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Abstract: The reconstruction of muon energies is crucial for the data analysis of neutrino experiments using large
water Cherenkov detectors, but the resolution for muon energy reconstruction using traditional methods is poor. Here,
we propose a revised approach to remove noisy optical modules along the track produced by the propagation of muons
through water. The number of photons on the optical modules is first corrected by the attenuation properties of light in
water. Then the difference in time between the observed optical modules and the expected ones is determined based on
the geometry of the triggered optical modules. Finally, the standard of correction is measured by the ratio of photon
number before and after correction. Optical modules selection conditions were optimized according to these parameters,

with most noisy optical modules successfully removed, improving the resolution of muon energy reconstruction.
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Cosmic rays are high-energy particles originating
from extraterrestrial sources, with energies ranging from
~10 GeV to ~10!! GeV. High-energy neutrinos are gener-
ally considered to be produced by the inelastic collisions
of high-energy cosmic rays with the cosmic baryon and
photon background, known as hadronuclear and photo-
hadronic interactions, respectively. Inelastic collisions can
produce a variety of secondary particles, and the decay of
these secondary particles generates high-energy neutrinos
and gamma-ray photons. The numerical ratios of the six
types of neutrinos produced by different reaction mecha-
nisms vary. Neutrinos are electrically neutral and only inter-
act weakly with matter. So they can travel through the uni-
verse undeflected by magnetic fields, making them almost
perfect messengers for seeking the extragalactic origins of
cosmic raysl!.

The triumph of experiments such as IceCube and
Baikal-GVD has proven that extended photodetector
arrays, positioned either subaquatically or subglacially, are
a cost-effective and efficient way of detecting high-energy

neutrinos. The Huge Underwater high-energy Neutrino Tele-
scope (HUNT) is to be deployed under the sea with an
effective volume of over 30 cubic kilometers. This initia-
tive builds on the considerable scientific successes of the
Large High Altitude Air Shower Observatory (LHAASO)
in monitoring a variety of ultra-high energy PeV gamma
sources. Aiming to make sensitive observations of a sin-
gle neutrino source surpassing 50 TeV, the estimated angu-
lar resolution is ~0.1° (tracks) and 3° (cascades). Possi-
ble sites proposed for the project will be in the South
China Sea or Lake Baikal in Russial2l,

The basic design scheme of HUNT developed in this
project, under the requirements mentioned above, com-
prises 2 304 strings spanning an area of 6 km X 6 km,
arranged with 24 optical modules (OMs) on each string.
The OM spacing within each string is 36 m, and the dis-
tance between the strings is 130 m (taking the Baikal sta-
tion site as an example), i.e., a detector volume of 30
cubic kilometers is achieved (Fig. 1A). Observations are
made with 20-inch upward-facing photomultiplier tubes
(PMTs), used for the OMs (Fig. 1B), measuring the inten-
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Fig. 1. A: A schematic diagram of the HUNT array!?l. B: Illustration of an optical module, with a 20-inch PMT encapsulated

inside a 23-inch glass spherel2.

sity and time information of the light signal. Each OM inte-
grates LED scaled light sources, high-voltage modules,
low-voltage power supplies, readout electronics, a thermohy-
drometer, and other equipment. All OMs are time-synchro-
nized at the 1 ns level using the White Rabbit clock distri-
bution system, and readouts are stored with 500 MHz wave-
form sampling. A sonar positioning system will be incorpo-
rated into the detector to monitor the position of all
strings in real time to achieve better than 20 cm accuracy.
Both LED and laser light sources are used to achieve
time-relative difference scaling for all probes to achieve
an accuracy of less than 1 ns. Waveforms are digitized in
the OMs, and optical fibers transmit the data to the upper
base station, and eventually the shore-based data acquisi-
tion system and computer center.

Muon neutrinos are produced by the v, and v interac-
tions. Muons have long tracks in the detector and a clear
trajectory, and track events can be used to reconstruct
their energies. The energy of muons is usually deter-
mined by measuring their energy loss on the way through
the detector. Cherenkov photons produced by the muons,
with photons produced by charged particles from random
hadron interactions, are then counted during the measure-
mentl3]. Here, we propose a revised approach to remove
OMs producing excessive noise (hereafter referred to as
noisy OMs) along the track produced by the propagation
of muons through the water. First, the number of pho-
tons detected by the OMs is corrected by the attenuation
properties of light in water, and then the difference in
time between the observed OMs and the expected OMs is
determined based on the geometry of the triggered OMs.
Finally, the standard of correction is measured by the
ratio of the photon number before and after correction.
The screening condition of OMs is optimized according
to these parameters, removing the most noisy OMs and
thereby improving the resolution of muon energy recon-
struction.

The design scheme of the HUNT project offers signifi-
cant advantages for the observation of muon events. First,
the large detector volume and high-density array of OMs
provide ample data for the detection and recording of
muon events. The excellent angular and temporal resolu-
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tion then enables precise measurement of the muon track
and temporal features of interaction events.

This article covers all examples of muon track events
generated in the detector. Section 2 describes how simu-
lated events are generated, and Section 3 presents related
concepts such as energy reconstruction, including signal cor-
rection, OM selection, photon density calculation and
results. Section 4 presents the conclusions.

We employ the GEANT4 software tool, developed by
the European Organization for Nuclear Research (CERN),
to perform multiple full simulations for HUNT experi-
ment. This robust tool specializes in the simulation of parti-
cle transport through matter and includes a comprehen-
sive set of features, including particle tracking, geometry
modeling, physical models, and recording of detector
responses (termed hits). During the simulation process,
the G4ParticleGun is utilized to generate particles of spe-
cific types and energies. These particles are emitted from
a predetermined source location and traverse a carefully
designed detector geometryl*l. GEANT4 meticulously logs
the entirety of the particle transport data, allowing subse-
quent analysis of the energy reconstruction of the events.
Fig. 2 illustrates an example of 100 TeV events gener-
ated by GEANT4. In the 100 TeV to 600 TeV energy
range, 2 000 simulated events are generated at each
energy at intervals of 100 TeV, giving 6 data samples in
total. The simulated events are analyzed and processed,
retaining the relevant data for energy reconstruction. Subse-
quently, each data sample is divided into two groups,
with one contributing to the formulation of the energy
reconstruction curve, while the other applies the derived
curve to perform energy reconstruction.

Muons lose energy during propagation from ioniza-
tion and stochastic processes, including pair production,
bremsstrahlung emission, and photonuclear interactions(?- 51,
The ionization process is independent of the muon
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Fig. 2. A typical simulated muon. The color bar shows time in nanoseconds, x, y, and z axes are the locations of OMs measured in
meters, and the blue line is the neutrino track, traveling from top left to bottom right.

energy, with the energy loss per unit length remaining
essentially constant. However, the stochastic processes are
energy-dependent and have a linear relationship to the
muon energy. These stochastic processes become domi-
nant when the muon energy exceeds 1 TeVI®l. The aver-
age energy loss of a muonB3! can be expressed as

dﬂ =-A-BE @)
dx "
where 4 is the energy loss due to ionization and B is the
energy loss due to stochastic processes.

When a muon passes through the detector array, it
emits Cherenkov photons, which are detected as photoelec-
trons when the OM is illuminated. Muon energy reconstruc-
tion can be achieved by calculating the linear density of
photons along different segments of the track.

Here, the energy reconstruction method is accom-
plished through a series of processes, including signal cor-
rection, selection of the OM, and calculation of photon den-

sity.

Cherenkov photons produced along the muon trajec-
tory travel through the water to the OMs, with distances
depending on the location of photon generation and the
OM. It is therefore necessary to correct the signals to
avoid the influence of water attenuation on the photons.
The number of photons is corrected using the formula

d
No=N¢, 2

where Ny represents the number of photons after correc-
tion, N, represents the number of photons detected by the
OM, and d represents the distance from the OM to the
track, corrected according to the Cherenkov angle. A
denotes the attenuation length of water (e.g. in Lake
Baikal, Russia, A=18 m)’l. This process can approxi-
mately revert the number of photons lost during propaga-
tion.

Once an event is generated via GEANT4, not all
OMs collected in the event can participate in the reconstruc-
tion. To guarantee the accuracy, we need to remove the
noisy OMs during the event. Fig. 3 shows a schematic rep-
resentation of the photon propagation process along the
muon trajectory. In it, point C, shown in orange, indi-
cates where the muon enters the detector array, with the
orange line showing the muon trajectory and the arrow giv-
ing the propagation direction of the muon. The
Cherenkov photon is generated at point B, and point A4,
shown in red, indicates the OM which detects the photon.

We employ the time difference method to filter the
desired OMs during an event. As shown in Fig. 3, there
are four distinct temporal measurements: the average
arrival time of photons at various emission angles on the
OM, denoted as f(f; = tzz;5z); a reference time along
the muon trajectory and one right-angled side of the trian-
gle, denoted as (%2 = tz5797); the expected time for pho-
tons propagating to the OMs, assumed according to the
Cherenkov  emission angle (~42°), denoted as
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Fig. 3. Schematic diagram showing the generation of muons
and the emission of photons toward the OM.

ti’(t1" = tzz); and the time corresponding to the two right-
angled sides of the triangle, denoted as t’2<t§ =tm).
where

Aty =t — 1,
A =t"-1', 3)
and
AT = Aty — At,.

Based on the description above, AT represents the
time difference between the average detected arrival time
of photons and an expected arrival time of photons at an
OM. The smaller the AT of the OM, the closer the angle
of the photoelectrons collected within the OM to the
Cherenkov emission angle.

Fig. 4 shows approximately 180 events, presented as
a scatter plot of the time difference versus the median
value of the real average photon emission angle from the
track on the OM. The time difference is minimized at the
Cherenkov angle. And consequently, the criteria for the
time difference are in a range from O ns to 25 ns, as deter-
mined by the concentration of scattering at the 42° point.
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Fig. 4. The correlation between time difference and median
value of the angle at which the photon leaves the track.

Following selection based on the time difference AT.
In addition, the events used in reconstruction also need to
pass another cut in which the ratio of the photons before
and after the correction falls in a given range. This pro-
cess enables the filtering out of OMs that are excessively
large and erratic for reconstruction purposes, thereby
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enhancing the precision of energy reconstructions. After
optimization, the ratio range chosen for this selection is
[0, u+2.30]. u and o are the mean and RMS of ratio dis-
tribution. Fig. 5 illustrates the fraction of OMs filtered by
time and ratio. In Fig. 5A, the percentage indicates the
quantity of OMs discarded after the initial screening rela-
tive to the original number of OMs. The initial screening
(time selection) results in the elimination of approxi-
mately 57% of OMs. In Fig. 5B, the percentage denotes
the quantity of OMs discarded after the second round of
screening in comparison to the number of OMs remain-
ing after the first round. The OMs lost during the sec-
ondary screening (ratio selection) amounts to an addi-
tional 2.5%. In Fig. 5C, the quantity of OMs discarded
after two rounds of screening as a proportion of the origi-
nal number of OMs. In total, the two filters discarded
roughly 58% of OMs in this scenario.
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Fig. 5. Three graphs illustrating the percentage of OMs
eliminated during the filtering process.

Due to the interactions caused by the movement of
muons through water, a cascade is generated along the
muon's trackl®], and we anticipate that the Cherenkov pho-
tons released within the cascade cluster will be integral to
the energy reconstruction process. Consequently, the num-



ber of photons within the cluster is anticipated to vary
with the track, enabling the reconstruction of photon den-
sity for different track lengths, which corresponds to the lin-
ear density of photons(®: %1,

The photon density is calculated according to

Pph = Nph/rangea (4)

where N is the total number of photons within a track
length, denoted as range. The range is calculated starting
from the array incident point of the pion. To obtain an opti-
mal photon density, we calculate the density at various
ranges.

Fig. 6A shows the mean of the photon density distribu-
tion at different ranges for all energies. It indicates that
the separation of photon density between different ener-
gies is largest when the range is approximately 0—
1700 m. The resolution of the energy reconstruction will
be optimal at this photon density distribution.

Fixing the range parameter at 0—1700 m, the energy
reconstruction curve can be derived by extracting the lin-
ear densities of photon numbers corresponding to the
shaded regions in Fig. 6AllY, giving the curve shown in
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Fig. 6. A: Photon count density from the entry point to
different ranges, from 500 m up to 2 000 m in 100 m
increments. B: The energy reconstruction curve obtained
within the 1 700 m range.

Fig.6B, using the equation »=0.00003x2+0.01981x+
65.20114, where x is the photon density and y is the
energy. The entire reconstructed curve is partitioned into
three segments: the first segment is the line extending left-
ward between the first and second points on the curve;
the second segment is the curve itself; and the third seg-
ment is the line extending rightward between the fifth and
sixth points on the curve.

To avoid fluctuations in photon density at different
energies, we fit the curve in the below panel of Fig. 6 with
a quadric curve of y=0.00003x>+0.019 81x+65.201 14.
The reconstructed errors of energy are shown in Fig. 7
using the parameter of log; (Ew. — E).
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Fig. 7. The distribution of log,,(E.. —E) statistics for 100 TeV
with standard deviation 0=0.27 is shifted to the left by
0.00997.

Here, we use two types of filters in the energy recon-
struction process: temporal and ratio screening (see Sec-
tion 3.2). Conventional energy reconstruction has a resolu-
tion of approximately 0.3. However, by employing the
dual screening methods explained in this paper, we are
able to increase the resolution of the 100 TeV energy recon-
struction to 0.27, corresponding to an improvement of
roughly 0.03. Through the relevant research in this paper,
the gap of the HUNT project in neutrino energy reconstruc-
tion has been filled, and the accuracy of the HUNT
project has initially reached that of other more complex
experiments.

In future studies, we will optimize the detector simula-
tion and reconstruction algorithms by taking further
details (more diverse incident angle schemes; more com-
plex algorithms, etc.) into account to further enhance the
overall performance and accuracy of the reconstruction pro-
cess. In the next phase of the experiment, we will deploy
a prototype string into the optical array of Baikal-GVD
and aim for improved results.
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