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Abstract: Using the GEANT4 and Cosmic Ray Monte Carlo (CRMC) software packages, we developed a new
simulation toolkit for astrophysical neutrino telescopes. By configuring the Baikal-GVD detector and comparing the
vertex position and direction of incident particles, as well as the channel-by-channel signals, to the events detected
by Baikal-GVD, we successfully generated 13 high-energy cascade neutrino events with the toolkit. Our analysis re-
vealed a systematic offset between the reconstructed shower position and the true interaction position, with a dis-
tance close to the scale of the shower maximum of —0.544+1.29 m. We achieved a good linear relationship between
the photoelectron number of neutrino events obtained by simulation and the real data measured by Baikal-GVD. The
simulation toolkit could serve as a reliable basis for studying the performance of astrophysical neutrino telescopes.
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I. INTRODUCTION

The detection of high-energy astrophysical neutrinos
needs a large amount of media as a neutrino interaction
target. An ideal detection approach is to deploy thou-
sands of photon sensors in a vast space filled with water
or ice to capture the Cherenkov light generated by neut-
rino interactions. IceCube, a telescope in the Antarctic ice
with a depth of over 2000 m and a volume of 1 km®[1],
has achieved many inspiring results that confirmed the
existence of astrophysical neutrinos [2]. Telescopes with
similar scale in water are also under construction, such as
KM3NeT, a submarine telescope in the Mediterranean
[3], and Baikal-GVD, located in Lake Baikal [4]. To bet-
ter explore astrophysical neutrinos in the future, it is ne-
cessary for astrophysical neutrino telescopes to be large
enough to improve the significance of the signal from
hotspot regions identified by multi-messenger observa-
tions or to make breakthrough discoveries using neutrino-
only observations. IceCube has released an upgrade plan
named IceCube-Gen2 project [5] that will include a 7.9
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km® optical array for astrophysical neutrino detection.
Simultaneously, neutrino telescopes such as P-ONE [6] in
the eastern Pacific, and TRIDENT [7] and NEON [8] in
the South China Sea, are proposed as next-generation
neutrino telescopes. Additionally, the High-energy Un-
derwater Neutrino Telescope (HUNT) project has been
proposed by the LHAASO collaboration [9], with an in-
strumented volume of water of 30 km® [10]. With the de-
velopment of computer power, it is possible to build a full
GEANT4 [11] simulation toolkit to explore the perform-
ance and optimize the design for HUNT. This simulation
toolkit makes use of the Cosmic Ray Monte Carlo pack-
age (CRMC), a software developed by Karlsruhe Insti-
tute of Technology, to provide an extended model for
hadrons with energy higher than 100 TeV [12].
Baikal-GVD has been under construction since 2016
[13]. The telescope is divided into multiple clusters, each
consisting of eight strings anchored on the lakebed with a
horizontal distance of 60 m. Seven strings surround a
center one, and each string is equipped with 36 optical
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modules (OMs) spaced at 15 m intervals vertically. By
2023, the Baikal-GVD collaboration had completed the
construction of 11 clusters and part of the 12th cluster,
and had established an experimental cluster to test new
equipment [14]. The telescope has successfully detected
Cherenkov light from leptons and hadrons generated by
neutrinos interacting with water nuclei in the energy
range from hundreds of GeV to PeV. Baikal-GVD has
already published the results of diffuse neutrino flux
measurements [15], including 16 high-energy and 11 un-
der-horizon cascade events and their reconstructed para-
meters. Given that Lake Baikal is one of the candidate
sites for HUNT, the simulation toolkit needs to be tested
using high-energy neutrino event data collected by a de-
tector in operation. Baikal-GVD provided the data of 15
high-energy cascade events; however, owing to the com-
putational cost of GEANT4, two events with energy high-
er than 300 TeV were excluded. Consequently, only 13
high-energy events, listed in Table 1, were selected for
the study. The data collected from each neutrino event in-
cludes channel-by-channel signals and reconstruction res-
ults from Baikal-GVD. These signals were obtained from
detections of neutrino interaction and background noise
within the event time window. Additionally, each chan-
nel-by-channel signal, referred to as a hit in this study, in-
cludes an integrated charge corresponding to the expec-
ted number of photo-electrons (NPE) detected in that sig-
nal, a timestamp derived from half of the waveform's
rising edge including the ID number of the related OM. In
addition, the real-time calibrated positions of all OMs
were recorded. The reconstruction results provide the es-
timated energy, incident position in cluster-local coordin-

Table 1.

ates, and direction of the cascades.

According to the reconstruction conducted by the
Baikal-GVD collaboration, these events are of cascade
type induced by the charged particles produced in the col-
lision of the incident neutrinos with nuclei in water. De-
pending on the flavor of the incident neutrino, which is
unknown, the cascade could be initiated by multiple had-
rons or dominated by an electron generated in the v,'s
charge current interaction. In our simulations, we used
the reconstructed parameters as input, and a single
particle was assumed to be the initial particle. The Cher-
enkov photons were traced until they hit an OM. Both the
arrival time since the shower was initiated and NPE were
generated for comparison OM by OM with those recor-
ded in real observed events in GVD. In Section II, we
present the details of our simulations, including the soft-
ware, detector geometry, water properties, and incident
particles. Section III comprehensively analyzes the res-
ults obtained. Finally, in Section IV, we explore potential
approaches to enhance the accuracy and robustness of the
simulation toolkit.

II. SIMULATION

A. Software

The simulation toolkit includes a program that simu-
lates the propagation of secondary particles and response
of OMs. It focuses on the propagation of secondary
particles from the neutrino interaction for each event, in-
cluding Cherenkov photons. The simulation begins when
the secondary particle from the neutrino interaction

Thirteen Baikal-GVD high-energy cascade events involved in this study. The theta and phi angles correspond to the zenith

and azimuth angles, respectively, from which the cascade is expected to originate in the local coordinate system. Additionally, the x, y,

and z values indicate the reconstructed shower position within the local coordinate system of the observing cluster.

Event ID Energy/TeV Phi/(°) Theta/(°) x/m y/m z/m
GVDI181010CA 105 331 37 70 -8 —-164
GVDI181024CA 115 112 73 —48 76 4
GVD190523CA 91 93 109 —227 40 15
GVD190604CA 129 321 50 34 -39 232
GVD200117CA 83 276 50 26 —67 —242
GVD200826CA 110 185 71 =77 33 211
GVD201222CA 74 9 92 —4 18 —253
GVD210117CA 246 49 57 75 28 —249
GVD210409CA 263 284 60 76 3 —234
GVD210515CA 120 31 80 -19 65 21
GVD210716CA 110 15 59 90 -23 -19
GVD210906CA 138 151 68 =74 65 -155
GVD220221CA 120 267 68 62 -3 9
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emerges in the telescope and ends when all Cherenkov
photons are fully simulated. The NPE recorded by each
OM is then stored and timed at the over-threshold time. It
is important to note that the time of recorded photo-elec-
trons is adjusted by a Gaussian distribution with a sigma
of 2.5 ns to represent the transit time spread (TTS) of the
photomultiplier tube (PMT). Noise was not considered in
this study.

GEANTH4 is utilized to track all particles that enter the
instrumented volume of the telescope until they either de-
posit all their energy or escape from the telescope. The
CRMC package provides an external hadronic physics
library for the GEANT4 physics process.

B. Detector configuration

Within the GEANT4-based simulation toolkit, the
Baikal-GVD OM, illustrated in Fig. 1, consists of a 17-
inch glass sphere, a part of the 10-inch sphere represent-
ing the 10-inch PMT’s photocathode, a black disc to
block the light that hits the PMT non-sensitive region,
and the remaining area filled with optical gel. The pro-
gram sets the OMs to their real-time positions calibrated
by the acoustic positioning system and simulates the geo-
metric optical effects along with the Cherenkov light
propagation, recording photons that hit the PMT’s sensit-
ive area. Photo-electrons are sampled according to the
distribution of quantum efficiency of R7081-100, which
is provided by Hamamatsu equipment [16], and recorded.
During the signal processing, we just count the number of
photo-electrons; then, a long enough time window of
5,000 ns is used to guarantee that all physically relevant
signals in Monte Carlo (MC) are collected.

The optical properties of water in Lake Baikal were
derived from the measurement results reported by the

Geant4 17-inch OM Model
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Fig. 1. (color online) Schematic of an OM in GEANT4. The
blue double-circle represents the 17-inch glass sphere. The red
arc represents the sensitive area of the 10-inch PMT. The
black disc serves as light barrier.

Baikal-GVD group [17, 18]. Seasonal variations in water
properties are induced by the water flow. However, this
study utilizes the averaged values of absorption and
scattering lengths obtained from long-term measure-
ments. Scattering parameters were set according to the
Baikal-GVD's measurements shown in Fig. 2, which il-
lustrates the probability of photon scattering into a given
direction.

relative probability (not normalized)
g

-1.00 —=0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
cos@

Fig. 2.
given direction.

(color online) Distribution of photon scattering into a

C. Incident particles

The high-energy cascade events detected by the
Baikal-GVD involve different processes. These include
the charged current (CC) interactions of (anti-) electron
neutrinos resulting in an electromagnetic dominant cas-
cade, CC interactions of (anti-) muon and (anti-) tau neut-
rinos leading to a track lepton and a hadronic cascade at
the vertex, the hadronic decays of tau, and all neutral cur-
rent (NC) interactions giving rise to a hadronic cascade.
In the simulations performed in this study, the CC inter-
action case of (anti-) electron neutrino was treated as a
pure electron-induced cascade. In contrast, other cases
were proton-induced hadronic cascades. We used an elec-
tron or proton to represent electromagnetic-dominant or
pure hadronic cascade for simplicity, given that it does
not affect the purpose of this study. The diversity of had-
rons can cause uncertainties of several tens of centi-
meters in the maximum shower distance and of ten to
twenty percent in the number of photons emitted by a
hadronic cascade. The distance uncertainty is close to the
position searching step when adjusting the vertex as de-
scribed in Section III. This stride is worse than the preci-
sion of position resolution in this study; consequently, it
can be disregarded. The second uncertainty affects the
number of photons emitted in a shower and is similar to
the uncertainty of the cascade energy. Additionally, the
reconstructed energy listed in Table 1 is indeed the total
energy of a shower, rather than that of the neutrino.
Therefore, in the simulations, we just assigned the en-
ergy value to the incident particle (electron or proton).
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III. ANALYSIS METHOD AND RESULTS

A. Potential correction to the vertex

The charged secondaries from a cascade in water can
scatter in a backward direction, resulting in a significant
generation of Cherenkov photons with opposite direction
with respect to that of the neutrino. These photons are ap-
proximately three orders of magnitude smaller than those
emitted in the forward direction. The point-like light
source assumption, which suggests that the shower could
be considered as a single point source with an anisotrop-
ic intensity of Cherenkov light, was employed in the
shower position reconstruction process [19] when using
time-of-flight detection information. This can lead to a
systematic offset from the reconstructed shower position
to the real neutrino interaction vertex in the momentum
direction. The rotational symmetry eliminates this offset
at the transverse plane, leaving only uncertainty arising
from light yield fluctuations and propagation effects.
Generally, the position of the reconstructed shower ver-
tex depends on the shower's spatial location and orienta-
tion relative to the detectors. This implies that the recon-
structed shower vertex is naturally expected to be located
in the vicinity of the shower maximum. For an electro-
magnetic shower in water, the distance between the
shower vertex and shower maximum can be estimated as
follows [20, 21]:

E
X (E) = A+ {m (E) —0.5} m, E, =75.5 MeV,
A~0.36m, (1)

where E is the energy of the primary particle, E. is the
critical energy of that particle, and 1 denotes the interac-
tion length of the primary particle in water. For a hadron-
ic shower from protons:

E
Xmax(E) = A-In (E) m, E, =170 MeV, 1~ 039m. (2)

c

The sparse distribution of detector units across a large
volume of water results in the Cherenkov light having a
longer path than one absorption length. As a result, most
photons, including those emitted along the Cherenkov
angle, will not reach the detectors. This inherent effect
leads to statistical fluctuations when reconstructing the
direction and energy of cascade-like events.

To achieve precise simulation results, it is necessary
to test different incident vertex parameters with six di-
mensions, including position, direction, and energy, to
approach the real vertex. The vertex position determines
the light path from the cascade to the detector and mainly
influences the expected arrival time of photons. The dir-

ection will move the generating position of photons
around the vertex and shift the brightest direction relative
to the shower axis, which may change the number of
photons arriving at an OM. The energy uncertainty will
only result in a global increment or decrement to a total
NPE ratio between the MC annd GVD data. The uncer-
tainty of energy reconstruction precision could be con-
ducted if all other settings are correct. Thus, the energy
offset was not considered in this study.

B. NPE and time fit

If the simulation toolkit is assumed to simulate the
physical world accurately, it is reasonable to expect that
multiple simulations will yield fluctuations around the ex-
pected detection value for a given set of incident particle
parameters. Therefore, we performed 20 simulations for
each try of cascade vertex and compared the average val-
ues obtained with the detection results from Baikal-GVD.

A chi-square fit was performed to compare the time
residual values for each event, calculated as the differ-
ence between the expected (MC average) and observed
(GVD data) hit arrival times in each channel. The width
of the time residual distribution depends on many factors,
such as the intrinsic fluctuations in the particle cascade
development, light propagation effects, precision of hit
arrival measurements by the detector electronics, and ac-
curacy of detector calibration. Typically, the sigma is ap-
proximately 5 ns for Baikal-GVD. It is evident that there
is an extra variation for low photo-electron hits owing to
the survival probability caused by the quantum effect of
the PMT and photon propagation in the water. To deal
with this, an NPE weight was introduced. The temporal
chi-square is expressed as follows:

2
2 (ti,mc - ti,gvd)
Xar = D wi— 3)
! lO-i,mcz + 0-1',gvd2 ’

i

O;
>0

4)

wW; =

Here, i and j indicate the indexes of an OM with non-zero
signal, ¢;,,. represents the arrival time of the first detected
photon in each hit, 7, denotes the time of the half-
height of the amplitude of the waveform in each hit, as
measured by Baikal-GVD, o, denotes the expected er-
ror of the fluctuation of #,,., 074 1S approximately 5 ns,
and Q; is the NPE of each hit. Furthermore, the time of
the first trigger hit was set to zero, making all times in the
chi-square relative to the first trigger. Consequently, all
systematic time errors during the detection process, such
as the mean transit time of the PMT, were eliminated
here.

The distribution of NPE in hits, along with the light
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anisotropy in a shower, play a crucial role in direction re-
construction. To estimate the impact of NPE information,
an NPE chi-square function is formulated as follows:

(le(‘ ngvd)
AQ - Z Time +0—lgvd2 ' (5)

Here, i indicates the index of an OM with non-zero sig-
nal, Q,,. represents the NPE in each channel of the simu-
lation, Q;.. denotes the NPE of GVD data, and o de-
notes the statistical error for the MC calculated from 20
repetitions with different random seeds and the same giv-
en incident conditions. Poisson error was assumed for the
GVD data and calculated as o4,y = \/Qigu- During this
process, only those channels with non-zero Q in at least
one of the MC and GVD signals were taken into account.
The time and NPE chi-square functions can evaluate
the overall goodness of fit as well as the tendency to
overestimate or underestimate signals. Ideally, the detec-
ted NPE should be within the range of fluctuations. In
other words, all data points should be distributed in a lin-
ear proportional relationship. Therefore, the fit was per-
formed in a logarithmic space to mitigate the influence of

large hits; the fit function employed is expressed as fol-
lows:

10g10y:a'(10g10x_1)+b. (6)

Here, x represents the NPE of hits in Baikal-GVD and y
denotes the simulated NPE. By setting the zero point at
x=10, the parameter b represents the expected NPE offset
in a MC channel for a given set of incident parameters,
assuming that an NPE value of 10 is obtained from this
channel in Baikal-GVD. If those cascades detected by
Baikal-GVD were perfectly generated, both 'a' and 'b'
should be equal to 1.

C. GVD210515CA

Here, we illustrate the vertex correction with the ex-
ample of GVD210515CA, as referenced in Section III.A.
In this instance, the incident particle is assumed to be an
electron, representing a classical interaction channel of
cascade-like neutrino events.

Figure 3 shows simulation results of GVD210515CA.
The simulation program with Baikal-GVD geometry yiel-
ded a footprint of hit time and NPE very close to the real

GVD210515CA Vertex pos: (—19.00, 65.00, —292.00), dir: (31.00, 80.00), energy : 120.00TeV
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Fig. 3.
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(color online) Comparison between the view of GVD210515CA and the simulated results. The left panel displays the simula-

tion results, while the right panel represents real Baikal-GVD events. The size of each dot corresponds to the logarithm of NPE. The
color of the dots represents the time. The time windows have been standardized in length, and the initial point of each dot corresponds

to the time of the first triggered OM in the hits data.
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data. Despite the occurrence of missing hits in either the
MC simulation or the detection process, it can be reliably
concluded that this simulation toolkit is capable of gener-
ating the signal morphology including similar timestamps
and NPE counting. These factors are crucial for identify-
ing physical events in the data and reconstructing the dir-
ection of neutrinos.

For further understanding of neutrino detection, it is
important to adjust the parameters of incident particles
around the reconstructed values. A study conducted at
Baikal-GVD demonstrated that the directional uncer-
tainty can reach several degrees for cascade events at an
energy level of 100 TeV [4]. Simulation results show that
the NPE chi-squares exhibit a wide valley within a range
of 10 degrees, which is consistent with the Baikal-GVD
directional resolution.

Conversely, when adjusting the incident position
along the direction in the plane perpendicular to the
shower axis, experimental results indicate that it is feas-
ible to precisely determine the transverse position of the
shower with an accuracy of approximately 1 m. However,
there is a noticeable increasing trend when the offset dis-
tance exceeds 1 m. This is reasonable considering the
characteristic size of approximately 1-2 m for the trans-
verse development of an electromagnetic cascade in wa-
ter. For example, in simulation, light of 470 nm takes ap-
proximately 4.61 ns to traverse a distance of 1 m in water.
If the light originates from a point located more than 1
meter away from the reconstructed point, a systematic er-
ror of more than 4.61 ns is expected, which can be read-
ily identified by the facility and algorithm.

Figure 4 illustrates the behaviour of the time and NPE
chi-squares as a function of the longitudinal offset; the
vertex moves along the shower axis from —20 m to +20
m. It is evident that the best fit in the time chi-square
plots occurs at 4.5 m, which is very close to the expected
position of the shower maximum at 4.9 m. In the physic-
al progression of cascade development, the vertex of the
primary particle was initially invisible owing to insuffi-
cient amount of Cherenkov light, and then became bright
enough for detection at a later stage. When reconstruct-
ing the point light source and assigning equal weights to
each channel, the shower maximum contributes the most
to the photons detected by OMs, consequently dominat-
ing the reconstruction result. Therefore, a systematic de-
viation between the vertex and reconstructed shower
source significantly affects the hit time. However, for
NPE, a two-meter deviation resulted in only a 10% vari-
ation, approximately, which is within the range of meas-
urement error and therefore cannot be distinguished.

Based on the results obtained for GVD210515CA, a
fundamental conclusion can be derived. The primary dis-
crepancy between the reconstructed and true vertex pre-
dominantly arises from the longitudinal extent of the
shower. When appropriately adjusting for the shower ex-
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Fig. 4.
(top) and NPE chi-square divided by the number of degrees of
freedom (bottom) as functions of the longitudinal offset in the
case of GVD210515CA.

(color online) Dependence of the time chi-square

tent, the uncertainty in the direction deviation of the cas-
cade and transverse positional deviation would be ig-
nored in the simulations of other events.

D. Results and discussion

Following the findings presented in Section III.C, we
performed a scan of the longitudinal offsets for all the
events listed in Table 1. During this process, both the
electromagnetic and hadronic cascade hypotheses were
tested, as shown in Fig. 5. Then, a linear fit to these data
was applied; the results are displayed in Tables 2 and 3.
The average deviation from the best fit to the theoretic
shower maximum in the electron case is —0.54 m, with a
standard error of 1.29 m. The average deviation in the
proton case is —0.33 m, with a standard error of 2.47 m.
The parameter a of linear fit, which is smaller than 1 for
most events, could indicate the presence of an effect cur-
rently unaccounted for in the MC. This effect may sup-
press the signals from channels far from the vertex in real
data, or make the large hits in real data appear even lar-
ger than MC expectation. However, the latter should be
excluded because no non-linearity and saturation in de-
tector-level simulations only make a larger hit in real
data, rather than the opposite. The parameter b , which is
larger than 1, means that the detector model employed for
simulation might have a higher detection efficiency. After
deducting the uncertainty of 30% from the energy recon-
struction, the values of b indicate that the detector effi-
ciency could be underestimated in the MC by 17%—25%.
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Fig. 5. (color online) Dependence of the time chi-square as a
function of the longitudinal offset (ranging from 0 to —10 m)
for 13 Baikal-GVD events. The red and blue dots represent
the values obtained for the hadronic (proton-induced) and
electromagnetic (electron-induced) shower hypotheses, re-
spectively, while the dashed lines indicate the respective chi-
square minima.

Once the longitudinal shower range is taken into ac-
count, the simulation toolkit with the Baikal detector geo-
metry and water properties is able to generate the detec-
tion outcomes of high-energy cascade events in Baikal-
GVD.

For further optimization in the future, it should be no-

Table 2. Results of electron-induced cascades. Best fit de-
notes the optimal longitudinal offset, along with the paramet-
ers of the linear fit, where a and b represent the linear fit para-
meter values in Eq. (6) at the best offset, and x,,,, refers to the
theoretical position of the shower maximum for the specific
particle and energy.

eventID Best fit/m Xinax/M a b
GVD210906CA 4.50 5.01 1.03 1.18
GVD210515CA 4.50 4.96 1.10 1.03
GVD210716CA 4.50 4.93 0.90 1.14
GVD220221CA 5.00 4.96 1.13 1.03
GVDI181024CA 8.00 4.95 1.14 1.06
GVD210117CA 5.50 5.22 0.91 1.13
GVDI190523CA 4.50 4.86 0.90 1.05
GVD200826CA 4.50 4.93 0.96 1.18
GVD200117CA 3.50 4.83 0.82 1.08
GVD201222CA 4.00 4.79 0.72 1.25
GVDI181010CA 3.00 491 0.93 1.06
GVD190604CA 3.00 4.99 0.91 1.04
GVD210409CA 3.00 5.24 0.96 1.09

Table 3. Results of proton-induced cascades. Best fit de-
notes the optimal longitudinal offset, along with the paramet-
ers of the linear fit, where a and b represent the linear fit para-
meter values in Eq. (6) at the best offset; xmax refers to the the-
oretical position of the shower maximum for the specific
particle and energy.

eventID Best fit/m Xmax /M a b
GVD210906CA 6.00 5.38 0.96 1.14
GVD210515CA 4.00 5.33 1.08 1.00
GVD210716CA 4.50 5.29 0.91 1.13
GVD220221CA 4.50 5.33 1.09 1.03
GVDI181024CA 9.50 5.31 1.05 1.04
GVD210117CA 9.00 5.61 0.85 1.11
GVD190523CA 4.00 5.14 0.87 1.05
GVD200826CA 9.00 5.29 0.92 1.06
GVD200117CA 3.50 5.18 0.84 1.05
GVD201222CA 4.00 5.14 0.77 1.20
GVDI181010CA 2.00 5.27 1.00 1.07
GVD190604CA 2.00 5.36 0.89 1.05
GVD210409CA 3.00 5.64 0.98 1.09

ticed that two aspects not mentioned in this study can be
explored. First, the fluctuation in seasonal water proper-
ties, out of consideration to date, will have to be con-
sidered in the future. The variance of absorption length
over a year is approximately 10%, potentially resulting in
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an absorption ratio exceeding 30% at most at a 60 m
level, which is the characteristic scale of inter-string dis-
tance. Second, accurately modeling the non-linearity and
saturation effects for large hits could provide essential
weighting for the NPE estimators.

IV. CONCLUSIONS

Our study involved the development of a simulation
toolkit for high-energy neutrino detection based on the
GEANT4 program. The toolkit has been validated
through generation of individual events in a sample of
high-energy cascade events above 100 TeV detected by
the Baikal-GVD experiment. We found that the match
between the simulated and recorded data is reasonably
good, and the goodness of fitting is insensitive to the
neutrino incident direction and location of the shower ini-
tial point in the plane perpendicular to the incident direc-
tion. However, it is sensitive to the longitudinal location
along the incident direction. Therefore, we searched for
the longitudinal position by maximizing the goodness of
the matching between OM signals in terms of both tim-
ing and number of photoelectrons. A systematic offset in
the longitudinal location, ranging from (xp.(E)—0.54)+
1.29 m for showers initiated by electrons, was found to be
well related to the distance between the initial point and
shower maximum of the cascade. As we were uncertain
about the flavor of incident neutrinos, we also explored
the use of protons as initial particles for cascade events
(as shown in red dashed lines in Fig. 5). It seems that
rather large offsets in longitudinal position were favored

for some events. Based on these results, it is difficult to
determine whether an electromagnetic-dominant or pure
hadronic shower is favorable for a given event. In future
studies, if we could reduce uncertainties from the envir-
onment to a level below fluctuations arising from the di-
versity of hadrons generated in neutrino interactions, we
may be able to further explore individual types of cas-
cade-like neutrino events.

Generally, the toolkit was validated for further use in
simulating similar underwater neutrino detections. In
March 2024, a prototype string of optical modules
equipped with 20-inch PMTs within one of Baikal-GVD
clusters was deployed. Data of high-energy neutrino
events collected in the new experiment with the mixed
detector modules will be used to further tune the simula-
tion program, which will serve as a reliable input for the
development of a simulation toolkit for the HUNT
project. The toolkit will be used to estimate the perform-
ance and optimize the design of the HUNT experiment.
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