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The detection of a single Higgs boson at the Large Hadron Collider (LHC) has allowed one to probe
some properties of it, including the Yukawa and gauge couplings. However, in order to probe the Higgs
potential, one has to rely on new production mechanisms, such as Higgs pair production. In this paper, we
show that such a channel is also sensitive to the production and decay of a so-called ‘flavon’ field (HF), a
new scalar state that arises in models that attempt to explain the hierarchy of the Standard Model (SM)
fermion masses. Our analysis also focuses on the other decay channels involving the flavon particle,
specifically the decay of the flavon to a pair of Z bosons (HF → ZZ) and the concurrent production of a top
quark and charm quark via the ϕ → tc decays (ϕ ¼ HF; AF), having one or more leptons in the final states.
In particular, we show that, with 3000 fb−1 of accumulated data at 14 TeV (the Run 3 stage) of the LHC an
heavy flavon HF with mass MHF

≃ 2mt can be explored with 3σ–5σ significance through these channels.

DOI: 10.1103/PhysRevD.108.095026

I. INTRODUCTION

The discovery of a Higgs boson [1–3] with mass Mh ¼
125.5 GeV has provided a firm evidence for the mechanism
of electroweak symmetry breaking (EWSB) based on a
Higgs potential [4,5] pointing towards the minimal realiza-
tion of it that defines the Standard Model (SM). So far, the
corresponding studies have relied on the four standard single
Higgs production mechanism, i.e., gluon-gluon fusion,

vector boson fusion, Higgs-strahlung and associated pro-
duction with top-quark pairs (see Ref. [6]), which have
permitted to extract the Higgs boson couplings with quarks
(b and t), leptons (τ and μ) and gauge bosons (W and Z) as
well as the effective interaction with photon and gluon pairs.
However, there still remains the task of probing the Higgs
self-coupling.Moreover,we still do not understand the origin
of the Yuwaka couplings, the flavor coupling. The Higgs
boson pair ðhhÞ production serves as a direct means of
investigating the self-interactions of the Higgs boson, which
play a crucial role in determining the Higgs potential of the
SM. Additionally, the magnitude of the hh production rate
is directly proportional to the square of this self-coupling.
Within the SM, the nonresonant production of Higgs boson
pairs represents the only direct method for measuring the
Higgs boson self-coupling. Nonetheless, due to the limited
size of the cross section, accurately determining this coupling
presents a significant challenge. Next-to-leading-order
effects help somewhat to improve the situation [7–9]. The
production of SM-like Higgs boson pairs at the LHC
provides a valuable avenue to probe various scenarios
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Beyond the SM (BSM) that contain particles having cou-
plings with the Higgs boson [10–12]. These new particles
could be (pseudo)scalars, fermions and gauge bosons. Thus
di-Higgs production offers insights into the properties of the
Higgs boson itself and can potentially shed light on theHiggs
self-interactions aswell as its interactionswith other particles
in the model. For example, in the dominant production mode
for di-Higgs bosons at the LHC, through fusion of gluons,
mediated by top-quark loops that couple to both gluons and
Higgs boson. Any additional heavy colored fermions that
couple with the Higgs boson can contribute to the di-Higgs
production mode too. Similarly, in some BSM scenarios,
Higgs production can be associated with other colored
particles in the loops, such as squarks in Supersymmetry.
Studies have shown that, in all generality, in scenarios

with an extended Higgs sector, new heavy resonances,
supersymmetric theories, effective field theories with
modified top Yukawa coupling, etc., di-Higgs ðhhÞ and
di-gauge boson (WþW−=ZZ) production receives addi-
tional BSM contributions along with the SM ones [12–51].
These effects make the study of these two production
processes particularly interesting then and, at the same
time, also very challenging. However, the possibility to
produce Higgs and gauge bosons pairs in the decay of a
new heavy particle that belongs to the spectrum of those
models offers some hope to achieve detectable signals at
current and future colliders. It is also to be noted that flavor-
violating Higgs decays, i.e., those violating the conserva-
tion of flavor quantum numbers [52] can be possible. This
phenomenon is of great interest as it can provide evidence
for BSM physics and shed light on the origin of flavor
mixing and hierarchy in the fermion sector. The study of
flavor-violating Higgs decays thus offers a unique oppor-
tunity to explore new physics and deepen our understand-
ing of fundamental interactions in the Universe [53–55].
Specifically, we will study the interactions of the dis-

covered Higgs boson with the so-called ‘flavon’ field HF
which appears in models that attempt to explain the
hierarchy of quark and lepton masses using the Froggatt-
Nielsen (FN) mechanism [56–58]. This mechanism
assumes that, above some scaleMF roughly corresponding
to the flavon mass, there is a symmetry, perhaps of Abelian-
type Uð1ÞF, with the SM fermions being charged under it,
which then forbids the appearance of Yukawa couplings
at the renormalizable level. However, Yukawa matrices
can arise through nonrenormalizable operators. The Higgs
spectrum of these models includes a light HF state, which
could mix effectively with the SM Higgs boson when the
flavor scale is of the order 1 TeV or lower. Recently, the
phenomenology of Higgs vs flavon interactions at particle
colliders has been the focus of some attention [59–66]. In
particular, within this framework, it is possible to have a
coupling of this new scalar with Higgs and gauge bosons
pairs, which can then provide interesting signals to be
searched for at the LHC. Another characteristic to highlight

is the emergence of flavor changing neutral currents
(FCNCs) mediated by the flavon, which allows the HF →
tc decay at tree level. Our study could thus not only serve as
a strategy for the flavon search, but it can also be helpful to
assess the order of magnitude of flavor violation mediated
by such a particle, which is an indisputable signature of
BSM physics.
In this paper, we are interested in studying the detection

of the flavon signal emerging from the production and
decay processes pp → HF → hhðh → γγ; h → bb̄Þ, pp →
HF → ZZðZ → llÞ and the FCNC process pp → HF →
tcðt → lνlbÞ at future stages of the LHC, namely, Run 3
and the high-luminosity LHC (HL-LHC) [67,68]. In this
analysis, we do not take into consideration the pp →
HF → hhðh → τþτ−; h → bb̄Þ channel, which has the
potential to be competitive with our selected signal. We
have opted to exclude this channel from the current
study and instead reserve it for a future publication.
Additionally, we will not be presenting other channels
such as pp → HF → hhðh → bb̄Þ and pp → HF →
WWðW → lνlÞ because these channels are highly sup-
pressed by large SM backgrounds.
The ATLAS and CMS Collaborations at the LHC have

already performed several studies of nonresonant di-Higgs
and diboson(W=Z) production with various possible final
states using both Run 1 and the Run 2 dataset. None of these
searches have observed a statistically significant excess over
the SM background, therefore, upper limits on the di-Higgs
production cross section are placed [69–81]. We focus here
on the ‘2γ plus 2b-jets’, ‘2 pairs of same flavor opposite sign
(SFOS) leptons’ and ‘2 jets plus a charged lepton with its
neutrino’ (with one of the jets labeled as a b-jet) signatures.
These particular (and comparatively clean) final states are
obtained through pp → HF → hh, pp → HF → ZZ and
pp → HF → tc production followed by h → γγ, h → bb̄,
Z → ll and t → lνlb decays. We will show that these
channels have large significances in specific parameter space
regions in the context of the LHC operated at

ffiffiffi
s

p ¼ 14 TeV
of energy with integrated luminosity 3000 fb−1. Besides
these future energies and luminosities, we also present our
results based on the data set accumulated to date, i.e., with a
luminosity of 139 fb−1 at the 13 TeV LHC (Run 2).
The advocated signature of SM di-Higgs (hh) and

diboson (ZZ) processes have been explored earlier in the
literature, albeit in different scenarios [12–45], while the
processes tackled here, pp → HF → hhðh → γγ; h → bb̄Þ
and pp → HF → ZZðZ → llÞ and pp → ϕ → tc in the
context of the present model have not been discussed in any
depth [59–64]. Our analysis of these final states give
promising results as a discovery channel for a heavy
CP-even HF boson in the aforementioned FN framework.
In order to prove this, we first choose three sets of reference
points for three heavy Higgs masses 800 GeV, 900 GeV,
and 1000 GeV. A signal region (a set of different kinematic
cuts) is then defined to maximize signal significances in the
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presence the SM backgrounds having the same final state. In
our cut-based analysis, we further use the same signal region
for different combinations of the singlet scalar vacuum
expectation value (VEV) vs and heavy Higgs mass MHF

to compute the signal significances. The latter are onlymildly
affected (at the 5–10% level) by incorporating a realistic 5%
systematic uncertainty in the SMbackground estimation.We
find a large number of signal events that have significances
exceeding 2σ and they can be explored with 3000 fb−1 of
data at LHC runs using

ffiffiffi
s

p ¼ 14 TeV.
The rest of the paper is organized as follows. In Sec. II, we

present the details of themodel and derive expressions for the
masses and relevant interaction couplings for all the particles.
Afterwards, we introduce the constraints acting on it from
both the theoretical and experimental side in Sec. III.
Section IV is focused on the analysis of the signals arising
from the decay of the flavon. Finally, we conclude in Sec. V.

II. THE MODEL

We now focus on some relevant theoretical aspects of
what we will refer to as the FN singlet model (FNSM). In
Ref. [82], a comprehensive theoretical analysis of the Higgs
potential therein is presented along with the constraints on
the parameter space from the Higgs boson signal strengths
and the oblique parameters, including presenting a few
benchmark scenarios amenable to phenomenological inves-
tigation. (See Ref. [83] for the effects of lepton flavor
violation (LFV).)

A. The scalar sector

The scalar sector of this model consists of the SM Higgs
doubletΦ ane and one SM singlet complex FN scalar SF. In
the unitary gauge, we parametrize these fields as

Φ ¼
�

0
vþϕ0ffiffi

2
p

�
; ð2:1Þ

SF ¼ ðvs þ SR þ iSIÞffiffiffi
2

p ; ð2:2Þ

where v and vs represent the VEVs of the SMHiggs doublet
and FN singlet, respectively. The scalar potential should be
invariant under the FN Uð1ÞF flavor symmetry. Under this
symmetry, the SM Higgs doublet H and FN singlet SF
transform as Φ → Φ and SF → eiθSF, respectively.
In general, such a scalar potential admits a complex

VEV, hSFi0 ¼ vsffiffi
2

p eiξ, but in this work we consider the
special case in which the Higgs potential is CP-conserving,
by setting the phase ξ ¼ 0. Such a CP-conserving Higgs
potential is then given by

V0 ¼ −
1

2
m2

1Φ†Φ −
1

2
m2

2S
�
FSF þ 1

2
λ1ðΦ†ΦÞ2

þ λ2ðS�FSFÞ2 þ λ3ðΦ†ΦÞðS�FSFÞ: ð2:3Þ

The Uð1ÞF flavor symmetry of this scalar potential is
spontaneously broken by the VEVs of the spin-0 fields
ðΦ; SFÞ and this leads to a massless Goldstone boson in the
physical spectrum. In order to give a mass to it, we add the
following soft Uð1ÞF breaking term to the potential,

Vsoft ¼ −
m2

3

2
ðS2F þ S�2F Þ: ð2:4Þ

The full scalar potential is thus,

V ¼ V0 þ Vsoft: ð2:5Þ

The presence of the λ3 term allows mixing between the
flavon and the Higgs fields after both the Uð1ÞF flavor
and EW symmetry breaking and contributes to the mass
parameters for both the flavon and Higgs field, as can be
seen below. The soft Uð1ÞF flavor symmetry breaking term
Vsoft is responsible for the pseudoscalar flavon ðSIÞ mass.
Once the minimization conditions for the potential V are
applied, we obtain the following relations between the
parameters of V:

m2
1 ¼ v2λ1 þ v2sλ3; ð2:6Þ

m2
2 ¼ −2m2

3 þ 2v2sλ2 þ v2λ3: ð2:7Þ

All the parameters of the scalar potential are real and
therefore the real and imaginary parts of V do not mix. The
CP-even mass matrix can be written in the ðϕ0; SRÞ basis as

M2
S ¼

�
λ1v2 λ3vvs
λ3vvs 2λ2v2s

�
: ð2:8Þ

The corresponding mass eigenstates are obtained via the
standard 2 × 2 rotation,

ϕ0 ¼ cos αhþ sin αHF; ð2:9Þ

SR ¼ − sin αhþ cos αHF; ð2:10Þ

with α a mixing angle. Here h is identified with the SM-like
Higgs boson with mass Mh ¼ 125.5 GeV whereas the
mass eigenstateHF is the CP-even flavon. The correspond-
ing CP-odd flavon AF ≡ SI will have a mass such that
M2

AF
¼ 2m2

3. Both HF and AF are considered to be heavier
than h. In this model, we will work with the mixing angle α
and physical masses Mh, MHF

, and MAF
, which are related

to the quartic couplings of the scalar potential in Eq. (2.3)
as follows:
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λ1 ¼
cos α2M2

h þ sin α2M2
HF

v2
;

λ2 ¼
M2

AF
þ cos α2M2

HF
þ sin α2M2

h

2v2s
;

λ3 ¼
cos α sin α

vvs
ðM2

HF
−M2

hÞ: ð2:11Þ

We consider the mixing angle α, the FN singlet VEV vs and
its (pseudo)scalar field massesMHF;AF

as free parameters in
this work.

B. The Yukawa sector

The effective Uð1ÞF invariant Yukawa Lagrangian, á la
FN, is given by [58]

LY ¼ ρdij

�
SF
ΛF

�
qdij
Q̄idjΦ̃þ ρuij

�
SF
ΛF

�
quij
Q̄iujΦ

þ ρlij

�
SF
ΛF

�
qlij
L̄iljΦþ H:c:; ð2:12Þ

where ρu=d=l are dimensionless couplings seemingly of
order one. This will lead to Yukawa couplings once the
Uð1ÞF flavor symmetry is spontaneously broken. The
integers qfij ðf ¼ u; d;lÞ are the combination of Uð1ÞF
charges of the respective fermions. In order to generate the
Yukawa couplings, one spontaneously breaks both the
Uð1ÞF and EW symmetries. In the unitary gauge one
can make the following first-order expansion of the neutral
component of the heavy flavon field SF around its VEV vs:

�
SF
ΛF

�
qij ¼

�
vs þ SR þ iSIffiffiffi

2
p

ΛF

�
qij

≃
�

vsffiffiffi
2

p
ΛF

�
qij
�
1þ qij

�
SR þ iSI

vs

��
; ð2:13Þ

which leads to the following fermion couplings after
replacing the mass eigenstates in LY :

LY ¼ 1

v
½ŪMuU þ D̄MdDþ L̄MlL�ðcαhþ sαHFÞ

þ vffiffiffi
2

p
vs

½ŪiZ̃u
ijUj þ D̄iZ̃d

ijDj þ L̄iZ̃l
ijLj�

× ð−sαhþ cαHF þ iAFÞ þ H:c:; ð2:14Þ
where we define sinα≡ sα and cos α≡ cα. Here, Mf

stands for the diagonal fermion mass matrix while the
intensities of the Higgs-flavon couplings are encapsulated
in the Z̃f

ij ¼ Uf
LZ

f
ijU

f†
L matrices. In the flavor basis, the Zf

ij

matrix elements are given by

Zf
ij ¼ ρfij

�
vsffiffiffi
2

p
ΛF

�
qfij
qfij; ð2:15Þ

which remains nondiagonal even after diagonalizing the
mass matrices, thereby giving rise to FV scalar couplings.
In addition to the Yukawa couplings we also need the ϕVV
(V ¼ W, Z) couplings for our calculation which can be
extracted from the kinetic terms of the Higgs doublet and
complex singlet. In Table I we show the coupling constants
for the interactions of the SM-like Higgs boson and the
flavon to fermions and gauge bosons.

III. CONSTRAINTS ON THE FNSM
PARAMETER SPACE

In order to perform a realistic numerical analysis
of the signals analyzed in this work, i.e., pp → HF →
hhðh → bb̄; h → γγÞ, pp → HF → ZZðZ → llÞ, and
pp → HF → tcðt → lνlbÞ (see Fig. 1), we need to con-
strain the free FNSM parameters, i.e., (i) the mixing angle α
of the real components of the doublet Φ and the FN singlet
S, (ii) FN singlet VEV vs, (iii) the heavy scalar (pseudo)
field massesMHF;AF

, (iv) the diagonal Z̃u
33 ≡ Z̃tt, Z̃u

22 ≡ Z̃bb

TABLE I. Tree-level couplings of the SM-like Higgs boson h and the flavons HF and AF to fermion and gauge
boson pairs in the FNSM. Here, rs ¼ v=

ffiffiffi
2

p
vs.

Vertex (ϕXX) Coupling constant (gϕXX)

hfif̄j cα
v M̃

f
ij − sαrsZ̃

f
ij

HFfif̄j sα
v M̃

f
ij þ cαrsZ̃fij

AFfif̄j irsZ̃fij

hZZ i gMZ
cW

cα
hWW igMWcα
HFZZ i gMZ

cW
sα

HFWW igMWsα
HFhh −ifc3αλ3vs þ c2αsαvð3λ1 − 2λ3Þ − 2cαs2αvsðλ3 − 3λ2Þ þ λ3s3αvg

≡ − ifcαsαð3M2
AF
sαvþ ðM2

HF
þ 2M2

hÞðsαvþ cαvsÞÞg=ðvvsÞ
AFhh 0
AFZZ 0
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and the nondiagonal Z̃u
32 ≡ Z̃tc matrix elements which will

be used to evaluate both the production cross section of the
flavon HF and the decay of the Higgs boson to a pair of b
quarks; all of which have an impact on the upcoming
calculations. These parameters are constrained by various
kinds of theoretical bounds like absolute vacuum stability,
triviality, perturbativity and unitarity of scattering matrices
and different experimental data, chiefly, LHC Higgs boson
coupling modifiers, null results for additional Higgs states
plus the muon and electron anomalous magnetic (dipole)
moments Δaμ and Δae, respectively. The various LFV
processes τ → 3μ, μ → 3e, τ → μγ, μ → eγ, B0

s → μþμ−

and the total decay width of the Higgs boson (Γh
T) are also

modified in the presence of these new Yukawa couplings,
so they have also been tested against available data. In the
following, we discuss the various constraints on the model
parameters in turn.

A. Stability of the scalar potential

The absolute stability of the scalar potential in Eq. (2.3)
requires that the potential should not become unbounded
from below, i.e., it should not approach negative infinity
along any direction of the field space (h;HF; AF) at large
field values. Since in this limit the quadratic terms in the
scalar potential are negligibly small as compared to the
quartic terms, the absolute stability conditions are [84]

λ1ðΛÞ > 0; λ2ðΛÞ> 0 and

λ3ðΛÞ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2λ1ðΛÞλ2ðΛÞ

p
> 0; ð3:1Þ

wherein these quartic couplings are evaluated at a scale Λ
using renormalization group evolution (RGE) equations. If

the scalar potential in Eq. (2.3) has a metastable EW
vacuum, then these conditions are modified [84]. One can
then use Eq. (2.11) to translate these limits into those on the
free parameters such as scalar fields’ mass and mixing
angles.

B. Perturbativity and unitarity constraints

To ensure that the radiatively improved scalar potential
of the FNSM remains perturbative at any given energy
scale, one must impose the following upper bounds on the
quartic couplings:

jλ1ðΛÞ; λ2ðΛÞ; λ3ðΛÞj ≤ 4π: ð3:2Þ

The quartic couplings in the scalar potential of our
scenario are also severely constrained by the unitarity of the
scattering matrix (S-matrix). At very large field values,
one can get the S-matrix by using various (pseudo)scalar-
(pseudo)scalar, gauge boson-gauge boson and (pseudo)
scalar-gauge boson interactions in 2 → 2 body processes.
The unitarity of the S-matrix demands that the eigenvalues
of it should be less than 8π [84,85]. In the FNSM, the
unitary bounds are obtained from the S-matrix (using the
equivalence theorem) as

λ1ðΛÞ ≤ 16π and jλ1ðΛÞ þ λ2ðΛÞ
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1ðΛÞ − λ2ðΛÞÞ2 þ ð2=3λ3ðΛÞÞ2

q
j ≤ 16=3π:

ð3:3Þ

We now use the relation in Eq. (2.11) to display theoretical
bounds on the scalar singlet VEV vs for various values of

FIG. 1. Representative Feynman diagram of the signal: (a) gg → HF → hhðh → bb̄; h → γγÞ, (b) gg → HF → ZZðZ → llÞ and
(c) pp → ϕ → tcðt → lνlbÞ.
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the heavy Higgs masses, MHF
and MAF

. In Fig. 2 we dis-
play the constraints on scalar quartic couplings coming from
the perturbativity [Fig. 2 (left) and (middle)] and unitarity
[Fig. 2 (right)] of theS-matrix.Here,we assumeMHF

¼ MAF

and cos α ¼ 0.995, which agrees with the constraints from
the Higgs boson coupling modifiers from the LHC mea-
surements, which we will discuss in some detail later.
Figure 2 (left) shows the vs − λ2 plane for MHF

¼
200 GeV, 400 GeV, 600 GeV, 800 GeV, and 1000 GeV
whereas in Fig. 2 (middle) the vs − λ3 plane is presented.
The plane vs − λUð≡ λ1 þ λ2 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1 − λ2Þ2 þ ð2=3λ3Þ2

p
Þ in

Fig. 2 (right) shows the unitary bounds. We find that
jλUj ≤ 16π=3 is the most stringent upper bound for the
scalar quartic couplings. From these plots, we can see
that the lower limit on the scalar singlet VEV vs is, for
MHF

¼ ð200; 400; 600; 800; 1000Þ GeV,
vs ≥ ð69; 138; 207; 276; 345Þ GeV. Note that we are work-
ing at the EW scale only, as detailed RGE analysis is beyond
the scope of this work.We also choose the parameters in such

a way that the scalar potential remains absolutely stable in all
the directions of the scalar fields h, HH, AF. (Further details
can be found in Ref. [84].)

C. Experimental constraints

To constrain the mixing angle α and the VEVof the FN
singlet vs, we use HL-LHC projections for the Higgs boson
coupling modifiers κi at a CL of 2σ [86], as this machine
configuration is the one with highest sensitivity among
those we will consider in the analysis section. For a
production cross section σðpp → ϕÞ or a decay width ϕ →
X (ϕ ¼ h; hSM), we introduce,

κ2pp ¼ σðpp → hÞ
σðpp → hSMÞ ; κ2X ¼ Γðh → XÞ

ΓðhSM → XÞ ; ð3:4Þ

where X ¼ bb̄; τ−τþ;W−Wþ; ZZ; γγ. Figure 3(a) shows all
the regions complying with the aforementioned projections
for each channel in the cos α − vs plane; here, the green,

FIG. 2. In the first two plots we show the perturbative bounds on the quartic couplings λ2;3 while the third plot shows the stringent
unitary bounds on λU.

FIG. 3. VEVof the FN singlet vs as a function of the cosine of the mixing angle α; constraints are from (a) the SM-like Higgs boson
coupling modifiers and (b) flavor observables (as described in the text).
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pink, blue, orange and cyan area corresponds to κb, κτ, κV ,
κγ , and κg, respectively, while the red area represents the
intersection of all the areas allowed by all the individual
channels. We consider Z̃bb ¼ 0.01 and Z̃tt ¼ 0.4 in the
evaluations for the κX. Such values are well motivated
because they simultaneously accommodate all the κX’s. In
fact, values in the 0.01 ≤ Z̃bb ≤ 0.1 and 0.1 ≤ Z̃tt ≤ 1
intervals have no important impact on the coupling modi-
fiers, however, in the case when Z̃bb ≥ 0.1 and Z̃tt ≥ 2, a
large reduction of allowed values in the cos α − vs plane is
found [64,65].
Furthermore, we present in Fig. 3(b) the cos α − vs plane

regions allowed by Δaμ (black points), Δae (magenta
points), μ → 3e (red points) and B0

s → μþμ− (blue area).
We have also analyzed the decays τ → 3μ, τ → μγ, μ → eγ,
however, these processes are not very restrictive in the
FNSM. This is mainly due to the choice we made for the
matrix elements Z̃μμ and Z̃ττ, as they play a subtle role in
the couplings (see Table I) ϕμ−μþ and ϕτ−τþ
(ϕ ¼ h;HF; AF), which have a significant impact on the
observables τ → 3μ, τ → μγ, μ → eγ. In fact, we use Z̃ττ ¼
0.2 and Z̃μμ ¼ 10−4 (hence, a strong hierarchy), otherwise
the SM hμ−μþ coupling would be swamped by new
corrections due to the FNSM.1 So the bounds coming
from the processes τ → 3μ, τ → μγ, μ → eγ are not
included in Fig. 3(b).

Then, in Fig. 4, we display the result of applying all
discussed theoretical and experimental constraints, limit-
edly to the reduced interval 0.98 ≤ cos α ≤ 1, since it is the
region in which all the analyzed observables converge.
Here, we only show the most restrictive bounds so as to not
overload the plot. Among the latter, the unitarity bound
plays a special role, as it helped us to find a lower limit for
the singlet scalar VEV, vs, depending on the flavon mass,
e.g., for MHF

¼ 1000 GeV one has vs ≥ 345 GeV. By
comparison, the intersection of all κi’s and Δaμ imposes a
less stringent upper limit of vs ≤ 1200 GeV.2

As far as the CP-even flavon massMHF
is concerned, to

constrain it, we use the limit on the cross section of the
process pp → ϕ → hh from [77], in which a combina-
tion of searches for SM-like Higgs boson pair production
in proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV and 35.9 fb−1

is reported. We present in Fig. 5 the cross section of
the process σðpp → HF → hhÞ in the FNSM as a func-
tion of MHF

and its comparison with the limit on
σðpp → Φ → hhÞ, where ϕ stands for a generic spin-0
resonance. Furthermore, we show in Figs. 6(a) and 6(b) a
comparison between the FNSM predictions and the ATLAS

FIG. 4. VEVof the FN singlet vs as a function of cosine of the
mixing angle α in the presence of the most stringent ones among
all theoretical and experimental constraints considered.

FIG. 5. Expected (blue points) and observed (black points)
95% CL exclusion limits on the production of a narrow, spin-0
resonance (ϕ) decaying into a pair of SM-like Higgs bosons at the
LHC. The inner (green fill) and outer (yellow fill) bands indicate
the regions containing 68% and 95% CL, respectively, results on
the limit applicable to the pp → ϕ → hh cross section expected
under the background-only hypothesis. The starred points are
predictions in the FNSM for a selection of heavy Higgs masses
(ϕ≡HF) containing BPs used in our analysis.

1Such a choice was adopted in the evaluation of κττ and κμμ,
respectively, and then we scanned on the cos α − vs plane, as
shown in Fig. 3(a).

2Notice that, to generate Figs. 3(a), 3(b), and 4, we have used
our own Mathematica package, so-called SpaceMath [87],
which is available upon request.
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Collaboration limits [88], now for individual channels with
final states bb̄bb̄ and bb̄τ−τþ, respectively. The most
stringent constraints [89] come from bb̄γγ production
channel as shown in Fig. 7. In obtaining such limits,
we have evaluated the inclusive cross section of our
signal process, wherein we have used vs ¼ 1000 GeV
and cos α ¼ 0.995. It is observed that the MHF

¼
300–1000 GeV interval satisfies the bounds imposed,
so we will define benchmark points (BPs) with HF
masses herein. The model parameter space in this analysis
is also consistent from the other search channels pp →
HF → ZZ at ATLAS [13] and pp → HF → WW at
CMS [90].

D. Constraints on Z̃tc from flavor-violating
Higgs decays

Finally, because the gHFtc coupling is proportional to the
Z̃tc matrix element, we need a bound on it in order to
evaluate the HF → tc decay. Currently, there no specific
processes that provide a stringent limit Z̃tc, but we can
estimate its order of magnitude by considering the upper
limit on the branching ratio (BR) of t → ch at< 1.1 × 10−3

[91]. We also consider the prospects for BRðt → chÞ <
4.3 × 10−5 searches at the FCC-hh [92]. The resulting

FIG. 6. Upper limits (observed and expected) on the cross section for di-Higgs production through an intermediate heavy particle ϕ as
a function of the particle mass Mϕ as obtained through the processes pp → HF → hhðh;→ bb̄; h → bb̄Þ (left) and pp → HF → hh
ðh;→ bb̄; h → τþτ−Þ (right).

FIG. 7. Upper limits (observed and expected) on the cross
section for di-Higgs production [89] through an intermediate
heavy particle ϕ as a function of the particle massMϕ as obtained
through the process pp → HF → hhðh;→ bb̄; h → γγÞ.

FIG. 8. Allowed region in the vs-Z̃tc plane from the current
bound on BRðt → chÞ < 1.1 × 10−3 (blue color) and the pro-
jection at the FCC-hh (orange color).
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allowed region in the vs − Z̃tc plane is illustrated in Fig. 8.
It is worth noting here that the behavior of the Z̃tc matrix
element shows an increasing (decreasing) trend as vs
increases (decreases). This observation is expected since
the ghtc coupling is governed by Z̃tc=vs. In order to have a
realistic evaluation of the observables studied here, we
adopt conservative values for Z̃tc and vs.

IV. COLLIDER ANALYSIS

Following our discussions on various model parameters
and their constraints, we now study the collider signature
emerging in the FNSM in the form of a singletlike CP-even
heavy Higgs scalar HF decaying into SM-like Higgs h,
neutral gauge bosons Z and top-charm quark pairs at Run 3
of the LHC as well as the HL-LHC, assuming

ffiffiffi
s

p ¼
14 TeV for both and a luminosity of 3000 fb−1. In our
analysis, we adopt cα ¼ 0.995 (i.e., a small mixing angle α
between the CP-even part of the doublet and singlet scalar
fields) and assume for the cutoff scale ΛF ¼ 10 TeV, in
order to easily avoid theoretical as well as experimental
bounds (as discussed in the previous section).
Specifically, at the LHC, we consider the resonant

production of theHF state via gluon-gluon fusion, followed
by its decay into two on-shell SM-like Higgs bosons (h),
neutral gauge bosons Z and a top-charm quark pair. For hh
production, one of the Higgs h decays into a pair of
b-tagged jets while the other decays into two photons,
i.e., pp → HF → hhðh → bb̄; h → γγÞ: recall Fig. 1. For
the ZZ channel, a Z decays into a SFOS pair; while for
tc channel, the top quark decays into lνlb, with
l ¼ e−; eþ; μ−; μþ. Hence, we have three separate final
states. The first one has two photons (γ) and two b-jets, the
second one has four leptons, and the third one contains a
charged lepton plus its corresponding neutrino and two jets
(one of them is a b-jet and the other is a c-jet). They all have

some amount of hadronic activity generated from the initial
state. Here, we only analyze the channelsHF → hh; ZZ; tc,
since it is to be noted that the AFhh and AFZZ couplings
are zero because of CP conservation, hence the twin
production processes pp → AF → hh; ZZ via gluon-gluon
fusion is not possible. The AF → tc decay is dedicated for
future analysis.
We use FeynRules [93] to built the FNSM model and

produce the UFO files for MadGraph-2.6.5 [94]. Using the
ensuing particle spectrum into MadGraph-2.6.5, we calculate
the production cross section of the aforementioned pro-
duction and decay process. The MadGraph_aMC@NLO [94]
framework has been used to generate the background
events in the SM. Subsequent showering and hadronization
have been performed with PYTHIA-8 [95]. The detector
response has been emulated using DELPHES-3.1.2 [96]. The
default ATLAS configuration card which comes along with
the DELPHES-3.4.2 package has been used in the entirety of
this analysis. For both the signal and background processes,
we consider the leading order (LO) cross sections com-
puted by MadGraph_aMC@NLO, unless stated otherwise.
In the previous processes, we focus on the complete FN

diagonal basis, meaning no heavy Higgs flavor-violating
decay is present. This choice allow us to explore the large
BRs to other channels, which could potentially provide a
large signal significance in our study. We discuss the details
now. Afterwards, we consider the FN off-diagonal basis to
have new signals. This modification enables us to inves-
tigate the effects of heavy Higgs flavor-violating inter-
actions, which can have significant implications for our
understanding of the FN-Higgs sector.
We first generate the signal events for various heavy

CP-even flavon masses, MHF
ð¼ MAF

Þ considering Z̃ij ¼
0ði ≠ jÞ. The latter have been varied from 260 to 1000 GeV
with a step size of 10 GeV. We then take vs ¼ 1000 GeV;
such a large VEV produces a small production cross section

FIG. 9. The red (blue and purple) line on the left plot stands for the cross section of the processes pp → HF

(pp → HF → hhðh → γγ; h → bb̄Þ and pp → HF → ZZðZ → llÞ) at 14 TeV. The variation in the BRs of the heavy CP-even
flavon mass MHF

is displayed in the right plot. The heavy Higgs flavor-violating decay is absent here, i.e., Z̃ij ¼ 0ði ≠ jÞ.
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σðpp → HFÞ and a correspondingly small partial width
ΓðHF → hh; ZZÞ, hence small (but non-negligible, for our
purposes) signal rates, however, this is necessary to comply
with all theoretical and experimental limits. We display the
cross section of the process pp → HF, pp → HF →
hhðh → γγ; h → bb̄Þ and pp → HF → ZZðZ → llÞ on
the left-hand side of Fig. 9, where the red line stands
for σðpp → HFÞ.
One can thus understand the nature of the production

and decay rates as follows. The production cross sections
of the heavy CP-even flavon HF (or pseudoscalar AF, for
that matter) mainly depends on the gHFtt̄ ¼ cαvþsαvs

vs
ytffiffi
2

p

(gAFtt̄ ¼ v
vs

ytffiffi
2

p ) coupling, as the latter goes into the effective

Higgs-to-two gluon vertex, hgg. The corresponding term in
the Lagrangian is given by [97]

Leff ¼
1

v
ghgghGμνGμν; ð4:1Þ

gSgg ¼ −i
αS
8π

τð1þ ð1 − τÞfðτÞÞ with τ ¼ 4M2
t

M2
h

; ð4:2Þ

fðτÞ ¼

8>><
>>:

�
sin−1

ffiffi
1
τ

q �
2
; τ ≥ 1;

− 1
4

h
ln 1þ ffiffiffiffiffiffi

1−τ
p

1−
ffiffiffiffiffiffi
1−τ

p − iπ
i
2

τ < 1:
ð4:3Þ

In this model, the ggh, ggHF, and ggAF couplings take the
following form: ghgg¼ðcαvs−sαvvs

ÞgSgg, gHFgg¼ðcαvþsαvs
vs

ÞgSgg,
and gAFgg¼ v

vs
ð−iαS=πÞτfðτÞ,3 respectively. It is to be noted

that, for MHF;AF
> 2Mt, fðτÞ ¼ − 1

4

h
ln 1þ ffiffiffiffiffiffi

1−τ
p

1−
ffiffiffiffiffiffi
1−τ

p − iπ
i
2
.

Hence, one can understand the shape of the plot by
exploiting these functions. The BRs of HF into various
channels for vs ¼ 1000 GeV are shown on the right-hand
side of Fig. 9. From the BR plot, we can see that, for
heavier HF masses, this state dominantly decays into tt̄.
For small masses, HF → WW dominates. Yet, HF → hh is
the third, while HF → ZZ is the fourth largest decay
channels. In the next subsections, we will focus on

discussing the processes HF → hhðh → bb̄; h → γγÞ and
HF→ZZðZ→llÞ for the diagonal andHF→ tcðt→blνlÞ
for off-diagonal scenario, respectively. These processes are
of particular interest because they are not as strongly sup-
pressed by standard model backgrounds compared to the
HF → tt̄ and HF → WW decays.

A. pp → HF → hhðh → γγ;h → bb̄Þ
The major SM backgrounds typically have the form

hhþ X (where X is known SM particles), which includes
SM-Higgs pair hh production, hþ X like hZ, hbb̄, and htt̄,
as well as the non-Higgs processes which include tt̄ and tt̄γ
(here, leptons may fake as photons) as well as bb̄γγ, cc̄γγ
and jjγγ (where c-jets and light-jets may fake b-jets). The
other relevant reducible backgrounds comprise bb̄jγ, cc̄jγ,
and bb̄jj, where c-jets may appear as b-jets and a light-jet
may fake a photon. The fake rate of a light-jet j into a
photon depends on the momentum of the jet, pj

T [100], as
9.3 × 10−3 expð−pj

T=27.5 GeVÞ. The c-jet is misidentified
as a b-jet with a rate of 3.5% whereas a light-jet mimics a
b-jet with a rate of 0.135% [101].
We next present a detailed discussion of the collider search

strategy employed to maximize the signal significance in
the search channel pp → HF → hhðh → γγ; h → bb̄Þ. To
start with, though, we show the production and decay cross
section pp → HF → hhðh → γγ; h → bb̄Þ for the three BPs
presented in Table II (with, in particular, MHF

¼ 800 GeV,
900 GeV, and 1000 GeV, as seen in Table III). The corres-
ponding dominant SM backgrounds are shown in Table IV.
Any charged objects (leptons or jets) or photons produced

in any hard scattering process at the LHCwill be observed in
the detector if and only if they satisfy certain geometric
criteria, known as acceptance cuts. These are the same for
both the signal and background events and reproduce the
accessible region of the detector.Wewill then have to ask that
both signal and background events pass these acceptance
cuts, which are, in general, not sufficient to separate the two
samples. However, eventually, we will construct various
kinematic observables and study their distributions. Next,
we will decide the final selection cuts after studying the
distinguishing features of those distributions between signal
and backgrounds, so as to increase the former and decrease
the latter. We base this approach on a Monte Carlo (MC)
analysis using the tools previously described.
In our current scenario, an event is required to have

exactly two b-tagged jets and two isolated photons (γ) in

TABLE II. The input parameters of the three BPs (BP1, BP2, and BP3) used in the remainder of the paper. We
have Mh ¼ 125.5 GeV, cos α ¼ 0.995, vs ¼ 1000 GeV, and ΛF ¼ 1 TeV is this kept fixed for all BPs.

BPs (GeV) The other input parameters

BP1 (MHF
¼ 800) MAF

¼ 800 GeV, λ1 ¼ 0.36, λ2 ¼ 0.64, λ3 ¼ 0.25
BP2 (MHF

¼ 900) MAF
¼ 900 GeV, λ1 ¼ 0.39, λ2 ¼ 0.81, λ3 ¼ 0.32

BP3 (MHF
¼ 1000) MAF

¼ 1000 GeV, λ1 ¼ 0.42, λ2 ¼ 0.99, λ3 ¼ 0.40

3AF is CP-odd scalar and h, HF is CP-even scalar so, once the
couplings with left and right fields are written in terms of Dirac
fields, the Hermitian part of the coupling in Eq. (2.12) gives rise
to an i ¼ ffiffiffiffiffiffi

−1
p

coupling for h, HF, and a γ5 coupling for AF.
So the result of the top-quark loop integral is different for h, HF,
and AF [98,99].
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the final state. However, we do not put any constraints on
the number of light-jets. We then adopt the following
acceptance cuts:

(i) pγ
T > 20 GeV;

(ii) pe=μ
T > 20 GeV (if an electron/muon is present, for

b-tagging purposes);
(iii) pj

T > 40 GeV, where j stands for light-jets as well as
b-jets;

TABLE IV. The cross sections for the most relevant SM background processes. (Note that these background rates
will be multiplied by the fake rates during the analysis.)

SM backgrounds Cross section (pb)

pp → bb̄γγ 4.57
pp → Zh ðZ → bb̄; h → γγÞ 1.40 × 10−4

pp → bb̄jγ 7470.02
pp → bb̄jj (j mimic as photon) 5.03 × 106

pp → cc̄γγ 6.21
pp → cc̄jγ (c appear as b-tagged jets, j mimic as photon) 2085.01

pp → jjγγ (j appear as b-tagged jets) 65.23

pp → tt̄ðt → lνlb; t̄ → lν̄lb̄Þ 6.17 × 10−5

pp → tt̄ðt → jjb; t̄ → jjb̄Þ (l; j mimic as photon) 202.15

TABLE III. The BRðHF → hhÞ and cross sections for the processes pp → HF and σðpp → HF → hh;
h → γγ; h → bb̄Þ for three BPs (BP1, BP2, and BP3) used in the remainder of the paper.

BRs and cross sections (pb)

BPs (GeV) BRðHF → hhÞ σðpp → HFÞ σðpp → HF → hh; h → γγ; h → bb̄Þ
BP1 (MHF

¼ 800) 0.14 0.41 7.18 × 10−5

BP2 (MHF
¼ 900) 0.15 0.21 3.95 × 10−5

BP3 (MHF
¼ 1000) 0.16 0.11 2.27 × 10−5

FIG. 10. Normalized distributions in photon transverse momentum for signal and total background after the acceptance cuts.
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(iv) jηlj ≤ 2.5 (again,l ¼ e=μ), jηγj ≤ 2.0 and jηjj ≤ 2.0.
After considering these basic requirements, we apply a
stronger selection (using additional kinematic variables)
in order to enhance the signal-to-background ratio, as

explained. A variety of such observables have been used
to design the optimized signal region (SR), i.e., where
the significance is maximized. First and foremost, the
transverse momentum of photons (pγ1

T , pγ2
T ) and b-jets

FIG. 11. Normalized distributions in b-jet transverse momentum for signal and total background after the acceptance cuts.

FIG. 12. Normalized distributions in diphoton and dijet separation for signal and total background after the acceptance cuts.

M. A. ARROYO-UREÑA et al. PHYS. REV. D 108, 095026 (2023)

095026-12



(pb1
T , pb2

T )4 will be studied. In addition, the separation
between the two final-state photons ΔRγ1γ2 and b-jets
ΔRb1b2 are also used. The separation between two detec-

tor objects, ΔR, is defined as ΔR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δη2 þ Δϕ2

p
,

where Δη and Δϕ are the differences in pseudorapidity
and azimuthal angle, respectively. Then, the invariant
mass of the final state photons (Mγ1γ2) and b-jets
(Mb1b2) will also be used to discriminate between signal
and backgrounds, where we have introduced Mab ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEa þ EbÞ2 −P

i¼x;y;xðpa
i þ pb

i Þ2
q

, with ab ¼ γ1γ2 or

FIG. 13. Normalized distributions in diphoton and dijet invariant mass for signal and total background after the acceptance cuts.

FIG. 14. Distributions in the final-state invariant mass for signal and total background after the acceptance cuts as well as the selection
ones on pγ1;2

T , pb1;2
T , Mγ1γ2 , Mb1b2 , ΔRγ1γ2 , and ΔRb1b2 , as shown in Table V.

TABLE V. The optimized SR as a function of the HF mass.

Kinematic variables and cuts

Observable Value

SR pγ1;2
T >35.0 (GeV)

pb1;2
T

>40.0 (GeV)

Mγ1γ2 122.5–128.5 (GeV)
Mb1b2 70.0–135.0 (GeV)
ΔRγ1γ2 0.4–4.6
ΔRb1b2 0.4–3.6

Mhh (varied with MHF
) 0.7MHF

− 1.1MHF

4Here, 1 and 2 represents the pT ordered leading and
subleading photon and b-jet in the final state.
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b1b2. Finally, we use the invariant mass Mhh for the final
extraction. The Mhh variable has been calculated as Mhh¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEγ1þEγ2þEb1þEb2Þ2−Pi¼x;y;zðpγ1

i þpγ2
i þpb1

i þpb2
i Þ2

q
.

In the above formulas, E and piði ¼ x; y; zÞ stand for the
energy and three-momentum component of the final state
particles, respectively.
The (arbitrarily) normalized distributions of all these

kinematic variables for the three signal BPs and the total
background are shown in Figs. 10–14. Based on their
inspection, as intimated, we then perform a detailed cut-
based analysis to maximize the signal significance against
the background. The sequence of constraints adopted is
shown in Table V. Specifically, notice that, in applying the
last requirement herein (on the Mhh variable), one may
assume that the MHF

value is a trial one, if it were not
already known from previous analysis.
The signal yields for BP1, BP2, and BP3, along with

the corresponding background ones, obtained after the
application of the acceptance and selection cuts defining
the SR, are shown in Table VI for

ffiffiffi
s

p ¼ 14 TeV and, e.g.,
L ¼ 3000 fb−1. We initially calculate the signal signifi-
cance using the relation σ ¼ Sffiffiffiffiffiffiffi

SþB
p . Here, S and B stand for

the signal and (total SM) background rates, respectively.
The number of S and B events is obtained as
S; B ¼ ϵAσS;BL, where ϵ and A stand for the selection
and acceptance cut efficiency, respectively, σS;B is the S
or B cross section and L is the luminosity. Based on
these definitions, it is clear from Table VI that strong HL-
LHC sensitivity exists for all MHF

choices, ranging from
discovery (at small masses) to exclusion (at high masses).
(It should be appreciated that these significances would
be reduced by as much as 30% in the absence of the final
Mhh selection.) In fact, one can also consider the
systematic uncertainty in various SM background esti-
mations while calculating the final signal significance as5

σ ¼ Sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SþBþðκBÞ2

p , where κ is the percentage of systematic

uncertainty [102]. Upon adding 5% for the latter, the

significance in Table VI for BP1 decreases to 3.75 while
for BP2 and BP3 it becomes 2.31 and 1.24, respectively.
Hence, the HL-LHC sensitivity is very stable against
unknowns affecting the data sample estimations, whatever
the origin.
We now derive the various projected limits over the

MHF
− vs plane. It is to be noted that the variation of the

singlet scalar VEV vs will directly change the HFhh
coupling and correspondingly the production cross section
σðpp → HF → hhÞ. In particular, the smaller the former
the larger the latter. To accurately delineate sensitivity
regions, we generate a large number of signal events for
various combinations of heavy CP-even flavon mass,MHF

,
and singlet scalar VEV, vs. Specifically, MHF

ð≡MAF
Þ has

been varied from 800 GeV to 1000 GeV with a step size of
5 GeV while vs has been varied between 500 GeV and
1000 GeV with a step size of 25 GeV. The projected
exclusion (2σ) region derived from the γγbb̄ final state in
the MHF

− vs plane are given in Fig. 15. The left plot is
drawn for L ¼ 3000 fb−1 (HL-LHC). Again, the left plot in
Fig. 15 is shown with no systematic uncertainty, i.e., κ ¼ 0,
while the right plot is drawn based on a systematic
uncertainty κ ¼ 5%. From the right plot, we should
mention that the limits drop somewhat (by 5–10%) upon
introducing a systematic uncertainty of κ ¼ 5%, hence not
too drastic a reduction of sensitivity in general (as already
remarked for our BPs).

B. pp → HF → ZZðZ → llÞ
In this section, we now discuss the signatures involving

the final state with four leptons (2lþ 2l) in the context of
HL-LHC. The primary contribution to these signatures
typically arises from the process pp → HF → ZZ, where
each Z boson further decays into a lepton-antilepton pair
(Z → ll). To investigate the leptons’ final state signatures,
we have selected the same three benchmark points, which
are MHF

¼ 800 GeV; 900 GeV, and 1000 GeV, respec-
tively. The Table VII displays the signal cross sections for
different processes. Among them, the primary background
in the Standard Model is the production of two Z bosons
accompanied by jets (ZZ þ jets). In addition, there are
other significant reducible backgrounds, such as the pro-
duction of top quark pairs with jets (tt̄þ jets), the pro-
duction of a Z boson and a Higgs boson with jets

TABLE VI. The signal significance σ ¼ Sffiffiffiffiffiffiffi
SþB

p for BP1, BP2, and BP3 corresponding to the optimized SR are shown. In addition, the
total background yield and the total signal yield are also given at

ffiffiffi
s

p ¼ 14 TeV with integrated luminosity L ¼ 3000 fb−1.

Benchmark points: Signal and significances

BP1 (MHF
¼ 800 GeV) BP2 (MHF

¼ 900 GeV) BP3 (MHF
¼ 1000 GeV)

Number of
signal

Number of
background Significance

Number
of signal

Number of
background Significance

Number
of signal

Number of
background Significance

18.45 5.65 3.81 7.92 3.72 2.32 3.10 ∼3 1.25

5To include the systematic uncertainty in σ ¼ Sffiffiffiffiffiffiffi
SþB

p , one can
replace Sþ B in the denominator by the quadratic sum offfiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
and use σb ¼ κB [102], i.e., σ ¼ Sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SþBþðκBÞ2
p , with κ

being the percentage of systematic uncertainty of the total
background.
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(Zhþ jets), and so on. We have included all the relevant
Standard Model backgrounds in the Table VIII.
In this particular scenario, the event must contain

precisely four isolated leptons, consisting of two posi-
tively charged leptons and two negatively charged leptons.
This requirement ensures the presence of same-flavor
opposite-sign (SFOS) leptons (electron and/or muon) in
the final state. However, no specific constraints are
imposed on the number of light jets present in the event.
We then adopt the following acceptance cuts:

(i) pγ
T > 20 GeV;

(ii) pe=μ
T > 20 GeV;

(iii) pj
T > 40 GeV, where j stands for light-jets as well as

b-jets;
(iv) jηlj ≤ 2.5 (again, l ¼ e=μ), jηγj ≤ 2.0 and jηjj ≤ 2.0.

After considering these basic requirements, we apply
additional cuts using kinematic variables to enhance the
signal-to-background ratio. Various such kinematic vari-
ables have been used to design the optimized signal
region (SR), i.e., where the significance is maximized.
First and foremost, the transverse momentum of the
leptons (pli

T , i ¼ 1::4) and the minimum invariant mass
Mmin

ll out of four combinations (Mlilj ; i; j ¼ 1::4) and

total transverse momentum of four leptons (
P

pli
T ) will be

studied.

Finally, we use the invariant mass MZZ for the final
extraction. TheMZZ variable has been calculated asMZZ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEl1þEl2þEl3þEl4Þ2−Pi¼x;y;zðpl1

i þpl2
i þpl3

i þpl4
i Þ2

q
.

Here E and piði ¼ x; y; zÞ stand for the energy and three-
momentum component of the final state leptons,
respectively.
The normalized distributions of all these kinematic

variables for the three signal benchmark points (BPs)
and the total background for this analysis are shown in
Figs. 16–17. We then perform a detailed cut-based analysis
to maximize the signal significance against the SM back-
grounds. The figures labeled 16 and 17 illustrate the
normalized distributions of various kinematic variables
for the three signal benchmark points as well as the total
background in this analysis. Subsequently, we employ a
thorough cut-based analysis technique to optimize the
signal significance with respect to the Standard Model
backgrounds. The specific sequence of cuts applied during
this analysis is presented in Table IX.
The Table X shows the signal yields for three benchmark

points and the corresponding yields for the SM back-
ground. We obtained these numbers after applying accep-
tance and selection cuts that define the signal region (SR).

TABLE VII. The BRðHF → ZZÞ and cross sections for the
processes pp → HF and σðpp → HF → ZZ; Z → llÞ for three
BPs (BP1, BP2, and BP3) used in the remainder of the paper.

BRs and cross sections (pb)

BPs (GeV) BRðHF → ZZÞ σðpp → HFÞ
σðpp → HF → ZZ;

Z → llÞ
BP1 (MHF

¼ 800) 0.10 0.41 1.90 × 10−5

BP2 (MHF
¼ 900) 0.11 0.21 1.07 × 10−5

BP3 (MHF
¼ 1000) 0.12 0.11 6.23 × 10−6

TABLE VIII. The matched cross sections for the most relevant
SM background processes. (Note that these background rates will
be multiplied by the fake rates during the analysis.)

SM backgrounds Cross section (pb)

pp → ZZjets (up to 3 jets) 11.64
pp → tt̄Zjets (up to 2 jets) 0.76
pp → VVVðV ¼ W=ZÞjets (up to 2 jets) 1.04
pp → VHjets (up to 3 jets) 0.69
pp → WZjets (up to 3 jets) 40.10
pp → WWjets (up to 3 jets) 89.20
pp → tt̄jets (up to 2 jets) 915.10

FIG. 15. The projected exclusion (light blue) and discovery (dark blue) regions in the MHF
− vs plane. These plots are drawn for

L ¼ 3000 fb−1. The right plot is drawn considering a systematic uncertainty κ ¼ 5%.
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The calculations were performed for a center-of-mass
energy of

ffiffiffi
s

p ¼ 14 TeV and an integrated luminosity of
L ¼ 3000 fb−1. We calculate the signal significance using
the formula σ ¼ Sffiffiffiffiffiffiffi

SþB
p , where S represents the signal yield

and B represents the background yield.

C. pp → ϕ → tc ðt → blνlÞ, ϕ=HF;AF

1. pp → HF → tc

The presence of nonzero Z̃tc allows for processes such as
ϕ → tc, where ϕ decays into a top quark and an anticharm

FIG. 16. Transverse momentum distributions for signal and total background after the acceptance cuts.
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quark, or a charm quark and an antitop quark, respectively.
These flavor-violating decays are possible due to the
mixing between the top and charm quarks induced by
the nonzero Z̃tc. The observation of such flavor-violating
decays would have significant implications for our under-
standing of the FN heavy Higgs sector. It would provide
evidence for new physics beyond the SM, as the SM
predicts negligible flavor violation in the Higgs sector. The
presence of flavor-violating decays would suggest the
existence of new particles or interactions that can induce
such processes.
Studying the properties of the flavor-violating decays,

such as their rates and kinematic distributions, can provide
valuable information about the underlying physics res-
ponsible for the FN-heavy Higgs sector. It can help
constrain the model’s parameter space and provide insights
into the flavor structure and dynamics of the theory. We
present the analysis for the production of the ϕ ¼ HF; AF

via proton-proton collisions pp → ϕ, followed by the
FCNC decay ϕ → tc ðt → blνlÞ in the presence of non-
zero Z̃tc. The model parameter values used in the simu-
lation are shown in Table XI. We present in Fig. 18 a
general overview of the number of events produced
NS ¼ σðpp → ϕ → tcðt → blνlÞÞ × Lint, with Lint ¼
300 fb−1. We notice that the number of events of both

FIG. 17. Invariant mass of two leptons, four leptons, sum of all momentum distributions for signal and total background after the
acceptance cuts.

TABLE IX. The optimized SR as a function of the HF mass.

Kinematic variables and cuts

Observable Value

SR pl1;2;3;4
T

>35 (GeV)P
i p

li
T

>180 (GeV)
MZZ (varied with MHF

) 0.95MHF
− 1.05MHF
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signals is close in regimenes of intermediate and
high masses. The reason is because we have found that
σðpp → AFÞ ∼ 10−2σðpp → HFÞ and BRðAF → tcÞ ∼ 10
BRðHF → tcÞ, as shown in Tables XII–XIV.
On the other hand, the BRðHF → tcÞ as a function of the

singlet VEV vs and the Z̃tc matrix element is shown in
Fig. 19. We observe BRsðHF → tcÞ quite large Oð0.1Þ,
which comes because the couplingsHFWW and HFZZ are
suppressed, which allows the opening of the tc channel.
In this analysis, the main SM background comes from

the final state of bjlνl, whose source arises mainly from
WjjþWbb̄, tbþ tj. Another important background is tt̄
production, where either one of the two leptons is missed in
the semileptonic top quark decays, or two of the four jets
are missed when one of the top quarks decays semileptoni-
cally. The cross sections of the dominant SM background
are shown in Table XIII.
Figure 20 shows the kinematic distributions generated

both by the signal (for MHF
¼ 800 GeV, vs ¼ 1000 GeV)

and background processes, namely, the transverse momen-
tum of the particles produced by the decay of the top quark:
(a) leading b-jet, (b) the charged lepton, (c) the missing
energy transverse (MET) due to the neutrino in the final
state. The transverse momentum of the leading light jet is
shown in (d). A remarkable fact is the difference in

TABLE X. The signal significance σ ¼ Sffiffiffiffiffiffiffi
SþB

p for BP1, BP2, and BP3 corresponding to the optimized SR are shown. In addition, the
total background yield and the total signal yield are also given at

ffiffiffi
s

p ¼ 14 TeV with integrated luminosity L ¼ 3000 fb−1.

Benchmark points: Signal and significances

BP1 (MHF
¼ 800 GeV) BP2 (MHF

¼ 900 GeV) BP3 (MHF
¼ 1000 GeV)

Number
of signal

Number of
background Significance

Number
of signal

Number of
background Significance

Number
of signal

Number of
background Significance

90.42 83.67 6.83 51.48 27.98 5.78 51.77 66.95 4.75

FIG. 18. Number of events produced for the process
pp → ϕ → tcðt → lνlbÞ.

TABLE XI. Model parameter values used in the Monte Carlo
simulation.

Parameter Value

cα 0.995
vs 600–1000 (GeV)
Z̃tc 0.1
MHF

¼ MAF
800–1000 (GeV)

TABLE XII. The BRðHF → tcÞ and cross sections for the
processes pp → HF and σðpp → HF → tc; t → lνlbÞ for three
BPs (BP1, BP2 and BP3) used in the remainder of the paper.

BRs and cross sections (pb)

BPs (GeV) BRðHF → tcÞ σðpp → HFÞ
σðpp → HF → tc;

t → lνlbÞ
BP1 (MHF

¼ 800) 0.0140 0.41 1.34 × 10−3

BP2 (MHF
¼ 900) 0.0134 0.21 6.23 × 10−4

BP3 (MHF
¼ 1000) 0.0133 0.11 3.32 × 10−4

TABLE XIII. Cross section of the dominant SM background
processes.

SM backgrounds Cross section (pb)

pp → WjjþWbb̄ðW → lνlÞ 3245
pp → tbþ tjðt → lνlbÞ 1.61
pp → tt̄ðt → lνlb; t → qiqjbÞ 65.50

TABLE XIV. The BRðHF → tcÞ and cross sections for the
processes pp → HF and σðpp → HF → tc; t → lνlbÞ for three
BPs (BP1, BP2 and BP3) used in the remainder of the paper.

BRs and cross sections (pb)

BPs (GeV) BRðAF → tcÞ σðpp → AFÞ
σðpp → AF → tc;

t → lνlbÞ
BP1 (MAF

¼ 800) 0.4980 0.0176 1.97 × 10−3

BP2 (MAF
¼ 900) 0.4973 0.0086 9.67 × 10−4

BP3 (MAF
¼ 1000) 0.4970 0.0042 4.70 × 10−4
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transverse masses between the background and signal
processes. So, we present in Fig. 21 the transverse mass
for both reactions, which is the most important confirma-
tion of the signal.

The following acceptance and kinematic cuts imposed to
study possible evidence of theHF → tc (MHF

¼ 800 GeV)
at the LHC are as follows:

(i) We requiere two jets with jηjj < 2.5 and pj
T>

30 GeV, one of them is tagged as a b-jet.
(ii) We require one isolated lepton (e or μ) with jηlj <

2.5 and pl
T > 30 GeV.

(iii) Since an undetected neutrino is included in the final
state, we impose the cut MET> 40 GeV.

Finally, we impose a cut on the transverse mass MT ≡
MT

l=ET
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pT

l =ETð1− cosϕl=ET
Þ

q
as jMT −MHF

j< 50 GeV

to enhance the signals.
Figure 22 displays the contour plots of the signal

significance as a function of the integrated luminosity
Lint and the singlet scalar VEV vs, for MHF

¼ 800 GeV,
900 GeV, 1000 GeV. Once Lint ¼ 300 fb−1 of accumulated
data is achieved and assuming vs ¼ 640 GeV (625 GeV,
620 GeV), we find that the LHC would have the possibility
of exploring a detectable flavon HF of mass 800 GeV

FIG. 19. BRðHF → tcÞ as a function of the singlet VEV vs and
the Z̃tc matrix element.

FIG. 20. Normalized transverse momentum distributions associated to the top decay: (a) leading b-jet; (b) leading charged lepton,
(c) tranverse missing energy due to undetected neutrinos; (d) transverse momentum distribution of the c-jet.
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(900GeV, 1000GeV). Evenmore promising results could be
found in the HL-LHC era, which could corroborate the
possible findings of the LHC regarding theHF → tc process.

2. pp → AF → tc

As far as the decay AF → tc is concerned, we proceed in
a similar way to the previous analysis. Here is relevant
show the main decay modes of the flavon AF in order to
highlight the signal sought. Figure 23(a) shows the
BRðAF → XXÞ-MAF

plane for processes that arise at tree
level. We notice that the dominant production channels,
assuming intermediate masses, are AF → tt and AF → tc
which are of order Oð10−1Þ. It is because the flavon AF
does not couples to the gauge boson W and Z. Meanwhile,
Fig. 23(b) shows the two-body decays at one-loop level, in
which we observe that the dominant channel is the one into
two gluons. Once the Monte Carlo analyis was done, we
found an increase of ∼6% in the signal significance of the

FIG. 21. Normalized transverse mass MT ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pT

l=ETð1 − cosϕl=ET
Þ

q
for both background and signal proc-

esses. We have considered MHF
¼ 800 GeV, 900 GeV,

1000 GeV.

FIG. 22. Contour plots for the signal significance as a function of the integrated luminosity and the singlet VEV vs.
(a) MHF

¼ 800 GeV, (b) MHF
¼ 900 GeV, (c) MHF

¼ 1000 GeV. In these results we consider a systematic uncertainty κ ¼ 5%.
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process AF → tc with respect to the signal HF → tc.
Although the signal is similar, the ϕ → tc process could
be distinguished by the number of events produced.

V. CONCLUSIONS

The hierarchical structure and peculiar pattern of quark
and lepton masses in the SM have been a long standing
issue coined as the ‘flavor puzzle’. Various interesting
beyond the SM proposals have been suggested to resolve
this riddle. Among these, the one by Froggatt and Nielsen
is arguably one of the most fascinating ones. Herein, the
scalar sector predicts one singlet complex scalar SF which
is charged under a new Uð1ÞF flavor symmetry (which is
softly broken). After EWSB and Uð1ÞF breaking, the
mixing between the SM Higgs doublet with the real part of
the SF singlet produces two physical scalars, h and HF,
where h is identified as the SM-like Higgs boson (dis-
covered in 2012) while HF is an additional CP-even (so-
called) flavon with mass Oð1 TeVÞ. (The imaginary part
of SF is identified as the CP-odd heavy flavon AF.) The
(pseudo)scalar sector of this model is controlled by two
parameters; the flavon VEV vs and the mixing angle α.
The structure of various Yukawa couplings of this model
is such that one can have FCNCs involving the two new
heavy (pseudo)scalars (HF and AF) even at tree level. The
corresponding contributions to FCNC processes thus
attract severe constraints from various low-energy flavor
physics data. Therefore, in our analysis of such a scenario,
we have considered all possible experimental (as well as
theoretical) limits on the model parameters vs and α. With
the LHC currently running at CERN, it is very tempting to
utilize the ongoing (Run 3) and future (HL-LHC) stages
of the machine to explore the signature of such heavy
flavons.
In this paper, our primary focus was on the CP-even

heavy flavon denoted as HF. We explored its discovery
potential at the LHC by investigating its production through
gluon-gluon fusion followed by its subsequent decays.
We considered various decay modes for it, including into

two SM Higgs bosons and two SM (neutral) gauge bosons.
By studying these different decay channels and considering
the corresponding signatures at HL-LHC (with

ffiffiffi
s

p ¼
14 TeV), assuming a luminosity of 3000 fb−1, we were
able to confirm the discovery potential (5σ) of the CP-even
heavy flavon HF at the LHC through these SM signatures.
In addition, we explored the flavor-changing ϕ → tc
decays (ϕ ¼ AF;HF), specific to our model, which is
predicted to arise when Mϕ ≳mt. The branching ratio of
these decays can be as large as Oð0.1Þ because the HF →
VV (V ¼ W, Z) decays are suppressed once the tc channel
is opened and because AF does not couple to VV. We have
found that these non-SM channels offer an alternative
opportunity to test our model, even at the LHC. It is to
be noted that the CP-even HF and CP-odd AF scalars can
exhibit similar signatures in the HF → tc andAF → tc decay
channels when they have the same masses. Nevertheless,
additional di-Higgs and digauge boson production channels
can offer valuable discriminating power between these two
scalar particles. Once an integrated luminosity of 300 fb−1 is
achieved, we predict a signal significance of up to 6σ for
masses of the flavons between 800–1000 GeV.
We have obtained such results following a thorough

numerical analysis emulating both the aforementioned signal
and the most relevant (ir)reducible backgrounds accounting
for hard scattering, parton shower, hadronization, and
detector effects. We thus advocate that the experimental
collaborations at the LHC, specifically, the multipurpose
ones (ATLAS and CMS), tackle this search, as its results can
lead to a better understanding of the origin and solution of the
flavor puzzle in the SM. This should be facilitated by having
implemented the advocatedmodel in standard computational
tools, which are available upon request.
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ales por México (CONACYT)”. J. L. D-C. acknowledges

the support of SNI (Mexico) and VIEP (BUAP). The work
of A. C. is funded by the Department of Science and
Technology, Government of India, under Grant
No. IFA18PH224 (INSPIRE Faculty Award).

[1] G. Aad et al. (ATLAS Collaboration), Observation of a
new particle in the search for the Standard Model Higgs
boson with the ATLAS detector at the LHC, Phys. Lett. B
716, 1 (2012).

[2] S. Chatrchyan et al. (CMS Collaboration), Observation of
a new boson at a mass of 125 GeV with the CMS
experiment at the LHC, Phys. Lett. B 716, 30 (2012).

[3] P. P. Giardino, K. Kannike, I. Masina, M. Raidal, and A.
Strumia, The universal Higgs fit, J. High Energy Phys. 05
(2014) 046.

[4] A. M. Sirunyan et al. (CMS Collaboration), Observation of
the Higgs boson decay to a pair of τ leptons with the CMS
detector, Phys. Lett. B 779, 283 (2018).

[5] A. M. Sirunyan et al. (CMS Collaboration), Combined
measurements of Higgs boson couplings in proton–
proton collisions at

ffiffiffi
s

p ¼ 13 TeV, Eur. Phys. J. C 79,
421 (2019).

[6] Z. Kunszt, S. Moretti, and W. J. Stirling, Higgs production
at the LHC: An update on cross-sections and branching
ratios, Z. Phys. C 74, 479 (1997).

[7] S. Dawson, S. Dittmaier, and M. Spira, Neutral Higgs
boson pair production at hadron colliders: QCD correc-
tions, Phys. Rev. D 58, 115012 (1998).

[8] J. Baglio, F. Campanario, S. Glaus, M. Mühlleitner, M.
Spira, and J. Streicher, Gluon fusion into Higgs pairs at
NLO QCD and the top mass scheme, Eur. Phys. J. C 79,
459 (2019).

[9] J. Baglio, F. Campanario, S. Glaus, M. Mühlleitner, J.
Ronca, M. Spira, and J. Streicher, Higgs-pair production
via gluon fusion at hadron colliders: NLO QCD correc-
tions, J. High Energy Phys. 04 (2020) 181.

[10] M. Aaboud et al. (ATLAS Collaboration), Search for
heavy ZZ resonances in the lþl−lþl− and lþl−νν̄ final
states using proton–proton collisions at

ffiffiffi
s

p ¼ 13 TeV with
the ATLAS detector, Eur. Phys. J. C 78, 293 (2018).

[11] J. Baglio, L. D. Ninh, and M.M. Weber, Massive gauge
boson pair production at the LHC: A next-to-leading order
story, Phys. Rev. D 88, 113005 (2013); 94, 099902(E)
(2016).

[12] A. Adhikary, S. Banerjee, R. K. Barman, B. Bhattacherjee,
and S. Niyogi, Revisiting the non-resonant Higgs pair
production at the HL-LHC, J. High Energy Phys. 07
(2018) 116.

[13] G. Aad et al. (ATLAS Collaboration), Search for heavy
resonances decaying into a pair of Z bosons in the
lþl−l0þl0− and lþl−νν̄ final states using 139 fb−1 of
proton–proton collisions at

ffiffiffi
s

p ¼ 13 TeV with the ATLAS
detector, Eur. Phys. J. C 81, 332 (2021).

[14] J. Baglio, A. Djouadi, R. Gröber, M.M. Mühlleitner, J.
Quevillon, and M. Spira, The measurement of the Higgs
self-coupling at the LHC: Theoretical status, J. High
Energy Phys. 04 (2013) 151.

[15] V. Barger, L. L. Everett, C. B. Jackson, and G.
Shaughnessy, Higgs-pair production and measurement
of the triscalar coupling at LHC(8,14), Phys. Lett. B
728, 433 (2014).

[16] N. Kumar and S. P. Martin, LHC search for di-Higgs
decays of stoponium and other scalars in events with two
photons and two bottom jets, Phys. Rev. D 90, 055007
(2014).

[17] A. Adhikary, S. Banerjee, R. Kumar Barman, and B.
Bhattacherjee, Resonant heavy Higgs searches at the
HL-LHC, J. High Energy Phys. 09 (2019) 068.

[18] A. Adhikary, R. K. Barman, and B. Bhattacherjee, Pros-
pects of non-resonant di-Higgs searches and Higgs
boson self-coupling measurement at the HE-LHC using
machine learning techniques, J. High Energy Phys. 12
(2020) 179.

[19] J. Baglio, O. Eberhardt, U. Nierste, and M. Wiebusch,
Benchmarks for Higgs pair production and heavy Higgs
boson searches in the two-Higgs-doublet model of Type II,
Phys. Rev. D 90, 015008 (2014).

[20] B. Hespel, D. Lopez-Val, and E. Vryonidou, Higgs pair
production via gluon fusion in the two-Higgs-doublet
model, J. High Energy Phys. 09 (2014) 124.

[21] L.-C. Lü, C. Du, Y. Fang, H.-J. He, and H. Zhang,
Searching heavier Higgs boson via di-Higgs production
at LHC Run-2, Phys. Lett. B 755, 509 (2016).

[22] G. D. Kribs and A. Martin, Enhanced di-Higgs production
through light colored scalars, Phys. Rev. D 86, 095023
(2012).

[23] L. Bian and N. Chen, Higgs pair productions in the
CP-violating two-Higgs-doublet model, J. High Energy
Phys. 09 (2016) 069.

[24] S. Dawson, E. Furlan, and I. Lewis, Unravelling an
extended quark sector through multiple Higgs production?,
Phys. Rev. D 87, 014007 (2013).

[25] A. Pierce, J. Thaler, and L.-T. Wang, Disentangling
dimension six operators through di-Higgs boson produc-
tion, J. High Energy Phys. 05 (2007) 070.

[26] S. Kanemura and K. Tsumura, Effects of the anoma-
lous Higgs couplings on the Higgs boson production at
the Large Hadron Collider, Eur. Phys. J. C 63, 11
(2009).

[27] U. Ellwanger, Higgs pair production in the NMSSM at the
LHC, J. High Energy Phys. 08 (2013) 077.

M. A. ARROYO-UREÑA et al. PHYS. REV. D 108, 095026 (2023)

095026-22

https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1007/JHEP05(2014)046
https://doi.org/10.1007/JHEP05(2014)046
https://doi.org/10.1016/j.physletb.2018.02.004
https://doi.org/10.1140/epjc/s10052-019-6909-y
https://doi.org/10.1140/epjc/s10052-019-6909-y
https://doi.org/10.1007/s002880050410
https://doi.org/10.1103/PhysRevD.58.115012
https://doi.org/10.1140/epjc/s10052-019-6973-3
https://doi.org/10.1140/epjc/s10052-019-6973-3
https://doi.org/10.1007/JHEP04(2020)181
https://doi.org/10.1140/epjc/s10052-018-5686-3
https://doi.org/10.1103/PhysRevD.88.113005
https://doi.org/10.1103/PhysRevD.94.099902
https://doi.org/10.1103/PhysRevD.94.099902
https://doi.org/10.1007/JHEP07(2018)116
https://doi.org/10.1007/JHEP07(2018)116
https://doi.org/10.1140/epjc/s10052-021-09013-y
https://doi.org/10.1007/JHEP04(2013)151
https://doi.org/10.1007/JHEP04(2013)151
https://doi.org/10.1016/j.physletb.2013.12.013
https://doi.org/10.1016/j.physletb.2013.12.013
https://doi.org/10.1103/PhysRevD.90.055007
https://doi.org/10.1103/PhysRevD.90.055007
https://doi.org/10.1007/JHEP09(2019)068
https://doi.org/10.1007/JHEP12(2020)179
https://doi.org/10.1007/JHEP12(2020)179
https://doi.org/10.1103/PhysRevD.90.015008
https://doi.org/10.1007/JHEP09(2014)124
https://doi.org/10.1016/j.physletb.2016.02.026
https://doi.org/10.1103/PhysRevD.86.095023
https://doi.org/10.1103/PhysRevD.86.095023
https://doi.org/10.1007/JHEP09(2016)069
https://doi.org/10.1007/JHEP09(2016)069
https://doi.org/10.1103/PhysRevD.87.014007
https://doi.org/10.1088/1126-6708/2007/05/070
https://doi.org/10.1140/epjc/s10052-009-1077-0
https://doi.org/10.1140/epjc/s10052-009-1077-0
https://doi.org/10.1007/JHEP08(2013)077


[28] C.-R. Chen and I. Low, Double take on new physics in
double Higgs boson production, Phys. Rev. D 90, 013018
(2014).

[29] N. Liu, S. Hu, B. Yang, and J. Han, Impact of top-Higgs
couplings on di-Higgs production at future colliders,
J. High Energy Phys. 01 (2015) 008.

[30] F. Goertz, A. Papaefstathiou, L. L. Yang, and J. Zurita,
Higgs boson pair production in the D ¼ 6 extension of the
SM, J. High Energy Phys. 04 (2015) 167.

[31] A. Azatov, R. Contino, G. Panico, and M. Son, Effective
field theory analysis of double Higgs boson production via
gluon fusion, Phys. Rev. D 92, 035001 (2015).

[32] M. J. Dolan, C. Englert, and M. Spannowsky, New physics
in LHC Higgs boson pair production, Phys. Rev. D 87,
055002 (2013).

[33] V. Barger, L. L. Everett, C. B. Jackson, A. D. Peterson, and
G. Shaughnessy, New physics in resonant production of
Higgs boson pairs, Phys. Rev. Lett. 114, 011801 (2015).

[34] A. Crivellin, M. Ghezzi, and M. Procura, Effective field
theory with two Higgs doublets, J. High Energy Phys. 09
(2016) 160.

[35] H. Sun, Y.-J. Zhou, and H. Chen, Constraints on
large-extra-dimensions model through 125-GeV Higgs
pair production at the LHC, Eur. Phys. J. C 72, 2011
(2012).

[36] R. Costa, M. Mühlleitner, M. O. P. Sampaio, and R.
Santos, Singlet extensions of the standard model at
LHC run 2: Benchmarks and comparison with the
NMSSM, J. High Energy Phys. 06 (2016) 034.

[37] K. Cheung, A. Jueid, C.-T. Lu, J. Song, and Y.W. Yoon,
Disentangling new physics effects on nonresonant Higgs
boson pair production from gluon fusion, Phys. Rev. D
103, 015019 (2021).

[38] A. Alves, D. Gonçalves, T. Ghosh, H.-K. Guo, and K.
Sinha, Di-Higgs production in the 4b channel and gravi-
tational wave complementarity, J. High Energy Phys. 03
(2020) 053.

[39] C. Englert and J. Jaeckel, Probing the symmetric Higgs
portal with di-Higgs boson production, Phys. Rev. D 100,
095017 (2019).

[40] P. Basler, S. Dawson, C. Englert, and M. Mühlleitner,
Showcasing HH production: Benchmarks for the LHC and
HL-LHC, Phys. Rev. D 99, 055048 (2019).

[41] Z. Heng, X. Gong, and H. Zhou, Pair production of Higgs
boson in NMSSM at the LHC with the next-to-lightest
CP-even Higgs boson being SM-like, Chin. Phys. C 42,
073103 (2018).

[42] B. Das, S. Moretti, S. Munir, and P. Poulose, Quantum
interference effects in Higgs boson pair-production beyond
the Standard Model, Eur. Phys. J. C 81, 347 (2021).

[43] H. Abouabid, A. Arhrib, D. Azevedo, J. E. Falaki, P. M.
Ferreira, M. Mühlleitner, and R. Santos, Benchmarking di-
Higgs production in various extended Higgs sector models,
J. High Energy Phys. 09 (2022) 011.

[44] S. Dasgupta, R. Pramanick, and T. S. Ray, Broad toplike
vector quarks at LHC and HL-LHC, Phys. Rev. D 105,
035032 (2022).

[45] L. Huang, S.-b. Kang, J. H. Kim, K. Kong, and J. S. Pi,
Portraying double Higgs at the Large Hadron Collider II,
J. High Energy Phys. 08 (2022) 114.

[46] G. Li, L.-X. Xu, B. Yan, and C. P. Yuan, Resolving the
degeneracy in top quark Yukawa coupling with Higgs pair
production, Phys. Lett. B 800, 135070 (2020).

[47] Q.-H. Cao, B. Yan, D.-M. Zhang, and H. Zhang, Resolving
the degeneracy in single Higgs production with Higgs pair
production, Phys. Lett. B 752, 285 (2016).

[48] Q.-H. Cao, G. Li, B. Yan, D.-M. Zhang, and H. Zhang,
Double Higgs production at the 14 TeV LHC and a
100 TeV pp collider, Phys. Rev. D 96, 095031 (2017).

[49] J. Cao, D. Li, L. Shang, P. Wu, and Y. Zhang, Exploring the
Higgs sector of a most natural NMSSM and its prediction
on Higgs pair production at the LHC, J. High Energy Phys.
12 (2014) 026.

[50] J. Cao, Z. Heng, L. Shang, P. Wan, and J. M. Yang, Pair
production of a 125 GeV Higgs boson in MSSM and
NMSSM at the LHC, J. High Energy Phys. 04 (2013) 134.

[51] C.-T. Lu, J. Chang, K. Cheung, and J. S. Lee, An
exploratory study of Higgs-boson pair production, J. High
Energy Phys. 08 (2015) 133.

[52] J. Kopp, Flavor violation in the scalar sector, in Proceed-
ings of the 51st Rencontres de Moriond on EW Interactions
and Unified Theories (2016), pp. 281–288, arXiv:1605
.02865.

[53] E. Arganda, X. Marcano, N. I. Mileo, R. A. Morales, and
A. Szynkman, Model-independent search strategy for the
lepton-flavor-violating heavy Higgs boson decay to τμ at
the LHC, Eur. Phys. J. C 79, 738 (2019).

[54] B. Altunkaynak, W.-S. Hou, C. Kao, M. Kohda, and B.
McCoy, Flavor changing heavy Higgs interactions at the
LHC, Phys. Lett. B 751, 135 (2015).

[55] I. Doršner, S. Fajfer, A. Greljo, J. F. Kamenik, and N.
Košnik, Physics of leptoquarks in precision experiments
and at particle colliders, Phys. Rep. 641, 1 (2016).

[56] A. Davidson, V. P. Nair, and K. C. Wali, Peccei-Quinn
symmetry as flavor symmetry and grand unification, Phys.
Rev. D 29, 1504 (1984).

[57] A. Davidson and K. C.Wali, Minimal flavor unification via
multigenerational Peccei-Quinn symmetry, Phys. Rev.
Lett. 48, 11 (1982).

[58] C. D. Froggatt and H. B. Nielsen, Hierarchy of quark
masses, Cabibbo angles and CP violation, Nucl. Phys.
B147, 277 (1979).

[59] A. Bolaños, J. L. Diaz-Cruz, G. Hernández-Tomé, and G.
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