COMPARISON WITH ICECUBE
AND OTHER DETECTORS

A. Objective

Compare the previously estimated event rate
for a space-based ultra-high-energy (UHE) neu-
trino detector with expected rates from large-
scale ground-based neutrino observatories such
as IceCube.

B. IceCube Overview

IceCube is a large-volume neutrino telescope lo-
cated at the South Pole, utilizing a cubic kilo-
meter of Antarctic ice to detect neutrino interac-
tions. It is optimized for detecting astrophysical
neutrinos with energies ranging from a few TeV
up to several PeV and beyond.

C. Expected Rates in IceCube

Cosmogenic (GZK) Neutrinos: The expected
event rate for cosmogenic neutrinos in IceCube
is approximately 1 event per year for energies
above 10'® eV (1 EeV), depending on the flux
model.

Atmospheric Background: At energies above

10* eV (100 PeV), the rate of atmospheric
background events is extremely low, on the or-

der of 10™° events per year.

Astrophysical Neutrinos: IceCube has ob-
served a diffuse flux of astrophysical neutrinos
with energies up to a few PeV, but the number
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of events with energies above 10% GeV remains
very limited.

D. Comparison of Key Factors

Effective Area

IceCube: The instrumented volume corre-
sponds to an effective area of approximately
10*° cm? for high-energy neutrinos.

Space-Based Detector (Our Estimate): The
effective area used in our calculation was Agy =
10 cm? (10° km?), which is much larger.

Field of View

IceCube: Limited to observing neutrinos com-
ing through or near the horizon. The solid angle
is typically below 1 sr for UHE neutrinos.

Space-Based Detector: In our model, the de-
tector observes with a field of view from 5° to
10°, corresponding to an effective solid angle of
approximately 0.1 sr. Space-based observato-
ries can monitor a significantly larger portion of
the atmosphere, leading to higher detection po-
tential.

Energy Sensitivity

IceCube: Optimized for the TeV—-PeV energy
range. Sensitivity to EeV-scale neutrinos is lim-
ited due to the small interaction cross-section
and Earth absorption.

Space-Based Detector: Designed to target neu-
trino interactions in the upper atmosphere, and
thus more sensitive to EeV and ZeV neutrinos.
From orbit, the detector can see nearly horizon-
tal or Earth-skimming events, which are rare in
IceCube.

E. Interpretation and Conclusion

The estimated rate of approximately 11 events
per year for the space-based detector signifi-
cantly exceeds the expected rate in IceCube for
cosmogenic neutrinos. This discrepancy can be
explained by:

The larger observable target volume (Earth’s at-
mosphere) from orbit.

The larger effective area.

The energy range being optimized for ultra-
high-energy interactions.



However, this theoretical estimate assumes
ideal conditions and a constant effective area.
Real detection rates depend on numerous factors
including the detection efficiency, energy res-
olution, background rejection, and angular ac-
ceptance.

Future comparisons should also include next-
generation detectors such as IceCube-Gen2,
POEMMA, and GRAND, which are designed to
improve sensitivity to the cosmogenic neutrino
flux.

IX. TASK 4. MISSION DESIGN
A. Detection system. Detector P10

P10 consists of two identical satellites flying in
formation. This allows them to observe overlap-
ping areas on moonless nights, at angles from
the nadir to just above the edge of the Earth.
The altitude of the satellites is planned to vary
in tandem, from about 525 kilometers to 1000
kilometers. Different separation and guidance
strategies will be used.

Each satellite will be equipped with Schmidt
Telescopes with 6.5 m diameter mirrors and a
Cherenkov Camera based on silicon photomul-
tipliers (SiPM) to detect Cherenkov radiation
occupying the full focal surface. Protective sys-
tems: movable cover to protect against stray
light and micrometeorites. Calibration lasers
for checking the transparency of the atmosphere
and an IR camera for calibrating mirrors.

B. Detection principle

Tau neutrinos interact with the Earth’s nuclei,
giving birth to tau leptons, which decay in the
atmosphere. Tau-lepton decay generates an as-
cending atmospheric shower accompanied by
Cherenkov radiation. Our orbital detector will
be able to detect cosmogenic tau neutrinos by
observing Cherenkov radiation produced by as-
cending tau decays (observation of rising show-
ers).

C. Coverage area

The satellites are at an altitude of 1000 km, the
distance between them is 50 km. Observation
area: an area at a distance of 3, 700 km from the
satellites (Earth’s limb). Field of view 5 — 10°
to capture Cherenkov radiation.

The effective area will be equal to the geometric
area that the detector sees S, the probability of
registration. The geometric area is the area of a
circle with a radius of L/2, L in our case 1000
km, then S, = 7 - 5002 = 7.85 - 10°km*. We
have good detectors and a quantum sensitivity
of 40% SiPM and 40% light loss in the atmo-
sphere. Then the total probability of registration
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is 0.25. Hence the effective area of the detector
Sepr = S, - 025 = 7.85-10° - 0.25 km* =
2 - 10° km®.

Then the overlap is the effective area % solid
angle x detector operating time (let’s take 4.5
years, taking into account the illumination from
the moon). Total 2 - 10°km? - 0.1sr - 4.5years =
9 - 10*km?sr year.

D. Expected sensitivity

Detection of cosmogenic tau neutrinos in the
range 1 — 10 EeV (peak of the GZK effect). De-

tector coverage is 10* km?® - cp - year, expected
GZK neutrino flux (in the range 1 — 10 EeV):
0.1-1 event/year km? [1], with 5 years of work:
0.5-5 events will be sufficient for statistically
significant detection.

E. Background suppression strategies

Stereoscopic verification: matching signals
from two satellites eliminates false events.
Temporary resolution: SiPMs with a sampling
time of 100 ns make it possible to separate fast
Cherenkov signals from the background glow
of the atmosphere. Geometric filtering: Ob-
serving only ascending showers (from Earth
into space), which excludes 99% of background
events (for example, atmospheric showers from
cosmic rays).

Waveform analysis: Cherenkov light has a
characteristic temporal structure (short pulse),
which distinguishes it from scattered back-
ground radiation. It is planned to isolate the
signals using a matching system from two satel-
lites, and with a good time resolution (100 ns),
the slow glow of the background will be elim-
inated. At a further stage of processing, we
will select events only from ascending showers,
we can use neural networks to analyze images,
since the image from vertical showers will give
a different illumination.

X. TASK S. BUDGET AND PROPOSAL
DEFENSE

. Design (2025-2028)

Modeling and testing: Testing of sensitivity to
Cherenkov radiation in vacuum chambers. Cre-
ation of a 6.5 m prototype mirror for ground test-
ing.

Orbital mechanics: Calculation of the optimal
configuration of satellites.

. Construction (2029-2032)

Manufacturing of components: Production of
mirrors with protective coating. Assembly of
SiPM cameras with radiation-resistant electron-
ics.



System integration: Installation of calibration
lasers and IR cameras. Testing of protective
mechanisms (caps, movable caps).
Ground tests: Simulation of space conditions
(temperature, vibrations, radiation).

. Launch (2033)

Launch vehicle: Falcon Heavy or similar (dou-
ble launch).

Orbit: Circular, altitude 1000 km, inclination
28.5°.

Deployment: Separation of satellites, opening
of mirrors, solar panels, antennas.

Test phase: calibration of cameras, verification
of communication between satellites.

. Operation (2033-2038)

Scientific operations:  Observation of the
Earth’s limb for 90% of the time (moonlit nights
are excluded), although it is possible not to
exclude moonlit nights because silicon power
plants can work on moonlit nights, just the back-
ground will increase.

Data collection on Cherenkov events with a
frequency of ~ 1 TeV/day. An example of
a data acquisition device: silicon photomul-
tipliers (SiPMs) with high read speed, ASIC
chips for real-time signal processing, solid-state
drives (SSDs) for data storage, and laser/radio
communications for data transmission to Earth
Calibration and monitoring: Monthly guidance
accuracy check using onboard lasers.
Correction of the orbit to maintain the forma-
tion. Data analysis: Isolation of tau neutrino
signals against the background of atmospheric
and cosmic noise.

A. Approximate cost estimate in rubles

Stage Cost (billion RUB), cost with increased
margin for costs

Design - 160

The cost of designing a mirror for the JWST
telescope is $1.5 billion (about 135 billion
rubles, adjusted for inflation) [2]. For the P10, it
has a smaller scale and localization in the Rus-
sian Federation, which reduces costs. Calcu-
lation of the satellite configuration. Example:
ESA spends 10 — 20 million euros on similar
tasks for LISA class missions [3].

Construction — 40

6.5-m mirrors with protective coating. The cost
of one mirror is 15 billion rubles (equiva-
lent: E-ELT mirrors — $40 million/piece)[eso].
Silicon photomultipliers (SiPM) 2 million
rubles/m2. For two satellites 8 billion rubles
[sipm]. Radiation-resistant electronics: 5 bil-
lion rubles. (based on prices of ”Russian Space
Systems”). Lasers, IR cameras 3 billion rubles.
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* Launch-18

Double launch on Falcon Heavy — $180 mil-
lion (=16 billion rubles). Additional expenses
(adaptation, insurance) — 2 billion rubles [4].
The alternative: Angara-A5 — 7 billion
rubles./launch, but two satellites will require
two launches (14 billion rubles) + a reserve [5].

Operation (5 years) — 10

Orbit correction — 1 billion rubles/year
(equivalent: support for GLONASS satellites
— 0.8-1.2 billion rubles/year) [5]. Processing
center (server rental, software) — 0.5 billion
rubles/year. Laser systems, IR cameras —0.2
billion rubles/year.

Approximate total amount: 228 billion rubles.

XI. SUMMARY OF THE PROPOSAL
A. Why watch from space?

Large coverage area: Space detectors ob-
serve 70% of the Earth’s atmosphere, which is
unattainable for ground-based observatories.
Minimum background: Absence of atmospheric
absorption of UV radiation and interference
from urban illumination.

Access to rising showers: Tau neutrinos inter-
acting with the Earth can be detected only from
space.

B. Why use the atmosphere?

The advantage of a natural detector is that the
Earth serves as a target for neutrinos, and the
Cherenkov radiation in the atmosphere from tau
leptonite decays is an indicator of events. Also,
ground-based detectors cannot register rising
showers (at least with high accuracy), since they
are directed into space.

C. Why is it worth the investment?

A breakthrough in astrophysics: The detection
of GZK neutrinos will confirm theories about
the origin of UHECR and the properties of neu-
trinos at energies > 1 EV. Neutrinos are also the
only particles capable of passing through inter-
galactic media without distortion.

There is a technological benefit: The develop-
ment of radiation-resistant SiPMs and large-size
mirrors for space stimulates innovation.
Bottom line: The mission will provide unique
data on the most energetic processes in the uni-
verse without distortion by galactic magnetic
fields.



XII. CONCLUSION

This project investigates the potential of using
Earth’s atmosphere as a large-scale neutrino de-
tector, particularly for ultra-high-energy neutri-
nos arising from cosmogenic sources. Despite
its low density, the atmosphere offers an im-
mense observational volume that can compen-
sate for its weaker interaction probability com-
pared to dense media like water or ice. Our ana-
lytical and numerical results show that, above
energies of 107 eV, the atmosphere becomes
a competitive detection medium, and beyond
10" eV, it may outperform traditional ground-
based detectors, especially when observed from
space. We examined key detection modes, in-

cluding down-going and Earth-skimming tau
neutrinos, and showed that the latter produce
unique upward-going air showers that are best
observed from orbit. Based on realistic cosmo-
genic neutrino flux models, we estimate that a
10% km? orbital detector with a from 5° to 10°
field of view could detect around 11 events per
year. We proposed a mission concept involv-
ing two satellites with wide-field Schmidt tele-
scopes and SiPM-based Cherenkov cameras,
capable of stereoscopic observation and back-
ground suppression. These findings support
the feasibility of orbital neutrino astronomy and
highlight the scientific value of detecting ultra-
high-energy neutrinos as probes of the most ex-
treme processes in the universe.
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