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Top quark anomalous FCNC production via #gg couplings at an FCC-hh
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We investigate the top quark anomalous flavor changing neutral current (FCNC) 7gg interactions to
probe limits on the couplings {. and ¢, through the gg — Ivb signal suprocess at an FCC-hh collider with
center of mass energy of 100 TeV. To separate the signal from relevant Standard Model background
processes, selection criteria based on boosted decision trees (BDT) is used with a set of useful kinematic
variables. The sensitivities on the anomalous top FCNC couplings £, and ¢ are found to be 1.239 x 107
and 1.149 x 10~* for FCC-hh with L;,, = 10 ab™! at 95% C.L. including realistic detector effects of the
FCC-hh baseline detector, respectively. The branchings BR(7 — ug) and BR(¢ — cg) converted from
obtained limits for FCNC couplings are at the order of 10~7 which is at least one order of magnitude better
than the projected limits of HL-LHC with L;,, = 3 ab™!.
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I. INTRODUCTION

The top quark being the most massive elementary
particle in the Standard Model (SM) is an excellent probe
not only to search the dynamics of electroweak symmetry
breaking but also to test SM and beyond the Standard
Model (BSM) physics. The flavour changing neutral
current (FCNC) interactions involving a top quark, other
up type quarks (u, c¢) and neutral gauge bosons are
forbidden at tree level and suppressed in loop level
according to the Glashow-Illopoulos-Maiani (GIM)
mechanism in the SM [1]. Since predictions for SM
branching ratios of the top quark FCNC decay to gluon,
photon, Z or Higgs boson and up-type quarks are out of
range for current experimental sensitivities, the top quark
FCNC interactions can have an important role to test new
physics. In the BSM scenarios such as the two-Higgs
doublet model [2], supersymmetry [3], technicolor [4],
and the minimal supersymmetric standard model [5], the
branching ratios of top quark FCNC decays are predicted
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promisingly at the order of 10°~10~> due to enhancement
on the production rate.

Recent experimental results at 95% confidence level
(C.L.) on the top quark FCNC branching ratios for t — gg,
where ¢ indicates an up quark (u) or a charm quark (c), are
BR(7 — ug) < 4.0 x 10> and BR(t — cg) < 2.0 x 10~
reported by ATLAS Collaboration using /s = 8 TeV data
[6], while BR(z — ug) < 2.0 x 107 and BR(f = cg) <
4.1 x 10™* are obtained by CMS Collaboration using
combined /s =7 TeV and /s = 8 TeV data [7]. As a
more promising and realistic project, high luminosity LHC
(HL-LHC) expects to reach branching BR(7 — ug) <
3.8x107% (9.8 x107%) and BR(t — cg) <32x107°
(99 x 107%) for integrated luminosity of 3000 fb~!
(300 fb~!) at /s = 14 TeV with a full simulation of the
Phase-2 CMS detector upgrade [8].

One can even expect to improve these limits at higher
center of mass energies. The future circular collider (FCC)
project [9] has great potential with an option of proton-
proton (FCC-hh) collisions at 100 TeV center of mass
energy with peak luminosity 5 x 103 cm=2s~! [10].

In this study, we investigate anomalous FCNC tqg
interactions to probe limits on couplings {. and (,
couplings through the ¢gg — Ivb signal subprocess at
FCC-hh collider. Realistic detector effects are included
in the production of signal and background processes.
Relevant SM backgrounds are considered and the sensi-
tivity of anomalous FCNC tgg couplings are searched by
using multivariate analysis. Finally, the results are reported
for different luminosity projections and compared with
current experimental results.
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FIG. 1.

IL. FCNC ¢ — gg¢ VERTICES

In the search of anomalous FCNC ?gg interactions at
hadron colliders, the effective Lagrangian approach [11,12]
has been comprehensively studied in literature for hadron
colliders [13—48]. In this approach, FCNC interactions are
described by higher-dimensional effective operators and
added to four-dimensional SM Lagrangian. The FCNC
Lagrangian of the 7gg interactions can be written as [11,12]

g _
Lpene = gs Z g Aot (L5 Py + & PR)tGe, +He. (1)

! g=u,c

where g is the strong coupling constant, A are the Gell-

Mann matrices witha = 1, ...,8 and { st(m is the strength of
anomalous FCNC couplings for 7gg vertices; P gy denotes
the left (right) handed projection operators. For the FCNC
interactions, the tensor ¢ is defined as ¢** = £ [y*,7*]. In
this study, we assumed no specific chirality for the FCNC
interaction vertices, i.e., {4, = (X = {, where ¢ denotes up
or charm quark.

Within the SM, top quarks are produced either as a pair
via the strong interaction or singly via weak interaction:
(i) the t-channel process, (ii) the s-channel process, and
(iii) the Wt associated production at hadron colliders. With
these production modes, the FCNC top-quark decays of
t - gX mode with X = H, Z, y, g can be investigated
through the final states of subsequent decays of particles.
While the final states including H, Z, y can be searched
promptly, the decay mode ¢t — ¢g is almost indistinguish-
able from overwhelming backgrounds such as multijet-
production via quantum chromodynamic (QCD) processes.
To obtain better sensitivities for FCNC ¢gg interactions, one
can search direct top production, gg — ¢, which originates
from an up (u) or a charm (c) quark and gluon from in the
initial state colliding hadrons and through subprocess
combining immediately to form an s-channel top quark
which then mostly decays to Wb. The Feynman diagrams
of subprocess gg — [lvb including the anomalous FCNC
tqg interactions and relevant SM background at tree level
are shown in Fig. 1.

III. SIGNAL AND BACKGROUND SIMULATION

The effective Lagrangian in Eq. (1) is defined in the
FEYNRULES package as a universal FeynRules output (UFO)
module [49] and embedded into MadGraph2.5.3

v

|+

The Feynman diagrams for gg — [vb suprocess containing anomalous FCNC tgg (green dot) and SM vertices.

aMC@NLO [50]. The cross sections at parton level for gg —
lvb suprocess at 100 TeV center of mass energy have been
evaluated with transverse momentum of the lepton p} >
10 GeV as a function of {,. and ¢, couplings, which include
signal and interference between FCNC and SM as shown in
Fig. 2. As seen in Fig. 2, noticeable deviations for the
anomalous contributions starts around a coupling value
3 x 107, Moreover, the contribution of ¢, coupling is
larger than the . coupling because of the dominant up
quark parton distribution function at 100 TeV center of mass
energy.

Since we study the FCNC tqg couplings via pp — lvb
process at FCC-hh, the final state topology of signal
process consists of a charged lepton, missing energy and
a b-tagged jet. The following relevant SM background
processes having the same or similar final state topology
are considered as backgrounds;

@) SM: pp —» luvb ¢ =4.060 x 10 pb
(ii) Wj: pp—Wj o=4361x10° pb
(iii) Zj: pp—Zj o6=1583x10° pb
(iv) WW pp - WW o =6.588 x 10 pb
(v) WZ pp - WZ o6 =2.500 x 10*> pb
(vi) ZZ pp » ZZ o =9.990 x 10! pb

0
0.0001 0.001 0.01 0.1
Couplings

FIG. 2. The cross section for the process pp — lvb + X
including anomalous FCNC #qg interactions with respect to (.
and ¢, couplings.
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(vii) tt: pp—tt o =2533x10*pb
(viii) tW: pp —>tW o =1.190 x 10 pb
(ix) Wbb pp — Wbb ¢ = 3.874 x 10?> pb
x) Wbj pp —» Whj o =5.845 x 10° pb
(xi) Wjj: pp = Wjj o =2.635x10°pb
(xii) Zjj: pp = Zjj o =8.599 x 10* pb
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FIG. 3.

where j = u, i, d, d,s, s, c,¢, gand j/ = j, b, b. The cross
sections for each background processes have been com-
puted at the resonance level with p}. > 10 GeV and p} >
20 GeV cuts. Here, the SM refers to SM background of the
same final state with the signal process shown the last two
SM Feynman diagrams in Fig. 1. The W is considered as
background candidate due to any misidentification of light
quark as a mistagged b-jet in detector when W boson
decays leptonically. The Zj' process is considered to
another relevant background in this study. The diboson
backgrounds; WW, WZ, and ZZ are also included as a
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Comparison of kinematic distributions of the final state particles for signal (£, = 0.005 and ¢, = 0.005 couplings) and all

relevant backgrounds after requiring at least one lepton and b-tagged jet. These distributions are normalized to one.
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FIG. 4. Comparison of the transverse mass (mg; ) and invariant mass (m,,) distributions of reconstructed top quark for
signal (£, = 0.005 and ¢, = 0.005 couplings) and all relevant backgrounds after requiring at least one lepton and b-tagged jet.

These distributions are normalized to one.
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FIG. 5.

The distance between particles in pseudorapidity-azimuthal angle plane for leading lepton and b-jet AR(I, b), recontructed top

and leading lepton AR(z,1) as well as leading b-jet AR(z, b), respectively. These distributions are normalized to one.

background with final states having either one or two
charged leptons. Since W decay modes of top quark
are suppressed relative to Wb by the square of the CKM
matrix-elements in the SM, the top quark decays almost
exclusively to a bottom quark and a W boson. The W
decays to quark-antiquark pair (hadronic) or to a charged
lepton and a neutrino (leptonic). So, the pair production of
top quark and tW events can be classified through the
decays of the W bosons as semileptonic, doubly hadronic
and doubly leptonic. We consider the pair production of
top quark (¢7) having two b-tagged jets, opposite-charged
leptons, and a (large) missing transverse energy and the tW
process characterized by the presence of a b-tagged jet, two
isolated leptons with opposite charge, and a substantial
amount of missing transverse energy due to the presence of
the neutrinos in the doubly leptonic final states as back-
grounds. The Wb (one b-tagged jet, one isolated leptons,
and a missing transverse energy and a jet) and Whb (two
b-tagged jet, one isolated leptons, and a missing transverse

energy) production processes including off-shell top quarks
are also taken into account as background for semileptonic
final state. Finally, Wjj and Zjj background processes are
included in the analysis considering leptonic decay chan-
nels of W and Z bosons. In the process of obtaining
background estimations, jet matching procedure has not
been considered.

The 10° events are generated by using MadGraph?2 .
6 .3 .2aMC@NLO for each signal and background processes

TABLE I. Event selection and kinematic cuts used for signal
and background events for BDT training.

Preselection
Kinematic

N;>1and N, > 1
ph > 20 GeV, pb > 30 GeV
Inb| <25, || <25
MET > 20 GeV, AR(I,b) > 0.7
45 GeV < m} <90 GeV
100 GeV < my? < 200 GeV

W Transverse mass
Top Transverse mass
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TABLE II. The list of selected kinematical and reconstructed
variables to be used in BDT.
Variable Definition
Ny Number of b-tagged jets in the event
N, Number of leptons in the event
ph Transverse momentum of the leading lepton
ph Transverse momentum of the leading b-jet
7 Pseudorapidity of the leading lepton
0’ Pseudorapidity of the leading b-jet
Episs Missing transverse energy
my Transverse mass of the reconstructed W-boson
my Invariant mass of the reconstructed W-boson
py Transverse momentum of the reconstructed
W-boson
m‘TOP Transverse mass of reconstructed top quark
Migp Invariant mass of reconstructed top quark
cos 0 Opening angle of three-vectors between leading
lepton and leading b-jet
AR(L, b Distance between lepton and b-jet in #-¢ plane
AR(1,1) Distance between reconstructed top quark and
lepton in n-¢ plane
AR(t,b) Distance between reconstructed top quark and
b-jet in #-¢ plane
7
[ signal (g, = 0.005)
6 All Backgrounds
5
3
% 4
z,

(1/N) dN/ dx
w

-0.1 (0] 0.1
BDT Response

[ signal (¢, = 0.005)
All Backgrounds

-0.1 0 0.1
BDT Response

with NNPDF23L.01 [51] parton distribution functions and
the renormalization and factorization scales are set to the
M7 = 91.188 GeV. The PYTHIAS.2 [52] is utilized in parton
showering and hadronization of generated signal and back-
ground events. All resonances t, W and Z decayed in
PYTHIA8.2. Produced jets inside the events are clustered
using FASTIET3.2.1 [53] with anti-kt algorithm [54] where
aconeradius R = 0.4 and p" = 30 GeV.FCC-hh detector
card embedded into DELPHES 3.4.1 [55] is used to include
realistic detector effects of the FCC-hh baseline detector.

IV. EVENT SELECTION

Characteristic signature of the gg — lvb signal process
suggests to work with events having at least one isolated
lepton (electron or muon), missing transverse energy, and at
least one jet which is required to be identified as a jet
originating from b-quark for the analysis. Distributions of
transverse momentum and pseudorapidity of leading lepton
and b-tagged jet for signal and all relevant backgrounds are
given in the first and second row of the Fig. 3, respectively.
Due to existence of neutrino in the final state of signal
events, W-boson transverse mass is reconstructed as my =

\/ 2(pr EXS — pry - ET). Both missing  transverse
energy and reconstructed W-boson transverse mass are

-
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FIG. 6. The distribution of the BDT response (on the left column) and receiver operating characteristic (ROC) curve of the BDT (on
the right column) for signal (couplings £, = 0.005 and ¢, = 0.005 couplings) and all relevant backgrounds.
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FIG. 7. The reconstructed transverse mass (on the left) and invariant mass (on the right) distributions of the top quark for signal
(couplings ¢, = 0.005 and £, = 0.005 couplings) and relevant SM background processes with an optimum BDT cut value 0.008. These

distributions are normalized to L;, = 100 fb~!

also shown at the bottom set of Fig. 3. Reconstructing W
boson that decays leptonically has difficulty due to
unknown neutrino momentum vector. In a hadron collider,
missing transverse energy is the only variable to be
measured and considered to be transverse energy of
neutrino in a good approximation. Taking the W boson
mass constraint, longitudinal component of the neutrino
momentum is given by

1 .
= o (Mo W02 = o (B - )

T,
(2)

A= (m}y/2) + br.- Br 3)

where the E;, pr,, and p_, are the energy, transverse,
and longitudinal momentum components of the leading
lepton, respectively. The solution that gives the smallest
absolute value chosen and other solutions are discarded in
our study as in Ref. [56]. The reconstructed mt})p and my,,
distributions are presented in Fig. 4. As shown in Fig. 4,
signal peaks in the actual mass region of the top quark.
The distance between leading lepton and b-tagged jet is

AR(1,b) = \/(A¢l,b)2 + (Any,)* where ¢, and 1, are
azimuthal angle and the pseudorapidity difference between
leading lepton and b-tagged jet. Similarly, one can obtain
the distance between reconstructed top and leading lepton
AR(t,1), reconstructed top and b-tagged jet AR(t,b).
The distribution of AR(I,b), AR(z,1), and AR(t,b) are
shown in Fig. 5.

V. ANALYSIS

Separation of signal from background events have been
carried out by a multivariate technique [57,58] in the toolkit
for multivariate analysis (TMVA), particularly boosted
decision trees (BDT). Event selection cuts are defined
from kinematic distributions given in Figs. 3-5 and
summarized in Table I. Since the choice of input variables
is important to train the BDT, we include total of 16
variables; lepton properties, b-tagged jet properties, miss-
ing transverse energy, invariant masses, and other variables

TABLE 1III. The cross sections of the signal and relevant
backgrounds after BDT analysis.

Process Cross section (pb)
Signal (¢, = 0.001) 1.228 x 10°
Signal (£, = 0.001) 1.032 x 10°
Signal (£, = 0.005) 1.559 x 10!
Signal (£, = 0.005) 1.001 x 10!
SM 6.643 x 107!
Wj 5.017 x 10!
1t 1.992 x 102
Zj 6.490 x 10°
W 9.694 x 10°
WwW 2912 x 107!
wZz 2.043 x 107!
zZ 1.459 x 10!
Wbb 2.272 x 10°
Wbj 3.653 x 10!
Wjj 5.217 x 10!
Zjj 6.879 x 107!
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FIG. 8.
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The statistical significance (SS) as a function of the anomalous FCNC top couplings strengths after applying an optimum BDT

cut value for each at integrated luminosities L;,, = 3 ab™! and L;,, = 10 ab~!. Only one coupling (£, or {,.) at a time is varied from its

SM value.

which help to promote signal over the background. The
topology of the signal process does not require light jet in
the final state. Therefore we did not veto light jets in the
BDT analysis, that is, the number of light jets and kinematic
variables such as py, n, AR(b, j), and AR(l,j) are not
considered in the BDT input variable list. A detailed list of
the variables is given in Table II. From these variables, the
transverse mass of top quark is selected as a target in BDT.
The 50% of events is used in the test while the other half is
used in the training for signal and background multivariate
analysis. Distribution of the BDT classifier response for the
considered signal and total background events is shown in
Fig. 6. Top left plot in Fig. 6 corresponds to BDT response
for signal £, = 0.005 and all the other overwhelming
backgrounds for trained samples. On the other hand, top
right plot so-called receiver operating characteristic (ROC)
curve shows the signal efficiency as a function of back-
ground rejection. Bottom two plots in Fig. 6 are BDT
response and ROC curve for signal {, = 0.005 and all other
backgrounds. As it can be seen from this figure, perfor-
mance of BDT is quite well and signal can be separated
from backgrounds. Therefore one can determine optimal
cut on reconstructed BDT distributions considering signal
efficiency. In our study, 70% signal efficiency has been
taken into account in the determination of optimal BDT cut
which varies for each signal scenarios with different values
of couplings £, and &,. Applying the optimal BDT cut
value to signal and background events, transverse mass (on
the left) and invariant mass (on the right) distributions
of reconstructed top quark are shown in Fig. 7. The cross
sections of the signal for two benchmark values of
anomalous couplings (£, = 0.001 and ¢, = 0.005) and
relevant backgrounds processes are computed with the
optimal BDT cut value and tabulated in Table III. The cross
section of a given background process are large at the
resonance level in full phase space, but small after cuts and

b-tagging have been applied in the final state as seen in
Table III.

The distributions of reconstructed top quark in Fig. 7
are normalized to the integrated luminosity of 100 fb~!
and the range between 135 GeV and 195 GeV is used to
calculate statistical significance (SS). Using Poisson
formula for SS as

SS=/2(S+B)I(1+S/B;) -5 (4
where S and By are the signal and total background events
at a particular luminosity. The SS as a function of
couplings ¢, (on the left) and ¢, (on the right) for L;, =
3 ab~! and L;, = 10 ab™! are shown in Fig. 8. In this

95% C.L.

-3 L i
10 CMS, Ly =501 (7 TeV) + 19.7 16 (8 TeV) EXCLUDED REGIONS
j0tL  ATLAS, Ly =203 o (8 TeV) |
= HL-LHC, Liy=3 ab™" (14 TeV)
T 10° E
el
m
108} 4 |
FCC-hh, Ly = 10 ab™! (100 TeV)
107 E
-8 L
10
108 107 10°® 10°® 10

BR(t —»ug)

FIG. 9. The current upper limits on the BR(z — cg) versus
BR(r — ug) at % 95 CL from the recent results of ATLAS [6] and
CMS [7] experiments as well as HL-LHC projection [8] are
compared to FCC-hh limits with L;,, = 10 ab~! at 100 TeV
center of mass energy.
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figure, only one coupling at a time is varied from its SM
value. For integrated luminosity of 3 ab~!, upper limit for
£, (&) reaches to 2.309 x 107 (2.313 x 107#) at 36 SS
value while 3.022 x 107#(3.256 x 107*) at 5¢. Increasing
integrated luminosity to 10 ab™! lower the upper limit but
not drastically.

The predictions for SM branching ratios of the top quark
FCNC decay to gluon, photon, Z or Higgs boson and up-
type quarks are at the order of 10714, Thus, the precise
measurements of these branchings can have an important
role to test new physics in the top quark sector. One can
express results in terms of branching ratios which can be
comparable with the results of other studies as in [59]. In
Fig. 9, the current observed [6,7] and projected upper limits
[8] on the branching ratios of # — ug and t — cg at
95% C.L. are presented and compared with the sensitivity
of FCC-hh at L;,, = 10 ab~!. Extracting the potential of the
FCC, the sensitivity to FCNC couplings are significantly
better than even the projected limits at HL-LHC [8] with
Liy = 3 ab~'. We obtained limits on branchings BR(t —
ug) = 5.18 x 1077 and BR(¢ — cg) = 4.45 x 10~ which
are one order of the magnitude better than the limits for
HL-LHC.

VI. CONCLUSIONS

We have investigated the potential of an FCC-hh collider
for gg — lvb process at a center of mass energy of 100 TeV
to set an upper limits on the anomalous top FCNC tgg
couplings including realistic detector effects. The selection
criteria based on boosted decision trees (BDT) is used with
a set of useful kinematic variables to separate signal from
relevant background processes. We have shown the dis-
tributions of kinematic variables of the final state particles,
transverse mass and invariant mass distribution of the top
quark to define cuts for BDT training. We find the upper
limits on {, and . couplings at 95% C.L. for integrated
luminosity of 3 and 10 ab~!. With an integrated luminosity
of 10 ab~! at the center of mass energy of 100 TeV, upper
limits on {, and ¢, are converted to branching ratios
BR(¢ — ug) and BR(¢ — cg) at FCC-hh. It is found that a
sensitivity of the order of 10~ for branching ratios at high
integrated luminosity would be achievable.
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