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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 (Hy — ZZ) and the concurrent production of a top
quark and charm quark via the ¢ — tc decays (¢ = Hr, Ar), having one or more leptons in the final states.
In particular, we show that, with 3000 fb~! of accumulated data at 14 TeV (the Run 3 stage) of the LHC an
heavy flavon Hy with mass My, =~ 2m, can be explored with 3650 significance through these channels.

DOI: 10.1103/PhysRevD.108.095026

I. INTRODUCTION

The discovery of a Higgs boson [1-3] with mass M, =
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,
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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 1), leptons (7 and u) 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 (hh) 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 A 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

Published by the American Physical Society
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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 the Higgs
self-interactions as well as its interactions with 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 (hh) and
di-gauge boson (WTW~/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 Hr
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 scale M roughly corresponding
to the flavon mass, there is a symmetry, perhaps of Abelian-
type U(1), 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 H 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 Hp —
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 — Hy — hh(h — yy,h — bb), pp —
Hp — ZZ(Z — ¢£) and the FCNC process pp — Hp —
te(t — fv.b) 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 —
Hp — hh(h — t%77,h — bb) 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 — Hp — hh(h — bb) and pp — Hp —
WW(W — £uv,) 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 2y 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 — Hy — hh, pp -» Hp - ZZ and
pp — Hp — tc production followed by h — yy, h — bb,
Z — ¢¢ and t — ¢vyb decays. We will show that these
channels have large significances in specific parameter space
regions in the context of the LHC operated at /s = 14 TeV
of energy with integrated luminosity 3000 fb~!. 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~! 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 — Hp — hh(h — yy, h — bb)
and pp — Hp — ZZ(Z - ¢£) and pp — ¢ — 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 Hp 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) v, and heavy Higgs mass My,
to compute the signal significances. The latter are only mildly
affected (at the 5-10% level) by incorporating a realistic 5%
systematic uncertainty in the SM background estimation. We
find a large number of signal events that have significances
exceeding 2¢ and they can be explored with 3000 fb~! of
data at LHC runs using /s = 14 TeV.

The rest of the paper is organized as follows. In Sec. I, we
present the details of the model 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. IIIL.
Section 1V 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
doublet @ ane and one SM singlet complex FN scalar Sg. In
the unitary gauge, we parametrize these fields as

0
® = <v+¢o>, (2.1)
V2
5, = (vg + S +iS)) , (22)

V2

where v and v, represent the VEVs of the SM Higgs doublet
and FN singlet, respectively. The scalar potential should be
invariant under the FN U(1) flavor symmetry. Under this
symmetry, the SM Higgs doublet H and FN singlet Sg
transform as ® — ® and Sy — €Sy, respectively.

In general, such a scalar potential admits a complex
VEV, (Sr)p = \%e’f, but in this work we consider the
special case in which the Higgs potential is CP-conserving,
by setting the phase £ = 0. Such a CP-conserving Higgs
potential is then given by

1 1 1
Vo= —Em%CDT(D - Em%S}Sp +54 (D' D)2

+ A (SiSE)? + 23(@T@)(S5Sk). (2.3)

The U(1), flavor symmetry of this scalar potential is
spontaneously broken by the VEVs of the spin-0 fields
(@, Sr) 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 U(1), breaking term to the potential,

m% 2 2
Vsoft = _7 (SF + S;‘ ) (24)
The full scalar potential is thus,
V=V + Vit (25)

The presence of the Ay term allows mixing between the
flavon and the Higgs fields after both the U(1), 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 U(1) flavor symmetry breaking term
Vot 1s responsible for the pseudoscalar flavon (S;) mass.
Once the minimization conditions for the potential V are
applied, we obtain the following relations between the
parameters of V:

m? = 02 + v, (2.6)

m3 = =2m3 + 2021, + v*A;. (2.7)

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 (¢, Sg) basis as

M — < M v? /130113‘)
S 2,02 )°

A3 00y
The corresponding mass eigenstates are obtained via the
standard 2 x 2 rotation,

(2.8)

#° = cosah + sinaHp, (2.9)

Sg = —sinah + cosaHp, (2.10)

with @ a mixing angle. Here £ is identified with the SM-like
Higgs boson with mass M, = 125.5 GeV whereas the
mass eigenstate H - is the CP-even flavon. The correspond-
ing CP-odd flavon Ar = §; will have a mass such that
M3 = 2mj3. Both Hy and Ay are considered to be heavier
than 4. In this model, we will work with the mixing angle
and physical masses M, My, and M4, which are related

to the quartic couplings of the scalar potential in Eq. (2.3)
as follows:
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TABLE L.
boson pairs in the ENSM. Here, r, = v/v/2v,.

Tree-level couplings of the SM-like Higgs boson % and the flavons Hy and Ay to fermion and gauge

Vertex (pXX)

Coupling constant (g,XX)

hfif;
HFfifj
AFfifj
hzZzZ

hWW
H:ZZ
HWW
Hphh

—i{c3Avs + c2s,v (34, —243)

ca j7f >7f
fMij —sarsZij
Sqe g ~f.
fﬁ4ﬁ—kcqa27v
irZli
FgMy
ere
igMyc,

- gM.
l.(lz

a

cy Sa

igMWSa
—2¢,820,(A3 — 34y) + A3s3v}

=- i{casa(3M/21Fsav + (M%{, + ZM%)(S,XU + cqvy))}/ (v0y)

Aphh
ApZZ

0
0

2172 4 qin a2 M2
l_cosaMh—l-smaMHF
- ’
2
2 2142 o2 M2
Mj +cosa My, +sina"Mj,

202 '

9 =

cosasina

by = (M3, —M3). (2.11)

VU

We consider the mixing angle a, the FN singlet VEV v, and
its (pseudo)scalar field masses My, 4, as free parameters in
this work.

B. The Yukawa sector

The effective U(1), invariant Yukawa Lagrangian, d la
FN, is given by [58]

S Sr
(oo () e () on

S

+p6(-E LfCD—i—Hc (2.12)
I\Ap

where p"/4/? are dimensionless couplings seemingly of

order one. This will lead to Yukawa couplings once the
U(1)p flavor symmetry is spontaneously broken. The
integers q{j (f =u,d.?) are the combination of U(1)g
charges of the respective fermions. In order to generate the
Yukawa couplings, one spontaneously breaks both the
U(1), and EW symmetries. In the unitary gauge one
can make the following first-order expansion of the neutral
component of the heavy flavon field S around its VEV v:

(S_F>‘1ij B (vs + Sk + iS,)‘ifj
Arp V2Ap

() o) e

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

1. _ _
Ly=-— [UM"U + DMD + LM?L)(cyh + s.Hy)

¢
+— ﬂv (024U, + DiZ¢D; + LiZ;L))

X (=s4h + c,Hp +iAp) + H.c., (2.14)

where we define sina=s, and cosa = c,. Here, M/
stands for the diagonal fermion mass matrix while the
intensities of the Higgs-flavon couplings are encapsulated
in the Z{, = UJLZ[J U{T matrices. In the flavor basis, the Z{]
matrix elements are given by

4
f s Yo
ZU pf](f[\ ) Qij’

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 ¢pVV
(V =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.

(2.15)

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 - Hp —
hh(h — bb,h — yy), pp — Hp — ZZ(Z — ¢¢), and
pp = Hp — tc(t = fvzb) (see Fig. 1), we need to con-
strain the free FNSM parameters, i.e., (i) the mixing angle a
0f the real components of the doublet @ and the FN singlet

S, (i) FN singlet VEV v, (iii) the heavy scalar (pseudo)
fleld masses My, 4, (iv) the diagonal Z by = =7, 222 =27,
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0
g g
h %
-’ v
Hp P 7 Hp A

(b)

(c)

FIG. 1. Representative Feynman diagram of the signal: (a) gg — Hp — hh(h = bb,h = yy), (b) g9 — Hp = ZZ(Z = ££) and

(©) pp = ¢ > tc(t — Cueb).

and the nondiagonal Zg’z = Z,. matrix elements which will
be used to evaluate both the production cross section of the
flavon Hr 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 Aa, and Aaq,, respectively. The various LFV
processes 7 — 3u, y — 3e, T — py, u — ey, B = utu~
and the total decay width of the Higgs boson (I'}) 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, Hy, Ar) 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]

A1 (A) >0, A(A)>0 and
A3(A) + V24 (M)A (A) > 0,

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

(3.1)

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:

[41(A), 2(A), A3(A)] < 4. (3.2)

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 8z [84,85]. In the FNSM, the
unitary bounds are obtained from the S-matrix (using the
equivalence theorem) as

M(A) <16z and  |A(A) + 4 (A)

£/ (1 (8) = 22 () + (2/3%(A)7] < 16/3r.
(3.3)

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

095026-5



M. A. ARROYO-URENA et al.

PHYS. REV. D 108, 095026 (2023)

1000 1000

1000,

W M;;,=200 GeV =200 GeV = B My;,=200 GeV
B M;;,=400 GeV _ =400 GeV ; B My, =400 GeV
W My, =600 GeV % =600 GeV = W My,=600 GeV
100 B My, =800 GeV & 100 =800 GeV < 100 W My,=800 GeV
E’_’ B My, =1000 GeV - B My, =1000 GeV N*' W My, =1000 GeV
] W Ap=47t (Perturbative Limit) 2 W A; =4t (Perturbative Limit) ~ M Ap=16713 (Unitary Limit)
c <
g 10 £ 10 < 10
g 3
8 8 z
s < 3
~< -
1 1 T 1
=]
<
01 04 0% 200 400 600 800 1000 1200
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Singlet Scalar VEV, vs [GeV] Singlet Scalar VEV, vs [GeV] Singlet Scalar VEV, vs [GeV]
FIG. 2. In the first two plots we show the perturbative bounds on the quartic couplings 4, 3 while the third plot shows the stringent

unitary bounds on A;.

the heavy Higgs masses, My, and M, . 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 the S-matrix. Here, we assume My, = My,
and cos a = 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 v;—1, plane for My, =
200 GeV, 400 GeV, 600 GeV, 800 GeV, and 1000 GeV
whereas in Fig. 2 (middle) the v, — A5 plane is presented.
The plane v, — Ay (= 4 + 4, + /(A = )2 + (2/343)?) in
Fig. 2 (right) shows the unitary bounds. We find that
|Ay| < 167/3 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 vy is, for
My, = (200,400,600, 800, 1000) GeV,

v, > (69, 138,207,276, 345) 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

1000

800

600

400

Singlet scalar VEV, v,[GeV]

= Intersection

200
0.95

0.97  0.98 1.00

CoSa

(a)

0.96 0.99

FIG. 3.

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

C. Experimental constraints

To constrain the mixing angle a and the VEV of the FN
singlet v,, we use HL-LHC projections for the Higgs boson
coupling modifiers «; at a CL of 2¢ [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 o(pp — ¢) or a decay width ¢p —
X (¢p = h, B®M), we introduce,

['(h - X)
r(h™M - X)’

» _ olpp—h)

- 7 2
" e(pp - hM)’

Kx

(3.4)

where X = bb,7"7", W-W*, ZZ, yy. Figure 3(a) shows all
the regions complying with the aforementioned projections
for each channel in the cos @ — v, plane; here, the green,

1500
2
<)
=
E 1000
g
=
Q
[75]
2 500
=)
=
[7,]
0 i i
-1.0 —-0.5 0.0 0.5 1.0
COoSx
(b)

VEV of the FN singlet v, as a function of the cosine of the mixing angle a; constraints are from (a) the SM-like Higgs boson

coupling modifiers and (b) flavor observables (as described in the text).
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2000,

H Allowed region by Aa,
1500} W _Allowed regionbyallkj's ..}
Excluded by unitary bound A5 < ? n

Singlet Scalar VEV, v,[GeV]
S
8

(&)
(=
(=]

M, =My, = 200 GeV.

0.990 0.995 1.000

cosa

0.980 0.985

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

pink, blue, orange and cyan area corresponds to kp, K., Ky,
k,, and k,, respectively, while the red area represents the
intersection of all the areas allowed by all the individual
channels. We consider Z,, = 0.01 and Z, = 0.4 in the
evaluations for the xy. Such values are well motivated
because they simultaneously accommodate all the xx’s. In
fact, values in the 0.01 <Z,, <0.1 and 0.1 <Z, <1
intervals have no important impact on the coupling modi-
fiers, however, in the case when Z,, > 0.1 and Z,, > 2, a
large reduction of allowed values in the cos a — v, plane is
found [64,65].

Furthermore, we present in Fig. 3(b) the cos @ — v, plane
regions allowed by Aa, (black points), Aa, (magenta
points), u — 3e (red points) and B — u*yu~ (blue area).
We have also analyzed the decays ¢ — 3u, 7 — uy, u — ey,
however, these processes are not very restrictive in the
FNSM. This is mainly due to the choice we made for the
matrix elements ZW and Z,., as they play a subtle role in
the couplings (see Table 1) ¢uu™ and ¢ 7"
(¢ = h,Hp, Ar), which have a significant impact on the
observables  — 3u, 7 — puy, u — ey. In fact, we use Z,, =
0.2 and ZW = 107 (hence, a strong hierarchy), otherwise
the SM hu~u™ coupling would be swamped by new
corrections due to the FNSM." So the bounds coming
from the processes = — 3u, 7 — uy, yu — ey are not
included in Fig. 3(b).

'Such a choice was adopted in the evaluation of k., and x,,

respectively, and then we scanned on the cosa — v, plane, as
shown in Fig. 3(a).

\ cMs /s =13 TeV (35.9 fb?)
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e 68% expected
= 50r TN e, @ Median expected
_: """" @ Observed
=
T
T 10 .
Q.‘ . uq-.-. ..; e ::-ﬂo..
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_1: 1t % sk FNSM prediction, ¢ = Hr |
g
oy k
- 0.5 "

sk
500 1000 1500 2000 2500
FIG. 5. Expected (blue points) and observed (black points)

95% CL exclusion limits on the production of a narrow, spin-0
resonance (¢) 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 — ¢ — hh cross section expected
under the background-only hypothesis. The starred points are
predictions in the FNSM for a selection of heavy Higgs masses
(¢ = Hr) containing BPs used in our analysis.

Then, in Fig. 4, we display the result of applying all
discussed theoretical and experimental constraints, limit-
edly to the reduced interval 0.98 < cosa < 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, v, depending on the flavon mass,
e.g., for My, = 1000 GeV one has v; > 345 GeV. By
comparison, the intersection of all x;’s and Aa, imposes a
less stringent upper limit of v, < 1200 GeV.?

As far as the CP-even flavon mass My, is concerned, to
constrain it, we use the limit on the cross section of the
process pp — ¢ — hh from [77], in which a combina-
tion of searches for SM-like Higgs boson pair production
in proton-proton collisions at /s = 13 TeV and 35.9 fb~!
is reported. We present in Fig. 5 the cross section of
the process o(pp — Hp — hh) in the FNSM as a func-
tion of My, and its comparison with the limit on
o(pp — ® - hh), where ¢ 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

Notice 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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FIG. 6. Upper limits (observed and expected) on the cross section for di-Higgs production through an intermediate heavy particle ¢ as
a function of the particle mass M, as obtained through the processes pp — Hyp — hh(h, — bb,h — bl_J) (left) and pp — Hp — hh

(h,— bb,h — t+77) (right).

Collaboration limits [88], now for individual channels with
final states bbbb and bbr~tt, respectively. The most
stringent constraints [89] come from bbyy 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 v, = 1000 GeV
and cosa =0.995. It is observed that the My =
300-1000 GeV interval satisfies the bounds imposed,
so we will define benchmark points (BPs) with Hp
masses herein. The model parameter space in this analysis
is also consistent from the other search channels pp —
Hp - 77 at ATLAS [13] and pp —» Hp - WW at
CMS [90].

1000

H Our Model:o(pp-Hp)Br(Hg-hh)
Il ATLAS:Expected limit (95% CL)
800f B ATLAS:Observed limit (95% CL)
ATLAS:Expected limit 1o

o) ATLAS:Expected limit 20
=, - |
= 600} ATLAS: S =13 TeV, 139 fb
<
1
I
L 400
o
S

200¢

0 " " " I " " "
300 400 500 600 700 800 900
Heavy Scalar Mass M, [GeV]

1000

FIG. 7. Upper limits (observed and expected) on the cross
section for di-Higgs production [89] through an intermediate
heavy particle ¢ as a function of the particle mass M, as obtained
through the process pp — Hp — hh(h,— bb,h — yy).

D. Constraints on Z,, from flavor-violating
Higgs decays

Finally, because the g, coupling is proportional to the
Z,. matrix element, we need a bound on it in order to
evaluate the Hy — tc decay. Currently, there no specific
processes that provide a stringent limit Z,., but we can
estimate its order of magnitude by considering the upper
limit on the branching ratio (BR) of t — chat < 1.1 x 1073
[91]. We also consider the prospects for BR(7 — ch) <
4.3 x 107 searches at the FCC-hh [92]. The resulting

Upper limit on BR(t—ch)
30 z : ' :
Allowed region by LHC . i i
25_._ch:__!“!__: _________ ' __________ :._._._._._?._.__
2.0F----- -+ ________ _________ __________ ......... :._._
8
lN 15 ....................................................
05 ________ :_._._._._:_
0.0t . f n r !
200 400 600 800 1000
vs[GeV]

FIG. 8. Allowed region in the v,-Z,. plane from the current
bound on BR(# — ch) < 1.1 x 107 (blue color) and the pro-
jection at the FCC-hh (orange color).
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allowed region in the v, — Z,. plane is illustrated in Fig. 8.
It is worth noting here that the behavior of the Z,, matrix
element shows an increasing (decreasing) trend as v,
increases (decreases). This observation is expected since
the g, coupling is governed by Z,./v,. In order to have a
realistic evaluation of the observables studied here, we
adopt conservative values for Z,. and v,.

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 Hy decaying into SM-like Higgs #,
neutral gauge bosons Z and top-charm quark pairs at Run 3
of the LHC as well as the HL-LHC, assuming /s =
14 TeV for both and a luminosity of 3000 fb~!. In our
analysis, we adopt ¢, = 0.995 (i.e., a small mixing angle
between the CP-even part of the doublet and singlet scalar
fields) and assume for the cutoff scale Ay = 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 the H . state via gluon-gluon fusion, followed
by its decay into two on-shell SM-like Higgs bosons (%),
neutral gauge bosons Z and a top-charm quark pair. For hh
production, one of the Higgs & decays into a pair of
b-tagged jets while the other decays into two photons,
ie., pp = Hp — hh(h — bb, h — yy): recall Fig. 1. For
the ZZ channel, a Z decays into a SFOS pair; while for
tc channel, the top quark decays into Zv,b, with
¢ =e ,e",u",u". Hence, we have three separate final
states. The first one has two photons (y) 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

B o(pp-Hy)

B o(pp-Hp)xBr(Hp~Z77)
xBr(Z~1l)

B o(pp-Hy)«Br(Hp-hh)

xBr(h-yy)xBr(h-bb)

105,

1000+

Cross-sections in [fb]

0.1r

Branching Ratio of Hf [in %]

some amount of hadronic activity generated from the initial
state. Here, we only analyze the channels Hr — hh,ZZ, tc,
since it is to be noted that the Azhh and ApZZ couplings
are zero because of CP conservation, hence the twin
production processes pp — Ar — hh,ZZ via gluon-gluon
fusion is not possible. The A — fc 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, My (= M,_) considering Z,-j =
0(i # j). The latter have been varied from 260 to 1000 GeV
with a step size of 10 GeV. We then take v, = 1000 GeV;
such a large VEV produces a small production cross section

100F

300 400 500 600 700 800

Heavy Scalar Mass My, [GeV]

900 1000

300 400 500 600 700 800

Heavy Scalar Mass My, [GeV]

900 1000

FIG. 9. The red (blue and purple) line on the left plot stands for the cross section of the processes pp — Hp
(pp = Hp = hh(h = yy,h — bb) and pp — Hp — ZZ(Z — ¢£)) at 14 TeV. The variation in the BRs of the heavy CP-even
flavon mass My, is displayed in the right plot. The heavy Higgs flavor-violating decay is absent here, i.e., Z; =00 # J).
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TABLE IL

The input parameters of the three BPs (BP1, BP2, and BP3) used in the remainder of the paper. We

have M, = 125.5 GeV, cosa = 0.995, v; = 1000 GeV, and Ap =1 TeV is this kept fixed for all BPs.

BPs (GeV)

The other input parameters

BP1 (M, = 800)
BP2 (My;, = 900)
BP3 (M}, = 1000)

M,, =800 GeV, 4 = 0.36, 4, = 0.64, 23 = 0.25
My, =900 GeV, 4; = 0.39, 4, = 0.81, 23 = 0.32
M, = 1000 GeV, 4, = 0.42, 2, = 0.99, 23 = 0.40

o(pp — Hp) and a correspondingly small partial width
I'(Hp — hh,ZZ), 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 - Hp, pp - Hp —
hh(h = yy,h — bb) and pp — Hp — ZZ(Z — ¢£) on
the left-hand side of Fig. 9, where the red line stands
for o(pp — Hp).

One can thus understand the nature of the production
and decay rates as follows. The production cross sections
of the heavy CP-even flavon H (or pseudoscalar Ay, for

that matter) mainly depends on the gy, ;= M%

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

15_)_\/2) coupling, as the latter goes into the effective

1
'Ceff = ;ghgghG/u/le’ (41)
aM?

g5 = —igor(l+(1=0)f(7)) with 7= i 4

(Siﬂ_l \/%)2, T2>1,
f(r) = (4.3)

Vi ]2
—i[ln%—m} <1

In this model, the ggh, ggH r, and ggAr couplings take the
following form: g, = (W)gsw 9H g9 = (L”y;f“v")gsgg,

and g4, == (—iag/7)cf (1),3 respectively. It is to be noted

that, for My, 5, >2M,, f(r) = =4 [Int=A=—ia].

-1z
Hence, one can understand the shape of the plot by
exploiting these functions. The BRs of H into various
channels for v, = 1000 GeV are shown on the right-hand
side of Fig. 9. From the BR plot, we can see that, for
heavier Hy masses, this state dominantly decays into 7.
For small masses, Hy — WW dominates. Yet, Hp — hh is
the third, while Hp — ZZ is the fourth largest decay
channels. In the next subsections, we will focus on

A r 18 CP-odd scalar and h, Hj 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 = v/—1 coupling for h, Hp, and a y5 coupling for Ag.
So the result of the top-quark loop integral is different for 4, Hp,
and Ar [98,99].

discussing the processes Hy — hh(h — bb,h — yy) and
Hp— ZZ(Z — ¢£) for the diagonal and H — tc(t — btv,)
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
Hp — tf and Hp - WW decays.

A.pp — Hp = hh(h — yy.h — bb)

The major SM backgrounds typically have the form
hh + X (where X is known SM particles), which includes
SM-Higgs pair hh production, & + X like hZ, hbb, and hii,
as well as the non-Higgs processes which include #7 and 7y
(here, leptons may fake as photons) as well as bbyy, ccyy
and jjyy (where c-jets and light-jets may fake b-jets). The
other relevant reducible backgrounds comprise bbjy, ctjy,
and bbjj, 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 [100], as
9.3 x 1072 exp(—p7}/27.5 GeV). 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 — Hy — hh(h — yy,h — bb). To
start with, though, we show the production and decay cross
section pp — Hp — hh(h — yy, h — bb) for the three BPs
presented in Table IT (with, in particular, My, = 800 GeV,
900 GeV, and 1000 GeV, as seen in Table III). The corres-
ponding dominant SM backgrounds are shown in Table I'V.

Any charged objects (leptons or jets) or photons produced
in any hard scattering process at the LHC will 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. We will 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 (y) in

095026-10



FLAVON SIGNATURES AT THE HL-LHC PHYS. REV. D 108, 095026 (2023)

TABLE III. The BR(Hp — hh) and cross sections for the processes pp — Hp and o(pp — Hp — hh,
h = yy, h = bb) for three BPs (BP1, BP2, and BP3) used in the remainder of the paper.

BRs and cross sections (pb)

BPs (GeV) BR(Hy — hh) o(pp - Hp) o(pp = Hp = hh,h — yy, h — bb)
BP1 (My, = 800) 0.14 0.41 7.18 x 1073
BP2 (M, = 900) 0.15 0.21 3.95x 107
BP3 (Mpy, = 1000) 0.16 0.11 2.27 x 107

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 = bbyy 457
pp = Zh(Z — bb,h — yy) 1.40 x 1074
pp = bbjy 7470.02
pp — bbjj (j mimic as photon) 5.03 x 10°
pp — ccry 6.21
pp — ccjy (c appear as b-tagged jets, j mimic as photon) 2085.01
pp — jjyr (j appear as b-tagged jets) 65.23
pp = ti(t = Cub. T — Ci,b) 6.17 x 107
pp — ti(t > jjb, T — jjb) (¢, j mimic as photon) 202.15
the final state. However, we do not put any constraints on (i1) peT/ #'> 20 GeV (if an electron/muon is present, for
the number of light-jets. We then adopt the following b-tagging purposes);
acceptance cuts: (iii) p} > 40 GeV, where j stands for light-jets as well as
(i) ph>20 GeV; b-jets;
0.4 : 0.4 e 0.4 R
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FIG. 10. Normalized distributions in photon transverse momentum for signal and total background after the acceptance cuts.
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(iv) |ns| £2.5(again, = e/p), |n,| <2.0and |y;| < 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
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Normalized distributions in b-jet transverse momentum for signal and total background after the acceptance cuts.

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 (p%, p%) and b-jets
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FIG. 12. Normalized distributions in diphoton and dijet separation for signal and total background after the acceptance cuts.
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FIG. 13. Normalized distributions in diphoton and dijet invariant mass for signal and total background after the acceptance cuts.
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FIG. 14. Distributions in the final-state invariant mass for signal and total background after the acceptance cuts as well as the selection

vi2 b
ones on py~, pr-, M My, p,» AR

nr2? nr2?

(pz;l, p';z)4 will be studied. In addition, the separation
between the two final-state photons AR, , and b-jets
AR, , are also used. The separation between two detec-
tor objects, AR, is defined as AR = \/Anp* + A¢?,
where An and A¢ are the differences in pseudorapidity
and azimuthal angle, respectively. Then, the invariant
mass of the final state photons (M, ,) and b-jets
(M}, p,) will also be used to discriminate between signal
and backgrounds, where we have introduced M, =

VIE B2 =S (pf + )% with ab =iy or

‘Here, 1 and 2 represents the p; ordered leading and
subleading photon and b-jet in the final state.

and AR, ;,, as shown in Table V.

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

Kinematic variables and cuts

Observable Value
SR p7T‘v2 >35.0 (GeV)
pl;l-z >40.0 (GeV)
M, ,, 122.5-128.5 (GeV)
My, 70.0-135.0 (GeV)
AR, 0.4-4.6
ARy, 0.4-3.6

My, (varied with My,) 0.7My, —1.1My,
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TABLE VI. The signal significance ¢ = ﬁ 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 /s = 14 TeV with integrated luminosity £ = 3000 fb~".

Benchmark points: Signal and significances

BP1 (My;, = 800 GeV)

BP2 (M}, = 900 GeV)

BP3 (Mj;, = 1000 GeV)

Number of  Number of Number Number of Number Number of
signal background  Significance  of signal = background  Significance  of signal = background  Significance
18.45 5.65 3.81 7.92 3.72 2.32 3.10 ~3 1.25

b b,. Finally, we use the invariant mass M, for the final
extraction. The M}, variable has been calculated as M, =

VE BB ER =S (o] )
In the above formulas, E and p;(i = x,y, z) 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 M, variable), one may
assume that the M Hy 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 \/E = 14 TeV and, e.g.,
L = 3000 fb~'. We initially calculate the signal signifi-
cance using the relation ¢ = \/%IE‘ 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 = cAocg gL, where ¢ and A stand for the selection
and acceptance cut efficiency, respectively, og g is the §
or B cross section and £ is the luminosity. Based on
these definitions, it is clear from Table VI that strong HL-
LHC sensitivity exists for all My 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
M, selection.) In fact, one can also consider the
systematic uncertainty in various SM background esti-
mations while calculating the final signal significance as’

6 = ——>—— where « is the percentage of systematic

S+B+(xB)?’
uncertainty [102]. Upon adding 5% for the latter, the

5 . . . . o S
To include the systematic 1.mcerta1nty in o= N one can
replace S+ B in the denominator by the quadratic sum of

VST B =kB [102], ie., 6 = —5—,
S+ B and use o, =«B [102], i.e., o S5

being the percentage of systematic uncertainty of the total
background.

with

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
My, — v plane. It is to be noted that the variation of the
singlet scalar VEV v, will directly change the Hphh
coupling and correspondingly the production cross section
o(pp — Hp — hh). 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, My,
and singlet scalar VEV, v,. Specifically, My (=M,,) has
been varied from 800 GeV to 1000 GeV with a step size of
5 GeV while v, has been varied between 500 GeV and
1000 GeV with a step size of 25 GeV. The projected
exclusion (26) region derived from the yybb final state in
the My, — v, plane are given in Fig. 15. The left plot is
drawn for £ = 3000 fb~! (HL-LHC). Again, the left plot in
Fig. 15 is shown with no systematic uncertainty, i.e., k = 0,
while the right plot is drawn based on a systematic
uncertainty x« = 5%. From the right plot, we should
mention that the limits drop somewhat (by 5-10%) upon
introducing a systematic uncertainty of x = 5%, hence not
too drastic a reduction of sensitivity in general (as already
remarked for our BPs).

B.pp —» Hp — ZZ(Z — ¢¥)

In this section, we now discuss the signatures involving
the final state with four leptons (27 + 27) in the context of
HL-LHC. The primary contribution to these signatures
typically arises from the process pp — Hp — ZZ, where
each Z boson further decays into a lepton-antilepton pair
(Z = ¢¢). To investigate the leptons’ final state signatures,
we have selected the same three benchmark points, which
are My, =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 4 jets). In addition, there are
other significant reducible backgrounds, such as the pro-
duction of top quark pairs with jets (¢ + jets), the pro-
duction of a Z boson and a Higgs boson with jets
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The projected exclusion (light blue) and discovery (dark blue) regions in the My, — v, plane. These plots are drawn for

L = 3000 fb~!. The right plot is drawn considering a systematic uncertainty x = 5%.

(Zh + 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) p%h>20 GeV,;

(i) p¥*>20 GeV;

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

b-jets;

(iv) [n.] £2.5 (again, £ = e/p), |n,| < 2.0 and |n;| < 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 (p';", i=1.4) and the minimum invariant mass
M‘LL‘}“ out of four combinations My, i, j = 1..4) and

total transverse momentum of four leptons (3 p?) will be
studied.

TABLE VII. The BR(Hy — ZZ) and cross sections for the
processes pp — Hyp and o(pp = Hp — ZZ,Z — £¢) for three
BPs (BP1, BP2, and BP3) used in the remainder of the paper.

Finally, we use the invariant mass M, for the final
extraction. The M ,, variable has been calculated as M, =
VEHES BB 25 (04 p 02,
Here E and p;(i = x,y, z) 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 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)

BRs and cross sections (pb)

o(pp > Hr - ZZ,

BPs (GeV) BR(H; — ZZ) o(pp — Hy) Z - ()

BP1 (My, = 800) 0.10 0.41 1.90 x 107
BP2 (M, = 900) 0.11 0.21 1.07 x 1073
BP3 (M}, = 1000) 0.12 0.11 6.23 x 107

pp — ZZjets (up to 3 jets) 11.64
pp — tiZjets (up to 2 jets) 0.76
pp — VVV(V = W/Z)jets (up to 2 jets) 1.04
pp — VHjets (up to 3 jets) 0.69
pp — WZjets (up to 3 jets) 40.10
pp — WWiets (up to 3 jets) 89.20
pp — tijets (up to 2 jets) 915.10
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FIG. 16. Transverse momentum distributions for signal and total background after the acceptance cuts.

energy of /s = 14 TeV and an integrated luminosity of
L = 3000 fb~!. We calculate the signal significance using

the formula ¢ =

_S
S+B’

and B represents the background yield.

where S represents the signal yield

C.pp > ¢ —tc (t > blvy), p=Hp Ar

1.pp > Hp - tc

The presence of nonzero Z,. allows for processes such as

¢ — tc, where ¢ decays into a top quark and an anticharm
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FIG. 17.
acceptance cuts.

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 Z,.. 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 ¢ = Hp, Ap

200 400 600 800 1000 1200
> Pt IGeV]

200 400 600 800
> PiIGev]

1000 1200

Invariant mass of two leptons, four leptons, sum of all momentum distributions for signal and total background after the

via proton-proton collisions pp — ¢, followed by the
FCNC decay ¢ — tc (t » bfv,) in the presence of non-
zero Z,.. 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
Ng=0(pp = ¢ = tc(t —» blury)) x Liy,  with Ly =
300 fb~'. We notice that the number of events of both

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

Kinematic variables and cuts

Observable Value
SR p?,z&.‘t >35 (GGV)
» p? >180 (GeV)

MZZ (Varied with MHF) 095MHF - IOSMHF
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TABLE X. The signal significance ¢ = \/%—B 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 /s = 14 TeV with integrated luminosity £ = 3000 fb~".

Benchmark points: Signal and significances

BP1 (M}, = 800 GeV)

BP2 (My;, = 900 GeV)

BP3 (Mj;, = 1000 GeV)

Number Number of Number Number of Number Number of
of signal  background Significance of signal  background Significance of signal  background Significance
90.42 83.67 6.83 51.48 27.98 5.78 51.77 66.95 4.75
signals is close in regimenes of intermediate and TABLE XI. Model parameter values used in the Monte Carlo
high masses. The reason is because we have found that ~ Simulation.
o(pp = Ap) ~107%6(pp — Hy) and BR(Ap — 1¢) ~ 10 parameter Value
BR(Hy — tc), as shown in Tables XII-XIV.

On the other hand, the BR(H; — tc) as a function of the ~ €@ 0.995

. 5 . . . Vg 600-1000 (GeV)

singlet VEV v, and the Z,. matrix element is shown in 7 0.1
Fig. 19. We observe BRs(HF.—> tc) quite large O(0.1), M’;F — M, 800-1000 (GeV)
which comes because the couplings HzWW and HpZZ are
suppressed, which allows the opening of the tc¢ channel.

In this analysis, the main SM background comes from
the final state of bjfv,, whose source arises mainly from _
Wjj -+ Whb, tb + tj. Another important background is 77 TABLE XII. The BR(H; — tc) and cross sections for the

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 XIIL

Figure 20 shows the kinematic distributions generated
both by the signal (for My, = 800 GeV, v, = 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

10° o ° o o
° ® o °
2 10t -
= ]
(= [ ]
(=] o
% 1000 e
N .,
2] L]
= =14 Tev o®
5 100 Vs ¢ o
= == PP Hr > te(t > Iy b)
== pp - Ar - tc(t - Iy b)
10
1 1 1 I I n
200 400 600 800 1000
FIG. 18. Number of events produced for the process

pp — ¢ — te(t > Cupb).

processes pp — Hp and 6(pp — Hp — tc,t — £v.b) for three
BPs (BP1, BP2 and BP3) used in the remainder of the paper.

BRs and cross sections (pb)

o(pp —» Hp - tc,

BPs (GeV) BR(Hy — tc) o(pp — Hy) t — Cuzb)
BP1 (My, = 800) 0.0140 0.41 134 x 1073
BP2 (M}, = 900) 0.0134 0.21 6.23 x 107
BP3 (M}, = 1000) 0.0133 0.11 3.32x 107

TABLE XIII
processes.

Cross section of the dominant SM background

SM backgrounds Cross section (pb)

pp = Wjj+ Wbb(W = ¢v,) 3245
pp — th+tj(t > fuv.b) 1.61
pp = ti(t = Cvgb.t = q;q;b) 65.50

TABLE XIV. The BR(H; — tc) and cross sections for the
processes pp — Hp and 6(pp — Hp — tc,t — £v.b) for three
BPs (BP1, BP2 and BP3) used in the remainder of the paper.

BRs and cross sections (pb)

o(pp = Ap — 1c,

BPs (GeV) BR(Ap = tc)  o(pp — Af) t = fvsb)
BP1 (M,, = 800) 0.4980 0.0176 1.97 x 1073
BP2 (M, = 900) 0.4973 0.0086 9.67 x 107*
BP3 (M,, = 1000) 0.4970 0.0042 470 x 10~*
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FIG. 19. BR(Hj — tc) as a function of the singlet VEV v, and
the Z,. matrix element.

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.
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The following acceptance and kinematic cuts imposed to
study possible evidence of the Hy — fc (My, = 800 GeV)
at the LHC are as follows: _

(i) We requiere two jets with |p/| <2.5 and p}>
30 GeV, one of them is tagged as a b-jet.
(ii) We require one isolated lepton (e or ) with |’| <
2.5 and p% > 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 M! =

T _ T — r_
Mf;l‘T = \/21)[ Er(1 cosqﬁfﬂzT) as [M" =My, | <50 GeV

to enhance the signals.

Figure 22 displays the contour plots of the signal
significance as a function of the integrated luminosity
Liy and the singlet scalar VEV v, for My = 800 GeV,
900 GeV, 1000 GeV. Once L;,, = 300 fb~! of accumulated
data is achieved and assuming v; = 640 GeV (625 GeV,
620 GeV), we find that the LHC would have the possibility
of exploring a detectable flavon Hy of mass 800 GeV
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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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FIG. 21. Normalized transverse mass MT =

\/ 2pTEr(1—cosgp fﬁr) for both background and signal proc-

esses. We have considered My, =800 GeV, 900 GeV,
1000 GeV.

(900 GeV, 1000 GeV). Even more promising results could be
found in the HL-LHC era, which could corroborate the
possible findings of the LHC regarding the Hr — fc process.

2. pp - Ap > tc

As far as the decay Ap — fc is concerned, we proceed in
a similar way to the previous analysis. Here is relevant
show the main decay modes of the flavon Ay in order to
highlight the signal sought. Figure 23(a) shows the
BR(Ap — XX)-M,_ plane for processes that arise at tree
level. We notice that the dominant production channels,
assuming intermediate masses, are Ap — 1t and Ap — fc
which are of order O(107"). It is because the flavon Ay
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
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FIG. 22. Contour plots for the signal significance as a function of the integrated luminosity and the singlet VEV v,
(@) My, =800 GeV, (b) My, =900 GeV, (c) My, = 1000 GeV. In these results we consider a systematic uncertainty k = 5%.
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process Ap — tc with respect to the signal Hyp — tc.
Although the signal is similar, the ¢ — fc 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 S which
is charged under a new U(1) flavor symmetry (which is
softly broken). After EWSB and U(1), breaking, the
mixing between the SM Higgs doublet with the real part of
the S singlet produces two physical scalars, 4 and Hp,
where £ is identified as the SM-like Higgs boson (dis-
covered in 2012) while H is an additional CP-even (so-
called) flavon with mass O(1 TeV). (The imaginary part
of Sp is identified as the CP-odd heavy flavon Ar.) The
(pseudo)scalar sector of this model is controlled by two
parameters; the flavon VEV v, and the mixing angle a.
The structure of various Yukawa couplings of this model
is such that one can have FCNCs involving the two new
heavy (pseudo)scalars (Hy 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 »; and a. 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 Hp. 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

AFoYy
— Afogg
- AesZy

S — ——

400 600 800 1000
M,,(GeV)

(b)

Branching ratios of the main decay modes of Ay as a function of its mass My, (a) at tree level and (b) at one-loop level.

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 /s =
14 TeV), assuming a luminosity of 3000 fb~!, we were
able to confirm the discovery potential (5¢) of the CP-even
heavy flavon Hf at the LHC through these SM signatures.
In addition, we explored the flavor-changing ¢ — fc
decays (¢ = Ap, Hp), specific to our model, which is
predicted to arise when M, Z m,. The branching ratio of
these decays can be as large as (O(0.1) because the Hp —
VV (V =W, Z) decays are suppressed once the ¢ channel
is opened and because Ay 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 Hyp and CP-odd Af scalars can
exhibit similar signatures in the HF — tc and AF — 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~! is
achieved, we predict a signal significance of up to 6o 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 advocated model in standard computational
tools, which are available upon request.
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