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The Standard Model (SM) cross-sections for the production of single top quarks, top-quark
pairs, triple top quarks, and four top quarks at three different center-of-mass energies, i.e.
/s = 17,10, and 14 TeV, at existing particle colliders as well as at future hadron collid-
ers, are studied. A fully kinematic analysis with the optimized preselection cuts along with
invariant mass reconstruction of top quarks is performed for triple-top production pro-
cesses pp— tit W, tttd, and ttth in the presence of the SM background. All three signal pro-
cesses are forced to decay in fully hadronic mode. The studies are performed for the High-
Luminosity Large Hadron Collider (HL—LHC) at /s = 14 TeV and for the High-Energy
LHC (HE—LHC) at /s = 27 TeV. The signal to background ratio and signal significance
of all signal and background processes are estimated for both the scenarios. It is found that
the chances of signal observability at the HE—LHC are higher than those at the HL—LHC.
PACS numbers: 12.60.Fr, 14.80.Fd

Subject Index B57

1. Introduction

Top-quark characteristics are one of the most important aspects of the Standard Model (SM).
It is also possible that top quarks will play a key role in breaking electroweak symmetry, which
is responsible for the masses of all fundamental particles. Top quarks have some unique prop-
erties including enormously large mass, and they could be a gateway to the discovery of new
physics. Also, owing to their extremely short lifetime, their bare quark properties can be stud-
ied as they decay before hadronization. Top quarks have been observed to be produced singly
through weak interactions and in top pairs through strong interactions [1,2]. Due to their large
mass, high collision energy is necessary to produce top quarks. At the Large Hadron Collider
(LHC), a large number of top quarks were produced at energies of 7 TeV and 8 TeV. As a
result, top characteristics have been investigated in great detail and precision. These findings
are consistent with the SM’s predictions for top quarks. However, in the Beyond the Standard
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Model (BSM) regime, there has been a limited focus on the triple top particularly. For example,
[3] discusses the triple top in view of searches for scalar bosons. The authors propose that the
triple top may be studied in the signature of three leptons plus three b-jets, as confirmation.
They also argue that a triple-top search at the High-Luminosity LHC (HL-LHC) could con-
ditionally cover the full mass range up to 700 GeV. Also [4] includes a discussion on the triple
top in the context of flavor-changing neutral current (FCNC) induced by the Z‘-boson. The
Z°-boson produced in association with a single top quark and decaying to a ¢7 could decay to
a triple-top final state. This might become dominant as compared to a single top under cer-
tain coupling conditions. However, there’s also the possibility that it remains negligible under
different coupling conditions.

Since its discovery [5] in Fermilab at the Tevatron collider by the CDF and D0 Collabora-
tions [6-8], the top quark has remained the heaviest elementary particle. It completed the third-
generation structure of the SM and opened the top quark physics area [9]. The large mass of
the top quark makes phenomenology so important as it is usually the most closely related to
new physics proposals in the BSM regime [10]. In addition, it has a very short lifetime and de-
cays without hadronization [11], making top quark physics a unique playground to study a bare
quark [12]. At the Tevatron collider and LHC, many properties of the top quark were studied,
including the production mechanism and basic properties such as mass, width, and decay [13].

For both Fermilab’s Tevatron and CERN’s LHC, top-pair and single-top production have
been extensively studied. Single-top production is also of interest, especially for the SM 1/,
mixing element, and was observed at the Tevatron [14,15]. Several search programs involve the
top quark, which is commonly considered sensitive to new physics on the TeV scale, e.g. top-
quark pair production of the opposite sign or same sign, single top-quark production, and
four top-quark production. Unfortunately, triple top-quark production still does not receive
much attention. Of all the current top-quark-related physics search programs, the triple-top
production is very special [16]. We measure single-top, top-pair, triple-top, and four-top quark
cross-sections at different mass energy centers in this paper and address the discovery potential
of triple-top events at the LHC and how new physics can significantly affect this channel.

2. Single top-quark production

In Beyond the Standard Model (BSM), single top-quark production is also susceptible to
physics including charged Wb vertex structure, new gauge bosons, new heavy quarks, and top-
quark neutral currents that change flavor [17,18]. There are three different single top-quark pro-
duction modes at the LHC which are z-channel, s-channel, and 7 W-channel production [19,21]
whose cross sections are shown in Fig. 1. Lowest-order Feynman diagrams for single top-quark
production through weak interaction are shown in Fig. 2. In Table 1, the cross section due to
single top production are listed.

3. Top-pair production

The production of triple top quarks uses a mixture of single top quarks and pairs [15]. Ac-
cording to the SM, the strong interactions generate top pairs at the Tevatron, as well as at
the LHC [14], and single top-quark production is generated mostly through electroweak inter-
action with the W-boson [19,20]. Top-quark pairs are formed by quark—antiquark (g7 — 1)
annihilation and gluon—gluon fusion (gg — ¢7). In the Tevatron collider, the first is the most
dominant, whereas in the LHC, the second is dominant [9,19,22]. Figure 3 shows the Feyn-
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Fig. 1. Cross-section for single-top production in the SM for different LHC center-of-mass energies.

b w

Fig. 2. Feynman diagram of single top-quark production in the SM: #-channel (left), W-associated pro-
duction or tW-channel (center), and s-channel (right).

Table 1. Cross-section for single top-quark production through weak interaction at the LHC.

No. of
Process diagrams Js=1T1TeV s =10TeV s =14 TeV
o (t-channel)[fb] 4 1.8039 x 10* 3.5832 x 104 4.9552 x 10*
o (s-channel)[fb] 4 9.2312 x 10? 1.5027 x 103 2.3140 x 103
o (tW-channel)[fb] 4 2.9856 x 10° 6.5386 x 10° 1.5074 x 10*

ﬁ

q 7 g 7 g

Fig. 3. Lowest-order Feynman diagrams contributing to top-quark pair production at the LHC.
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Fig. 4. Top-quark pair production cross-section for quark—antiquark annihilation and gluon—gluon fu-
sion processes at the LHC.

Table 2. Cross-section for top-quark pair production through strong interaction at the LHC.

No. of Feynman

Process diagrams s =7TeV Js=10TeV Js=14TeV
o (qd — 17)[fb] 38 5.6691 x 10 1.0336 x 10* 1.7143 x 10
o (gg — 1)[fb] 3 4.8952 x 10 1.4287 x 10° 3.5331 x 10°

Table 3. Cross-section for triple top-quark production at the LHC.

No. of
Process diagrams Js=17TeV /s =10 TeV s =14 TeV
o(pp — 118 1.8039 x 10* 3.5832 x 10* 4.9552 x 10*
ttt + W)[fb]
o(pp — ttt + d)[fb] 76 9.2312 x 107 1.5027 x 10° 2.3140 x 10°
o(pp — ttf + b)[fb] 36 2.9856 x 103 6.5386 x 103 1.5074 x 10*

man diagram of the lowest order for top-pair production by strong interaction and Fig. 4 shows
its corresponding cross section.

We can see from Table 2 that the production of top-quark pairs in the LHC is much greater
than that of Tevatron because of higher collision energy and higher luminosity [22].

4. Triple top-quark production

The triple top quark has three different production modes in the SM at the LHC [23]. The three
production modes of the triple top quark are pp — 3t + W=, pp — 3t + b, and pp — 3t + d
[15]. Table 3 shows that the triple top-quark cross-section is low. Due to its small cross-section,
triple top-quark production is very rare [24]. In Fig. 5 and Fig. 6 the Feynman diagrams and
cross section are shown for triple top quark production.
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Fig. 5. Feynman diagrams for triple top-quark production in the SM at the LHC corresponding to three
processes.
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Fig. 6. Cross-section for triple-top production in the SM for different LHC center-of-mass energies.

Table 4. Cross-section for four top-quark production at the LHC.

No. of
Process diagrams s =71TeV s =10 TeV s =14 TeV
o(qq — ttt1)[fb] 54 5.6691 x 10° 1.0336E x 10* 1.7143 x 10*
o(gg — t1t1)[fb] 54 4.8952 x 10* 1.4287 x 10° 3.5331 x 10°

The triple-top cross-section is very small compared to the SM prediction, which makes it
an interesting channel to study. The process pp — ttf + W~ has the larger cross-section as
compared to other processes at different center-of-mass energies.

5. Four top-quark production
Four top quarks have two production modes: quark—antiquark annihilation and gluon—gluon
fusion. The gluon—gluon fusion process is dominant at the LHC. The gluon—gluon fusion has a
contribution of 90% and quark—antiquark annihilation one of 10%. The cross-section of four
top-quark production is around five orders of magnitude smaller than the top-pair production
and so it has yet to be observed [25,26].

Table 4 shows the cross-section for quark—antiquark annihilation (¢q — t7¢7) and gluon—
gluon fusion (gg — r7t7) at different center-of-mass energies for four top-quark production. In
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Fig. 7. Feynman diagrams for four top-quark production in the SM at the LHC corresponding to quark—
antiquark annihilation and gluon—gluon fusion processes.
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Fig. 8. Cross-section for four-top production in the SM for different LHC center-of-mass energies.

Fig. 7 and Fig. 8 the Feynman diagrams and their cross section plot is shown. Table 5 shows
cross-section detail of signal and background processes at Next to Leading Order (NLO). In
Fig. 9, the production cross-section of all four most likely produced processes and correspond-
ing number of produced events at integrated luminosity of 500 fb-! are shown as a function of
center of mass energy in the femto barn.

6. Signal and background processes

In this study, various scattering mechanisms are used as signals. The 17 W, t¢7b, and tid are
scattering processes. All of these scattering mechanisms are generated by proton—proton col-
lisions at 4/s= 14 TeV. In all of the triple-top signal processes, hadronic decay of the W-
boson is taken into account. In the ¢#7W, ttth, and ttidscattering processes, the top quark
(?) decays into a W-boson and bottom quark (b). W decays to produce light jets (u, d, c,
s). As a result, there are eleven jets in the final state of the scattering process 17fW, consist-
ing of eight light jets and three b-jets: pp — ttiW — 4W=* + 3bjets — §jets + 3bjets. There
are ten jets in the final state of the scattering process ¢77b, which includes six light jets and
four b-quark jets: pp — ttib — 3W* + 4bjets — 6jets + 4bjets. Similarly, the 1¢7d scatter-
ing process produces ten jets, seven of which are light jets and three of which are b-jets:
pp — ttid — 3W* + 3bjets — Tjets + 3bjets.
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Table 5. Cross-sections of three signals and background processes are shown at three different energies
using the Next-to-Next Leading Order parton density function.

Vs [TeV] trw tith titd tth 1z tw twz WWwzZ tZj

[TeV] fb fb fb fb fb fb fb fb fb

14 1.5 0.1 0.2 483 703 402 141 90 816

27 12.7 0.45 1.2 838 3329 1176 691 263 3142
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Fig. 9. Cross-section for single, pair, triple, and four top production in the SM for different LHC center-
of-mass energies.

The following background processes of the SM with similar final state topologies are pro-
duced while analyzing these signal processes. In t7Z, tiW*, and W*+W~Z, a top quark de-
cays into a W-boson and b-jet. When Z and W decay, they produce a pair of light jets. In
pp — ttZ — 6jets + 2 b-jets, tiW — 6 jets + 2 b-jets, and in W W~ Z — 6 jets.

7. Event selection and collider analysis

A complete analysis of the three processes whose cross-sections are presented in sect. 4 is stud-
ied. Three signal processes are explored where three top quarks are produced along with addi-
tional particles in each process and fully hadronic decay modes are selected. The parton density
function is provided by LHAPDF 5.9.1 [27] with CTEQ version 6.6. The background processes
W*W-Z,ttW=, and t7Z are generated with calchep [28] with a kinematic preselection cut ap-
plied on jetsas E }‘ > 15GeV and || < 3.0[29]. All the signal processes are also produced with
Calchep. The output of both these packagesisin Les Houches Event (LHE) format and used by
PYTHIAS for parton showering, gluon radiation, fragmentation, and hadronization. PYTHIA
calculates their relative efficiency as well. The HepMC v2.06.09 interface with PYTHIA is then
used to record events. Fastlet v3.3.4 is then coupled with PYTHIA for jet definition and re-
construction. The jet cone size is fixed at AR = 0.4, where AR = \/(An)? + (A¢)? is jet cone
radius, ¢ is azimuthal angle, and n = —/ntan6/2 is pseudorapidity. The output is then analysed
with ROOT v6.14.06. In this study, various scattering mechanisms are used as signals. The
ttIW, t11h, and ttid are scattering processes. All of these scattering mechanisms are generated
by p—p collisions at i/s= 14 TeV at the HL-LHC and /s= 27 TeV center-of-mass energy at the
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Fig. 10. The jet multiplicity distributions of both signal and background events are shown at \/s= 14
TeV.

High-Energy LHC (HE-LHC). In all of the triple-top signal processes, a hadronic decay of the
W-boson is taken into account.

Various selection cuts are used to reduce background while keeping the signal. The chi-square
method is used to reconstruct the physics objects in which we are interested. Several kinematic
variables are plotted during the entire analysis to examine the distributions of W-bosons, top
quarks, etc.

Jets are reconstructed using the Anti—k; technique with R and AR set to 0.4 in this investi-
gation.

Some of the jets in this mechanism extend beyond the cone size due to a variety of causes
such as detector impairment, magnetic field influence, and material influence. All of these jets
are sorted by p7 and the following kinematic cut on jets is applied.

P > 15GeVand |y |< 2.5

The selected jets are then tagged as either a b-jet or a light jet. In order to to this, we do
A R matching of jets with the parton level - and c-quarks. Charm quarks are used to increase
efficiency since their masses are closer to those of bottom quarks. The jets which are within
AR < 0.2 are identified as b-jets and all the other jets which are farther away from b-quarks
are identified as light jets. Once the tagging is done, we apply a multiplicity cut on jets. In the
analysis of rt1W , there are eight light jets and three b-jets so we only keep the events where we
have

Nijets > 8, Npjers > 3
Similarly, for 7¢7b, there are six light jets and four b-jets so the event selection cut becomes
Nijets = 6, Npjers > 4
and for process rt7d
Nijets = 7, Npjers > 3

In Fig. 10 the light jet multiplicity of signal processes with their backgrounds is given. It can
be seen that almost 20 percent of jets are passed through the jets kinematic cut. Also it can be
seen that the jet multiplicity of the scattering processes is almost the same. It can be seen from
Fig. 11 that there are prominent signals of b-jets . Distribution of pseudorapidity and transverse
momentum of selected jets are also given in Fig. 12 and Fig. 13, respectively.
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Fig. 11. The b-jets multiplicity distributions in both signal and background events.
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Fig. 13. Transverse momentum distributions of selected jets at  /s= 14 TeV.

In the case of the ¢7b scattering process four b-jets efficiency is in the range of 50 percent. But
in the cases of t17d and rt1 W it increases up to 75 percent—80 percent. The presence of SM back-
grounds as compared to signal is low. Figure 11 shows the distributions of b-jet multiplicities

for various signals and backgrounds.
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8. Reconstruction of invariant masses

In particle physics, the invariant mass is defined as its mass in the rest frame and is given as

2
moc? = (%) 1P (1)

Set ¢ = 1 for convenience,
mo=(Ey—|pl ()

After selecting desired events from randomly produced events, the reconstruction of invariant
masses from the product of decays is the next step. First, the invariant mass of the W-boson is
reconstructed. For this, all events having at least eight jets for the 7z signal, six jets for the
111h signal, and seven jets for the 7¢7d signal are chosen, and the invariant mass is reconstructed
using all possible light jet pairs using the following formula:

my,j, = \/(Ejl + Ey,)? = (px, + PP = Py, + Py, )P = (P, + P, )? (3)

9. Chi-square method

The chi-square method is then used to reconstruct the physics object of interest with the correct
invariant mass. For reconstruction of the W-boson, we check the invariant mass of di-jet objects
and choose the six jets that give the minimal value of chi-square defined as,

, % (””f,./_/ - mW)2
X ; o 4)
where m; j; 1s the di-jet mass, my is the mass of the W-boson, and o, ;; is the width of the di-jet
mass distribution obtained from the parton-matched jets. The events are only selected if the
Xiv.min < 10. Once the W’s are reconstructed, we again apply the same method to reconstruct
top quark candidates using the selected b-jets and the reconstructed W’s.

oy (u)z -

-1 Om,jjb
where the light jets are the ones chosen to make W-bosons, m;_j 1s a tri-jet mass, m, is the mass

of the top quark, and o, _; is the width of the tri-jet distribution. Once again, the event is only
selected if x7,,;, < 10.

10. Event selection efficiencies

In this study, 80 000 events are generated and combined for signal processing in order to improve
simulation results on selected kinematical cuts. Then signal efficiency corresponding to each
selection cut is computed and then, at the end, total efficiency is calculated. Total efficiency
corresponds to nine jet final states obtained at the end of the simulation, which consists of six
light jets coming from three W-boson decay and b-jets resulting from top-quark decay. All these
efficiencies are calculated at center-of-mass energy 14 TeV. All these efficiencies are mentioned
in Tables 6, 7, and 8. The QCD k-factor values of (7Z, W, and ttH are written in Table
6, which are calculated by taking the ratio of oz over oo of the given process reported
in [30], [31], and [32], respectively. It can be seen that the efficiency of light jets for various
kinematical cuts ranges from 15 percent to 26 percent for signals. In addition, the efficiency
of b-jet production ranges from 50 percent to 80 percent for signals. The total efficiency of
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Table 6. Signal 1£7/W and SM background process efficiencies at various kinematics and selection cuts.

Process tirw tiZ tiw ttH tWzZ tZj wwz
Nijers < 8 0.49 0.25 0.14 0.13 0.20 0.06 0.10
Npjers < 3 0.86 0.38 0.34 0.76 0.20 0.08 0.017
Xbymin < 10 0.87 0.87 0.85 0.86 0.85 0.80 0.78
xfmm <10 0.89 0.85 0.89 0.91 0.78 0.81 0.62
Total efficiency 0.32 0.07 0.037 0.08 0.02 0.003 0.001
K factor - 1.27 1.24 1.21 - - -
Total efficiency 0.32 0.09 0.045 0.097 0.02 0.003 0.001

Table 7. Signal 7¢/7b and SM background process efficiencies at various kinematics and selection cuts.

Process 11th 1z tHw ttH tWZ 1Zj WWwZ
Niets < 6 0.61 0.62 0.48 0.41 0.58 0.30 0.40
Nipjers < 4 0.60 0.14 0.12 0.48 0.066 0.014 0.003
Xy min < 10 0.87 0.86 0.84 0.86 0.83 0.78 0.74
X in < 10 0.84 0.83 0.87 0.88 0.79 0.75 0.75
Total efficiency 0.27 0.063 0.041 0.15 0.025 0.003 0.001
K factor - 1.27 1.24 1.21 - - -
Total efficiency 0.27 0.08 0.050 0.18 0.025 0.003 0.001

Table 8. Signal 777d and SM background process efficiencies at various kinematics and selection cuts.

Process tttd ttZ tw ttH tWzZ tZj WwZzZ
Niets <7 0.47 0.42 0.28 0.26 0.38 0.15 0.22
Npjers <3 0.81 0.40 0.37 0.78 0.22 0.088 0.02
xf,,’min <10 0.96 0.97 0.97 0.98 0.96 0.95 0.93
Ximin < 10 0.706 0.69 0.76 0.79 0.60 0.56 0.55
Total efficiency 0.26 0.12 0.081 0.16 0.049 0.007 0.002
K factor - 1.27 1.24 1.21 - - -
Total efficiency 0.26 0.15 0.1 0.19 0.049 0.007 0.002

top-mass reconstruction and nine jet final states for the specified signal situation is very low,
ranging from 6 percent to 8 percent.

11. Signal significance

To test the observability of the triple-top mass at various kinematical cuts, signal significance is
calculated for each triple-top mass distribution shown in the figures from 6.31 to 6.39 by incor-
porating the total number of signal and background candidate masses within the selected mass
limit. Signal significance is calculated using integrated luminosity 3000 f~!. The computed
results, which include signal S and background B of candidate masses, signal to background
ratio S/B, and signal significance S/+/B at /s = 14 TeV and 27 TeV, are shown in Tables 9 and
10. Figure 14 shows that at 14 TeV, the background is more dominant than the signal. As a
result, the signal is not detectable because the cross-section of the triple top is very low even at
14 TeV. While in Fig. 15 ploted at 27 TeV, the signal is observable over background.
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Table 9. Signal to background ratio and signal significance values obtained for three different triple-top
production processes with maximum integrated luminosity 5000 /! at the HL-LHC (/s= 14 TeV).

Total No. of

Signal process Mass window efficiency events S/B Optimized

Lower limit Upper limit SIV/B
titWwt Signal 186 294 0.11 282 0.003 1.045
Total background 186 294 73 143
tith Signal 280 287 0.0002 0.03 0.0001 0.002
Total background 280 287 325
titd Signal 280 287 0.0003 0.12 0.0003 0.006
Total background 280 287 403

Table 10. Signal to background ratio and signal significance values obtained for three different triple-top
production processes with maximum integrated luminosity 5000 /p~! at the HE-LHC (/s= 27 TeV).

Total No. of

Signal process Mass window efficiency events S/B Optimized

Lower limit Upper limit SIN/B
titW Signal 280 287 0.0001 2.27 0.003 0.1
Total background 280 287 628
t1th Signal 280 287 0.0003 0.22 0.0002 0.006
Total background 280 287 1441
titd Signal 248 296 0.0002 0.03 0.001 0.007
Total background 248 296 24
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Fig. 14. Candidate mass distribution of triple top at integrated luminosity 3[ab~!] at /s = 14 TeV.
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Fig. 15. The signal and background samples are normalized to the real number of events obtained at
5000 /b1,

Because the production process 727 has the largest cross-section for both /s = 14 TeV and
Vs =27 TeV, its S/B ratio is 1. As a result, the triple top has observability chances with the
production process t7¢W for both the LHC and HE-LHC. The other two processes have very
low cross-sections and signal significance.

12. Conclusion

In the scope of the SM, various channels of triple-top quark generation are considered. This
analysis of triple-top production shows that it has a very low cross-section when compared to
other top-quark production modes. The mass of the triple top is reconstructed using hadronic
decay of the top quark at \/s= 14 TeV. The calculation of the signal to background ratio and
signal significance clearly shows that at /s= 14 TeV and /s= 27 TeV, not all signal scenarios are
observable. Only 72z has a signal to background ratio of one. At the LHC the backgrounds
are dominant and the signal is not visible because of the very low cross-section. Due to the
low SM rate, it is conceivable to explore for contributions that are beyond the scope of the SM
(BSM), which may improve the cross-section. Specific computations, however, are required to
study actual BSM aspects.
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