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We present a study on the possibility of observing a hypothetical particle known as the flavon HF,
which is predicted in an extension of the standard model that includes the so-called Froggatt-Nielsen
mechanism.The proposeddecay channel is through abb̄h final state,where theHiggs boson (h) decays to a pair
of photons or a pair of b quarks ðh → γγ; bb̄Þ. We found that, under special scenarios of the model parameter
space, theprocesses analyzed could provide evidence for the existence of the flavon in thenext stageof theLHC:
the High Luminosity LHC. Specifically, we predict a signal significance of 5σ (2σ) in the h → bb̄ (h → γγ)
channel for a flavon mass of 800 (900) GeV and an integrated luminosity of 2500 ð3000Þ fb−1.
DOI: 10.1103/PhysRevD.111.055028

I. INTRODUCTION

After the discovery of the Higgs boson by the ATLAS
and CMS Collaborations [1,2] at the Large Hadron Collider
(LHC), the particle physics community has focused on
understanding the interactions of the Higgs boson with
other particles, including itself. In the last years, the
ATLAS and CMS Collaborations have reported results
on searches for di-Higgs proton-proton (pp) production in
the channels pp → hh, ðh → bb̄; h → bb̄Þ, ðh → bb̄;
h → γγÞ, ðh → bb̄; h → WW�Þ, ðh → bb̄; h → ZZ�Þ, ðh →
bb̄; h → τ−τþÞ [3–7]. These searches have studied the
different ways in which the Higgs boson is produced, such
as ggh, vector boson fusion, in association with top-quark
pairs, etc. We notice that in all channels the bb̄ pair prevails;
motivated by these final states we undertake an analysis of

production and decay of a scalar (so-called flavon, denoted
by HF) predicted in a model that implements the Froggatt-
Nielsen (FN) mechanism [8], which we will refer to as the
FN singlet model (FNSM). Such a model assumes that
above some scale Λ, there is a symmetry [perhaps of
Abelian typeUð1ÞF] that forbids the appearance of Yukawa
couplings; SM fermions are charged under this symmetry.
However, Yukawa matrices can arise through nonrenorma-
lizable operators. The Higgs spectrum of these models
includes the flavon, which could mix with the Higgs bosons
when the flavor scale is of the order of the TeVs. The flavon
phenomenology has been studied by several authors,
including the production and decay processes pp → HF →
hhðh → γγ; h → bb̄Þ, pp → HF → ZZðZ → l−lþÞ,
pp → HF → tcðt → lνlbÞ, pp → HF → τμðτ → lντνlÞ
(l ¼ e, μ) [9–13]. In this study, we explore a final state
in which current experimental reports on searches for the
di-Higgs boson can shed light on the signal we propose,
i.e., the production of the flavon via proton-proton colli-
sions, and later it decays into bb̄h for two particular
channels, namely h → bb̄ and h → γγ. The induced
Feynman diagrams of the decay HF → ff̄h in the theo-
retical framework of the FNSM are presented in
Fig. 1.1 The main difference between the di-Higgs boson
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1The diagram (b) has a scalar propagator in which both the
Higgs boson h and the flavon HF propagate.
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production signatures and our signal is the resonant effect
that offers the decay HF → bb̄h. This is a great advantage
from an experimental point of view.
The paper is organized as follows. Section II presents

the relevant aspects of the model, including expressions
for the masses and the Feynman rules to be used in the
subsequent analysis. Afterward, both theoretical and
experimental constraints that have a direct impact on
the predictions are studied in Sec. III. Meanwhile, Sec. IV
is focused on the analysis of the signal, pp → HF → hbb̄
ðh → bb̄; γγÞ, as well as its background processes. A
multivariate analysis is also included. Finally, we present
our conclusions in Sec. V.

II. THE MODEL

A. The scalar sector

The FNSM’s scalar sector adds one complex singlet FN
scalar SF to the SM, namely,

SF ¼ ðvs þ SR þ iSIÞffiffiffi
2

p ; ð2:1Þ

where vs represents the vacuum expectation value (VEV) of
the FN singlet. The scalar potential is invariant under the
FNUð1ÞF flavor symmetry. Under this flavor symmetry, SF
and the SM Higgs doublet Φ ¼ ðvþϕ0ffiffi

2
p ϕþÞT transform as

SF → eiαSF and Φ → Φ, respectively. We note that such a
scalar potential allows a complex VEV, hSFi0 ¼ vsffiffi

2
p eiα, but

in this work we assume the scenario in which the Higgs
potential is CP conserving (α ¼ 0). Then, the CP-con-
serving Higgs potential reads as

V0 ¼ −
1

2
m2

1Φ†Φ −
1

2
m2

2S
�
FSF þ 1

2
λ1ðΦ†ΦÞ2

þ λ2ðS�FSFÞ2 þ λ3ðΦ†ΦÞðS�FSFÞ: ð2:2Þ

After the spontaneous symmetry breaking of the Uð1ÞF
flavor symmetry by the VEVs of the spin-0 fields ðΦ; SFÞ, a
massless Goldstone boson will emerge in the physical
spectrum. To give a mass to it, we embed a soft Uð1ÞF
breaking term in the scalar potential:

Vsoft ¼ −
m2

3

2
ðS2F þ S�2F Þ: ð2:3Þ

Thus, the full scalar potential is given by

V ¼ V0 þ Vsoft: ð2:4Þ

The parameter λ3 in Eq. (2.2) allows a mixing between
the flavon and the Higgs fields after both the Uð1ÞF
flavor and electroweak (EW) symmetries are spontaneously
broken, generating the masses of the flavon and Higgs
field, as presented below while the pseudoscalar flavon ðSIÞ
mass is generated via the soft Uð1ÞF flavor symmetry
breaking term Vsoft. Once the minimization of the potential
V is done, we obtain relations between the parameters of V
as follows:

m2
1 ¼ v2λ1 þ v2sλ3; ð2:5Þ

m2
2 ¼ −2m2

3 þ 2v2sλ2 þ v2λ3: ð2:6Þ

Since all parameters of the scalar potential are assumed
to be real, the imaginary and real 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

�
; ð2:7Þ

whose mass eigenstates can be obtained through the
following 2 × 2 rotation:

ϕ0 ¼ cos α hþ sin αHF; ð2:8Þ

SR ¼ − sin α hþ cos αHF; ð2:9Þ

where α is the mixing angle. We identify hwith the SM-like
Higgs boson with mass Mh ¼ 125.5 GeV. Meanwhile, the
mass eigenstate HF is identified with the CP-even flavon.
The CP-odd flavon AF ≡ SI will obtain its mass from the
Vsoft term such that M2

AF
¼ 2m2

3. We will work (as free
parameters) with the physical masses MSðS ¼ h;HF; AFÞ
and the mixing angle α, whose relations with the quartic

FIG. 1. Feynman diagrams inducing the HF → f̄fh decay in
the FNSM. (a) shows the direct coupling amongHF, h, and ff̄. In
(b) the decay goes through an internal scalar line that can be either
h or HF. (c) and (c’) show the HF decaying into ff̄ with the h
emitted from an internal fermion line.
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couplings of the scalar potential in Eq. (2.2) read as

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: ð2:10Þ

B. The Yukawa sector

The effective Uð1ÞF invariant Yukawa Lagrangian
includes terms that become the Yukawa couplings after
the Uð1ÞF flavor symmetry is spontaneously broken. It is
given by [8]

LY ¼ ρdij

�
SF
Λ

�
qdij
Q̄idjΦ̃þ ρuij

�
SF
Λ

�
quij
Q̄iujΦ

þ ρlij

�
SF
Λ

�
qlij
L̄iljΦþ H:c:; ð2:11Þ

where ρfij (f ¼ u; d;l) are dimensionless parameters osten-

sibly of order Oð1Þ. The amounts qfij represent the Abelian
charges that reproduce the observed fermion masses, and Λ
is the ultraviolet mass scale, which is not predicted by the
Froggat-Nielssen mechanism, it can be between the weak
and the Planck scale. However, there is an essential
requirement: the flavor symmetry must be broken in such
a way that the ratio vsffiffi

2
p

Λ
≲ 1. To generate the Yukawa

couplings from Lagrangian (2.11) one must spontaneously
break both, theUð1ÞF as well as EW symmetries. Once this
is done, we arrive at the Sfif̄i interactions as shown in
Table I. We note that to avoid large deviations from the SM
coupling, vs ≈ Λ and cos α ≈ −1 are required, as below.
The CP-even HF and the CP-odd AF flavons are

assumed to be heavier than h.

Meanwhile, to induce nondiagonal Sfif̄j interactions,
we proceed as described below. By considering 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
Λ

�
qij ¼

�
vs þ SR þ iSIffiffiffi

2
p

Λ

�
qij

≃
�

vsffiffiffi
2

p
Λ

�
qij
�
1þ qij

�
SR þ iSI

vs

��
; ð2:12Þ

which leads to the following Lagrangian interaction after
replacing the mass eigenstates:

LY ¼ 1

v
½ŪMuU þ D̄MdDþ L̄MlL�ðcαhþ sαHFÞ

þ vffiffiffi
2

p
vs

½ŪiZ̃u
ijUj þ D̄iZ̃d

ijDj þ L̄iZ̃l
ijLj�

× ð− sin αhþ cos αHF þ iAFÞ þ H:c: ð2:13Þ

Here, Mf denotes the diagonal fermion mass matrix.
We encapsulate the Higgs-flavon couplings 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
Λ

�
qfij
qfij; ð2:14Þ

which (in general) remains nondiagonal even after diago-
nalizing the mass matrices, giving rise to flavor violating
interactions.
Finally, in addition to the Yukawa couplings, we also

need the HFhfif̄j couplings for our calculations. In the
FNSM these interactions are given by

HFhff̄ ¼ mfvsffiffiffi
2

p
Λ2

ð1 − 2cos2αÞ: ð2:15Þ

As a particular case we will explore the scenario where
f ¼ b. This choice is motivated by experimental reports on
Higgs pair searches [3–7].

III. CONSTRAINTS ON THE FNSM
PARAMETER SPACE

In order to compute a realistic numerical analysis of the
signals proposed in this project, i.e., pp → HF → hbb̄
ðh → bb̄; τ−τþ;WW�; γγ; ZZ�Þ, we need to constrain the
free FNSM parameters involved in the upcoming calcu-
lations, namely,
(1) The mixing angle α of the real components of the

doublet Φ and the FN singlet S.
(2) FN singlet VEV vs.
(3) The ultraviolet mass scale Λ.
(4) CP-even scalar mass MHF

.

TABLE I. Diagonal SXX interactions, (S ¼ h;HF; AF).

Vertex SXX Coupling

hfif̄i
vsmf

vΛ2 ðv sin α − vs cos αÞ
hZZ g mZ

cW
cos α

hWW gmW cos α

HFfif̄i − vsmf

vΛ2 ðvs sin αþ v cos αÞ
HFZZ g mZ

cW
sin α

HFWW gmW sin α

AFfif̄i − vsmf

Λ2

AFZZ 0
AFWW 0
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These parameters can be constrained by several types
of theoretical restrictions like absolute vacuum stability,
triviality, perturbativity, and unitarity of scattering matrices
and different experimental data, mainly, LHC Higgs boson
data upper limits on the production cross section of addi-
tionalHiggs states.We also consider bounds on lepton flavor
violating processes (LFVp) Li→ljlklk, li→ljγ.
Measurements on BRðB0

s;d → μþμ−Þ and the anomalous
magnetic moments of the muon and electron Δaμ and Δae,
respectively, are also presented. Finally, we also take into
account quark flavor constraints: B − B̄,K − K̄, andD − D̄
mixing.

A. Theoretical constraints

1. Stability of the scalar potential

It is necessary to control the stability of the scalar
potential in Eq. (2.2); it should be bounded from below,
i.e., it should not approach negative infinity along any
direction of the field space ðh;HF; AFÞ at large field values.
The quadratic terms in the scalar potential are very sup-
pressed compared to the quartic terms. So, the absolute
stability conditions read [14] as

ðλ1; λ2; λ3 þ
ffiffiffiffiffiffiffiffiffiffiffi
2λ1λ2

p
Þ > 0: ð3:1Þ

The quartic couplings are evaluated at a scale Λ using the
renormalization group evolution (RGE) equations. If the
scalar potential in Eq. (2.2) has a metastable EW vacuum,
then these conditions should be modified [14]. To constrain
the scalar field massesMϕ, the VEVof the complex singlet
vs and the mixing angle α, we can use Eq. (2.10) to
translate these limits into those on the model parameters.

2. Perturbativity and unitarity constraints

The upper limits presented in Eq. (3.2) are necessary to
ensure that the radiatively corrected scalar potential of the
FNSM remains perturbative at any energy scale:

jλ1; λ2; λ3j ≤ 4π: ð3:2Þ

The quartic couplings that come from the scalar potential
are also highly constrained by the unitarity of the S matrix.
Even at large field values, one can obtain the S matrix by
considering several ðPÞS − ðPÞS, V − V, and ðPÞS − V
interactions in 2 → 2 body processes, where PðS; VÞ stands
for a pseudoscalar boson (scalar, gauge boson). The unitarity
of the Smatrix demands that its eigenvalues be less than 8π
[14,15]. Within the theoretical framework of FNSM, using
the equivalence theorem, the unitary bounds are given by

λ1 ≤ 16π and

jλ1þλ2�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1−λ2Þ2þð2=3λ3Þ2

q
j≡ jλ�Uj≤ 16=3π: ð3:3Þ

By using Eqs. (2.10), (3.2), and (3.3), we can constrain the
scalar singlet VEV vs, the heavy Higgs masses (MHF

,MAF
),

and the mixing angle α.
Figure 2 displays the cos α − vs plane whose points

represent those allowed by the theoretical constraints,
perturbativity, and unitarity of the S matrix. For this
purpose we generate random points such that they meet
the relations (2.10), (3.2), and (3.3). We present in Table II
the scanned intervals to achieve that proposal.
We find that jλþUj ≤ 16π=3 is the most stringent upper

bound for the scalar quartic couplings, which is transferred
to a lower limit on the scalar singlet VEV vs ≥ ð276;
345; 415; 519Þ GeV, for specific masses of MHF

¼ MAF
¼

ð800; 1000; 1200; 1500Þ GeV and cos α ¼ −0.995. Note
that we are working at the EW scale only, as detailed
RGE analysis is beyond the scope of this work. We also
observe a greater density around 1 and −1; this is because α
must tend to zero so as not to have large deviations from the
hff̄ coupling of the SM.
It is important to highlight that the masses were analyzed

in the range shown in Table II because in a previous
study by one of us (and others) [11], it was found that
MHF

> 800 GeV to release the limit on the cross section
of the process pp → S → hh reported by the ATLAS
Collaboration [16], where S is a resonant (pseudo)scalar
particle.

FIG. 2. VEVof the FN singlet vs as a function of cosine of the
mixing angle α. The red points indicate those allowed by all
theoretical restrictions as mentioned in the main text.

TABLE II. Scanned parameters.

Parameter Interval

cos α ½−1; 1�
MHF

800–1500 GeV
MAF

800–1500 GeV
vs v − 5000 GeV
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B. Experimental constraints

1. LHC Higgs boson data

We complement the theoretical constraints by using
experimental measurements of Higgs boson physics [17];
specifically we consider the signal strengths defined as

RX ¼ σðpp → hÞ · BRðh → XÞ
σðpp → hSMÞ · BRðhSM → XÞ ; ð3:4Þ

where σðpp → HiÞ is the production cross section of Hi,
with Hi ¼ h; hSM; here h is the SM-like Higgs boson
coming from an extension of the SM and hSM is the SM
Higgs boson; BRðHi → XÞ is the branching ratio of the
decay Hi →X, with X¼ bb̄;cc̄;τ−τþ;μ−μþ;WW�;ZZ�;γγ.

2. Lepton flavor violating processes

Furthermore, we also analyze several LFVp that can help
us even more in constraining the parameters involved in
subsequent calculations. Specifically, we use (i) upper
limits on BRðLi → ljlklkÞ and BRðli → ljγÞ, (ii) mea-
surements on BRðB0

s;d → μþμ−Þ and the anomalous mag-
netic moments of the muon Δaμ. We also analyze the upper
limit on BRðh → liljÞ [18,19]. However, we find it is not
restricted enough. We implement the model in the
Mathematica package, so-called SpaceMath [20], to analyze
the FNSM parameter space. We present in Fig. 3 the
ultraviolet mass scale Λ as a function of the VEV of the
complex singlet vs. The different points represent individ-
ualR0

Xs; the blue circles (green triangles, yellow diamonds,
green squares, orange triangles, green rectangles) corre-
spond to RW ðRZ;Rγ;Rτ;RbÞ. The common region of all
them is represented by the enclosed area in solid black

lines. The green rectangle stands for the allowed area by
all the LFVp.2 Meanwhile, the cyan area is the result of
applying all discussed theoretical and experimental con-
straints (intersection). Motivated by the analysis done in
Sec. III A 2, we again scan the model’s parameters involved
in the evaluation of theRX’s, as shown in Table III. We also
have explored the allowed values by Rμ;c (not presented in
Fig. 3); however, these measurements are not very stringent
in the FNSM. It is worth highlighting the fact that vs ≈ Λ;
this is to be expected because the coupling hff̄ behaves as
v2s=Λ2 for cos α ≈ −1, as shown in Table I.

3. Neutral meson mixing

The effective Hamiltonian describing ΔF ¼ 2 inter-
actions is given by

HΔF¼2
eff ¼ Cij

1 ðq̄iLγμqjLÞ2 þ C̃ij
1 ðq̄iRγμqjRÞ2 þ Cij

2 ðq̄iRqjLÞ2
þ C̃ij

2 ðq̄iLqjRÞ2 þ Cij
4 ðq̄iRqjLÞðq̄iLqjRÞ

þ Cij
5 ðq̄iLγμqjLÞðq̄iRγμqjRÞ þ H:c: ð3:5Þ

At tree level, flavon exchange leads to the generation of
Wilson coefficients [21,22]

Cij
2 ¼ −ðg�jiÞ2

�
1

m2
s
−

1

m2
a

�

C̃ij
2 ¼ −g2ij

�
1

m2
s
−

1

m2
a

�

Cij
4 ¼ −

gijgji
2

�
1

m2
s
þ 1

m2
a

�
: ð3:6Þ

For MAF
¼ MHF

the two contributions to C2 and C̃2

cancel, whereas constructive interference can be generated
via the Wilson coefficient C4.

4. K − K̄ mixing

The limits from K − K̄ mixing at 95% CL [23] are
given by

FIG. 3. Ultraviolet mass scale Λ as a function of the VEVof the
complex singlet vs. The different points represent individual
R0

Xs, while the enclosed area by solid black lines is the common
zone of them. The green rectangle stands for the allowed region
by LFVp. Meanwhile, the cyan area is the result of applying all
discussed theoretical and experimental constraints (intersection).

TABLE III. Scanned parameters.

Parameter Interval

cos α ½−1;−0.7�
Λ v − 5000 GeV
vs v − 5000 GeV

2According to our analysis, the upper bound on Λ and vs is
imposed by the anomalous magnetic moment of the muon.
However, the situation could change because it is still possible
that more precise determinations of the SM hadronic contribution
and the experimental measurement would settle the discrepancy
in the future without requiring any new physics effects.
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CϵK ¼ ImhK0jHΔF¼2jK̄0i
ImhK0jHΔF¼2

SM jK̄0i ¼ 1.12þ0.27
−0.25 ;

CΔmK
¼ RehK0jHΔF¼2jK̄0i

RehK0jHΔF¼2
SM jK̄0i ¼ 0.93þ1.14

−0.42 :

The contributions of SM and flavon are included in
HΔF¼2, while HΔF¼2

SM represents the contribution of SM.
The observed dip characteristic arises from the accidental
cancellation that occurs in Csd

2 and C̃sd
2 , as shown in the

Wilson coefficients generated by flavon exchange at tree
level [21,22]. This feature is universally observed within
K − K̄ mixing. However, it is absent in the specific
scenarios where the contribution to Csd

4 becomes so
dominant that it overshadows all other contributions.

5. B− B̄ mixing

For both variations of B − B̄ mixing, it is defined as
follows:

CBq
e2iφBq ¼ hBqjHΔF¼2jB̄qi

hBqjHΔF¼2
SM jB̄qi

; ð3:7Þ

with the 95% CL limits [23] given by

CBd
¼ 1.05� 0.11; φBd

¼ −2.0� 1.8;

CBs
¼ 1.110� 0.090; φBs

¼ 0.42� 0.89: ð3:8Þ

6. D− D̄ mixing

Given that the SM contribution to the D − D̄ mixing
process is significantly affected by substantial hadronic
uncertainties, it is recommended to define and restrict the
contributions of flavons ensuring that they do not exceed
the constraint 2σ [24]:

jMD
12j ¼ jhDjHΔF¼2jD̄i < 7.5 × 10−3 ps−1: ð3:9Þ

In Refs. [9,25] stringent restrictions are presented in the
vs −MAF

plane that come from mixtures of mesons.
However, we evade them by inheriting them to the

parameters Z̃ds, Z̃db, and Z̃uc for K − K̄, B − B̄, and
D − D̄, respectively. We presented in Fig. 4 the MHF

− vs
plane for three different values of Z̃uc: 10−10, 10−9, and
5 × 10−9. The colored areas are those allowed by jMD

12j.
Similar constraints are obtained for K − K̄ and B − B̄.

IV. COLLIDER ANALYSIS

We first present the decay width ΓðHF → hf̄fÞ of the
three-body process in which we are interested. The study of
these kinds of processes is interesting as it can also have a
sizable branching ratio. The Feynman diagrams that con-
tribute to these reactions are shown in Fig. 1.
The decay width can be written as follows:

ΓðHF → hf̄fÞ ¼ MHF

256π3

Z
dxa

Z
dxbjM̄j2; ð4:1Þ

where the average square amplitude is given by

jM̄j2 ¼ 1

2ðxaþxbþxh−2Þ2 ðxaþxbþxh−4xt−1Þððxaþxbþxh−2ÞCaþCbÞ2

þ 2

ðxa−1Þ2ðxb−1Þ2 ððxa−1Þðxb−1Þðxa−xbÞ2−16ðxaþxb−2Þ2x2t
þ4ðxaþxb−2Þð2−3xbþxað4xb−3ÞÞxtþxhð4ðxaþxb−2Þ2xt− ðxa−xbÞ2ÞÞC2

c

−
4

ffiffiffiffi
xt

p
ðxa−1Þðxb−1Þðx

2
aþ2ð3xbþxh−4xt−3Þxaþx2b−4xhþ2xbðxh−4xt−3Þþ16xtþ4ÞCaCc

−
4

ffiffiffiffi
xt

p
ðxa−1Þðxb−1Þðxaþxbþxh−2Þðx

2
aþ2ð3xbþxh−4xt−3Þxaþx2b−4xhþ2xbðxh−4xt−3Þþ16xtþ4ÞCbCc;

ð4:2Þ

FIG. 4. MHF
− vs plane showing the region allowed due to

flavon contributions to jMD
12j. Blue area: Z̃uc ¼ 10−10, green area:

Z̃uc ¼ 10−9, red area: Z̃uc ¼ 5 × 10−9.
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with xa ¼ ðma=MHF
Þ2. The factors Ca ¼ gHFhff, Cb ¼ gHFhhghff=m

2
h, and Cc ¼ gHFffghff=mh are the coupling constants

involved in the Feynman diagrams of Fig. 1. Finally, the integration domain is given by

2
ffiffiffiffi
xt

p
≤ xa ≤ 1 − xh − 2

ffiffiffiffiffiffiffiffiffi
xtxh

p
; ð4:3Þ

xb ⪌
2ð1 − xh þ 2xtÞ þ xaðxa þ xh − 2xt − 3Þ ∓ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2a − 4xt
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðxa þ xh − 1Þ2 − 4xhxt
p

2ð1 − xa þ xt; Þ
: ð4:4Þ

Meanwhile, the production cross section of the heavy
CP-even flavon HF (or pseudoscalar AF, for that matter)
depends mainly on the gHFtt̄ ¼ cαvþsαvs

vs
ytffiffi
2

p (gAFtt̄ ¼ v
vs

ytffiffi
2

p )

coupling. The corresponding term in the effective
Lagrangian reads [26] as

Leff ¼
1

v
ghgghGμνGμν; ð4:5Þ

gSgg ¼−i
αS
8π

τð1þð1− τÞfðτÞÞ with τ¼ 4M2
t

M2
h

; ð4:6Þ

fðτÞ ¼

8>>><
>>>:

�
sin−1

ffiffi
1
τ

q �
2

; τ ≥ 1;

− 1
4

�
ln 1þ ffiffiffiffiffiffi

1−τ
p

1−
ffiffiffiffiffiffi
1−τ

p − iπ

�
2

τ < 1:

ð4:7Þ

In FNSM, the ggh, ggHF, and ggAF couplings are given,
respectively, by

ghgg ¼
�
cαvs − sαv

vs

�
gSgg;

gHFgg ¼
�
cαvþ sαvs

vs

�
gSgg;

gAFgg ¼
v
vs

ð−iαS=πÞτfðτÞ: ð4:8Þ

AF is a CP-odd scalar, and h;HF, are CP-even scalars, so,
once the couplings with left and right fields are written in
terms of Dirac fields, the Hermitian part of the coupling in
Eq. (2.11) 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 [27,28]. It is to be

noted that, for MHF;AF
> 2Mt, fðτÞ ¼ − 1

4
½ln 1þ ffiffiffiffiffiffi

1−τ
p

1−
ffiffiffiffiffiffi
1−τ

p − iπ�2.
As far as our computation scheme is concerned, we first

use FeynRules [29] to obtain the FNSM model and produce
the UFO files for MadGraph-2.6.5 [30]. Using the ensuing
particle spectrum in MadGraph-2.6.5, we calculate the pro-
duction cross section of the aforementioned production and
decay process. The MadGraph_aMC@NLO [30] framework has
been used to generate the background events in the SM.
The showering and hadronization simulations were

performed with Pythia-8 [31]. The detector response has
been emulated using DELPHES-3.4.2 [32]. The default
ATLAS card which comes along with the DELPHES-3.4.2

package was considered in this analysis. For both the signal
and background processes, we consider the leading order
cross sections computed by MadGraph_aMC@NLO.
Once we have put on the table the way in which we

evaluate the collider observables, we define in Table IV
three scenarios to be studied in the following analysis.
We present in Table V the numerical cross section of the

proposed signal and the number of events produced by
considering scenarios S1, S2, and S3.
Meanwhile, Fig. 5 presents an overview of the produc-

tion cross section of the signal pp → HF → hbb̄ by
considering the three scenarios, S1, S2, and S3.
On the other hand, we analyze two particular channels in

which the Higgs boson decays, namely, (i) pp → HF →
hbb̄ðh → bb̄Þ and (ii) pp → HF → hbb̄ðh → γγÞ. The b
tagging of jets produced from the fragmentation and
hadronization of bottom quarks represents a fundamental
role in separating the signal from the background proc-
esses, which involve gluons, light-flavor jets (u, d, s), and
c-quark fragmentation. To overcome this problem, we use
the FastJet package [33] (via MadAnalysis [34]) and invoke the
anti-kT algorithm [35]. We also include the b-tagging
efficiency ϵb ¼ 90%. The probability that a c − jet or

TABLE V. Cross section of the signal for scenarios S1;S2;S3.

Scenario MHF
(GeV)

σðpp→HF→hbb̄Þ
(fb)

Events
(Lint¼300 fb−1)

S1 (800, 900, 1000) (6.8, 3.3, 1.7) (2040, 990, 510)
S2 (800, 900, 1000) (4.3, 2.3, 1.3) (1290, 690, 390)
S3 (800, 900, 1000) (3.8, 2.1, 1.1) (1140, 630, 330)

TABLE IV. Scenarios ðS1;S2;S3Þ used in the calculations.

Parameter S1 S2 S3

cos α 0.995 0.995 0.995
Λ 1 TeV 1.5 TeV 2.5 TeV
vs 1 TeV 1.5 TeV 2.5 TeV
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any other light-jet j is mistagged as a b − jet is ϵc ¼ 5%
and ϵj ¼ 1% [36], respectively.

A. pp → HF → hbb̄ðh → bb̄Þ
The SM background processes for the h → bb̄ channel

are given by
(1) pp→tt̄, ðt→Wþb̄;Wþ→ cb̄; t̄→W−b;Wþ→ bc̄Þ.
(2) pp → Wh, ðW → cb; h → bb̄Þ.
(3) pp → ZZ, ðZ → bb̄; Z → bb̄Þ.
(4) pp → Zh, ðZ → bb̄; h → bb̄Þ.
(5) pp → bb̄jj, where j denotes non-bottom-quark jets.

The numerical cross section of the SM background
processes is presented in Table VI.
For this channel, the b jets emerging from the primary

vertex are expected to have a high transverse momentum
pTðb1; b2Þ, while those produced via the decay h → bb̄
have a lower transverse momentum than the primary ones,
pTðb3; b4Þ. An important fact, and the clearest signature of
our signal, is the resonant effect coming from the
decay HF → hbb̄ðh → bb̄Þ → bb̄bb̄.
We present in Fig. 6 the invariant mass Minvðb1b2b3b4Þ

for scenario S1 and MHF
¼ 800 GeV.

Meanwhile, Fig. 7 shows the pTðbiÞ (i ¼ 1, 2, 3, 4)
distribution including to the signal and the SM background
processes. Subscript 1(4) corresponds to the b jet with the

highest (lowest) transverse momentum, while subscript
2(3) represents the second (third) dominant b jet.
From Fig. 7 we note that pTðb1; b2Þ are higher than

pTðb3; b4Þ because the former come from the primary
vertex, while the latter arise from the Higgs boson decay.
Both pTðbiÞ and Minvðb1b2b3b4Þ are the most important
variables to isolate the signal from the background.

B. pp → HF → hbb̄ðh → γγÞ
As far as the diphoton channel is concerned, the SM

background processes are given by
(1) pp → htt̄, ðh → γγ; t → Wþb̄; Wþ → lþνl;

t̄ → W−b; Wþ → l−ν̄lÞ.
(2) pp → tt̄γγ, ðt → Wþb̄; Wþ → lþνl; t̄ → W−b;

Wþ → l−ν̄lÞ.
(3) pp → Wh, ðW → cb; h → γγÞ.
(4) pp → Zh, ðZ → bb̄; h → γγÞ.
(5) pp → hjj, ðh → γγÞ.
(6) pp → γγjj.
(7) pp → γγbb̄.

The numerical cross section of the SM background
processes is presented in Table VII.
In this case we also have a similar scenario as in the

previous channel concerning the resonant effect coming
from the decay HF → bb̄γγ. Figure 8 displays the invariant
mass distribution MinvðbbγγÞ for MHF

¼ 900 GeV. As in
the previous channel, we also present in Fig. 9 the pTðbiÞ,
pTðγiÞ (i ¼ 1, 2).

C. Multivariate analysis

After the kinematic analysis, we found that most of the
observables used to distinguish signal from background
have relatively weak discriminating power. Therefore, the
final candidate selection is determined using multivariate
analysis (MVA) discriminators, which combine these

FIG. 5. Production cross section of the signal
pp → HF → hbb̄. The center-of-mass energy was set to 14 TeV.

TABLE VI. Cross section of the SM background processes.

SM background process Cross section (fb)

pp → tt̄ 26910
pp → Wh 0.5463
pp → ZZ 231.5
pp → Zh 79.75
pp → b̄bjj 5.441 × 108

FIG. 6. Normalized distribution of the reconstructed invariant
mass Minvðb1b2b3b4Þ for the signal and background processes.
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observables into a single, more powerful classifier. For the
MVA training, we use a boosted decision tree (BDT)
algorithm [37], implemented via the XGBoost library [38],
which employs an advanced gradient boosting technique.
The BDT classifiers are trained using variables related to
the kinematics of final and intermediate state particles,
including the following:
Case 1: Four b jets ðb1; b2; b3; b4Þ:
(1) Transverse momentum (pT): pTðb1Þ, pTðb2Þ,

pTðb3Þ, pTðb4Þ.

FIG. 7. Normalized distributions in b-jet transverse momentum for signal and total background after the acceptance cuts.

TABLE VII. Cross section of the SM background processes.

SM background processes Cross section (fb)

pp → htt̄ 3.2 × 10−2

pp → tt̄γγ 0.57
pp → Wh 9.7 × 10−4

pp → Zh 0.14
pp → hjj 13.62
pp → γγjj 1.1 × 105

pp → bb̄γγ 5113 FIG. 8. Normalized distribution of the reconstructed invariant
mass Minvðγ1γ2b1b2Þ for the signal and background processes.
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(2) Rapidity (η): ηðb1Þ, ηðb2Þ, ηðb3Þ, ηðb4Þ.
(3) Combined transverse momentum: pTðb1b2b3b4Þ.

Case 2: Two b jets ðb1; b2Þ and two photons (γ1, γ2):
(1) Transverse momentum (pT): pTðb1Þ, pTðb2Þ,

pTðγ1Þ, pTðγ2Þ.
(2) Rapidity (η): ηðb1Þ, ηðb2Þ, ηðγ1Þ, ηðγ2Þ.
(3) Invariant mass of the photons: Mðγ1γ2Þ.
(4) Combined transverse momentum: pTðb1b2b3b4Þ.
The BDT training is performed using the MC-

simulated samples. The number of MC events are
a dataset consisting of 200,000 signal events and the
samples of background events described above, each
containing 200,000 events. The data are split as follows:
the training dataset is 70% of the total events, while the
testing dataset is 30% of the total events. To optimize the
BDT model, we use HyperOpt [39] to tune the hyper-
parameters of the classifier. As an example of the
performances of the trainings, Fig. 10 shows the plots
for 1/background acceptance against the signal accep-
tance for the h → bb̄ channel.

These signal and background samples are scaled to the
expected number of candidates, which is calculated based
on the integrated luminosity and cross sections. The BDT
selection is optimized individually for each channel to
maximize the figure of merit, i.e., the signal significance,
defined as S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
, where S and B represent the number

of signal and background candidates, respectively, in the
signal region after applying the selection criteria.
In Fig. 11 we show the signal significance (for the three

scenarios Si) as a function of the luminosity and the flavon
mass MHF

for the pp → HF → hbb̄ðh → bb̄Þ process. We
observe that at a 14 TeV pp collider with an integrated
luminosity of 3000 fb−1, strong sensitivity exists for the
various choices ofMHF

. We found that for the range 800 <
MHF

< 950 GeV a signal significance between 3 − 5.6σ
was obtained. Thus, with the arrival of the future high-
luminosity large hadron collider (HL-LHC), the flavon
particle could be discovered if the scenario S1 is the one
chosen by nature. For scenarios S2 and S3 there is a
depletion around 1.2 TeV, and then the significance

FIG. 9. Normalized distributions in b-jet and γ transverse momentum for signal and total background after the acceptance cuts.
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increases around 1.3 TeV; this can be explained by the
slightly better performance of the BDT for the 1.3 TeV
mass regarding 1.2 TeV.
Meanwhile, Fig. 12 shows the signal significance as a

function of luminosity and the flavon mass MHF
for the

pp → HF → hbb̄ðh → γγÞ process. In this channel, the
sensitivity is lower than in the previous one because there
is a factor of 10−3 that suppresses the previous case; such a
factor comes from the BRðh → γγÞ ∼ 10−3. However, con-
sidering that a future 100 TeV collider is a possibility [40], it
is important to note that our calculations estimate that for a
luminosity of 30 ab−1, the sensitivity could reach up to 5σ.

Finally, to highlight the usefulness of BDT, in Table VIII
we present the signal significance for the h → bb̄ channel,
where we have considered the basic cut, included in the
HL-LHC card [41], and the following kinematic cuts
for MHF

¼ 800 GeV:
(1) pTðb1;2;3;4Þ > 80, 60, 50, 25 GeV,
(2) 650 < Minvðb1b2b3b4Þ < 900 GeV, and
(3) Combined transverse momentum pTðb1b2b3b4Þ >

550 GeV.
Therefore, we conclude that the use of BDT
substantially improves the isolation of the proposed
signals.

FIG. 10. 1/background acceptance against the signal acceptance for h → bb̄ channel. (a) MHF
¼ 800 GeV, (b) MHF

¼ 900 GeV,
(c) MHF

¼ 1000 GeV, (d) MHF
¼ 1100 GeV, (e) MHF

¼ 1200 GeV, (f) MHF
¼ 1300 GeV and (g) MHF

¼ 1400 GeV.
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FIG. 11. Density plot showing the signal significance for the h → bb̄ channel as a function of the integrated luminosity and the flavon
mass MHF

: (a) S1, (b) S2, and (c) S3.
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V. CONCLUSIONS

In this paper we studied the possibility of observing the
pp → HF → hbb̄ process through two channels in which
the Higgs boson decays, namely, h → bb̄ and h → γγ. The
HF mother particle is a predicted state in a model that

extends the Standard Model and incorporates the Froggatt-
Nielsen mechanism which is an opportunity to explain the
mass hierarchy. Our predictions consider realistic scenarios
for the free parameters of the model, which were extracted
by analyzing theoretical and experimental constraints. We
identify specific regions of the model parameter space in
which we found signal significances of up to 5σ (2σ) for the
h → bb̄ (h → γγ) channel. The study was based on the
High Luminosity Large Hadron Collider which aims
3000 fb−1 of accumulated data at 14 TeV.
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