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1 Introduction

The magnetic monopole, an isolated magnetic charge, is appealing in that it restores the
broken electric-magnetic dual symmetry in Maxwell’s equations. Furthermore, Dirac’s
theory of magnetic monopoles [1, 2], which is compatible with quantum mechanics, offers
an explanation for the quantization of electric charge. A Dirac magnetic monopole is a
fundamental point particle that may take any spin or mass. In contrast, the monopoles
predicted by Grand Unification Theories (GUTs) [3, 4], typically produced cosmologically
via the Kibble mechanism [5], are extended objects with large mass ~ 107 GeV. Recent
developments in extensions of the Standard Model [6-17] predict “electroweak” monopoles,
which appear as gauge bosons of particle interactions before spontaneous symmetry breaking,
and thus can have a mass as low as the TeV scale [8, 10-12].

Dirac’s quantization condition predicts that the magnetic charge g of a monopole is an
integer multiple of the fundamental magnetic charge gp, which is given by

gp = % ~ 68.5¢, (1.1)

in natural SI units, where o &~ 1/137 is the fine structure constant and e is the unsigned
electron charge. This implies that the energy loss, or stopping power, of a high-velocity
Dirac monopole of magnetic charge |g| = gp in matter is similar to that of an ion with
electric charge |z| = 68.5, where z is in units of e. Hence, magnetic monopoles, along



with high-electric-charge objects (HECOs), such as strange and up-down quark matter [18—
20], and Q-balls [21, 22], are collectively known as highly ionizing particles (HIPs). A
consequence of the high ionization is the production of a large number of d-rays, which are
energetic electrons emitted along the HIP trajectory. The characteristic signature of HIPs,
therefore, is high ionization coupled with a large number of §-rays.

Searches for magnetic monopoles and HECOs have been extensively performed in cosmic
rays [23-51] and at colliders [52-83], as reviewed in refs. [84-89]. Direct cosmic-ray searches
look for signals of relic GUT monopoles produced in the early universe upon symmetry
breaking [5] and nuclearites (nuggets of strange quark matter in collision with the Earth) that
were either formed in the early universe or during collisions of neutron stars [90]. Limited
by the collision energy, collider searches for HIPs target stable Dirac magnetic monopoles,
Q-balls and quark matter with masses in the TeV range. Since the searches for monopoles
of cosmological origin have limited sensitivity to TeV-mass HIPs, the cross-section limits
for low-mass HIPs from searches at colliders are 6-9 orders of magnitude more stringent.

The first Large Hadron Collider (LHC) search for monopoles, carried out by the ATLAS
Collaboration with 7TeV proton-proton (pp) collision data in Run 1 [81], set a precedent
for later LHC searches for HIPs [82, 83, 91-103]. The ATLAS monopole searches are
complementary to those performed using the dedicated MoEDAL experiment at the LHC.
While MoEDAL is able to probe magnetic charges up to 5gp [97-101], its acceptance is
limited by its forward location at 2 < n < 5. Consequently, the ATLAS search, which
considers |n| < 1.375, has significantly higher sensitivity for 1gp and 2gp, the charge range
in which it has a good acceptance. While ATLAS is sensitive to HECOs with electric charges
up to |z| = 100, MoEDAL searches for HECOs with electric charges up to |z| = 175 [103].
MoEDAL has also searched for dyons (particles with both electric and magnetic charges)
with magnetic charges up to 5gp and electric charges up to |z| = 200 [102].

The ATLAS experiment has considered the highly ionizing signature to probe magnetic
monopoles in the range 0.5gp < |g| < 2¢gp and HECOs in the range 20 < |z| < 100 in
previous searches [81-83], the most recent of which used 34.4fb~! of \/s = 13TeV pp
collision data [83]. The present HIP search uses data from /s = 13TeV LHC proton-
proton collisions recorded by the ATLAS detector between 2015 and 2018 during Run 2.
A custom HIP trigger was implemented in October 2015, and collected a total integrated
luminosity of 138 fb~!. The results presented supersede those of ref. [83], benefiting from a
four-fold increase in data statistics and the addition of Z° exchange in the spin-% Drell-Yan
HECO production model [104]. New for this search are results for HIP production by
the photon-fusion mechanism [104-108], which has a higher predicted cross-section than
that of Drell-Yan production in /s = 13 TeV pp collisions, whereas the cross sections are
comparable at /s = 8 TeV .

The ATLAS detector is briefly covered in section 2, the production models and simulation
are described in section 3, the signal selection is discussed in section 4, the method to
estimate the background is presented in section 5, and the procedure to evaluate the
systematic uncertainties is outlined in section 6. Finally, the results are presented in
section 7, followed by the conclusions in section 8.



2 The ATLAS detector

The ATLAS detector [109] is a multipurpose particle detector with a forward-backward
symmetric cylindrical geometry and a near 47 coverage in solid angle.! It comprises an inner
tracking detector (ID) surrounded by a thin superconducting solenoid providing a 2 T axial
magnetic field, electromagnetic and hadron calorimeters, and a muon spectrometer. To detect
HIPs, it suffices to only consider the signals in the Transition Radiation Tracker (TRT) [110]
and the electromagnetic (EM) calorimeter. The TRT has two sections: a barrel of radius
0.563 m < r < 1.066 m covering the pseudorapidity range 0 < |n| < 1.06 and end-caps at
either end of the barrel covering 0.77 < |n| < 2.0. In the barrel the 4-mm diameter TRT
straws are aligned parallel to the beam pipe, while in the end-caps they are in a radial array.
The straws are filled with a Xenon- or Argon-gas-based mixture. An electron traversing
the TRT induces transition radiation, which augments the energy recorded in a straw. The
energy deposited in a straw by ionizing particles or transition radiation is compared with two
energy thresholds, 200eV and 6keV (200eV and 2keV in Ar), to identify low threshold
(LT) and high threshold (HT) hits, respectively. HT hits can indicate the passage of electrons
or HIPs. Argon absorbs the transition radiation with a reduced efficiency relative to that
of Xenon. Consequently, the HT hit probability for electrons is 50% lower in Ar than in Xe.
However, the energy deposited by a HIP typically exceeds the high threshold in either gas.

The electromagnetic calorimeter, covering the |n| < 1.475 region, is composed of
accordion-shaped lead absorbers and copper electrodes and filled with liquid Argon (LAr).
The detector has four layers (labeled presampler, EM1, EM2 and EM3) of varying radiation
depths at increasing radii from the beampipe, EM2 being the deepest (16X to 20X(). The
smallest sensor unit, called a cell, has different dimensions in each layer, e.g., An x A¢ =
0.025 x 0.025 in EM2.

A two-level trigger system [111] is used to select events. The first-level trigger is
implemented in hardware and uses a subset of the detector information to accept events at a
rate below 100 kHz on average depending on the data-taking conditions. This is followed by
a software-based high-level trigger (HLT) that reduces the rate of selected events to 1 kHz
for offline storage. A custom HLT algorithm, explained in section 4, is used to recognize
the highly ionizing signature of monopoles and HECOs. An extensive software suite [112] is
used in data simulation, in the reconstruction and analysis of real and simulated data, in
detector operations, and in the trigger and data acquisition systems of the experiment.

3 Simulation

Drell-Yan (DY) and photon fusion (PF) are considered as benchmark models for pair
production of spin-0 and spin-“2 HIPs. The model implementations are described in detail
in ref. [104]. As a result of the high HIP charge, the charge-squared dependence of the HIP

LATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in
the center of the detector and the z axis coinciding with the axis of the beam pipe. The x axis points from
the IP to the center of the LHC ring, and the y axis points upward. Cylindrical coordinates (r, ¢) are used
in the transverse plane, ¢ being the azimuthal angle around the beam pipe. The pseudorapidity is defined
in terms of the polar angle 6 as n = —Intan(6/2).
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Figure 1. Feynman diagrams for Drell-Yan (left) and photon-fusion (right) pair-produced monopoles
m. HECO production occurs by analogous diagrams. Other production modes not shown here,
but which can be seen in ref. [104], include spin-0 HIP production by a four-point photon-fusion
process and Drell-Yan production of spin-%4 HECOs mediated by Z° exchange, in addition to photon
exchange. Z° exchange is forbidden for spin-0 HECOs and for Dirac monopoles of either spin.

coupling to the gauge boson leads to divergences in the perturbative expansion beyond
leading order [85]. To provide an approximation to these highly non-perturbative processes,
only leading-order interactions, as described by the Feynman-like diagrams seen in figure 1,
are considered. This approximation implies uncertainties in the pair-production cross
section predictions and in the HIP kinematic distributions. The former are only used to
derive mass limits for comparison with other experiments. The latter dictate the selection
efficiencies. Since the interaction of the HIPs with the detector is spin-independent, a
comparison of the selection efficiencies for spin-0 vs spin-2 HIPs provides a measure of how
model uncertainties affect the search acceptance.

Monte Carlo (MC) samples are produced for both production models for magnetic
monopoles with magnetic charges |g| = gp and 2gp and HECOs with electric charges
|z| = 20, 40, 60, 80 and 100. In all cases, the masses considered are 200, 500, 1000,
1500, 2000, 2500, 3000 and 4000 GeV. The available energy of the interaction between
two quarks in the collision sets the upper mass constraint. Because HIPs with mass
below 200 GeV are more probable in softer pp collisions, in general they have lower kinetic
energies and, consequently, poor selection efficiency. The leading-order benchmark models
are implemented in MADGRAPH5  AMC@NLO 2.8.1 [113], which is used to generate the
HIP pairs and to calculate the production cross sections. The events were interfaced to
PyYTHIA 8.244 [114, 115] to model the parton showering and hadronization, with parameter
values set according to the A14 tune [116], and the NNPDF2.3LO [117] and LUXqgp [118]
parton distribution functions were used for DY and PF production, respectively.

To determine selection efficiencies, samples of 60 000 MC events of Drell-Yan spin-'4
HIPs of a given mass and charge were simulated using GEANT4 [119] and processed with
the ATLAS reconstruction software. The GEANT4 simulation describes the HIP ionization
energy loss in the ATLAS detector, the §-ray production and secondary ionization, and the
monopole acceleration in the magnetic field. The standard Bethe-Bloch formula is used for
ionization by HECOs, whereas a modified formula accounting for the velocity-dependent
Lorentz force [120] is used for monopoles. In both cases, the energy loss by ionization is



proportional to the square of the charge. The simulation of highly ionizing particles in the
ATLAS detector was validated by confirming the expected acceleration and trajectory in
the magnetic field and the dependence of the ionization on the charge and on the speed of
light fraction S. In addition, the simulation of the ionization and d-ray production of HIPs
in liquid argon was validated against published ion beam data in liquid argon [121]. These
MC samples also include “pileup”, which are additional simulated minimum bias collisions
overlaid on each event according to the distribution of the number of pp interactions per
bunch crossing in the data.

Full simulation of HIP events is computationally intensive due to the high ionization
and §-ray production. Single-particle events have less detector activity than events with pair
production from proton-proton collisions, and consequently can be abundantly produced
at a reasonable cost of computational resources. Hence, the selection efficiencies of DY
spin-0 HIPs and PF pair-produced HIPs of both spins are extrapolated by sampling model-
independent efficiency maps based on the HIP kinematic properties, transverse kinetic
energy Erlfin = Fyinsinf and pseudorapidity |n|. The efficiency maps of a given mass
and charge are derived from samples of 120 000 events comprising single monopoles or
HECOs simulated using GEANT4, overlaid with pileup, and processed with the ATLAS
reconstruction software. Given the statistics available in the single-particle samples, the bin
size of the maps was optimized to ensure that most bins are populated.

4 Signal selection

The selection of HIP-like events exploits their characteristic signature in the ATLAS detector.
When a HIP traverses a TRT straw, in addition to producing an HT hit, it generates many
d-rays, which in turn result in additional HT hits in neighbouring straws. In the mass
and energy regime of this study, HIPs lose energy primarily via ionization, with radiation
losses representing less than 5% of the total energy lost [122]. Consequently, since HIPs
do not induce a shower in the EM calorimeter, their EM energy deposits have low lateral
dispersion. The kinematic properties of the considered HIPs are such that most of them
will stop before reaching the hadronic calorimeter. Consequently, the typical signature of a
HIP in the ATLAS detector includes many TRT HT hits in a region aligned with a narrow
high-energy deposit in the LAr EM calorimeter.

The HIP candidate selection begins with a custom HIP trigger. First, the standard first-
level EM trigger requires an energy deposit of transverse energy Ep > 22 GeV in the EM
calorimeter. The EM trigger rejects hadrons by vetoing candidates with Ep < 50 GeV in
conjunction with an Ep-dependent minimum of 1 GeV to 2GeV of energy in the hadronic
calorimeter. The locations of any selected energy deposits determine regions of interest
(ROI). The custom HIP HLT determines the number, Nyt tig, of TRT HT hits and the
fraction, furtrig, of TRT hits that are HT hits in a 10mrad r — ¢ wedge around the
first-level ROI position. To control the rate while maintaining high signal efficiency for
HIPs, the HIP HLT requires Nyt trig > 30 and fuT trig > 0.5 in the wedge. In addition, it
imposes a requirement on the pseudorapidity, |n| < 1.7, since the forward regions contain
more multijet background events.
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Figure 2. Schematic depicting the TRT road-centering and hit-counting algorithms for HIP
candidates. Centering of the road happens in two stages. In the first stage (left), a +0.05-rad wedge
(shaded blue) is defined around the azimuthal angle ¢¢just of the EM cluster (blue solid line). In
that wedge, the HT hit ¢yr distribution with an 0.8-mrad bin size is determined. The center of the
bin containing the largest number of HT hits defines the azimuthal angle ¢maxp (pink solid line).
For the second stage (right), a new +0.01-rad wedge (shaded pink) is centered around @maxp- The
azimuthal angle ¢,0aq (purple) is computed from the angular difference of each HT hit in this wedge
with respect to ¢crust. The final £4-mm road (shaded yellow) is defined around ¢ypad-

Events collected by the trigger are processed by the standard ATLAS reconstruction
software, which performs a sophisticated topological clustering algorithm [123] in the
calorimeter. A cluster is a group of cells, neighbouring in 3D, in which significant energy
deposition is recorded. EM clusters with Ep > 22 GeV and |n| < 1.375 are considered as a
starting point for HIP signal selection. The |n| < 1.375 requirement is needed to exclude the
EM calorimeter end-caps, where the correlation between the final discriminating variables,
described below, is enhanced.

This analysis does not use ATLAS track reconstruction for two main reasons: first, the
trajectories of magnetic monopoles moving in a solenoidal magnetic field bend in the r — z
plane (unlike charged particles, which bend in the r — ¢ plane), and second, the presence of
multiple d-rays confuses the track fitting algorithm. Instead, HIPs are reconstructed in a
manner similar to that of the HIP HLT: each EM cluster defines a starting ¢ position in
the TRT for the hit-counting region; the ¢ position is fine-tuned to align with the region
containing the highest number of HT hits; finally, an 8-mm-wide rectangular road in the
barrel is centered on that new ¢ position. This road width is sufficient to capture energy
deposited by the HIP and any J-rays that may have penetrated a neighbouring TRT straw,
but narrow enough to avoid counting nearby LT hits from pileup. In the end-cap, where
the straws are radial, a 12 mrad r — ¢ wedge is used. The numbers of TRT LT and HT hits,
Npr and Ny, respectively, in the road (wedge) aligned with the EM cluster are counted,
as depicted in figure 2.
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Figure 3. Distribution of the fyr variable for events that passed the HIPTRT trigger and the
criteria |n| < 1.375 and Nyt > 30. Only the TRT road candidate with the highest fyr value in
each event is included in the plot. The black distribution corresponds to 20% of the Run 2 data and
the coloured distributions correspond to the mass 1500 GeV Drell-Yan spin-% signal samples for
various charges. All MC distributions have been normalized to the number of events in the data.

Two powerful variables distinguish HIP signal events from background. The fraction
of all the TRT hits in the road (wedge) that exceed the high threshold, fyr, is the first
signal-discriminating variable, shown in figure 3. In the case where there are multiple HIP
candidates in an event (this occurs for about 10% of the selected data events), the candidate
with the highest fyr value is selected. The second variable, w, reflects the lateral dispersion
of the EM cluster, which is narrow for HIPs, since they do not induce an EM shower. Three
variables, wg, wy and wsy, are defined as the fractions of EM cluster energy (F;) contained
in the two most energetic cells in the presampler, the four most energetic cells in the EM1
layer, and the five most energetic cells in the EM2 layer, respectively, as depicted in figure 4.
The variable w, shown in figure 5, is defined as the average of all w; for which the energy E;
exceeds 10 GeV in each of the presampler and EM1 layers, and 5 GeV in the EM2 layer. In
addition, it is required that one of Fy and F; exceeds 10 GeV, as a HIP must pass through
the presampler and EM1 layer to reach the EM2 layer and deposit energy there.

HIP candidates are identified by the signal discriminating criteria fyr > 0.77 and
w > 0.93. Optimal values of fyr and w were obtained by comparing the signal efficiency
for each DY spin-%4 MC sample to the rejection of background, represented by a sample of
one million pseudodata events prepared by sampling the 1D fyr and w distributions in
data and randomly pairing the values. Then, the weighted average of all fyr and w values
found for the different DY spin-%2 MC samples was computed, where the weight was given
by the efficiency for passing all the selection criteria before the discriminating variable cuts.
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Figure 4. Illustration of example energy depositions in each layer of the EM calorimeter. Cells with
higher energy deposits are shown in red, while lower energy deposits are yellow. Crosses represent
the cells selected for their high-energy deposition for each layer for the computation of the w variable.

data

-.(B L e L L B L B B ) BN L B B
c ATLAS lg=1g,
2 106_@\/5:13Tev lgl=29,
L E Drell-Yan spin-12 == l21=20
105_? ---------- |z| =100

m=1500 Gev === lzl-60 el
1
I

IIIIL|,|,|,| IIIIL|,|,|,| IIII|,|,|,|| LIl

0.6 0.7

Figure 5. Distribution of the w variable for events that passed the HIPTRT trigger and the criteria
|n| < 1.375 and Nyt > 30. Only the TRT road candidate with the highest fgT value in each event is
included in the plot. The black distribution corresponds to 20% of the Run 2 data and the coloured
distributions correspond to the mass 1500 GeV Drell-Yan spin-'% signal samples for various charges.
All MC distributions have been normalized to the number of events in the data.



region A B C D
events 0 9847 15 986500

Table 1. Data event yields in the signal region A and the three control regions, B, C and D.

The method used to extrapolate the selection efficiencies of DY spin-0 HIPs and PF
HIPs of both spins is as follows. Given the Erlfi“ and n values for each generated HIP,
the corresponding bin in the appropriate efficiency map is identified and the efficiency is
extracted. A random number r between 0 and 1 is generated and compared with this
probability; if r is less than or equal to the efficiency, then the particle is considered to
have passed the selection criteria. This process of extrapolating the selection efficiencies
from the generator-level kinematics and the efficiency maps was validated using the fully
simulated DY spin-' samples.

The signal efficiencies for a given mass, charge and spin for each production mode
are shown in figure 6. The selection efficiencies for spin-0 DY HIPs are higher than those
for spin-4 DY HIPs because the former have more central || and harder kinetic energy
distributions. On the other hand, the selection efficiencies for spin-0 PF HIPs are lower
than those for spin-Y2 PF HIPs, which have harder kinetic energy distributions. The HIP
efficiencies are strongly correlated with charge and mass, with the selection of HIPs in the
intermediate charge and mass ranges being the most efficient. In general, the high ionization
of the higher charge HIPs is such that they stop before the EM calorimeter, whereas the
lower charge HIPs may reach the hadronic calorimeter such that they are vetoed by the
first-level trigger. The lower mass HIPs have lower efficiency because they have lower kinetic
energies and may fail the first-level trigger, whereas higher mass HIPs may fail the trigger
due to late arrival at the EM calorimeter.

5 Background estimate

Random combinations of rare processes, such as overlapping charged particles in multijet
events and superpositions of high-energy electrons, can occasionally produce high fyr and
high w values. Considering how rare such events are, it is not practical to simulate a
statistically significant MC sample. Instead, a data-driven ABCD background estimation
approach is used. The 2D distribution of fgyr versus w for the HIP candidates, shown in
figure 7, is divided into four regions: signal region A (fyr > 0.77 and w > 0.93), which
contains most of the signal events, and three neighboring control regions B (fyr > 0.77 and
0.4 <w<0.93), C(0.5< fgr < 0.77 and w > 0.93) and D (0.5 < fyr < 0.77 and 0.4 <
w < 0.93). If there is no correlation between the two discriminating variables, the estimate of
expected background events in region A is calculated as Ny* = NgN¢/Np, where N, N¢
and Np are the numbers of events in regions B, C and D, respectively, as shown in table 1.
The ratio, Ng/Np, called the transfer factor, is observed to fluctuate by up to 50%
in bins of w. This is due to a mutual correlation of both variables, fgr and w, with 7,
reflecting features in the detector structure, such as the barrel-end-cap transition region.
The small effect of the non-uniformity on the search results can be evaluated by splitting the
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Figure 6. Selection efficiencies for Drell-Yan (top) and photon-fusion (bottom) pair-produced
monopoles and HECOs, for spin-0 (left) and spin-'% (right). Only Drell-Yan spin-'4 efficiencies come
from fully simulated samples. Efficiencies for all other considered mechanisms are extrapolated from
efficiency maps.
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|n| range mean transfer factor
0-0.32 0.0087 £ 0.0014(stat.) £ 0.0066(syst.)
0.32-0.82  0.00125 + 0.00005(stat.) £ 0.00021(syst.)
0.82-1.375  0.0158 4 0.0001(stat.) 4 0.0027(syst.)

Table 2. Mean transfer factor for different || regions. The variations in the statistical uncertainties
reflect the 1 dependence of the selection efficiency. The root mean square of the constant fit to the
Np/Np versus w distribution is assigned as the systematic uncertainty. Transfer factor fluctuations
due to the low selection efficiency in the |n| < 0.32 region lead to a larger systematic uncertainty
than in the other regions.

data into three || ranges, resulting in a total of 12 orthogonal regions or bins on the ABCD
plane. The mean transfer factor for each |n| range (see table 2) is determined by fitting a
constant to the Ng/Np versus w distribution and used to obtain a background estimate
N5 for each |n|-sliced ABCD plane. This gives rise to a relative systematic uncertainty of
30%, which is assigned to the final background estimate.

To ensure that the ABCD method yields a prediction of background events close to the
actual number in the signal region, the method is validated as follows. Control region B is
divided into validation regions B’ (w < 0.665) and B” (w > 0.665), containing 7684 and 2163
events, respectively. Validation regions D’ and D”, containing 754 040 and 232 460 events,
respectively, are similarly obtained from control region D. The background estimate Ny~ =
2368 for the number of events in region B”, found by computing N;” = Ng/ Ny /Npy, is in
reasonable agreement with the observed number of data events in that region.

The HIP signal leakage into the control regions B, C, and D, as seen in figure 7, could
bias the background estimate and, hence, is considered for the fully simulated spin-%2 DY
pair-production MC samples. A background estimate accounting for signal leakage can be
computed based on a simultaneous likelihood fit to signal and background of the ABCD
plane. The inputs to this fit are the background estimated by the aforementioned method
for the full n range, the number of data events in regions B, C and D, with a hypothesis of
the number of events in region A, and the fraction of signal events in all regions. Thus, a
likelihood function is constructed as a product of Poisson probabilities for all four regions,
constrained by Gaussian distributions that take into account as nuisance parameters the
signal efficiency systematic uncertainties, described in section 6, and the MC statistical
uncertainties. By maximizing the likelihood function in the fit to the observed data, the
background is estimated to be N3P = 0.15 + 0.04(stat.) + 0.05(syst.), where the systematic
uncertainty is that derived from the |n|-sliced ABCD method and accounts for the transfer

factor non-uniformity. This estimate is in agreement with the background estimate of the
ABCD method.

The signal leakage of the spin-0 DY pair-produced HIPs and the PF pair-produced
HIPs of either spin is not considered because it cannot be estimated using the extrapolation
method described in section 4. The reason is that most signal events appear in the signal
region A; consequently, single-particle samples many times larger than the existing samples
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would be needed to sufficiently populate control region “efficiency” maps. Neglecting signal
leakage does not introduce any significant bias into the limits for the alternative models
presented in section 7, since an average relative discrepancy of less than 1% was found when
comparing the limits computed considering signal leakage into the control regions to the
limits obtained neglecting signal leakage for the DY spin-'4 production mode.

6 Systematic uncertainties

There are various sources of uncertainty that arise in the computation of the signal selection
efficiency, most of which are induced by possible imperfections of the HIP signal simulation.
Uncertainties in the signal efficiencies are evaluated for each HIP charge, mass, spin and
production mode, but only average relative uncertainties are reported here. Uncertainties
evaluated in one direction are assumed to be symmetric.

There are several selection efficiency uncertainties associated with the simulation of the
ionization process. These are quantified by simulating an alternative signal sample with
modified parameters. The detector material mismodeling leads to the largest uncertainty,
which inherits the dependence on the square of the charge from the ionization stopping
power. Increasing the material in the ID and the EM calorimeter by one standard deviation
(a 7.5% increase of the ID material [124], a 10% increase of the ID services material [124],
and a 5% increase in the calorimeter presampler material) yields a relative uncertainty in
the selection efficiency of 4% for 1gp and 18% for 2¢gp monopoles of mass 1500 GeV. On
average across all monopole and HECO charges, the relative uncertainty is 9%. The o0-ray
production is dictated by the dF/dx formulas for ionization by monopoles and HECOs,
which have theoretical uncertainties of about 3% [120, 122] in the kinematic range considered
in this analysis. By reducing the d-ray production by 3% in the simulation, an average
relative uncertainty of 2% is estimated. Another uncertainty is related to electron-ion
recombination in the LAr EM calorimeter, which reduces the energy recorded compared
to the energy deposited by a particle. While Birks’ law models this effect as a function
of dE/dx [125], it overestimates the recombination effects at high dE/dz. A correction to
Birks’ law for HIPs, as described in ref. [121], is implemented in the simulation. By varying
this correction within its uncertainties, an average relative uncertainty of 8% is assigned.

The TRT occupancy (the fraction of TRT straws with hits in any event) is slightly
underestimated in the simulation. This mismodeling affects the fraction of TRT HT hits
used as a discriminating variable in the trigger and offline selections. Scaling the number of
LT hits (those likely to come from pileup as opposed to HIPs or associated J-rays) in each
event by pileup-dependent ratios of TRT occupancy between data and simulation results,
on average, in a relative systematic uncertainty of 2% in the selection efficiency. Similarly,
a relative systematic uncertainty of 2% accounting for potential mismodeling of pileup is
estimated with variations of the nominal pileup distribution within its uncertainty.

Slow-moving HIPs (5 < 0.37) arrive at the EM calorimeter with a time delay of more
than 10 ns with respect to the HIP production time. As a result, the first-level trigger may
associate the calorimeter cluster with the next bunch crossing, leading to a reduction of the
HIP selection efficiency by the HLT. However, this effect is not accurately simulated, such
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that the trigger efficiency for slow-moving HIPs is overestimated. Therefore, the trigger
efficiency loss is determined by rejecting the slow-moving HIPs at truth level, leading to a
relative systematic uncertainty of 2% on average in the selection efficiency.

Finally, by comparing the efficiencies extrapolated from single-particle efficiency maps
to those obtained using fully simulated MC spin-% samples, an average relative systematic
uncertainty of 1% in the selection efficiency is found for imprecise extrapolation of Drell-Yan
spin-0 and photon-fusion efficiencies.

For each HIP charge, mass, spin and production mode, the systematic uncertainties
described above are added in quadrature to obtain a final uncertainty on the signal efficiency.
The limit-setting framework presented in section 7 also takes into account the 30% relative
systematic uncertainty on the background estimate described in section 5 and the integrated
luminosity uncertainty, which is 0.83%, estimated following the methods discussed in
ref. [126].

7 Upper cross-section and lower mass limits

Consistent with the background expectation, no event is observed in the HIP signal region.
Therefore, exclusion limits are set on all four signal models at 95% confidence level (CL)
using the CLg [127] frequentist framework implemented in RooStats [128]. The cross-section
limits are obtained exploiting selection efficiencies and their corresponding uncertainties for
each HIP signal sample, the systematic uncertainty on the background estimate, and the
integrated luminosity uncertainty. A toys-based approach, with 5000 pseudoexperiments, is
used to approximate the test-statistic distribution for each considered signal model. The
likelihood function for DY spin-% HIPs considers the signal leakage in the control regions,
whereas only signal-region information is used for DY spin-0 pair-produced HIPs and PF
pair-produced HIPs of both spins. Figures 8 and 9 show the observed 95% CL upper limits
on the production cross sections, as a function of the HIP mass. Cross section limits for
which the selection efficiency is below 0.1% are not reported, since the limited statistics
preclude the evaluation of reliable systematic uncertainties in those cases. Lower mass
limits derived for each production mode are shown in table 3. In cases where the cross
section upper limit curve does not intersect the production cross section curve, the mass
limit is set to the highest mass for which a cross section upper limit was determined. The
photon-fusion mechanism provides more stringent mass limits than the Drell-Yan mechanism,
as it has a higher predicted cross section. Given that the predicted cross sections can
only be calculated at leading order, these mass limits primarily serve as benchmarks for
comparison with other experiments, as shown in figure 10. The ATLAS cross-section limits
for Drell-Yan production of HECOs in the range 20 < |z| < 100 are several orders of
magnitude better than those reported by MoEDAL in ref. [103], which considers 8 TeV

pp collision data. While MoEDAL is the only experiment sensitive to magnetic charges in
the range 3gp < |g| < bgp [97-101], the present ATLAS search is able to set significantly
better cross-section limits (one to two orders of magnitude) for 1gp and 2gp.
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Figure 8. Observed 95% CL upper limits on the cross section for all masses and charges of Drell-Yan
(top) and photon-fusion (bottom) pair-produced monopoles for spin-0 (left) and spin-% (right).
Mass points for which the selection efficiency is below 0.1% are not shown. The solid lines are the
theoretical leading-order cross sections as a function of mass.

95% CL lower limits on the mass of HIPs [TeV]
lgl=1gp lgl=29p [2/=20 [2|=40 |2/ =60 |2|=80 |z]=100

DY spin-0 2.1 2.1 1.4 1.8 1.9 1.8 1.7
DY spin-% 2.6 2.5 1.8 2.2 2.2 2.1 1.9
PF spin-0 3.4 3.5 2.1 2.8 2.9 2.8 2.5
PF spin-% 3.6 3.7 2.5 3.1 3.1 3.0 2.5

Table 3. Lower limits on the mass of magnetic monopoles and HECOs (in TeV) at 95% confidence
level in models of spin-0 and spin-% Drell-Yan (DY) and photon-fusion (PF) pair production.
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Figure 9. Observed 95% CL upper limits on the cross section for all masses and charges of
Drell-Yan (top) and photon-fusion (bottom) pair-produced HECOs for spin-0 (left) and spin-%
(right). Mass points for which the selection efficiency is below 0.1% are not shown. The solid lines
are the theoretical leading-order cross sections as a function of mass.
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Figure 10. Comparison of the lower mass limits obtained by LHC searches in Run 1 and Run 2
pp collisions for Drell-Yan and photon-fusion pair-produced magnetic monopoles. A Tevatron
measurement by CDF in pp collisions is also shown. The dashed and solid lines represent spin-0 and
spin-% measurements, respectively.

8 Conclusions

This paper presents a search for spin-0 and spin-%4 magnetic monopoles and HECOs
produced via the Drell-Yan and photon-fusion mechanisms using a dataset of 138 fb~! of
13 TeV proton-proton collisions collected by the ATLAS detector between 2015 and 2018
during Run 2. Upper cross-section limits and lower mass limits computed at 95% confidence
level are presented. The search improves by approximately a factor of three the cross-section
limits on the Drell-Yan production of magnetic monopoles with magnetic charges 1gp
and 2¢gp and HECOs in the range 20 < |z| < 100 attained in the 2015/16 dataset alone.
Also, the first ATLAS limits on the photon-fusion pair production mechanism of magnetic
monopoles and HECOs are obtained.
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