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ABSTRACT: Searches for new physics in the top quark sector are of great theoretical interest,
yet some powerful avenues for discovery remain unexplored. We characterize the expected
statistical power of the LHC dataset to constrain the single production of heavy top partners
T decaying to a top quark and a photon or a top quark and a gluon. We describe an effective
interaction which could generate such production, though the limits apply to a range of
theoretical models. We find sensitivity to cross sections in the 10> — 10° fb range, for T
masses between 300 and 1000 GeV, depending on decay mode.
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1 Introduction

A central goal of experiments at the energy frontier is the discovery of new particles. Many
searches for new particles are motivated by theoretical issues with the Standard Model
(SM). A complementary approach is to perform searches with significant discovery potential
regardless of current theoretical interest [1, 2].

Searches for new physics in interactions involving top quarks benefit from both motivations.
As the heaviest (known) fundamental particle, the top quark may play a special role in
electro-weak symmetry breaking and have exotic vector-like fermion partners, making an
understanding of its production, properties and decay modes of great theoretical interest.
At the same time, the multiple potential decay modes of the heavy top partner T provide
many potential discovery modes involving top quarks.

Searches at ATLAS and CMS have mainly studied T decays featuring heavy SM bosons,
T — Wb, Zt, Ht [3-11] and the many possible decay modes which follow. Significantly less
attention has been given to possible modes T" — gt, vt [12], and where this has been studied
it has focused primarily on cases in which the exotic heavy fermion is pair produced and one
top quark decays leptonically and one hadronically [13], or where a top partner 7" is produced
in association with a top quark, leading to a final state similar to top quark pair production.
In order to fully exploit the physics potential of the LHC, it is important to explore all
production and decay channels of T. An important potential discovery channel which has
not been explored is single production of T followed by T'— gt or T'— ~t. In UV extensions
with extra fields [12] or those with negligible mixing between the T and the top quark [13],
these decay channels can dominate over the more commonly studied T" — Wb, Zt, Ht.

Recent studies of single top quark production have provided further understanding of
their associated signals and backgrounds [14-17]. This allows for a more efficient search
for resonances in single top production. ATLAS studied the ¢y final state [14], but did not
examine the invariant mass of the system.
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Figure 1. Feynman diagrams describing the single production of a heavy vector-like fermionic top
partner 7" which decays to a top quark and a gluon (top) or a top quark and a photon (bottom).

In this paper we study single production of a heavy vector-like quark 7" which for high
T masses features higher cross sections than pair production, and study the all-hadronic
fully reconstructable final states as well as the leptonic final states for the channels T — gt
or T — ~t.

The paper is organized as follows. The first section describes a benchmark model used
to characterize the kinematics of resonant tg or ¢ty production via a heavy vector-like quark.
The second section presents a study of the expected LHC sensitivity to these modes. The
third section presents the results in terms of the theoretical parameters and discusses the
wider context of possible models which could generate this signature.

2 Models

Vector-like top partners [18] are typically found in models which alleviate the hierarchy
problem and are less constrained than a 4th generation of quarks with chiral couplings [19-21].
These particles can be found in more complete models such as Little Higgs models [22],
supersymmetric theories, composite Higgs models [23] or in scenarios where the right-handed
top quark is composite and 7" is an excited state [24, 25]. However, the compatibility of these
motivations and the model we study are dependent on the details of the underlying theory. In
order to maximize model-independence, we search for T' through its direct couplings with SM
fields at the LHC in such a way as to allow the results to be interpreted as broadly as possible.
We consider a model which includes a new vector-like top partner T'. Since T and the
right-handed top quark have the same quantum numbers, mixing can occur which leads
to decays to electroweak bosons and top quarks. In light of these constraints, we take an
effective field theory approach and consider interactions that may be realized even in the

event of zero mixing. We consider the dimension-5 operator
Lerr D %TUMVuRi F, + %TUIWUR i Guu. (2.1)

A TN A

Here, up,; is a right-handed up-type quark of flavor ¢ € {1,2,3}, F,,, (G, = TAG;?V) is
the photon (gluon) field strength tensor and g7, (gg) is the flavor-dependent coupling, and
the operator is suppressed by a scale A, which we set to 3 TeV in these studies. While the
interaction described above leads to T pair production [13] in pp collisions, we consider the
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Figure 2. Branching fraction of the heavy T to light-flavor jets (jj), or to a top quark and photon
(t) or gluon (tg), as a function of the coupling parameters g3 and g3, varied together with g = 0.1.

less explored option of mono-T" production. In some of the simplest UV extensions, T" would
inherit interactions with the W and Z with a coupling related to gfy by SU(2);, symmetry.
Discovering and measuring 7' couplings to these bosons could eliminate these extensions.

These interaction terms allow for production of T' via quark-gluon fusion, and for decays
such as T'— qg and — ¢7. If the decay is to light-flavor quarks, dijet searches at the LHC
place important constraints [26], with an upper limit on the production cross section with
o < 10fb for mp ~ 1TeV.

However, if the couplings are flavor-dependent, the production primarily depends on the
light-quark coupling but the decay can be influenced by the heavy-flavor couplings, gi, gg’.
Increased coupling to heavy flavor can result in decays predominantly to tg and tv; see
figure 2. Though we do not study it here, it can also allow for gg — Tt production. For
our tg and ty analysis, we fix the coupling to light quarks g%f] = 0.1 and use decays to top
quarks to constrain g,?;7g (or equivalently the production cross section for tg,ty from T'). Of
course, for gf’yyg < g}yzg, a dijet search will be the more sensitive channel.

3 Experimental sensitivity

The models described above include interactions which can generate a final state with a
single T' quark, as shown in figure 1. We estimate the sensitivity of the LHC dataset to
these hypothetical signals using samples of simulated pp collisions at /s = 13 TeV with an
integrated luminosity of 300 fb~! over a mass range mz € [150 — 1000] GeV.

Simulated signal and background samples are used to reconstruct hypothetical resonances,
estimate efficiencies and expected signal and background yields for mp € [200 — 1000] GeV.
For the parameter space that we explore I'/M < 1%, such that the resonant production we
consider in figure 1 is dominant and we do not need to consider additional non-resonant
contributions to 7' production [27, 28]. Collisions and decays simulated with MADGRAPH5



T — ty T —tg

bjjy blvy bjjj blvy
W 19.7x10%  22.0x103 6.0x10%  7.4x10°
A 9.6x103 500 2.0x10% 236x10°
tt 1.9x10? 803 895x10%  1.3x10°
tb 37.3 39.8 159%10%  753x103
All Bg. 31.2x10% 23.3x103 9.0x105  9.7x106
Signal  1.5x10? 190 970 350

Table 1. Expected yields in 300fb~! due to background processes in each of the four final states.
Backgrounds may also include production of either a photon and one or two additional jets; see text
for details. Also shown is the expected yield for signal with my = 500 GeV with assumed coupling of
gs = 0.1 (¢3 = 0.1 cos(Bw)) in the gluon (photon) mode, with A = 3 TeV.

v3.4.1 [29] for the matrix-element calculation are subsequently showered and hadronized
with PyTHIA v8.306 [30]. The detector response is simulated with DELPHES v3.5.0 [31]
using the standard CMS card and ROOT version 6.2606 [32], which includes a parameterized
description of b-tagging.

Selected photons and leptons are required to have transverse momentum pr > 10 GeV
and absolute pseudo-rapidity 0 < |n| < 2.5. Selected jets are clustered using the anti-kr
algorithm [33] with radius parameter R = 0.5 using FASTJET 3.1.2 [34] and are required to
have pp > 20GeV and 0 < |n| < 2.5. In addition, events are required to satisfy a lepton,
photon or jet trigger requirement, as appropriate for each channel.

Below, we describe the selection and reconstruction in the ¢y and tg modes.

3.1 tv mode

In this section, we consider the T" — ¢+ mode, which produces a bjjv or blvvy final state,
depending on the W boson decay. The dominant backgrounds are production of a heavy
boson associated with a photon and jet without an intermediate top quark, pp — Wj~v and
pp — Zjv. We also model contributions from top pair production (tty) as well as tby; the
additional b quark in pp — tyb is necessary in the SM due to a lack of flavor-changing vertices
such as Ttg or Tgy. Radiation of additional gluons is modeled by PYTHIA.

In the bjjv final state, events are required to have exactly three jets, to suppress the large
top quark pair background, with exactly one b—tagged jet, one photon and zero leptons. To
satisfy typical trigger requirements [35], the photon must exceed 145 GeV. The two non-tagged
jets correspond to the W boson, and the three jets together correspond to the top quark.
The mass of the T' quark, myp, can be reconstructed from the three jets and the photon.
Events with m7 less than 200 are rejected.

In the blvvy final state, events are required to have exactly one photon, one lepton,
one b-tagged jet, and missing transverse momentum of at least 25 GeV. To satisfy typical
trigger requirements [35], the transverse momentum of the photon or lepton must exceed
145 GeV or 27 GeV respectively. The transverse momentum of the neutrino is assumed to be
the missing transverse momentum. The longitudinal momentum p% is calculated under the
assumption that the invariant mass of the fv pair should be that of my = 80.3GeV. A W
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Figure 3. Distributions of reconstructed m¢ in simulated signal and background samples for hadronic
(top) and leptonic (center) decays in the ¢y mode, normalized to an integrated luminosity of 300 fb~1.
The signal cross section is set to the expected limit at 95% CL.

boson candidate is reconstructed using the fv pair and matched with the jet to build the
top quark candidate. The T" quark candidates are reconstructed using photon and the top
quark candidate. Events with mp less than 200 are rejected.

The distributions of reconstructed myp for signal and background samples are shown in
figure 3. Event yields for the various background processes as well as a hypothetical signal
at mp = 500 GeV are shown in table 1.

3.2 tj final state

In this section, we consider the T' — tg mode, which produces a bjjj or blrj final state,
depending on the W boson decay. The dominant backgrounds are production of a heavy
boson associated with two jets without an intermediate top quark, pp — W35 and pp — Zjj.
We also model contributions from top pair production (tt) as well as tbj; the additional
b quark in pp — tbj is necessary in the SM due to a lack of flavor-changing vertices such
as Ttg or T'gy. Contributions from QCD production of bjjj were found to be negligible
above mp of 200 GeV. Other processes may also contribute to the background; rather than
exhaustively catalog them, we take a 50% systematic uncertainty in our background estimate.
Radiation of additional gluons is modeled by PYTHIA.

In the bjj7 final state, events are required to have exactly four jets, to suppress the large
top quark pair background, with exactly one b—tagged jet, zero photons and zero leptons.
To satisfy typical trigger requirements [35], three jets must exceed 85 GeV or one jet must
exceed 435 GeV. The b-tagged jet is chosen as the candidate for the bottom quark and paired
up with two non-b-tagged jets that give us the smallest |my — m;;|> + |my — mj;;|? value,
where m;; is the invariant mass of the two non-b-tagged jets, and my;; is the invariant mass
of the three jets. The remaining non-b-tagged jet is then chosen to be the gluon candidate,
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Figure 4. Distributions of reconstructed m¢ in simulated signal and background samples for hadronic
(top) and leptonic (center) decays in the tg mode, normalized to an integrated luminosity of 300 fb—!
for A = 3TeV. The signal cross section is set to the expected limit at 95% CL.

and T candidates are reconstructed using the top quark and gluon candidates. Events with
a reconstructed myp greater than 200 GeV are selected.

In the bfrj final state, events are required to have exactly one lepton, one b-tagged jet,
one non-tagged jet, and missing transverse momentum of at least 25 GeV. To satisfy typical
trigger requirements [35], the lepton must exceed 27 GeV. Neutrinos are reconstructed with
the same strategy employed in the bfr~ final state. The top quark is reconstructed from
the v pair and bottom quark. The remaining jet is selected to be the gluon candidate, and
the T particle is reconstructed using the gluon and top quark candidates. Events with a
reconstructed myp greater than 200 GeV are selected.

The distributions of reconstructed myp for signal and background samples are shown in
figure 4. Event yields for the various background processes as well as a hypothetical signal
at mpr = 500 GeV are shown in table 1.

3.3 Statistical analysis

Limits are calculated at 95% CL using a profile likelihood ratio [36] with the CLs technique [37,
38]. We use the pyhf [39, 40] package with a binned distribution in the reconstructed mass
of the hypothetical T" boson, where bins without simulated background events have been
merged into adjacent bins. The background is assumed to have a 50% relative systematic
uncertainty. Limits as a function of the 7" mass are shown in figure 5.

4 Discussion

In the tv production mode, the leptonic decay has a smaller efficiency due to the W branching
ratio, but also lower backgrounds. The 7" mass resolution is similar to that in the hadronic
mode, as the lepton is well measured but the neutrino is unmeasured. In the tg production
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Figure 5. Top: summary of expected upper limits at 95% CL on the production cross-sections as
functions of the T' mass in integrated luminosity of 300 fb~—! for the two final states and two modes.
Also shown are expected theoretical cross sections at leading order with coupling values of g}/ﬁ’?’ =0.1
and A = 3TeV.

mode, the hadronic decay benefits from increasing efficiency as the mass mp grows and
overcomes the hadronic trigger requirements, which also suppress the large top quark pair
background. As a result, the hadronic mode is nearly 10 times as sensitive as the leptonic
mode, though both are order(s) of magnitude weaker in upper limits on the cross section
than the ¢ty mode, where the backgrounds are much smaller. We note that under the SM
hypothesis, the derived limits depend only on background levels and the kinematics of T" — tg
and T" — ty production and decay. Future studies may explore the potential advantages of
wide-cone jets to better capture the boosted scenario for large myp

Model-dependent searches of T can of course also be studied as well as searches at other
colliders. For example, in top-composite models where the T is an excited state of the top
quark, the production rates of four top quarks can be significantly higher as compared to the
SM [24, 25], providing an additional search channel [24, 41, 42] . In the event of non-zero
mixing between 7" and up, electroweak precision observables can be used to constrain mixing
parameters [43-46]. Furthermore, flavor changing neutral current processes have been used to
constrain vector-like fermions [47-51]. In addition to direct searches at the LHC, vector-like
quarks in the O(100) GeV mass range can be searched for at the Tevatron [52].

5 Conclusions

In this paper we derive projected constraints for the production of a vector-like top partner
with mass mr ~ O(100) GeV at the LHC for an integrated luminosity of 300fb=!. To
complement existing searches which look for pair production, we focus on the less-explored
single T production and search for T' decay into tg and tv final states.



Searches for T'— tg and T' — t~y are an under-explored area of new physics in the top
sector, especially in the hadronic decay mode. We show that these decay channels can be
competitive searches, in particular in models where Z, H, W* decay channels are suppressed,
or when the larger production rate of T production is needed over the compartively smaller
TT production. Single production of such a heavy object can often extend experimental
sensitivity to higher masses, opening a potential discovery window.

In the tg decay channel, we find that the bjjj mode is the most sensitive, probing
production cross sections of 10*fb. The tvy decay channel has similar sensitivities for each of
the bjjv, blv~ final states, with greater statistical power overall; it constrains cross sections
of 1001fb for mpy = 300 GeV, and 20fb for mp = 1TeV, somewhat comparable to that
achieved by dijet searches. These modes provide additional statistically independent channels
to complement dijet searches.
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