
Ionization-based search for magnetic monopoles
using the NOvA Far Detector

S. Abubakar,12 M. A. Acero,2 B. Acharya,34 P. Adamson,13 N. Anfimov,29 A. Antoshkin,29 E. Arrieta-Diaz,30

L. Asquith,43 A. Aurisano,7 A. Back,22,27 N. Balashov,29 P. Baldi,28 B. A. Bambah,19 E. F. Bannister,43 A. Barros,2

J. Barrow,33 A. Bat,3,12 T. J. C. Bezerra,43 V. Bhatnagar,37 B. Bhuyan,16 J. Bian,28,33 A. C. Booth,39,43 R. Bowles,22

B. Brahma,20 C. Bromberg,31 N. Buchanan,9 J. Burns,7 A. Butkevich,24 E. Catano-Mur,50 J. P. Cesar,45 S. Chaudhary,16

R. Chirco,21 S. Choate,26 B. C. Choudhary,11 O. T. K. Chow,39 A. Christensen,9 M. F. Cicala,47 T. E. Coan,42

T. Contreras,13 A. Cooleybeck,51 D. Coveyou,48 L. Cremonesi,39 G. S. Davies,34 P. F. Derwent,13 P. Ding,13 K. Dever,39

Z. Djurcic,1 K. Dobbs,18 D. Dueñas Tonguino,14,7 E. C. Dukes,48 R. Ehrlich,48 E. Ewart,22 P. Filip,25 M. J. Frank,40

H. R. Gallagher,46 A. Giri,20 R. A. Gomes,15 M. C. Goodman,1 R. Group,48 A. Gusmão,15 A. Habig,32 F. Hakl,23

J. Hartnell,43 R. Hatcher,13 J. M. Hays,39 M. He,18 K. Heller,33 V. Hewes,7 A. Himmel,13 T. Horoho,48 X. Huang,34

A. Ivanova,29 B. Jargowsky,28 I. Kakorin,29 A. Kalitkina,29 D. M. Kaplan,21 A. Khanam,44 B. Kirezli,12 J. Kleykamp,34

O. Klimov,29 L. W. Koerner,18 L. Kolupaeva,29 R. Kralik,43 A. Kumar,37 C. D. Kuruppu,41 V. Kus,10 T. Lackey,13,22

K. Lang,45 J. Lesmeister,18 A. Lister,51 J. A. Lock,43 S. Magill,1 W. A. Mann,46 M. T. Manoharan,8 M. Manrique Plata,22

A. Marathe,47 M. L. Marshak,33 M. Martinez-Casales,13,27 V. Matveev,24 A. Medhi,16 B. Mehta,37 M. D. Messier,22

H. Meyer,49 T. Miao,13 V. Mikola,47 S. R. Mishra,41 R. Mohanta,19 A. Moren,32 A. Morozova,29 W. Mu,13 L. Mualem,5

M. Muether,49 C. Murthy,45 D. Myers,45 J. Nachtman,26 D. Naples,38 J. K. Nelson,50 O. Neogi,26 R. Nichol,47 E. Niner,13

M. Nixon,33 A. Norman,13 A. Norrick,13 H. Oh,7 A. Olshevskiy,29 T. Olson,18 A. Pal,36,17 J. Paley,13 L. Panda ,36,17

R. B. Patterson,5 G. Pawloski,33 R. Petti,41 R. K. Pradhan,20 L. R. Prais,34,7 A. Rafique,1 V. Raj,5 M. Rajaoalisoa,7

B. Ramson,13 B. Rebel,51 C. Reynolds,39 E. Robles,28 P. Roy,49 D. Sagar,28 O. Samoylov,29 M. C. Sanchez,14,27

S. Sánchez Falero,27 P. Shanahan,13 P. Sharma,37 A. Sheshukov,29 A. Shmakov,28 W. Shorrock,43 S. Shukla,4 I. Singh,11

P. Singh,39,11 V. Singh,4 S. Singh Chhibra,39 J. Smolik,10 P. Snopok,21 N. Solomey,49 A. Sousa,7 K. Soustruznik,6

M. Strait,13,33 C. Sullivan,46 L. Suter,13 A. Sutton,14,27 K. Sutton,5 S. K. Swain,36,17 A. Sztuc,47 N. Talukdar,41 P. Tas,6

J. Thomas,47 E. Tiras,12,27 M. Titus,8 Y. Torun,21 D. Tran,18 J. Trokan-Tenorio,50 J. Urheim,22 B. Utt,33 P. Vahle,50

Z. Vallari,35 K. J. Vockerodt,39 A. V. Waldron,39 M. Wallbank,7,13 C. Weber,33 M. Wetstein,27 D. Whittington,44

D. A. Wickremasinghe,13 J. Wolcott,46 S. Wu,33 W. Wu,38 Y. Xiao,28 B. Yaeggy,7 A. Yahaya,49 A. Yankelevich,28

K. Yonehara,13 S. Zadorozhnyy,24 J. Zalesak,25 L. Zhao,28 and R. Zwaska13

(NOvA Collaboration)

1Argonne National Laboratory, Argonne, Illinois 60439, USA
2Universidad del Atlantico, Carrera 30 No. 8-49, Puerto Colombia, Atlantico, Colombia

3Engineering Sciences Department, Faculty of Engineering and Natural Sciences,
Bandirma Onyedi Eylül University, 10200, Bandirma, Balıkesir, Turkey

4Department of Physics, Institute of Science, Banaras Hindu University, Varanasi 221 005, India
5California Institute of Technology, Pasadena, California 91125, USA

6Faculty of Mathematics and Physics, Institute of Particle and Nuclear Physics, Charles University,
Prague, Czech Republic

7Department of Physics, University of Cincinnati, Cincinnati, Ohio 45221, USA
8Department of Physics, Cochin University of Science and Technology, Kochi 682 022, India
9Department of Physics, Colorado State University, Fort Collins, Colorado 80523-1875, USA

10Czech Technical University in Prague, Brehova 7, 115 19 Prague 1, Czech Republic
11Department of Physics and Astrophysics, University of Delhi, Delhi 110007, India

12Department of Physics, Erciyes University, Kayseri 38030, Turkey
13Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA

14Florida State University, Tallahassee, Florida 32306, USA
15Instituto de Física, Universidade Federal de Goiás, Goiânia, Goiás 74690-900, Brazil

16Department of Physics, IIT Guwahati, Guwahati 781 039, India
17Homi Bhabha National Institute, Training School Complex, Anushakti Nagar, Mumbai 400094, India

18Department of Physics, University of Houston, Houston, Texas 77204, USA
19School of Physics, University of Hyderabad, Hyderabad 500 046, India

20Department of Physics, IIT Hyderabad, Hyderabad 502 205, India
21Illinois Institute of Technology, Chicago, Illinois 60616, USA

22Indiana University, Bloomington, Indiana 47405, USA

PHYSICAL REVIEW D 113, 112014 (2026)

2470-0010=2026=113(11)=112014(13) 112014-1 Published by the American Physical Society

https://orcid.org/0000-0002-6128-1083


23Institute of Computer Science, The Czech Academy of Sciences, 182 07 Prague, Czech Republic
24Institute for Nuclear Research of Russia, Academy of Sciences 7a,

60th October Anniversary prospect, Moscow 117312, Russia
25Institute of Physics, The Czech Academy of Sciences, 182 21 Prague, Czech Republic

26Department of Physics and Astronomy, University of Iowa, Iowa City, Iowa 52242, USA
27Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011, USA

28Department of Physics and Astronomy, University of California at Irvine, Irvine, California 92697, USA
29Joint Institute for Nuclear Research, Dubna, Moscow region 141980, Russia
30Universidad del Magdalena, Carrera 32 No. 22-08, Santa Marta, Colombia

31Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
32Department of Physics and Astronomy, University of Minnesota Duluth, Duluth, Minnesota 55812, USA

33School of Physics and Astronomy, University of Minnesota Twin Cities,
Minneapolis, Minnesota 55455, USA

34University of Mississippi, University, Mississippi 38677, USA
35Department of Physics, Ohio State University, Columbus, Ohio 43210, USA

36National Institute of Science Education and Research, Bhubaneswar, Odisha 752050, India
37Department of Physics, Panjab University, Chandigarh 160 014, India

38Department of Physics, University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA
39Particle Physics Research Centre, Department of Physics and Astronomy,

Queen Mary University of London, London E1 4NS, United Kingdom
40Department of Physics, University of South Alabama, Mobile, Alabama 36688, USA

41Department of Physics and Astronomy, University of South Carolina,
Columbia, South Carolina 29208, USA

42Department of Physics, Southern Methodist University, Dallas, Texas 75275, USA
43Department of Physics and Astronomy, University of Sussex,

Falmer, Brighton, BN1 9QH, United Kingdom
44Department of Physics, Syracuse University, Syracuse, New York 13210, USA

45Department of Physics, University of Texas at Austin, Austin, Texas 78712, USA
46Department of Physics and Astronomy, Tufts University, Medford, Massachusetts 02155, USA

47Physics and Astronomy Department, University College London,
Gower Street, London, WC1E 6BT, United Kingdom

48Department of Physics, University of Virginia, Charlottesville, Virginia 22904, USA
49Department of Mathematics, Statistics, and Physics, Wichita State University,

Wichita, Kansas 67260, USA
50Department of Physics, William and Mary, Williamsburg, Virginia 23187, USA

51Department of Physics, University of Wisconsin-Madison, Madison, Wisconsin 53706, USA

(Received 23 December 2025; revised 17 March 2026; accepted 20 April 2026; published 29 June 2026)

We report a search for highly ionizing magnetic monopoles in the cosmic-ray flux using a 2713-day
dataset collected during 2015–2025 with the NOvA Far Detector, a 14-kt segmented detector located on
Earth’s surface in Minnesota, United States. The search is sensitive to monopoles across a wide range of
speeds, 7 × 10−4 < β < 0.995, and is sensitive to masses as low as 2 × 105 GeV for the fastest monopoles.
No signal was observed. With the detector’s large surface area and minimal overburden, we achieve
the strongest flux limits reported to date in several regions of speed and mass. For heavy monopoles
with masses above 1013 GeV that are able to reach the detector from above or—crossing Earth—from
below, we find a flux limit ϕ90% < 2 × 10−16 cm−2 s−1 sr−1 (90% confidence level) for monopoles with
0.005 < β < 0.8. Across the same range of speeds, we report a limit ϕ90% < 8 × 10−16 cm−2 s−1 sr−1 for
light monopoles with masses above 108 GeV that can reach the detector from above.

DOI: 10.1103/spfn-hnhv

I. INTRODUCTION

Magnetic monopoles remain one of the most compelling
and elusive mysteries in modern physics. Despite strong
theoretical motivations and decades of experimental effort,
not a single particle with a magnetic charge has ever been
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observed. The existence of a single magnetic pole,
proposed by Dirac in 1931 through the quantization of
electric charge, is known as Dirac’s quantization con-
dition [1]. Dirac’s proposal suggests that even one
magnetic monopole in the Universe would explain the
observed quantization of electric charge. According to
the quantization condition, the magnetic charge g is an
integral multiple of e

2α, where e is the fundamental electric
charge and α is the fine structure constant. Under this
hypothesis, the ionization strength of the smallest pos-
sible magnetic charge, known as the Dirac charge gD, is
equivalent to that of a particle carrying 68.5 times the
fundamental electric charge.
Following Dirac’s insight, certain frameworks within

string theory suggest that the requirement of electric charge
quantization implies the existence of magnetic monopoles
[2]. The existence of even a single monopole would restore
the symmetry between electric and magnetic fields in
Maxwell’s equations. Monopoles are allowed in grand
unified theories (GUTs) as fundamental solutions to spon-
taneous symmetry breaking and the associated topology
of the unified gauge field [3–5]. They are created as stable
topological defects when the unified gauge symmetry
breaks down into fundamental forces. They are extremely
massive, with masses close to the unification scale, typi-
cally higher than 1016 GeV, and carry a magnetic charge
quantized in units of the Dirac charge. Some theoretical
models also predict magnetic monopoles with masses as
low as 107 GeV [6]. All of these GUT monopoles are
massive compared to Standard Model particles and cannot
be produced in existing or foreseen particle accelerators. In
addition to superheavy GUT monopoles, several other
theories predict monopoles at the electroweak scale [7–10].
If the laws of physics allow magnetic monopoles to

exist, GUT monopoles could have formed in the early
Universe and still exist in the cosmic flux [11,12].
Astrophysical considerations put an upper limit on the
GUT monopole flux at 10−15 cm−2 s−1 sr−1, a constraint
known as the Parker bound [13,14]. These relic monop-
oles have been sought in the cosmic flux using various
techniques. One of the early experimental efforts was
conducted by Cabrera et al., who used superconducting
rings as monopole detectors [15,16]. Another approach
involves probing for monopole-induced proton decay
catalysis, as proposed in several theoretical works
[17–19] and investigated experimentally by Super-
Kamiokande [20]. Mountaintop experiments, such as
search for light magnetic monopoles (SLIM), have
employed nuclear track detectors [21]. Underground
scintillator-based experiments, such as MACRO, have
presented the strongest limit on GUT monopoles with
g ¼ gD at the level 1.4 × 10−16 cm−2 s−1 sr−1 for a very
wide range of speeds: 4 × 10−5 < β < 1 [22], where β
denotes the ratio of the monopole’s speed to the speed
of light.

The IceCube [23,24] and ANTARES [25,26] experi-
ments, both employing the Cherenkov detection method,
have searched for magnetic monopoles. IceCube, located in
the Antarctic ice, has set the most stringent flux limits,
reaching below 2×10−19 cm−2 s−1 sr−1 for 0.8 ≤ β ≲ 0.995
[24]. In addition, searches have been conducted on lunar
rock samples, particularly in studies performed at Berkeley
[27,28]. Monopoles have also been probed through their
possible production in proton-proton collisions at the
LHC [29–33] and production in collisions of cosmic rays
bombarding the atmosphere [34]. The Far Detector of
the NuMI Off-Axis νe Appearance (NOvA) experiment,
located on Earth’s surface with minimal overburden and a
large surface area, provides remarkable sensitivity for even
low-mass monopoles, which are generally not accessible in
underground experiments.
This paper is organized as follows. Section II describes

the NOvA detectors. Section III provides a detailed
description of the procedure used to simulate the signal
sample to evaluate the efficiency of this analysis, as well as
the method used to determine the accessible solid angle.
Section IV describes the online trigger that initiated the data
collection used in this analysis, and Sec. V presents the
offline analysis strategy. Finally, the results are presented
in Sec. VI.

II. NOVA FAR DETECTOR

NOvA is a long-baseline neutrino experiment [35] that
uses an intense beam of muon (anti)neutrinos and two
highly segmented and functionally identical detectors to
investigate key questions in the neutrino sector, such as the
measurement of mixing parameters, the mass ordering, and
the CP-violating phase δCP. The 0.3-kt Near Detector is
located 1-km downstream of the neutrino production target
and 100-m underground at Fermilab, and the 14-kt Far
Detector (FD) is located on the surface, 810 km from the
target, near Ash River, Minnesota. The detectors are
14.6 mrad off the axis of the NuMI beam, producing a
narrow-band neutrino flux that peaks at 1.8 GeV.
Shielded only by a 3.6-m water equivalent overburden,

the FD is exposed to a cosmic-ray flux of 150 kHz.
It is a segmented tracking calorimeter, of dimensions
15.5 × 15.5 × 59.8 m, with 896 planes of 384 polyvinyl
chloride cells [36]. The cells are filled with an organic
scintillator (mineral oil mixed with 5% pseudocumene),
which accounts for 63% of the mass of the detector [37].
The cells have dimensions 1550 × 3.9 × 6.6 cm and are
oriented in alternating vertical and horizontal views, as
shown in Fig. 1, to achieve three-dimensional (3D) event
reconstruction. Planes with horizontal cells make up the YZ
view, while planes with vertical cells make up the XZ view.
Each cell contains a looped wavelength-shifting (WLS)
fiber that runs along its length to collect light, which is
guided to a photodetector. NOvA uses avalanche photo-
diodes (APDs) as photodetectors. Both ends of the fiber
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from each cell are coupled to one pixel of a 32-pixel
APD array.
When a charged particle passes through a scintillator-

filled cell, it produces light that is captured and converted
from blue (400–450 nm) to green (490–550 nm) by the
fluorescent dye in the WLS fiber. A portion of the light
emitted by the dye is guided within the fiber via total internal
reflection. As it travels along the fiber, a significant fraction
of the shorter-wavelength component (<520 nm) is
absorbed, while longer-wavelength light is only weakly
attenuated. In the wavelength range corresponding to the
fiber output, the APD exhibits a quantum efficiency of 85%
and produces a robust signal for the minimum ionizing
particles (MIP) passing through any point along the length of
a cell. The APD converts light into an electrical signal, which
is continuously sampled every 500 ns and digitized by an
analog-to-digital converter (ADC). The resulting digital
signal appears as a pulse, whose height is proportional to
the energy deposited in the cell. In the following text, we use
“ADC” to refer specifically to the digitized signal output.
A “hit” is recorded in a cell when the digitized samples meet
a predefined criterion set individually for each APD pixel.
The thresholds are defined as 3 times the measured rms noise
at installation, with the APDs both cooled and biased. This
corresponds to roughly one-third of a MIP signal originating
from the far end. Variations between individual pixels can be
as large as 10%. Because of the alternating orientation of
detector planes, each hit provides two-dimensional (2D)
position information from either the XZ or YZ view, along
with the time and magnitude of the energy deposited. The
signature of the passage of a magnetic monopole through FD
is discussed in more detail in Sec. III.

III. SIMULATION

Simulation is used to determine two inputs to the
analysis: first, the detection efficiency, which measures
how well the FD can identify a monopole once it arrives;
and second, the solid angle coverage, which gives the
fraction of the sky over which a monopole of a given speed
and mass can reach the FD.
To evaluate the signal selection efficiency, a sample of

magnetic monopoles, isotropically distributed, each carry-
ing a magnetic charge of gD and no electric charge, is
generated using the standard NOvA simulation framework
[38]. The energy loss of monopoles within the detector is
modeled using Geant4 [39], while light production, propa-
gation, and detection are modeled using a custom simu-
lation code developed specifically for NOvA detectors [38].
Simulated monopoles with a velocity distribution in the
range 10−4 ≤ β ≤ 0.995 are uniformly distributed on all
surfaces of the FD. The mass of the simulated monopoles
is treated as heavy enough so that the energy loss of
monopoles in the detector does not affect their speed. We
do not consider the catalysis of proton decay by magnetic
monopoles because it is predicted that this process does not
occur at a significant rate [17,19]. If such a process occurs,
NOvA’s sensitivity to low-mass monopoles would be
reduced, in an amount depending on the catalysis model,
as monopoles would be lost in Earth and in the atmosphere.
Energy deposition of magnetic monopoles in the FD

occurs primarily through ionization and atomic excitation.
The stopping power formula proposed by Ahlen and
Kinoshita [40] is implemented in our simulation for
monopoles with β < 10−2,

dE
dx

¼ Caβ; ð1Þ

where

Ca ¼
2πNeg2e2

mevF

�
ln
2mevFa0

ℏ
− 0.5

�
¼ 12 GeV=cm; ð2Þ

where vF is the Fermi velocity ð ℏ
me
Þð3π2NeÞ13, a0 is the Bohr

radius, and Ne is the density of electrons. Similarly, the
following stopping power model calculated by Ahlen [41]
is implemented for monopoles with β > 0.1:

dE
dx

¼ 4πNeg2e2

me

�
ln

�
2meβ

2γ2

I

�
−
1þ δ

2

− BðjgjÞ þ KðjgjÞ
2

�
; ð3Þ

where BðjgjÞ ¼ 0.248 is the Bloch correction and KðjgjÞ ¼
0.406 is the QED correction for jgj ¼ 137e=2. The quantity
I denotes the mean ionization potential of the medium, and
δ is the density-effect correction that accounts for the

FIG. 1. Schematic diagram of the NOvA detectors. For each
detector, the coordinate system origin is set at the center of the front
face. The z axis points forward along the length of the detector, the
y axis points vertically upward, the x axis points horizontally along
the width of the detector, and together they form an orthogonal
right-handed system. The inset illustrates the internal structure of
the detectors, where cells are arranged in alternating vertical and
horizontal orientations. This geometry enables precise 3D
reconstruction of particle trajectories and energy deposition.
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polarization of the medium at high energies. For reference,
the energy loss at β ¼ 0.1, 0.5, and 0.9 is 3.17, 5.55,
and 7.23 GeV=cm, respectively, as compared to that of a
MIP, 2 × 10−3 GeV=cm. For the intermediate region,
0.01 ≤ β ≤ 0.1, we interpolate linearly between the two
models.
A dedicated test stand [42] was built to accurately

determine the Birks constant, allowing the characteriza-
tion of the light response of the NOvA scintillator to
highly ionizing particles. In this setup, a neutron source
was used to generate protons within a small sample of
NOvA scintillator, and light sensors recorded the result-
ing scintillation signals. A timing system measured the
neutron time of flight to the scintillator, enabling the
proton energies to be determined. The scintillation light
produced by these protons was then compared to the
response from well-characterized γ-ray sources to obtain
a calibration. By varying the Birks constant in the light-
response model until the calculated light output agreed
with the observed signal, its value was determined to be
ð1.155� 0.065Þ × 10−2 g cm−2 MeV−2. Birks law limits
the scintillation signal, which does not increase signifi-
cantly above β ≈ 0.1 despite the increase in energy loss.
In the limit of high dE/dx the scintillation light is as
bright as it would be for 0.07 GeV=cm if there were no
Birks suppression, which is equivalent to approximately
35 times the signal produced by a MIP. The test stand
probed dE/dx values of up to 1 GeV=cm. As shown in the
examples above, monopoles are predicted to have energy
losses an order of magnitude higher than this at high β.
However, as discussed below, Cherenkov light dominates
in this region, making the details of Birks suppression
subdominant.
NOvA is primarily designed to study the energy depo-

sition of relativistic particles. In contrast, magnetic monop-
oles may traverse the detector at velocities well below the
speed of light. To evaluate the detector response to such
slow, highly ionizing signals, a separate test stand meas-
urement was performed. In this setup, APDs read out by
NOvA electronics were exposed to light-emitting diode
pulses designed to mimic the signatures of monopoles. The
pulse durations matched the time a monopole would take
to cross a cell, and the intensities were tuned to reproduce
the anticipated energy deposition of monopoles at various
speeds. The measured response showed good agreement
with the simulation of the detector electronics within
systematic uncertainty of 10% assigned to the test stand
measurement. Following the approach presented in
Ref. [43], to account for the possibility of an overestimated
detector response to slow signals, we conservatively reduce
the expected light detection by 10% for monopoles with
β < 0.01. For monopoles with β > 0.1, a smaller reduction
of 3% is applied to account for theoretical uncertainties
[41]. A smooth linear interpolation is performed in the
intermediate range 0.01 ≤ β ≤ 0.1.

The scintillator has a wavelength-dependent refractive
index, which is 1.47 at 400 nm, resulting in a Cherenkov
threshold for magnetic monopoles of β ≈ 0.68. According
to the magnetic monopole equivalent of the Frank-Tamm
formula [44], a relativistic monopole emits Cherenkov light
at a rate proportional to ðgn=eÞ2 times that of a particle with
electric charge e traveling at the same speed in a medium
with refractive index n. Above the Cherenkov threshold,
a magnetic monopole with magnetic charge gD is therefore
expected to produceOð104Þ times more light than a typical
cosmic muon in the FD. For monopoles with β > 0.68, the
total light yield includes contributions from both ionization
energy loss, reduced by Birks suppression, and Cherenkov
radiation. The passage of a magnetic monopole through the
FD is expected to produce a uniform light yield along its
path. This distinguishes monopoles from the obvious
background, i.e., ordinary cosmic rays, which can be either
minimally ionizing and uniform (low-energy muons) or
highly ionizing and nonuniform (high-energy muons,
protons, γ’s, etc.).
As the monopole speed increases, the spectrum of

secondary electrons, known as δ rays, begins to include
particles that can travel several centimeters, reaching into
neighboring detector cells. This effect becomes significant
at β ≈ 0.68 and leads to a significant reduction in detection
efficiency, which is further discussed in Sec. V. However,
explicitly generating δ rays for high-speed monopoles
is computationally expensive. To model this behavior,
we instead use a custom simulation that simulates intense
ionization within a cylinder around each simulated monop-
ole, without explicitly generating each δ ray. This approxi-
mation is well motivated, as either the monopole itself
or the large number of δ rays will saturate any detector
channel within the affected region, with a relatively sharp
cutoff at the maximum transverse range of the δ rays for any
given monopole speed.
To realistically model the detector environment during a

potential magnetic monopole passage, we combine each
simulated monopole with 5 ms of minimum biased FD data
(i.e., data recorded and saved to permanent storage without
any selection). This resulting sample consists of events that
contain both the simulated monopole signal and typical
detector activity.
For each point in the space of monopole mass and speed,

we used simulation to determine the fraction of isotropi-
cally distributed monopoles that can reach the detector. We
denote this result as the “accessible solid angle” Ω. The
calculation used the stopping powers from Eqs. (1) and (3)
in a geometry that included a model of the FD overburden
and a simple three-layer Earth model [45]. The resulting
Ωðβ; mÞ is shown in Fig. 2, with the top panel displaying
the dependence on both β and mass. For better visualiza-
tion, the lower panel shows the coverage as a function of
mass for selected values of β. A similar dependence of
acceptance on monopole mass, for various magnetic
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charges and speeds, is shown in Ref. [45]; however, our
results are specific to monopoles with a single Dirac
charge (g ¼ gD).
In the limit of high monopole mass, the monopoles are

able to traverse the entire Earth, which is an important
special case that we refer to as the 4π region in Fig. 2.
As monopole mass decreases, the accessible solid angle
correspondingly decreases, with two main features: first,
intermediate-mass monopoles can arrive only from above
the horizon; and second, the lightest monopoles to which
NOvA has sensitivity can arrive only through the thinnest
part of the detector overburden, directly above the detector.
In the lower panel of Fig. 2, the point at which each curve
drops to zero marks the lowest monopole mass that can be
detected for the corresponding β.

IV. ONLINE TRIGGER

The NOvA FD uses several software-based data-driven
triggers [46], including two designed specifically for
magnetic monopoles: an ionization-based trigger and a
transit time-based trigger. In NOvA, the ionization-based
trigger records candidate events characterized by high-
energy deposition, whereas the transit time-based trigger
identifies and records those with velocities well below the

speed of light. The two categories are mainly for conven-
ience in the trigger system and have some event overlap. In
this work, we focus solely on the ionization-based trigger;
results from the transit time-based trigger are presented
elsewhere [43]. The ionization-based trigger continuously
searches for long, through-going, highly ionizing tracks
with uniform energy deposition against the background of
150 kHz of ordinary cosmic rays. A detailed analysis of the
potential cosmic background relevant to the detection of
magnetic monopoles in the FD is provided in Sec. V.
The first step of the trigger algorithm is to identify hits

that are all associated with the same interaction. We call a
group of hits correlated in space and time a “slice.” Each
slice has hits in the two views, XZ and YZ. Since
monopoles are expected to deposit enormous energy in
the detector, only hits with more than 500 ADC are
clustered into slices. At the trigger level, we do not perform
3D tracking due to CPU time constraints, so absolute
energy calibration with attenuation correction is absent
throughout the trigger decision-making process.
The ionization-based trigger calculates a collection of

variables from the slices that are useful for classification of
interesting events. Since monopoles are expected to pro-
duce nearly uniform ionization along their path, the trigger
algorithm looks for slices that are characterized by a high
density of hits per unit length, small variations in the
number of hits per plane, and an ADC-weighted center that
remains close to the geometric center of the track. Since
monopoles are expected to traverse the detector without
stopping, the trigger also requires hits near opposite
surfaces of the detector, consistent with the signature of
a through-going particle. Additional conditions, such as a
minimum number of surface hits and a minimum slice
diagonal length, are applied to reject short or localized
background events. Based on these requirements, the
ionization-based trigger determines whether a slice con-
tains a potential highly ionizing monopole track while
maintaining a low overall trigger rate. If the criteria are
satisfied, a trigger is issued with a time window equal to
the duration of the slice, extended by a buffer of 781.25 ns
(50 clock ticks at 64 MHz) on each end. The resulting event
is then saved to permanent storage for future analysis.
Figure 3 shows the “trigger efficiency,” defined as the

fraction of simulated monopoles, originating just outside
the detector, that are selected by the trigger. The main
reason for trigger inefficiency is slice reconstruction failure.
Monopoles moving almost vertically through the detector
have a greater chance to go through the gaps between two
adjacent planes, thus leaving too few cell hits for slice
reconstruction. Furthermore, for monopoles with β < 0.01,
the energy deposited in each cell may not be enough to
produce a hit or for a hit produced to exceed the ADC
threshold required for slicing. For β above the Cherenkov
threshold, the efficiency decreases due to the crosstalk
effect, as discussed in detail in Sec. V.
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V. OFFLINE ANALYSIS

Events that satisfy trigger requirements are further
analyzed offline with more sophisticated reconstruction
algorithms. In the offline analysis, 3D tracks are recon-
structed to obtain several key variables for signal selection,
such as velocity, track length, track width, etc. The process
starts by grouping hits that are close in space and time.
These clusters are used to reconstruct 2D tracks in the XZ
and YZ views, which are then combined to form the full
3D track.
This search is based on data collected with the NOvA FD

between November 2015 and February 2025. The dataset
corresponds to a total of 2904 days of live time. After
applying corrections for detector-specific data quality
criteria and the fraction of time the data-driven trigger
was operational, the effective good live time used in this
analysis is calculated as 2713 days.
The signal selection for this search is performed in two

stages: preselection and final selection. The preselection
stage applies relatively loose criteria to eliminate obvious
background events while maintaining high signal effi-
ciency. The final selection then imposes stricter require-
ments to completely suppress any residual background.
To develop and optimize these selection strategies, we used
a subset of ionization-based triggered data uniformly
sampled from 2015 to 2019 and representing approxi-
mately 0.5% of the total dataset described above. Because
of limited background statistics, the selection cuts were
kept simple and not optimized with a formal figure of merit.
Instead, the strategy was to reject all backgrounds while
maximizing the “overall selection efficiency,” defined as
the fraction of simulated monopoles, originating just out-
side the detector, that pass the trigger, preselection, and
final selection requirements.
The preselection criteria are chosen on the basis of the

expected properties of magnetic monopoles: highly ioniz-
ing, subluminal, through-going particles. Reconstructed

tracks must have entry and exit points near the detector
boundaries, sufficient hits in both XZ and YZ views with a
long reconstructed length, and satisfy timing and velocity
constraints to ensure subluminality. Furthermore, monop-
oles are expected to exhibit a large energy loss per unit
length and a high average ADC per hit (hereinafter called
“mean ADC”). The following preselection criteria are
applied to each 3D reconstructed track:
(1) at least 20 hits in each view, with a reconstructed

length of at least 5 m;
(2) entry and exit points within 50 cm of the detector

surface;
(3) reconstructed velocity below the speed of light and

time difference between first and last hits of at
least 350 ns;

(4) track dE/dx of at least 2.5 × 10−3 GeV=cm and
mean ADC of at least 850.

More stringent cuts are applied in the final event
selection to retain most monopole signal events while
rejecting background tracks that pass the preselection.
Given their large mass and momentum, monopoles are
not expected to undergo significant multiple scattering,
resulting in straight, narrow tracks within detector reso-
lution. Events that passed the preselection criteria were
filtered based on the track width, as discussed below, to
eliminate backgrounds from Standard Model cosmic-ray
tracks that can produce large, but irregular, energy
depositions.
The track width is defined as the average squared

distance of the hits from the fitted track line, calculated
by adding the squared distances of all hits and dividing by
the number of hits. Two variables related to track width
are defined for signal selection: (1) “off-track width”: the
maximum value, taken between the XZ and YZ views, of
the sum of squared distances from the reconstructed track
for hits whose cells are not intersected by the straight-line
reconstructed track; and (2) “width difference”: the maxi-
mum value, taken between the XZ and YZ views, of the
difference between the maximum and minimum widths
observed along the track. Figure 4 illustrates how these
variables are used to separate monopoles from the Standard
Model background. The track width selection requirement
is the following:
(5) off-track width ≤ 6 cm2;
(6) width difference ≤ 30 cm2.
Mean ADC serves as the final discriminating variable for

identifying monopole signals in the data. Since monopoles
deposit significantly more energy in the detector than
cosmic rays, they are expected to exhibit higher mean
ADC values. Figure 5 shows the distribution of mean ADC,
with all other cuts applied except for the one on mean ADC
itself. The selection cuts 5 and 6 eliminate most irregular
or clustered cosmic activity, leaving only a small residual
background. Based on this distribution, different mean
ADC thresholds were chosen for high- and low-β
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monopoles to preserve efficiency throughout the velocity
spectrum. High-β monopoles, being highly ionizing, allow
for a tighter mean ADC cut, while lower-β monopoles,
potentially less ionizing, require a lower threshold. After
analyzing several β points, we found that setting the relaxed
mean ADC cut for β < 0.03 results in minimal loss of
efficiency for lower-β monopoles. The mean ADC selec-
tion requirement is the following:
(7) mean ADC ≥ 2500 for βreco ≥ 0.03; and
(8) mean ADC ≥ 2000 for βreco < 0.03.
Two effects degrade the selection efficiency at high

monopole speeds. First, the δ rays can make the monopole
track appear wider. This effect becomes relevant at β ≈ 0.68
and rapidly worsens at higher speeds. To study the impact
of these large δ rays, we relied on the custom simulation
introduced in Sec. III. Second, monopoles above the
Cherenkov threshold produce a very large amount of light.
In the majority of the detector, this produces no compli-
cations. However, at the detector edges where light is
routed to the APDs, the WLS fibers of each set of 32 cells

are routed through a common optical volume filled with
scintillator. This volume is made of black plastic, which
reflects little scintillation light, intended to suppress the
collection of light produced in this volume, but monopole
Cherenkov light is so bright that it can significantly
illuminate some or all of the fibers in this region, making
spurious hits at track ends. Similarly, at the far end from
the APDs, there is a narrow channel connecting adjacent
detector cells, which was necessary for filling the detector
with scintillator. Under ordinary conditions, the light
leakage through this channel is negligible, but monopole
Cherenkov light can reflect through these channels suffi-
ciently to produce hits in cells adjacent to the monopole
path. We collectively refer to these effects as optical
crosstalk. Because it degrades the apparent straightness
and narrowness of monopole tracks, optical crosstalk
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causes a step down in selection efficiency at the Cherenkov
threshold, β ≈ 0.68.
We found that the decrease of the trigger efficiency

above the Cherenkov threshold is due to crosstalk, while
the decrease in overall efficiency above the Cherenkov
threshold arises from the combined influence of crosstalk
and δ rays, which cause tracks to appear wider, as shown in
Fig. 3. The drop in overall efficiency at low β is primarily
due to the mean ADC requirement for the signal.
The dominant background in this analysis arises from

the abundant atmospheric muons produced by cosmic-ray
interactions. These are suppressed using event character-
istics, as muon tracks are much less ionizing than the bright
monopole signature. In addition, atmospheric muons often
produce secondary showers, resulting in bulky and frag-
mented tracks. In contrast, a magnetic monopole makes a
single, straight, and narrow track with uniform brightness
along its path.
A potential background for highly ionizing monopole

candidates comes from cosmogenic muon bundles that
traverse the detector nearly simultaneously and in parallel.
Such closely spaced tracks could overlap and appear as a
single highly ionizing event. To estimate this contribution,
we simulated various muon bundle scenarios, including
two-, three-, four-, and five-muon bundles. In each bundle,
muons were generated entering the detector at the same
position and time with the same angle. Additional samples
of two-muon bundles were also produced in which the
muons had identical entry positions and angles, but were
separated by a finite time offset between their entries into
the detector. No bundles passed the selection cuts. To help
estimate their potential contribution in the signal region,
the selection cuts were relaxed. Still, none of the two- or
three-muon bundle events passed the relaxed selection
criteria; however, a few four- and five-muon bundle
events did.
We searched for such possible four- and five-muon

bundles in the minimum bias cosmic data collected by
the FD. Muons within a bundle are expected to enter the
detector with random spatial separations on the order of
100 cm, consistent with their production in extensive air
showers and subsequent multiple scattering. In data cor-
responding to an effective live time of four hours, ten four-
muon bundles were found with entry points within 100 cm
of one another, while no five-muon bundles were observed.
For purposes of this study, anN-muon bundle means that N
tracks were reconstructed. Muons that enter very close to
each other will not be separately reconstructed; this is taken
into account in the study. Assuming that multiple scattering
gives rise to similar events with the muons in random
positions within 100 cm of each other, a Monte Carlo
simulation showed that 5 × 10−7 of four-muon bundles and
5 × 10−8 of five-muon bundles have entry points all within
5 cm of each other, corresponding to an exposure of
2713 days. The simulation further estimates the probability

that such muons stay close enough together to be recon-
structed as a single track along their entire length. From the
data and simulation, the expected background in the signal
region in 2713 days of exposure is 8 × 10−7 events for four-
muon bundles and < 2 × 10−7 events, at 90% confidence
level (CL), for five-muon bundles. Higher multiplicity
bundles are even less likely to overlap well enough to
mimic a monopole. These are overestimates, as we could
only select any bundles in the Monte Carlo simulation with
relaxed selection criteria.
The background contribution was independently esti-

mated using the sideband region of the mean ADC
distribution in the ionization-based triggered data. In this
study, several selection cuts were relaxed to obtain suffi-
cient statistics in the sideband region, and the resulting
mean ADC distributions were well described by exponen-
tial functions. The fitted parameters were then used to
extrapolate the background estimate into the signal region.
This study was performed separately for β ≥ 0.03 and
β < 0.03, as each corresponds to a distinct signal region.
For β ≥ 0.03, selection criterion 6 was relaxed, resulting in
an extrapolated background of ð7� 1Þ × 10−5 in the signal
region. Similarly, for the β < 0.03 region, selection cri-
terion 6 and several preselection cuts were relaxed, includ-
ing the removal of dE/dx, through-going, and minimum
hit requirements, along with a relaxation of the mean
ADC threshold, resulting in an extrapolated background
of ð3� 1Þ × 10−6 events. This estimate, which contains no
assumptions about the origin of potential backgrounds,
agrees with the muon bundle study that the Standard Model
background is negligible.

VI. RESULTS

Once the selection criteria were finalized, the remaining
99.5% of ionization-based triggered data (see Sec. V) was
then analyzed, and no candidates were observed in the
signal region. Figure 6 shows the distribution of the full
data sample in width difference vs mean ADC after
application of all selection criteria except those on the
two variables themselves. All events are far from the signal
region.
A visual inspection of the most signal-like events was

performed both for the cases of β ≥ 0.03 and β < 0.03.
In the high-β region, the most signal-like events are
predominantly through-going muons that traverse the
detector near its corner, resulting in a track that just
passes the 5-m threshold. In the low-β region, the most
signal-like events typically arise from two tracks that
occur at the same location but at slightly different times,
leading to mismatched tracks between the XZ and YZ
views. Future improvements to the analysis could be
made by refining the selection criteria to reject mis-
matched tracks.
As no events were observed in the signal region, and the

expected background is negligible, we set a 90% CL upper
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limit on the monopole flux. The limits are obtained using
the solid-angle-averaged acceptance, derived by integrating
the projected area Aprojðϕ; θÞ and efficiency over the solid
angle from which the monopoles can arrive. The former is

the projected area of the FD in the direction ðϕ; θÞ, where θ
is the zenith angle and ϕ is the azimuthal angle. It is a
purely geometrical quantity, ranging from 2.7 × 106 cm2

for monopoles entering along the z axis, which see only the
smallest detector faces, to 1.3 × 107 cm2 for monopoles
entering in the direction of a detector diagonal.
The detection efficiency depends on both the monopole

trajectory, through variations in track length and detector
response, and the monopole speed β. The total efficiency
is the product ϵðϕ; θ; βÞ ¼ ϵðϕ; θÞϵðβÞ, where ϵðϕ; θÞ is
the efficiency as a function of angle, and ϵðβÞ is the
efficiency as a function of speed. The angular efficiency
ϵðϕ; θÞ is approximately uniform with a value between
0.6 and 0.8, except that it is much lower for angles
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TABLE I. 90% CL upper limits on the magnetic monopole
flux in units of 10−16 cm−2 s−1 sr−1. “Heavy” denotes monopoles
with masses above 1016 GeV that are capable of traversing the
entire Earth.

log10ðβÞ Heavy 1013 GeV 1010 GeV 107 GeV 106 GeV

−3.1 3000 5800 6200 � � � � � �
−3.0 150 300 320 � � � � � �
−2.9 33 64 71 � � � � � �
−2.8 15 28 32 � � � � � �
−2.7 7.8 15 17 � � � � � �
−2.6 5.0 9.0 11 � � � � � �
−2.5 3.4 6.0 7.3 � � � � � �
−2.4 2.6 4.4 5.4 � � � � � �
−2.3 2.1 3.4 4.4 � � � � � �
−2.2 1.8 2.7 3.7 � � � � � �
−2.1 1.6 2.1 3.2 � � � � � �
−2.0 1.5 1.7 3.0 � � � � � �
−1.9 1.4 1.6 2.9 � � � � � �
−1.8 1.4 1.6 2.9 � � � � � �
−1.7 1.4 1.5 2.8 � � � � � �
−1.6 1.4 1.4 2.8 � � � � � �
−1.5 1.4 1.4 2.8 16 � � �
−1.4 1.4 1.4 2.8 3.7 � � �
−1.3 1.4 1.4 2.8 3.4 � � �
−1.2 1.4 1.4 2.7 3.2 � � �
−1.1 1.4 1.4 2.7 3.1 � � �
−1.0 1.4 1.4 2.7 3.0 � � �
−0.9 1.4 1.4 2.7 3.0 � � �
−0.8 1.3 1.3 2.7 2.9 � � �
−0.7 1.3 1.3 2.7 2.9 � � �
−0.6 1.3 1.3 2.7 2.9 � � �
−0.5 1.3 1.3 2.6 2.9 � � �
−0.4 1.3 1.3 2.7 2.9 3.5
−0.3 1.4 1.4 2.7 2.9 3.2
−0.2 1.3 1.3 2.7 2.9 3.0
−0.15 1.9 1.9 3.9 4.2 4.4
−0.1 2.0 2.0 4.0 4.3 4.4
−0.05 2.5 2.5 5.0 5.3 5.4
−0.01 27 27 52 57 57
−0.004 140 140 270 300 300
−0.0022 760 760 1500 1600 1600
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at which particles cross few detector planes, such as near
the zenith.
We define the solid-angle-averaged acceptance as

hϵAi≡ 1

Ω

Z
2π

0

Z
θmax

0

Aprojðϕ; θÞ

× ϵðϕ; θÞϵðβÞ sin θ dθ dϕ; ð4Þ

where Ω is the accessible solid angle (see Sec. III),
and θmax ¼ arccos ð1 − Ω

2πÞ. The limits of ϕ and θ are well
defined in this way, as all trajectories incoming to the
detector centered around the azimuth. The upper flux limit
at 90% CL, with zero background, is given by

ϕ90% ¼ lnð10Þ
hϵAiΩt ; ð5Þ

where t is the total live time. The factor lnð10Þ corresponds
to the 90% CL upper limit for a Poisson process with zero
observed counts.
We compute the limit at each point in the space of

monopole mass and monopole speed as shown in Fig. 7.
Some representative flux limits are summarized in Table I,
and Fig. 8 provides a graphical illustration of these limits.
The limits presented are conservative, as they use
conservative estimates for the live time and selection
efficiency. These estimates include a 10% reduction in
the nominal dE/dx, as discussed in Sec. III, to account for
uncertainties in energy deposition. Additionally, a 10%
increase in the monopole energy loss in Earth was applied
when estimating the minimum mass required for a monop-
ole to reach the FD at a given speed and incident angle.
A 1% reduction in live time was included to account for
periods when incomplete information was available about
the live time of the trigger.

VII. CONCLUSION

We report limits as a function of monopole mass in the
range 7 × 10−4 < β < 0.995. The limits presented in this
paper are the strongest yet reported for some regions of
speed and mass. The search was sensitive to monopoles
with masses as low as 2 × 105 GeV for the fastest monop-
oles. For highly massive monopoles able to reach the
detector from above or crossing Earth from below, we
report a flux limit ϕ90% < 2 × 10−16 cm−2 s−1 sr−1 at
90% CL for monopoles with 0.005 < β < 0.8.
Across the same range of speeds, we report a limit

ϕ90% < 8 × 10−16 cm−2 s−1 sr−1 at 90% CL for light
monopoles that can reach the detector through its minimal
overburden. NOvA’s combination of a large detector and
minimal overburden enables sensitivity to slower and
lower-mass monopoles not accessible in previous searches.
This minimal overburden region is shown in Fig. 9, where
NOvA’s result is compared to previous experiments. The
dependence on overburden is shown explicitly in the figure,
where experiments with smaller overburden, and thus
sensitivity to lower masses, are shown toward the top of
the stack. The results presented here are complementary to
our previous results using the transit time-based trigger,
which cover a lower range of monopole speeds [43].
This search was sensitive to subrelativistic highly ion-

izing particles. Although we interpreted the absence of a
signal in terms of a flux limit for magnetic monopoles,
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the data could be analyzed for many other hypothetical
objects giving a similar signal, including quark nuggets
[47–49] and microscopic black holes [50–52]. The interpre-
tation of the data in these contexts is a subject for futurework.
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