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1 Introduction

This Letter describes a search for heavy long-lived multi-charged particles (MCPs) in 4/s = 13 TeV proton—
proton collision data collected in 2015-2018 by the ATLAS detector at the CERN Large Hadron Collider
(LHC) [1]. The search, conducted on a sample of data corresponding to an integrated luminosity of
139fb 1, is performed in the MCP mass range from 500 to 2000 GeV, for electric charges1 lg| = ze, with
integer charge numbers 2 < z < 7. The mass range starts from the mass value excluded in the previous
iterations of this search [2, 3] and ends with a value driven by the expected sensitivity of the current search.
An observation of such particles, possessing an electric charge above the elementary charge e, would be a
signature for physics beyond the Standard Model (SM).

Several theoretical models predict multi-charged particles. AC-leptons (anion-like and cation-like exotic
ions of unknown matter, respectively) [4], as predicted by the almost-commutative model [5], are pairs of
SU(2) electroweak singlets with opposite electromagnetic charges and no other SM gauge charges, which
makes them behave as heavy stable charged leptons. Technibaryons, predicted by the walking-technicolor
model [6], are Goldstone bosons made of two techniquarks or two anti-techniquarks with an arbitrary
value of the electric charge. The lightest technibaryon is expected to be stable in the absence of processes
violating the technibaryon number conservation law. Doubly charged Higgs bosons are predicted by the
left—right symmetric model [7] in Higgs boson triplets in a model postulating a right-handed version of
the weak interaction. Its gauge symmetry would be spontaneously broken at a high mass scale, leading
to the observed parity violation in the weak-interaction sector of the SM. Only leptonic decay modes
would be characteristic of such particles [8]. The H** — W*W=* decays are assumed to be suppressed.
The supersymmetric left-right model [8] predicts a long-lived light H** boson due to the lepton number
conservation.

Any observation of the particles predicted by the first two models could have implications for the formation
of composite dark matter: the doubly charged particles (or, more generally, particles with an even charge
|g| = 2ne) could explain some excesses (e.g., positron excess) observed in direct and indirect searches for
dark matter [9-11]. So far, no such particles have been observed in cosmic-ray [12] or collider searches,
including several recent searches at the Tevatron [13] and the LHC [2, 3, 14, 15].

In this search, the MCPs are assumed to live long enough to traverse the entire ATLAS detector without
decaying, and thus the analysis exploits their muon-like signature, making a muon trigger a natural choice
(although other triggers are also used). Given their high mass compared to a muon and their high ionization
losses, dE /dx, compared to a z = 1 particle, they may not be triggered in the correct bunch crossing by a
conventional muon trigger, as discussed in Section 5. The addition of a missing-transverse-momentum
trigger and of a ‘late-muon’ trigger partially mitigates this issue. The offline analysis searches for high-pt
muon-like tracks with high dE /dx values in several subdetector systems. High dE /dx values arise from
both higher electric charges and lower velocities of such particles compared to most of the SM particles
produced at the LHC. The background expected from SM processes (largely high-pt muons from decays of
Z and W bosons, T-leptons, etc.) is estimated by using a data-driven technique. The results are interpreted
in terms of upper limits set on the production cross-section as a function of mass for different charge
hypotheses, and in terms of lower mass limits as a function of charge. These results supersede those of
a previous search using a smaller 13 TeV data sample [3]. Apart from a data sample four times larger,
the main changes are related to improvements in the production model (the addition of the photon-fusion
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production mode and the virtual Z° exchange for the Drell-Yan mode [16]) and to the addition of the
‘late-muon’ trigger.

This search complements recent ATLAS searches for heavy z = 1 particles identifiable by their high
transverse momenta and anomalously large ionization losses in the innermost tracking detector [17, 18].

2 ATLAS detector

The ATLAS detector [19] covers nearly the entire solid angle around the collision point.2 The inner tracking
detector (ID) consists of a silicon pixel detector (pixel), a silicon microstrip detector (SCT) and a transition
radiation tracker (TRT). The pixel detector provides at least four precise space-point measurements per
track. At normal incidence, the average charge released by a minimum-ionizing particle (MIP) in a pixel
sensor is typically 20000 e~ (16 000 e~ for the IBL — the insertable B-layer [20, 21], an innermost layer
with a different charge measurement) and the charge threshold is set to approximately 3500 e~ (2500 e~
for the IBL) [22]. Only pixels where a signal exceeds the threshold are considered for further processing.
The dynamic range of the electronics measuring the ionization charge is typically limited to 200 000 e~
(30000 e~ for the IBL). Pixel electronic circuits shape the signals in such a way that the time above the
threshold represents the amplitude of the signal, which is proportional to the energy deposition of a charged
particle. In the IBL, an overflow bit is set if the time interval with the signal above the threshold exceeds
its dynamic range, in contrast to the other three layers of the pixel detector, where such a hit is lost due
to limitations of the electronics and no overflow bit is available. However, since the charge released by
a particle crossing the pixel detector is rarely contained within just one pixel, the neighbouring pixels
preserve the spatial information of this hit. The SCT consists of four double-layer silicon sensors with
binary readout architecture, each with a small stereo angle, typically providing eight measurements per
track. The TRT, covering the pseudorapidity range || < 2.0, is a straw-tube tracking detector capable of
particle identification via transition-radiation and ionization-energy-loss measurements [23]. A particle
typically crosses 32 straws. The TRT straw signal processing uses low (LT) and high threshold (HT)
discriminators. LT discrimination defines a hit arrival time used for a space-point reconstruction for
tracking. The HT is designed to discriminate between energy depositions from transition-radiation photons
and the energy loss of MIPs. As dE /dx scales as z2, MCPs would produce a large number of HT hits along
their trajectories.

The ID is surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, and by a
high-granularity lead/liquid-argon (LAr) sampling electromagnetic calorimeter. An iron/scintillator tile
calorimeter provides hadronic-energy measurements in the central pseudorapidity region. The endcap and
forward regions are instrumented with LAr electromagnetic and hadronic calorimeters. The calorimeter
system is surrounded by a muon spectrometer (MS) incorporating three superconducting toroidal magnet
assemblies. The MS is instrumented with tracking detectors designed to measure the momenta of
muons. Resistive-plate chambers (RPC) in the barrel region (|| < 1.05) and thin-gap chambers (TGC)
in the endcap regions (1.05 < || < 2.4) provide signals for the trigger. Monitored-drift-tube (MDT)
chambers typically provide 20-25 hits per crossing track in the pseudorapidity range |7| < 2.7, from
which a high-precision momentum measurement is derived. Each MDT readout channel, apart from time

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre 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 z-axis. The pseudorapidity
is defined in terms of the polar angle 6 as 7 = — Intan(#/2). Angular distance is measured in units of AR = /(An)Z + (A¢)2.



measurement, provides information about charge measured in the first 18.5 ns following the initial threshold
crossing [24]. Cathode-strip chambers complement the tracking capabilities of the MDTs in the high-rate
forward regions.

The amount of material in the ID varies from one-half to two radiation lengths. The overall amount of
material traversed by an MCP up to the last measurement surface, which includes the calorimeters and the
MS, may be as high as 75 radiation lengths. Muons typically lose 3 GeV penetrating the calorimeter system.
The energy loss for MCPs with charge z would be z> times this value, i.e., up to 150 GeV for z = 7.

The muon transverse momentum measured by the MS after the energy loss in the calorimeters is denoted
by p# /z, while transverse momentum of charged particles measured by the combination of the ID and MS
is denoted by pr/z. Charged-particle trajectories are reconstructed using standard algorithms [25]. Since
these algorithms assume particles with unit electric charge, the momenta of MCPs are underestimated by a
factor z, as the track curvature is proportional to pr/z.

A two-level trigger system is used to select interesting events [26]. The first-level trigger (L1) is implemented
in hardware and uses a subset of the detector information to reduce the event rate to a design value of at
most 100 kHz. This is followed by the software-based high-level trigger, which further reduces the event
rate to about 1 kHz.

An extensive software suite [27] 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 Samples of simulated events

Benchmark samples of simulated events with MCPs were generated for a range of masses m between 500
and 2000 GeV in steps of 300 GeV, for charges ze with z = 2, 3, ..., 7. Muon-like pairs of spin-¥2 MCPs
were generated via two leading-order (LO) processes implemented in MADGrRAPHS_AMC@NLO 2.6.7 [28]:
the Drell-Yan (DY) process with both photon and Z boson exchanges included, assuming the SM coupling
of MCPs to the Z boson is proportional to the electric charge squared, and the photon-fusion (PF) process,
as shown in Feynman diagrams in Figure 1 [16].
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Figure 1: LO Feynman diagrams for MCP-generation processes: (a) DY process and (b) PF process (¢-channel
diagram).

This implementation of the production processes models the kinematic distributions and determines the
cross-sections. Cross-section values for spin-¥2 MCP pair production range from a few tenths of a picobarn



(m = 500GeV, z =7, PF mode) down to a few tenths of an attobarn (m = 2000 GeV, z = 2, PF mode).
Events were generated using the NNPDF2.3LO [29] and LUXqED [30] parton distribution functions (PDFs),
for DY and PF modes, respectively, with the A14 set of tuned parameters [31]. PyTHia 8.244 [32, 33] was
used for hadronisation and underlying-event generation. Samples with events produced via DY and PF
modes (with the same mass and charge values) were merged with production cross-section values acting as
weights for each generated event. PF-mode cross-sections dominate at high-charge values.

Samples of simulated events with muons from Z — uu decays were generated at the next-to-leading order
(NLO) using Pownec Box [34, 35] interfaced to the PyTHiA 8.186 parton shower model. The AZNLO
tuned parameters [36] were used, with the CTEQO6L1 PDF set [37] for the modelling of non-perturbative
effects. The EvTGen 1.2.0 program [38] was used for the properties of b- and c-hadron decays.

A detailed GEanT4 simulation [39, 40] was used to model the response of the ATLAS detector. Each
simulated hard-scattering event was overlaid with simulated minimum-bias events generated with PyTHia
to emulate the data distribution of multiple proton—proton collisions per bunch crossing (pile-up). The
simulated events are reconstructed and analyzed in the same way as the experimental data.

4 Event and candidate selections

The MCP identification relies on the ionization energy released by high-charge particles and measured in
the pixel, TRT, and MDT subdetector systems. Acceptance is restricted to the pseudorapidity range of the
TRT, || < 2.0.

The selection is logically divided into four steps: trigger selection, preselection, tight selection, and final
selection. While the first two steps rely on muon and missing-transverse-momentum signals as well as
event topology, the tight and final selection steps rely on the ionization estimators not available at the trigger
level. These estimators are introduced later in this section. An event is considered to be a candidate event
if it has at least one candidate MCP (a reconstructed particle, which satisfies all the selection criteria).

4.1 Trigger selection

Events collected in 2015-2018 with a single-muon trigger with no isolation requirement and a transverse-
momentum threshold of pt/z = 50 GeV are considered. This trigger is only sensitive to particles with
velocity 8 = v/c > 0.65 due to a timing window, within which particles must reach the MS, which limits
the trigger efficiency. The efficiency of this trigger, averaged over all signal benchmark samples, is 30%. It
varies from 6% to 54% between the samples with m = 2000 GeV, z = 7 and m = 500 GeV, z = 2 MCPs,
respectively.

To compensate for inefficiencies in the single-muon trigger, an additional calorimeter-based trigger that
impose; a threshold on the minimal magnitude of the missing transverse momentum, E‘Tniss, was employed.
The EITIllss threshold was set to 70 GeV in 2015 and was raised twice in 2016, first to 90 GeV and later to
110 GeV. Particles reconstructed in the MS are not accounted for in the trigger ET" calculation [41],
which only takes into account energy deposited in the calorimeters. Large ET"™* originates from initial-
state-radiation jets recoiling against the MCP pair. The signal efficiency of the E{"™ trigger is 18-25%.
The combined efficiency of this trigger and of the single-muon trigger, averaged over all signal benchmark



samples, is 39%. It varies from 22% to 61% between the samples with m = 2000GeV, z = 7 and
m = 500 GeV, z = 2 MCPs, respectively.

Finally, the third trigger used in the search is the ‘late-muon’ trigger. Its baseline algorithm is implemented
within the L1 topological trigger [42]. The traditional single-muon trigger cannot fire in any bunch crossing
other than the current one, and the magnitude of the E%ﬁss may not be high enough to fire the E%liss—based
trigger. The late-muon trigger fires in events with a pt > 50 GeV jet in the current bunch-crossing and a
pr/z > 10GeV muon in the next one, i.e., after the one where the corresponding pp collision occurred.
Thus, the inclusion of this trigger increases the signal efficiency in the 0.4 < 8 < 0.8 range. The signal
efficiency of the late-muon trigger is 2-9%. The combined efficiency of all three triggers sums up to 43%
on average. It varies from 28% to 62% between the samples with m = 2000 GeV, z = 7 and m = 500 GeV,
z = 2 MCPs, respectively.

To improve the description of the trigger simulation and to correct the trigger-efficiency values in the
simulation, parameterized corrections based on the time interval needed for MCPs to reach the RPC planes
were applied to the probability for MCPs to fire the RPC trigger.

The data selected by applying the logical OR of these three triggers are used in the analysis. Only events
recorded when all the ATLAS subdetectors were running at nominal conditions are used [43].

4.2 Candidate-track preselection

A selected event is required to have at least one preselected candidate track. Such a candidate track is
required to be a ‘combined’ muon, i.e., to be reconstructed by combining track segments in the ID with
those in the MS. It also has to satisfy the ‘medium’ criteria [44], to have p? /z > 50GeV, pr/z > 10GeV,
and to fall within the acceptance region of the TRT (|n| < 2.0). For purposes described in Section 4.3, this
candidate also has to have a defined dE /dx measurement in the pixel, TRT, and MDT.

To reduce the background of high-ionization signals from two or more particles firing the same TRT straws
or MDT tubes, such a candidate is required not to have any tracks with pr/z > 0.5 GeV within AR = 0.01
reconstructed by the silicon detectors.

4.3 Ionization estimators and tight/final selections

The average specific energy loss is described by the Bethe—Bloch formula [45]. Since a particle’s energy
loss increases quadratically with its charge, an MCP would leave a very characteristic signature of high
ionization in the detector. Ionization losses in the sensitive elements are evaluated for the pixel, TRT, and
MDT subdetector systems. The pixel dE /dx is calculated from the truncated mean of the dE /dx values
of the clusters associated with the track by excluding the largest dE /dx measurement(s): one in case of
three or four initial clusters, or two in case of a larger number of initial clusters [22]. IBL clusters with the
overflow bit raised are also excluded from this calculation. The truncated-mean approach allows large
fluctuations in the dE /dx measurements to be reduced and improves the dE /dx resolution. The TRT
dE /dx is the truncated mean of the straw-level dE /dx estimates, derived from the time interval when the
signal remains above the low threshold. Each drift tube of the MDT system provides a signal proportional
to the charge from ionization collected during 18.5 ns after the first electrons arrive at the wire; a truncated
mean of these measurements is treated as the MDT dE /dx estimator. For the TRT and MDT, only one
measurement per track is excluded as the final track-level distributions of TRT or MDT dE /dx do not



change significantly when more than one measurement is excluded. Calibrations and corrections of the
dE [ dx estimators include removal of their dependencies:

* related to various detector effects: dependence on the number of hits, radiation damage leading to
run-by-run response differences for the pixel detector [18], occupancy for the pixel detector and TRT,
differences between the responses in the different detector sections for the MDT, etc.;

* on geometrical quantities: pseudorapidity, distance between a particle track and an anode wire for
the TRT and MDT. The calibration is performed by assessing the difference between the dE /dx
estimators in data and simulation in a Z — uu control sample and by reweighting the dE/dx
estimators in bins of these geometrical quantities in simulation based on the data distributions.

The significance of the dE /dx variable in each subdetector is defined by comparing the observed signal,
dE [ dx, with the average value for a highly relativistic muon:

dE [dx — (dE | dx),

SUE[dv) = —— 78 Jdx),

Here (dE/dx), and o (dE/dx), represent the mean and the root-mean-square width of the dE/dx
distribution, respectively, for such muons in data obtained by fitting the cores of the corresponding
distributions with Gaussian functions. To calculate these two parameters, a control sample of muons was
obtained from Z — uu events. The muon selection is the same as in the analysis selection discussed in
Section 4.2. Additionally, muons are required to belong to an oppositely charged pair with its dimuon mass
between 81 GeV and 101 GeV, corresponding to detector resolution and the natural width of the Z boson
mass peak.

As seen in Figure 2, S(pixel dE/dx) is a powerful discriminator for z = 2 particles. The signal region
of the tight selection for the z = 2 category is defined by requiring S(pixel dE /dx) greater than 13. This
tight selection requirement reduces the background contribution (mainly from the high-pt muons) by four
orders of magnitude, while keeping the signal efficiency above 98% relative to the previous selection step.
For ionization losses 8 times greater than those for MIPs, the pixel readout saturates and the corresponding
hits are not recorded, which is why the same criterion cannot be used for the search for z > 2 MCPs.

In the final selection, S(MDT dE /dx), S(TRT dE /dx), and the fraction of HT TRT hits (TRT fHT, the
number of HT hits divided by the number of LT hits on the track) are used as additional discriminating
variables to separate signal from background. Figure 3 shows the distributions of these variables for muons
from Z — uu events compared with those expected from signal particles with different charges (z = 2, 3,
4, and 7) and masses (500, 1400, and 2000 GeV). It demonstrates that there is good separation between
signal and background, which increases with increasing charge. The SIMDT dE /dx) distribution broadens
noticeably with charge because, relative to typical muons, MCPs produce large number of d-rays, which
give early-time hits. As charge is measured in the first 18.5 ns of the signal, the ionization loss of d-rays is
often measured instead of the MCP’s loss. This gives large fluctuations in the total ionization measured
along the track.

The detailed detector response to these high-charge particles may not be well simulated due to a possible
imperfect modelling of the saturation effects. However, since the TRT and MDT do not lose signal at
saturation, their most probable dE /dx values are higher than those of z = 2 particles. Because of the
conservative selections used at the final selection stage, the analysis is not sensitive to the exact shape (or
position) of the dE /dx-significance distributions for high-z signals.
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Figure 2: Normalized distributions of the dE /dx significance in the pixel system, S(pixel dE /dx), for muons from
Z — pu events (data and simulation) and for simulated MCPs passing the preselection requirements. Signal
distributions are shown for z = 2 and masses of 500 and 2000 GeV. The vertical dotted line indicates the threshold of
the tight selection criterion. A bin-by-bin ratio of Z — puu distributions in data and simulation is shown on the lower
panel. The arrows in the ratio plot are for points that are outside the range.

Two-dimensional distributions of S(MDT dE /dx) versus S(TRT dE /dx) and versus TRT fHT are shown for
data and simulated signal events in Figure 4 for candidates passing the tight selection for z = 2 (Figure 4(a))
and the preselection for z > 2 (Figure 4(b)). The two signal regions are defined by S(TRT dE /dx) > 2 and
S(MDT dE /dx) > 4 for candidates selected as z = 2 and by TRT fHT > 0.7 and S(MDT dE /dx) > 7 for
candidates selected as z > 2. The choice of these criteria is discussed below. The selection criteria were
defined using simulated samples and Z — uu data control samples without examining the signal region in
the data.

A summary of the offline-selection requirements (preselection, tight selection and final selection) is
presented in Table 1.

Table 1: Summary of the offline-selection requirements.

Search category Preselection Tight selection Final selection
Combined muon with: Tightly selected candidate with:
_» Preselected candidate with
= ‘medium’ identification criteria, S(pixel dE /dx) > 13 S(TRT dE /dx) > 2,
ph/z>50GeV, S(MDT dE /dx) > 4
pr/z > 10GeV, Preselected candidate with:
Inl < 2.0,
2>2 no other particles with B TRT f HT 5 0.7,
pr/z > 0.5GeV within AR = 0.01 SMDT dE /dx) > 7

Among all simulated events triggered by the muon triggers, there are none where a reconstructed muon
matches the trigger object but MCP(s) in the signal region in the same event does (do) not.
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Figure 3: Normalized distributions of the dE /dx significance in (a) the MDT, S(IMDT dE /dx), (b) the TRT, S(TRT
dE /dx), and (c) of TRT fHT for muons from Z — ppu events (data and simulation) and for simulated MCPs passing
preselection requirements. Bin-by-bin ratios of Z — uu distributions in data and simulation are shown on the lower
panels. The arrow in the ratio plot in (c) is for a point that is outside the range.

5 Signal efficiency

The overall signal efficiency, which includes trigger, reconstruction and selection efficiencies, is estimated
from simulation. Its values are shown in Figure 5 for the signal samples used in this analysis. The fractions
of simulated signal events satisfying the cumulative selection requirements, as well as expected signal
yields, are given in Table 2 for several benchmark points.

Several factors contribute to the efficiency dependencies on mass and charge. For low masses, the || < 2.0
selection requirement and especially the pt/z one are the main sources of efficiency loss. For instance, the
pt/z selection can be as high as approximately pt > 50 X 7 = 350 GeV (for z = 7) and is the root cause of
the efficiency drop at low masses. For high masses, the reconstruction efficiency of muons is the primary
reason for the reduction in efficiency. Also, high ionization loss makes particles slow down: they may
arrive at the MS too late to be recorded by the trigger or lose all their kinetic energy before reaching the MS.
The charge dependence of the efficiency results from higher ionization and the stricter pt/z requirement,
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Figure 4: (a) S(MDT dE /dx) versus S(TRT dE /dx) (used for the z = 2 search) and (b) S(IMDT dE /dx) versus TRT
fHT (used for the z > 2 search). The distributions of the data and the simulated signal samples (for charges z = 2, 3,
and 7, and masses of 500, 800, and 2000 GeV) are shown. The signal distributions for the lowest MCP mass (a) or
charge (b) are partially covered by the other signal distributions. D is the signal region and other regions are used
to estimate the background contribution in that region (see text). Regions 0.01 < TRT fHT < 0.02, 0.49 < TRT
fHT < 0.50, and 0.98 < TRT fHT < 0.99 in (b) are underpopulated because TRT fHT is a ratio of two integers
belonging to the range of 0-50.

which are augmented by the factors of z> and z, respectively. Finally, large d-electron yields in the case of
the highest-charged MCPs distorts the timing parameters of MDT hits from MCPs leading to a smaller
number of reconstructed combined muons. The main reason for the search to be limited to a maximum of
z =7 is that MCPs with higher charges will fail to be reconstructed as muons in at least 95% of cases.

6 Expected background estimation

The potential background mainly consists of muons with ionization randomly fluctuating toward larger
values due to detector occupancy effects (many particles losing their energy in the same detector elements)
and d-ray yields. Radiation background and sporadic-noise events may also contribute to a large deviation
of dE /dx measurements.

The expected background rate is estimated by using an ABCD method [46] in which the plane of two
uncorrelated variables is divided into regions A, B, C, and D as shown in Figure 4. Region D is defined as
the signal region using the final selection cuts on the S(TRT dE/dx) and SOIMDT dE /dx) for the z = 2
search and on the TRT f HT and S (MDT dE /dx) for the z > 2 search, with regions A, B, and C as control
regions.

The final selection cuts are set based on the following considerations:

* the number of expected background events in the D region should be kept minimal to provide more
stringent exclusion limits if nothing is observed in this region or to increase the excess significance
in the alternative case;
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Figure 5: The signal efficiencies for spin-¥2 MCPs with different charges and masses for the DY+PF production mode
versus (a) their mass and (b) their charge. Efficiency values for z = 2 in (b) are separated from the rest of the plot to
reflect different signal selections used in the two search categories.

Table 2: Fractions of simulated signal events with at least one spin-¥2 MCP candidate, which satisfy the given
requirements (including all previous selection requirements). The uncertainties quoted are statistical only. The
expected signal yields, calculated as a product of theoretical cross-section, overall signal efficiency, and integrated
luminosity, are shown in the rightmost column.

Signal benchmark point Trigger Candidate-track Tight Final Expected signal
Z Mass [GeV] | selection [%] preselection [%0] selection [Y0] | selection [%] | yields [events]
500 61.7+£0.2 42.7+0.2 42.5+0.2 40.1£0.2 460
2 1100 49.9+0.2 30.8+£0.2 30.6 £0.2 29.1+£0.2 5.3
2000 32.8+0.2 13.7+£0.2 13.6 £0.2 13.0£0.2 0.026
500 553+£0.2 399+0.2 - 30.7+£0.2 2700
4 1100 50.5+£0.2 333+£0.2 - 33.1+£0.2 36
2000 35.0+£0.2 17.5+£0.2 - 17.2+£0.2 0.22
500 33.3+£0.2 6.2+0.1 - 6.0+0.1 2300
7 1100 36.1£0.2 8.1+0.1 - 7.6+0.1 49
2000 27.7+£0.2 47+0.1 - 4.1+0.1 0.31

* the fraction of simulated signal events not satisfying at least one selection requirement should be
kept minimal (< 5%);

* the numbers of data events in the control regions should remain statistically significant (> 5 events)
in order to not introduce a large statistical uncertainty on the number of events expected in the D
region from background processes.

If two or more candidates from the same event appear on the ABCD plane, only one is retained and shown
on the plane according to a ‘D-C-B-A-pt’ ranking to avoid double-counting events. This ranking is first
established by choosing an MCP candidate going from the most to the least populated region in signal
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simulation: D—C—B—A. If there are two or more MCP candidates in the event and in the same region,
the highest-pt one is chosen. The fraction of events in data with two or more candidates on the ABCD
plane in the same event is 0.01% and 0.06% for the z = 2 and z > 2 cases, respectively.

ND expected

data , 1s estimated from the numbers of

The expected number of background events in the D region,

NA, B, C observed):

observed data events in regions A, B, and C (N -

B observed X NC observed
ND expected _ " 'data data (1)
data - A observed :
data

The expected background contributions to the D regions and quantities used for their calculation are shown
in Table 3. Systematic uncertainties in these values are estimated according to the method discussed in
Section 7.

Table 3: Expected background contributions (in events) to the D regions in data for the z = 2 and z > 2 selections, as
well as quantities used for their calculation. The observed contributions are shown in the rightmost column.

Search category ‘ Né%a t(‘:lbserved Nga;bserved Ngat(;bserved N‘it?pemed 1\,(]1)a t(Zlbserved
z=2 41674 5024 13 1.6 £ 0.4 (stat.) + 0.5 (syst.) 4
7>2 192036934 15004 441 0.034 + 0.002 (stat.) + 0.004 (syst.) 0

Since the average signal leak to regions A, B, and C is less than 1% of the entire signal yield, the background
contribution was estimated neglecting this contamination.

7 Uncertainties in the background estimation and signal yield

Uncertainties in the background estimate, the signal selection efficiency, and the integrated luminosity
affect the sensitivity of the search for MCPs. The contributions of these systematic uncertainties are
described below.

7.1 Background estimation uncertainty

To assess a systematic uncertainty in the expected number of background events, ‘masked regions’ are
introduced in the ABCD planes, and then the background estimate is recalculated for several masked-region
choices using the method described in Section 6 while removing the entries in the masked regions from
the calculation of the background estimate. When the two variables on an ABCD plane depend on each
other, the fraction of entries removed in the A region is different from the same number for the B (or C)
region. This would lead to a different number of events expected in the D region compared to the original
estimation. The masked regions used are: S{XT < S(TRT dE /dx) < 2.0 with S{RT =0.8,1.0,...,1.8 and
SYOT < S(MDT dE [dx) < 4.0 with SMPT'=0.5,1.0,...,3.5 for the z = 2 case, and fH < fHT < 0.7

lower ower

with fHT =0.2,0.3,...,0.6 and S¥PT < S(MDT dE /dx) < 7.0 with SPT = 1.0,2.0,...,6.0 for the

ower lower lower

z > 2 case. Examples of masked regions with 1T = 0.3, 0.5, and SMPT = 3.0 on the z > 2 ABCD

}gwgr d ked AsB ob. lowgr ked Cob d ked
Nd to served, masked /B observed, maske ,and Nd :) served, maske

plane are shown in Figure 6. Assuming there are s Ny
ata
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events in the masked areas of regions A, B, and C, respectively, the recalculated background estimates are
given by

B observed _ p7B observed, masked C observed
(Ndata Ndata ) X Ndata

A observed __ p7A observed, masked
Ndata Ndata

for horizontal masked regions and by

B observed C observed _ p7C observed, masked
Ndata x (Ndata Ndata )

A observed __ p7A observed, masked
Ndata Ndata

for vertical masked regions.
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Figure 6: ABCD plane for the z > 2 case used to assess the systematic uncertainty in the expected number
of background events. Entries inside the ‘masked regions’ (here with 0.3 < fHT < 0.7, 0.5 < fHT < 0.7, and
3.0 < S(MDT dE/dx) < 7.0, shown by the different hatch styles) do not contribute to the background estimate.

The maximum differences (calculated over all the masked regions examined) between a new background
expectation in the D region and the nominal one are 31% (0.5 events) and 12% (4 X 1073 events) for the
z =2 and z > 2 cases, respectively, and are treated as systematic uncertainties in the estimation of the
expected background yield.

The absence of correlations between ABCD-plane quantities (and quantities used at the earlier selection
stages) was discussed in Ref. [3]. An additional check is performed to ensure Eq. (1) is applicable for the

C observed
data distributions on both ABCD planes. The ‘transfer factor’, W is plotted against S(TRT dE /dx)
(for z =2) and TRT fHT (for z > 2). To eliminate low-statistics effects, the cuts on the MDT-dE /dx
significance on the ABCD planes are iteratively relaxed from 4 to 3, 2, and 1 for the z = 2 case and from 7 to
5, 4, and, finally, to 3 for the z > 2 case. The resulting plots are shown in Figure 7. There is no statistically

significant evidence that the transfer factor increases with S(TRT dE /dx) or fHT in any of these scenarios,
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which suggests there is no additional source of systematic uncertainty. Finally, possible contributions
from second-order effects into the overall background distribution are expected to be negligible and hence
should not introduce correlations in the ABCD planes. Considering how rare such events are, it is not
practical to simulate a statistically significant sample.

o< 10g T = U<1o‘25“u‘HH‘HH‘HH‘H‘ AR
z lZ E o~ S(MDT dE/dx) cut is at 1.0 E z lZ [ %00y 5 '-“'-"9' ‘v' f "3
5 F & S{VDT dE/e) cut s at 2.0 ] 5 [ e S(MDT dE/dX) cutisat3.0 LR B
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Figure 7: Transfer factor versus (a) S(TRT dE/dx) (for z = 2) and (b) TRT f HT (for 7 > 2) for several cuts on the
MDT-dE /dx significance. The horizontal lines of different styles represent constant fits to the respective distributions.

7.2 Signal efficiency uncertainty

Several sources of systematic uncertainty in the signal efficiency are considered. The most significant
uncertainties are those due to some mismodelling of online (trigger) and offline (dE /dx estimators etc.)
quantities.

The uncertainty due to the mismodelling of the offline quantities is evaluated by varying the selection
requirements. Several considerations motivate these variations. The uncertainty in the amount of material
in front of the MS, which is about 1% [47], propagates into an uncertainty in the selection efficiency due to
the slowing down of particles. It is estimated by varying the p’T‘ /z and pr/z requirements by +3%.

The areas around the peaks of the dE /dx distributions for the Z — pu process are the most important
when determining the signal efficiency uncertainty as the quality of dE/dx modelling in this region is
of most relevance for MCPs. Slight disagreements between the shapes of the distributions in Z — pu
events in data and simulation are accounted for by the variations of the signal selection criteria. The values
of these variations are obtained by averaging the bin-by-bin ratios of Z — pu yields in data to those
in simulation (see Figures 2 and 3) in the cores of the corresponding distributions (within +3 standard
deviations of the mean of each distribution). The selection criteria were varied as follows: S(pixel dE /dx)
by +14% (13 — 13 x (1 £ 0.14)), fHT by £12% (0.7 — 0.7 x (1 + 0.12)), S(TRT dE /dx) by +5%, and
S(MDT dE /dx) by +6%. The total systematic uncertainties in the efficiency arising from these variations
range between 0.3% and 5%, where the largest uncertainty corresponds to lower-mass z = 3 signal samples,
which are fairly sensitive to the fHT variation. A dedicated analysis of shape of high-z-particle clusters
and multiplicity of such clusters in the pixel detector did not reveal any additional source of systematic
uncertainty.
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The uncertainty in the trigger efficiency also has several sources, including an uncertainty in the muon-
trigger efficiency (3% on average), accounting for differences between triggering on the muons in data and
simulation, and an uncertainty in the E%‘iss trigger efficiency (5% on average). The overall trigger-efficiency
uncertainty for a particular simulated signal sample is calculated by accounting for the fractions of events
in which each trigger fired.

The uncertainty in the muon-trigger efficiency is a S-dependent uncertainty originating from uncertainties
in the modelling of the muon-trigger timing for particles with 8 < 1 for the traditional single-muon trigger
and the late-muon trigger. To assess the uncertainty, the parameters of the trigger-efficiency corrections
were varied. The g value of particles was varied between the ones measured in the ID and in the MS
from the hypothesized mass and measured momentum. The time interval needed for a signal particle
to reach the RPC trigger planes was varied by the root-mean-square width of the timing distribution for
muons measured in the full Z — pu data sample. The uncertainty, assessed as the maximum relative
difference between the nominal efficiency values and those obtained after the variations, averages to 1%.
For the TGC trigger, no mismatch between the timing distributions in data and simulation was observed;
therefore no uncertainty was assigned to the trigger efficiency. An increase in the trigger efficiency due to
larger ionization losses of MCPs compared to muons is not taken into account, resulting in a conservative
estimate of trigger efficiency for muon triggers.

The uncertainty in the E?iss trigger efficiency depends on the accuracy of modelling the E%ﬁss turn-on
curve, assessed using the offline EJ"** spectra (in events triggered exclusively by the ET"™ trigger), varied to
account for any possible uncertainties in the E7"* term [48]. In addition, since the efficiencies of both the
ET" trigger and late-muon trigger depend on an extra jet, which relies on the parton-shower modelling, the
QCD scale used in the simulation was varied by doubling and halving the renormalization and factorization
scales, and an additional 2% was added to the uncertainty in the efficiency of these two types of triggers.

Contributions from the separate sources of the most significant systematic uncertainties in the signal
selection efficiency, as well as the resulting values of overall systematic uncertainties calculated as the sum
in quadrature of all the individual contributions, are shown in Table 4 for several benchmark points.

Table 4: The most significant individual contributions (in %) to the overall systematic uncertainties in the signal
selection efficiency, as well as the resulting values of the relative uncertainties (rightmost column).

Signal benchmark point | Data—simulation Trigger Tracking [%] Overall uncertainty in
z Mass [GeV] | comparison [%] efficiency [%0] the selection efficiency [%]
500 1 1 0.6 2
2 1400 1 2 2 3
2000 1 2 3 4
500 1 1 0.4 2
4 1400 0.3 2 0.7 2
2000 0.3 2 1 3
500 3 2 0.3 4
7 1400 0.9 2 0.5 4
2000 1 3 0.7 5

Additionally, a 1.7% uncertainty was assigned to the integrated luminosity. This uncertainty is derived,
following a methodology similar to that detailed in Ref. [49], from a calibration of the luminosity scale
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using x—y beam-separation scans.

8 Results

Only four events with MCP candidates were found in the data in the z = 2 MCP search, and none were
found in the z > 2 search. All four events are very close to the boundaries between the D and C (and
D and B) regions. These results are consistent with the expectations of 1.6 + 0.4 (stat.) + 0.5 (syst.)
and 0.034 + 0.002 (stat.) + 0.004 (syst.) background events for the z =2 and z > 2 search categories,
respectively (a pg value of 0.06, corresponding to the Z-significance® of 1.5, was obtained for the z = 2
search category).

Cross-section limits are computed within the RooStats framework [50] using the CLg method [51]
to discriminate between the background-only hypothesis and the signal-plus-background hypothesis.
Exclusion limits are computed for various MCP scenarios. The signal selection efficiency, luminosity,
expected and observed numbers of events and their uncertainties, handled as nuisance parameters, are
taken as input for pseudo-experiments, resulting in an observed limit at 95% confidence level (CL).

The measurement excludes the DY +PF mode of muon-like MCP pair production over wide ranges of
masses. Figure 8 summarizes the observed 95% CL cross-section limits as a function of mass for all the
MCP charges studied and compares them with those predicted by the DY+PF mode.

— 15 L L L L B
'8 E Theory prediction, Observed =
— C DY+PF 95% CL limit .
o) _q —2z=2 -e-2=2
10 —7=3 -m-7=3 =
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Figure 8: Observed 95% CL cross-section upper limits and theoretical cross-sections as functions of the muon-like
spin-¥2 MCP’s mass for the DY+PF production mode. Theoretical cross-section values are computed at LO and the
uncertainty bands correspond to the PDF uncertainties.

The mass limits are obtained from the intersection of the observed cross-section limits and the theoretical
cross-section values not accounting for theoretical uncertainties. For this production mode, the cross-section
limits are transformed into mass exclusion regions from 500 GeV up to the values in Table 5. MCPs with

3 The relation between a Z-significance and a p( value is given by Z = ®~1(1 = pg), where ®~! is the inverse of the cumulative
distribution for a unit Gaussian function.
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mass values 50 GeV < m < 500 GeV were already excluded in the previous search [3]. Observed and
expected mass limits are compared in Figure 9.

Table 5: Observed 95% CL lower mass limits of muon-like MCPs for the DY+PF production mode.

z | 2 3 4 5 6 7
Lower mass limit [GeV] | 1060 1390 1520 1590 1600 1570

T
1800; ATLAS _]
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ool ././‘——"\1 -

Lower limit on MCP mass [GeV]
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1200— ]
r = ]
1000; J --m- Expected 95% CL limit (median) ]|
+ Expected 95% CL limit (+10) -

C Expected 95% CL limit (+20) ]
800 —e— Observed 95% CL limit —
L1 | I | | [

2 3 4 5 6 7

Figure 9: Observed and expected 95% CL lower mass limits of MCPs versus charge. The separation of limits between
z =2 and z = 3 is due to different selections used to identify MCPs with the respective charges.

Recently, an excess of events in a signal region in the ATLAS search for heavy long-lived z = 1 particles
identifiable by their unusually large pixel dE /dx values [18] was observed. Two of these observed events
feature candidates with pixel dE/dx values compatible with those satisfying the z = 2 tight-selection
requirement in the current analysis, but not ending up in the corresponding signal region. A dedicated check
was performed to understand the reason for this. It was demonstrated that neither of the two candidates
have high enough ionization loss in TRT or MDT to make it into the signal region — in fact, both of them
belong to the A control region (see Figure 4(a)).

9 Conclusion

This Letter reports on a search for long-lived multi-charged particles produced in proton—proton collisions
with the ATLAS detector at the LHC. The search uses a data sample with a centre-of-mass energy of
/s = 13 TeV and an integrated luminosity of 139 fb—!. Muon-like particles are searched for with electric
charges from |g| = 2e to |q| = 7e penetrating the full ATLAS detector and producing anomalously high
ionization signals in multiple detector elements. No statistically significant evidence of such particles is
observed. Upper limits are derived on the cross-sections using a Drell-Yan + photon fusion production
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mode and exclude muon-like multi-charged particles with masses between 500 GeV and 1060-1600 GeV.
This production mode is used in an ATLAS search for multi-charged particles for the first time.
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