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We study the flavor changing neutral current couplings of new heavy quarks through the Z' models at the LHC. We calculate
the cross sections for the signal and the corresponding standard model background processes. Considering the present limits on
the mass of new heavy quarks and the Z' boson, we performed an analysis to investigate the parameter space (mixing and mass)
through different Z' models. For FCNC mixing parameter x = 0.1 and the Z' mass M, = 2000 GeV and new heavy quark mass
my = 700 GeV at the LHC with /s = 13 TeV, we find the cross section for single production of new heavy quarks associated with
top quarks as 5.8 fb, 3.3 fb, 1.5 fb, and 1.2 b within the Z;, Z"p, Z£p> and Z;c models, respectively. It is shown that the sensitivity

would benefit from the flavor tagging.

1. Introduction

Addition of new heavy quarks would require the extension of
the flavor mixing in charged current interactions as well as the
extension of Higgs sector in the standard model (SM). A large
number of new heavy quark pairs can be produced through
their color charges at the Large Hadron Collider (LHC). How-
ever, due to the expected smallness of the mixing between
the new heavy quarks and known quarks through charged
current interactions, the production and decay modes can
be affected by the flavor changing neutral current (FCNC)
interactions. A new symmetry beyond the SM is expected
to explain the smallness of the mixing. We may anticipate
the new physics discovery by observing large anomalous
couplings in the heavy quark sector. The couplings of the new
heavy quarks can be enhanced to observable levels within
some new physics models. In numerous phenomenological
studies (see [1] and references therein), a lot of extensions
of the SM foresee the extra gauge bosons, the Z' boson in
particular. Flavor changing neutral currents can be induced
by an extra U(1)" gauge boson Z'. The Z' boson in the models
using an extra U(1) group can have tree-level or an effective

7'qq (where q and g’ both can be the up-type quarks or
down-type quarks) couplings. The Z:l, Z;(, and Z;/ models
corresponding to the specific values of the mixing angle in
the E; model with different couplings to the fermions and the
leptophobic Z; , model with the couplings to quarks but no
couplings to leptons are among the special names of the Z’
models [2].

The ATLAS and CMS collaborations have performed
extensive searches of new vector resonances at the LHC. We
summarize briefly these searches that exploited data from
the pp run at v/s = 7TeV and /s = 8TeV, as well as the
corresponding constraints on Z' boson masses. The most
stringent limits come from searches with leptonic final states
z' - I'"): My > 2620GeV [3] and My > 1870 GeV
(4], MZ'w > 2260 GeV [5] (more recently MZ:V > 2510 GeV

[3]) for the Z' boson predicted by the U(1) extensions, also
extending to the mass limit of My > 2900 GeV [3, 6] for
a gauge boson with sequential couplings. The results from
ATLAS experiment exclude a leptophobic Z' decaying to tf
with a mass less than 1740 GeV at 95% CL [7], while the CMS
experiment excludes a top-color Z' decaying to tf with a mass
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less than 2100 GeV at 95% CL [8]. These searches assume
rather narrow width for the Z' boson (Iy/M, = 0.012).
From the electroweak precision data analysis, the improved
lower limits on the Z' mass are given in the range 1100~
1500 GeV, which gives a limit on the Z-Z' mixing about
107 [2]. The limits on the Z' boson mass favors higher
center of mass energy collisions for direct observation of
the signal. Using dilepton searches with LHC data, the dark
matter constraints have been analyzed in [9, 10] in the regime
M 7 > ZmDM.

A work performed in [11, 12] presents the effects of
FCNC interactions induced by an additional Z' boson on
the single top quark and top quark pair production at the
LHC (+/s = 14TeV). The relevant signal cross sections
have been calculated and particularly the benefit from flavor
tagging to identify the signal has been discussed. Considering
an existence of sizeable couplings to the new heavy quarks,
the Z' boson decay width and branchings, as well as the
production rates, can be quite different from the expectations
of usual search scenarios.

In the models of interest new heavy quarks can have some
mixing with the SM quarks. For example, in composite Higgs
model [13] the lightest new heavy quark couples predomi-
nantly to the heavier SM quarks (top and bottom quarks).
In the models of vector-like quarks (VLQ) [14] they are
expected to couple preferentially to third-generation quarks
and they can have flavor changing neutral current couplings,
in addition to the charged current decays characteristic of
chiral quarks. Within the E; model the isosinglet quarks [15]
are predicted and they can decay to the quarks of the SM.
The new heavy quarks can be produced dominantly in pairs
through strong interactions for masses around 1 TeV in the pp
collisions of the LHC with a center of mass energy of 13 TeV.
The single production of new heavy quarks would only be
dominant over pair production for the large quark masses
[16], it is model dependent, and it could be suppressed if the
mixing with SM quarks is small.

There are searches for pair production and single produc-
tion of new heavy quarks at the LHC. The ATLAS and CMS
collaborations focused on decay modes of new heavy quarks
into a massive vector boson and a third-generation quark
assuming a 100% branching ratio, based on L;,, =~ 20fb™"
of pp collision data at v/s = 8 TeV, and set lower mass limit
for up-type new heavy quark as m, > 700GeV [17] and
my > 735 GeV [18].

In this work, we investigate the single production of
new heavy quarks via FCNC interactions through Z' boson
exchange at the LHC. This paper aims at studying the signal
and background in detail within the same MC framework,
and the relevant interaction vertices are implemented into the
MC software. Analyzing the signal observability (via contour
plots) for different mass values of the Z' boson and new
heavy quarks as well as the mixing parameter through FCNC
interactions are another feature of the work. In Section 2,
we calculate the decay widths and branching ratios of Z'
boson for the mass range 1500-3000 GeV in the framework
of different Z' models. An analysis of the parameter space of
mass and coupling strength is given for the single production
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of new heavy quarks at the LHC in Section 3. We analyzed
the signal observability for the Z'gq' FCNC interactions. We

consider both t'Fand 7 t single new heavy quark productions
for the purpose of enriching the signal statistics even at the
small couplings. For the t' quark decay we consider bW™*
mode within the interested parameter space. The analysis for
the signal significance is given in Section 4 and the work ends
up with the conclusions as given in Section 5.

2. ECNC Interactions

In the gauge eigenstate basis, we can write the additional neu-
tral current Lagrangian related to the U(1)" gauge symmetry
by following the formalism given in [11, 19, 20]

7' = _9,Z7VH [EL (ff’)PL + €r (ff,)PR] fIZ,’p )
Af!

where €, (ff') are the chiral couplings of Z' boson with
fermions f and f'. g’ is the gauge coupling of U(1)" and
P = (1 + y°)/2. Here, it is presumed that there is
no mixing between the Z and Z' bosons as favored by
the precision data. If the chiral couplings are nondiagonal
matrices flavor changing neutral currents (FCNCs) will arise.
FCNC couplings come out by fermion mixing if the Z'
couplings are diagonal but nonuniversal. Here, we assume
that all FCNCs are in the left-hand sector and only for up-
type quarks, and the specific form of the mixing matrix is
used. Our assumptions can be considered within a model
framework (e.g., a particular class of string models [21, 22])
and an ad hoc illustration of a constrained formalism. In the
interaction basis the FCNC for the up-type quarks can be
given by

c
Frone = (7’ Gt lt’) Vo (€1 Pp + €xPr) e (2)

where the chiral couplings can be written as
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The effects of these FCNCs may always arise in the sectors,
both up-type and down-type ones after diagonalizing their
mass matrices. For simplicity, we suppose that the neutral
current couplings to Z' for the right-handed up-sector and
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down-sector are family universal and flavor diagonal in
the interaction basis. In this case, unitary rotations (VLf )
can maintain the right-handed couplings flavor diagonal,
and left-handed sector becomes nondiagonal. The chiral
couplings of Z' in the fermion mass eigenstate basis are given

by

! u +
By =vie (f") Vi
, T (4)
!
B =viei(ff)Vvi .

Here, the matrix can be written as V' = VTV due to our
supposition that the down-sector has no mixing it becomes
V' = V' The flavor mixing in the left-handed quark fields

T+ (x- DAL AS (x-1)AL,ALN

(=1 ARATA 1+ (x- DAy A (x-1)ARALL  (x—1)A,ALN
(x - 1) Ay A5
(x = 1) Ay A3 \°

B} =~ C¥
(x—1) Ay A% A"

(x = 1) Ay AN

The values of the matrix elements |A 4| = 3.2,|A,,| = 2.0,
and |A;4| = 3.0 are used as given in [39] by taking into
account A = 0.22 and |A,| = 1. For a comparison, we
also calculate the cross sections using the scenario of equal
parameters |A | = 2.0 (where i runs from 1 to 3).

For the FCNC constraints from D° — D mixing with
parameter x, = 6 x 107>, we follow the calculations
performed in [11] and find that the contribution from 7'
boson (through FCNC effects) can be obtained as x7 =
2 x 10*(C¥)?, where C¥“ = C¥(x — 1)]A 41| A,4|A°. With the
given parametrizations above, this is translated into the result
that as long as the combination |C} (x — 1)| is less than about
0.3 the experimental bounds can be well satisfied in different
Z' models that we have studied in this work.

3. Single Production of New Heavy Quarks

For numerical calculations we have implemented the Z'qq’
interaction vertices into the CalcHEP program package [40].
The decay widths of Z' boson for different mass values within
different Z' models are tabulated in Table 2. In consideration
of the parameter x = 1, the couplings to both the left-
handed and right-handed ones become universal and family
diagonal. In this case, it is hard to see the FCNC effects on
the decay widths and cross sections. For the FCNC effects on
the decay width, we take the parameter x = 0.1 as shown in
Figure 1. All these scenarios of Z' models predict a narrow
decay width ranging from 0.6% to 3% for I',; /M, depending
on the mass of Z' boson foreseen by different models, for
the considered set of parameters. The effect of the FCNC
reduces the decay width in the relevant mass range. The decay
widths are compared with similar results from [11, 12] for

is simply relevant to this V'. One can find the couplings

B =V e, = V'eZV’T with the parametrization |Vq| =
IAiQIA‘H (where the generation index i runs from 1 to 3) for
the matrix by assuming the up-sector diagonalization and
using unitarity of the CKM matrix.

The FCNC effects from the Z' exchange have been studied
for the down-type sector and implications in flavor physics
through B-meson decays [23-28] and B-meson mixing [20,
29-33]. These effects have also been studied for up-type quark
sector in top quark production [11, 34-38]. The parameters
for different Z' models are listed in Table 1. In numerical
calculations, the coupling is taken as g' = 0.40 for the models.

In our model, the chiral couplings can be written as

(x -1 ALALAY (x-1) A ALN

2452 * 1 (5)
L+ (x—1)[Ay A* (x-1) A3 AN

(x -1 A ALAY 1+ (x-1)|Ay|

x = 0.1 to prove the implementation. Unless otherwise stated
throughout this work, we use the FCNC mixing parameter
x = 0.1 and the mass value of t' quark m,, = 700 GeV and the
mass value of new heavy charged lepton m; = 200 GeV and
new heavy neutrino m,, = 100 GeV. The branching ratios of
Z' boson decays depending on Z' boson mass predicted by
different Z' models are given in Figures 2-9; specifically they
are given in Figures 2, 4, and 6 for the diagonal couplings to
quarks and leptons, while they are given in Figures 3, 5, and
7 for the FCNC couplings to different flavors of up-sector
quarks within the Z,'Y, Z;(, and Z;/ models, respectively. In

Figures 8 and 9, the branchings for leptophobic Z; , boson
decays to pair of quarks with diagonal couplings and FCNC
couplings are presented depending on Z' boson mass.

The cross sections obtained by using parton distribution
function library CTEQ6L [41] for the process pp — ('t +
t't) + X depending on the Z' boson mass at the LHC
(v/s =13TeV) are given in Figures 10 and 11. Here, the z'
boson contributes through the s- and t-channel diagrams,
and the cross sections of associated production of single top

quarks and single new heavy quarks (¢'f and t't) in the final
state are summed. For this process the cross section at /s =
13 TeV is almost 8 times as large as the case at /s = 8 TeV.
We plot the py distributions of the b-quark in the signal
process with M, = 1500 GeV for the parameter x = 0.1 at
the pp center of mass energy of 13 TeV as shown in Figure 12.
A high p; cut decreases the background importantly without
affecting much the signal cross section in the related Z' mass
range. The rapidity distribution of the bottom quarks (b and
b) from the signal are shown in Figure 13 at the collision
energy of 13 TeV. In order to enhance the statistics we sum
up the b and b distributions. There is a bump in the b-quark



TaBLE 1: The chiral couplings of Z' boson with quarks and leptons
predicted by different models.

z, z, z Zip
cy -1/2V/10 1/724 -1/+15 1/9
cy 1/2/10 —1/+24 1/+/15 -8/9
cd -1/2+/10 1/+24 ~1//15 1/9
cé -3/24/10 —1/24 -1/2+/15 1/9
c 3/2/10 1/+24 1/2/15 0
c 1/2+/10 -1/24 1/V15 0
o 3/2/10 1/724 1/2V/15 0

TABLE 2: The total decay widths of Z' boson for different mass values
in various models with the FCNC parameter x = 0.1. We use the
value of masses of new heavy quarks 1y = 700 GeV and the masses
of new heavy leptons my; = 200 GeV and m,; = 100 GeV.

?éi\/) r(zgc) (GeV) I(Z,) (GeV) T(Z;) (GeV) T(Z;,) (GeV)
1400 17.25 773 9.21 28.85
1600 21.75 9.20 11.61 37.44
1800 25.11 10.66 13.46 43.99
2000 28.30 12.11 15.22 50.25
2200 31.41 13.55 16.95 56.36
2400 34.48 14.98 18.65 62.36
2600 3753 16.40 20.33 68.30
2800 40.55 17.82 22.01 74.18
3000 43.56 19.23 23.67 80.02
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FIGURE 1: The decay widths of Z' boson depending on its mass for
different Z' models with the ECNC parameter x = 0.1. Here, we use
the mass value of new heavy quarks as 700 GeV and the mass value
of new heavy charged lepton and neutrino as 200 GeV and 100 GeV,
respectively.
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rapidity distribution 7” = 0 with the extending tails to | =
2.5. For the analysis, the suitable cuts are p?’b > 100 GeV,

In"?| < 2.0, and my,,;, > 400 GeV. The cut my,, is also useful
well above the top quark mass. We also apply invariant mass
cut (for Wbt system) M, — 4L, < myy, < M +4I to make
analysis with the signal and background.

The signal cross sections (og) in the invariant mass
interval of M, — 4I', < myy,, < My, + 4T, for the process
pp — (Wbt + Wbt) + X, are given in Tables 3, 4, 5, and
6 for different values of FCNC parameter x (ranging from
0.01to 0.5) within the Z; (Z;() model, where new heavy quark

masses are taken 600 GeV, 700 GeV, and 800 GeV. For the Z;,

(Z'LP) model and the FCNC parameter for 0.01, 0.05, 0.1, and
0.5, the cross sections (og) are presented in Tables 7, 8, 9,
and 10, respectively. The cross sections for the corresponding
background are given in Table 11 for the chosen invariant
mass interval.

Figures 14, 15, 16, and 17 show the invariant mass distri-
bution of the Wbt system for the signal (with x = 0.1 and
my = 700sGeV) of different Z' models and background at
the LHC with /s = 13 TeV.

4. Analysis

For the analysis, two types of backgrounds are considered.
One has the same final state (Wbt) as expected for the signal

BR (%)
\

100+ -

1
1600 1800 2000 2200 2400 2600 2800 3000

M, (GeV)
— ul,cc '
I tf_ B _ tlt_/
dd, ss, bb )
b’g - ‘V,Vl, vlﬁl,

FIGURE 2: Branching ratios (%) depending on the mass of Z' boson
for diagonal couplings to quarks and leptons within the Z,; model.
The new heavy quark masses are taken to be 700 GeV, and new heavy
charged lepton mass is 200 GeV and new heavy neutrino mass is
100 GeV.

processes and the other (pair productions of top quarks are
both related to b-jets) is the irreducible background and
contributes to similar final state. The ratio of the cross sections
for pair production of top quarks at the /s = 13 TeV and
\/s = 8 TeV is about 3.5. The ratio of the cross sections for



Advances in High Energy Physics

10t F i
10° F i
107t i
R
-2
g1 S R
1073 F i
1074 i
10_5 L 1 1 1 1 1 1
1600 1800 2000 2200 2400 2600 2800 3000
MZ’ (GCV)
...... tz o u?
! i
— uc

FIGURE 3: Branching ratios (%) depending on the mass of the z'
boson for FCNC couplings to different flavors of up-sector quarks
within the Z; model. Here the mass of t' quark is 700 GeV and the
FCNC parameter x = 0.1.
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FIGURE 4: Branching ratios (%) depending on the mass of Z' boson
for diagonal couplings to quarks and leptons within the Z/ model.
The new heavy quark masses are taken to be 700 GeV, and new heavy
charged lepton mass is 200 GeV and new heavy neutrino mass is
100 GeV.

process pp — (t't + t't) + X is found to be about 8 for
considered Z' models. It is expected that an improvement in
the statistical significance (for the center of mass energy+/s =

100 T T T T T T T
107 ]
102 o
g
~
m o
07 b ]
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1075 L L L L L L !
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...... tz R
o -t
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FIGURE 5: Branching ratios (%) depending on the mass of the Z'
boson for FCNC couplings to different flavors of up-sector quarks
within the Z! model. Here the mass of t' quark is 700 GeV and the
FCNC parameter x = 0.1.
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FIGURE 6: Branching ratios (%) depending on the mass of Z' boson
for diagonal couplings to quarks and leptons within the Z! model.
The new heavy quark masses are taken to be 700 GeV, and new heavy
charged lepton mass is 200 GeV and new heavy neutrino mass is
100 GeV.

13 TeV when compared to the case of \/s = 8 TeV) will be
obtained. For the analysis, a high transverse momentum (pr)
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FIGURE 7: Branching ratios (%) depending on the mass of the Z'
boson for FCNC couplings to different flavors of up-sector quarks
within the Z(U model. Here the mass of t' quark is 700 GeV and the
FCNC parameter x = 0.1.
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FIGURE 8: Branching ratios (%) depending on the mass of Z' boson
for diagonal couplings to quarks within the Z], model. The new
heavy quark masses are taken to be 700 GeV.

cut for the b-jets and the other jets can be applied. The results,
employing the variable pr cuts (pr > 100 GeV) for different
7' mass values and the rapidity cuts (|| < 2) for the central
detector coverage, are given in Tables 12, 13, 14, and 15, where
the numbers of signal (S) and background (B) events are
calculated by taking into consideration integrated luminosity
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FIGURE 9: Branching ratios (%) depending on the mass of the Z’
boson for FCNC couplings to different flavors of up-sector quarks
within the Z] , model. Here the mass of t' quark is 700 GeV and the
FCNC parameter x = 0.1.
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FIGURE 10: The cross sections for pp — ('t + t't) + X versus the Z'
boson mass at the LHC with ~/s = 13 TeV. The lines are for different
Z' models as explained in the text, where the parameters |A | = 3.2,
|A,,| = 2.0,and |A,,| = 3.0 are used. The mass value of t' quark is
used as m, = 700 GeV and the FCNC parameter is used as x = 0.1.

of L,,, = 10° pb™" per year. For the FCNC coupling parameter
x = 0.1, the LHC is able to measure the Z' mass up to about
3000 GeV with the associated productions of the new heavy
quark t' and top quark. The statistical significance (SS) values
for the final state are given in Tables 1215 for different Z’
boson masses.

In the analysis, we reconstruct the invariant mass of Wbt
system around the Z' boson mass shown in Figures 14, 15, 16,
and 17. We assume top quark decay in the form of t(f) —
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TaBLE 3: The total cross section for the signal (o) depending on the Z' boson mass. These values are calculated for the process pp —
(W*bt + Wbt) + X at the LHC with /s = 13 TeV. The results are obtained for the Z,; model (the Z; model) with the FCNC parameter

x =0.01.

My (GeV) s (pb)
m, = 600 GeV my = 700 GeV my = 800 GeV
1500 244 x107% (5.51 x 107°) 223 x107% (4.98 x107%) 1.98 x 1072 (4.41 x 107%)
2000 731 x107% (1.60 x 107°) 6.95%107° (1.51 x 107%) 6.49 x 107 (1.41 x 107%)
2500 2.40 107 (5.05 x 107%) 233 %107 (4.90 x 107*) 224 x107° (4.70 x 107*)
3000 1.01x 107 (1.74 x 107%) 9.93x107* (1.71 x 107*) 9.71x 107 (1.67 x 107*)
TABLE 4: The same as Table 3, but for x = 0.05.
M, (GeV) s (pb)
m, = 600 GeV my =700 GeV my = 800 GeV
1500 226 x107% (5.06 x 107%) 2.06 x 1072 (4.59 x 107%) 1.82 x 1072 (4.07 x 107%)
2000 6.75%x107% (1.47 x 107%) 6.44 x 107 (1.40 x 107°) 6.00 x 107 (1.29 x 107%)
2500 2.22x107° (4.65x 107%) 216 x 107> (4.51 x 107%) 2.07 x 107 (4.32x107%)
3000 9.28 x107* (1.60 x 107%) 917 x 107 (1.58 x 107%) 8.96 x 107 (1.54 x 107*)
TABLE 5: The same as Table 3, but for x = 0.1.
M, (GeV) s (pb)
my = 600 GeV m, = 700 GeV m, = 800 GeV
1500 2.04 x 107 (4.55 x 107%) 1.86 x 1072 (4.12 x 107°) 1.64 x 107 (3.66 x 107°)
2000 6.10 x 107 (1.32 x 107%) 5.81x 107 (1.25 x 107%) 5.42 x 107 (1.16 x 107°)
2500 2.00 X107 (4.19 x 107%) 1.95x 107 (4.05 x 107%) 1.87 x 107 (3.89 x 107*)
3000 834 x107* (1.44 x107%) 823 x107* (1.42 x 107%) 8.04 x107* (1.38 x 107%)
TABLE 6: The same as Table 3, but for x = 0.5.
M, (GeV) a5 (pb)
my = 600 GeV my = 700 GeV my = 800 GeV
1500 6.45x 107 (1.41 x 1072) 5.85x 107> (1.28 x 107%) 5.09 x 107 (1.13 x 107%)
2000 1.91 x 107 (4.09 x 10™*) 1.82x 107 (3.89 x 107%) 171x 107 (3.61 x 107)
2500 6.22x107* (1.30 x107%) 6.09 x 107 (1.26 x 107%) 5.87 x 107 (1.20 x 107%)
3000 2.55x 107" (4.43 x 107°) 2.51x107* (4.36 x107°) 247 x 107 (4.26 x 107°)

TABLE 7: The total cross section values for the signal (o) are calculated for the process pp — (W*bt+W~bt)+ X at the LHC with /s = 13 TeV.
The results are obtained for the Z"y model (the Z£P model) and the FCNC parameter x = 0.01.

M, (GeV) s (pb)

my = 600 GeV my =700 GeV m, = 800 GeV
1500 1.42x107% (6.22 x 107%) 1.28 x 1072 (5.77 x 107%) 1.08 x 1072 (5.20 x 107%)
2000 413 %x107° (1.84 x 107%) 3.97 x107° (.77 x 107%) 3.72x107° (1.67 x 107°)
2500 133 %107 (613 x107%) 130 x 107 (6.01 x 107%) 126 x 107 (5.82 x 107%)
3000 5.24 x 107 (3.00 x 107%) 5.20 x 107 (3.00 x 107%) 513 x 107 (2.95 x 107*)

TABLE 8: The same as Table 7, but for x = 0.05.

M, (GeV) s (pb)

my = 600 GeV my = 700 GeV my = 800 GeV
1500 1.31x 1072 (5.72 x 107%) 118 X 1072 (5.33 x 107°) 9.90 x 107 (4.79 x 107°)
2000 3.82x107° (1.70 x 107%) 3.67 x107° (1.64 x 107%) 3.43 x107° (1.55 x 107%)
2500 1.23x 107 (5.64 x 107%) 1.20 x107* (5.54 x 107) 117 x 107> (5.35 x 107%)
3000 484 %107 (L77 x 1074 521 x107* (2.76 x 107*) 472x107* (272 x107%)
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FIGURE 11: The cross sections for pp — (t't + t't) + X versus the
Z' boson mass at the LHC with /s = 13 TeV. The lines are for the
four Z' models as explained in the text and the values of parameters
|A;,l = 2 (where i runs from 1 to 3) are used. The mass value of
t'quark is used as m, = 700 GeV and the FCNC parameter is used
asx =0.1.
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FIGURE 12: The transverse momentum (p;) distribution of the
bottom quarks (b and b) for the signal and background processes
pp — (Wbt + Wbt) + X at the LHC with /s = 13 TeV for the

parameters explained in the text. These results are obtained for the
Z; model.

W*b(Wb), where the W boson can decay leptonically or
hadronically. In the final state W*W~bb, we assume the b-
tagging efficiency as 50% for each of the b-quarks. We take
into account the channel in which one of the W bosons
decays leptonically, while the other decays hadronically. We
calculate the cross section of the background in the mass bin
widths for each M, value; as an example of the Z; model,
for M, = 1500 GeV we take the invariant mass interval
Amyyy, = 40 GeV, and we find the background cross section

0 = 6.60 x 107> pb for process pp — (Wbt + W*bt) + X.
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FIGURE 13: The pseudorapidity distribution of the bottom quarks (b
and b) for the signal (Z') and background processes (SM) pp —

(W*bt+Wbt) + X at the LHC with /s = 13 TeV for the parameters
explained in the text. The results are obtained for the Z:’ model.
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FIGURE 14: The invariant mass distribution of the (W*bf + W bt)
system for the SM and Z; model with different mass values of Z’
boson at the LHC with /s = 13 TeV. The results are obtained for
x = 0.1 and m, = 700 GeV.

We plot the observability contours in the plane of model
parameters (x — M), for different Z' models as shown
in Figure 18 at the LHC with /s = 13TeV and L,,, =
100 fb~". The curves with labels VA Z;, Zl'//, and Z; show the
accessible regions (below the curves) of the model parameters
at the LHC. For the Z,'7 model, the FCNC parameter bounds
from x = 0.6-0.4 can be searched for the mass range of M, =
1500-3000 GeV.
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TABLE 9: The same as Table 7, but for x = 0.1.

M, (GeV) o (pb)

m, = 600 GeV my = 700 GeV my = 800 GeV
1500 118 x 1072 (5.17 x 107°) 1.06 x 1072 (4.78 x 107%) 8.93 x 107> (4.30 x 107%)
2000 343 x107° (153 x 107%) 3.30 x 107 (1.47 x 107°) 310 x107° (1.39 x 107%)
2500 111 x107° (5.06 x 107*) 1.09 x 107° (4.97 x 107*) 1.05x 107 (4.82 x 107%)
3000 433 %107 (2.49 x107%) 431x107* (2.48 x107*) 424 %107 (2.44 x107)

TaBLE 10: The same as Table 7, but for x = 0.5.

M, (GeV) s (pb)

m, = 600 GeV my = 700 GeV my = 800 GeV
1500 3.72 %107 (1.60 x 107°) 334 x107° (1.49 x 107%) 278 x107° (1.33 x 1072)
2000 1.08 x107° (4.74 x 107%) 1.04 x 107> (4.57 x 107*) 9.72x107* (4.31x107%)
2500 3.44 x107* (1.57 x 107%) 339 x107* (1.54 x 107%) 3.29 x107* (1.49 x 107%)
3000 1.33x107* (7.69 x 107°) 132 x107* (766 x 107°) 130 x 107* (757 x 107°)

TaBLE 11: The cross section for the background (o) depending on the values of invariant mass interval. The values are calculated for the process

pp — (Wbt + W™bt)X at the LHC with /s = 13 TeV. The results are given in the invariant mass within M, — 4T, < my,, < My + 4T,
for different Z' decay widths corresponding to the parameters explained in the text.

My (GeV) 75 (pb)

(for FZ’; width) (for FZ; width) (for FZ‘/V width) (for rZ'L . width)
1500 + 4T, 6.60 x 107 1.34 %107 5.63 %107 2.33x 1072
2000 + 4T, 1.87 x 107 3.54 %107 1.50 x 107 6.72x107°
2500 + 4T, 526 %107 1.02x107° 434x107* 197 x107°
3000 + 4T, 1.67 x107* 3.09x107* 1.33x107* 6.23x107*

TaBLE 12: The number of signal and background events for the final state I* + 25, + 2jet + MET at the center of mass energy /s = 13 TeV and

integrated luminosity L

Z}; model and parameter x = 0.1.

ot = 10° pb™". The numbers in the parentheses denote the signal significances (SS). These results are achieved for the

Signal — (t' + 't) — 2 x (I* + 2B, + 2jet + MET)

Background — (Wbt + Wbt)

M, (GeV)
! my = 600 GeV my =700 GeV my = 800 GeV 2x (I + 2b,, + 2jet + MET)
1500 305.0 (30.7) 2778 (28.0) 245.6 (24.7) 98.6
2000 91.2 (173) 68.8 (16.4) 81.0 (15.3) 28.0
2500 30.0 (10.6) 29.2 (10.3) 28.0 (9.9) 78
3000 12.4 (7.9) 12.4 (7.8) 12.0 (7.6) 2.6
TaBLE 13: The same as Table 12, but for Z;(.
M, (GeV) Signal - (t' + 't) — 2 x (I* + 2b,, + 2jet + MET) Background — (W*bt + W™bt)
X my = 600 GeV my =700 GeV m, = 800 GeV 2 X (I + 2y, + 2jet + MET)
1500 68.0 (4.8) 61.6 (4.4) 54.8 (4.0) 200.4
2000 19.8 (2.7) 18.8 (2.5) 17.4 (2.4) 53.0
2500 6.2 (1.6) 6.0 (1.6) 5.8 (1.6) 15.2
3000 2.2(1.4) 2.2 (1.4) 2.0 (1.4) 4.6
TaBLE 14: The same as Table 12, but for Z,,.
m, (Gev) Signal — ('t + t't) — 2 x (I* + 2b,,, + 2jet + MET) Background — (W*bt + W™ bt)
v my = 600 GeV my = 700 GeV m, = 800 GeV 2 x (I* + 2b,,, + 2jet + MET)
1500 176.5 (19.2) 158.6 (173) 133.6 (14.6) 842
2000 51.3 (10.8) 49.4 (10.4) 46.4 (9.8) 2.4
2500 16.6 (6.5) 16.3 (6.4) 15.7 (6.2) 6.5
3000 6.5 (4.6) 6.4 (4.5) 6.3 (4.6) 2.0
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TABLE 15: The same as Table 12, but for Z'LP.

Signal - (' + £'t) — 2 x (I* + 2By, + 2jet + MET)

Background — (W*bt + W™bt)

MZ’ (GeV)
t my = 600 GeV my =700 GeV m, = 800 GeV 2 x (I* + 2b,, + 2jet + MET)
1500 77.3 (4.1) 71.5 (3.8) 64.3 (3.4) 348.5
2000 22.9 (2.3) 22.0 (2.2) 20.8 (2.1) 100.5
2500 7.6 (1.4) 74 (1.4) 7.2 (1.3) 29.5
3000 3.7 (1.2) 3.7 (1.2) 3.7 (1.2) 93
1072 . . . . 1072 . : . ;
107 1 107 ]
~ =
¢ ¢
£ 107 ; £ 10 ;
£ 10 ; 5 107 :
< <
107 1 107 1
. ¥ ‘-\-H-H-‘-""\-\.\_‘_\_h n rﬂ\h‘ Aﬁ’“wvﬂum i - H\\\
1000 1500 2000 2500 3000 3500 1000 1500 2000 2500 3000 3500
My (GeV) My (GeV)
— SM M, = 2500 GeV — SM M, = 2500 GeV
--- M, =1500GeV M, = 3000 GeV -~ My =1500GeV M, = 3000 GeV
M, = 2000 GeV M, = 2000 GeV
FIGURE 15: The same as Figure 13, but for Z] model. FIGURE 17: The same as Figure 13, but for Z;, model.
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FIGURE 16: The same as Figure 13, but for Z;/ model.

5. Conclusion

We consider the associated productions of new heavy quark
t' and top quark (with the subsequent decay channel t' —
W*b) through the Z' exchange diagrams at the LHC. We find
the discovery regions of the parameter space for the single

02} z, .
Zip

0-o'..|...|..| 1 1 1 1 1]
1600 1800

2000 2200 2400 2600 2800 3000
MZI (GCV)

FIGURE 18: The contour plot for the evidence of Z' boson at the LHC
(v/s = 13TeV) with L, , = 100fb™". The parameters used in the

int
analysis are explained in the text.

productions of new heavy quarks through FCNC interactions
with the new Z' boson. In the models considered in this
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paper, the single production of new heavy quarks at the LHC
can have the contributions from the couplings of Z'qq and
the FCNC couplings of Z'qg’ (where g,q4' = u,c,t,t'). For
the FCNC parameter range (0 < x < 1 means maximal to
minimal FCNC) the LHC can have the potential to produce
new heavy quarks which couple to the Z' boson predicted
by specific models. For a discussion on the ' decays, in this
study we only consider t' — bW™. It may be possible that
t' — b'W* which does not have a CKM suppression like
t' — bW could compete with this decay mode depending
on the mass difference of new t' and b" quarks. However,
these channels require a new study which we will tackle as
a separate topic of paper at another study.
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