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1 Introduction

The standard model (SM) of particle physics is the most complete description of high-energy
physics to date. It describes phenomena with unprecedented accuracy, and it has been
continuously validated by experimental measurements. Nevertheless, multiple observations
have been made that cannot be conclusively explained by the SM, such as invisible mass
in the universe inferred from astrophysical [1, 2] and cosmological [3] observations. These
observations are consistent with galaxies being predominantly composed of nonrelativistic,
weakly interacting mass that has yet to be conclusively explained via beyond-the-SM (BSM)
theories. This matter, typically referred to as dark matter (DM), could be produced and
observed in a laboratory environment.

A common approach to searching for DM at a collider experiment, such as CMS at the
CERN LHC, is an approach known as the “mono-X search strategy”. This strategy is based
on the assumed interactions of DM with SM particles and the conservation of momentum.
If DM is produced in the detector in association with an SM particle X, it creates missing
transverse momentum (p2'**) representing an imbalance of total transverse momentum (pr)
in the event. Many searches for DM [4-18] rely on this quantity. Depending on the particle
X that is produced in association with the DM, different event signatures appear, e.g., DM in
association with a highly energetic light-flavor quark or gluon jet [19, 20], a Z boson [21, 22],
a Higgs boson [23, 24], a photon [25, 26], or a single top quark (mono-top) [27, 28].
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Figure 1. Representative Feynman diagram of nonresonant mono-top production at tree level via a
flavor-changing neutral current mediated by the spin-1 boson M. The off-shell up quark (u) decays into
an on-shell top quark (t) and an M boson. The M boson decays directly to a pair of DM candidates

x and X.

In this article, a search for DM production in association with a single top quark is
presented. The term top quark denotes both the top quark and the top antiquark, and DM
production refers to the production of a pair of DM candidates in the GeV to TeV mass
range via a mediator particle. The analysis is based on the data set collected by the CMS
experiment in proton-proton (pp) collisions at a center-of-mass energy of 13 TeV from 2016
to 2018, corresponding to an integrated luminosity of 138fb~1.

The mono-top signature consists of a single top quark and a large amount of p2i in
the final state. Mono-top production in the SM cannot occur at tree level, but only at
one-loop level and at higher orders in quantum chromodynamics (QCD) perturbation theory.
Furthermore, Cabibbo suppression [29, 30] as well as the GIM mechanism [31] reduce the cross
section for the production of this signature by SM processes. Thus, searches for mono-top
production in BSM theories benefit from low expected SM backgrounds. This analysis focuses
on the hadronic decay channel of the top quark, t — Wb — qq’b, and targets events in
which the top quark obtains a significant recoil against the mediator.

The analysis is optimized for, and results of the search are interpreted in, a simplified
model called the nonresonant mono-top model [32]. This simplified model describes the
production of two spin-1/2 DM candidates () in association with a top quark by introducing
a flavor-changing neutral current (FCNC) process mediated by a new spin-1 boson (M). By
extending the SM with this model, nonresonant mono-top production becomes possible at
tree level, as shown in figure 1. Because the masses of the new particles are unknown, broad
ranges of mediator and DM candidate masses are investigated, and purely vector, as well
as purely axial-vector coupling scenarios, are tested.

The event selection is optimized for the mono-top signature. A main event sample enriched
in signal events is created by requiring a large-radius jet to capture the top quark, large recoil
against the large-radius jet representing the spin-1 boson, and no additional activity in the
event. The signal purity is further enhanced by requiring the large-radius jet to be identified as
originating from a top quark by a graph neural network [33]. The most important backgrounds
in this analysis are events from vector boson production in association with jets (V+jets) and
top quark-antiquark pair (tt) production. Events from phase space regions not overlapping



with the main sample are selected to create control samples enriched in these processes. They
are used to constrain the most important background contributions using data.

This article is structured as follows. The CMS detector is described in section 2, and
the event and object reconstruction methods are explained in section 3. The signal model
is introduced in section 4. The data as well as the signal and background simulations are
described in section 5. The event selection is described in section 6 and the methodology of the
top quark tagging is covered in section 7. The signal extraction and the background estimation
techniques are given in section 8. The systematic uncertainties are detailed in section 9. The
analysis results and interpretations are presented in section 10, and the article is summarized
in section 11. Tabulated results of this analysis are provided in the HEPData record [34].

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal
diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass
and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap
sections. Forward calorimeters extend the pseudorapidity () coverage provided by the barrel
and endcap detectors. Muons are measured in gas-ionization detectors embedded in the steel
flux-return yoke outside the solenoid. Events of interest are selected using a two-tiered trigger
system. The first level (L1), composed of custom hardware processors, uses information from
the calorimeters and muon detectors to select events at a rate of around 100 kHz within a
fixed latency of about 4 us [35]. The second level, known as the high-level trigger, consists of
a farm of processors running a version of the full event reconstruction software optimized
for fast processing and reduces the event rate to around 1kHz before data storage [36, 37].
The primary vertex is taken to be the vertex corresponding to the hardest scattering in the
event, evaluated using tracking information alone, as described in section 9.4.1 of ref. [38]. A
more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in refs. [39, 40].

3 Event reconstruction

A particle-flow algorithm [41] aims to reconstruct and identify each individual particle in an
event, with an optimized combination of information from the various elements of the CMS
detector. The energy of photons is obtained from the ECAL measurement. The energy of
electrons is determined from a combination of the electron momentum at the primary vertex,
as determined by the tracker, the energy of the corresponding ECAL cluster, and the energy
sum of all bremsstrahlung photons spatially compatible with originating from the electron
track. The momentum of muons is measured in the inner tracker and the muon chambers. The
energy of charged hadrons is determined from a combination of their momentum measured in
the tracker and the matching ECAL and HCAL energy deposits, corrected for the response
function of the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is
obtained from the corresponding corrected ECAL and HCAL energies.



For each event, hadronic jets are clustered from these reconstructed particles using the
infrared- and collinear-safe anti-kr algorithm [42, 43] with a distance parameter of 0.4 or
1.5, referred to as AK4 and AK15 jets, respectively. Jet momentum is determined as the
vectorial sum of all particle momenta in the jet, and is found from simulation to be, on
average, within 5 to 10% of the true momentum over the entire range and detector acceptance.
Additional pp interactions within the same or nearby bunch crossings (pileup) can contribute
additional tracks and calorimetric energy depositions to the jet momentum. To mitigate this
effect for AK4 jets, charged particles identified to be originating from pileup vertices are
discarded and an offset correction is applied to adjust for remaining contributions [44]. AK15
jets have a larger area and are more sensitive to the effects of pileup. For this reason, the
pileup-per-particle identification algorithm [44, 45] is used to mitigate the effect of pileup
for AK15 jets at the reconstructed-particle level, making use of local shape information,
event pileup properties, and tracking information.

Jet energy corrections are derived from simulation studies so that the average measured
energy of jets becomes identical to that of generated-particle level jets. In situ measurements
of the momentum balance in y+jets, Z-+jets events, as well as events composed uniquely
of jets produced through the strong interaction (QCD multijet events), are used to account
for any residual differences in the jet energy scale between data and simulation [46]. For
jets with central |n|, the jet energy resolution ranges from around 15% at 30 GeV, to 10% at
100 GeV, and 5% at 1 TeV [46]. Additional selection criteria are applied to each jet to remove
jets that are potentially dominated by anomalous contributions from various sub-detector
components or reconstruction failures [47].

For electrons, photons, and muons, a loose and a tight selection is established. Loose
objects are selected with a high identification efficiency and are used to veto events with
additional objects in the final state. Tight objects are selected with a lower misidentification
rate compared to the loose selection. They are used to select dedicated event samples,
enriched with events from electroweak (EW) processes and tt production with prompt
electrons, muons, and photons in the final state. The tight collections are always subsets
of the corresponding loose collections.

Tight (loose) electrons must fulfill pr > 40 (10) GeV and || < 2.4 (2.5). A sequence of
additional selection criteria is applied to improve the correct identification of genuine electrons,
with an efficiency of around 70 (95)% for tight (loose) electrons [48]. Tight (loose) photons
must fulfill pp > 200 (20) GeV and |n| < 1.479 (2.5). In the 2016 data-taking period, the pt
threshold for selecting tight photons is increased to pp > 230 GeV. Additional requirements
are imposed in order to improve the identification of genuine photons, which lead to an
identification efficiency of 80 (90)% for tight (loose) photons [48].

Tight (loose) muons must fulfill py > 30 (20) GeV and |n| < 2.4. In the 2018 data-taking
period, the pr threshold for selecting loose muons is lowered to pp > 15 GeV, while all other
selection criteria stay the same. The isolation variable

Ifel _ ply { p%harged + max (07 Zp%eutral + Zp% . p;{‘ileup)] (3.1>
T

is employed to increase the selection purity of prompt muons produced in the hard process.



pr greater than | less than ID efficiency I less than

Loose electrons 10 GeV 2.5 95% —
Tight electrons 40 GeV 2.4 70% —
Loose photons 20 GeV 2.5 90% —

230 GeV (2016),
Tight photons 1.479 80% —

200 GeV (2017, 2018)
Loose muons 10 GeV 2.4 99.8% 0.25
20 GeV (2016, 2017),

Tight muons 2.4 96.0% 0.15
15 GeV (2018)

Table 1. Requirements on electrons, photons, and muons that pass the loose or tight selection. For
all objects, the minimal p, the maximal |n|, and the efficiency of the object identification (ID) are
provided. For muons, the requirements on the relative isolation Ifel are also listed. A more detailed
discussion is given in the text.

The scalar pp sums of charged particles, neutral hadrons, and photons, denoted as

p%larged, > p%e“tral, and > p:f, respectively, are calculated for reconstructed particle can-

didates in a cone of radius AR = V(An)? + (A¢)? < 0.4 around the muon. Here, An and
A¢ correspond to the difference in 7 and in the azimuthal angle ¢ (measured in radians)
between the muon and a reconstructed particle candidate. The muon transverse momentum
p% is excluded from these calculations. The estimated contribution from pileup (p%ﬂeup) is
subtracted from Y pieutral 4+ pT . Tight (loose) muons must fulfill I, < 0.15 (0.25). The
muon identification has an efficiency of 96.0 (99.8)% for tight (loose) muons [49].

The most important selection criteria for electrons, photons, and muons in this analysis
are summarized in table 1.

The missing transverse momentum vector pi** is computed as the negative vector
sum of the transverse momenta of all the particle-flow candidates, in an event, including
electrons, muons, photons, and charged and neutral hadrons. Its magnitude is denoted
as pHiss [47]. The PSS §s modified to account for corrections to the energy scale of the
reconstructed jets in the event.

The hadronic recoil RT represents the recoil against the hadronic activity in the transverse

plane of the event. In this analysis, the hadronic recoil is defined as
Ry = P +> " pr, (32)
i

where the sum runs over all electrons, muons and photons in the event, which pass the loose

selections. Its magnitude is denoted as Rr.
The quantity p%nss’ "1 is used in the trigger and is computed using the same method as
for p7'**, but excluding muon candidates in the trigger reconstruction from the calculation.

If no other electrons or photons are present in the final state, p?iss’ 191 s very similar to



the hadronic recoil. A trigger that selects events based on p?iss’ "o directly targets the

phase space of the search in the signal region (SR) and some of the control regions (CRs)
defined in section 6.

Light flavor quarks (u, d, s) and gluons produced in the primary vertex fragment and
deposit clusters of energy in the ECAL and HCAL. However, bottom (b) quarks form semi-
stable mesons that travel a finite distance before they decay. The DEEPJET tagger [50] is
used to select jets that are consistent with a b quark at a working point corresponding to
a 10% mistagging probability of light-flavor jets. The efficiency to identify jets originating
from a b quark is approximately 90% at this working point. The selection efficiency and
mistag rate of the DEEPJET tagger in simulation are corrected with scale factors measured
in data to account for residual differences between data and simulation [50].

In the signal topology, the top quark (t) recoils off the DM candidates in the event. This
causes the top quark to have a significant boost that allows for its decay products to be
clustered into a single large-radius jet. A graph neural network approach (PARTICLENET) [33]
is used to assign probability-like scores to the possible origins (top quark, Higgs boson, EW
bosons, QCD multijet) of large-radius jets. The output of PARTICLENET is used to select
events in which the large-radius jet likely originated from a hadronically decaying top quark.

4 Signal model

The analysis searches for a single top quark produced via an FCNC process. The top quark
is produced in association with a spin-1 boson that has FCNC couplings to quarks and can
decay directly into DM candidates. Figure 1 depicts a representative Feynman diagram of
this process. This production channel is also called nonresonant mono-top production.

The effective Lagrangian allowing nonresonant mono-top production at tree level in the
simplified model [32] studied in this paper is given by

L= Loy +M,U (90" + gl v*75)U + M, D(g77" + g2~"y5) D

FCNC up-type e.g. u—t FCNC down-type e.g. d—b (4 1)
~ (X X )
+ MHX (.gV 7/” + ga 7M75)X +£kin, mass, gauge (M/p my, X m)() .
decay M—xx

The SM Lagrangian Lg); is extended by the mass, kinetic, and gauge terms of the newly
introduced fields, as well as a term describing the interactions between the spin-1 mediator M
with mass my; and SM quarks or the DM candidates x with mass m,. The x is assumed to
be stable and the width of the mediator is dependent on the myy, m,, and the axial and axial-
vector couplings as defined in [51]. Here, U represents the up-type quarks (u,c,t)? and D the
down-type quarks (d,s,b)” with the color indices implied, g& (gX) is the vector (axial-vector)
coupling to DM candidates, and gV, ¢V, ¢, gP are called flavor matrices, parameterizing the
interaction strength of the different up/down-type quarks with the M boson. The subscripts
“v” and “a” represent the vector and axial-vector couplings. The diagonal and nondiagonal
elements of the flavor matrices represent the interaction strengths between up-type and
down-type quarks of the same and different flavor, respectively. Depending on which elements
of the flavor matrices are chosen as nonzero, different mono-X signatures can appear.



The mono-top model described here is specified such that an FCNC connects the up-type
quarks of the first and third generations, allowing mono-top production at tree level. This
implies that only (gf{/a)lg # 0, whereas all other coupling elements of the up-type flavor
matrices are set to zero. This is motivated by the fact that top quark production through
an s-channel up quark is favored by parton distribution functions (PDFs) at the LHC. For
SM gauge invariance, the same-generation down-type couplings need to be similar to the
up-type couplings. This means that also (g{?/a)lg # 0, whereas all other coupling elements
of the down-type flavor matrices are set to zero.

For the nominal coupling scenario of this analysis, i.e., a vector-only coupling scenario,
all axial-vector couplings are set to zero, and (g¥);3 = 0.25 and ¢{ = 1 is chosen, following
the recommendations of the LHC Dark Matter working group [52]. Larger values of (g% )3
enhance decays of the mediator into bottom or down quarks, which are also kinematically
favored. This would suppress the branching fraction of the mediator’s decay into DM
candidates. An alternative axial-vector coupling scenario, for which all vector couplings are
set to zero and (g¥)13 = 0.25 and g4 = 1 is chosen, is also considered.

5 Data and simulated samples

The data set used in the analysis was collected with the CMS experiment in pp collisions
in 2016, 2017, and 2018 and corresponds to a total integrated luminosity of 138fb~! at a
center-of-mass energy of 13 TeV.

Signal and background events are simulated at leading order (LO) with PYTHIA
(v. 8.240) [53], or at next-to-LO (NLO) in perturbative QCD with MADGRAPH5 aMC@NLO
(v. 2.6.5) [54] or POWHEG (v. 2) [55-57], depending on the process, as defined below. The
NNPDF (v. 3.1) PDFs [58] at next-to-NLO (NNLO) are used for all processes. All generated
events are interfaced with PYTHIA (v. 8.240) with the CP5 tune [59] to generate the parton
shower and to model the hadronization. A detailed simulation of the response of the CMS
detector is performed with GEANT4 [60] for each event. For all simulations, the value of
the top quark mass is set to 172.5 GeV.

The signal is simulated at NLO QCD perturbation theory using MADGRAPHS5
aMC@QNLO [54] based on the nominal coupling scenario described in section 4. The im-
plementation of the model [61] is provided by the authors of ref. [32]. Alternative coupling
scenarios are realized via a reweighting procedure in MADGRAPH5 aMC@NLO [62]. Signal
samples in the range of mediator mass 200 < my; < 2500 GeV and DM candidate mass
50 < my < 1500 GeV have been produced to account for the unknown masses of the newly
introduced particles. Only on-shell decays of the mediator into DM candidates are consid-
ered, i.e., the relation 2m, < my; must be fulfilled for a mass hypothesis to be taken into
account. The lower threshold on the mediator mass is chosen such that the mediator mass
is always greater than the mass of the top quark to avoid new decay channels of the top
quark mediated by the M boson.

The tt background process is simulated using POWHEG at NLO accuracy in the five-flavor
scheme [63]. The total cross section is normalized to calculations at NNLO precision in QCD
including soft gluon resummation of next-to-next-to-leading logarithmic terms, obtained
with TOP++ (v. 2.0) [64-70].



Backgrounds from single top quark (single t) production in the ¢ channel, and in associa-
tion with a W boson (tW), are simulated with POWHEG [71, 72]. Single t production in the s
channel is simulated with MADGRAPH5 aMC@NLO. The inclusive production cross sections
are normalized to NLO calculations for single t production in the ¢ and s channels [73, 74],
and to approximate NNLO calculations for tW production [75].

Further background contributions arise from V+jets production where the boson V
represents a W, Z, or v boson. They are simulated with MADGRAPHS5_aMCQNLO at NLO
QCD precision with up to two additional partons in the final state, where the matching
of matrix-element jets with those from parton showers is performed using the FxFx [76]
prescription. The y+jets process is generated at NLO accuracy in perturbative QCD with
up to one parton in the matrix element calculation. A reweighting procedure based on the
vector boson pr is used in order to apply EW corrections at NLO precision, following ref. [77].
This improves the SM background prediction in phase space regions where contributions
from V+jets production are dominant. These EW corrections become relevant when the
vector boson has a large transverse momentum.

Additional minor background contributions arise from diboson (WW, WZ, and ZZ)
as well as QCD multijet production. These are simulated at LO using the PYTHIA event
generator. The WW and ZZ processes are normalized to the NNLO cross sections [78, 79]
and the WZ process is scaled to the NLO calculation [80]. QCD multijet production is scaled
to the LO cross section extracted from the generated event sample.

6 Event selection

The selection targets events with a significant amount of Rp. The selected events are
subsequently divided into SRs with a high selection efficiency for the signal, and CRs, which
are depleted of signal and enriched in background processes. The CRs target processes equal
or similar to the most important backgrounds in the SR. They take an important role in
the background estimation of the Z(vv)+jets and tt processes, which is further explained in
section 8. To estimate the Z(vv)+jets shape in the SR, the method exploits the similarity
of this process to Z(£¢)+jets, W (¢v)+jets, and y+jets production.

Three triggers are used to select events in this analysis. A trigger that is activated on
events with a large amount of p?iss’ "oHF s used to collect events in the SRs and in CRs
of background processes with muons in the final state. In order to collect events in the
CRs of background processes with electrons (photons) in the final state, an electron (a
photon) trigger is used.

The signal events contain a hadronically decaying top quark and large p%liss. As a phase
space with top quarks with a high Lorentz boost is targeted, the decay products of the top
quark can be reconstructed in a single AK15 jet. Events considered in this analysis must
fulfill Rt > 350 GeV. This selection on Rt ensures that the analysis selects events in which
the p?iss’ 1OH trigger efficiency is significantly greater than 95% and removes events with
low Rt that typically have a worse signal-to-background ratio. Events must have at least
one large-radius AK15 jet with pp > 250 GeV and || < 2.4. The leading AK15 jet, i.e., the
AK15 jet with the highest pp in the event, and the RT must fulfill |[A¢| > 1.5. The AK4 jets

that are considered in this analysis are required to have pp > 30 GeV, |n| < 2.4, and to not



originate from detector noise. They are mainly used to identify b jets outside the leading
AK15 jet in the event. For events to be further considered, all AK4 jets, including those
which overlap with the leading AK15 jet, must have a A¢ separation from the RT by at least
0.5 radians. This requirement heavily reduces contributions from QCD multijet production
in which the p%‘iss is typically mismeasured collinearly with one of the leading AK4 jets.

In a large fraction of the 2018 data-taking period, two HCAL endcap modules (HEM)
were not functioning, thereby impacting the jet energy measurements in the affected detector
regions. In order to account for this HEM effect, events are vetoed if any AK4 jet fulfilling a
very loose set of selections is found in the corresponding detector regions —1.57 < ¢ < —0.87
and —3.0 < n < —1.3. To further reduce events in which a jet is fully lost due to the
HEM issue, contributing at low values of p‘%ﬁss, events are vetoed if p%ﬁss < 470 GeV and
—1.62 < ¢(PF™) < —0.62, following ref. [19].

In this analysis, only AK4 jets that are well separated from the leading AK15 jet in
the event are considered for b tagging. The purpose of these b-tagged jets is to either veto
or explicitly allow for additional b quarks in the event, which do not originate from the
decay of the boosted top quark. To consider an AK4 jet as b tagged in this analysis, it
must have a AR distance of more than 1.5 from the leading AK15 jet and it must fulfill
the requirements of the loose working point of the DEEPJET tagger [50] corresponding to a
mistagging probability of light-flavor quark and gluon jets of approximately 10%.

Events that fulfill the preselection and have passed the pITniss’ "o ¥ the electron, or the
photon triggers are further categorized. An SR is formed in order to create an event sample
with a high selection efficiency on signal events and a high rejection rate of events from
reducible background processes, e.g., W(£v)+jets and tt production. In addition, different
CRs are created, which are enriched in events from specific background processes. The different
CRs target Z(£0)+jets, W (Lv)+jets, v+jets, and tt(¢v) production. The SR and CRs are
mutually exclusive, i.e., each selected event is uniquely assigned to a single analysis region.

For the SR, a data set collected with the p?iss’ "1 trigger is used. Events in the SR
must not contain any electrons, muons, or photons from the loose collections, as well as
any b-tagged jet.

The CRs enriched in events from Z(£¢)+jets, W (£v)+jets, and tt production are formed
by selecting events with leptons in the final state. For each of these leptonic CRs, two versions
exist: one with electrons and one with muons in the final state. In the CRs with electrons
in the final state, events must have activated the single electron trigger, while in CRs with
muons in the final state, events must have activated the p?iss’ 1OM trigger. In these CRs,

miss, no p corresponds to the definition of Rt in section 3, which motivates the use of the
miss, no p

Dr trigger. In addition, a CR enriched in prompt 7y production is formed by selecting
events with a photon in the final state from the photon-triggered data set.

Events in the Z(£¢) CR require exactly two same-flavor leptons with an invariant mass
of the two-lepton system my, near that of the nominal Z boson mass [81], i.e., 60 < my, <
120 GeV, and low p2i%. The requirements on well-reconstructed electrons and muons are
slightly relaxed in the Z(¢¢) CR, i.e., the loose electron and muon collections are used for
event selection, to mitigate the low branching fractions of the Z boson decay into charged

miss

leptons. In the W(¢v) CR, a single tight lepton, significant p**, and no additional b-tagged



Observable SR Z(ee) W (lv) tt(fv) 0%

Ry > 350 GeV
Leading AK15 jet pr > 250 GeV
AG(AK15 jet, Ry) >1.5
min A¢(AKA4 jet, Ry) >0.5
Additional objects =~ — 2 ¢ (both loose) 1¢ 1/ 1
b-tagged AK4 jets 0 — 0 >1 0
praiss — <120 GeV >150GeV  >150GeV  —
mr w — — <150GeV  <150GeV  —
My — 60 < myp, <120 GeV — — —

Table 2. Overview of the selections for the SR and the CRs, including the preselection. In the Z(¢¢)
CRs, loose leptons are used for the selection of additional objects in the final state. In all other CRs,
leptons and photons from the tight collections are used to determine the number of additional objects.
CRs with final state leptons are defined separately for electrons and muons. The first four selections
are common to the SR and all CRs.

jets in the event are required. Except for the requirement of at least one additional b-tagged
jet in the event, the selection criteria of the tt(¢v) CR are the same as those of the W ({v)
CR. Events in the v CR require one isolated photon and no additional b-tagged jets. If
an event passes all selections, but contains additional loose electrons, muons, or photons
compared to the aforementioned selections, it is removed from the analysis data set.

In the tt(¢v) and W(¢v) CRs, an additional requirement on the transverse mass of
the W boson, defined as

mrw = /207, p (1 — cos Ag(L, BE)) (6.1)

is introduced to ensure an orthogonal selection to a potential mono-top search in the leptonic
—»miSS)

top quark decay channel with the same data set. Here, A¢(¢, pp*°) is the azimuthal difference

between the selected tight lepton (electron or muon) ¢ and 3. Since mono-top signatures

with a leptonic top quark decay lead to values of mr v well above the W boson mass, events
in the tt(¢v) and W(¢v) CRs are required to fulfill myw < 150 GeV.

A summary of the selections can be found in table 2.

The distribution of the magnitude of Rt in the SR before the simultaneous binned
maximum likelihood fit (prefit) is given in figure 2. All background distributions are extracted
from simulation, and all corrections and uncertainties, mentioned in section 9, are applied. As
R represents the recoil against the top quark in the event, it is a measure for the mediator
pr in the signal process. It is clearly visible that the mono-top signal tends to have larger
Rt values than the expected background. The most important background processes are
Z(vv)+jets and W (¢v)+jets production, in which the lepton from the W boson decay is
either out of acceptance, not reconstructed, or not identified. Both the SR and CRs will use
top quark tagging, as detailed in section 7, to increase the sensitivity to the signal process
and to improve the modeling of important SM backgrounds.
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Figure 2. Prefit distribution of the magnitude of the hadronic recoil Rt in the SR. The last bin of the
distribution also contains events with R > 1000 GeV. The distributions of background processes from
simulation are stacked together. All nominal corrections are applied to the simulated SM processes.
A representative mono-top signal (vector coupling scenario) with a mediator mass of 1 TeV, a DM
candidate mass of 150 GeV, and a cross section of 1pb is overlaid as an orange line. The gray band
represents the statistical and unconstrained systematic uncertainties in the simulated event yields.

7 Top quark tagging

For the V+jets background processes, the large-radius jet originates from QCD radiation
processes, while for the signal process it is mostly produced in the decay of the top quark. This
property is exploited to reduce the contributions of the V+jets background processes to the SR.

For AK15 jets, a discriminator (top quark tagger, t tagger), based on the graph neural
network PARTICLENET, is employed to distinguish jets originating from the hadronic decay
of a top quark from jets due to QCD radiation. This discriminator provides probability-like
scores pp for an AK15 jet to stem from a certain physics process P, e.g., from a hadronic
top quark decay (p;), from pure QCD radiation (pgcp), or from other possible origins that
are not relevant for this analysis. As discriminant, the aggregated score

Dt

_— (7.1)
Pt +DPQeD

by/qcp =
is used, which expresses the probability that the AK15 jet originates from a hadronic top
quark decay as opposed to the hypothesis that the jet is purely QCD-initiated.

A requirement on the minimal value of the discriminant in eq. (7.1) is used to tag the
leading AK15 jet as a t jet or as a QCD jet. The working point is chosen such that the
misidentification rate of QCD jets being tagged as t jets is 1% in simulated Z(vv)+jets events.
In the SR and each CR, the t tagging of the leading AK15 jet is used to split events into
two samples, according to whether the leading AK15 jet in the event is tagged as a t jet
(t-pass) or not (t-fail). An overview of all analysis categories after applying the t tagging
requirement is given in figure 3. It should be noted that a t-pass and t-fail category are
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Figure 3. Categorization of events into SRs and CRs, which are sensitive to specific processes,
namely the mono-top signal, V+jets (V = Z, W,7) processes, and tt production. Each column
contains categories that target the same process. For CRs with leptons in the final state, a version
with electrons and a version with muons in the final states exist. Finally, in each category a split is
performed based on whether the leading AK15 jet is t tagged or not.

created for all SRs and CRs introduced in section 6. The SR (t-fail) category is not sensitive
to signal, but is used as a closure test for the modeling of SM processes.

The discriminator is operated at a working point where the t quark identification efficiency
in simulation varies from 45 to 80% for AK15 jets that pass the t tagging working point,
depending on the AK15 jet pp. Top quark jets with higher pr exhibit higher tagging
efficiencies. The inclusive t tagging efficiency is approximately 67%. At this working point,
the misidentification probability for AK15 jets of the QCD jet (b jet) class is 1-2 (8-12)%
in simulation, depending on the AK15 jet pr.

The t tagging efficiency and misidentification rates are measured using three aggregated
AK15 jet classes in the tt(fv) and ¢ CRs, respectively. The jet classes are defined in
simulation based on the number of quarks from the top quark decay that are matched within
the AK15 jet cone, and whether there is b flavor within the jet via ghost-hadron matching [82].
An AK15 jet that has at least two quarks from the hadronic top quark decay within its jet
radius is defined as belonging to the t jet class. If an AK15 jet has at least one ghost hadron
with b flavor, which has been clustered into the reconstructed jet, but it does not fulfill the
requirements of the t jet class, it is assigned to the b jet class. AK15 jets that do not meet
the requirements of either the t jet nor the b jet class form the QCD jet class.

The tt(¢v) CRs represent an environment in which a large fraction of t-tagged jets
originates from a hadronic top quark decay. The t tagging efficiency is measured in a
combined tt (¢v) CR, which is merged from the tt(ev) and tt(uv) CRs, defined in section 6.
The t tagging efficiency in simulation is calculated by determining the fraction of AK15
jets in the t jet class, which are also t tagged. In data, the number of all (t-tagged) AK15
jets in the t class is estimated by subtracting the number of all (t-tagged) AK15 jets from
the b jet and QCD jet classes, both obtained from simulation. The ratio of the t-tagged
AK15 jets to the total number of AK15 jets from the t jet class is the efficiency of correctly
identifying t jets. The misidentification rate of t tagged AK15 jets that originate from QCD
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processes is determined in a similar manner in the v CRs. The t tagging efficiency and
the QCD misidentification rate are measured as functions of the leading AK15 jet pp. To
correct for residual differences of the t tagging efficiency and the misidentification rate in
data and simulation, the ratio of the efficiencies is used as a scale factor. It is applied to
simulation as a per-event weight based on the properties of the leading AK15 jet. The
t tagging scale factor between data and simulation ranges between 0.6 and 1, where 1 is
equivalent to the behavior of the t tagging in simulation being perfectly consistent with that
on data. Variations associated with systematic uncertainties from section 9 are propagated
to the measurement of the scale factors.

In simulation, around 5% of the leading AK15 jets in the v CR, and around 10% of the
leading AK15 jets in the tt(fv) CRs, are assigned to the b jet class. Additionally, in the
t-pass SR, approximately 50% of the t-tagged AK15 jets originate from QCD production.
The second-largest fraction (25-35%) arises from top quark-initiated jets. Mistagged b jets
constitute the third-largest group, with 15-20% of the t-tagged jets originating from bottom
quarks. No misidentification rate is measured in data for these cases. The ratio of the
efficiencies in data and simulation is assumed to be unity, and a 50% uncertainty is assigned
to this ratio. This uncertainty is also propagated to the t tagging and QCD misidentification
rate measurements as a systematic uncertainty.

For the SR (t-pass) and the SR (t-fail), the resulting distributions of the hadronic
recoil after applying the split according to the t tagging discriminant are shown in figure 4.
All background distributions are extracted from simulation. The SR (t-pass) region is
enriched with signal events as well as background events containing hadronically decaying
top quarks, e.g., tt events. However, Z(vv)+jets and W (£v)+jets events still are the largest
background contribution because of their large cross sections, limited detector efficiency, and
misidentification of purely QCD-initiated jets as top jets. The SR (t-fail) region almost
completely consists of Z(vv)+jets and W (¢v)+jets events. It is mainly used to constrain
systematic uncertainties related to the aforementioned processes together with the other
CRs of the analysis.

8 Background estimation and signal extraction

The signal is extracted with a binned maximum likelihood fit of the predicted backgrounds
and the signal model to the Ry distribution in data. All SRs and CRs, i.e., all analysis regions
that are depicted in figure 3, and all data-taking periods are combined in the fit. Systematic
uncertainties are parameterized by nuisance parameters. The statistical analysis is carried
out with COMBINE [83] based on the ROOFIT [84] and ROOSTATS [85] software packages.

The Z(vv)+jets production constitutes the largest background contribution in the SR.
In order to constrain its yield and the shape of its Rt distribution as much as possible, data
in CRs are used. However, it is not possible to create a Z(vv)+jets CR for events with large
Rt and a high-pr, t-tagged AK15 jet as there is no additional event activity to separate
these events from the SR. Instead, processes similar to Z(vv)+jets, for which dedicated CRs
can be constructed, such as W+jets, Z+jets, and y+jets, are used for this purpose. In these
processes, events with a vector boson or photon, as well as a high-pp AK15 jet are produced
in the phase space considered in this analysis, similar to Z(vv)+jets.
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Figure 4. Prefit distributions of the magnitude of the hadronic recoil Ry in the SR (t-pass) and SR
(t-fail). The last bin of each distribution also contains events with Rt > 1000 GeV. The distributions
of background processes from simulation are stacked together. All nominal corrections are applied
to the simulated SM processes. A representative mono-top signal (vector coupling scenario) with a
mediator mass of 1 TeV, a DM candidate mass of 150 GeV, and a cross section of 1 pb is overlaid as
an orange line. The gray band represents the statistical and unconstrained systematic uncertainties in
the simulated event yields.

The estimation of Z(vv)+jets production in the SR is directly implemented into the
formalism of the maximum likelihood fit. The same method has previously been used in [27].
In each bin of the Ry distribution, the Z(vv)-+jets bin yield in the SR is estimated as

Z(vY) in the fit. In order to constrain rZ(Vv)

freely floating parameter r , other V+jets process
contributions in analysis regions of this search are expressed as the product tv ﬂ-etsrz(’”’) of
a transfer factor (TF) and %), The TFs

ni}r-nl—jets
tVtjets = ~sim (8.1)
nz, (vv)+jets
are obtained from simulation, where ni}‘ijets and nszir(?/v) +jets ar€ the expected bin yields of a
targeted V+jets process in a specific analysis region and of Z(vv)+jets in the SR, respectively.
In total, six V+jets processes in the SR and CRs are expressed as the product of a TF and

the freely floating estimate 72("¥), namely:

o W(4v)+jets in the SR;

Z(£0)+jets in the Z(ee) and Z(upu) CRs;

W (lv)+jets in the W(ev) and W (uv) CRs;

W (¢v)+jets in the tt(ev) and tt(uv) CRs;

Y+jets in the v CR.
This causes 72("Y) to be strongly constrained in the fit using data from the V+jets CRs.
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Figure 5. Statistical model used for the estimation of the major background processes for one bin
of the Ry distribution. The contributions of Z(vv)+jets and tt production in the SR are estimated
with freely floating parameters 7%(*) and r**. Constraints on Z(vv)+jets production are obtained
by expressing similar processes in the SR and CRs as products of r%("*) and a TF, obtained from
simulation. Concerning tt production, the tt processes in the tt(fv) and W (£v) CRs are expressed
in terms of r*% and a TF. All processes not depicted in this illustration are estimated using simulated
events. Regions containing charged leptons are included twice in this model, once for electrons and
once for muons. The model is implemented for the t-pass and t-fail regions separately.

Similarly, the Ry distribution of tt production in the SR is estimated as freely floating
parameter r** for each bin of the distribution. Here, the contribution of tt production to

CRs is used to constrain rtt:

o tt in the tt(ev) and tt(uv) CRs;
o tt in the W(ev) and W(puv) CRs.

In both cases, the TF model is implemented independently for the t-pass and the t-fail
regions. Figure 5 shows the full TF model, as implemented in this search, for one bin of
the Rt distribution.

The simulated yields in the TFs, as defined in eq. (8.1), are subject to systematic
uncertainties. Their effects are propagated to the TFs by varying the corresponding simulated
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yields in the corresponding nuisance parameters. All systematic uncertainties, listed in
section 9, are propagated to the TFs. Since the TFs are ratios of similar processes in different
CRs, several systematic uncertainties affect the numerator and denominator in the TF in a
comparable way. Because of this, these uncertainties are significantly reduced in the TFs.

To evaluate the importance of the CRs and TFs employed in the statistical model,
fits in different scenarios with some CRs left out have been performed with the signal
my = 2000 GeV, m, = 150GeV on Asimov pseudodata. The results on the expected
uncertainties in 72("¥) in these fits are compared to a fit on a statistical model including
all CRs. In these fits, the 7' parameters have been fixed to the nominal yield of tt in the
corresponding bin from simulation in order to isolate the effect on the Z(vv)+jets estimation.
When excluding the Z(¢¢) CRs, effectively removing TFs with the Z(¢¢)+jets process from the
fit model, the uncertainty on (") increases by 50% in low-Ry and by 10% in high- Ry bins.
When excluding the W (£v) and the tt CRs, effectively removing TFs with the W (£v)+jets
process in CRs, the uncertainty on r%(V) increases by 90% in low-Ry and by 30% in high- Ry

Z(vv)

bins. The relative uncertainty of r is approximately constant across the Ry range in

these two scenarios. When the v CRs are left out of the fit, which removes the v TFs from

the fit, the uncertainty increases by around 20% in low- Rt and by around 60% in high- Ry

Z(v) increases for larger Rp. Hence, concerning the TF

Z(vv)

bins. The relative uncertainty in r
method, the v CRs can put additional constraints on r in the high- Rt region compared
to the other processes involved in the TF method.

Bias studies have confirmed that no bias on the fitted signal cross section is induced
using this statistical model.

The modeling of QCD multijet production is validated in the SR by comparing the Ry
distribution obtained from simulation with a shape extracted from a data-driven approach.
For each SR, a dedicated, mutually exclusive determination region (DR) enriched in QCD
multi-jet events is built by applying all selection criteria for the SR except for the requirements
on Ap(AK4 jets, éT) and A¢(AK15 jet, }_éT) Events in the DRs must have at least one AK4
jet with A¢p(AK4 jet, RT) < 0.5, and the requirement of Ap(AK15 jet, RT) > 1.5 is lifted.
The Ry distribution of QCD multijet production in the DR is estimated by subtracting the
background yield of remaining processes, obtained from simulation, from the data yield in
each bin of the Ry distribution. The derived Rt distribution of QCD multijet production
in the DR is mapped to the SR by multiplying the bin yield in the DR by dedicated TFs
derived from a simulation of QCD multijet production. The TFs are computed in each bin of
the Rt distribution by dividing the predicted QCD multijet yield in the SR by the predicted
QCD multijet yield in the corresponding DR.

The closure of the QCD multijet simulation is tested in the SRs by comparing the
predicted Ry distributions, derived from simulation, and from an estimate based on control
samples in data. The difference between the predicted distributions from simulation and data
ranges from 10 to 75%, depending on Rp. The simulation consistently underestimates the
predicted number of QCD multijet events in the SR, compared to the distribution obtained
from data. The contamination of the SR with events from QCD multijet production is
less than 1%, compared to the total expected SM background, hence the contribution of
QCD multijet production is expected to have a negligible impact on the total predicted SM
background in the SRs. In conclusion, simulated events are used to estimate the contribution
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of QCD multijet production. To express the difference between the distributions obtained
from simulation and from control samples in data, a normalization uncertainty of 100% is
assumed on the predicted yield of QCD multijet production in simulation.

9 Systematic uncertainties

Several sources of experimental and theoretical uncertainty are considered in this analysis.
All systematic uncertainties are implemented as constrained nuisance parameters in the
statistical model and are propagated to the final distributions and TFs after the simultaneous
binned maximum likelihood fit used for signal extraction. The systematic uncertainties can be
grouped into two types: normalization and/or shape. Normalization uncertainties only affect
the total expected event yield. Shape uncertainties can affect both the total number of events
and the distribution of the final measured hadronic recoil. Only systematic uncertainties that
are directly related to the processes in figure 5 have an influence on the TFs.

In the following, the sources of systematic uncertainty considered in this analysis are
described. Unless otherwise stated, the systematic uncertainties are implemented as shape
uncertainties.

o Renormalization and factorization scales: for the major backgrounds (tt, W-jets,
Z+jets, y+jets, and single t production) and the signal process the matrix element
renormalization and factorization scales were varied up and down independently by
a factor of 2 and 0.5, respectively. The uncertainties in the renormalization and
factorization scale account for missing higher-order processes in the simulation. The
up and down shifts are propagated to the simultaneous fit. The renormalization and
factorization scale uncertainty for each process is uncorrelated during the fitting process.
A 100% correlation of these uncertainties across all data-taking periods is assumed.

o Parton distribution functions: for the simulated samples, the PDFs are taken from
NNPDF (v. 3.1) [58] and are used to evaluate the uncertainty associated with the choice
of PDF. The 100 variations of the PDF set are determined using the eigenvector or
Hessian [86, 87] approach and are then used to construct a 68% confidence interval
envelope around the nominal PDF value. This envelope is used as a shape uncertainty.
The PDF uncertainties are assumed to be 100% correlated for major background
processes, which are mostly initiated by the same partons (namely a qg or a gg initial
state). Processes with different initial states are treated as uncorrelated. The PDF
uncertainty on the signal process is assumed to be uncorrelated with those on all
background processes. In addition, the uncertainty in ag is propagated to the PDFs,
which is treated as an additional shape uncertainty. This uncertainty is treated as 100%
correlated across all background processes. All of the presented uncertainties are 100%
correlated across all data-taking periods.

e Initial- and final-state radiation (ISR and FSR): the parton shower scale in the simulation
of major background samples was varied up and down by factors of 2 and 0.5, respectively,
to evaluate the impact of ag on parton showers. The weights are obtained directly
from simulation and used to generate input templates to the simultaneous fit. The
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ISR and FSR uncertainties are varied independently during the fitting procedure.
These uncertainties are assumed to be 100% correlated between the different data-
taking periods for all the major backgrounds and uncorrelated between the signal
prediction and background processes. ISR and FSR uncertainties are correlated across
all data-taking periods.

Top quark pt reweighting: the top quark pp distribution of simulated tt events is
reweighted to NNLO(QCD)+NLO(EW) predictions [88]. The simulation without
reweighting and the doubled effect of the reweighting procedure are used as uncertainty
of this method. This uncertainty is 100% correlated across all data-taking periods.

SM cross sections: for the minor background processes of diboson and QCD multijet
production, the uncertainties in the renormalization scale, the factorization scale, and
the PDFs are replaced by an overall normalization uncertainty in the cross section
predictions of these processes. The rate uncertainty in the total cross section of diboson
production [78-80] is 5%. An uncertainty of 100% is assigned to the total cross section
of QCD multijet production, as described in section 8. The cross section uncertainty is
correlated across all taking periods for each process.

V+jets electroweak correction: the W+jets, Z+jets, and y+jets background models
are reweighted to account for NLO EW corrections, as described in ref. [77]. The
theoretical uncertainties as functions of the vector boson pt are provided by the authors
and are applied to the Wjets, Z+jets, and y+jets samples. Altogether there are
three sources of EW uncertainties: the unknown Sudakov logarithms beyond NNLO
and/or next-to-leading logarithmic accuracy, the unknown hard (non-Sudakov) EW
corrections beyond NLO, and the process-correlation effects. For the other two sources,
the correlation across the processes is unknown, therefore no correlation is assumed for
them. The uncertainties are correlated across all data-taking periods.

Integrated luminosity: the uncertainty in the measurement of the integrated luminosity
is broken up into five separate parts [89-91]. There are three uncorrelated parts that are
specific to the year in which the data were collected and two correlated parts. The first
affects all three data-taking years, while the second only affects the last two data-taking
years. They are implemented as normalization uncertainties of both the background
and signal rates, with a range between 0.2 and 2.0%.

Lepton reconstruction and identification: the reconstruction and identification efficiency
for electrons, and the identification and isolation efficiency for muons in simulation is
corrected to the performance observed in data from Z/9* — (¢ events, as a function
of the lepton pp and 7. Each of the four corrections is derived independently. Due
to the small size of the uncertainties, the statistical and systematic components of
the uncertainty are combined and propagated to the simultaneous fit. The muon and
electron uncertainties are uncorrelated from one another. Each of the four aforemen-
tioned uncertainties is correlated across CRs in the same data-taking period. As the
efficiencies and associated uncertainties are dependent on detector configuration, they
are uncorrelated across different data-taking periods.
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o Photon identification: the identification efficiency for photons in simulation is corrected
to the performance observed in data as a function of the photon’s pt and 1. Due to the
small size of the uncertainty the statistical and systematic components are combined
and propagated to the final simultaneous fit. The uncertainty is uncorrelated across
data-taking periods.

miss

o Trigger efficiency: the efficiency for electron, photon, and pp ™ "M triggers is measured
in data and residual differences to the efficiency in simulation are corrected [37]. The
uncertainty associated with this correction is binned in pp and 7 for the lepton and
photon trigger and in pPs/Ry for the p?iss’ "o H trigger and is propagated to the
statistical model. The p?iss’ " F and single photon trigger efficiency is measured in
an orthogonal sideband region and the single electron trigger efficiency is calculated
using a tag-and-probe approach. The trigger efficiency uncertainty is correlated across
CRs and SRs that utilize the same trigger. The uncertainty is uncorrelated across

data-taking periods.

e Level-1 prefiring: during operation, a gradual timing shift of the ECAL was not properly
propagated to the L1 trigger primitives (TP), resulting in a significant fraction of high-n
TP being mistakenly associated to the previous bunch crossing. Since L1 trigger rules
forbid two consecutive bunch crossings to fire, a consequence of this is that events can
self veto if a significant amount of ECAL energy is found in the region of 2 < n < 3
(L1 ECAL prefiring). The effect is not described genuinely by the simulation but taken
into account using event weights. This effect is most prominent in the 2016 and 2017
data-taking periods. The effects of the mistiming of the L1 ECAL trigger is propagated
to the statistical model. The uncertainty is uncorrelated across the data-taking periods
and applies only to the 2016 and 2017 data-taking years.

e Pileup: the uncertainty in the distribution of the number of pileup interactions in the
events is evaluated by varying the total inelastic pp cross section in the simulation by
+4.6% [92]. To accommodate different beam and detector conditions, the uncertainty
is uncorrelated across all data-taking periods.

o Jet energy scale: the uncertainty associated with the jet energy scale correction is
estimated by shifting the jet energy scale up and down one standard deviation according
to the source of uncertainty and then re-analyzing all the data with shifted jet ener-
gies [46, 93, 94]. Altogether eleven different sources of uncertainty in the jet energy scale
are considered. The jet energy scale uncertainty is uncorrelated or correlated across
data-taking periods depending on the source of uncertainty. A dedicated additional
uncertainty is considered for the 2018 data set to account for any remaining effect of
the HEM issue.

o Jet energy resolution: the uncertainty in the jet energy resolution correction is evaluated
by increasing or decreasing the difference between the reconstructed and particle-level
jet energies [46, 93, 94]. The total uncertainty of this process is propagated to the final
simultaneous fit and is uncorrelated across the data-taking periods.
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o PSS ynclustered energy: the uncertainty in the pi calculation from unclustered

energy is estimated by varying each particle type by its estimated resolution. This
uncertainty is uncorrelated across data-taking periods.

e Jet b tagging: the b tagging scale factors, and their associated uncertainties, are
dependent on the properties of the jet [95]. The uncertainty in the selection efficiency
and misidentification rate are propagated to the statistical model. There is one selection
and one misidentification uncertainty that are correlated across all data-taking periods
and eight selection and misidentification uncertainties that are not correlated across
the data-taking periods.

o Jet t tagging: the selection efficiencies of the PARTICLENET t tagger [33] in simulation
are corrected with scale factors to match the corresponding data efficiencies. The
uncertainties depend on the type of AK15 jet (t jet, QCD jet, or b jet) and on its
kinematic properties. The uncertainty in the scale factor of the t tagging efficiency is
9-16%. The uncertainty in the scale factor of the misidentification rate of an AK15
QCD jet is 12-18%. As events with misidentified AK15 b jets only represent a minor
contribution, a scale factor of 1 and an uncertainty of 50% on it is assumed. The
misidentification rate uncertainties largely cancel in the TFs, which reduces the impact
of these uncertainties in the fit presented in section 10. The uncertainties in the t
tagging efficiency and misidentification rate are uncorrelated across data-taking periods.

o Limited size of simulation samples: the limited size of the samples of simulated events
results in statistical fluctuations on the nominal prediction. This uncertainty is taken
into account with the simplified Barlow-Beeston method [96]. For bins with more than
ten unweighted entries, a single Gaussian constrained nuisance parameter is introduced
to each bin that scales the total yield. A Poisson probability distribution function is
used for bins with fewer than ten entries.

10 Results and interpretation

The postfit distributions of the hadronic recoil in the SRs for a fit to the background-only
hypothesis are shown in figure 6. The data are found to be in agreement with the SM
prediction within uncertainties. A goodness-of-fit test with the saturated model [97] was
performed to quantify the level of agreement of the data and the background-only postfit model
that yielded a p-value of 0.72. The postfit distributions in the CRs are shown in appendix A.

In addition, binned maximum likelihood fits of signal-plus-background hypotheses to
data are performed. Each tested signal-plus-background hypothesis is characterized by the
choice of the unknown mediator mass and the DM candidate mass. No significant deviation
from the SM expectation is found in these fits. Exclusion limits on the production strength of
the mono-top signal, namely the product of the cross section and the branching fraction (o)
of pp — tM(xX) production, are presented as functions of mediator masses between 200
and 2250 GeV and DM candidate masses between 1 and 1225 GeV, only considering on-shell
decays of the mediator to the DM candidates. The exclusion limits at 95% confidence level
(CL) are calculated using the asymptotic approximation of the CLg criterion [98-100] using
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Figure 6. Postfit distributions of the magnitude of the hadronic recoil Rt in the SR (t-pass) and
SR (t-fail) after a fit of the background model to the data. The last bin of each distribution also
contains events with Rt > 1000 GeV. The background processes are stacked together. A representative
mono-top signal (vector coupling scenario) with a mediator mass of 1 TeV, a DM candidate mass
of 150 GeV, and a cross section of 1 pb is overlaid as an orange line. The gray band represents the
statistical and postfit systematic uncertainties in the predicted background yields after the fit.

the LHC test statistic. The observed and expected limits are calculated as function of my
for a constant m, = 150 GeV. For fixed values of my;, the limit on oB is assumed to be
constant as function of m,. The signal shape of the hadronic recoil distribution does not
depend on m, if the DM production is on-shell, making such an extrapolation valid.

The impact of systematic uncertainties is checked for a signal with a vector mediator and
with my; = 2000 GeV and m, = 150 GeV. For this signal hypothesis, the expected exclusion
limit roughly corresponds to the theory prediction of o8, promoting this hypothesis to a
representative signal close to the expected exclusion contour. An uncertainty breakdown of
the fit shows that statistical and systematic uncertainties on the best fit o8 are at a similar
level. The expected exclusion limit is calculated with nuisance parameters related to a group
of systematic uncertainties fixed. The relative change of the limit compared to the fit on the
full statistical model is used to quantify the impact of the systematic uncertainty on the results
of the search. The numerical results are summarized in table 3. The largest impacts on the
expected exclusion limit come from the uncertainties in the renormalization and factorization
scales of the background processes, and from the limited size of the simulated samples.

Figure 7 shows the expected upper exclusion limits at 95% CL on the production strength
oB of mono-top production as a function of the mediator and DM candidate mass assuming
vector (upper part) and axial-vector (lower part) couplings exclusively. For the vector (axial-
vector) coupling scenario, (¢g¥)3 = 0.25 and g& = 1 ((¢¥);5 = 0.25 and g = 1) and all
axial-vector (vector) couplings are set to zero. For both, the vector and axial-vector coupling
scenarios, an exclusion of mediator masses of up to 1.85TeV is observed, where 2.0 TeV is
expected. For a mediator with pure vector (axial-vector) couplings, DM candidate masses of
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Uncertainty group Change in exclusion limit on o8

Renormalization and factorization scale 9.7%
Limited size of simulated samples 6.9%
Remaining theory uncertainties 5.5%
Remaining experimental uncertainties 2.8%
All systematic uncertainties 23.4%

Table 3. Impact of systematic uncertainties on the expected exclusion limit for the vector mono-top
signal with my; = 2000 GeV and m, = 150 GeV, quantified by the relative change in the expected
exclusion limit when fixing the nuisance parameters related to a group of systematic uncertainties in
the fit. The last row shows the impact on the exclusion limit if all nuisance parameters related to
systematic uncertainties are fixed in the fit.

up to 750 (550) GeV are excluded, where 850 (650) GeV is expected. The results of this search
are comparable to a similar search [28] performed by the ATLAS collaboration using an
alternative coupling scenario with couplings (¢¥);5 = 0.5 and g¢ = 1, and a direct comparison
can be made using the results in appendix B.

The exclusion of mediator and DM candidate masses coming from DM relic constraints
measured by the Planck collaboration [3] is shown as a solid gray line. For this line the
measured value of the density of DM or nonbaryonic matter Q,;,,h% = 0.12 is used with h
representing the reduced Hubble constant. Here, Q,;,,h? is the faction of the observable
universe that is composed of nonrelativistic dark matter. Mediator and DM candidate masses
in the areas indicated by the hatched side of the solid gray contour in figure 7 result in
higher relic densities than observed and are therefore excluded. The relic densities for the
corresponding mono-top models were calculated using MADDM [101, 102].

11 Summary

A search for dark matter (DM) produced in association with a single top quark via a flavor
changing neutral current, referred to as nonresonant mono-top production, was presented.
The analysis was performed using data collected by the CMS experiment in 2016, 2017, and
2018 at the LHC at a center-of-mass-energy of 13 TeV, and corresponding to an integrated
luminosity of 138fb~1.

The Lorentz boost of the top quark is exploited to cluster the products of the hadronic
top quark decay into a large-radius jet. Furthermore, a machine-learning-based discriminator
is used to distinguish large-radius jets originating from hadronic top quark decays and
large-radius jets produced purely through quantum chromodynamics processes. A robust
statistical model was built to determine the main backgrounds in the signal regions using
data in dedicated control regions. The distribution of the hadronic recoil in the signal and
control regions is used to perform the statistical fit to the data.

The data are consistent with the background-only hypothesis, and no evidence for DM
produced in association with a single top quark was found. Limits at 95% confidence level
are calculated for the product of the signal production cross section and the branching
fraction of the mediator decaying into DM candidates. Limits were obtained for both a
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Figure 7. Upper limits at 95% CL on B of mono-top production presented in the two-dimensional
plane spanned by the mediator and DM candidate masses for a mediator mass between 200 and
2250 GeV and a DM candidate mass between 1 and 1125 GeV only considering on-shell decays of the
mediator to the DM candidates. The mediator has vector couplings to quarks and DM candidates in
the upper plot and axial-vector couplings in the lower plot. The median expected exclusion range
is indicated by a black solid line, demonstrating the search sensitivity of the analysis. The 68%
probability interval of the expected exclusion is shown in black dashed lines. Contours of theory
predictions for constant values of o8 are shown in gray dashed lines. The observed exclusion contour
of mediator and DM candidate masses is represented by the red solid line. The exclusion contour
obtained from measurements of the DM relic density Q,;,,,2? by the Planck collaboration is shown in

the gray solid line.
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purely vector and a purely axial-vector mediator that couples to two DM candidates and
to two standard model quarks: one from the first generation and another from the third.
The analysis excludes mediators with masses up to 1.85 TeV, where 2.0 TeV is expected, for
both the vector and the axial-vector coupling scenarios. Dark matter candidate masses below
750 (550) GeV, where 850 (650) GeV is expected, are excluded for the vector (axial-vector)
coupling scenario. In both cases, the exclusion limits are calculated for mediator masses
greater than 200 GeV and DM candidate masses greater than 1 GeV. The exclusion limit
on the spin-1 mediator mass obtained in this search exceeds the previous CMS result on
mono-top production [27] using the 2016 data set by 100 GeV.
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Figure 8. Postfit distributions of the magnitude of the hadronic recoil Rt in the W(ev) (t-pass) and
W(ev) (t-fail) CRs after a fit of the background model to the data. The last bin of each distribution
also contains events with Rp > 1000 GeV. The background processes are stacked together. The gray
band represents the statistical and postfit systematic uncertainties in the predicted background yields
after the fit.
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Figure 9. Postfit distributions of the magnitude of the hadronic recoil Rt in the W (uv) (t-pass) and
W (uv) (t-fail) CRs after a fit of the background model to the data. The last bin of each distribution
also contains events with Rt > 1000 GeV. The background processes are stacked together. The gray

band represents the statistical and postfit systematic uncertainties in the predicted background yields
after the fit.
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Figure 10. Postfit distributions of the magnitude of the hadronic recoil Ry in the Z(ee) (t-pass) and
Z(ee) (t-fail) CRs after a fit of the background model to the data. The last bin of each distribution
also contains events with Rt > 1000 GeV. The background processes are stacked together. The gray

band represents the statistical and postfit systematic uncertainties in the predicted background yields
after the fit.
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Figure 11. Postfit distributions of the magnitude of the hadronic recoil Rt in the Z(ppu) (t-pass) and
Z(up) (t-fail) CRs after a fit of the background model to the data. The last bin of each distribution
also contains events with Rt > 1000 GeV. The background processes are stacked together. The gray
band represents the statistical and postfit systematic uncertainties in the predicted background yields
after the fit.
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Figure 12. Postfit distributions of the magnitude of the hadronic recoil Ry in the tt(ev) (t-pass) and
tt(ev) (t-fail) CRs after a fit of the background model to the data. The last bin of each distribution
also contains events with Rt > 1000 GeV. The background processes are stacked together. The gray
band represents the statistical and postfit systematic uncertainties in the predicted background yields
after the fit.
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Figure 13. Postfit distributions of the magnitude of the hadronic recoil Ry in the tt(puv) (t-pass) and
tt(uv) (t-fail) CRs after a fit of the background model to the data. The last bin of each distribution
also contains events with Rt > 1000 GeV. The background processes are stacked together. The gray
band represents the statistical and postfit systematic uncertainties in the predicted background yields
after the fit.

_oCMS 1 (3Tey) _oCMS 1 (13Tey)

8 y control region (t-pass) ] 8 y control region (t-fail) ]
@ + Data - i @ + Data = DY(E) + jets

S 108 By o+ jets Single t E S 104 oy jets i .

& == QCD - Z(w) + jets E o == QCD Single t E

Diboson I DY(2) + jets  W(Rv) + jets H Z(wv) + jets 1

L Diboson Bkg. uncert. (postfit) |

W(Rv) + jets Bkg. uncert. (postfit) |

—_
o
)
e
o
w

—
o

-
o
=)

O 1.05F © 1.02

5 ¢ _l_ 5
2| 1.0 Ii|-|| : 2|5 1.00p '+—l— ; :
a2 F A s o F T

& 0.95F | ! = D 0.98k

L L1 L1 co b L TR AT T T T S S S A A
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
Hadronic recoil Ry (GeV) Hadronic recoil Rt (GeV)

Figure 14. Postfit distributions of the magnitude of the hadronic recoil Ry in the 7 (t-pass) and
v (t-fail) CRs after a fit of the background model to the data. The last bin of each distribution
also contains events with Rt > 1000 GeV. The background processes are stacked together. The gray
band represents the statistical and postfit systematic uncertainties in the predicted background yields
after the fit.
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B Exclusion limits for alternative choice of couplings
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Figure 15. Upper limits at 95% CL on oB of mono-top production presented in the two-dimensional
plane spanned by the mediator and DM candidate masses for a mediator mass between 200 and
2250 GeV and a DM candidate mass between 1 and 1125 GeV only considering on-shell decays of the
mediator to the DM candidates. The mediator has vector couplings to quarks and DM candidates in
the upper plot and axial-vector couplings in the lower plot. The median expected exclusion range
is indicated by a black solid line, demonstrating the search sensitivity of the analysis. The 68%
probability interval of the expected exclusion is shown in black dashed lines. Contours of theory
predictions for constant values of o8 are shown in gray dashed lines. The observed exclusion contour
of mediator and DM candidate masses is represented by the red solid line. The exclusion contour
obtained from measurements of the DM relic density Q,,..h% by the Planck collaboration is shown in
the gray solid line.
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