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Abstract
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. In particular, we show that, with 300 fb−1 of accumulated data at 14 TeV

(the Run 3 stage) of the LHC an heavy Flavon HF with mass MHF ' 2mt can be explored with 5σ

significance through the channel pp → HF → hh (h → γγ, h → bb̄). However, to probe the MHF ∼ 1

TeV range, one has to rely on the High-Luminosity LHC (HL-LHC).

∗Electronic address: marroyo@comunidad.unam.mx
†Electronic address: amit.c@srmap.edu.in
‡Electronic address: jldiaz@fcfm.buap.mx
§Electronic address: tpdkg@iacs.res.in
¶Electronic address: najimuddinkhan@hri.res.in
∗∗Electronic address: s.moretti@soton.ac.uk; stefano.moretti@physics.uu.se

1

ar
X

iv
:2

20
5.

12
64

1v
1 

 [
he

p-
ph

] 
 2

5 
M

ay
 2

02
2

mailto:marroyo@comunidad.unam.mx
mailto:amit.c@srmap.edu.in 
mailto:jldiaz@fcfm.buap.mx 
mailto:tpdkg@iacs.res.in
mailto:najimuddinkhan@hri.res.in 
mailto:s.moretti@soton.ac.uk; stefano.moretti@physics.uu.se 


I. INTRODUCTION

The discovery of a Higgs boson [1–3] with mass Mh = 125.5 GeV has provided a firm evidence

for the mechanism of Electro-Weak Symmetry Breaking (EWSB) based on a Higgs potential [4, 5]

pointing towards the minimal realization of it that defines the Standard Model (SM). So far, the

corresponding studies have relied on the four standard single Higgs production mechanism, i.e.,

gluon-gluon fusion, vector boson fusion, Higgs-strahlung and associated production with top-

quark pairs (see Ref. [6]), which have permitted to extract the Higgs boson couplings with quarks

(b and t), leptons (τ and µ) and gauge bosons (W and Z) as well as the effective interaction with

photon and gluon pairs. However, there still remains the task of probing the Higgs self-coupling.

Higgs boson pair (hh) production provides a direct probe of the Higgs boson self-coupling, which

directly controls the size of the hh production cross section. In fact, in the SM, the non-resonant

pair production of Higgs bosons is the only direct probe to measure the Higgs boson self-coupling.

However, the smallness of the cross section makes it difficult to measure the coupling with a good

precision. Next-to-Leading Order (NLO) effects help somewhat to improve the situation [7–9].

Di-Higgs production is significantly enhanced in many new physics models. Studies have shown

that, for example, scenarios with an extended Higgs sector, new heavy resonances, Supersymmet-

ric theories, Effective Field Theories (EFTs) with modified top Yukawa coupling, etc., di-Higgs

production receives additional contributions along with the SM ones [10–42]. These effects make

the study of the di-Higgs production process interesting and, at the same time, also very challeng-

ing. In particular, the possibility to produce Higgs 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. Specifically, we will study the interactions of the discovered Higgs boson

with the so-called ‘Flavon’ field HF that appears in models that attempt to explain the hierarchy

of quark and lepton masses using the Froggatt-Nielsen (FN) mechanism [43]. This mechanism as-

sumes that, above some scale MF roughly corresponding to the Flavon mass, there is a symmetry,

perhaps of Abelian type U(1)F , 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 non-renormalizable operators. The Higgs spectrum of these models includes a light

HF state, which could mix effectively with the SM Higgs boson when the flavor scale is of the

order 1 TeV or lower. Recently, the phenomenology of Higgs vs Flavon interactions at particle

colliders has been the focus of some attention [44–50]. In particular, within this framework, it

is possible to have a coupling of this new scalar with Higgs boson pairs, which can then provide

interesting signals to be searched for at the LHC, indeed, in the discussed (SM-like) Higgs pair

production.

In this paper, we are interested in studying the detection of the Flavon signal emerging from

the production and decay process pp→ HF → hh (h→ γγ, h→ bb̄) at future stages of the LHC,

namely, Run 3 and the High-Luminosity LHC (HL-LHC) [51, 52]. We ignore considering here the

pp→ HF → hh (h→ τ+τ−, h→ bb̄) channel, which could indeed be competitive with our chosen

signal, so we leave it for a future publication.
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The ATLAS and CMS collaborations at the LHC have already performed several studies of

non-resonant di-Higgs 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 [53–62].

We focus here on the ‘2 photons plus 2 b-jets’ final state. This particular (comparatively clean)

final state obtained through pp → HF → hh production followed by h → γγ and h → bb̄ decays

has large significances in specific parameter space regions in the context of the LHC operated at√
s = 14 TeV of energy with integrated luminosities of both 300 and 3000 fb−1. Besides these

future energies and luminosities, we also present our result based on the data set accumulated to

date, i.e., with a luminosity of 139 fb−1 at the 13 TeV LHC (Run 2). The advocated signature of

the SM di-Higgs process has been explored earlier in the literature, albeit in different scenarios [10–

42], while the analysis of pp→ HF → hh (h→ γγ, h→ bb̄) in the context of the present model has

not been discussed in any depth [44–49]. Our analysis of this final state gives promising results as

a discovery channel for a heavy CP-even HF boson in the aforementioned FN framework. In order

to prove this, we first choose three sets of reference points for three heavy Higgs masses, 300, 600

and 900 GeV. A signal region (a set of different kinematic cuts) is then defined to maximize

signal significances in the presence the SM backgrounds having the same final state. In our cut-

based analysis, we further use the same signal region for different combinations of the singlet

scalar Vacuum Expectation Value (VEV) vs and heavy Higgs mass MHF to compute the signal

significances. The latter are 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 5σ and they can be explored with both 300 fb−1 and

3000 fb−1 of data at LHC runs using
√
s = 14 TeV. We also extract the current observed limit at

95% CL (Confidence Level) from direct heavy Higgs (or Flavon) searches in the ‘2 photons plus

2 b-jets’ final state derived by ATLAS using the LHC dataset collected at
√
s = 13 TeV with a

luminosity of L = 139 fb−1.

The rest of the paper is organized as follows. In sec. II, 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. III). The possible collider signals arising from the decay of the Flavon are then

analyzed. 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. [63], 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 investigation. (See Ref. [64] for the effects of Lepton Flavor Violation (LFV).)
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A. The scalar sector

The scalar sector of this model consists of the SM Higgs doublet Φ ane and one SM singlet

complex FN scalar SF . In the unitary gauge, we parameterize these fields as:

Φ =

(
0

v+φ0√
2

)
, (2.1)

SF = (vs+SR+iSI)√
2

, (2.2)

where v and vs represent the VEVs of the SM Higgs doublet and FN singlet, respectively. The

scalar potential should be invariant under the FN U(1)F flavor symmetry. Under this symmetry,

the SM Higgs doublet H and FN singlet SF transform as Φ→ Φ and SF → eiθSF , respectively.

In general, such a scalar potential admits a complex VEV, 〈SF 〉0 = vs√
2
eiξ, but in this work

we consider the special case in which the Higgs potential is CP-conserving, by setting the phase

ξ = 0. Such a CP-conserving Higgs potential is then given by:

V0 = −1

2
m2

1Φ†Φ− 1

2
m2

2S
∗
FSF +

1

2
λ1

(
Φ†Φ

)2
+ λ2 (S∗FSF )2 + λ3

(
Φ†Φ

)
(S∗FSF ) . (2.3)

The U(1)F flavor symmetry of this scalar potential is spontaneously broken by the VEVs of the

spin-0 fields (Φ, SF ) 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)F breaking term to the potential:

Vsoft = −m
2
3

2

(
S2
F + S∗2F

)
. (2.4)

The full scalar potential is thus:

V = V0 + Vsoft. (2.5)

The presence of the λ3 term allows mixing between the Flavon and the Higgs fields after both

the U(1)F 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)F flavor symmetry breaking term

Vsoft is responsible for the pseudoscalar Flavon (SI) mass. Once the minimization conditions for

the potential V are applied, we obtain the following relations between the parameters of V :

m2
1 = v2λ1 + v2

sλ3, (2.6)

m2
2 = −2m2

3 + 2v2
sλ2 + v2λ3. (2.7)

All the parameters of the scalar potential are real and therefore the real and imaginary parts of
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V do not mix. The CP-even mass matrix can be written in the (φ0, SR) basis as:

M2
S =

(
λ1v

2 λ3vvs
λ3vvs 2λ2v

2
s

)
. (2.8)

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

φ0 = cos α h+ sin α HF , (2.9)

SR = − sin α h+ cos α HF , (2.10)

with α a mixing angle. Here h is identified with the SM-like Higgs boson with mass Mh=125.5

GeV whereas the mass eigenstate HF is the CP-even Flavon. The corresponding CP-odd Flavon

AF ≡ SI will have a mass such that M2
AF

= 2m2
3. Both HF and AF are considered to be heavier

than h. In this model, we will work with the mixing angle α and physical masses Mh,MHF and

MAF , which are related to the quartic couplings of the scalar potential in Eq. (2.3) as follows:

λ1 =
cosα2M2

h + sinα2M2
HF

v2
,

λ2 =
M2

AF
+ cosα2M2

HF
+ sinα2M2

h

2v2
s

, (2.11)

λ3 =
cosα sinα

vvs
(M2

HF
−M2

h).

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

as free parameters in this work.

B. Yukawa sector

The effective U(1)F invariant Yukawa Lagrangian, á la FN, is given by [43]:

LY = ρdij

(
SF
ΛF

)qdij
Q̄idjΦ̃ + ρuij

(
SF
ΛF

)quij
Q̄iujΦ

+ ρ`ij

(
SF
ΛF

)qlij
L̄i`jΦ + h.c., (2.12)

where ρu/d/` are dimensionless couplings seemingly of order one. This will lead to Yukawa cou-

plings once the U(1)F flavor symmetry is spontaneously broken. The integers qfij (f = u, d, `) are

the combination of U(1)F charges of the respective fermions. In order to generate the Yukawa

couplings, one spontaneously breaks both the U(1)F and EW symmetries. In the unitary gauge

one can make the following first order expansion of the neutral component of the heavy Flavon
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Vertex (φXX) Coupling constant (gφXX)

hfif̄j
cα
v
M̃ f

ij − sαrsZ̃
f
ij

HFfif̄j
sα
v
M̃ f

ij + cαrsZ̃
fij

AFfif̄j i rsZ̃
fij

hZZ i gMZ

cW
cα

hWW i gMW cα
HFZZ i gMZ

cW
sα

HFWW i gMW sα
HFhh −i{c3

αλ3vs + c2
αsαv(3λ1 − 2λ3)− 2cαs

2
αvs(λ3 − 3λ2) + λ3s

3
αv}

≡ −i {cαsα(3M2
AF
sαv + (M2

HF
+ 2M2

h)(sαv + cαvs))}/(vvs)
AFhh 0

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

√
2vs.

field SF around its VEV vs:(
SF
ΛF

)qij

=

(
vs + SR + iSI√

2ΛF

)qij
'
(

vs√
2ΛF

)qij [
1 + qij

(
SR + iSI

vs

)]
, (2.13)

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

LY =
1

v
[ŪMuU + D̄MdD + L̄M `L](cαh+ sαHF )

+
v√
2vs

[ŪiZ̃
u
ijUj + D̄iZ̃

d
ijDj + L̄iZ̃

`
ijLj]

× (−sαh+ cαHF + iAF ) + h.c., (2.14)

where we define sinα ≡ sα and cosα ≡ cα. Here, M f stands for the diagonal fermion mass

matrix while the intensities of the Higgs-Flavon couplings are encapsulated in the Z̃f
ij = U f

LZ
f
ijU

f†
L

matrices. In the flavor basis, the Zf
ij matrix elements are given by:

Zf
ij = ρfij

(
vs√
2ΛF

)qfij
qfij, (2.15)

which remains non-diagonal even after diagonalizing the mass matrices, thereby giving rise to

FV scalar couplings. In addition to the Yukawa couplings we also need the φV V (V = W,Z)

couplings for our calculation which can be extracted from the kinetic terms of the Higgs doublet

and complex singlet. In Tab. I we show the coupling constants for the interactions of the SM-like

Higgs boson and the Flavon to fermions and gauge bosons.
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FIG. 1: Representative Feynman diagram of the signal gg → HF → hh (h→ bb̄, h→ γγ).

III. CONSTRAINTS ON THE FNSM PARAMETER SPACE

In order to perform a realistic numerical analysis of the signal pp→ HF → hh (h→ bb̄, h→ γγ)

(see Fig. 1), we need to constrain the free parameters, i.e.: (i) the mixing angle α of the real

components of the doublet Φ and the FN singlet S, (ii) FN singlet VEV vs, (iii) the heavy

(pseudo)scalar field masses MHF ,AF and (iv) the diagonal Z̃u
33 ≡ Z̃tt and Z̃u

22 ≡ Z̃bb matrix elements

which will be used to evaluate both the production cross section of the Flavon HF and the decay

of the Higgs boson to a pair of b quarks; all of which have an impact on the upcoming calculations.

These parameters are constrained by various kinds of theoretical bounds like absolute vacuum

stability, triviality, perturbativity and unitarity of scattering matrices and different experimental

data, chiefly, LHC Higgs boson coupling modifiers, null results for additional Higgs states plus

the muon and electron anomalous magnetic (dipole) moments ∆aµ and ∆ae, respectively. The

various LFV processes τ → 3µ, µ→ 3e, τ → µγ, µ→ eγ, B0
s → µ+µ− and the total decay width

of the Higgs boson (ΓhT ) are also modified in the presence of these new Yukawa couplings, so they

have also been tested against available data. In the following, we discuss the various constraints

on the model parameters in turn.

A. Stability of the Scalar Potential

The absolute stability of the scalar potential in Eq. (2.3) requires that the potential should not

become unbounded from below, i.e., it should not approach negative infinity along any direction

of the field space (h,HF , AF ) at large field values. Since in this limit the quadratic terms in

the scalar potential are negligibly small as compared to the quartic terms, the absolute stability

conditions are [65]:

λ1(Λ) > 0, λ2(Λ) > 0 and λ3(Λ) +
√

2λ1(Λ)λ2(Λ) > 0, (3.1)

wherein these quartic couplings are evaluated at a scale Λ using Renormalization Group Evolution

(RGE) equations. If the the scalar potential in Eq. (2.3) has a metastable EW vacuum, then these

conditions are modified [65]. One can then use ] Eq. (2.11) to translate these limits into those on
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FIG. 2: In the first two plots we show the perturbative bounds on the quartic couplings λ2,3

while the third plot shows the stringent unitary bounds on λU .

the free parameters (as discussed above).

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:

| λ1(Λ), λ2(Λ), λ3(Λ) |≤ 4π. (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 8π [65, 66]. In the FNSM, the unitary bounds are

obtained from the S-matrix (using the equivalence theorem) as:

λ1(Λ) ≤ 16π and
∣∣∣λ1(Λ) + λ2(Λ)±

√
(λ1(Λ)− λ2(Λ))2 + (2/3λ3(Λ))2

∣∣∣ ≤ 16/3π. (3.3)

We now use the relation in Eq. (2.11) to display theoretical bounds on the scalar singlet VEV

vs for various values of the heavy Higgs masses, MHF and MAF . In Fig. 2 we display the con-

straints on scalar quartic couplings coming from the perturbativity and unitarity of the S-matrix.

Here, we assume MHF = MAF and cosα = 0.995, which agrees with the constraints from the

Higgs boson coupling modifiers from the LHC measurements, which we will discuss in some de-

tail later. Fig. 2(left) shows the vs − λ2 plane for MHF = 200, 400, 600, 800 and 1000 GeV

whereas in Fig. 2(middle) the vs − λ3 plane is presented. The plane vs − λU(≡ λ1 + λ2 +√
(λ1 − λ2)2 + (2/3λ3)2) in Fig. 2(right) shows the unitary bounds. We find that |λU | ≤ 16π/3

is the most stringent upper bound for the scalar quartic couplings. From these plots, we can see
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that the lower limit on the scalar singlet VEV vs is, for MHF = (200, 400, 600, 800, 1000) GeV,

vs ≥ (69, 138, 207, 276, 345) GeV. Note that we are working at the EW scale only, as detailed

RGE analysis is beyond the scope of this work. We also choose the parameters in such a way that

the scalar potential remains absolutely stable in all the directions of the scalar fields h, HH , AF .

(Further details can be found in Ref. [65].)

C. Experimental Constraints

(a) (b)

FIG. 3: VEV of the FN singlet vs as a function of the cosine of the mixing angle α: constraints
are from (a) the SM-like Higgs boson coupling modifiers and (b) flavor observables (as described
in the text).

To constrain the mixing angle α and the VEV of the FN singlet vs, we use HL-LHC projections

for the Higgs boson coupling modifiers κi at a CL of 2σ [67], as this machine configuration is the

one with highest sensitivity among those we will consider in the analysis section. For a production

cross section σ(pp→ φ) or a decay width φ→ X (φ = h, hSM), we introduce:

κ2
pp =

σ(pp→ h)

σ(pp→ hSM)
, κ2

X =
Γ(h→ X)

Γ(hSM → X)
, (3.4)

where X = bb̄, τ−τ+, W−W+, ZZ, γγ. Fig. 3(a) shows all the regions complying with the

aforementioned projections for each channel in the cosα − vs plane: here, the green, pink, blue,

orange and cyan area corresponds to κb, κτ , κV , κγ and κg, respectively, while the red area

represents the intersection of all the areas allowed by all the individual channels. We consider

Z̃bb = 0.01 and Z̃tt = 0.4 in the evaluations for the κX . Such values are well motivated because

they simultaneously accommodate all the κX ’s. In fact, values in the 0.01 ≤ Z̃bb ≤ 0.1 and
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0.1 ≤ Z̃tt ≤ 1 intervals have no important impact on the coupling modifiers, however, in the

case when Z̃bb ≥ 0.1 and Z̃tt ≥ 2, a large reduction of allowed values in the cosα − vs plane is

found[49, 50].

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

Furthermore, we present in Fig. 3(b) the cosα−vs plane regions allowed by ∆aµ (black points),

∆ae (magenta points), µ→ 3e (red points) and B0
s → µ+µ− (blue area). We have also analyzed

the decays τ → 3µ, τ → µγ, µ → eγ, however, these processes are not very restrictive in the

FNSM. This is mainly due to the choice we made for the matrix elements Z̃µµ and Z̃ττ , as they

play a subtle role in the couplings (see Tab. I) φµ−µ+ and φτ−τ+ (φ = h, HF , AF ), which have

a significant impact on the observables τ → 3µ, τ → µγ, µ→ eγ. In fact, we use Z̃ττ = 0.2 and

Z̃µµ = 10−4 (hence, a strong hierarchy), otherwise the SM hµ−µ+ coupling would be swamped by

new corrections due to the FNSM1. So the bounds coming from the processes τ → 3µ, τ → µγ,

µ→ eγ are not included in Fig. 3(b).

Then, in Fig. 4, we display the result of applying all discussed theoretical and experimental

constraints, limitedly to the reduced interval 0.98 ≤ cosα ≤ 1, since it is the region in which

all the analyzed observables converge. Here, we only show the most restrictive bounds so as to

not overload the plot. Among the latter, the unitarity bound plays a special role, as it helped

us to find a lower limit for the singlet scalar VEV, vs, depending on the Flavon mass, e.g., for

MHF = 1000 GeV one has vs ≥ 345 GeV. By comparison, the intersection of all κi’s and ∆aµ
imposes a less stringent upper limit of vs ≤ 1200 GeV2.

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

2 Notice that, to generate Figs. 3(a), 3(b) and 4, we have used our own Mathematica package, so-called SpaceMath
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FIG. 5: Expected (blue points) and observed (black points) 95% CL exclusion limits on the
production of a narrow, spin-0 resonance (φ) decaying into a pair of SM-like Higgs bosons at the
LHC. The inner (green fill) and outer (yellow fill) bands indicate the regions containing 68 and
95% CL, respectively, results on the limit applicable to the pp→ φ→ hh cross section expected
under the background-only hypothesis. The starred points are predictions in the FNSM for a
selection of heavy Higgs masses (φ ≡ HF ) containing BPs used in our analysis.

Finally, as far as the CP-even Flavon mass MHF is concerned, to constrain it, we use the

limit on the cross section of the process pp → φ → hh from [61], in which a combination of

searches for SM-like Higgs boson pair production in proton-proton collisions at
√
s =13 TeV and

35.9 fb−1 is reported. We present in Fig. 5 the cross section of the process σ(pp → HF → hh)

in the FNSM as a function of MHF and its comparison with the limit on σ(pp → Φ → hh),

where φ stands for a generic spin-0 resonance. Furthermore, we show in Figs. 6(a) and 6(b) a

comparison between the FNSM predictions and the ATLAS Collaboration limits [69], now for

individual channels with final states bb̄bb̄ and bb̄τ−τ+, respectively. In obtaining such limits, we

have evaluated the inclusive cross section of our signal process, wherein we have used vs = 1000

GeV ans cosα = 0.995. It is observed that the MHF = 300 − 1000 GeV interval satisfies the

bounds imposed, so we will define Benchmark Points (BPs) with HF masses herein. The model

parameter space in this analysis is also consistent from the other search channels pp→ HF → ZZ

at ATLAS [70] and pp→ HF → WW at CMS [71].

[68], which is available upon request.
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(a) (b)

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

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 singlet-like CP-even heavy Higgs scalar

HF decaying into SM-like Higgs pairs at Run 3 of the LHC as well as the HL-LHC, assuming√
s = 14 TeV for both and a luminosity of 300 and 3000 fb−1, respectively. In our analysis, we

adopt cα = 0.995 (i.e., a small mixing angle α between the CP-even part of the doublet and singlet

scalar fields) and assume for the cut-off scale ΛF = 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 HF state via gluon-gluon fusion, followed by its decay

into two on-shell SM-like Higgs bosons (h), wherein one decays into a pair of b-tagged jets while

the other decays into two photons, i.e., pp→ HF → hh (h→ bb̄, h→ γγ): recall Fig.1. Hence, in

the final state, events have two photons (γ) and two b-jets, with some amount of hadronic activity

generated from the initial state. Here, we only analyze the channel HF → hh, since it is to be

noted that the AFhh coupling is zero because of CP conservation, hence the twin production

process pp→ AF → hh via gluon-gluon fusion is not possible.

We use FeynRules [72] to built the FNSM model and produce the UFO files for

MadGraph-2.6.5 [73]. Using the ensuing particle spectrum into MadGraph-2.6.5, we calcu-

late the production cross section of the aforementioned production and decay process. The

MadGraph aMC@NLO [73] framework has been used to generate the background events in the

SM. Subsequent showering and hadronization have been performed with Pythia-8 [74]. The de-
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FIG. 7: The red (blue) line on the left plot stands for the cross section of the process pp→ HF

(pp→ HF → hh (h→ γγ, h→ bb̄)) at 14 TeV. The variation in the BRs of the heavy CP-even
Flavon mass MHF is displayed in the right plot.

tector response has been emulated using Delphes-3.4.2 [75]. 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 computed by MadGraph aMC@NLO, unless stated otherwise.

We first generate the signal events for various heavy CP-even Flavon masses, MHF (= MAF ).

The latter have been varied from 260 to 1000 GeV with a step size of 10 GeV. We then take

vs = 1000 GeV: such a large VEV produces a small production cross section σ(pp → HF ) and

a correspondingly small partial width Γ(HF → hh), hence small (but non-negligible, for our

purposes) signal rates, however, this is necessary to comply with all theoretical and experimental

limits. We display the cross section of the process pp→ HF and pp→ HF → hh (h→ γγ, h→ bb̄)

on the left-hand-side of Fig. 7, where the red line stands for σ(pp→ HF ).

One can thus understand the nature of the production and decay rates as follows. The produc-

tion cross sections of the heavy CP-even Flavon HF (or pseudo scalar AF , for that matter) mainly

depends on the gHF tt̄ = cαv+sαvs
vs

yt√
2

(gAF tt̄ = v
vs

yt√
2
) coupling, as the latter goes into the effective

Higgs-to-two gluon vertex, hgg. The corresponding term in the Lagrangian is given by [76]:

Leff =
1

v
ghgg hGµνG

µν , (4.1)

ghgg = −i αS
8π

τ(1 + (1− τ) f(τ)) with τ =
4M2

t

M2
h

, (4.2)

f(τ) =

(sin−1
√

1
τ
)2, τ ≥ 1,

−1
4
[ln 1+

√
1−τ

1−
√

1−τ − iπ]2 τ < 1.
(4.3)

In this model, the ggh, ggHF and ggAF couplings take the following form: ghgg =
(
cαvs−sαv

vs

)
ghgg,

13



gHF gg =
(
cαv+sαvs

vs

)
ghgg and gAF gg = v

vs
ghgg, respectively. It is to be noted that, for MHF ,AF >

2Mt, f(τ) = −1
4
[ln 1+

√
1−τ

1−
√

1−τ − iπ]2. Hence, one can understand the shape of the plot by exploiting

these functions. The Branching Ratios (BRs) of HF into various channels for vs = 1000 GeV are

shown on the right-hand-side of Fig. 7. From the BR plot, we can see that, for heavier HF masses,

this state dominantly decays into tt̄. For small masses, HF → WW dominates. Yet, HF → hh is

always the third largest decay channel.

The major SM backgrounds typically have the form hh+X (where X is known SM particles),

which includes SM Higgs pair hh production, h+X like hZ, hbb̄ and htt̄, as well as the non-Higgs

processes which include tt̄ and tt̄γ (here, leptons may fake as photons) as well as bb̄γγ, cc̄γγ

and jjγγ (where c-jets and light-jets may fake b-jets). The other relevant reducible backgrounds

comprise bb̄jγ, cc̄jγ and bb̄jj, where c-jets may appear as b-jets and a light-jet may fake a photon.

The fake rate of a light-jet j into a photon depends on the momentum of the jet, pjT [77], as

9.3× 10−3exp(−pjT/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% [78].

BPs [GeV] The other input parameters

BP1 (MHF = 300) MAF = 300 GeV, λ1 = 0.272, λ2 = 0.089, λ3 = 0.029

BP2 (MHF = 600) MAF = 600 GeV, λ1 = 0.316, λ2 = 0.358, λ3 = 0.138

BP3 (MHF = 900) MAF = 900 GeV, λ1 = 0.390, λ2 = 0.806, λ3 = 0.320

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

BPs [GeV] BRs and cross sections [pb]

BR(HF → hh) σ(pp→ HF ) σ(pp→ HF → hh, h→ γγ, h→ bb̄)

BP1 (MHF = 300) 0.351 9.033 4.088× 10−3

BP2 (MHF = 600) 0.118 1.837 2.805× 10−4

BP3 (MHF = 900) 0.147 0.209 3.952× 10−5

TABLE III: The BR(HF → hh) and cross sections for the processes pp→ HF and σ(pp→ HF

→ hh, h→ γγ, h→ bb̄) for three BPs (BP1, BP2 and BP3) used in the remainder of the paper.

We next present a detailed discussion of the collider search strategy employed to maximize

the signal significance in the search channel pp → HF → hh (h → γγ, h → bb̄). To start with,

though, we show the production and decay cross section pp → HF → hh (h → γγ, h → bb̄) for

the three BPs presented in Tab. II (with, in particular, MHF = 300, 600 and 900 GeV, as seen

in Tab. III). The corresponding dominant SM backgrounds are shown in Tab. IV.

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,
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SM backgrounds Cross section [pb]

pp→ bb̄γγ 4.569

pp→ Zh (Z → bb̄, h→ γγ) 1.394× 10−4

pp→ bb̄jγ 7470.021

pp→ bb̄jj 5.033× 106

(j mimic as photon)

pp→ cc̄γγ 6.215

pp→ cc̄jγ 2085.012

(c appear as b-tagged jets,

j mimic as photon)

pp→ jjγγ 65.231

(j appear as b-tagged jets)

pp→ tt̄ (t→ l̄νlb, t̄→ lν̄lb̄) 6.166× 10−5

pp→ tt̄ (t→ jjb, t̄→ jjb̄) 202.151

(l, j mimic as photon)

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.)

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 (γ) in the final state. However, we do not put any constraints on the number of light-jets.

We then adopt the following acceptance cuts:

• pγT > 20 GeV;

• p
e/µ
T > 20 GeV (if an electron/muon is present, for b-tagging purposes);

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

• | η` | ≤ 2.5 (again, ` = e/µ), | ηγ | ≤ 2.0 and | ηj | ≤ 2.0.

After considering these basic requirements, we apply a stronger selection (using additional

kinematic variables) in order to enhance the signal-to-background ratio, as explained. A variety

of such observables have been used to design the optimized Signal Region (SR), i.e., where the
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significance is maximized. First and foremost, the transverse momentum of photons (pγ1T , pγ2T )

and b-jets (pb1T , pb2T )3 will be studied. In addition, the separation between the two final state

photons ∆Rγ1γ2 and b-jets ∆Rb1b2 are also used. The separation between two detector objects,

∆R, is defined as ∆R =
√

∆η2 + ∆φ2, where ∆η and ∆φ are the differences in pseudorapidity

and azimuthal angle, respectively. Then, the invariant mass of the final state photons (Mγ1γ2)

and b-jets (Mb1b2) will also be used to discriminate between signal and backgrounds, where we

have introduced Mab =
√

(Ea + Eb)2 −
∑

i=x,y,x(p
a
i + pbi)

2, with ab = γ1γ2 or b1b2. Finally, we

use the invariant mass Mhh for the final extraction. The Mhh variable has been calculated as

Mhh =
√

(Eγ1 + Eγ2 + Eb1 + Eb2)2 −
∑

i=x,y,z(p
γ1
i + pγ2i + pb1i + pb2i )2. In the above formulae, E

and pi (i = x, y, z) stand for the energy and three-momentum component of the final state

particles, respectively.

FIG. 8: Normalized distributions in photon transverse momentum for signal and total
background after the acceptance cuts.

The (arbitrarily) normalized distributions of all these kinematic variables for the three signal

BPs and the total background are shown in Figs. 8–12. 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 Tab. V. Specifically, notice that, in

applying the last requirement herein (on the Mhh variable), one may assume that the MHF value

is a trial one, if it were not already known from previous analysis.

The signal yields for BP1, BP2 and BP3, along with the corresponding background ones,

3 Here, 1 and 2 represents the pT ordered leading and sub-leading photon and b-jet in the final state.
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FIG. 9: Normalized distributions in b-jet transverse momentum for signal and total background
after the acceptance cuts.

FIG. 10: Normalized distributions in di-photon and di-jet separation for signal and total
background after the acceptance cuts.

obtained after the application of the acceptance and selection cuts defining the SR, are shown in

Tab. VI for
√
s = 14 TeV and, e.g., L = 3000 fb−1. We initially calculate the signal significance

using the relation σ = S√
S+B

. Here, S and B stand for the Signal and (total SM) Background
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FIG. 11: Normalized distributions in di-photon and di-jet invariant mass for signal and total
background after the acceptance cuts.

Kinematic variables and cuts

Observable Value

p
γ1,2
T > 35.0 (GeV)

p
b1,2
T > 40.0 (GeV)

SR Mγ1γ2 122.5− 128.5 (GeV)

Mb1b2 70.0− 135.0 (GeV)

∆Rγ1γ2 0.4− 4.6

∆Rb1b2 0.4− 3.6

Mhh (varied with MHF ) 0.7MHF − 1.1MHF

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

rates, respectively. The number of S and B events is obtained as S,B = εAσS,BL, where ε and A

stand for the selection and acceptance cut efficiency, respectively, σS,B is the S or B cross section

and L is the luminosity. Based on these definitions, it is clear from Tab. VI that strong HL-LHC

sensitivity exists for all MHF choices, ranging from discovery (at small masses) to exclusion (at

high masses). (It should be appreciated that these significances would be reduced by as much

as 30% in the absence of the final Mhh selection.) In fact, one can also consider the systematic

uncertainty in various SM background estimations while calculating the final signal significance
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FIG. 12: Distributions in the final state invariant mass for signal and total background after the

acceptance cuts as well as the selection ones on p
γ1,2
T , p

b1,2
T , Mγ1γ2 , Mb1b2 , ∆Rγ1γ2 and ∆Rb1b2 , as

shown in Tab. V.

as4 σ = S√
S+B+(κB)2

, where κ is the percentage of systematic uncertainty [79]. Upon adding 5%

for the latter, the significance in Tab. VI for BP1 decreases to 12.35 while for BP2 and BP3

it becomes 6.65 and 2.31, respectively. Hence, the HL-LHC sensitivity is very stable against

unknowns affecting the data sample estimations, whatever the origin.

Benchmark points: Signal and Significances

BP1 (MHF = 300 GeV) BP2 (MHF = 600 GeV) BP3 (MHF = 900 GeV)

# Signal # Background Significance # Signal # Background Significance # Signal # Background Significance

332.338 255.047 13.71 75.994 48.471 6.81 7.916 3.717 2.32

TABLE VI: The signal significance σ = S√
S+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 L = 3000 fb−1.

In Fig. 13 (upper-left panel), we present the significances as a continuous distribution in MHF ,

from to 250 to 1000 GeV. It is to be noted that this reaches a maximum at MHF = 2Mt, where

Mt = 173.1 GeV is the top quark mass, corresponding to the threshold in the loop function.

Notice that in Fig. 13 (upper-right panel) we also show the significances for L = 300 fb−1, so as

to highlight the rather substantial scope of Run 3 of the LHC. In the lower panels of Fig. 13, a

κ = 5% systematic uncertainty has been taken into account, yielding very moderate corrections.

We now derive the various projected limits over the MHF − vs plane. It is to be noted that the

variation of the singlet scalar VEV vs will directly change the HFhh coupling and correspondingly

the production cross section σ(pp→ HF → hh). In particular, the smaller the former the larger

4 To include the systematic uncertainty in σ = S√
S+B

, one can replace S+B in the denominator by the quadratic

sum of
√
S +B and use σb = κB [79], i.e., σ = S√

S+B+(κB)2
, with κ being the percentage of systematic

uncertainty of the total background.
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FIG. 13: The signal significances with integrated luminosity 3000 and 300 fb−1 respectively.
The lower panel plots are drawn considering a systematic uncertainty κ = 5%.
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FIG. 14: The projected exclusion (light blue) and discovery (dark blue) regions in the MHF− vs
plane. The left and middle plots are drawn for L = 3000 and 300 fb−1, respectively. The right
plot represents the current limits in the context of the ATLAS analysis with

√
s = 13 TeV and

L = 139 fb−1. The lower panel plots are drawn considering a systematic uncertainty κ = 5%.

the latter. To accurately delineate sensitivity regions, we generate a large number of signal
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events for various combinations of heavy CP-even Flavon mass, MHF , and singlet scalar VEV,

vs. Specifically, MHF (= MAF ) has been varied from 260 GeV to 1000 GeV with a step size

of 10 GeV while vs has been varied between 500 and 1000 GeV with a step size of 50 GeV.

The projected exclusion (2σ) and discovery (5σ) regions derived from the γγbb̄ final state in the

MHF − vs plane are given in Fig. 14, where they have been represented in light blue and dark

blue colors, respectively. The left and middle plots are drawn for L = 3000 fb−1 (HL-LHC) and

300 fb−1 (Run 3), respectively. Alongside these, we also report (right plots) the corresponding

results obtained assuming the ATLAS Collaboration data sample at Run 2 (
√
s = 13 TeV and

L = 139 fb−1) but using our dedicated selection. The results in this figure reinforce those in

the previous ones by illustrating the strong sensitivity of the HL-LHC to the advocated FNSM

signal over a significant portion of its parameter space while also highlighting the appreciable

scope of Run 3. (Indeed, a kinematical re-analysis of Run 2 samples along the lines developed

here may also prove to have moderate sensitivity.) Again, the plots in the upper panels of Fig. 14

are shown with no systematic uncertainty, i.e., κ = 0, while those in the lower panels are drawn

based on a systematic uncertainty κ = 5%. From the top row of plots, it can be observed that, for

vs = 500 GeV, at 14 TeV with 3000 fb−1, the direct search for the HF mediated γγbb̄ signal has

a potential discovery (exclusion) reach up to MHF ≈ 900 GeV (1050 GeV) while this is reduced

to MHF ≈ 570 GeV (820 GeV) for a luminosity of 300 fb−1. (The discussed potential exclusion

limit from the present ATLAS Collaboration data would reach up to ∼ 700 GeV while the region

below ∼ 400 GeV would be excluded in the presence of a non-observation.) From the bottom

row of plots, we should mention that the mentioned limits drop somewhat (by 5 − 10%) upon

introducing a systematic uncertainty of κ = 5%, hence not too drastic a reduction of sensitivity

in general (as already remarked for our BPs).

V. CONCLUSIONS

The hierarchical structure and peculiar pattern of quark and lepton masses in the SM have

been a long standing issue coined as the ‘flavor puzzle’. Various interesting beyond the SM

proposals have been suggested to resolve this riddle. Among these, the one by Froggatt and

Nielsen is arguably one of the most fascinating ones. Herein, the scalar sector predicts one singlet

complex scalar SF which is charged under a new U(1)F flavor symmetry (which is softly broken).

After EWSB and U(1)F breaking, the mixing between the SM Higgs doublet with the real part

of the SF singlet produces two physical scalars, h and HF , where h is identified as the SM-like

Higgs boson (discovered in 2012) while HF is an additional CP-even (so-called) Flavon with

mass O(1 TeV). (The imaginary part of SF is identified as the CP-odd heavy Flavon AF .) The

(pseudo)scalar sector of this model is controlled by two parameters: the Flavon VEV vs and the

mixing angle α. The structure of various Yukawa couplings of this model is such that one can

have Flavor Changing Neutral Currents (FCNCs) involving the two new heavy (pseudo)scalars

(HF&AF ) even at tree-level. The corresponding contributions to FCNC processes thus attract
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severe constraints from various low energy flavor physics data. Therefore, in our analysis of such a

scenario, we have considered all possible experimental (as well as theoretical) limits on the model

parameters vs and α. With the LHC currently running at CERN, it is very tempting to utilize

the ongoing (Run 3) and future (HL-LHC) stages of the machine to explore the signature of such

heavy flavons.

In this paper, we have focused on the CP-even heavy Flavon HF and made some predictions

on its discovery potential at the LHC through its production via gluon-gluon fusion followed by

its decay into pairs of SM Higgs bosons. We have shown that, for certain choices of MHF , the

BR(HF → hh) can be large enough so that the whole process pp→ HF → hh (h→ γγ, h→ bb̄)

can be probed at both Run 3 and HL-LHC (with
√
s = 14 TeV), assuming 300 fb−1 and 3000

fb−1 of luminosity, respectively, through either exclusion or discovery.

We have obtained such a result following a thorough numerical analysis emulating both the

aforementioned signal and the most relevant (ir)reducible backgrounds accounting for hard scat-

tering, parton shower, hadronization and detector effects. We thus advocate that the experi-

mental 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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“Searching for lepton flavor violating flavon decays at hadron colliders,” Phys. Rev. D 98 no. 1,

(2018) 015008, arXiv:1801.00839 [hep-ph].

25

http://dx.doi.org/10.1007/JHEP03(2020)053
http://arxiv.org/abs/1909.05268
http://arxiv.org/abs/1909.05268
http://dx.doi.org/10.1103/PhysRevD.100.095017
http://arxiv.org/abs/1908.10615
http://dx.doi.org/10.1103/PhysRevD.99.055048
http://arxiv.org/abs/1812.03542
http://dx.doi.org/10.1088/1674-1137/42/7/073103
http://arxiv.org/abs/1805.01598
http://dx.doi.org/10.1140/epjc/s10052-021-09023-w
http://arxiv.org/abs/2012.09587
http://arxiv.org/abs/2112.12515
http://dx.doi.org/10.1103/PhysRevD.105.035032
http://arxiv.org/abs/2112.03742
http://arxiv.org/abs/2203.11951
http://dx.doi.org/10.1016/0550-3213(79)90316-X
http://dx.doi.org/10.1016/j.physletb.2016.08.029
http://arxiv.org/abs/1604.04822
http://dx.doi.org/10.1103/PhysRevD.94.056003
http://arxiv.org/abs/1603.06950
http://dx.doi.org/10.1007/JHEP05(2016)026
http://dx.doi.org/10.1007/JHEP05(2016)026
http://arxiv.org/abs/1603.06614
http://dx.doi.org/10.1103/PhysRevD.90.076004
http://dx.doi.org/10.1103/PhysRevD.90.076004
http://arxiv.org/abs/1406.6054
http://dx.doi.org/10.1016/j.nuclphysb.2016.10.018
http://arxiv.org/abs/1405.0990
http://arxiv.org/abs/1405.0990
http://dx.doi.org/10.1103/PhysRevD.98.015008
http://dx.doi.org/10.1103/PhysRevD.98.015008
http://arxiv.org/abs/1801.00839


[50] M. A. Arroyo-Ureña, A. Fernández-Téllez, and G. Tavares-Velasco, “Flavor changing Flavon decay

φ→ tc (φ = HF , AF ) at the high-luminosity large hadron collider,” arXiv:1906.07821 [hep-ph].

[51] F. Gianotti et al., “Physics potential and experimental challenges of the LHC luminosity

upgrade,” Eur. Phys. J. C 39 (2005) 293–333, arXiv:hep-ph/0204087.
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