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1 Introduction

The discovery of the Higgs boson [1, 2] at the Large Hadron Collider (LHC) marked a significant milestone
in the field of particle physics. Since then, both the ATLAS and CMS detectors have been operating
with increased center-of-mass energy of 13 TeV and a much larger instantaneous luminosity, providing
an unprecedented opportunity to reveal new phenomena beyond the Standard Model (SM). No positive
signal has been observed to date making more unconventional approaches an appealing avenue to consider.
Hunting for long-lived particles, such as fractionally charged particles (FCPs), multi-charged particles
(MCPs), magnetic monopoles is well motivated by a range of theoretical models [3-5]

The attraction of FCPs has been inspired by the puzzle of the unit electric charge (e), in that we cannot
explain theoretically why the electric charges of all free elementary particles must have to be zero or integer
multiples of e. New theories beyond the SM could lead to FCPs with Q = r X e, where r is a fraction or
irrational less than one.

Searches for FCPs have been carried out in different ways [6], including fixed-target experiments, collider
experiments, cosmic experiments in space and on the earth, and bulk matter experiments. Up to now, there
is no evidence for the existence of FCPs.

The CMS experiment searched for FCPs [7, 8] using 5.0 fb!, 18.8 fb~! and 138 fb~! of pp collision
data with /s = 7 TeV, 8 TeV and 13 TeV, respectively, utilizing the dE/dx measurements from the
silicon-strip detector and the time-of-flight measurement from the muon system to distinguish the signal
from backgrounds. No obvious excess from the SM predictions was found. The analysis using data with
Vs =7 TeV and 8 TeV excluded masses below 200 and 480 GeV for |Q| = 1/3 e, 2/3 e respectively. The
existence of fractionally charged particles was excluded up to a mass of 636 GeV for a signal of charge |Q|
=2/3 e in the analysis using data with /s = 13 TeV.

FCPs have not yet been searched for in the ATLAS experiment. A future search in ATLAS would also
utilize the detector characteristic information such as dE/dx, which can help differentiate the FCPs from
SM particles. The performance of dE/dx reconstruction has been studied and verified in a recent search for
MCPs [9-11].

In this work, the detector performance of FCPs is studied based on the Monte Carlo (MC) simulation.
According to the Bethe-Bloch formula [12], the energy deposition depends quadratically on the charge of
particles. The existence of FCPs could be revealed by the different behaviours in the spectrum of measured
energy deposition.

This note has been structured as follows. Section 2 introduces the ATLAS detector. Section 3 covers the
signal modeling and kinematic distributions at the truth level. Section 4 shows the MC simulation and the
detector performance of the FCPs. The last section summarizes the characteristic of FCPs which could
possibly benefit future searches with the ATLAS detector.



2 ATLAS detector

The ATLAS detector [13, 14] at the LHC covers nearly the entire solid angle around the collision point'.
It consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic
and hadronic calorimeters, and a muon spectrometer incorporating three large superconducting toroidal
magnets.

The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged-particle
tracking in the range || < 2.5. The high-granularity silicon pixel detector covers the vertex region and
provides four measurements for most tracks, the first hit normally being in the insertable B-layer [15]. It is
followed by the silicon microstrip tracker, which provides eight measurements per track. These silicon
detectors are complemented by the transition radiation tracker (TRT), which enables radially extended
track reconstruction up to || = 2.0. The TRT also provides electron identification information based on the
fraction of hits (typically 30 in total) with an energy deposit above the transition-radiation threshold.

The calorimeter system covers the pseudorapidity range |77| < 4.9. Within the region || < 3.2, electromagnetic
calorimetry is provided by the barrel and endcap high-granularity lead/liquid-argon (LAr) calorimeters,
with an additional thin LAr presampler covering |n7| < 1.8 to correct for energy loss in material upstream
of the calorimeters. Hadronic calorimetry is provided by steel/scintillator-tile calorimeter, segmented
into three-barrel structures within || < 1.7, and two copper/LAr hadronic endcap calorimeter. The solid
angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules optimised for
electromagnetic and hadronic measurements, respectively.

The muon spectrometer (MS) comprises separate trigger and high-precision tracking chambers measuring
the deflection of muons in a magnetic field generated by the superconducting air-core toroid magnets. The
field integral f BdI of the toroid magnets ranges from 1.5 to 5.5 Tm in the barrel and 1 to 7.5 Tm in the
endcaps. The precision chambers cover the region || < 2.7 with three layers of monitored drift tubes
(MDT), complemented by cathode-strip chambers (CSC) in the forward region, where the background is
highest. The muon trigger system covers the range || < 2.4 with resistive-plate chambers (RPC) in the
barrel, and thin-gap chambers (TGC) in the endcap regions.

! Definition of ATLAS coordinate system: the beam direction defines the z-axis and the x-y plane is transverse to the beam
direction. The positive x-axis is defined as pointing from the collision point to the center of the LHC ring and the positive
y-axis is defined as pointing upwards. The azimuthal angle ¢ is measured around the beam axis, and the polar angle 6 is the
angle from the beam axis. The pseudorapidity is defined as = -Intan(6/2). The transverse momentum pr, the transverse
energy ET, and the missing transverse energy EITniSS are defined in the x-y plane unless stated otherwise.



3 Modeling and kinematic distributions at truth level

3.1 Signal modeling

In the simplified model used in this study, the FCPs are produced through the Drell-Yan process with the
mediator being either a Z boson or photon. Events are modeled with proton-proton collisions at /s = 13
TeV.

Z /v

q F

Figure 1: Feynman diagram of g — FF, where “F” refers to an FCP.

The cross-sections of processes under different assumptions of charges and masses are shown in Fig. 2.
Those FCPs with higher mass or less charge feature smaller cross-section. Production in the lowest-mass
scenario is dominated by on-shell Z production and decay, which results in a charge-independent cross-
section. FCPs only participate in the weak and electromagnetic (EM) interactions, meanwhile, their long
life-time and high mass implies they will pass through the whole ATLAS detector. So the performance in
the detector is like that of muons.

3.2 Characteristic distributions of FCPs at particle level

In order to establish kinematic attributes of FCPs, the velocity (), pseudorapidity (77),and transverse
momentum (pt) of FCPs are studied using MApGraPH5_aMC@NLO v2.3.3 [16] with A14 tune and
LHAPDF [17] for parton distribution functions and PYTHIA [18] for hadronization. Samples of 30,000
events of p + p — FCP + FCP have been generated for each mass and charge point at the generator level,
i.e. the final stage before going through detector simulation. Those kinematic attributes are found to be
correlated to the mass while not sensitive to the charge. FCPs carrying 1/2 e at different mass points, as
representatives, are studied to illustrate the characteristic kinematic attributes.

3.2.1 Velocity

The distributions of 5 of FCPs at three mass points have been plotted in Fig. 3(a). To further reveal the
relation between the velocity and the mass, the average 5 of FCPs is drawn as a function of the mass
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Figure 2: The production cross-sections of FCPs carrying different charges as functions of their mass

indicated in Fig. 3(b). Both figures indicate FCPs with larger mass are slower. The dip in Fig. 3(b) can be
explained with the kinematics of the Z-boson decays. The relations between the Sy and mass of FCPs are
similarly illustrated in Fig. 3(c) and Fig. 3(d).

3.2.2 Pseudorapidity

The distributions of |;7| for FCPs at three typical mass points are plotted in Fig. 4(a) and the correlation
between the average of |r7| and FCP mass is drawn in Fig. 4(b). Both plots indicate FCPs with larger mass
are distributed more centrally since the intermediate states of heavy particles are produced approximately at
rest. A bump around 45 GeV is due to the Z resonance. Considering the coverage of the ATLAS detector,
the distribution of 77 determines the acceptance of FCPs with a certain mass. In terms of the pixel detector
(In| < 2.5), the distribution of |5| results in a geometrical acceptance of 41% and 85% for 30 GeV and 1000
GeV FCPs, respectively.

3.2.3 Transverse momentum

The distribution of transverse momentum pt for FCPs at three typical mass points are plotted in Fig. 4(c)
and the correlation between the average of pr and FCP mass is drawn in Fig. 4(d). Except for the valley
around 45 GeV where the Z resonance is, the heavier FCP features higher pr as predicted by the theory,
which implies this variable could help distinguish FCPs with different masses.
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Figure 3: The 8 of FCPs with different masses is drawn in (a), while the average of the 3 is drawn as a function of the
mass of FCPs in (b). The By of FCPs of different masses are illustrated similarly in (c) and (d).
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Figure 4: The |n| of FCPs with different masses is drawn in (a), while the average of the || is drawn as a function of
the mass of FCPs in (b). The pt of FCPs is drawn similarly in (c) and (d).



4 Detector simulation and performance

4.1 ATLAS simulation

In the simulation process [19], the charge of an FCP is recognized by the specially encoded pdgld to
simulate the energy deposition and the deflection of the track in the magnetic field. Only energy loss
of FCP by ionization is included in the detector simulation. The velocity of particles is also considered
according to the Bethe-Bloch formula by the full Geant4 [20] simulation. Then the digital signals of various
kinds of detectors are simulated according to energy deposition results. The simulation and collision data
follow the same reconstruction algorithms. The detector performance, including trigger, energy deposition,
reconstructed velocity, etc, are studied in this section.

4.2 FCP reconstruction

Considering the assumption that FCPs are long-lived in the range of the ATLAS detector, FCPs are expected
to reach the MS. Thus, it is straightforward to search for FCPs among particles that are reconstructed
as muons by the energy deposition and some other sensitive variables. However, the risk in failing to
reconstruct an FCP as a muon following conventional algorithms could not be neglected because of the
FCP characteristic kinematic attributes and lower energy deposition. A careful study in the reconstruction
algorithms has been performed to extend FCP reconstruction efficiency.

Two reconstruction techniques, the standard muon reconstruction [21] and the MuGirl reconstruction [22],
are utilized to reconstruct muon-like objects. The first reconstructs so-called combined muons: tracks
reconstruction is firstly performed independently in the ID and MS which are then matched with each other
[23]. This algorithm assumes particles propagate with the speed of light. The standard muon reconstruction
(also standard muon trigger) efficiency starts dropping sharply for 5 < 0.75 and goes to 0 at 8 = 0.4 since
the time-of-flight (TOF) does not match the speed of light assumption. Based on Fig. 3(a), a large part of
FCPs especially for mass points 200 GeV and 1000 GeV have g lower than 0.75. So the efficiency for
FCPs will not be high. To increase the reconstruction efficiency of particles with heavy mass, the MuGirl
algorithm is designed by a previous ATLAS search [24]. The MuGirl reconstruction follows the inside-out
approach: it extrapolates ID tracks into MS and then looks for hits in the corresponding detectors. Contrary
to the standard muon reconstruction algorithm, MuGirl does not assume particles propagate with the speed
of light [25]. Instead, the velocity is additionally fit according to the time information of the hits.

As discussed in section 3.2.1, the velocity of massive FCPs is significantly slower than that of light, thus the
MuGirl algorithm benefits the FCP reconstruction in both quality and efficiency. Hence, FCP candidates
are firstly collected from the MuGirl objects. Then, event by event, those standard muon objects, which do
not match any of MuGirl objects by checking if their AR is less than 0.05, are collected as supplementary
to maximize the reconstruction efficiency. The AR is computed between the tracks of MuGirls or standard

muons and truth FCPs as \/An? + A¢?.

4.3 Event selection

To study the detector performance of FCPs, the reconstructed muons have to match with the FCPs at the
truth level, with a requirement of AR < 0.05. For the reconstructed particles, the requirements of n, pr
and tracks are applied. As the pixel detector is expected to provide the most accurate identification on



FCPs, the region of interest is || < 2.5 in pseudorapidity space. Besides, the FCPs reconstructed as muons
must possess tracks both in ID and MS and pr larger than 27 GeV. Requirements on isolation and impact
parameter are not applied for the MC signal samples in this work. And no requirement of detector dE /dx
is applied in the event selection. For the particles at the generator level, only the requirements of 7 and pt
are necessary and they are the same as the reconstructed objects.

To calculate the efficiency, the denominator is the number of selected FCPs at the generator level. The
numerator is the number of real FCPs which could match to reconstructed standard muons or MuGirls. The
result of efficiency is shown in Table 1 at different mass and charge points. The low efficiencies for 1/3 e,
1/2 e FCPs are due to the detectors not being sensitive to low charges. And the relative high efficiencies for
FCPs with high mass benefit from the MuGirl reconstruction algorithm which could reconstruct particles
with low velocity.

Table 1: The table shows the efficiency of FCPs passing reconstructions and restrictions in track quality and transverse
momentum at different charge and mass points.

1/3 e 1/2 e 2/3 e

1000 GeV | (9.66 £0.17)% | (43.80 +0.29)% | (86.46 +0.20)%
200 GeV | (3.20+0.10)% | (18.33 +£0.22)% | (71.34 + 0.26)%
30GeV | (0.42+0.04)% | (7.65+0.15)% | (58.68 +0.28)%

4.4 Reconstructed transverse momentum and velocity

In the muon reconstruction, candidate particles are assumed to have a unit charge. Thus, the reconstructed
pt of an FCP is in principle scaled by a factor of one over the value of its charge given that pr =0.3zBp,
where z is the charge of the particle and p is the radius of the track. The reconstructed pt of FCP has been
drawn as a function of its truth pr into profile histograms shown in Fig. 5, where those points with entries
less than ten are ignored and the last bin has been extended due to the statistics power. FCPs with different
masses have been drawn in colorful points while muons from Z boson decays are drawn in grey points.
FCPs with higher mass possess a higher pt range, which is consistent with Fig. 4(d). The reconstructed
pr is as expected scaled by 1 over the charge of the FCP with respect to the measurement of a muon with
the same momentum. The pr reconstruction has good precision in the low-pt region while it becomes less
precise in the high-p region.

As MuGirl fits the velocity for muon-like objects during the reconstruction, the reconstructed velocity of
FCPs using this technique could be utilized in further analysis. The good performance of the velocity
reconstruction is indicated in Fig. 6 where the reconstructed velocity is drawn as a function of the truth
velocity.

4.5 dE /dx variables

A heavy stable FCP will leave a very characteristic track in the ATLAS detector. Considering the fractional
charge it carries, the energy deposited by an FCP in detectors will be lower than that of a muon. In addition,
the deposited energy depends on the By which equals p/m. According to the Bethe-Bloch formula, an
FCP would deposit more energy than a minimum ionizing particle with the same charge, if Sy of the FCP
is away from three.



T

FCP reco p_ [GeV]

10°

10*

10°

10?

10

ATLAS Simulation Preliminary ]
{s=13 TeV

——1/2 e, 30 GeV

—— 1/2 e, 200 GeV

—e— 1/2 e, 1000 GeV
Zmumu*2

|

10°
FCP truth P, [GeV]

(a)

T

FCP reco p_[GeV]

10°

10*

10°

10?

N
(=

h

ATLAS Simulation Preliminaw:
{s=13 TeV

—— 2/3 e, 30 GeV

—— 2/3 e, 200 GeV

—e— 2/3 e, 1000 GeV
Zmumu*1.5

A

10°
FCP truth P, [GeV]

(b)

Figure 5: Profile histograms of reconstructed pt Vs. truth pt of FCPs of different charges: (a) 2/3 e, (b) 1/2 e as
functions. In each histogram, FCPs with different masses are drawn in colorful lines, and muons decayed from Z
boson are drawn in the grey line.
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Figure 6: Profile histograms of reconstructed velocity Vs. truth velocity of FCPs of different charges: (a) 2/3 e, (b)
1/2 e as functions. An auxiliary line y = x is drawn together to indicate the goodness of the reconstructed velocity.
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In the ATLAS detector, the pixel, TRT, and MDT detectors offer measurements on dE /dx left by tracks
of charged particles. The distributions of dE/dx of these detectors for FCPs are drawn to uncover their
potential in distinguishing FCPs from muons. Muons from Z bosons decays are selected as references. The
data-based calibration for dE /dx measurements is not introduced here while it could be applied in further
data analysis. Since the detectors are expected to be less ionized by FCPs, the efficiency of dE /dx variable
is considered as well. Thirty thousand events are generated and analyzed for FCPs of each charge and mass
point.

4.5.1 Pixel dE/dx

The pixel detectors use the time-over-threshold (ToT) method to measure the charge ionized by the charged
particle. The ionization loss per unit length (dE/dx) of the incoming charged particle is measured,
calculating the truncated mean of the dE /dx of all hits associated with the track of the particle [26]. The
pixel dE/dx is additionally restricted to be associated with a track which has at least one valid dE /dx
measurement in the pixel detectors.

The pixel dE/dx left by 1/2 e and 2/3 e FCPs of different mass points are shown in Fig. 7, as well as
Zmumu (Z — uu) events. The average pixel dE /dx is roughly quadratically correlated with the charge of
FCPs, as expected. While comparing FCPs with the same charge and different masses, heavier FCPs gain
some enhancements in pixel dE /dx due to the By tuning and the tails get longer for the lower propagating
velocity of massive FCPs. The fraction of tracks with a valid pixel dE /dx is 100% since the reconstruction
of objects is required to have at least one valid dE /dx measurement in the pixels.
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Figure 7: Histograms of pixel dE/dx of FCPs of different charges: (a) 1/2 e, (b) 2/3 e. In each histogram, FCPs with
different masses are drawn in colorful lines, and muons decayed from Z boson are drawn in the grey line.

4.5.2 TRT dE /dx

TRT detectors construct an estimator for dE /dx using the ToT-based method, with ToT defined as the
longest time above the low threshold which is used to identify the energy deposition. The TRT dE /dx is
defined as the truncated average of ToT of all hits [27] and its unit is ns/mm.
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The TRT dE /dx for FCPs at different charge and mass points are shown in Fig. 8(a) and Fig. 8(b), with
Zmumu events as reference. The dE /dx of TRT detectors is related to the charge and mass of FCP. The
summary of the relative efficiency, which is defined as the ratio between number of tracks with a valid
TRT dE /dx measurement and number of all tracks with event selection requirements, for FCP is shown in
Table 2. The inefficiency of TRT dE /dx is partially related to the unused hits with low quality, such as the
saturated hits.

Table 2: The table containing the rate of the FCPs featuring a valid TRT dE /dx for different charge and mass points.

1/3 e 1/2 e 2/3 e

1000 GeV (48.6 £ 0.9)% (75.8 £ 0.4)% (86.98 +£0.21)%
200 GeV (48.8 £ 1.6)% (73.9 £ 0.6)% (76.51 £ 0.29)%
30 GeV (51.63 £1.41)% | (68.52+1.00)% | (71.35 £0.34)%
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Figure 8: Histograms of TRT dE/dx for FCPs of different charges: (a) 1/2 e, (b) 2/3 e. In each histogram, FCPs
with different masses are drawn in colorful lines, and muons decayed from Z boson are drawn in the grey line.

4.53 MDT dE/dx

Each drift tube of the MDT system provides a signal proportional to the ionization charge, which is then
converted by an analog-digital-converter. The mean digital counts of one track are used to estimate dE /dx
embedded in the simulation framework. The distribution of MDT dE /dx, shown in Fig. 9, is found to be
closer to zero for particles carrying unit charge.

In Table 3 which summarizes the ratio between the number of tracks with a valid MDT dE /dx and number
of all tracks with event selection requirements, it is found that MDT detectors feature a high reconstruction
rate of dE /dx for FCPs reconstructed and passed selections. The different number and quality of hits used
in track and dE /dx reconstruction result in inefficiency.
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Table 3: The table containing the rate of the FCP featuring with a valid MDT dE /dx for different charge and mass

points.
1/3 e 1/2 e 2/3 e
1000 GeV | (97.44 +0.29)% | (96.90 = 0.15)% | (97.95 + 0.09)%
200GeV | (98.1+0.4% | (95.87 =0.27)% | (96.40 + 0.13)%
30 GeV (98.47 £0.35)% | (97.54 +£0.32)% | (96.80 £ 0.13)%
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Figure 9: Histograms of MDT dE/dx of FCPs of different charges: (a) 1/2 e, (b) 2/3 e. In each histogram, FCPs
with different masses are drawn in colorful lines, and muons decayed from Z boson are drawn in the grey line.

4.6 Trigger efficiency

Interesting events are accepted by the trigger system which consists of Level-1 (L1) [28] trigger and High
Level Trigger (HLT) [29]. The Level-1 trigger system is implemented in custom-built electronics. It is the
first stage of the trigger, and responsible for reducing the initial 40 MHz rate to less than 100 kHz. HLT is
implemented in software executed on large computing farms and reduces the trigger rate to approximately
1 kHz.

FCPs deposit less energy in the detectors than the SM particles carrying unit charge. The trigger efficiency
of FCPs is also lower. The effect of the abnormal charge in RPC and TGC is included in the ATLAS
simulation and digitization process. But for FCPs with different charges and masses, both the L1 trigger
and HLT are studied extensively.

4.6.1 Level 1 trigger

The L1 muon triggers are studied since the performance of FCPs is expected to be similar to the one of the
muons. They can operate with various pr thresholds, the label of each coincidence being “L1_MU” +
the transverse momentum threshold. The L1 trigger is based on hit coincidences in the RPC and TGC
detectors, in the barrel and in the endcaps respectively. If the trigger is fired, the n, ¢ and pt threshold
of the region of interest (ROI) will be written in the event data. The particle that fires the trigger could
be found by matching the reconstructed FCP candidates with a ROI. If the AR between the FCP and the
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ROI is lower than 0.1, this FCP is selected to be the one that fired the trigger. To make sure the FCPs hit
the RPC or TGC with enough energy, additional phase space cuts are required. For RPC, the range of
FCPs pseudorapidity should be 0.1 to 1.05 and the pt should be larger than 20 GeV at the generator level.
Limited by the cuts of phase space, only part of total FCPs could be selected. Gaps in coverage due to
services or disabled detector regions (insensitive regions) will contribute to the inefficient events. The
efficiency is defined as the ratio between FCPs matched to a trigger ROI in events where the trigger has
fired, and all events with an FCP in the fiducial region. The L1 efficiency of FCPs with mass 30 GeV
and different charges are shown in Fig. 10(a). As the charge decreases, the efficiency drops. Since one
additional RPC layer is included in the coincidence algorithm from L1_MU10 to L1_MU11, the efficiency
declined sharply here. The similar result of FCPs with charge 2/3 e and different masses are shown in Fig.
10(b). The overall efficiency for the low-p thresholds of the muon barrel L1 of FCPs is summarized in
Table 4. As a comparison, the RPC efficiency of muons with the same algorithm is shown in Fig. 10(c).
The overall efficiency of muons is 82.8 + 0.1%.
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Figure 10: Efficiency of particles with different charges (a) and different masses (b) passing L1 trigger in RPC phase
space. Efficiency of muons (c) is shown as a comparison.

For TGC, the range of FCPs pseudorapidity should be 1.05 to 2.40, and the pr should be larger than 20
GeV at the generator level. The efficiency of particles with mass 30 GeV and different charges is shown in
Fig. 11(a). Limited by the high threshold applied to electronic signals of TGC, the efficiency of FCPs in
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Table 4: RPC L1 trigger efficiency (overall or lowest pt) of FCPs with different masses and charges.

1/3 e

1/2 e

2/3 e

1000 GeV

(1.36 = 0.07)%

(8.65+0.17)%

(13.64 +0.21)%

200 GeV

(243 +0.12)%

(17.73 £ 0.29)%

(31.7 < 0.4)%

100 GeV

(270 = 0.14)%

(19.55 + 0.34)%

(34.6 + 0.4)%

30 GeV

(3.754 = 0.097) %

(253 +0.5)%

(42.9 £ 0.5)%

TGC is quite lower. During the digitization of TGC, energy deposition and threshold are tuned precisely to
ensure the equal of efficiency between data and MC [30]. For particles with small charge, the induced
signals tend to fail the TGC threshold. Same as RPC, the insensitive regions of endcap will also contribute
to the inefficient events. The results of FCPs with charge 2/3 e and different masses are shown in Fig.
11(b). The efficiency of FCPs with charge 2/3 e is lower than 5% while that of the other two charge points
are almost zero. This indicates that for FCPs with charge 1/2 ¢ and 1/3 e, TGC is hard to be used in the
FCP searching. As a comparison, the TGC efficiency of muons is shown in Fig. 11(c). The efficiency of

muon is 95.6 + 0.1%.
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Figure 11: Efficiency of particles with different charges (a) and different masses (b) passing L1 trigger in TGC phase
space. Efficiency of muons (c) is shown as a comparison.
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4.6.2 High level trigger

The HLT efficiency is studied at event level. Besides the L1 seed of HLTs, no requirement of additional L1
trigger is applied in this study. According to the preliminary study, the FCP events are only sensitive to
five high-level triggers, including two single muon triggers (HLT_mu50 and HLT_mu26_ivarmedium),
two late muon triggers (HLT_mu10_mgonly_L1LATE-MU10_J50 and HLT_mul0_mgonly_L1LATE-
MU10_XE40) and one jet trigger (HLT_j420). The requirements of HLT are described in Table 5. The two
late muon triggers [31] are the designed specifically for massive long-lived particles. These two triggers
are originated from level 1 triggers requiring a 50 GeV jet (L1_J50) or 40 GeV of missing transverse
momentum (L1_XE40). When these two level 1 triggers are fired, the algorithm will search for the hits of
innermost and outermost RPCs in the next Bunch-Crossing (BC). Once the hits of innermost and outermost
RPCs are located at the same BC, this high level trigger will be fired. This will be helpful especially for
particles with 8 from 0.5 to 0.7. Considering the low efficiency of TGC, only the HLT efficiency of RPC
is measured. FCPs with transverse momentum larger than 25 GeV and pseudorapidity between 0.1 and
1.05 could be selected as “good” objects. Events with at least one “good” object are recorded as “Events
in ROI” which is normalized to 1 in the histograms shown in Fig. 12. The event number which scaled
to fraction of “Events in ROI” are the efficiency of triggers. FCP events with mass 30 GeV and different
charges are drawn in Fig. 12(a). The efficiency of 30 GeV FCPs with 2/3 e dropped to about 22% while
for muons it is around 91%. In the low mass region, the most sensitive triggers are the two single muon
triggers. The efficiency with charge 2/3 e and different masses are drawn in Fig. 12(c). When the mass of
FCPs gets higher, the jet trigger and two late muon triggers tend to work since the behaviour is similar
to the one of a muon with a very low velocity and the pt of the backward jet increases to a high level.
And as shown in Fig. 12(b), events in charge points 1/3 e and 1/2 e could also pass these three additional
triggers. Since the events fired by HLT_mul0_mgonly_L1LATE-MU10_J50 are fully overlapped with
HLT_mulO_mgonly_LI1LATE-MUI10_XE40, the first late muon trigger could be removed in the final
trigger list. Thus HLT_mu50, HLT_mu26_ivarmedium, HLT_mul0_mgonly_L1LATE-MU10_XE40 and
HLT_j420 are finally chosen. All the efficiency results of the combined trigger are summarized in Table 6.
Benefitting from the later muon triggers, the efficiencies of FCPs with mass 1000 GeV are improved.

Table 5: Detailed requirements of different HLTs.

Requirements
HLT_mu50 at least one muon with pt > 50 GeV
HLT mu26_ivarmedium at least one muon with pt > 26 GeV

and isolation “medium”
HLT_mulO_mgonly_L1LATE-MUI10_J50 | atleast one MuGirl muon with pt > 10 GeV
in the next bunch crossing of L1_J50
(L1 trigger with requirement pt of one
jet > 50 GeV)
HLT_mulO_mgonly_L1LATE-MU10_XE40 | at least one MuGirl muon with pt > 10 GeV
in the next bunch crossing of L1_XE40
(L1 trigger with requirement pt of E?i“
> 40 GeV)
HLT_j420 at least one jet with pt > 420 GeV
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Figure 12: Efficiency of events with different charges and mass 30 GeV (a), different charges and mass 1000 GeV (b)
and different masses and charge 2/3 e (c) passing HLT trigger in RPC phase space. Labels of x-axis: 1: Event in ROI,
2: Combined Trigger; 3: HLT_mu50; 4: HLT_mu26_ivarmedium; 5: HLT_mul0_mgonly_L1LATE-MU10_J50; 6:
HLT_mul0_mgonly_L1LATE-MU10_XE40; 7: HLT_j420.

Table 6: Combined HLT efficiency of FCPs with different masses and charges.

1/3 e 1/2e 2/3 e

1000 GeV (3.66 £ 0.13)% (7.86 £0.19)% | (17.75 £0.27)%
200 GeV (0.88 £ 0.08) % (2.57 £0.26)% | (17.86 £ 0.34)%
100 GeV (0.22 + 0.05)% (0.93 £ 0.09)% (18.1 £0.4)%
30 GeV (0.018 £ 0.006)% | (0.48 +0.09)% (22.2 £ 0.5)%
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4.7 Final efficiency

Among the 30k events in every MC sample with different charges and masses, 60k FCPs are generated.
With the selection of detector acceptance (|n| < 2.5 and pt > 27 GeV in reconstruction level), triggers
(logical OR for all the HLTs in Section 4.6.2) and ATLAS reconstruction (standard muon and MuGirl
reconstruction algorithm with track requirements), only part of them could be reconstructed. Besides, no
requirement of dE/dx is applied. The ratio of the final reconstructed particles and all the original truth
FCPs is defined as the final efficiency. The final efficiency is associated with the charge and mass, and
summarized in Table 7. The efficiencies for charge 1/2 ¢ and 2/3 e are quite low, but there are still some
FCPs that could be triggered and reconstructed. For the charge point 1/3 e, nearly zero reconstructed
objects could be selected.

Table 7: Final efficiency of FCPs with different masses and charges.

1/3 e 1/2 e 2/3 e
1000 GeV | (0.160 + 0.016)% (4.47 £0.08)% | (14.22 +0.14)%
200 GeV | (0.0050 = 0.0029)% | (0.635 +0.032)% | (7.00 £ 0.10)%
100 GeV | (0.0033 £ 0.0024)% | (0.094 +0.011)% | (8.72£0.12)%
30GeV | (0.00+3.07¢ —3)% | (0.075 £0.011)% | (3.86+0.07)%
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5 Conclusion

This note presents the simulated detector performance of FCPs with long lifetimes. FCPs are reconstructed
to be muon-like particles as they are assumed to be very heavy and participate only in EM and weak
interactions. The detector performance has been studied based on MC simulation including the L1 and
HLT triggers, the energy deposition in pixel, TRT and MDT detectors and the reconstructed transverse
momentum. Due to the smaller charge, FCPs deposit less energy in detectors. Correlated with the energy
deposition, the trigger efficiencies are lower. The reconstructed transverse momentum is larger than that of
the unit charged particles by a factor of approximately 1/|Q].

The simulation results show that the reconstructed energy deposition in pixel, TRT and MDT are the
sensitive parameters to distinguish FCPs from the background muons and will be key variables to utilize in
the future searches for FCPs with collision data in the ATLAS experiment.
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