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Single production of an exotic vectorlike Y quark at future high energy pp colliders
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Vectorlike quarks have been predicted in various new physics scenarios beyond the Standard Model. In a
simplified modelling of a (B, Y) doublet including a vectorlike quark Y, with charge —%e, there are only
two free parameters: the Y coupling xy and mass my. In the five flavor scheme, we investigate the single
production of the Y state decaying into Wb at the Large Hadron Collider (LHC) run-III and High-
Luminosity LHC (HL-LHC) operating at /s = 14 TeV, the possible High-Energy LHC (HE-LHC) with
/s =27 TeV as well as the Future Circular Collider in hadron-hadron mode (FCC-hh) with
/s = 100 TeV. Through detailed signal-to-background analyses and detector simulations, we assess
the exclusion capabilities of the Y state at the different colliders. We find that this can be improved
significantly with increasing collision energy, especially at the HE-LHC and FCC-hh, both demonstrating
an obvious advantage with respect to the HL-LHC in the case of high my. Assuming a 10% systematic
uncertainty on the background event rate, the exclusion capabilities are summarized as follows: (1) the
LHC run-III can exclude the correlated regions of ky €[0.06, 0.5] and my € [1500 GeV, 3800 GeV] with
integrated luminosity L = 300 fb~'; (2) the HL-LHC can exclude the correlated regions of xy € [0.05,0.5]
and my €[1500 GeV, 3970 GeV] with L = 3 ab~!; (3) the HE-LHC can exclude the correlated regions of
ky €[0.06,0.5] and my €[1500 GeV, 6090 GeV] with L =3 ab~!; (4) the FCC-hh can exclude the

correlated regions of xy € [0.08,0.5] and my € [1500 GeV, 10080 GeV] with L = 3 ab~!.
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I. INTRODUCTION

In 2012, the ATLAS and CMS experiments at the Large
Hadron Collider (LHC) made a significant discovery by
confirming the existence of the Higgs boson, thereby
providing further validation for the Standard Model
(SM) [1,2]. However, the SM has certain limits in address-
ing several prominent issues, such as neutrino masses,
gauge hierarchy, dark matter and dark energy. In various
new physics scenarios like little Higgs models [3—-6], extra
dimensions [7], composite Higgs models [8—11], and other
extended models [12-14], the vectorlike quarks (VLQs) are
predicted to play a role in resolving the gauge hierarchy
problem by mitigating the quadratic divergences of the
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Higgs field. Such VLQs are fermions with spin % and
possess the unique characteristic of undergoing both left-
and right-handed component transformations under the
electroweak (EW) symmetry group of the SM [15]. Unlike
chiral quarks, VLQs do not acquire masses through
Yukawa couplings to the Higgs field and therefore have
the potential to counterbalance loop corrections to the
Higgs boson mass stemming from the top quark of the
SM. Furthermore, VLQs can generate characteristic sig-
natures at colliders and have been widely studied (see, for
example, [16-53]).

A VLQ model typically introduces four new states: 7', B,
X, and Y, their electric charges being + %, - % + %, and — g—‘,
respectively. In such kind of model, VLQs can be catego-
rized into three types: singlets (7), (B), doublets (X, T),
(T,B), (B,Y), and triplets (X,T,B), (T,B,Y). The Y
quark does not couple to a SM quark and a SM boson via
renormalizable interactions as a singlet. However, it is
expected to decay with a 100% branching ratio (BR) into a
b quark and W boson when Y is lighter than the other
VLQs, whether in a doublet or triplet.

In this study, we will focus on the observability of single Y
production at the Large Hadron Collider (LHC) run-III, the
High-Luminosity LHC (HL-LHC) [54,55], the High-Energy
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LHC (HE-LHC) [56], and the Future Circular Collider
operating in hadron-hadron mode (FCC-hh) [57], specifi-
cally, within the (B,Y) doublet realization.

The ATLAS collaboration conducted a search for single
production of VLQ Y at 13 TeV with an integrated
luminosity of 36.1 fb~! [58]. They found that the upper
limits on the mixing angle are as small as |sin 0| = 0.17
for a Y quark with a mass of 800 GeV in the (B, Y) doublet
model, and |sinf;| = 0.16 for a ¥ quark with a mass of
800 GeV in the (T, B, Y) triplet model. The CMS collabo-
ration also conducted a search for single production of Y
states in the Wb channel at 13 TeV using 2.3 fb~! of data
[59]. They searched for final states involving one electron
or muon, at least one b-tagged jet with large transverse
momentum, at least one jet in the forward region of the
detector plus (sizeable) missing transverse momentum.
Their findings indicate that the observed (expected) lower
mass limits are 1.40 (1.0) TeV for a VLQ Y with a coupling
value of 0.5 and a BR(Y - W~b) =1. The ATLAS
collaboration recently presented a search for the pair
production of VLQ T in the lepton + jets final state using
140 tb~! at 13 TeV [60]. They pointed out that the most
stringent limits are set for the scenario BR(T — W'b) = 1,
for which T masses below 1700 GeV (1570 GeV) are
observed (expected) to be excluded at 95% confidence level
(CL). And the limits can also apply to a VLQ Y with
BR(Y - W~b) = 1. All such limits stem from VLQ pair
production, induced by quantum chromodynamics (QCD).

Furthermore, there are comparable exclusion limits on
the mixing parameter sinf from EW precision observ-
ables (EWPOs), for example within the (B,Y) doublet
model, Ref. [15] found that the upper limits on sin @y are
approximately 0.21 and 0.15 at my = 1000 GeV and
2000 GeV respectively at 95% CL from the oblique
parameters S and 7. Reference [61] highlighted that, con-
sidering the W boson mass measurement by the CDF
collaboration [62], the 26 bounds on sin # from the oblique
parameters S, T, and U are approximately [0.15, 0.23] and
[0.09, 0.13] at my = 1000 and 3000 GeV in a conservative
average scenario, respectively. They also pointed out that the
constraints from the Zbb coupling are weaker than those
from the EWPOs for about my > 1600 GeV.

The single production of a VLQ is instead model depen-
dent, as the couplings involved are EW ones, yet they may
make a significant contribution to the total VLQ production
cross section, compared to the pair production, due to less
phase space suppression, in the region of high VLQ masses.

In this work, we will in particular focus on the process pp —
Y(—» W™b)j — ["p;bj in the five flavor scheme (with [~
standing for electron or muon and j standing for first two-
generation quark jets), combined with its charged conjugated
process pp — Yj. We expect that the forthcoming results
will provide complementary information to the one provided
by VLQ pair production in the quest to detect a doublet Y
quark at the aforementioned future colliders.

The paper is structured as follows. In Sec. II, we introduce
the simplified VLQ model used in our simulations. In
Sec. III, we analyze the properties of the signal process
and SM backgrounds. Subsequently, we conduct simulations
and calculate the Y state exclusion and discovery capabilities
at the HL-LHC, HE-LHC, and FCC-hh. Finally, in Sec. IV,
we provide a summary.

II. DOUBLET VLQ Y IN A SIMPLIFIED MODEL

As mentioned, in a generic VLQ model, one can include
four types of states called 7, B, X, and Y, with electric
charges +3, —1, 43, and —3, respectively. Under the SM
gauge group, SU(3)- x SU(2), x U(1)y, there are seven
possible representations of VLQs as shown in Table L.

These representations allow for couplings between
VLQs and SM gauge bosons and quarks. The kinetic
and mass terms of the VLQs are described as [61]

L= F(iD-Mp)F. (1)

where F={U.D,0Q,,05.07.T,.T>}, D,=0,+ig,YB,+
i STW! +ig, TGy, 2*(A=1.2,....8), and /(I = 1,2,3),
related to the Gell-Mann and Pauli matrices via T4 = 14
and §' = 7/, respectively. In our simplified model, we use
an effective Lagrangian framework for the interactions of a
VLQ Y with the SM quarks through W boson exchange,

including as Y free parameters K';L/ K (couplings) and my
(mass) [63]:

»C = {K;L/R Ig_(;\/ii [YL/RW;}/ﬂdlL/R] + HC} + myYY,
w

(2)

where dj /g Tepresents the three SM generation quarks
labeled by i, L, and R stand for the left-handed and right-
handed chiralities, respectively, I, = (1 —3m},/m} +
2m$,/m$) for zero SM quark mass m, =0, and {; =
ViRl 22 ViRl Vi), represents the mixing matrices

TABLE 1. Representations of VLQs and their quantum numbers under the SM gauge group.

VLQ multlplet U D Ql Q5 Q7 Tl T2
Component fields T B (T,B) (B,Y) (X,T) (T,B,Y) (X,T,B)
SU®3)c 3 3 3 3 3 3 3
SU22), 1 1 2 2 2 3 3
U(l)y 2/3 -1/3 1/6 -5/6 7/6 -1/3 2/3
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between the Y quark and the three SM generations. The
current experimental constraints at the LHC tend to favor a
Y quark mass at the TeV scale, leading to an approximate
value of '}, = 1. We assume that the ¥ only couples to the
SM third generation quarks, that is, ¥ decays 100% into
Wb and therefore {; = {, = 0,3 = 1. Consequently, the
above Lagrangian can be simplified as

3.L/R
9Ky v - v
L= Y W, v*b +H.c. p + myYY, 3
{ \/i [ L/RWu7 L/R] } Y ( )

where ¢ is the EW coupling constant. By comparing the
Lagrangian for the (B,Y) doublet and (7, B, Y) triplet, we

observe that the relationship between the coupling Ki’L/ K

and mixing angle 0-/% is sin 0-/F = /% for the doublet
and sin 0/F = \/2k"/* for the triplet. Taking into account
the relationships tan 0" = % tan 0 and tan 0% = % tan 0"

as well as the condition mp > m,,, we can assume K':;’L =0
for the doublet and k;® = 0 for the triplet.' As mentioned
in the introduction, Refs. [15,61] found that the upper limits
on sin @ are on the order of O(107!) at 95% CL from the
EWPOs. Therefore, a value smaller than 0.5 for xy is
considered in this study. The Y decay width can be
expressed as [64]

F(Y N Wq) o aeK%’ (m%v - m%’>2<2m%v + m%) ; (4)

= T6sin2 23
16sin“0y, miy,my

where agy = Z—;, ¢ is the electromagnetic (EM) coupling
constant and Oy, is the EW mixing angle. In this paper, we
solely focus on the narrow width approximation (NWA),
which we use for the purpose of simplifying scattering
amplitude calculations. However, it is worth noting that
several studies [31,40,65,66] have highlighted the limita-
tions of the NWA in scenarios involving new physics with
VLQs. Specifically, it becomes imperative to consider a
finite width when this becomes larger than agy = 1%,
given the substantial interference effects emerging between
VLQ production and decay channels, coupled with their
interactions with the corresponding irreducible back-
grounds. To address the limitations of our approach then,
we will also present the ratio I'y/my in our subsequent
results and emphasize since now that, crucially, for the
region where I'y /my > 1%, our sensitivities may be under-
or overestimated, as such interferences could be positive or
negative, respectively. Besides, before starting with our
numerical analysis, we remind the reader that one can apply
the results of our forthcoming simulations to a specific
VLQ representation, such as, e.g., (B,Y) or (T,B,Y), by
utilizing the aforementioned relationships.

In the subsequent content, we will use ky to denote K?,’R for the
sake of simplicity.

FIG. 1. Representative Feynman diagram of single Y produc-
tion pp — Y;j followed by its subsequent decay ¥ — W~ (—
I"D))b in the five flavor scheme. Here, ¢ in the initial state
represents one of the first two generation quarks, j in the final
state represents one of the first two generation jets, b in the initial
(final) state represents a b-quark (jet) while /™ represents either an
electron or muon.

There are stringent limits from the oblique parameters
S, T, and U from the EWPOs [15,61,67-77]. These oblique
parameters relate to weak isospin currents and EM
currents, involving their vacuum polarization amplitudes.
Consequently, the oblique parameters can be reformulated
using the vacuum polarizations of the SM gauge bosons.
The contributions in the doublet (B,Y) model to these
oblique parameters can be approximated as follows [61]:

2, M 11 2
{-37(%11’1”/1%—'—31('%/}, U:_ﬂ’

3m? 4 2M?
o — K :
8asin’Qym3, " 3m?

S~

(5)

Here, M?>=(m3—mix3)/(1-k3) and my = mycos Oy.
For the numerical calculation, the y? function for the
oblique parameter fit should be less than 8.02 for three
degrees of freedom to compute the 2¢ limits, yielding:
§S=-002+01, T=0.03£0.12, U=0.01=+0.11.
Note that there exists a strong correlation of 92% between
the S and T parameters while the U parameter exhibits an
anticorrelation of —80%(—93%) with S (T) [78]. Specific
numerical values of the input parameters are detailed in
Eq. (6).

In Fig. 1, we show a representative Feynman diagram of
the signal production pp — Yj and decay chain
Y - W (= I"D;)b. We expect the W boson and the
high-momentum b-jet to exhibit a back-to-back alignment
in the transverse plane, originating from the decay of the
massive Y quark. The topology also encompasses an
outgoing light quark, often resulting in a forward jet within
the detector. According to these features of signal events,
the primary SM backgrounds include pp — t(— [Tby;)j,
pp = WE(= l)bj, pp - W (= Iy, )WF (- jj)b plus
their charge conjugated processes. Amongst these, the first
two are irreducible backgrounds while the last one is a
reducible background. We have also assessed additional
backgrounds, such as pp — tf and pp — Zbj, and found
that their contributions can be ignored based on the
selection criteria that will be discussed later.
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FIG. 2. The tree-level cross sections for single Y production
pp = Y(— W7b)j as a function of the mass my for various
values of the coupling ky. The charge conjugated process has also
been included.
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FIG. 3. The tree-level cross sections as a function of the center-

of-mass energy +/s for the signal benchmarks and backgrounds.
Solid lines represent the signal processes pp — Y(— [7p;b)j and
dashed lines represent the background processes pp — t(—
I*bu)j, pp = W=(= W)bj, pp — WH(= lw)WT (= jj)b.
The cross sections also include the charge conjugated processes.

The signal production cross section is determined not
only by the mass my but also by the coupling strength xy.
The cross section is directly proportional to k3 for a fixed
my as long as the NWA is met [66]. In Fig. 2, we show the
tree-level cross sections for single Y production as a
function of the mass my. We can see that, as my increases,
the cross section gradually decreases. Actually, this is
mostly attributed to the fact that the gluon parton distri-
bution function grow smaller at the larger x values needed
to produce the ever more massive final state.

In Fig. 3, we show the tree-level cross sections for the
signal benchmarks my = 1500 GeV (labeled as Y5,) and
my = 2000 GeV (labeled as Y,y) with ky = 0.1 as well

TABLE II. K factors representing the QCD corrections for the
background processes.

Processes tj W*bj WEWTb
K factor 1.1 [79-81] 1.9 [82] 2.1 [82]

as the tree-level cross sections for the background proc-
esses. The signal cross sections for different values of ky
can be obtained by rescaling. It is evident that the rates for
the backgrounds are significantly larger than those for the
signals. Consequently, we should design efficient selection
criteria in terms of kinematic cuts to reduce the number of
background events while preserving the signal events.
Furthermore, the cross sections for both signal and back-
grounds increase with increasing collider energy.

The next-to-leading order or even higher order QCD
corrections for the SM background cross sections at the
LHC have been extensively explored in Refs. [79-82]. The
K factors associated with the background cross sections
adopted in our calculations are summarized in Table 1.’

III. SIGNAL TO BACKGROUND ANALYSIS

The signal model file is sourced from FeynRules [84] and
parton-level events are generated using MadGraphS_aMC@NLO
[85] with the parton distribution function of NNPDF23L.O1
[86]. Dynamic factorization and renormalization scales are
set as default in MadEvent [87]. Subsequently, fast detector
simulations are conducted using DELPHES 3.4.2 [88] with the
built-in detector configurations of the LHC run-III, HL-LHC,
HE-LHC [89], and FCC-hh [90]. Jets are clustered by FastJet
[91] employing the anti-k¢ algorithm [92] with a distance
parameter of AR = 0.4. Furthermore, MadAnalysis 5 [93] is
used to analyze both signal and background events. Finally,
the EasyScan_HEP package [94] is utilized to connect these
programs and scan the VLQ parameter space.

The numerical values of the input SM parameters are
taken as follows [78]:

my, — 4.18 GeV,
mz = 91.1876 GeV,
a(myz) = 1/127.951,

m, = 172.69 GeV,
sin?6y, = 0.22339,
ag(mz) =0.1179. (6)

Considering the general detection capabilities of detectors,
the following basic cuts at the parton level are chosen’:

*Note that, despite they change somewhat with energy, we
neglect here the changes of K factors values at different colliders,
like in Ref. [83].

*Note that AR > 0.4 is required as part of the parton-level
settings in run_card.dat of MadGraph5_aMC@NLO. This require-
ment is implemented to enhance the percentage of events
generated at the parton level that satisfy the criteria for isolated
particles. For events involving isolated particles in MadAnalysis 5,
we similarly impose AR > 0.4 at the detector simulation level in
delphes_card.dat, following the default requirement in DELPHES.
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FIG. 4. Normalized distributions for the signals of my = 1500, 2000, and 2500 GeV and SM backgrounds at the HL-LHC. The
conjugated processes have been included.

AR(x,y)>04 (x,y=1,j,b), pL>25GeV, |n|<2.5, p§>20GeV, 7;]<5.0, ph>25GeV, |n,]<2.5,

where AR = /A®? + An? denotes the separation in the rapidity(y7)-azimuth(¢) plane.
To handle the relatively small event number of signal (s) and background () events, we will use the median significance
Z to estimate the expected discovery and exclusion reaches [95,96],

TABLE III.  Cut flows of the signal with xy = 0.1 and backgrounds at the 14 TeV HL-LHC, where the conjugate
processes pp — 1j, W¥bj, WFW*b have been included.

Cuts Y1500 (fb) Y000 (fb) Y2500 (fb) tj (fb) W*bj (fb) W=WFb (fb)
Basic cuts 3.06 0.98 0.35 14117 30001 18967
Cut 1 1.70 0.54 0.19 5774 8380 8635
Cut 2 0.83 0.32 0.12 0.07 5.85 12.61
Cut 3 0.51 0.25 0.10 0.03 3.18 7.08
Cut 4 0.28 0.13 0.05 0.01 0.21 0.48
Cut 5 0.24 0.12 0.05 0.01 0.09 0.27
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TABLE IV. Cut flows of the signal with xy = 0.1 and backgrounds at the 27 TeV HE-LHC.

Cuts Y000 (fb) Y3000 (fb) Y4000 (fb) tj (fb) W*bj (fb) WEWFb (fb)

Basic cuts 9.59 241 0.73 37406 77274 69303

Cut 1 5.34 1.29 0.38 15814 23225 32315

Cut 2 3.03 0.86 0.26 0.56 26 94.74

Cut 3 2.69 0.83 0.25 0.15 11.60 25.09

Cut 4 2.07 0.74 0.24 0.07 8.19 17.88

Cut 5 1.05 0.34 0.10 0.04 0.39 1.87

Cut 6 0.91 0.31 0.09 0.04 0.08 1.11

mass by energy-momentum of specific final states, while
, 48%sb? the transverse mass My is defined as follows:
X = (S + b) - m, (9)

where 6 is the uncertainty that inevitably appears in the
measurement of the background. The exclusion capability
corresponds to Z. = 2 while the discovery potential
corresponds to Zg. = 5. In the completely ideal case,
that is 6 = 0, Egs. (7) and (8) can be simplified as follows:

Zexcl—\/2[s—bln (1+%)}, (10)

and

Zaw= 2 om (1+2) =5

A. LHC run-III and HL-LHC

Firstly, we establish a selection that emulates the LHC
run-IIT and HL-LHC detector response based on the count
of final state particles detected in each event. Given the
limited efficiency of the detector in identifying jets, we
adopt a lenient approach towards the number of jets.
Consequently, the final count selection is defined as
follows: N; =1, N, > 1, Nj >1.

Considering that the mass of Y is notably greater than
that of its decay products, the latter exhibit distinct spatial
characteristics in pseudorapidity # and spatial separation
AR compared to backgrounds. These differences inform
our selection criteria.

Furthermore, since the mass range of Y is much heavier
than the particles originating from background processes,
we anticipate that the transverse momentum (referred to as
pr and its magnitude denoted as py) of decay products of
the Y state will be substantially larger than those of the
same particles from the background processes. Besides, we
will also consider variables such as Ey, Hp, My (b, 1),
M(by, 1), and M(by, 1, j,) to distinguish the signal from
the background. Here, E; is missing energy representing
the magnitude of the sum of the transverse momenta of all
visible final state particles, H is analogous to £7 but only
considers all visible hadronic momenta, M is reconstructed

M7 = [Er(1) + Er(2)) = [pr(1) + Pr(2)]%,
= mi +mj3 +2[Er(1)Er(2) = pr(1) - Pr(2)].

where E;(i) = /p%(i) + m? and m? = p? with p; repre-
senting a four vector.

In Fig. 4, we present the normalized distributions of pl}‘,
py, MP", ., Hy, and Ep for my = 1500 GeV,
my = 2000 GeV, and my = 2500 GeV with xy = 0.1 as
well as for the background processes. Based on these
distributions, we have devised the following selection criteria
to distinguish the signal from the various backgrounds4:

(1) Cut-1: Ny =1, N, 21, N; > 1.

(2) Cut-2: p2 > 350 GeV and p} > 200 GeV.

(3) Cut-3: Mo > 300 GeV.

(4) Cut-4: n; > 1.8.

(5) Cut-5: Hy > 300 GeV and E; > 100 GeV.

By applying these cuts, we can see that the signal
efficiencies for my = 1500 GeV, my = 2000 GeV, and
my = 2500 GeV are approximately 8%, 12%, and 13%,
respectively. The higher efficiency for the latter can be
attributed to the larger transverse boost of the final state
originating from an heavier Y. Meanwhile, the background
processes are significantly suppressed. For reference, we
provide the cut flows in Table III.

We present the exclusion capability (2. = 2) and
discovery potential (Z4, = 5) for Y with two different
integrated luminosities, 1000 fb~! and 3000 fb~!, at the
HL-LHC, as shown in the top line of Fig. 7. In detail, we
commence the calculation from my = 1500 GeV up to
4000 GeV and select benchmark points at intervals of
250 GeV with xky = 0.1 to obtain their cross sections (o)
and efficiencies (e;) for the process pp — Yj—
W~ (= I"1;)bj. For each signal benchmark, we generate
10° events, and for each background, we generate 10°
events. We have verified that different values of xy yield the

“The subscript on the particle symbol is arranged according to
the magnitude of the particle transv%rse momentum: e.g., in the
case of b-jets, p;' is greater than p;.
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FIG. 6. Normalized distributions for the signals with my, = 2000, 4000, and 6000 GeV, and backgrounds at the FCC-hh.

same efficiency when my remains constant. Furthermore,
as illustrated in Fig. 1, the cross section o, is approximately
proportional to the square of ky. Consequently, we can set
s~ L x0,/(0.1)? x k3 x ¢ in Egs. (7) and (8). Thus, for a
specific integrated luminosity (L), we can determine the

corresponding xy value when Y is discovered or excluded.
We consider both the ideal scenario without systematic
uncertainties and the case with a 10% systematic uncer-
tainty. In the presence of 10% systematic uncertainty,
the Y can be excluded in the correlated parameter space
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TABLE V. Cut flows of the signal with xky = 0.1 and backgrounds at the 100 TeV FCC-hh.

Cuts Y000 (fb) Y4000 (fb) Y6000 (fb) tj (fb) W*bj (fb) WEWFb (fb)
Basic cuts 155.58 30.65 9.06 182592 411730 573258
Cut 1 90.71 17.48 5.09 90355 163348 299942
Cut 2 33.82 12.18 3.77 1.19 76.17 580

Cut 3 25.3 10.87 3.56 1.0 67.11 481

Cut 4 10.90 4.02 1.22 0.27 3.29 49.82
Cut 5 9.52 3.43 1.04 0.27 2.90 35.77
Cut 6 8.35 3.21 0.99 0.09 0.82 16

of ky €[0.06,0.5] and my € [1500 GeV, 3800 GeV] with
an integrated luminosity of L = 300 fb~!, which corre-
sponds to the maximum achievable integrated luminosity
during LHC run-III. If the integrated luminosity is raised to
3000 fb~!, aligning with the maximum achievable at the

HL-LHC, then the excluded parameter space extends to
ky €[0.05,0.5] and my € [1500 GeV, 3970 GeV].

B. 27 TeV HE-LHC

This section delves into the prospective signal of Y at the
future 27 TeV HE-LHC. We commence the calculation
from my = 1500 GeV up to 7000 GeV and select bench-
mark points at intervals of 250 GeV with xy = 0.1. In
Fig. 5, we exhibit the normalized distributions for signal of
my = 2000, 3000, and 4000 GeV as well as background
processes, forming the basis for our distinctive selection
criteria:

(1) Cut-1 :Né—l N, >1,N; >1

(2) Cut-2: p;' > 300 GeV and pT > 250 GeV.

(3) Cut-3: MZ‘?‘ > 1000 GeV.

4) Cut-4: M7 > 200 GeV.

(5) Cut-5: n;, > 2.0.

(6) Cut-6: HT > 400 GeV and E; > 100 GeV.

The kinematic variables compared to the 14 TeV case, an
additional variable M, ; 1is introduced here. The cut
threshold values for transverse momentum-based variables,
such as H; > 400 GeV, are higher than those in the
14 TeV case. This adjustment accounts for the increased
center-of-mass energy. Detailed cut flows are outlined in
Table IV and the exclusion capability and discovery
potential are shown in the second row of Fig. 7. The
signal efficiencies for my = 2000 GeV, my = 3000 GeV,
and my = 4000 GeV are approximately 9%, 13%, and
13%, respectively. The Y quark can be excluded within the
correlated parameter space of «y€[0.06,0.5] and
my € [1500 GeV, 6090 GeV] with 10% systematic uncer-
tainty for L = 10 ab~!. We note that the loss of sensitivity
at low masses as being due to the cuts being optimised for
heavy masses.

C. 100 TeV FCC-hh

Here, we explore the anticipated signal of Y in the
context of the future 100 TeV FCC-hh. We commence the

calculation from my = 1500 GeV up to 15000 GeV and
select benchmark points at intervals of 250 GeV with
ky = 0.1. The figures in Fig. 6 portray normalized dis-
tributions for signal of my = 2000, 4000, and 6000 GeV as
well as and background processes, laying the groundwork
for our distinctive selection criteria:

(1) Cut-1: Né—l N, >1,N; >1

(2) Cut-2: pT‘ > 700 GeV and p > 220 GeV.

(3) Cut-3: M 1> 200 GeVv.

(4) Cut-4: 24<;1] < 4.8.

(5) Cut-5: AR, ;, > 3.0.

(6) Cut-6: HT > 400 GeV and E; > 150 GeV.
Compared to the 14 TeV case, an additional variable AR,
is introduced here. Upon analyzing the distributions of
AR; ;. itis apparent that the signal tends to be more central
than the backgrounds. Thus, we require AR; ;, > 3.0. The
signal efficiencies for my = 2000 GeV, my = 4000 GeV,
and my = 6000 GeV are approximately 5%, 10%, and
11%, respectively. Notably, there is a significant suppres-
sion in the background processes. Comprehensive cut flows
are provided in Table V. The exclusion capability and
discovery potential are illustrated in the final row of Fig. 7.
It is evident that the systematic uncertainty has a consid-
erable impact on the results. Even with a 10% systematic
uncertainty, the parameter space will significantly shrink.
Accounting for the 10% systematic uncertainty, the Y quark
can be excluded within the correlated parameter space of
ky €[0.08,0.5] and my €[1500 GeV, 10080 GeV] at the
highest design value of luminosity, L = 30 ab~!.

IV. SUMMARY

In a simplified model, we have investigated the single
production of a doublet VLQ denoted by Y in the Wb decay
channel at the /s = 14 TeV HL-LHC, /s = 27 TeV HE-
LHC and /s = 100 TeV FCC-hh, following its production
via pp — Yj, with the W decaying into electrons and muons
plus their respective neutrinos. We have performed a detector
level simulation for the signal and relevant SM backgrounds.
Considering a systematic uncertainty of 10% with an
integrated luminosity of 3000 fb~!, we describe the exclu-
sion and discovery capabilities as follows: (1) The HL-LHC
can exclude (discover) the region of xy€]0.05,0.5]
([0.09,0.5]) and my € [1500 GeV, 3970 GeV] ([1500 GeV,
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FIG. 7. The exclusion capability (2., = 2) and discovery potential (24, = 5) for the Y state at the LHC run-III and HL-LHC,
/s =27 TeV HE-LHC and /s = 100 TeV FCC-hh. Solid lines represent the ideal scenario without systematic uncertainty, the dotted
lines represent the scenario with a 10% systematic uncertainty. Dashed lines denote the contours of I'y /my. The blue (gray) shaded area
indicates the exclusion region of the current LHC at /s = 13 TeV with L = 36.1 fb~! (140 fb~!), as reported in Ref. [58] (Ref. [60]).
Meanwhile, the yellow shaded area denotes the allowed region for the oblique parameters S, 7, and U, considering the current

measurements in Ref. [78].
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3360 GeV]). (2) The HE-LHC can exclude (discover)
the region of xy€[0.06,0.5] ([0.1,0.5]) and mye€
[1500 GeV, 6090 GeV] ([1500 GeV, 5000 GeV]). (3) The
FCC-hh can exclude (discover) the region of ky € [0.08, 0.5]
([0.14,0.5]) and my€[1500GeV,10080GeV] ([1500 GeV,
7800 GeV]). All information of Y exclusion and discovery
can be clearly seen in Fig. 7.

If the mass of Y is notably greater than that of its decay
products and much heavier than the particles originating
from background processes, then the signal exhibits more
distinct characteristics compared to backgrounds. However,
as the mass of Y increases, the cross section of the signal
decreases. Therefore, there is a balance between these two
aspects, and we observe an optimal discovery reach
depicted as a curve bulge in Fig. 7.

Furthermore, we highlight that the stringent constraint on
the VLQ Y, derived from the Y pair production search with
BR(Y - W™b) = 1, imposes my > 1700 GeV. In this
context, we reassess the potential of LHC run-III to explore
the VLQ Y, revealing that the associated parameter regions

of ky€[0.06,0.5] ([0.11,0.5]) and my€[1500 GeV,
3800 GeV] ([1500 GeV,3200 GeV]) can be excluded
(discovered) based on LHC run-III luminosity. We foresee
that our investigation will spur complementary explorations
for a potential Y quark at forthcoming pp colliders.
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