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The investigation of beyond-Standard-Model particles is a compelling direction in the pursuit of
new physics. One such hypothetical particle, the magnetic monopole, has garnered considerable
attention due to its strong theoretical motivation and potential to unveil profound physical
phenomena. The magnetic monopole is intricately linked to the long-standing enigma surrounding

the quantization of electric charge.

In this manuscript, we propose a novel detection scenario

for magnetic monopoles by employing a coincidence measurement technique that combines a
room-temperature magnetometer with plastic scintillators. This setup allows for the collection of
both the induction and scintillation signals generated by the passage of a monopole. The estimation
of the sensitivity using a simple benchmark setup is given.

I. INTRODUCTION a7

48

The relentless pursuit of uncovering new physics %
occupies a prominent position in modern scientific %
exploration. ~ Despite the remarkable success of the
Standard Model (SM) of particle physics in elucidating ,
the behavior of fundamental particles and their |
interactions, it is widely acknowledged that SM remains
incomplete. Numerous enigmatic phenomena persist as
tantalizing mysteries, including the elusive nature of
dark matter, the perplexing origin of matter-antimatter _
asymmetry, and the unification of fundamental forces.
Consequently, physicists actively engage in tireless
searches for novel physics beyond the SM. This endeavor
encompasses both  theoretical —advancements and
experimental undertakings, propelling the boundaries of
human comprehension and challenging existing scientific
paradigms. Among the directions pursued in these
explorations, the search for beyond-Standard-Model
particles plays a pivotal role, compelling researchers to
employ state-of-the-art detector techniques to scrutinize
hypothetical particles that hold the potential to unveil
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the secrets of new physics. Magnetic monopole is
one prominent candidates for beyond-Standard-Model
particles that have garnered considerable attention
within the scientific community.

A magnetic monopole (MM) is a theoretical particle
postulated to exist as an isolated source of a singular
magnetic charge, analogous to the individual positive or
negative electric charges observed in particles. Proposed
by Paul Dirac in 1931 [1] as a consequence of his
pioneering work on the quantization of electric charge,
MDMs hold significance in fundamental physics as they
provide a means to unify electromagnetism and explain
the quantization of charge. The concept of MMs
finds natural incorporation within the framework of
Grand Unified Theories (GUTs) [2], which aim to
unify the electromagnetic, weak, and strong nuclear
forces. The quantization of electric charge is also
explained in the framework of GUT. The search for
MDMs persists through various experimental approaches,
prominently including ultra-low background experiments
and superconducting coil-based experiments, which
strive to detect the elusive presence of these MMs
and further our understanding of the fundamental
laws. Ultra-low background experiments are typically
conducted in underground environments with kilometers
of rock overburdens, providing shielding against cosmic
rays. These experiments aim to detect the ionization or
scintillation signals produced by MMs as they traverse
the target material of the detector. Notably, the
MACRO experiment [3], based on liquid scintillator
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technology, and the neutrino telescope IceCube [4]
have yielded the most sensitive searches for MMs
with speeds greater than 4x107° times the speed of
light. While the ionization density caused by MMs
is predicted to be significantly higher than that of
background particles commonly observed in terrestrial
detectors, such as muons and electrons, it is important
to consider the possibility of alternative exotic particles,
such as superheavy dark matter [5, 6], which could
also contribute to high-density ionization. Conversely,
superconducting coil-based experiments [7, 8] focus on
detecting the smoking-gun induction signals generated
by MMs. However, these experiments face limitations
in terms of size due to the requirement of maintaining
superconducting temperatures.

This article presents a comprehensive illustration
of the SCEP (Search for Cosmic Exotic Particles)
experiment, with a specific emphasis on the detection
perspective of MMs. We propose a novel approach
utilizing a coincidence measurement technique that!®
combines room-temperature magnetometers with plastic!
scintillators (PS). The fundamental concept of the'
detector system is illustrated in Section II. To assess the'
capabilities of the proposed system, we have developed a'*®
sophisticated simulation framework, which is described in'*
Section III. The validation of the simulation framework!*
is performed and described in Section IV. Furthermore,'®
the anticipated background and sensitivity of the SCEP*

experiment to MMs are presented in Section V. 1
142
143
II. DETECTOR CONCEPT e

145

146
A single module of the SCEP detector encompasses,,,

dedicated detection systems for both the scintillation,
and induction signals, as illustrated in Fig. 1. The,,
scintillation signals are captured by PSs positioned at,,
the top and bottom of the module. In the preliminary
design, each PS module is constructed using the designs ,
similar to the ones utilized in previous works [9]. To,,
guide the scintillation light, wavelength-shifting fibers
are strategically incorporated within the PS module.
These fibers serve the purpose of directing the emitted
light to Silicon photomultipliers (SiPMs) coupled at the
ends of the fibers. A preliminary simulation using the,
GEANT4 toolkit [10] has been conducted to evaluate
the performance of the PS module. The obtained results
indicate a light yield of approximately 22 photoelectrons
(PE) per MeV, thereby enabling an energy resolution of™™
about 8.6% and 2.5% for muons at ~8 MeV and Dirac
MMs at ~ 100 MeV, respectively. 160
The induction signals resulting from the passings
through of a MM are collected using a specializedie
apparatus that integrates an induction coil, a Helmholtz:s:
coil, and a magnetometer. The micro-current inducedis
by the MM passing through the induction coil is
subsequently directed to the Helmholtz coil, leading
to the generation of an alternating magnetic field

FIG. 1.
SCEP.

Schematic diagram of single module detector of

at the center of the Helmholtz coil. Subsequently,
the alternating magnetic field is detected utilizing
a magnetometer renowned for its exceptional
sensitivity [11, 12]. This magnetometer is meticulously
designed to exhibit an extraordinary level of sensitivity
towards the variations in magnetic fields. The target
material of the magnetometer is confined in a transparent
gas chamber, and is polarized by the static magnetic field
aligned along the Z axis with the assistance of a beam
of bump laser. The presence of an alternating magnetic
field in the XY plane can impact the precession of the
atoms within the gas chamber. This effect manifests
as the variations in the light density of a laser beam
which pass through the gas chamber. More details of
the magnetometer are given in Ref. [12]. A preliminary
prototype of the magnetometer can reach a detection
sensitivity of 1fT/vHz for the alternating magnetic
field []. Besides, an alternative readout scenario is
being considered for the search of high-speed MM.
This scenario involves a direct connection between the
induction coil, an operational amplifier (OPA), and
an analog-to-digital converter (ADC). Although this
setup exhibits higher intrinsic noise levels compared to
the use of a magnetometer as the readout method, it
provides the benefits of quicker response times, compact
size conducive to integration, and more cost-effective,
lightweight systems.

IIT. SIMULATION OF SIGNAL

The signal-to-noise ratio (SNR) to Dirac MM stands
as a critical parameter governing the quality of the
induction signal. The SNR in this work is defined as
the maximum signal amplitude squared A% divided by
the mean-squared noise amplitude (A%):

MAX(A2)

SNR =
(4%)

(2)
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FIG. 2. Simulated waveforms for the induction voltages by MMs. The left, middle, and right panels shows the induction signals
with different MM velocities, polar angles, and azimuth angles, respectively. The waveforms in the middel and right panels
are calculated assuming v=10"%c. These waveforms are calculated assuming an induction coil with 12-cm diamater and about

4320 turns.

Larger values of SNR are preferred for higher noiseip
rejection power. This criterion allows for the utilizationin
of a lower number of coil coincidences in detector arrayio
while still attaining a relatively high level of noises
rejection. The SNR of the system is related to variousis
factors, including the electrical parameters encompassingos
the circuitry from the induction coil to the Helmholtzios
coil, the prevailing temperature conditions, the signalior
response characteristics of the magnetometer, and otheros
relevant factors. These factors collectively contributeis
to the overall SNR, influencing the system’s ability too
discern and extract the desired signal amidst the presencezn
of noise. To estimate the SNRs for MMs with variousz
velocities and to optimize the design of the inductionoes
system, a comprehensive simulation framework has beenao
developed which is described briefly in the followingos
subsections. It should be noted that in this manuscript,
the magnetic charge of Dirac MM is employed as a2s
reference standard for the calculation of scintillation and20
induction signals attributed to a MM. 208

209

210

211

A. Induction -

213

The induction voltage on the induction coil isxa
calculated assuming that the thickness of coil bringsas
negligible effect. When a MM with velocity of v passingzie

through the induction coil with radius of R, the inductionar

voltage U can be written as in Eq. 1. Eq. 1 is based on
the assumption that the time t is 0 when the MM reaches
the coil plane (z = 0). pg is the transverse distance
to the coil center when the MM reaches the coil plane.
0 and ¢ represent the polar angle and azimuth angle,
respectively, of the incoming MM’s direction under the
spherical coordinates with the z axis perpendicular to the
coil plane. The g,, = 4.14125x 10~ Wb is the magnetic
charge of Dirac MM [1], and n is the coil turn number.
The K and & functions are the complete elliptic integrals
of the first and second kinds, respectively. The induction
signal is at maximal when the MM passes through the
coil center with § = 0. The amplitude and spectral shape
of the induction signals are predominantly influenced by
the MM speed, the polar angle, and the azimuth angle.
These dependencies are visually depicted in Fig. 2.

The interaction of charged SM particles or SM particles
with magnetic moments with the induction coils can
potentially result in induction signals. However, there
are significant distinctions in the amplitude and spectral
shape of these signals compared to those induced by
the MMs. More importantly, the induction signals
generated by SM particles have a vanishing time integral
due to their nature as, at most, magnetic dipoles.
On the other hand, common background SM particles,
such as muons, neutrons, and protons, typically exhibit
relativistic speeds, leading to rapid resonant induction
on the timescale of approximately 10 picoseconds for a
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FIG. 3. Circuit diagrams for the ADC readout (top) and
magnetometer readout scenarios.

coil with a 12-centimeter diameter. The quick oscillation
of voltage cannot be effectively shaped by subsequent
relatively slow circuitry or reliably detected by read-out
devices. Considering these factors, the induction caused
by SM particles is considered to be negligible in practical

scenarios. 247
248

249

B. Signal shaping 250

251

The induction coil and the Helmholtz coil are®

connected in series[13]. These coils possess non-trivial

resistances, capacitances, and inductances, which affect

both the amplitude and temporal characteristics ofss
the electric current within the circuit. In thezss
signal simulation, it is assumed that the coil can besss
approximated as a series combination of a resistor andass
an inductor, paralleled by a capacitor. The circuits
diagram of the induction and Helmholtz coils in thezss
magnetometer-readout scenario, as well as of the directas
read-out scenario using the ADC, is depicted in Fig. 3.260
In the circuit diagram, L4 (Lg), Ry (RQ), and C; (02)261
are the effective inductance, resistance, and capacitance,:
respectively, of the induction (Helmholtz) coil.  Cpgees
represents other parallel capacitive components in thezss
circuit, mainly the distributed capacitance of the cablezs
and the input capacitance of the OPA. U is the inductionzes
voltage, and I is the induction current on the Helmholtzze
coil which is directly related the strength of magnetices
field that is eventually captured by the magnetometerzso
in magnetometer-readout scenario. In the alternativeso
ADC-readout scenario, I denotes the flow of electricen

1075 L
< 1078
Q
3
=107
=7
E
—14f
10 —— ADC readout
= Magnetometer readout
L1 L1l L L il L1 111l NN L1 1111l
= ADC readout
= Magnetometer readout
100
)
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=
0 0
72}
<
=
W)
—100f
10! 10° 103
Frequency [Hz]
FIG. 4. Response functions of the circuits with different

readout scenarios. The top and bottom panels show the
amplitude and phase spectra, respectively. The red and blue
lines represent the ADC and magnetometer readout scenarios.

current into the ADC.

In the context of signal simulation framework, the
electric current I is determined by applying a circuit
response function to the induction voltage U. The
Fourier transform of the electric current, denoted as i(w),
can be expressed as:

3)

where the complex wu(w) is the Fourier transform of
the induction voltage. The circuit response function
H(w) is analytically derived based on the effective
circuit models shown in Fig. 3. A response function
for a 6-cm-radius coil with 4320 turns is presented in
Fig. 4. The resonant frequencies of the two readout
scenarios exhibit variations owing to disparities in the
circuit configurations. In particular, the inductance
Ly and capacitance Cy of the Helmholtz coil in the
magnetometer readout scenario contribute to a higher
resonant frequency compared to the alternative ADC
readout scenario. Among the various electric parameters,
the resistance of the induction coil R; is identified as the
most dominant factor. The resistance depends on the
signal frequency w, mainly due to the presence of the
skin effect and the proximity effect. However, the exact
relation between the coil resistance and signal frequency
cannot be analytically given due to the complexity
of the coil structure. To investigate the frequency
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Coil | Wire type | Wire diameter [mm]| Minimal coil radius [cm]

Maximal coil radius [cm)]

Optimized SNRg

Turn number ADC readout[Mag readout

V1| Simple 0.11 5.7
V2 Litz 1.35 5.7
V3 | Simple 0.55 10.0

7.2 4320 0.16 0.16
7.2 720 0.02 1.92
14.5 12500 0.57 0.82

TABLE I. The geometrical parameters and best SNRs to single Dirac MM for the benchmark induction coils. The SNRs listed
are based on the assumption that MM’s velocity is 107° light speed, and the MM perpendicularly crosses the coil center.

dependence of the coil resistance, in-situ measurements
are conducted using an LCR meter. The LCR meter is
connected in parallel to the induction coil to measure the
magnitude, denoted as Z., and the phase angle, denoted
as 6., of the complex impedance of the coil. The Z. and
0. have correlation with the inductance L, capacitance C,
and resistance R4¢ of the coil, which can be expressed
as:

7 _ RA02 + w22
V1 -2w2LC + w?C?(RY . + w?L?)
o oJ(L - CRAC2 - w2L2C)

0. .
Ryc

(4)

The alternating resistance of the induction coil R4¢ is
empirically parameterized as [14]:

RAc(w) = aw® + Rpo, (5)
where Rpc is the direct resistance of the coil, which is
independent of signal frequency. The parameters « and
§ are empirical model parameters. Once the complex
impedance of the coil is measured including Z. and 6., a
Nelder-Mead fitting algorithm is utilized to derive the
resistance of the coil. In the benchmark tests, three
induction coils with different radius and turn numbers are
manufactured and tested. Their geometrical parameters
are given in Table I. The measured Rac results for these
induction coils are shown in Fig. 5. The waveforms of
the induction electric current on the Helmholtz coil in
magnetometer readout scenario and of electric current
flowing into ADC in alternative readout scenario (the
current I in Fig. 3) are shown in Fig. 6, assuming the
MM perpendicularly pass the induction coil center.

C. Detection

The readout devices exhibit
characteristics to induction signals, owing to their
distinct intrinsic mechanisms. The magnetometer®®
relies on atomic precession and typically demonstrates®
a response timescale ranging from several tens of*®
microseconds to milliseconds. The complex response®
function of the magnetometer H,,, is commonly modeled®”
in the form of a Lorentzian distribution: 3

diverse response

312
_ ’YTQ (6)313
27 + 2T2(w0 - w) ’ 314

HM(W)
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2104k
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z
[0} —
S 107°F
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J
10—6-
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FIG. 5. Measured frequency-dependent resistivities as a

function of signal frequency for the benchmark induction coils.

x10~8

= ADC readout (100x)
= Magnetometer readout

Current [mA]

0 2 7
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FIG. 6. The waveforms of the electric currents after the circuit
shaping. The red and green solid lines represent the scenarios
of the magnetometer and ADC readout, respectively. To
increase the visibility, the current from ADC readout is
amplified by 100 times.

where v = 2;‘—;, with pp the Bohr magnetic moment

and A reduced Planck constant, is gyromagnetic ratio of
atom caesium and T is the spin relaxation time which
can be measured experimentally. The mean resonant
frequency wy of the Lorentzian response function of
the magnetometer varies depending on the applied
static magnetic field along the z axis within the gas
chamber. In the case of using an ADC for readout, the
response function can be simplified and approximated as
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a constant which is dependent on the gain of the OPA and3*
the input impedance of the ADC, within the bandwidth3*

of interest. 34
342

D. Reconstruction and thermal noise .
344
345

To extract the MM signals from a significant amountss
of noise, the readout output undergoes signal filterings.
to obtain the final signals. In our case, the optimalss
filter (OF) method is applied for signal extraction. Thess

response function of OF, denoted as Hor, can be writtensso

as [14]:

u*(w)

Hor = 5 I TTH (@) (@) @)

where S, is the power spectral density of the noise on the
induction coil. Sy is the power spectral density of the
noise generated during the signal shaping and detection,
while [ H}(w) represents the product of the conjugates
of all response functions present in the same progress.
In the ADC-readout scenario, [[H}(w) corresponds to
the conjugate of the circuit response function H*, and
the Sy is mainly influenced by the noise from the
OPA. On the other hand, in the magnetometer-readout
scenario, [[H}(w) represents the combined conjugate
response of both the circuit and magnetometer H*H?,,
and Sy accounts mainly for the thermal noise from
the Helmholtz coil. The noise from the magnetometer
is negligible. ~ Thermal noise originating from the
induction coil significantly influences the overall noise
characteristics, especially in the magnetometer-readout
scenario. This noise is modeled as Johnson-Nyquist
noise [15] [16]:

Sp(w) =4kpTRac(w), (8)
where kp is the Boltzman constant, and T is the
temperature. It is essential to emphasize that the
thermal noise in this particular scenario does not
exhibit the characteristic of “white” noise, which is
typically assumed to have a frequency-independent
power spectral density. Due to the presence of
a non-trivial alternating resistance in the induction
coil, the thermal noise power increases with higher
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frequencies. This frequency-dependent behavior of the
noise is an important consideration in the analysis and
characterization of the system. In order to reduce
spectral waveform distortions due to limited-length time
window, specific-shaped time windows, such as the
Hamming window [17], are introduced in signal and noise
processing. Fig. 7 shows some waveform examples before
and after applying OF for both the ADC-readout and
magnetometer-readout scenarios.

The typical SNR is calculated under the assumption
of MM velocity being 107® light speed, passes
perpendicularly through the coil center( denoted as
SNRy in the text). The SNRgs of each prototype coil
can be found in Tab. I. It is worth noticing that
the SNRg does depend on the MM’s speed. SNRy
increases with the increase in MM speed. However,
SNRy gradually tends toward saturation as the effect
of alternating resistance increasingly becomes significant.
Fig. 8 displays the SNR of the prototype induction coils
in both ADC-readout and magnetometer-readout modes.

403

404
IV. VALIDATION OF THE SIGNAL 405
SIMULATION 406

407

A validation test is performed to assess the accuracy+es
and reliability of the signal simulation framework. Theso
test mainly aims to validate the waveform amplitudesso
and shapes of MM signal and noise. These characteristicss:
of the signal waveforms are crucial for predicting thes

sensitivity of such detection to single Dirac MM. 413
414

415
A. Signal validation 416
417

The MM signal validation involves the utilization of a™*

long-thin stimulation coil to generate a pulsed magnetic*’
field that emulates an MM signal on the manufactured*
induction coil prototypes. Table I shows the geometrical®™
parameters of the induction coils, including the wire®
type, wire diameter, coil minimal/maximal radii, and”
turn number. Their alternating resistivities are displayed*
in Fig. 5. The corresponding SNRgs to single Dirac*
MM are given in Table I as well. The highest SNR™
with ADC readout is about 0.57, mainly limited by the™
thermal noise of the induction coil and the noise of OPA.
On the contrary, the highest SNRy with magnetometer
readout can reach 1.92 because of the low noise levels
of the magnetometer. However, the parameters of theas
Helmholtz coils need to be carefully designed. Theuso
stimulation coil utilized in the validation has a lengthus
of 50cm and a diameter of 10mm. The turns numberas
density amounts to approximately 100 per centimeter.ss
During the testing, the stimulation coil passes throughaiss
the center of the induction coil, perpendicular to its coilss
plane. The diagram of the induction coil, the stimulationas
coil, and their positioning are shown in Fig. 9. 237
Due to the prevalence of electromagnetic noise in theasss

FIG. 9. Diagram of the testing apparatus for signal validation.
The white and cyan parts are the stimulation and induction
coils, respectively. = The pink and green parts are the
supporting PTFE structure.

surrounding environment and the limited precision of the
pulse generator, it is not practically feasible to accurately
simulate and test the signal response of the induction
coil to a single Dirac MM. In our experimental setup, we
generate a voltage pulse with a square wave shape using
a pulse generator, and then feed this voltage pulse to the
stimulation coil. A resistor with a resistance of 19.36 Q2 is
connected in series with the stimulation coil. The voltage
drop across this resistor is monitored using a digitizer
with a sampling rate of 2 MHz, which is connected in
parallel to the resistor. This allows us to precisely model
the microcurrent passing through the stimulation coil.
It should be noted that in our experimental setup, we
assume there are no leak fields associated with the tightly
wound stimulation coil. By employing this stimulation
process, we are able to generate magnetic flux pulses on
the induction coil that closely mimic those produced by
the passing of MM in temporal shape.

Such test is performed for all three prototype
induction coils with the ADC-readout scenario. For the
magnetometer-readout scenario, V2 coil is tested which
is expected to have the largest SNR among all three
prototype coils. Fig. 10 shows the comparison between
the measured and predicted test signals in the time
domain. The readout signals can be parameterized as:

(9)

where ¢ is the phase. The A, w, and & are the
amplitude, frequency, and delay rate, respectively. These
three parameters are compared between the expectation
and measurement. The results of the comparison are
summarized in Table II. The measured frequencies and
decay rates are consistent with the predictions, with bias
no more than 0.3% and 8.7% for the frequency and decay
rate, respectively. This validates our response function
models of the circuit and magnetometer. The largest
amplitude differences observed between measurements
and predictions are about 12.5% for ADC readout and

S(t) = Asin(wt + ¢) - e /9
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9.2% for magnetometer readout. This is considered touns
be due to the leak fields and non-even turn density of theas
stimulation coil. Particularly the field leakage is moreas
severe since the size of V3 coil is the largest among thes
tested ones. In addition, the lower amplitude seen in theas
measurement with magnetometer readout could be duess
to the potential bias of the effective Lorentzian responseasso

shown in Eq. 6. 481
482
Coil ADC readout |Mag. readout 483
V1 [ V2 [ V3 V2 484
Amer/Apra]0.973]1.041] 0.875 0.908 85
wmer [kHz] | 58.8 [296.5| 2.0 61.4
wpra [kHz]| 58.9 [297.1| 2.0 61.4 46
Wmsr /wprd |0.999/0.998| 1.003 0.999 487
Omsr [ms] [1.058/0.703]10.309 0.863 488
Spra [ms] [1.077]0.770(10.886|  0.874 49
Omsr/Opra |0.983/0.913| 0.947 0.987 490

491
TABLE II. The ratios of the measured parameters versus theas
predicted ones. The parameters include the amplitude A, the,os
resonant frequency w, and the decay rate 6. The comparisons,g,
are performed for all three benchmark induction coils (V1,,,
V2, and V3) with the ADC-readout scenario. The results of,

V2 test with the magnetometer-readout scenario are shown. a7

498

499

. . . 500

B. Noise validation w01

502
To determine the intrinsic thermal noise powersy,
spectrum, the V2 coil is enclosed within a grounded metal
box constructed of copper, which served as a Faraday
cage. Fig. 11 displays the power spectra of the V2
coil under two conditions: when the coil is exposed to
air and when it is sealed inside the copper box. A
significant reduction in noise is observed when the coil
is enclosed in the copper box, indicating the presence™
of a strong electromagnetic noise background in the air.
Furthermore, the frequency domain analysis revealed o
distinct peak-like structures upon placing the coil inside
the copper box. These peaks corresponded to multiples of
the common frequency in utility, suggesting the presence s
of leaked-in electromagnetic waves within the copper_
box, likely originating from the signal connectors. This_
hypothesis is supported by the observation that the
orientation of the induction coil influences the level of512
noise detected. The lowest noise level is observed When
the coil axis is in a vertical position, as shown in Fig. 11.
The observed noise frequency spectrum closely resembled
the predicted one by the simulation, with a slightly lowers:s
amplitude (8.0%) at the resonant frequency. 516

517

513

518

V. PROJECTED SENSITIVITY TO MAGNETIC,,
MONOPOLE

520

521

The search for MMs eventually will be conducted usings»
an array of induction coils. The top and bottom ofs:s

the coil array are equipped with plastic scintillators,
as depicted in Fig. 1. The experimental setup can be
situated either on Earth or in deep space, such as on
the Moon. In both scenarios, the detector array will
be exposed to significant levels of background particles,
specifically protons, muons, and alpha particles (helium
nuclei). These background particles leave scintillation
signals in the scintillators and can accidentally pile-up
with the thermal noise in the induction coils, creating
false MM signals. The impact of this background can be
mitigated by requiring more layers of the induction coils
and the particle detectors.

To assess the sensitivity of the detector array to MMs,
we employ a simple ideal benchmark configuration. This
configuration consists of induction coils with a diameter
of 12 cm (same as V2 coil), arranged vertically and
compactly instrumented. The array’s size is assumed
to be sufficiently large to disregard any edge effects.
The alternating resistance (equivalent to the thermal
noise configuration) of each induction coil is assumed to
followed the one of V2 coil, and each coil is assumed
to have negligible height. In this benchmark analysis, a
simple over-threshold trigger is conducted on waveform
of each induction coil after the OF applied. The coil array
is equipped with PS layers at the top and bottom, and
these layers are positioned approximately 1 meter apart
in the benchmark. Each PS layer is composed of two
sets of PS panels arranged perpendicular to each other.
This arrangement allows for the reconstruction of events’
transverse positions.

A. Acceptance to GUT-MM induction

The GUT-MM is assumed to exhibit isotropic behavior
in terrestrial and deep-space environments. However,
due to the round geometry of the induction coil, there
is an inherent acceptance loss of (1-7/4) for each layer of
coils. We consider simply the coil layers are identical and
sufficiently close to each other, so that we can consider
such benchmark setup having a conservative acceptance
loss of (1-m/4) due to coil geometry. Optimizing the coil
geometry and arrangement between layers can alleviate
the acceptance loss to some extent.

The dependence of the SNR on the point of MM
transpassing the coil is weak. In the upper panel of
Fig. 12, the average acceptance to GUT-MM is displayed
as a function of the transverse angle (), considering
various assumptions regarding the SNRy. Only when
the 6 approaches m/2, the acceptance drops quickly.
The lower panel of Fig. 12 shows the angle-averaged
acceptance as a function of SNRgy. All calculations are
based on an MM speed of 107> times the speed of light.
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FIG. 10. The measured and predicted signal waveforms are shown in red and blue solid lines, respectively. The left panel shows
the results for ADC readout scenario, and the right panel shows for the magnetometer readout scenario.
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FIG. 11. The noise spectra with different setups. The left panel shows the unzoomed spectra with and without copper box
as the electromagnetic shielding, in black and red solid lines, respectively. The blue solid line gives the predicted thermal
noise spectrum. The right panel gives a zoomed view of the spectra with shielding, around the resonant frequency of the
induction coil. The green solid line represents the noise spectrum when the induction coil is arranged so that its axis is oriented

horizontally.

B. Background of Induction Signal 542
543

544
The cosmic rays and their secondaries, such as_,

high-energy protons, muons, and electrons, that are,
common in terrestrial and deep-space environments,,,
deposit energy in the top and bottom PSs, but produce,,,
negligible induction signals. These particles possess,,
magnetic dipoles and travel mostly at relativistic speeds,,,,
resulting in a distinct induction pulse shape with a,,
resonant shape and faster time response compared,,,
to those from the MMs. Therefore, we consider,,,
that relativistic cosmic rays and their secondaries do,,
not produce any significant direct background in the
induction signals.

However, the energy depositions detected by the PSs
may coincide with the abundant thermal noise present
in the induction coils, leading to mis-identified MM
signals. As discussed in Subsection IIID, the thermalsss
noise arises from the non-zero alternating resistances ofsse

the induction coil and constitutes the main background
for the MM induction signal search. When employing
a simple over-threshold approach to trigger, for a single
coil,the relationship of acceptance and noise rate with
threshold(denote as o in the following article) at different
SNRy are shown in the FIG.12. [(to be delete by
Beige)Using the V2 induction coil as a benchmark,
the estimated false-trigger rate due to thermal noise
is approximately 6.8 Hz at room temperatures when
employing a simple over-threshold approach on a single
coil.] The rate of coincidental false triggering of thermal
noise and the acceptance across the coils to form a
track-like event can be expressed as follows:

(R () At)N
N,!
Ajna(a) = Ay (a)™e

Rmd(a) = . Rn(a)

(10)

Here, R, (a) and A,(a) represent the falsely triggered
noise rate and acceptance of a single induction coil at a
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FIG. 12. Simulated coil’s acceptance and thermal noise rate
as a function of triggering threshold at different SN Ry level

given threshold, N, denotes the number of coils required
to detect the induction trigger (coincidence number),
and At represents the time response of the induction
signal, which is related to the resonant frequency of the
induction coil. For the benchmark analysis, we assume
At =100 ps.

C. Background with Particle Coincidence

The rate of reconstructed scintillation signals on PSs
is mainly affected by two factors: random pileups
occurring between the top and bottom PSs, and the
passage of a relativistic particle through both PSs.
This reconstructed scintillation signal necessitates the
presence of two energy depositions, one on each of the
top and bottom PSs. It is crucial for the reconstructed
energies, timings, and transverse positions of these two
energy depositions to align with the expected energy,
ToF, and track characteristics of the MM of interest.
The differential reconstructed scintillation signal rate per
unit area per radian on the two PS panels, representedss
as Rpg, can be expressed as the sum of two components:sro
the rate arising from pileup events, denoted as Rpije,s0
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FIG. 13. The stopping power (detectable energies, or called
light yield in the literature) dL/dz of a Dirac MM in plastic
scintillator as a function of MM speed, based on [18], is shown
in the upper panel. The dL/dx of the muon, proton, helium,
carbon, and iron nucleus are shown in the lower panel. The
dL/dx of muon is calculated based on the stopping power
dE/dx from PDG [19]. The dE/dx of proton, helium, carbon,
and iron nucleus are from PSTAR and ASTAR database [20].
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FIG. 14. The energy resolution as a function of total deposit
energy of the plastic scintillator.

and the rate resulting from direct passage of particles,
denoted as Rpqr¢. Both contributions are related to the
effective scintillation rate on a single PS given a zenith
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FIG. 15. The fluxes of background particles as a functiong,
of their kinetic energies. The blue and yellow solid linesg,,
represent the muon and proton fluxes at sea level, which are_,
calculated based on Bugaev/Reyna model [21] and simulated
by CRY algorithm [22], respectively. The red, green, magenta,

and gray lines give the fluxes of proton, helium, carbon, and™”

iron in space, taken from Ref. [23]. o2
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angle, denoted as R;on () in unit of cm=2s~tsr1: o2
628

2
1 . Ar3d?
'Rm‘le(ﬁ) = 3 (/ Rm(e’)sm(e’)de’) Atpsm, Z:
Rpart(0) = / e2(E)FdE, 632
633
634
Rion(0) = /e(E)}"dE, o
(11)636

where Atpg the pileup time window determined by thess
PS time resolution, which is assumed to be 10ns [9], andss
d=1m is the distance between top and bottom PSs. Wess
require R;,y, to be the rate after an energy range cut thates
covers 99.5% (30) of MMs and Such cuts gives an effectivess
efficiency to background particles of €(E). The F is thes«
particle flux. Note that for different assumed speed ofes
MDMs, €(F) is different. The total background rate thatess
taken all the angles into account can be expressed as: e
. 646

R,s(B) =2m /(R(e)mlew + R(@)pm,t)sm(@)dﬁ- (12)::J

649

In practice, the value of R;,, is influenced by severales
factors, including the background particle flux andss
spectrum, the ability to determine the direction of thess
MM using induction signals on the coils, and the energy®s:
resolution of the PS. The amount of light produced inss
the PS by Dirac MM depends on the MM velocity. Thesss
detectable stopping power, also known as the light yield,ess
of Dirac MM on the PS as a function of MM speedes
is presented in the top panel of Fig. 13, based on thesss
calculations in Ref. [18]. To differentiate the energysso
deposition of the MM from common background particlessso
such as protons, electrons, alpha particles, and muons, wese
require that the reconstructed energy falls within 3 timesse:

11

the energy resolution. The intrinsic energy resolution of
the PS, as a function of the total deposited energy, is
obtained through optical simulation using GEANT4 [10].
The energy resolution is illustrated in Fig.14. The
reconstruction resolution of the transverse position in the
PS-based array primarily depends on the width of the
PS panel, which is significantly smaller than the size of
the induction coil. Consequently, the track reconstructed
by the PS exhibits much higher resolution compared
to the one reconstructed by the induction coils. For
this benchmark analysis, we conservatively consider R pie
after the coincidence requirement to be the background
rate within a 12 cm-diameter circle, which corresponds
to the size of the V2 coil used in the estimation.

In a terrestrial detector situated at sea level, the
primary background particles are atmospheric muons,
which are generated when high-energy protons (cosmic
rays) collide with the Earth’s atmosphere, as well as
the residual high-energy protons. Muons with kinetic
energies ranging from hundreds of MeV to hundreds of
GeV exhibit minimal ionizing behavior when interacting
with matter, enabling them to easily traverse the
surrounding materials near the detector, including the
top and bottom PSs. On the other hand, the proton
flux experiences a significant reduction as it traverses
the atmosphere due to ionization and radiative processes.
However, protons leave a higher ionization density in
the PS compared to muons, approaching the ionization
density that could be produced by Dirac MMs within
a specific range of speeds. The stopping powers of
protons and muons, corresponding to detectable energy
ranges, in the PS are calculated based on the PSTAR
and ASTAR databases [20], PDG sources [19], and
the methodology outlined in Ref. [18]. These stopping
powers are presented in Fig.13. To model the flux
and angular distribution of atmospheric muons at sea
level, the Bugaev/Reyna model [21] is employed, while
the flux of high-energy protons is simulated using CRY
algorithms [22]. The fluxes can be observed in Fig.15.

On Moon, the muons are no longer dominant because
of the absence of atmosphere. In deep space, high-energy
protons and helium nuclei emerge as the prevailing
particles, as evidenced by findings from the AMS [24, 25],
DAMPE [26, 27], and CALET [28, 29] experiments.
Assuming the negligible influence of Earth’s magnetic
field on the Moon, it is conservatively assumed that
the fluxes of protons, helium nuclei, carbon nuclei, and
iron nuclei are homogeneous in direction. The fluxes
as a function of particle kinetic energies are taken from
Ref. [23], and are also shown in Fig. 15.

A toy Monte Carlo (MC) simulation is performed to
calculate the background and MM spectra. The spread
in deposited energy caused by varying travel lengths
inside the PS due to different incoming particle angles
is also taken into consideration in the toy MC. In the
final analysis of the top and bottom PSs, we are able
to provide the reconstructed zenith angles of incoming
background particles or MMs or the “fake” particles



663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

682

683

684

685

686

687

—— proton

5 107 muon
< Uncorrected Background
£ 10°
-4
10-10 L1 | T L1 1

10t 10° 102

Deposit energy [MeV]

= proton

— muon
= - Corrected Background
< —— mm beta = 0.0001
9 == mm beta = 0.0010
<
1010 L Lo
10t 10° 10t 10? 103
= Deposit energy [MeV]
0
o "
p 103 —=~ pileup
A
g 10 o
2 107 N
2 N
31012t Tl
5 | TTmmmee—e_
ﬁ10-15 [ EEEE] 111l 1T ddd Lo
s 10 107 107 100
beta

12

- -2
=] 10
<
£ 1076
~ Uncorrecte
10-10 Lo Lol Lo r:\
1071 10° 10! 102 103
Deposit energy [MeV]
= proton
- -2 —— helium
:? 10 —— carbon
.i —— iron
2 10-6 = Corrected Background
Eﬁu —— mm beta = 0.0001
== mm bgt§ = 0.0010
10-10 b bl h o Lo
1071 100 10! 10? 103
= Deposit energy [MeV]
)
(] . .
g 1073F~_ --- direct passage of carbon =~ —-- pile up
3] So
© 1076 SN
= TTTTETEETms=a
E - ——
< 107°
=t
g 10-12
o
210715 L1111l [ R 11
® 1073 1072
M beta

FIG. 16. The simulated reconstructed energy distributions of the background particles and MMs with different speeds from
all the angles are shown in the top panels. The middle panels show the energy distribution of background particles and MMs
that has been corrected by reconstructed angles. The lower panels show the remaining background rate,including the direct
passage component(colored dashed line) and pile up(grey line)component in the, as a function of assumed MM speed. The left
and right panels give the results for detectors on Earth and Moon, respectively.

reconstructed from pileups. Therefore, all the depositess
energies are corrected to the equivalent deposit energy
if it perpendicularly passes through, denoated as FEj.
The top panels of Fig.16 illustrates the predicted deposit
energy spectra of Dirac MMs and background particles
in a single PS (before Ey conversion). The middle panels
give the Ej differential rates for both the pileup between_
top and bottom PSs and the direct passage of one particle
through the PSs. The lower panels depicts the total
scintillation background rate Rpg for different assumed692
MM speeds, requiring that we select an Ey range that
covers 99.5% (30) of MMs and also covers 99.5% (30)
of MMs’ TOFs. Considering the energy threshold of
0.1MeV in the plastic scintillator, we do not expect
its acceptance of MMs with speeds lower than about
2.5x10~* light speed.

9

694
695
696
697
D. Total Background and Sensitivity :zz

700

For high-speed MMs (3 > 2 x 107%),we can detectrn
both their ionization signals and the induction signals.o
So the final background rate can be calculated by thers
coincidence between PSs and Coils. Low-speed MMsros
(B < 2 x 10~*) are unable to produce enough lights tores
surpass the energy threshold in PS.Such searches needqor
to be performed with induction signal only, and higherros
number of fired coils is required. So the final backgroundre

rate can be expressed as:

Rind(a) . Rps(ﬁ) : At; ﬁ > 2 X 1074
R(a, B) = Rinala) )
m [ <2x10
(13)

Here r.,; denotes as the radius of a single coil, and we
set it to be 6 cm in the following calculation.The R;,q(c)
and R, are given in Subsec. VB and V C, respectively.
An optimal « is got by minimizing the value @ shown in
the following equation:

FC(E - R(a, B))
APH (B) ! Aind(a) -E

Here, A,s(8) is the acceptance of PSs, A;nq(c) is the
acceptance of induction coils from Eq. 10. & is the
assumed exposure. FC denotes as the Feldman-Cousins
upper limit at 90% CI as a function of expected
background count, R(a, ) is the expected background
rate based on Eq. 13. The top and middle panels
of Fig. 17 and Fig. 18 show the optimized expected
background count and the corresponding acceptance as
a function of assumed MMs speed under different SN Ry
and & assumptions.

With these, we give the estimated sensitivity of MM
flux with several assumed detector exposure time and
size in the bottom panels of Fig. 17 and Fig. 18. We
also plot the most constraints for MM flux at different
speed ranges from all the induction experiments [30],

Q=

(14)
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The top and middle panels show the expected background count

and acceptance as a function of assumed MMs speed at an optimized coil’s triggering threshold, respectively. The bottom panels
illustrate the flux upper limit at 90% CI. The colored solid lines represent the expected constrain that can be obtained from
this work, the green region represents the flux constrain that have been get from other works like MARCO and Ice-cube etc.
Different colors represent to different exposures, and different columns display the results that are calculated under different

SN Ry assumptions (Need to update)

MACRO [3], and IceCube [31]. SCEP has excellentrs
background suppression for Dirac MMs traveling atrs
speeds exceeding ~ 2x1072 light speed. This isss
achieved by exploiting the coincidence between thers
induction and scintillation signals. Consequently, thers
sensitivities within this speed range are primarilyrso
dominated by the exposure (the product of exposurerno
time and area of detection area). However, when
the velocity of the MMs falls within the range of
approximately 2.5x107% to 2x1073, the scintillation,,
background becomes significant, resulting in a reduction
in sensitivity. This effect is particularly noticeable When
number of coil layer N, is equal to 2 and when the .
detector is based on the Moon. For MMs travehng
at speeds below approximately 2.5x10™% light speed, s
the Dirac MMs are unable to produce bClntlH?Lthn e
lights in the PSs, causing SCEP to operate solely 1n
induction-only search mode. As a result, sen81t1v1tles
in this speed range decrease 81gn1ﬁcantly due to the e
absence of scintillation/induction coincidence. However, ®
the use of a higher number of coil layers can help .
recover the lost sensitivity. Also, the sensitivity keeps
decreasing as the speed of MM decreases due to the "
SNR’s dependence on the MM speed. By employing a j

simple SCEP benchmark setup consisting of four layers
of induction coils, it is anticipated that world-leading
sensitivities can be achieved for low-speed MM (8 ~
10~°) searches with a 500 m?.yr exposure. Similarly,
for medium-to-high-speed MMs (3 ~ 1073 to 0.7),
sensitivities can reach a competitive level with a 200,000
m?.yr exposure.[need to be update]

VI. SUMMARY AND DISCUSSION

The SCEP experiment aims to detect the induction
signal and scintillation signal simultaneously when a MM
passes through coils and deposits energy inside PSs. Two
read-out scenarios are planned for the induction signal.
It can either be directly amplified by an operational
amplifier and read out by a digitizer, or the induction
micro-current can be fed into a Helmholtz coil, converting
it to a magnetic signal that can be read out by a
high-precision magnetometer coupled to the Helmholtz
coil. The background for the induction signal is primarily
influenced by two factors: the backend electronics noise
and the thermal noise from the induction coil. In the case
of the magnetometer-readout scenario, the backend noise
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SN Ry assumptions

is negligible, and the background is dominated by thero
thermal noise. To estimate the SNR for three prototyperso
induction coils, a dedicated simulation framework hasre
been developed. The results show that the V2 coilws
with magnetometer readout can achieve an SNR of7s
approximately 2. These findings are further validatedrs
through measurements using stimulated pulsed magneticrss
flux from a long-thin coil and measurements of the

thermal noise on the coil. The pileup background786
for the scintillation signal on the PSs is estimated ™’
using dedicated MC simulations, taking into account the”™
particle fluxes at the detector site in both terrestrial *
(sea-level) and moon-based environments. The pileups”™”
are primarily caused by muons and protons for terrestrial "
detectors, while high-energy protons and helium nuclei”
dominate in moon-based detectors. By considering all™
these factors, the sensitivities of the SCEP experiment’
to Dirac MMs are estimated as a function of MM
speed, with different assumed exposures. The simplest796
benchmark setup, consisting of four layers of induction””’
coils, allows for a background-free search through798
induction/scintillation coincidence. However, for MMs"”
traveling at speeds below approximately 2.5x10~4 light800
speed, they are unable to produce sufficient scintillationzz

light in the PSs. Consequently, induction-only searches
have to be performed in this speed range, and the
sensitivity is reduced unless a sufficient number of coil
layers are used. With N.=4 and an exposure of
500 m?-yr, the SCEP experiment can already achieve the
best sensitivity for MM searches at speeds around 10~°
light speed.

However, it should be noted that the estimations
presented in this work are based on a coil size with a
radius of 6 cm. In future large-area detector arrays, there
is a preference for larger coil sizes and less number of coil
layers due to practical considerations such as reducing
the number of readout channels and the total weight of
the system. In the ideal case, the SNR on a single coil
is proportional to the product of the number of turns,
the square of the wire diameter, and the inverse square
of the coil diameter, and thus decreases if we simply
increase the coil size. This relationship does not even take
into account the potential dependence of the alternating
resistance on these parameters. On the other hand,
increasing the coil size will lead to a decrease in the track
reconstruction resolution when using induction signals
from multiple coils. Consequently, this can result in a
higher background rate after the induction/scintillation
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coincidence. Therefore, when employing detector arrayssio
with larger coil sizes, it is crucial to optimize the SNR forso
the induction signal and minimize the background rate ofsx
the scintillation signal on the PSs. To improve the SNR ofs2
the induction signal, optimization of the induction circuitses
and the use of materials with high magnetic permeabilitysz
are two potential approaches. Increasing the number
of layers in the particle detectors and incorporating
different types of particle detectors hold promise for
further reducing the background rate due to particle
interactions. Additionally, more advanced algorithms,
such as those based on deep neural networks, have thes:
potential to enhance background rejection by leveraginger
the full range of information obtained from the data. s

Taking all of these factors into consideration, it hass»
been demonstrated that SCEP is capable of conductingss:o

825

15

background-free searches for medium-to-high-speed
Dirac magnetic monopoles by requiring the coincidence
between the induction and scintillation signals. It is
also possible to further increase the SNR of induction
searches, allowing for the use of fewer coil layers and
increased sensitivity for low-speed magnetic monopoles.
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