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saw contribution to neutrino masses. We analyze the masses and couplings of the physical
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hadron colliders. We identify the best discovery channels for each of the non-SM Higgs

bosons and estimate the expected SM backgrounds in these channels to derive the sensitiv-

ity reaches for the new Higgs sector at future hadron colliders under discussion. Following

a rather conservative approach, we estimate that the heavy Higgs sector can be effectively

probed up to 15 TeV at the
√
s = 100 TeV machine. We also discuss how the LR Higgs

sector can be distinguished from other extended Higgs sectors.
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1 Introduction

The neutrino oscillation data have unambiguously established that neutrinos have tiny

but non-zero masses as well as mixing between different flavors. Understanding these

observed features necessarily requires some new physics beyond the Standard Model (SM).

Since the origin of masses for all the SM charged fermions has now been clarified by the

discovery of the Higgs boson [1, 2], an important question is where the neutrino masses

come from. If we simply add three right-handed (RH) neutrinos N to the SM, one can

write Yukawa couplings of the form Lν,Y = YνN L̄HN (L and H being the SM lepton and

scalar SU(2)L-doublets) which, via the same SM Higgs vacuum expectation value (VEV)

at the electroweak (EW) scale 〈H0〉 ≡ vEW, give Dirac masses to neutrinos of magnitude

mD = YνNvEW. To get sub-eV neutrino masses, however, we need to have YνN . 10−12,

which is an “unnaturally” small number, unless there is any symmetry reason behind it. So

the strong suspicion among theorists is that there is some new physics beyond the SM Higgs

that is responsible for the small neutrino masses. Such an approach is likely to involve new

Higgs bosons. The goal of this article is to make a case that there exists a natural class of

TeV-scale models for neutrino masses whose Higgs sector can be probed at the proposed√
s = 100 TeV Future Circular Collider (FCC-hh) at CERN [3] or the Super Proton-Proton

Collider (SPPC) in China [4], as well as at the
√
s = 14 TeV Large Hadron Collider (LHC)

to some extent. For a review on the physics potential of the 100 TeV collider, see ref. [5]

and for the prospects of Higgs physics at such energies, see ref. [6].

The model we will consider uses the type-I seesaw paradigm for neutrino masses [7–11]

where the RH neutrinos alluded to above have Majorana masses in the multi-TeV range in

addition to Yukawa couplings like all charged fermions in the SM. Neutrinos being electri-

cally neutral allows for this possibility, making them different from the charged fermions.

This new mass generation paradigm could also be at the root of such different mass and

mixing patterns for leptons compared to quarks. The starting point of this physics is the

seesaw matrix with the generic form in the (ν,N) flavor space:

Mν =

(
0 mD

mT
D MN

)
, (1.1)

where mD mixes the ν and N states and is generated by the SM Higgs VEV and MN is the

Majorana mass matrix for the heavy RH neutrinos N which embodies the new neutrino

mass physics. The masses of the light neutrinos are then given by the seesaw formula:

mν ' −mDM
−1
N mT

D . (1.2)

The “unnaturalness” of the Yukawa couplings alluded to above is now considerably amelio-

rated due to two features of the seesaw formula (1.2): first, it now depends on the square

of the Yukawa couplings YνN , unlike in the Dirac neutrino case where mν ∝ YνN , and

secondly, it is suppressed by the heavy Majorana masses MN . If MN ∼ 1014 GeV as in

grand-unified theories (GUTs), YνN can indeed be of order one, whereas if MN ∼ 1−10 TeV,
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YνN ∼ 10−11/2 is enough to explain the neutrino oscillation data.1 The former possibility,

i.e. near GUT scale MN , though quite attractive theoretically, is hard to test experimen-

tally. We therefore consider the multi-TeV scale possibility which can be probed not only

at the 14 TeV LHC but also at future 100 TeV machines under discussion, as well as in low-

energy lepton number violation (LNV) searches e.g. neutrinoless double beta decay (0νββ)

and lepton flavor violation (LFV) searches at the intensity frontier. For a phenomenological

review of TeV-scale seesaw models, see e.g. refs. [13, 14].

A natural class of models that provides a possible ultraviolet (UV)-completion of

the TeV-scale seesaw models is the Left-Right Symmetric Model (“LR model” for short

throughout this paper) of weak interactions [15–17], originally introduced to understand

parity violation observed in weak decays starting from a short-distance theory that con-

serves parity. The LR model is based on the gauge group SU(2)L × SU(2)R × U(1)B−L,

where the RH fermions (uR, dR) and (eR, NR) are assigned in a parity-symmetric way to the

RH doublets of SU(2)R. The RH neutrinos (and three generations of them) are therefore

a necessary part of the model and do not have to be added adhocly just to implement the

seesaw mechanism. An important point is that the RH neutrinos acquire a Majorana mass

as soon as the SU(2)R symmetry is broken at the scale vR. This is quite analogous to the

way the charged fermions get mass as soon as the SM gauge symmetry SU(2)L is broken by

〈H0〉. The SU(2)R and electroweak symmetry breaking in the LR model necessarily require

that there must exist new Higgs bosons in addition to the 125 GeV Higgs boson discovered

at the LHC. The physics of these extra Higgs fields, namely the bi-doublet scalars (denoted

here by H0
1 , A

0
1, H

±
1 ) and the triplet scalars (H0

2,3, A0
2, H±2 and H±±1,2 ), are determined to

a large extent by the fact that they must explain neutrino masses, and therefore, probing

their properties in colliders may provide some crucial insight into the nature of neutrino

masses. Some specific aspects of the non-supersymmetric LR Higgs sector relevant to our

collider analysis have been studied in refs. [18–29]. Here we provide an extensive study of

the Higgs properties in the minimal LR model and their high energy tests, i.e. couplings,

production and decays, to determine their signals and mass reach at future hadron colliders.

Before proceeding further, we note that since LR seesaw models lead to new effects

and add new contributions to already known low energy weak processes, it is necessary to

know whether TeV scale SU(2)R breaking is compatible with low energy observations. It

turns out that the ∆F = 2 hadronic flavor changing neutral current (FCNC) effects such

as KL−KS , εK , BS− B̄S mixings, as well as b→ sγ, receive significant contributions from

RH charged current effects [30–40], and, therefore, provide the most stringent constraints

on the SU(2)R breaking scale vR, as well as on the LR Higgs boson masses. In particular,

they restrict the mass of the RH charged WR boson to be MWR
& 3 TeV (assuming gL = gR

for the SU(2)L,R gauge couplings) and the masses of the heavy bi-doublet Higgs bosons

& 10 TeV [36].2 There are also constraints on these heavy extra Higgs staes from stability

and perturbativity of the effective potential [41]. Since the maximum available center-of-

1There also exist a natural class of TeV-scale left-right models, where the Dirac Yukawa couplings could

be larger if the neutrino mass matrices have some specific textures; see e.g. ref. [12].
2The FCNC constraints on the bi-doublet fields can be relaxed by introducing an extra SU(2)R quark

doublet to generate the quark mixings in the SM [42].
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mass energy at the LHC goes up to 14 TeV, the LR model as a theory of neutrino masses

can be probed at the LHC using the smoking-gun signal of same-sign dilepton plus dijet

with no missing transverse energy [43–56] (for a review, see e.g. ref. [14]) as long as MWR

is below 4-5 TeV [44], whereas part of the LR Higgs sector not constrained by the FCNC

constraints (e.g. the neutral and doubly-charged Higgs bosons mostly from the RH triplet)

can also be probed at the LHC. The current direct limits on the RH gauge bosons [57, 58]

are of the same order as the indirect FCNC constraints, i.e. around 3 TeV, whereas the lower

limits on the non-standard Higgs boson masses are much weaker, roughly varying from 100

to 500 GeV, depending on the search mode for the neutral [59–64], singly-charged [65–69]

and doubly-charged [70, 71] Higgs sectors. On the other hand, a 100 TeV pp collider

provides an unprecedented opportunity to probe the RH gauge boson masses up to ∼ 30−
35 TeV [5, 53, 56], as well as the entire Higgs sector of the LR model, as demonstrated in this

paper. There are also low energy tests of the model in the domain of leptonic physics, such

as the LFV processes of µ→ eγ, µ→ 3e and µ− e conversion in nuclei [12, 49, 56, 72–82],

electric dipole moment of neutron [83–85] and electron [86, 87], as well as the LNV process

of 0νββ [12, 78, 79, 81, 82, 88–99] which are the focus of the intensity frontier. Thus, the

TeV-scale LR models straddle both the energy as well as the intensity frontier, although

our main focus here will be on the energy frontier aspects of the LR Higgs sector.

The main new results of this paper are summarized below:

(i) We point out that there exists a theoretical lower bound on the ratio of the SU(2)R
and SU(2)L gauge couplings, gR/gL, regardless of the way LR symmetry is broken

[see section 2.3].

(ii) We derive all relevant leading-order, tree-level couplings involving the heavy scalars

in the minimal LR model [see appendix A] and identify the most important ones for

their collider phenomenology [see tables 1 to 5].

(iii) For the bi-doublet scalars H0
1 , A0

1 and H±1 , both their production and decay at the

100 TeV collider are mainly dictated by their Yukawa couplings to the third generation

SM fermions. For the scenario considered here, their key discovery channels are

bb→ H0
1/A

0
1 → bb and bg → H±1 t→ ttb [see figures 1 to 4, and tables 6 and 7]. Using

these modes, we can have a 3σ-level sensitivity for the neutral bi-doublet scalars up

to a mass of 15 TeV and for the singly-charged scalars up to a mass of 7 TeV at the

100 TeV collider [see figure 10], independent of the other model parameters. Their

prospects are not so promising at the LHC, mainly because of the FCNC constraints.

(iv) The hadrophobic scalars H0
3 and H±±2 from the RH triplet can be dominantly pro-

duced either through the Higgs portal (for H0
3 ), the Drell-Yan channel (for H±±2 ), or

the vector boson fusion (VBF) process mediated by RH gauge bosons [see figures 5

to 9]. After being produced, they decay predominantly into two SM Higgs bosons

(H0
3 → hh) and pairs of same-sign leptons (H±±2 → `±`±), respectively, as long as

other decay modes involving heavy scalars and RH gauge bosons are not kinemati-

cally allowed [see tables 6 and 8]. Their sensitivities depend on the RH scale, and
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the scalar and gauge couplings [see figures 11 and 12]. According to our conservative

estimate, they can be probed up to a few TeV scale at the 100 TeV machine, and

below TeV scale at the LHC.

(v) We discuss some possible distinctions of the Higgs signals in the minimal LR model

from those arising in other popular multi-Higgs scenarios, such as the two Higgs

doublet model (2HDM), which includes the Minimal Supersymmetric Standard Model

(MSSM) Higgs sector [see section 7].

The rest of the article is organized as follows: in section 2, we give a brief overview of

the minimal TeV-scale LR models for type-I seesaw mechanism. In section 3, we analyze the

masses and couplings of the various Higgs fields in the minimal LR model. In sections 4

and 5, we discuss the dominant production and decay modes of the new Higgs fields,

respectively. In section 6, we identify the key discovery channels for each of the new Higgs

bosons, and estimate the dominant SM background to calculate the sensitivity reach at

future hadron colliders. In section 7, we point out some possible ways one can distinguish

the LR Higgs sector from the MSSM Higgs sector at colliders. Section 8 summarizes our

main results. In appendix A, we give all the couplings of the SM and heavy Higgs bosons

to the fermions, vector bosons and among themselves. In appendix B, we give the exact

formulas at leading order (LO) for various partial decay widths of the heavy Higgs bosons

in the minimal LR model.

2 Minimal TeV-scale Left-Right model

The LR model [15–17] extends the SM gauge group GSM ≡ SU(3)c × SU(2)L × U(1)Y to

GLR ≡ SU(3)c × SU(2)L × SU(2)R ×U(1)B−L. The quarks and leptons are assigned to the

following irreducible representations of GLR:

QL,i =

(
uL
dL

)
i

:

(
3,2,1,

1

3

)
, QR,i =

(
uR
dR

)
i

:

(
3,1,2,

1

3

)
, (2.1)

ψL,i =

(
νL
eL

)
i

: (1,2,1,−1) , ψR,i =

(
NR

eR

)
i

: (1,1,2,−1) , (2.2)

where i = 1, 2, 3 represents the family index, and the subscripts L,R denote the left- and

right-handed chiral projection operators PL,R = (1 ∓ γ5)/2, respectively. The B and L

charges are fixed using the electric charge formula [100, 101]

Q = I3L + I3R +
B − L

2
. (2.3)

In the minimal version of LR model the Higgs sector consists of the following multiplets:

Φ =

(
φ0

1 φ+
2

φ−1 φ0
2

)
: (1,2,2, 0), ∆R =

(
∆+
R/
√

2 ∆++
R

∆0
R −∆+

R/
√

2

)
: (1,1,3, 2). (2.4)

The gauge symmetry SU(2)R × U(1)B−L is broken by the VEV of the neutral component

of the SU(2)R triplet, 〈∆0
R〉 ≡ vR, to the SM group U(1)Y . There is also a left-handed

– 5 –
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counterpart ∆L to ∆R, but we do not include this field here for two reasons: (i) There are

versions of the model where parity and SU(2)R gauge symmetry scales are decoupled so

that ∆L fields are absent from the low-energy theory [102], and the Higgs sector is simpler,

as just noted in eq. (2.4); (ii) The presence of the ∆L field in TeV-scale LR models generates

a type-II seesaw [88, 103–106] contribution to the neutrino masses which is large, requiring

heavy fine-tuning of couplings in the scalar potential to understand neutrino masses. Thus,

the decoupling of the ∆L fields avoids this problem and provides a natural way to realize

the type-I seesaw [7–11] for neutrino masses in the minimal LR model. The SM electroweak

gauge group is broken to U(1)EM by the VEVs of the bi-doublet Higgs field Φ:

〈φ〉 =

(
κ 0

0 κ′eiα

)
, (2.5)

where α is a CP phase and κ2 + κ′2 ≡ v2
EW ' (174 GeV)2. In our discussion below, we

will assume that κ′ � κ, which largely simplifies our analytic expressions for the LR Higgs

masses and couplings discussed later.

2.1 Fermion masses

To see how the fermions get their masses and how seesaw mechanism arises in this model,

we write down the Yukawa Lagrangian:

LY = haq,ijQ̄L,iΦaQR,j + h̃aq,ijQ̄L,iΦ̃aQR,j + ha`,ijψ̄L,iΦaψR,j + h̃a`,ijψ̄L,iΦ̃aψR,j

+fijψ
T
R,iCiτ2∆RψR,j + H.c. (2.6)

where a is for labeling the Higgs bi-doublets, Φ̃ = σ2Φ∗σ2 (σ2 being the second Pauli

matrix) and C = iγ2γ0 is the charge conjugation operator (γµ being the Dirac matrices).

After symmetry breaking, the quark and charged lepton masses are given by the generic

formulas Mu = huκ + h̃ue
−iακ′ for up-type quarks, Md = hde

iακ′ + h̃dκ for down-type

quarks, and similarly for the charged leptons. The above Yukawa Lagrangian (2.6) leads to

the Dirac mass matrix for neutrinos mD = h`κ+ h̃`e
−iακ′ and the Majorana mass matrix

MN = fvR for the RH neutrinos, which go into eq. (1.2) for calculating the light neutrino

masses and mixing.

2.2 Gauge boson masses

Given the above symmetry breaking pattern, the gauge boson masses can be easily obtained

from the canonical kinetic term of the Lagrangian:

Lkinetic = Tr
[
(DµΦ)†(DµΦ)

]
+ Tr

[
(Dµ∆R)†(Dµ∆R)

]
, (2.7)

with the covariant derivatives

DµΦ = ∂µΦ− i

2
gL
−→
WLµ · ~σΦ +

i

2
gR Φ

−→
WRµ · ~σ , (2.8)

Dµ∆R = ∂µ∆R −
i

2
gR

[−→
WRµ · ~σ, ∆R

]
− igBLBµ∆R , (2.9)

where ~σ ≡ (σ1, σ2, σ3) denotes the three Pauli matrices.

– 6 –
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In the approximation κ, κ′ � vR, we get the following mass eigenvalues for the massive

charged and neutral gauge bosons:

M2
W =

g2
L

2
(κ2 + κ′2) , M2

WR
= g2

Rv
2
R , (2.10)

M2
Z =

g2
L

2 cos2 θw
(κ2 + κ′2) , M2

ZR
= 2(g2

R + g2
BL)v2

R , (2.11)

where θw is the weak mixing angle, defined as in the SM as e = gL sin θw (e being the

electromagnetic coupling), and we have used the relation [107]

1

g2
Y

=
1

g2
R

+
1

g2
BL

. (2.12)

The mixing between the SM W boson and the heavy WR is given by

tan ζW = −gL
gR

κκ′

v2
R

' −ξW
(
MW

MWR

)2

, (2.13)

with the parameter

ξW =
gR
gL

2 tanβ

1 + tan2 β
, (2.14)

where tan β = κ′/κ the ratio between the two EW-scale VEVs. In the neutral gauge sector,

the 3× 3 mass matrix in the basis (W 3
L,W

3
R, B) is diagonalized byW 3

H

W 3
Z

A

 =

 0 cosφ − sinφ

cos θw − sin θw sinφ − sin θw cosφ

sin θw cos θw sinφ cos θw cosφ


W 3

L

W 3
R

B

 , (2.15)

where cos2 φ ≡ g2R
g2R+g2BL

. The mixing between the SM Z boson and the heavy ZR is also

suppressed by the VEV ratio κ2/v2
R:

ζZ ' −
κ2

4v2
R

sinφ cos3 φ

sin θw
= −ξZ

(
MZ

MZR

)2

(2.16)

with the parameter

ξZ =

[
g2
R

g2
L

−
(

1 +
g2
R

g2
L

)
sin2 θw

]1/2

. (2.17)

2.3 Lower limit on gR/gL

Using the definitions of the mixing angles θw and φ given in section 2.2, we find that to

the leading order in κ/vR, the masses of heavy gauge bosons are related via

MZR

MWR

'
√

2

cosφ
=
√

2
gR
gL

(
g2
R

g2
L

− tan2 θw

)−1/2

. (2.18)
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From eq. (2.18), we see that to keep the masses of heavy gauge bosons from becoming

imaginary [108, 109], it is theoretically required that in the LR model

gR
gL
≥ tan θw ' 0.55 . (2.19)

When the ratio gR/gL goes to this theoretical limit, ZR becomes infinitely heavy and

decouples from the EW scale and RH breaking physics. It might appear from this derivation

that the lower limit on gR/gL depends on the symmetry breaking pattern; however this is

not so and we have found a completely general derivation of this bound, as given below.

Our starting point is the electric charge formula (2.3) which implies that in the final

theory after symmetry breaking, regardless of how symmetry breaking is implemented,

there is a generic relation between the electric charge and the gauge couplings [107]:

1

e2
=

1

g2
L

+
1

g2
R

+
1

g2
BL

. (2.20)

Now using the definition of the mixing angle φ given in section 2.2, we can write g2
R =

g2
BL cot2 φ, and therefore, from eq. (2.20), we get

g2
R

e2
=
g2
R

g2
L

+
1

sin2 φ
. (2.21)

Now using the fact that e = gL sin θw, we get from eq. (2.21)

g2
R

g2
L

=
tan2 θw

sin2 φ
, (2.22)

which always implies that g2
R/g

2
L ≥ tan2 θw, as in eq. (2.19). This has important implica-

tions for the phenomenology of the LR models [46, 110, 111]. Especially in the context of

the recent CMS eejj [57] and ATLAS diboson [112] excesses, an LR model interpretation

necessarily requires gR < gL, which has interesting consequences for both LNV and LFV

processes [54, 81, 82, 108, 109, 113–123]. In addition, the lower limit on WR from lepto-

genesis constraints [124–127] can be relaxed in LR models with gR < gL, thus opening up

more parameter space compatible with the observed matter-antimatter asymmetry in our

Universe.

3 Heavy Higgs bosons in the minimal LR model

In order to discuss the Higgs sector of the minimal LR model, we need to write down the

Higgs potential of the parity-symmetric theory involving the bi-doublet and triplet Higgs

fields. The most general renormalizable scalar potential for the Φ and ∆R fields, which is

– 8 –
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invariant under the gauge group GLR, is given by

V = −µ2
1 Tr(Φ†Φ)− µ2

2

[
Tr(Φ̃Φ†) + Tr(Φ̃†Φ)

]
− µ2

3 Tr(∆R∆†R)

+λ1

[
Tr(Φ†Φ)

]2
+ λ2

{[
Tr(Φ̃Φ†)

]2
+
[
Tr(Φ̃†Φ)

]2
}

+λ3 Tr(Φ̃Φ†)Tr(Φ̃†Φ) + λ4 Tr(Φ†Φ)
[
Tr(Φ̃Φ†) + Tr(Φ̃†Φ)

]
(3.1)

+ρ1

[
Tr(∆R∆†R)

]2
+ ρ2 Tr(∆R∆R)Tr(∆†R∆†R)

+α1 Tr(Φ†Φ)Tr(∆R∆†R) +
[
α2e

iδ2Tr(Φ̃†Φ)Tr(∆R∆†R) + H.c.
]

+ α3 Tr(Φ†Φ∆R∆†R) .

Due to the LR symmetry, all the 12 parameters µ2
1,2,3, λ1,2,3,4, ρ1,2, α1,2,3 are real, and

the only CP-violating phase is δ2 associated with the coupling α2, as explicitly shown in

eq. (3.1). Minimizing the potential with respect to the three VEVs κ, κ′, vR and the phase

α associated with the VEV κ′ [cf. eq. (2.5)] leads to four relations among them and the

coefficients in the potential:

µ2
1

v2
R

= α1 −
α3ξ

2

1− ξ2
+ 2

[
λ1(1 + ξ2) + 2λ4ξ cosα

]
ε2 , (3.2)

µ2
2

v2
R

=
α2 cos(α+ δ2)

cosα
+

α3ξ

2(1− ξ2) cosα
+

[
4λ2ξ

cos 2α

cosα
+

2λ3ξ

cosα
+ λ4(1 + ξ2)

]
ε2 , (3.3)

µ2
3

v2
R

= 2ρ1 +
[
α1(1 + ξ2) + α3ξ

2
]
ε2 + 4α2ξε

2 cos(α+ δ2) , (3.4)

2α2(1− ξ2) sin δ2 = ξ sinα
[
α3 + (4λ3 − 8λ2)(1− ξ2)ε2

]
, (3.5)

where ξ ≡ κ′/κ = tanβ, ε ≡ κ/vR. These conditions can be used to remove the three mass

parameters µ2
1, 2, 3 from the potential. In the limit of ξ, ε� 1, eq. (3.5) reduces to

2α2 sin δ2 ' ξα3 sinα , (3.6)

which implies that in the CP-conserving limit of the potential with δ2 → 0, the phase α ' 0

in the VEV of Φ.

The parity-symmetric theory has important implications for neutrino masses [88]. Note

that in presence of the ∆L field in the low-energy effective scalar potential, the additional

minimization condition of the above Higgs potential with respect to 〈∆0
L〉 ≡ vL would

require that vL ∼ κ2/vR. Thus, for vR ∼ O(TeV), we have vL ∼ O(MeV), which gives

an unacceptably large type-II seesaw contribution ∼ fvL to the Majorana mass of the

left-handed neutrinos for f ∼ O(1). One solution is to invoke huge cancellations between

the type-I and type-II contributions to keep the left-handed neutrino masses at the sub-eV

level. A more natural way is to eliminate the type-II seesaw contribution altogether, e.g.

in a theory with D-parity breaking [102] where by introducing a parity-odd singlet with

high-scale VEV, one can give a large mass to ∆L so that it decouples from the low-energy

theory. In that case, we can simply drop the ∆L field from our analysis, as done throughout

this paper.
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As far as the Higgs bosons are concerned, two new kinds of physical Higgs bosons arise

in the minimal LR theory, as given by eq. (2.4). The first class arises from the extension

of the SM Higgs doublet to the LR model, i.e. the bi-doublet field Φ and the second class

from the RH triplet field ∆R that breaks the SU(2)R symmetry. We will call the latter

hadrophobic Higgs bosons, since they do not couple to quarks prior to symmetry breaking

[cf. eq. (2.6)]. They are also responsible for the type-I seesaw scale and maintain their

hadrophobic nature even after symmetry breaking, i.e. coupling only to the lepton sector

in the limit of κ, κ′ � vR. There emerge couplings to quarks only through their mixing to

the bi-doublet Higgs sector, which are proportional to κ/vR or κ′/vR. Since our ultimate

goal in this paper is the exploration of the scalars in LR model at the 14 TeV LHC and

future 100 TeV collider, we will assume that the RH neutrinos and the RH symmetry

breaking are both in the multi-TeV range (or going up to the few times 10 TeV range for

the 100 TeV collider). This generally means that the new Higgs fields are also in the TeV

range (or going up to few times 10 TeV range). The above assumption of κ/vR � 1 is

therefore a very good one and we can safely neglect the bidoublet-triplet Higgs mixing in

our subsequent analysis.

Considering only the bidoublet Φ and triplet ∆R Higgs fields in the minimal model,

there are a total number of 14 degrees of freedom in the scalar sector, of which two neu-

tral components and two pairs of singly-charged states are eaten by the massive gauge

bosons (W±, Z, W±R , ZR), thus leaving the remaining eight as the physical scalars. Taking

the second derivative of the potential with respect to the dynamical fields in the linear

decomposition around their VEVs, i.e.

φ0
1 = κ+

1√
2
φ0 Re

1 +
i√
2
φ0 Im

1 ,

φ0
2 = κ′eiα +

1√
2
φ0 Re

2 +
i√
2
φ0 Im

2 ,

∆0
R = vR +

1√
2

∆0 Re
R +

i√
2

∆0 Im
R , (3.7)

and the charged fields φ±1,2, ∆±R, ∆±±R , we can arrive at the mass matrices for the neutral,

singly and doubly-charged scalars, in the basis of the components below, respectively,

{φ0 Re
1 , φ0 Re

2 , ∆0 Re
R , φ0 Im

1 , φ0 Im
2 , ∆0 Im

R } , {φ±1 , φ
±
2 , ∆±R} , {∆±±R } . (3.8)

Due to the large numbers of parameters in the potential (3.1), the mass matrices are

quite complicated. From the phenomenological point of view, it is however helpful to

make some reasonable and appropriate approximations to capture the main features of the

theory in the interesting regions of the parameter space. To this end, we take into account

the observation that ε = κ/vR � 1 for a multi-TeV scale seesaw. Also, in light of the

third generation fermion mass dominance in the SM, it is a reasonable assumption that

ξ = κ′/κ � 1. Furthermore, CP observables require that the phase α � 1. For the ease

of perturbative expansions, we assume the small parameters ε, ξ and α are about of the

same order.
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In this simplified scenario, we first consider the neutral scalars. To obtain the mass

of 125 GeV for the SM Higgs, we expand the whole 6 × 6 mass matrix in the basis of the

neutral states in eq. (3.8) to the second order of ε2v2
R ' κ2 = v2

EW. In doing this, it becomes

clear that the state ∆0 Im
R is just the longitudinal component for the heavy ZR boson. The

remaining five states correspond to the SM Higgs boson h, the Goldstone boson GZ for the

SM Z boson, and two heavy CP-even states H0
1, 3 and one heavy CP-odd scalar A0

1.3 To

the LO in v2
R, the 5× 5 matrix reads

M0
(0) = v2

R


0 0 0 0 0

0 α3 0 0 0

0 0 4ρ1 0 0

0 0 0 0 0

0 0 0 0 α3

 , (3.9)

which implies that the new scalars H0
1, 3 and A0

1 are all at the vR scale, if the relevant quartic

couplings α3 and ρ1 are of order one. The mass matrices at the linear and quadratic orders

of the small parameters ξ ∼ ε ∼ α are, respectively,

M0
(1) = v2

R


0 −α3ξ 2α1ε 0 0

−α3ξ 0 4α2ε 0 0

2α1ε 4α2ε 0 0 0

0 0 0 0 α3ξ

0 0 0 α3ξ 0

 , (3.10)

M0
(2) = v2

R


4λ1ε

2+α3ξ
2 4λ4ε

2 4α2εξ 0 −α3αξ

4λ4ε
2 4 (2λ2+λ3) ε2+α3ξ

2 2 (α1+α3) εξ −α3αξ 0

4α2εξ 2 (α1 + α3) εξ 0 0 0

0 −α3αξ 0 α3ξ
2 0

−α3αξ 0 0 0 (4λ3−8λ2) ε2+α3ξ
2

 .

(3.11)

Then the full mass matrix up to the order of O(ε2),

M0 =M0
(0) +M0

(1) +M0
(2) (3.12)

can be diagonalized by a rotation matrix up to O(ε2), which renders


h

H0
1

H0
3

GZ
A0

1

=



1− 1
2ξ

2− α2
1ε

2

8ρ21
ξ −α1ε

2ρ1
0 αξ

−ξ 1− 1
2ξ

2− 8α2
2ε

2

(4ρ1−α3)2
− 4α2ε

4ρ1−α3
−αξ 0

α1ε
2ρ1

4α2ε
4ρ1−α3

1− α2
1ε

2

8ρ21
− 8α2

2ε
2

(4ρ1−α3)2
0 0

0 αξ 0 1− 1
2ξ

2 −ξ
−αξ 0 0 ξ 1− 1

2ξ
2




φ0Re
1

φ0Re
2

∆0Re
R

φ0 Im
1

φ0 Im
2

 .

(3.13)

3We have denoted the real part of ∆0
R as H0

3 and real part of the heavy decoupled field ∆0
L as H0

2 ;

because of decoupling of ∆L fields, H0
2 does not appear in the low-energy spectrum. Similarly for the

doubly-charged scalars, the H±±1 from ∆L decouples and we are left only with H±±2 from ∆R.
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After the diagonalization, we arrive at the SM Higgs h, the two CP-even scalars H0
1, 3 and

the CP-odd A0
1, as well as the two Goldstone bosons GZ and GZR , with the physical masses

given by

M2
h =

(
4λ1 −

α2
1

ρ1

)
κ2 , (3.14)

M2
H0

1
= α3(1 + 2ξ2)v2

R + 4

(
2λ2 + λ3 +

4α2
2

α3 − 4ρ1

)
κ2 , (3.15)

M2
H0

3
= 4ρ1v

2
R +

(
α2

1

ρ1
− 16α2

2

α3 − 4ρ1

)
κ2 , (3.16)

M2
A0

1
= α3(1 + 2ξ2)v2

R + 4 (λ3 − 2λ2)κ2 . (3.17)

It should be noted here that in the minimal version of LR model, none of these heavy

neutral Higgs bosons can act as a viable candidate for the recently observed diphoton

excess at 750 GeV [128, 129], as the bi-doublet components H0
1 and A0

1 are stringently

constrained by the FCNC data, and the neutral triplet scalar H0
3 can not be produced

abundantly enough at the LHC to explain the diphoton events [130–132].4

For the singly-charged scalars, the mass matrix is given by, up to the quadratic order

in ε, and in the basis of the singly-charged states in eq. (3.8),

M+
(2) = v2

R

 ξ2α3 ξα3(1− iα) 1√
2
εξα3

ξα3(1 + iα) α3

(
1 + ξ2

)
1√
2
εα3

1√
2
εξα3

1√
2
εα3

ε2α3
2

 . (3.18)

The corresponding rotation is G+
L

H+
1

G+
R

 =

 1− 1
2ξ

2 −ξ(1− iα) 0

ξ(1 + iα) 1− 1
2ξ

2 − 1
4ε

2 1√
2
ε

0 − 1√
2
ε 1− 1

4ε
2


 φ+

1

φ+
2

∆+
R

 , (3.19)

where G+
L,R are the Goldstone bosons eaten by the SM W+ and heavy W+

R gauge bosons,

and H+
1 is the singly-charged Higgs mass eigenstate with mass naturally at the vR scale:

M2
H±1

= α3

[
(1 + 2ξ2)v2

R +
1

2
κ2

]
. (3.20)

It is obvious that the scalar eigenstates (H0
1 , A0

1, H±1 ) from the same doublet in Φ have

nearly degenerate masses
√
α3vR at the LO. It is trivial to get the mass for the doubly

charged scalar:

M2
H±±2

= 4ρ2v
2
R + α3κ

2 . (3.21)

4However, in an alternative minimal version of the LR models with only two doublets to break the

SU(2)L × SU(2)R × U(1)B−L gauge group down to the electromagnetic gauge group U(1)EM [133, 134],

heavy vector-like fermions and a singlet scalar can be introduced to generate the SM fermion masses via the

generalized seesaw mechanism, and the diphoton events can be explained in a natural manner [135]. The

phenomenology of the heavy Higgs bosons in the alternative version of minimal LR model can be found in,

e.g. ref. [136].
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coupling value

H0
1hh

√
2
[
3λ4 + α1α2

(
2

α3−4ρ1
− 1

ρ1

)]
κ

H0
1hH

0
3 2

√
2α2vR

hH0
1H

0
1

√
2
[
λ1 + 4λ2 + 2λ3 +

8α2
2

α3−4ρ1
− α1(α1+α3)

4ρ1

]
κ

H0
1H

0
1H

0
1

√
2
[
λ4 + 2α2(α1+α3)

α3−4ρ1

]
κ

H0
3H

0
1H

0
1

1√
2

(α1 + α3) vR

H0
1hhh λ4

H0
1 t̄t − mb√

2κ

H0
1 b̄b

mt√
2κ

H0
1NN

MN√
2vR

(
− 4α2ε

4ρ1−α3

)
H0

1W
+
RW

−
R

g2RvR√
2

(
8α2ε

α3−4ρ1

)
H0

1ZRZR

√
2g2RvR
cos2 φ

(
4α2ε

α3−4ρ1

)
H0

1W
+W−R −gLgRκ√

2

Table 1. The couplings relevant to H0
1 production and decay at hadron colliders.

It is straightforward to obtain all the couplings of the SM and heavy Higgs bosons

to the fermions, vector bosons and among themselves, and the full lists of couplings are

collected in tables 10 to 14 in appendix A. Due to the large number of heavy Higgs bosons

and the quartic couplings in the scalar potential (3.1), most of the couplings look rather

complicated; to simplify them, we have expanded in terms of the small VEV ratios ε and

ξ, and the small CP-violating phase α, as done for the scalar masses above. The most

relevant couplings for the production and decays of the heavy Higgs bosons in the minimal

LR model as discussed below are collected in tables 1 to 5.

4 Production of the heavy Higgs bosons

In this section we give the parton-level production cross sections for the heavy scalar fields

in the minimal LR model at the 14 TeV LHC and future 100 TeV FCC-hh/SPPC. The

new Higgs fields (H0
1 , A

0
1, H

±
1 ) from the bi-fundamental representation, being in the same

SM doublet, are quasi-degenerate in mass and in terms of the fields in eq. (3.8), they are

given by

H0
1 ≡ φ0 Re

2 , A0
1 ≡ φ0 Im

2 , H±1 ≡ φ
±
2 , (4.1)

in the limit of κ � vR. It turns out that the masses of the H0
1 , A

0
1 fields are constrained

to be MH0
1
≥ 8− 10 TeV by low energy FCNC effects [36], which is also applicable to the
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couplings values

A0
1A

0
1h

√
2
[
(λ1 − 4λ2 + 2λ3)− α1(α1+α3)

4ρ1

]
κ

H0
1A

0
1A

0
1

√
2
[
λ4 + 2α2(α1+α3)

α3−4ρ1

]
κ

H0
3A

0
1A

0
1

1√
2

(α1 + α3) vR

A0
1t̄t

imb√
2κ

A0
1b̄b

imt√
2κ

A0
1W

+W−R − igLgRκ√
2

A0
1H

0
1Z − igL

2 cos θw
×
[
k(A0

1)− k(H0
1 )
]

A0
1H

+
1 W

− − i
2gL ×

[
k(A0

1)− k(H+
1 )
]

A0
1H

0
1ZR

igL
cos θw

(
1
2 sin θw cotφ

)
×
[
k(A0

1)− k(H0
1 )
]

Table 2. The couplings relevant to A0
1 production and decay at hadron colliders. For HHV

couplings, k is the corresponding momentum of the scalar field pointing into the vertex.

mass of H±1 , as argued above. This indirect limit on their masses is much stronger than

the direct search limits from the LHC data [59–69]. These bi-doublet fields are therefore

not accessible at the LHC, but ripe for searches at the 100 TeV collider.

As for the hadrophobic Higgs fields from the components of ∆R, they will mix with

bi-doublet Higgs components by a small amount and in the limit of κ/vR � 1, we can

identify these fields as

H0
3 ≡ ∆0 Re

R , H±±2 ≡ ∆±±R . (4.2)

The current direct search limits for the doubly-charged scalars are in the range of 500-

600 GeV [70, 71]. One should also keep in mind the lower limit vR & 5 TeV is derived

from the constraints on MWR
[57, 58] and MZR [110]. In addition, there are various

other constraints on RH neutrinos at sub-TeV scale, which can be extended to TeV-scale

MN at future colliders, depending on the light-heavy neutrino mixing [14, 137–152]. The

hadrophobic Higgs sector of the LR model provides a complementary probe of the seesaw

scale at future colliders, independent of the neutrino mixing.

Using the couplings collected in tables 1 to 5, we calculate the main collider signals of

the heavy Higgs sector in the minimal LR model. We require MH0
1
,MH±1

,MA0
1
≥ 10 TeV to

satisfy the FCNC constraints, whereas MH±±2
,MH0

3
can be as light as a few hundred GeV,

since there are no such stringent flavor constraints on them. Some representative Feynman

diagrams for the dominant production channels of the heavy bi-doublet and hadrophobic

scalars are presented in figures 1, 3, 5 and 7. We use CalcHEP3.6.25 [153] to do the LO

parton-level simulations with all the relevant couplings implemented into the model files,

which is linked to LHAPDF6 [154] to use the CT14 [155] parton distribution functions (PDFs).
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couplings values

hH+
1 H

−
1

1√
2

[
α3 + 4λ1 − α1(α1+α3)

ρ1

]
κ

H0
1H

+
1 H

−
1 2

√
2
[
λ4 + 2α2(α1+α3)

α3−4ρ1

]
κ

H0
3H

+
1 H

−
1

√
2 (α1 + α3) vR

H+
1 t̄LbR

mt√
2κ

H+
1 t̄RbL

mb√
2κ

H+
1 N̄τL − mτ√

2κ

H+
1 NeR − εMN√

2vR

H+
1 W

−
RZR

g2Lκ√
2

[
− tan θw(1+sin2 φ)

sin2 φ cosφ

]
H+

1 W
−
RZ − gLgRκ√

2 cos θw

H+
1 H

−
1 γ e×

[
k(H+

1 )− k(H−1 )
]

H+
1 H

−
1 Z

gL cos 2θw
2 cos θw

×
[
k(H+

1 )− k(H−1 )
]

H+
1 H

−
1 ZR

1
2gL tan θw cotφ×

[
k(H+

1 )− k(H−1 )
]

H+
1 hW

−
R −1

2gR ×
[
k(H+

1 )− k(h)
]

Table 3. The couplings relevant to H±1 production and decay at hadron colliders. For HHV

couplings, k is the corresponding momentum of the scalar field pointing into the vertex.

For those channels where the next-to-leading order (NLO) or next-to-next-to-leading order

(NNLO) corrections in quantum chromodynamics (QCD) are important, we estimate the

relevant K-factors and multiply them with the LO cross sections to obtain the appropriate

NLO or NNLO cross sections. We do not include the electroweak radiative corrections

which are expected to be smaller than the QCD corrections. Also we do not study the

scale dependence of the higher-order QCD corrections, but simply set both factorization

and renormalization scales equal to the invariant mass of the heavy Higgs boson, e.g.

µF = µR = MH0
1

for H0
1 production. The final results for the dominant production channels

of all the heavy scalars at the 100 TeV collider are depicted in figures 2, 4, 6 and 8. The

corresponding cross sections for the production of hadrophobic scalars at the 14 TeV LHC

are shown in figure 9.5 Some details of the production channels are given below.

4.1 Bi-doublet Higgs production

Here we discuss the production of the neutral CP-even H0
1 and CP-odd A0

1 fields, as well

as the singly-charged H±1 fields.

5The 13 TeV LHC cross sections are not shown here, since there is not much difference between these

two sets of numbers.
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couplings values

H0
3hh

1√
2
α1vR

H0
3hH

0
1 2

√
2α2vR

hH0
3H

0
3 −

√
2α1κ

[
1− α1

2ρ1
+

8α2
2

α1(α3−4ρ1)

]
H0

1H
0
3H

0
3 −2

√
2α2κ

[
1− α1

2ρ1
+ 4α1+α3

2(α3−4ρ1)

]
H0

3H
0
1H

0
1

1√
2

(α1 + α3) vR

H0
3A

0
1A

0
1

1√
2

(α1 + α3) vR

H0
3H

0
3H

0
3

√
2ρ1vR

H0
3H

+
1 H

−
1

√
2 (α1 + α3) vR

H0
3H

++
2 H−−2 2

√
2 (ρ1 + 2ρ2) vR

H0
3 t̄t

mt√
2κ

α1ε
2ρ1

H0
3 b̄b − mt√

2κ
4α2ε

α3−4ρ1

H0
3NN

MN√
2vR

H0
3W

+
RW

−
R

√
2g2
RvR

H0
3ZRZR

√
2g2RvR
cos2 φ

Table 4. The couplings relevant to H0
3 production and decay at hadron colliders.

couplings values

hH++
2 H−−2

√
2
[
α3 − 2α1ρ2

ρ1

]
κ

H0
1H

++
2 H−−2 2

√
2α2κ

α3+8ρ2
α3−4ρ1

H0
3H

++
2 H−−2 2

√
2 (ρ1 + 2ρ2) vR

H++
2 eReR − MN√

2vR

H++
2 W−RW

−
R −2g2

RvR

H++
2 H−−2 γ 2e×

[
k(H++

2 )− k(H−−2 )
]

H++
2 H−−2 Z gL

cos θw

(
−2 sin2 θw

)
×
[
k(H++

2 )− k(H−−2 )
]

H++
2 H−−2 ZR

gL
cos θw

[sin θw(cotφ− tanφ)]×
[
k(H++

2 )− k(H−−2 )
]

Table 5. The couplings relevant to H±±2 production and decay at hadron colliders. For HHV

couplings, k is the corresponding momentum of the scalar field pointing into the vertex.
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Figure 1. Representative Feynman diagrams for the dominant production processes of H0
1 and

A0
1 from bottom-quark annihilation. Formally, (b) and (c) are part of the NLO corrections to

(a), and (d) is part of the NNLO correction to (a) in the inclusive production cross section for

pp→ H0
1/A

0
1 +X, ignoring the final state jets in X.

4.1.1 H0
1/A

0
1

Unlike the case of the SM Higgs boson h, where the gluon fusion process gg → h through

the top-quark loop gives the dominant contribution due to the large Yukawa coupling,

the H0
1 and A0

1 couplings to the top-quark in the LR model are suppressed by mb/mt in

the limit of vanishing κ′/κ, whereas the couplings to the bottom-quark are enhanced [cf.

tables 1 and 2]. Therefore, the loop-induced gluon fusion contribution to the production

of H0
1 and A0

1 will be mainly through the bottom-quark loop, and is therefore suppressed

by the absolute square of the loop factor (see e.g. ref. [156])

A1/2(τb) =
2

τ2
b

[
τb + (τb − 1)f(τb)

]
, (4.3)

where τb = 4m2
b/M

2
H0

1
and f(τb) = arcsin2√τb. For instance, for a heavy H0

1 with mass of

10 TeV and the bottom-quark mass of mb = 4.2 GeV, the bottom-quark induced loop factor

|A1/2(τb)| = 8.7 × 10−5, while for the top-quark with mt = 173.2 GeV, the corresponding

effective loop factor |A1/2(τt)|m2
b/m

2
t = 2.6 × 10−5, where τt = 4m2

t /M
2
H0

1
. Therefore, the

gluon fusion processes induced by both bottom and top-quark loops can be safely neglected

here. Since the couplings of H0
1 , A

0
1 to light quarks are Yukawa-suppressed, the dominant

production channel will involve bottom-quark induced tree-level processes, as shown in

figure 1. Note that the bottom-quark content of the proton is not negligible at higher

center-of-mass energies,6 and this is the main reason for the sizable contribution from the

bb̄ initial states in figure 1.

6In this context, it is crucial to use one of the modern PDF sets with an accurate bottom-quark PDF.

We have cross-checked some of our results for two different recently released PDF sets, namely, CT14 [155]

and NNPDF3.0 [157], and found good agreement.
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Figure 2. Dominant production cross sections for the heavy neutral bi-doublet Higgs bosons H0
1

and A0
1 in the minimal LR model at

√
s = 100 TeV pp collider.

The parton-level cross sections for pp → H0
1/A

0
1 at

√
s = 100 TeV are calculated at

LO using CalcHEP3.6.25 [153]. For such heavy scalars at 100 TeV center-of-mass energy,

the average momentum fraction x carried by the partons in the colliding protons can be

as large as ∼ 0.3, although it suffers from large experimental uncertainties, possibly of

order 50% or even larger [158]. Another subtle point is that for a more accurate estimate

of the production cross sections, the large QCD logarithmic terms αs log(MH0
1
/mb) which

are of order one, have to be resummed properly. These issues should be addressed, if one

wants to make a more precise calculation of the cross section. As an initial step in this

direction, we estimate the parton-level production cross sections at NLO and NNLO, using

an appropriately modified version of the public code SusHi [159], which takes into account

the virtual corrections with gluon exchange in the bb̄ vertex and bottom-quark self-energy

corrections, as well as the emission of additional gluons from any of the bottom-quark

or gluon legs, in addition to the higher-order tree-level processes shown in figure 1. In

our parton-level simulations, we have applied the basic jet transverse momentum cut of

pT (j) > 50 GeV and jet separation ∆R(jj) > 0.4 for the final states with one or more

jets (including b-jets) for 100 TeV center-of-mass energy collisions. Our final results are

shown in figure 2. It is worth noting that the NLO and NNLO K-factors turn out to be

quite large for the inclusive H0
1/A

0
1 production pp → H0

1/A
0
1X, mainly due to the sizable

contributions of the tree-level processes listed in figures 1 (b)–(d).

4.1.2 H±1

Turning now to the singly-charged Higgs field H±1 , the dominant production process is via

associated production with a highly boosted top quark jet, e.g. b̄g → H+
1 t̄, as shown in

figure 3 (a). This is mainly due to the large (sizable) gluon (bottom-quark) content of

the colliding protons and the large Yukawa coupling of H±1 to third-generation fermions
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Figure 3. Representative Feynman diagrams for the dominant production processes of H±1 : (a)

the associated production with a top quark, gb̄→ H±1 t; (b) the associated production with top and

bottom quark jets, gg → H±1 tb, which is formally an NLO correction to (a); (c) the production

with two light quark jets, bb̄→ H±1 jj with j = u, d, c, s; and (d) VBF process, qq → H±1 jj, where

j can be any of the six quarks.

H1
±t (LO)

H1
±t (NLO)

H1
±jj (W )

H1
±jj (VBF)

10 15 20 25 30
10-5

10-4

0.001

0.010

0.100

1

MH1
± [TeV]

σ
[f
b
]

s = 100 TeV

Figure 4. Dominant production cross sections for the singly-charged Higgs bosons H±1 in the

minimal LR model at
√
s = 100 TeV pp collider. Here we have chosen α3 = 3 and gL = gR for the

VBF process.

[cf. table 3]. The large Yukawa coupling H±1 tb, as well as the strong coupling, renders the

NLO correction shown in figure 3 (b) also important. We find that the NLO K-factor for

the process pp→ H±1 t at 100 TeV collider is 1.6, as shown in figure 4.

Another important channel for H±1 production at
√
s = 100 TeV is in association with

two light-quark jets (up, down, charm, strange and their anti-particles). There are two

contributing processes: one via the associated production with the SM W boson from

bottom-quark annihilation with the W boson decaying into two light quark jets, i.e. b̄b→
H±1 W

∓ → H±1 jj, as shown in figure 3 (c); the second is from the VBF process qq →
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WRZ(R)jj → H±1 jj, as shown in figure 3 (d), which are suppressed by the heavy gauge

boson masses. We find that H±1 jj production is dominated by the W -boson mediated

process, with cross section about 3/5 that of the dominant H±1 t channel at LO, and over

10 times larger than the VBF channel, as shown in figure 4. Here we have chosen α3 = 3

and gL = gR, and varied vR as a function of MH±1
[cf. eq. (3.20)].7

4.2 Hadrophobic Higgs production

In this section, we discuss the dominant production channels for the hadrophobic Higgs

sector comprising of the neutral CP-even scalar H0
3 and the doubly-charged scalar H±±2 .

4.2.1 H0
3

The dominant production mode for H0
3 is either via the VBF process involving RH gauge

bosons WR or ZR in the t-channel, or via associated production with the SM Higgs, or via

pair production, depending on the mass spectrum. The corresponding Feynman diagrams

are shown in figure 5. The associated and pair-production channels are mediated by an

s-channel SM Higgs h or the heavy H0
1 through their effective coupling to gluon induced

by the third-generation quark loop. The H0
1 portal is generally suppressed by the heavy

bi-doublet mass [cf. eq. (3.15)], as well as by the bottom-quark loop factor [cf. eq. (4.3)],

with significant contribution only in the resonance region MH0
1
' 2MH0

3
.

For the SM Higgs portal, the couplings hhH0
3 and hH0

3H
0
3 [cf. table 4] are related to

the masses of the SM Higgs and H0
3 via eqs. (3.14) and (3.16), and also to the trilinear SM

Higgs coupling λhhh at the LO [cf. table 10]:

λhhh =
1

2
√

2

(
4λ1 −

α2
1

ρ1

)
κ ' 1

2
√

2

M2
h

vEW
. (4.4)

Note that the λhhh coupling in eq. (4.4) is the same as in the SM. As for the quartic

coupling λ1, we have

λ1 =
M2
h

4κ2
+
α2

1v
2
R

M2
H0

3

, (4.5)

which approaches the SM quartic coupling λ4h = M2
h/4v

2
EW in the limit of α1 → 0, i.e.

when the “correction” term α2
1/ρ1 from interactions with the RH triplet ∆R vanishes. For

a light H0
3 with MH0

3
� vR, a large α1 would potentially push λ1 to be deep in the non-

perturbative region. As an illustrative example, we work in the simple benchmark scenario

with the heavy H0
1 portal switched off (i.e. α2 = 0) and only the SM Higgs portal turned

on with a small coupling parameter α1 = 0.01. Note that the NNLO K-factor for the gg

fusion processes in figures 5 (a,b) induced by the top-quark loop is known to be large, of

order 2 [158], and therefore must be included in the calculation. Our parton-level results

for the associated and pair-production cross sections at NNLO are presented in figure 6

(red and orange curves). For a value of α1 different from 0.01 (and with α2 = 0), one can

7For a fixed value of M
H±

1
, with a larger α3, the RH VEV vR can be comparatively smaller and thus

WR is lighter, which could enhance to some extent the VBF production cross section.
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Figure 5. Representative Feynman diagrams for the dominant production processes of H0
3 : (a)

the associated production with the SM Higgs, pp → h∗/H
0 (∗)
1 → H0

3h; (b) pair production, pp →
h∗/H

0 (∗)
1 → H0

3H
0
3 ; (c) heavy VBF, qq → H0

3 jj mediated by a pair of VR (= WR, ZR) in the

t-channel; and (d) Higgsstrahlung process, qq → V ∗R → H0
3VR. In (a) and (b), the LO effective hgg

vertex is predominantly from the top-quark loop induced SM coupling.

estimate the cross sections in these two channels by simply rescaling the corresponding

cross sections given in figure 6 by numerical factors of

( α1

0.01

)2
and

( α1

0.01

)2
[

1− 2α1v
2
R/M

2
H0

3

1− 2× 0.01× v2
R/M

2
H0

3

]2

,

for the hH0
3 and H0

3H
0
3 production, respectively.

The VBF process pp → H0
3 jj shown in figure 5 (c) is dominated by the WR fusion

channel, and dictated by the gauge coupling gR, the H0
3WRWR coupling [cf. table 4] and the

heavy charged gauge boson mass [cf. eq. (2.10)]. The ZR fusion process is sub-dominant,

since the MZR > MWR
in the minimal version of the LR model [cf. eq. (2.18)]. To illustrate

the effect of the RH gauge coupling on the VBF production of H0
3 , we present in figure 6

the LO cross sections with three benchmark values for the RH coupling gR with gR/gL =

0.6, 1.0, 1.5,8 and with vR = 10 TeV. Here we have just imposed the basic trigger cuts on

the jets: pT (j) > 50 GeV and ∆Rjj > 0.4, and no specialized VBF selection cuts like large

rapidity gap and high invariant mass for the dijet system. The NLO corrections to the

heavy VBF process turn out to be much smaller than the corresponding SM Higgs case, as

estimated using VBFNLO2.7.1 [161].

Similarly, the Higgsstrahlung process pp → V ∗R → H0
3VR shown in figure 5 (d) is also

dominated by the WR channel, and dictated by the gauge coupling gR, the H0
3WRWR

coupling [cf. table 4] and the heavy charged gauge boson mass [cf. eq. (2.10)]. The effect

of the RH gauge coupling gR on this production process is also illustrated in figure 6.

It is clear that in our benchmark scenario for a light H0
3 with MH0

3
. 500 GeV, the

production at 100 TeV collider is dominated by the SM Higgs portal. When H0
3 is heavier,

8Note that there is a theoretical lower limit on gR/gL & 0.55 [cf. eq. (2.19)]. Although we are not aware

of any LR model with gR > gL to be compatible with GUTs, we have considered one benchmark value of

gR/gL = 1.5 just for the comparison sake.

– 21 –



J
H
E
P
0
5
(
2
0
1
6
)
1
7
4

H3
0h

H3
0H3

0

H3
0jj (0.6)

H3
0jj (1.0)

H3
0jj (1.5)

H3
0VR (0.6)

H3
0VR (1.0)

H3
0VR (1.5)

0.1 0.5 1 5 10
10-4

0.01

1

100

104

MH3
0 [TeV]

σ
[f
b
] s = 100 TeV

Figure 6. Dominant production cross sections for the neutral hadrophobic Higgs boson H0
3 in the

minimal LR model at
√
s = 100 TeV pp collider. Here we have chosen vR = 10 TeV, α1 = 0.01 and

α2 = 0. The VBF (H0
3 jj) and Higgsstrahlung (H0

3VR) cross sections are shown for three different

values of the gauge coupling ratio gR/gL (in parenthesis).

either the heavy VBF or the Higgsstrahlung process takes over as the dominant channel.

The latter cross sections also increase with gR for a given vR (and MH0
3
& 1 TeV), because

although WR becomes heavier, the stronger scattering amplitude dependence on the gauge

coupling g4
R (two powers from the couplings to SM fermions and two from couplings to

H0
3 ) can overcome easily the phase space suppression due to the larger mediator mass. For

instance, for a 5 TeV H0
3 the gauge coupling gR = 1.5gL can enhance the VBF cross section

by a factor of 2.7 with respect to the gR = gL case and by a factor of 16.7 with respect to

the gR = 0.6gL case, as shown in figure 6 (blue curves).

4.2.2 H±±2

From table 5, we find that for the doubly-charged Higgs H±±2 production, one dominant

channel is pair production via the Drell-Yan (DY) process, as shown in figure 7 (a), with an

s-channel photon or Z boson, and potentially resonance enhancement from the heavy H0
1 ,

H0
3 or ZR bosons. A sub-leading contribution comes from the SM Higgs portal, as shown

in figure 7 (b). The VBF process mediated by RH gauge bosons W±R in the t-channel, as

shown in figure 7 (c), and the Higgsstrahlung process mediated by W±R in the s-channel,

as shown in figure 7 (d), are also important.

To calculate the cross sections for all these channels, we adopt the same set parameter

as for the H0
3 case, i.e. α1 = 0.01 , α2 = 0 , vR = 10 TeV and gR/gL = 0.6, 1.0, 1.5 for the

VBF and Higgsstrahlung processes, while for the DY processes, we keep gR = gL. In the

DY mode, the H0
1 and H0

3 portals are again turned off, since in most of the parameter

space of interest this is dominated by the γ/Z-mediated process. For the sub-leading SM

Higgs portal DY channel, we choose MH0
3

= 5 TeV to fix the coupling ρ1 and multiply
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the LO cross section by the NNLO K-factor of 2 (for the gluon fusion via top-quark

loop). The K-factors for the DY and VBF processes are not so large, so their LO cross

sections are sufficient for our purpose. We apply the basic trigger cuts pT (j) > 50 GeV and

∆R(jj) > 0.4 for the VBF process.

Our results for the H±±2 production are shown in figure 8. The bump around 5 TeV in

the DY case is due to the resonance-like production at MZR ' 2MH±±2
. The effect of gR on

the DY production of H±±2 is significant only in this resonance region and is not shown in

the plot. As for the neutral hadrophobic scalar H0
3 , for smaller MH±±2

. 500 GeV, the DY

process is dominant, whereas for relatively larger MH±±2
, this is kinematically suppressed

compared to the VBF/Higgsstrahlung process. Also, the RH gauge coupling can largely

enhance the latter channels; for instance, the cross section for gR = 1.5gL is 2.7 times larger

than the gR = gL case and 16.6 than the gR = 0.6gL case. The Higgs portal is always found

to be sub-dominant compared to the DY process.

4.3 Hadrophobic Higgs at LHC Run II

As the hadrophobic scalars H0
3 and H±±2 are not constrained by the FCNC effects and can

be as light as sub-TeV scale, they could be accessible at the LHC Run II.9 The dominant

production channels are the same as at the 100 TeV collider and are shown in figures 5

and 7. The corresponding production cross sections at the LHC with 14 TeV center-of-

mass energy are presented in figure 9, for which we adopt the same set of couplings as in

the 100 TeV case, i.e. α1 = 0.01 , α2 = 0 and gR/gL = 0.6, 1 , 1.5. We use milder trigger cuts

on jets with pT (j) > 25 GeV and ∆R(jj) > 0.4. Due to the severe kinematic suppression,

the Higgs portal channels for H0
3 (DY channel for H±±2 ) are the dominant ones only for a

hadrophobic scalar below 150 GeV (400 GeV).

In figure 9, we have chosen a lower RH scale of vR = 5 TeV, so that we can have a heavy

WR boson still accessible at the LHC [44],10 and the hadrophobic scalars can be produced

much more abundantly at LHC Run II even if both the SM Higgs portal and H0
1 portal

are off for H0
3 .11 With regard to the case with a 10 TeV vR, the lower RH scale renders

a much larger cross section in the VBF/Higgsstrahlung channels for both H0
3 and H±±2 .

In addition, when the hadrophobic scalars are light, e.g. few hundred GeV, these channels

can benefit from a smaller gR due to the smaller WR mass, while when these scalars are

heavy, e.g. beyond 2 TeV scale, the scenarios with a larger gR eventually overcome due to

the larger gauge couplings of WR to the SM fermions and the hadrophobic scalars.

9There were arguments that, due to the interactions of H0
3 to the heavy gauge bosons and H0

1 at one-loop

level, the mass of H0
3 is indirectly constrained by experimental limits on the masses of WR, ZR and H0

1 such

that MH0
3
& 4 TeV [162]. However, as an effective phenomenological scenario at the TeV scale, the minimal

LR model is always embedded into some GUTs at super-high energy scale and we neglect such constraints

on the H0
3 mass throughout this paper.

10Given vR = 5 TeV and the RH gauge coupling gR = 0.6gL, the WR mass is close to 2 TeV, which can

explain the recent CMS eejj [57] and ATLAS diboson [58] excesses [108, 109, 114–116].
11For such a lower scale of vR, the quartic coupling α3 = M2

H0
1
/v2R is pushed to be large by the FCNC

constraints.
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Figure 7. Representative Feynman diagrams for the dominant production of H±±2 : (a) Drell-Yan

pair production; (b) Higgs-portal pair production; (c) heavy VBF; and (d) Higgsstrahlung. In (b),

the LO effective hgg vertex is predominantly from the top-quark loop induced SM coupling.
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Figure 8. Dominant production cross sections for the doubly-charged Higgs bosons H±±2 in the

minimal LR model at
√
s = 100 TeV pp collider. Here we have chosen α1 = 0.01 , α2 = 0 , vR =

10 TeV and MH0
3

= 5 TeV. The VBF (H±±2 jj) and Higgsstrahlung (H±±2 W∓R ) cross sections are

shown for three different values of the gauge coupling ratio gR/gL (in parenthesis).

5 Decays of the heavy Higgs bosons

From the couplings in tables 1 to 5, it is easy to identify the dominant decay channels of

the heavy bi-doublet and hadrophobic scalars in the minimal LR model, all of which are

collected in table 6 (in the limit of massless decay products). The corresponding formulas

for these decay widths up to the LO are listed in appendix B. It is remarkable that since

all the masses of heavy scalars and heavy vector bosons are proportional to the RH scale

vR, the mass dependence of phase space and squared amplitudes can be largely canceled

out, and as a result, all the dominant decay widths are proportional to vR, as it is the
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Figure 9. Dominant production cross sections for the hadrophobic Higgs bosons H0
3 (left panel)

and H±±2 (right panel) in the minimal LR model at the 14 TeV LHC. Here we have chosen α1 =

0.01 , α2 = 0 , vR = 5 TeV. The values in parenthesis are for different ratios of gR/gL.

only relevant energy scale in the high-energy limit of the theory. Thus up to some phase

space factors which approach unity in the massless limit of the decay products, the decay

branching ratios are simply the ratios among the combinations of Yukawa couplings, quartic

scalar couplings and some numerical factors.

For H0
1 , the dominant decay channels are bb̄, hH0

3 and WWR which almost saturate

the total decay width, as long as the two latter channels are open. In most of the parameter

region of interest, these three channels are comparable, depending on the relative values of

the SM top-Yukawa coupling yt and the quartic couplings α2 and α3 in the potential (3.1),

with α3 related to the mass of H0
1 . Specifically, we get

Γ(H0
1 → bb̄) : Γ(H0

1 → H0
3h) : Γ(H0

1 →W±W∓R ) ' 3α
1/2
3 y2

t

16π
:
α2

2α
−1/2
3

2π
:
α

3/2
3

32π
. (5.1)

Although the coupling H0
1WWR depends on the RH gauge coupling gR [cf. table 1], this

dependence is canceled out by the WR boson mass MWR
= gRvR. Thus the dependence

of the decay branching fractions of H0
1 on the gauge coupling gR enters only through the

WR mass in the velocity β2 [cf. eq. (B.5)] and the function f2 [cf. eq. (B.6)] defined in

appendix B. The other decay channels are suppressed either by the small couplings, for

instance the hh channel by ε = κ/vR and tt̄ channel by mb/mt, or by the phase space

such as the WRWR and ZRZR channels. The three-body decay into the SM Higgs states

H0
1 → hhh can be used to measure directly the quartic coupling λ4, but the branching ratio

is at most 6 × 10−3, suppressed by the phase space. Given the three dominant channels

with large couplings of order one, the total decay width of H0
1 is generally very large, up to

2 or 3 TeV or even larger for a ∼ 10 TeV mass. Even only the bb̄ channel can contribute a

width of few hundred GeV, if the H0
3h and WWR channels are not open kinematically. This
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Scalar Decay Channels Branching Ratio

H0
1 bb̄

6α3y2t
6α3y2t+16α2

2+α2
3

hH0
3 (→ hhh→ 6b/4b2γ)

16α2
2

6α3y2t+16α2
2+α2

3

WWR (→ 4j/`±`±4j)
α2
3

6α3y2t+16α2
2+α2

3

A0
1 bb̄

6y2t
6y2t+α3

WWR (→ 4j/`±`±4j) α3

6y2t+α3

H+
1 tb̄ (→ bbjj/bb`ν)

3y2t
3y2t+α3

ZWR (→ 4j/`±`∓`±`±jj) α3

6y2t+2α3

hWR (→ bbjj/`±`±bbjj) α3

6y2t+2α3

H0
3 hh (→ 4b/2b2γ)

α2
1

Γ
H0
3

H0
1h (→ 4b)

8α2
2

Γ
H0
3

H0
1H

0
1/A

0
1A

0
1/H

+
1 H

−
1 (→ 4b/ttbb) (α1+α3)2δH

Γ
H0
3

H++
2 H−−2 (→ `+`+`−`−) 8(ρ1+2ρ2)2

Γ
H0
3

W±RW
∓
R (→ 4j/`±`±4j)

8ρ21
Γ
H0
3

ZRZR (→ 4j/`±`∓jj)
4ρ21
Γ
H0
3

NN (→ `±`±4j) 12ρ1f2

Γ
H0
3

H++
2 `+`+ 3

3+8ρ2

W+
RW

+
R (→ 4j/`±`±4j) 8ρ2

3+8ρ2

Table 6. Dominant decay channels (with some of the important further decay channels of the

decay products) of the heavy Higgs bosons in the minimal LR model and their corresponding

branching fractions (without including the secondary decays) in the limit when the decay products

are much lighter than the parent particle. For H0
3 we have defined the “rescaled” total width

ΓH0
3
≡ α2

1 + 8α2
2 + 4(α1 + α3)2 + 8(ρ1 + 2ρ2)2 + 12ρ21 + 12ρ1f

2, and the factor δH = 1 for H0
1H

0
1

and A0
1A

0
1 and 2 for the charged pairs H+

1 H
−
1 . If some of the heavy product channels are not

kinematically allowed such as H0
3 → H0

1H
0
1 and H±±2 →W±RW

±
R , they have to be eliminated from

the dominate decay channels and the approximate total widths. See text and appendix B for more

details and comments.

implies that the CP-even scalar H0
1 (and also A0

1, H±1 and H±±2 , as we will see below) in the

minimal LR model will appear as a wide resonance if it is accessible to the future colliders.

The decay of A0
1 is somewhat similar to H0

1 , and is dominated by the bb̄ and WWR

channels, with the partial decay widths for these two channels the same as that for H0
1 at
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the LO, as they share the same Yukawa and gauge couplings up to a complex phase. All

other channels are highly suppressed. The singly-charged Higgs H±1 comes from the same

doublet as H0
1 and A0

1 and its decay is closely related to the two neutral scalars. From

the couplings in table 3, it is easily found that H±1 decays dominantly to tb̄ (t̄b) and ZWR,

with the partial width relations governed by the gauge and Yukawa interactions before the

spontaneous symmetry breaking at the RH scale:

Γ(H0
1 → bb̄) ' Γ(A0

1 → bb̄) ' 2Γ(H+
1 → tb̄) , (5.2)

Γ(H0
1 →WWR) ' Γ(A0

1 →WWR) ' 2Γ(H+
1 → ZW+

R ) ' 2Γ(H+
1 → hW+

R ) . (5.3)

These simple relations among the partial decay widths of the heavy neutral and charged

scalars H0
1 , A0

1 and H±1 are characteristic signals of the minimal LR model, and can be

used as a way to distinguish the LR Higgs sector from other non-SM Higgs sectors, such

as the MSSM.

For the neutral hadrophobic scalar H0
3 , if it is not heavy enough to produce the heavy

pairs NN , WRWR, ZRZR or H++
2 H−−2 , it can decay only into a pair of SM Higgs states

hh, since the tt̄ and bb̄ channels are suppressed by the small mixing parameter ε.12 In this

case, its total width is rather small (of order 10 GeV), depending on the quartic parameter

ρ1 which is related to the mass of H0
3 via MH0

3
= 2
√
ρ1vR, and also on α1 which is directly

related to the SM Higgs mass and trilinear coupling λhhh [cf. eqs. (3.14) and (4.4)]. If the

decays to heavy particles are open, the width would be largely enhanced, as none of those

couplings are suppressed. One interesting case is the decay of H0
3 into a pair of doubly-

charged Higgs, which decays further into four leptons: H0
3 → H++

2 H−−2 → `+i `
+
i `
−
j `
−
j ,

where i, j are the flavor indices. In this case we can study the two hadrophobic scalars

simultaneously in one chain of production and decay processes. Note that in this channel,

the trilinear coupling (ρ1 +2ρ2) for the vertex H0
3H

++
2 H−−2 is directly related to the masses

of the two heavy hadrophobic scalars, cf. eqs. (3.16) and (3.21).

For the doubly-charged scalar H±±2 , the dominant decay channel is to a pair of same-

sign leptons. If its mass is larger than twice the WR mass, the WRWR channel is also open

and contributes sizably to the total width. Here again the dependence of width on the

gauge coupling gR is only through the WR mass.

Finally, there are also LNV Higgs decays, such as H0
3 → NN → `±`± + 4j [28] that

could provide additional distinct signals of the LR model.

6 Discovery potential

Given the dominant production and decay modes of the heavy Higgs states in the minimal

LR model, we list here the key discovery channels for this new Higgs sector at future

hadron colliders. As a brief guideline for future in-depth and sophisticated studies, we only

calculate the collider signals and the relevant dominant SM backgrounds at parton-level for

12Even for MH0
3
< 2Mh, the dominant tree-level decay mode of H0

3 is still into (off-shell) SM Higgs

bosons. If the H0
3hh coupling is really small, the loop-induced H0

3 → γγ decay will take over. For the

collider sensitivity study in the next section, we will simply assume that the H0
3hh coupling is large enough

to ensure the decay of H0
3 → 4b inside the detector.
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a conservative estimation of the sensitivity reach for the heavy Higgs masses at the FCC-

hh/SPPC. For concreteness, we focus mainly on the decay modes to SM particles, unless

otherwise specified. This choice is motivated by the fact that compared to the pure SM

final states, the channels with non-SM heavy particles, e.g. to heavy gauge bosons WR/ZR
and heavy neutrinos N [cf. table 6], are somewhat obscure due to the hitherto unknown

model parameters, such as the WR/ZR/N mass and the RH gauge coupling gR. Moreover,

the signals of these heavy gauge bosons will be easier to see in other channels involving

their direct production, such as in dijet, dilepton or dilepton+dijet final states [43], before

they can be detected in cascade decays from heavy Higgs production. Therefore, the Higgs

decay modes involving non-SM particles might be more relevant to other exotic studies at

future hadron colliders [5] and we do not discuss them here for simplicity.

6.1 Bi-doublet Higgs Sector

For the heavy bi-doublet sector, namely, H0
1 , A

0
1 and H±1 , the dominant production chan-

nels are determined by the Yukawa couplings of these heavy scalars to the third generation

quarks, independent of the quartic scalar couplings or the RH gauge coupling at the LO,

as discussed in section 4.1. Therefore, their sensitivity reach at future colliders can be

determined more robustly without making any assumptions on the model parameters.

6.1.1 H0
1/A

0
1

For the bidoublet neutral scalars H0
1/A

0
1, the main discovery channel is pp→ H0

1/A
0
1 → bb̄.

Due to the high center-of-mass energy and large masses of H0
1/A

0
1, as required by FCNC

constraints, the b-jets are highly boosted, which could be helpful in distinguishing them to

some extent from the otherwise huge SM bb̄ background ∼ 106 pb at
√
s = 100 TeV, which

is many orders of magnitude above the signal. Since we know the bi-doublet Higgs has to

be beyond 10 TeV in the LR model, we simply apply an invariant mass cut on the hardest

bottom quark jets, Mbb > 10 TeV, in addition to the basic pT and jet-separation cuts used

in section 4.1. The severe Mbb cut significantly reduces the QCD background to about 1.5

pb at NNLO, without losing much of the signal.

For the CP-even H0
1 , there is an additional key channel, i.e. pp→ H0

1 → hH0
3 → hhh

[cf. table 6]. If H0
3 is not very heavy, e.g. at the sub-TeV scale, the branching ratio of

H0
1 → hH0

3 can be sizable (at the level of 10% for 10 TeV H0
1 and 1 TeV H0

3 ) and this is a

viable channel for both H0
1 and H0

3 discovery. The triple Higgs production can be searched

for via distinct final states of 6b or 4b+ 2γ [163, 164]. The LO gg → hhh production cross

section in the SM is 3.05 fb at
√
s = 100 TeV, with a large NLO K-factor of ∼ 2 [163]. This

has to be multiplied with the appropriate SM branching ratios of either h→ bb̄ or h→ γγ.

For the 6b final state, another dominant SM background is from triple Z production, which

has a cross section of 260 fb at NLO [165, 166]. For the 4b2γ final state, we should also

take into account the backgrounds due to hZZ and Zhh production, which have NLO cross

sections of 37 fb and 8.3 fb, respectively [166]. However, since BR(h → γγ) = 2.27 × 10−3

is much smaller than BR(h → bb) = 0.58, the number of signal events for 4b2γ will be

much smaller than 6b and it would be challenging to search for heavy scalars in the 4b2γ

(or 2b4γ/6γ) mode.
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scalar discovery channel SM background σSM [fb]

H0
1/A

0
1

H0
1/A

0
1 → bb̄ bb̄ 1500

H0
1 → hH0

3 → hhh
hhh→ 6b 0.038

ZZZ → 6b 0.19

H±1 H±t→ ttb ttb→ bbbjj`ν 984

Table 7. Key discovery channels and dominant SM backgrounds for the bi-doublet Higgs states in

the minimal LR model at
√
s = 100 TeV pp collider. The last column gives the cross sections for

the SM backgrounds (calculated at an order same as or higher than the signal), after applying the

selection cuts discussed in the text.

6.1.2 H±1

For the singly charged H±1 , the key discovery channel is pp → H±1 t → ttb. Again, due to

the large mass of H±1 , both t and b-jets will be highly boosted, which will be a key feature

to extract the signal from the irreducible QCD background. In particular, jet substructure

analysis of the heavy quark jets and the kinematic observables could help to suppress the

SM background and also to distinguish the LR model from other scenarios such as the

MSSM. As it is more challenging to reconstruct a fat top-quark jet in our simulations,

we apply only the simple selection cut of Mtb > 5 TeV on the hardest tb pair to reduce

the QCD background from ∼ 300 pb level to about 20 pb at NLO, while retaining sizable

number of signal events.

All the key discovery channels and dominant backgrounds for the bi-doublet heavy

scalars are collected in table 7. To estimate the prospects of these heavy scalars at a future

100 TeV collider, we assume an optimistic integrated luminosity of 30 ab−1 and calculate

the expected number of corresponding signal (S) and background (B) events. With this,

we compute the expected signal sensitivity S/
√
S +B and find that a 3σ sensitivity can

be reached for H0
1/A

0
1 masses up to 15.2 TeV in the bb̄ channel and up to 14.7 TeV for

H0
1 in the hhh → 6b channel, as shown in figure 10 (red and green curves, respectively).

Although the number of hhh signal events is expected to be smaller than the bb̄ events,

the corresponding SM background is also much smaller, as noted above, which makes the

sensitivity reach in both channels comparable. Thus, as long as H0
3 is not too heavy (below

TeV scale) and the scalar coupling α2 for the vertex hH0
1H

0
3 is not small (& 0.1), the hhh

final state is one of the primary channels to search for both the heavy CP-even scalars H0
1

and H0
3 simultaneously.

On the other hand, the prospects for the singly-charged Higgs bosons are not so promis-

ing, since the production cross section is smaller than the neutral bi-doublet case, and

moreover, the ttb background is much larger than the signal, even after imposing severe

kinematic cuts. We find that a 3σ level sensitivity in the ttb → bbbjj`ν (with ` = e, µ)

channel can be reached up to MH±1
= 7.1 TeV only, as shown in figure 10 (blue curve).

This is a rather optimistic limit, since the multi-particle final state under consideration is

rather difficult to analyze in practice. In view of this, it would be interesting to consider

other alternatives, such as H±2 ±+H∓1 production [25].
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Figure 10. Sensitivity reach of the bi-doublet scalars in the minimal LR model at
√
s = 100 TeV

pp collider.

6.2 Hadrophobic Higgs sector

For the hadrophobic heavy scalars, it is more intricate to calculate the sensitivity reach,

since it depends on other LR model parameters as well. As long as the Higgs portals

are open, i.e. with α1 6= 0 in the simple scenarios considered in sections 4.2 and 4.3, the

production cross sections for H0
3 and H±±2 depend on the RH scale vR in all the dominant

channels. For the associated production channel H0
3h, the coupling is directly proportional

to the scale vR [cf. table 4]. On the other hand, for the SM Higgs-portal H0
3H

0
3 pair-

production process, the dependence on vR comes through the mixing term α1/ρ1, which

depends on MH0
3

= 2
√
ρ1vR. For a fixed value of α1 and MH0

3
, the trilinear scalar coupling

hH0
3H

0
3 is a function of the RH scale vR. When vR is larger, the quartic coupling ρ1 is

smaller and the mixing α1/ρ1 becomes larger, which can enhance the production of H0
3

pairs. For the VBF production of H0
3 , for a fixed value of the RH gauge coupling gR, when

the RH scale vR goes higher, due to the huge suppression by the heavy gauge boson WR

(and ZR) masses, the production of H0
3 drops rapidly beyond the pair-production of on-shell

WR bosons. For the VBF production of the doubly-charged scalar H±±2 , the situation is

rather similar to the H0
3 case, with the only differences being the factor of 2 in the coupling

to WR [cf. tables 4 and 5], a factor of 2 for identical particles in the vertex H±±2 W∓W∓,

and the absence of sub-leading contributions from ZRZR fusion. The sensitivities for both

H3 and H±±2 in the Higgsstrahlung channel are also sensitive to the gauge coupling gR and

the masses of RH gauge bosons; however, they are weaker than the VBF sensitivities for

the same set of model parameters.

6.2.1 H0
3

For relatively heavy hadrophobic scalar H0
3 , the key discovery channel is the VBF: pp →

H0
3 jj → hh(∗)jj, with a sub-dominant contribution from the Higgsstrahlung process pp→

H0
3WR → hh(∗)jj. This can be ideally searched for at

√
s = 100 TeV in either 4b + jj or

bbγγjj channels. The dominant background is VBF production of SM Higgs pair, which

– 30 –



J
H
E
P
0
5
(
2
0
1
6
)
1
7
4

scalar discovery channel SM background
σSM [fb]

(100 TeV)

σSM [fb]

(14 TeV)

H0
3

H0
3 jj → hhjj

hhjj → bbbbjj 27 4.1

ZZW → bbbbjj 21 0.54

H0
3h→ hhh

hhh→ 6b 1.2 0.016

ZZZ → 6b 0.91 0.054

H0
3H

0
3 → hhhh ZZZZ → 8b 4.2× 10−4 1.5× 10−5

H±±2

H++
2 H−−2 → `+`+`−`− ZZ → `+`+`−`− 2.1 0.18

H±±2 jj → `±`±jj WZ,ZZ,WW 1000 71

Table 8. Key discovery channels and dominant SM backgrounds for the hadrophobic Higgs states

in the minimal LR model at hadron colliders. The last two columns give the cross sections for the

SM background at
√
s = 100 and 14 TeV respectively (calculated at an order same as or higher

than the corresponding signal), after applying the selection cuts mentioned in the text.

is estimated to be 80 fb at 100 TeV [6]. The ZZW background is also sizable, about 1.4

pb [165]. The corresponding backgrounds at
√
s = 14 TeV LHC are 12 fb for Higgs-pair

production [6] and 36 fb for ZZW [168].

For smaller H0
3 masses, the triple Higgs channel pp → H0

3h → hh(∗)h becomes im-

portant. The hhh channels are subject to the uncertainty in the quartic couplings in the

scalar potential, but may benefit from the on-shell decay of H0
3 . Different from other heavy

scalars in the minimal LR model, the decay width of H0
3 could be comparatively rather

small, say few times 10 GeV, as long as none of the heavy particle channels are not open.

Thus by reconstructing the invariant mass of the right Higgs pair, one could expect a sig-

nificant resonance-like peak above the SM backgrounds, which mostly come from triple

Higgs [6, 163] or triple Z decays [165, 169, 170]. Moreover, the narrower triple Higgs in-

variant mass can be used to distinguish this channel from the same final states due to H0
1

decay which is likely to be a broader resonance of order TeV.

Another interesting possibility is the pair-production of H0
3 which leads to four-Higgs

final states: pp→ H0
3H

0
3 → hh(∗)hh(∗). Here the dominant SM background comes from 4Z

production with a NLO cross section of 0.8 fb at
√
s = 100 TeV [165]. However, the H0

3H
0
3

channel is relevant for discovery of H0
3 only at very small values of MH0

3
< 200 GeV [cf.

figures 6 and 9 (left)], where one of the SM Higgs bosons in the H0
3 → hh decay must be

off-shell, thus significantly decreasing the signal sensitivity.

All the key discovery channels of H0
3 are collected in table 8, wherein we also list

the cross sections for the dominant SM backgrounds at
√
s = 100 and 14 TeV. As the

hadrophobic scalars can be as light as hundreds GeV scale, we do not apply any special

cuts on the invariant mass of the final states. Thus, the sensitivity plots shown in figure 11

are rather conservative. In the left (right) panel, we show the 3σ mass reach for the

hadrophobic neutral scalar as a function of the RH scale vR at
√
s = 100 (14) TeV collider

with an integrated luminosity of 30 (3) ab−1. We find that for a small coupling α1 = 0.01,
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Figure 11. 3σ sensitivity of the neutral hadrophobic scalar H0
3 in the minimal LR model at√

s = 100 (14) TeV collider with an integrated luminosity of 30 (3) ab−1. The values in parenthesis

are for different ratios of gR/gL.

the hadrophobic scalar H0
3 can be probed via the Higgs-portal up to a few TeV scale. As

mentioned above, the H0
3H

0
3 mode remains sub-dominant to the H0

3h mode, unless we go

to very small MH0
3

values (not shown in figure 11). When the “mixing” parameter α1 or

the RH scale vR is larger, the sensitivity in both the Higgs-portal channels can be further

improved, due to the enhanced signal rate [cf. table 4], until we hit the perturbativity

bound for the triple Higgs couplings. On the other hand, the VBF channel is suppressed

by the heavier gauge boson masses at higher vR, and therefore, is dominant only for smaller

vR. In this channel, H0
3 can be probed up to a few TeV range, depending on the RH gauge

coupling strength. The Higgsstrahlung channel pp → H0
3WR → hh(∗)jj turns out to give

a smaller sensitivity, as compared to the VBF channel.

At the
√
s = 14 TeV LHC in the high-luminosity (HL) phase, a 3σ sensitivity can be

achieved only in the sub-TeV mass range, mainly due to the much smaller signal event rate

[cf. figure 9]. We do not show the sensitivities for the VBF case with gR/gL = 1.5 nor the

Higgsstrahlung case at the HL-LHC, since the signal rate in this case is too small, mainly

due to the larger RH gauge boson mass suppression. In any case, we are not aware of any

direct experimental limits on H0
3 and the sensitivity study presented here should provide

some motivation for their future collider searches.

6.2.2 H±±2

For the doubly-charged scalars H±±2 , there are two dominant discovery channels, depending

on the mass range being probed. (i) For low masses, it is the DY process pp→ H++
2 H−−2 →

`+`+`−`−, where some of the leptons could in principle be of different flavor, thus probing

lepton flavor violation. This leptonic channel is rather clean at hadron colliders, and

therefore, constitutes a “smoking gun” signal for the Higgs sector of the LR model. The
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most important background for this channel is the SM ZZ production [167, 171] whose

total cross section is 466 fb at NNLO. By suitably reconstructing the invariant masses

of same and opposite-sign charged lepton pairs, the ZZ background can be significantly

reduced. (ii) For high masses, it is the VBF process pp → H±±2 jj → `±`±jj, which is a

high-energy analog of the 0νββ process, thus probing lepton number violation at colliders.13

The Higgsstrahlung process pp → H±±2 W∓R → H±±2 jj gives a sub-dominant contribution

to this signal. The SM does not have any same-sign dilepton events with jets and without

missing ET , at least at LO; however, there are several SM processes which pose as an

irreducible background to inclusive same-sign dilepton searches in the VBF channel, such

as leptonic decays of WZ,ZZ and a smaller contribution from W±W± [172]. There are also

reducible backgrounds from the opposite-sign lepton pairs produced via DY, tt̄, W±W∓ and

Wt decays, where the charge for one of the leptons is wrongly reconstructed. The charge

mis-identification rate at the LHC is rather small of order 1.5% [70], and is expected to

be of similar order for FCC-hh, depending on the detector material. However, since the

opposite-sign dilepton background is huge, one has to take into account both reducible and

irreducible backgrounds for the VBF process, which results in a total background of order

1 pb for the
√
s = 100 TeV and 71 fb at

√
s = 14 TeV. All the key discovery channels of

H±±2 and the dominant SM backgrounds at
√
s = 100 and 14 TeV are collected in table 8.

The sensitivity reach for H±±2 in the two dominant channels mentioned above are pre-

sented in the left panel of figure 12 for
√
s =100 TeV collider with an integrated luminosity

of 30 ab−1. For comparison, we also show the current 95% C.L. lower limit [70] on H±±2

mass from the DY pair-production via s-channel Z or photon and the subsequent decay

of H±±2 into same-sign dileptons. The exclusion shown here (gray shaded region) is for

the µ±µ± channel, which is the most stringent, while the corresponding limits for e±e±

and e±µ± are slightly weaker and not shown here. Also note that we have used the limits

on the RH doubly-charged scalars (as applicable to our case), which are weaker than the

corresponding limits on LH doubly-charged scalars, due to their different coupling to Z.

At the 100 TeV machine, we can probe H±±2 masses up to a few TeV. For the DY process,

due to the large mass of ZR, the pair production of doubly-charged scalars is dominated

by the SM γ or Z s-channel mediators. Thus, in the absence of the heavy ZR boson contri-

bution, the sensitivity for H±±2 is intrinsically independent of the new physics at the RH

scale. However, when it comes to the resonance region MZR ' 2MH±±2
, the DY signal, and

hence, the sensitivity can be improved significantly. This is the reason why we have a bump

around 13 TeV in the right panel of figure 11, which corresponds to MZR ' 14 TeV. Such

a resonance-like feature provides a very clear probe of the LR model at future colliders, in

combination with the searches for heavy RH gauge bosons which could give us a hint on

where to look for this resonance in the new Higgs signal.

For comparison, we also show the 3σ sensitivities for H±±2 at the HL-LHC with an

integrated luminosity of 3 ab−1 in the right panel of figure 12. With conservative treatment

13The higher-order VBF process H++
2 H−−2 jj is also promising at the FCC-hh [29]. It is interesting to

note that this could also stem from pp → H0
3 jj → H++

2 H−−2 jj with on-shell VBF production of H0
3 ,

provided MH0
3
> 2M

H±±
2

, which could significantly enhance this signal.
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Figure 12. 3σ sensitivity of the RH doubly-charged scalar H±±2 in the minimal LR model at
√
s =

100 (14) TeV collider with an integrated luminosity of 30 (3) ab−1. The values in parenthesis are

for different ratios of gR/gL. The gray shaded region is excluded at 95% C.L. from the
√
s = 8 TeV

LHC searches for same-sign dimuon pairs.

of the SM backgrounds in this work, the hadrophobic scalars H0
3 and H±±2 can only be

probed below the TeV scale. Note, however, that the Higgs portals of H0
3 depend on the

quartic scalar couplings. A larger value of α1 could enhance the signal rate significantly.

On the other hand, for both H0
3 and H±±2 , the VBF channel is rather sensitive to the gauge

coupling gR. When gR is large, e.g. 1.5gL, the RH gauge bosons WR and ZR become so

heavy that it is rather challenging to see the hadrophobic scalars in the VBF mode. The

sensitivities in the Higgsstrahlung channel are lower than the VBF ones, and therefore, not

shown in the figure. One should keep in mind that all the lines in figure 12 are based on the

rather simple and conservative treatment of the SM backgrounds. Realistic and indicate

analysis of the signals and backgrounds could improve largely the sensitivities. In addition,

the hadrophobic scalars could also be detected at the LHC with a smaller luminosity, say

300 fb−1, which however needs detailed consideration of the backgrounds and is beyond the

scope of this paper.

7 Distinction between the LR and MSSM Higgs sectors

The bi-doublet Higgs in the minimal LR model is similar to other popular beyond SM

Higgs sectors, such as the MSSM and more generally the 2HDM, which also contain two

Higgs doublets. However there is a profound difference between the two models, since in

the LR case, the second Higgs doublet, in the limit of κ′ = 0, does not contribute to the

SM fermion masses and therefore the decay properties are very different, as illustrated

in table 9. In particular, the τ+τ− final state is suppressed by either the Dirac Yukawa

coupling or the left-right mixing for the neutral bi-doublet scalars H0
1/A

0
1 in the LR model
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Field MSSM LR model

H0
1 , A

0
1 bb̄, τ+τ− (high tan β) bb̄

tt (low tan β) W+
RW

− → `+`+4j

H+ tb̄, τ̄ ν tLb̄R

Table 9. A comparison of the dominant collider signals of neutral and charged scalars in the

minimal LR model and MSSM.

[cf. table 12], whereas this is one of the cleanest search channels for the MSSM heavy Higgs

sector in the large tan β limit [63, 174]. Furthermore, due to the presence of extra gauge

fields in our case i.e. W±R , ZR, new modes which are very different from MSSM appear, e.g.

H0
1 → W+

RW
− and H+

1 → W+
RZ which have no MSSM analog. These modes can lead to

distinguishing signals in leptonic channels e.g. `±`±jjjj with ∼ 5% branching ratio. In

3 ab−1 data, this can lead to about 100 signal events and the SM background for these

processes is expected to be very small. Such leptonic final state signals are absent for

MSSM Higgs. One can also use the relations between the various partial decay widths

as shown in table 6 and eq. (5.2) to distinguish the LR Higgs sector from other 2HDM

scenarios. For 2HDM Higgs studies at the 100 TeV collider, see e.g. ref. [6, 175].

If a positive signal is observed, one can also construct various angular and kinematic

observables to distinguish the minimal LR scenario from other models giving similar sig-

nals [51, 52, 56]. For instance, we find from table 3 that t̄LbR final states are preferred

over the t̄RbL final states for H+
1 production, which can be utilized to distinguish it from

2HDM scenarios, including the MSSM.

Another key feature which distinguishes the LR Higgs sector from 2HDM is the pres-

ence of the neutral and doubly-charged hadrophobic scalars. A positive signal for any of the

doubly-charged scalars discussed above will be a strong evidence for the LR model. Also,

the H0
3 → hh decay mode of the neutral hadrophobic scalar leads to distinct multi-Higgs

final states, which are absent in 2HDM scenarios in the so-called alignment limit, since the

Hhh coupling identically vanishes [176–178]. As the current LHC Higgs data suggest the

couplings of the observed 125 GeV Higgs boson to be close to the SM expectations, thus

overwhelmingly favoring the alignment limit for any extended Higgs sector, the multi-Higgs

signals listed in tables 7 and 8 will provide another unique way to distinguish the LR model

from generic 2HDMs.

8 Summary

We have presented a detailed exploration of the collider signals of the new Higgs bosons of

the minimal TeV scale Left-Right model for neutrino masses. We analyze all the dominant

production and decay modes of the heavy Higgs bosons in the model at a future 100 TeV

collider, such as the FCC-hh/SPPC, as well as at the HL-LHC. FCNC constraints in the

minimal model make the 100 TeV collider a unique machine to probe the heavy bi-doublet

Higgs bosons of the model. We also discuss how this model can be distinguished from other

extended Higgs sectors, such as in the MSSM, whose Higgs sector partially overlaps with
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that of the minimal LR model, albeit with different couplings. We find that the bi-doublet

neutral and singly-charged Higgs scalars can be effectively probed at a 100 TeV collider up

to masses of 15 TeV and 7 TeV, respectively, independent of the other model parameters.

The sensitivity reach for new hadrophobic neutral and doubly-charged Higgs bosons can

go up to a few TeV, depending on the RH scale vR and the gauge coupling gR. Some of the

considerations here can be further improved once better estimates of the higher-order QCD

corrections are taken into account in discussing production cross sections and also more

sophisticated simulations are performed to optimize the selection cuts and signal sensitivity.

Thus, the results presented here can be taken as an initial guide in the exploration of the

heavy Higgs sector of the minimal LR model at future colliders. Our hope is that this will

provide a motivation to seriously probe the possibility that neutrino masses could owe their

origin to new physics at the TeV scale and supplement any positive results that emerge

from the LHC run II.
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A Couplings involving the SM and heavy LR Higgs sector

In this appendix we calculate all the couplings of the SM and heavy Higgs bosons from

the bidoublet Φ and the triplet ∆R in the minimal LR model to the SM fermions, vector

bosons and among themselves. Our results are collected in tables 10 to 14.

Taking the third order derivatives of the potential (3.1) with respect to the physical

scalar states leads us to the trilinear couplings among the SM Higgs and the heavy beyond

SM states. All these couplings are collected in table 10, which are uniformly written in the

form of

L ⊃ −λsisjsksisjsk , (A.1)

with si standing for all the eight physical scalars. All the couplings are expanded in terms

of the small parameters ε, ξ, α � 1 and truncated to the order of εvR ' κ = vEW. One

exception is the trilinear coupling for the light SM Higgs, which is calculated up to the

order of ε2vR. The scalar trilinear couplings are presented in table 10, with the values at

different orders (vR and εvR = κ) separately shown. From this, one can readily see which

couplings are potentially large and which are relatively suppressed. Some couplings vanish

at the order of κ and are not listed in table 10.
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couplings O(vR) O(κ, ξvR)

hhh 1
2
√

2

(
4λ1 −

α2
1
ρ1

)
κ+
√

2
(

4λ4 − α1α2
ρ1

)
ξκ

H0
1hh

√
2
[
3λ4 + α1α2

(
2

α3−4ρ1
− 1

ρ1

)]
κ

H0
3hh

1√
2
α1vR 2

√
2α2ξvR

hH0
1H

0
1

√
2
[
λ1 + 4λ2 + 2λ3 +

8α2
2

α3−4ρ1
− α1(α1+α3)

4ρ1

]
κ

hH0
3H

0
3 −

√
2
[
α1 −

α2
1

2ρ1
+

8α2
2

α3−4ρ1

]
κ

hH0
1H

0
3 2

√
2α2vR

√
2α3ξvR

hA0
1A

0
1

√
2
[
(λ1 − 4λ2 + 2λ3)− α1(α1+α3)

4ρ1

]
κ

H0
1H

0
1H

0
1

√
2
[
λ4 + 2α2(α1+α3)

α3−4ρ1

]
κ

H0
3H

0
3H

0
3

√
2ρ1vR

H0
1H

0
3H

0
3 −

√
2α2

[
2− α1

ρ1
+ 4α1+α3

α3−4ρ1

]
κ

H0
3H

0
1H

0
1

1√
2

(α1 + α3) vR −2
√

2α2ξvR

H0
1A

0
1A

0
1

√
2
[
λ4 + 2α2(α1+α3)

α3−4ρ1

]
κ

H0
3A

0
1A

0
1

1√
2

(α1 + α3) vR −2
√

2α2ξvR

hH+
1 H

−
1

1√
2

[
α3 + 4λ1 − α1(α1+α3)

ρ1

]
κ

H0
1H

+
1 H

−
1 2

√
2
[
λ4 + 2α2(α1+α3)

α3−4ρ1

]
κ

H0
3H

+
1 H

−
1

√
2 (α1 + α3) vR −4

√
2α2ξvR

hH++
2 H−−2

√
2
[
α3 − 2α1ρ2

ρ1

]
κ

H0
1H

++
2 H−−2 2

√
2α2κ

α3+8ρ2
α3−4ρ1

H0
3H

++
2 H−−2 2

√
2 (ρ1 + 2ρ2) vR

Table 10. Trilinear scalar couplings in the minimal LR model.

The quartic couplings can be obtained in a much similar way, by taking the fourth

order derivatives of the potential (3.1). The couplings are written in the form of

L ⊃ −λsisjskslsisjsksl . (A.2)

For completeness we list all the non-vanishing quartic couplings up to order ε in table 11.

Among the large number of quartic couplings, the phenomenologically most interesting

ones are the SM-like λhhhh and the new coupling λH0
1hhh

, with the latter relevant for the

processes pp → H0
1 → hhh at the 100 TeV collier. The coupling λA0

1hhh
is only non-zero
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couplings O(quartic couplings) O(ε× quartic couplings)

hhhh 1
4
λ1 λ4ξ + (2λ2 + λ3) ξ2 +

α2
1(α1−2λ1)ε

2

16ρ21

hhhH0
1 λ4 2(2λ2 + λ3)ξ

hhhH0
3 −

[
α1(α1−2λ1)

4ρ1
+ 4α2λ4

α3−4ρ1

]
ε

hhH0
1H

0
1

1
2

(λ1 + 4λ2 + 2λ3)

hhH0
3H

0
3

1
4
α1 α2ξ

hhA0
1A

0
1

1
2

(λ1 − 4λ2 + 2λ3)

hhH0
1H

0
3 ε

[
2α2(α1−2(λ1+4λ2+2λ3))

α3−4ρ1
+ α1(3λ4−2α2)

2ρ1

]
hH0

3H
0
3H

0
3

[
α1(α1−2ρ1)

4ρ1
− 4α2

2
α3−4ρ1

]
ε

hH0
1{H0

1H
0
1 , A

0
1A

0
1} λ4 −2(2λ2 + λ3)ξ

hH0
1H

0
3H

0
3 α2

1
2
α3ξ

hH0
3A

0
1A

0
1

[
−α1(α1+α3−2λ1+8λ2−4λ3)

4ρ1
− 4α2λ4

α3−4ρ1

]
ε

hH0
1H

0
1H

0
3

[
4α2(2α2−3λ4)

α3−4ρ1
− α1(α1+α3−2(λ1+4λ2+2λ3))

4ρ1

]
ε

H0
3H

0
3H

0
3H

0
3

1
4
ρ1

H0
1H

0
1H

0
1H

0
1 , A0

1A
0
1A

0
1A

0
1

1
4
λ1 −λ4ξ

H0
1H

0
1A

0
1A

0
1

1
2
λ1 −2λ4ξ

{H0
1H

0
1 , A

0
1A

0
1}H0

3H
0
3

1
4
(α1 + α3) −α2ξ

H0
1H

0
1H

0
1H

0
3

1
2

[
4α2(α1+α3−2λ1)

α3−4ρ1
+ α1λ4

ρ1

]
ε

H0
1H

0
3H

0
3H

0
3

1
2
α2

[
α1
ρ1
− 2(2α1+α3)

α3−4ρ1
− 2

]
ε

H0
1H

0
3A

0
1A

0
1

[
2α2(α1+α3−2λ1)

α3−4ρ1
+ α1λ4

2ρ1

]
ε

H+
1 H

+
1 H

−
1 H

−
1 λ1 −4λ4ξ

hhH+
1 H

−
1 λ1

hH0
1H

+
1 H

−
1 2λ4 −4(2λ2 + λ3)ξ

hH0
3H

+
1 H

−
1

1
2

[
α3 − 16α2λ4

α3−4ρ1
− α1(α1+α3−2λ1)

ρ1

]
ε

{H0
1H

0
1 , A

0
1A

0
1}H+

1 H
−
1 λ1 −4λ4ξ

H0
3H

0
3H

+
1 H

−
1

1
2
(α1 + α3) −2α2ξ

H0
1H

0
3H

+
1 H

−
1

[
4α2(α1+α3−2λ1)

α3−4ρ1
+ α1λ4

ρ1

]
ε

H++
2 H++

2 H−−2 H−−2 ρ1

hhH++
2 H−−2

1
2
(α1 + α3) 2α2ξ

hH0
1H

++
2 H−−2 2α2 −α3ξ

hH0
3H

++
2 H−−2

1
2

[
α1(α1+α3−2(ρ1+2ρ2))

ρ1
− 16α2

2
α3−4ρ1

]
ε

{H0
1H

0
1 , A

0
1A

0
1}H++

2 H−−2
1
2
α1 −2α2ξ

H0
3H

0
3H

++
2 H−−2 ρ1 + 2ρ2

H0
1H

0
3H

++
2 H−−2

α2(α1(α3−8ρ1)+8ρ1(ρ1+2ρ2))ε
ρ1(α3−4ρ1)

H+
1 H

−
1 H

++
2 H−−2 α1 −4α2ξ

hH−1 H
−
1 H

++
2 − 1

2
√
2
α3ε

Table 11. Quartic scalar couplings in the minimal LR model.
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up to the order of ξα and λH0
3hhh

at the order of ε, and are thus less interesting for the

LR Higgs phenomenology. Note that the SM Higgs self coupling can be measured with

40% accuracy at 100 TeV collider with 3 ab−1 integrated luminosity [179], whereas future

lepton colliders could improve the accuracy to about 10–20% [180]; for a review, see e.g.

ref. [181]. These precision measurements will provide another way to test the deviations

from the SM value as predicted in the minimal LR model.

Couplings of the neutral and charged scalars to the SM up- and down-type quarks are

summarized in table 12, where Ŷu, d are diagonal Yukawa coupling matrix in the SM and

VL,R are the left and right-handed quark mixing matrices. These couplings are proportional

to the quark masses or their linear combinations, with flavor mixings potentially involved.

The SM Yukawa couplings are reduced by a universal factor of O(ε2), due to mixing of

the SM Higgs to the heavy scalar H0
3 at the order of ε [cf. eq. (3.13)]. As a result of the

same scalar mixing, the couplings of scalar H0
3 to the quarks are at the order of O(ε), and

hence we call it hadrophobic. The bi-doublet scalars can potentially couple to the fermions

in such a manner that they lead to dangerous FCNC effects, and thus constrained to be

heavier than 8–10 TeV [36].

The couplings to the charged leptons and neutrinos are somewhat different due to the

fact that the neutrinos are allowed to obtain Majorana masses. In the type-I seesaw case,

using the Casas-Ibarra parametrization [182] for the Dirac mass matrix

mD = i M
1/2
N O m1/2

ν , (A.3)

where O is an arbitrary (complex) orthogonal matrix, we extract the Yukawa couplings in

the neutrino sector: YνN = mD/κ. All the Yukawa couplings in the leptonic sector are

collected in table 12, where Ŷe are the diagonal charged lepton Yukawa coupling matrix

in the SM, UL the effective low energy mixing matrix for the left-handed neutrinos in the

basis of diagonal and positive-definite charged lepton mass matrix we adopt, and UR the

mixing matrix among the heavy RH neutrinos.

It is straightforward to obtain the couplings of the SM and heavy scalars to the SM

gauge bosons γ, the W and Z, as well as to the heavy gauge bosons WR and ZR. These

are collected in tables 13 and 14.

B Dominant decay widths of the heavy Higgs bosons

In this appendix we list all the potentially dominant decay channels and their widths for

the bi-doublet and hadrophobic heavy Higgs states in the minimal LR model. For the

neutral bi-doublet scalars, the decay widths of dominant decay channels are, respectively,

Γ(H0
1/A

0
1 → bb̄) ' 3α

1/2
3 y2

t vR
16π

β3
1(mb, MH0

1
) , (B.1)

Γ(H0
1 → H0

3h) ' α2
2α
−1/2
3 vR
2π

β2(Mh, MH0
3
, MH0

1
)Θ(MH0

1
−Mh −MH0

3
) , (B.2)

Γ(H0
1/A

0
1 →W±W∓R ) ' α

3/2
3 vR
32π

β2(MW , MWR
, MH0

1
)Θ(MH0

1
−MW −MWR

) (B.3)

×

[
β4

2(MW , MWR
, MH0

1
)f2

2 (MW , MWR
, MH0

1
) +

8M2
WM

2
WR

M4
H0

1

]
,
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couplings values

hūu 1√
2
ŶU

(
1− α2

1ε
2

8ρ21

)
H0

1 ūu −
√

2ξŶU (1 + iα) + 1√
2

(
VLŶDV

†
R

)(
1 + 2ξ2 − 8α2

2ε
2

(α3−4ρ1)2

)
H0

3 ūu
1√
2
ŶU

(
α1ε
2ρ1

+ 4α2ξε
α3−4ρ1

)
− 1√

2

(
VLŶDV

†
R

)(
4α2ε

α3−4ρ1 + α1ξε
2ρ1

)
A0

1ūu +
√

2iξŶU (1 + iα)− i√
2

(
VLŶDV

†
R

) (
1 + 2ξ2

)
hd̄d 1√

2
ŶD

(
1− α2

1ε
2

8ρ21

)
H0

1 d̄d −
√

2ξŶD(1− iα) + 1√
2

(
V †L ŶUVR

)(
1 + 2ξ2 − 8α2

2ε
2

(α3−4ρ1)2

)
H0

3 d̄d
1√
2
ŶD

(
α1ε
2ρ1

+ 4α2ξε
α3−4ρ1

)
− 1√

2

(
V †L ŶUVR

)(
4α2ε

α3−4ρ1 + α1ξε
2ρ1

)
A0

1d̄d −
√

2iξŶD(1− iα) + i√
2

(
V †L ŶUVR

) (
1 + 2ξ2

)
H+

1 ūLdR
1√
2

(
ŶUVR

)(
1 + 2ξ2 − ε2

4

)
−
√

2ξ(1− iα)
(
VLŶD

)
H+

1 ūRdL − 1√
2

(
VRŶD

) (
1 + 2ξ2 − 1

4ε
2
)

+
√

2ξ
(
ŶUVL

)
hēe 1√

2
Ŷe

(
1− α2

1ε
2

8ρ21

)
H0

1 ēe −
√

2ξŶe(1− iα) + 1√
2
YνN

(
1 + 2ξ2 − 8α2

2ε
2

(α3−4ρ1)2

)
H0

3 ēe
1√
2
Ŷe

(
α1ε
2ρ1

+ 4α2ξε
α3−4ρ1

)
− 1√

2
YνN

(
4α2ε

α3−4ρ1 + α1ξε
2ρ1

)
A0

1ēe −
√

2iξŶe(1− iα) + i√
2
YνN

(
1 + 2ξ2

)
hNN 1√

2
f
(
−α1ε

2ρ1

)
H0

1NN
1√
2
f
(
− 4α2ε

4ρ1−α3

)
H0

3NN
1√
2
f
(

1− α2
1ε

2

8ρ21
− 8α2

2ε
2

(4ρ1−α3)2

)
H+

1 ν̄eR
1√
2

(
UTL YνN

) (
1 + 2ξ2 − ε2

4

)
−
√

2ξ
(
UTL Ŷe

)
(1− iα)

H+
1 N̄eL − 1√

2

(
UTR Ŷe

) (
1 + 2ξ2 − 1

4ε
2
)

+
√

2ξ
(
UTRYνN

)
H+

1 NeR −f
(

1√
2
ε
)

H++
2 eReR − 1√

2
f

Table 12. Couplings of the scalars in the minimal LR model to fermions. Ŷu,d,e are the diagonal

Yukawa coupling matrices in the SM, YνN = mD/κ, and f are the Yukawa coupling in eq. (2.6).

where Θ(x) is the Heavyside function and the prefactors are explicitly written as functions

of the RH scale vR, the quartic couplings and Yukawa couplings, up to the LO of the

heavy vector and scalar boson masses as given in eqs. (2.10), (2.11), (3.14)–(3.17), (3.20)

and (3.21) and the relevant couplings as given in tables 10 to 14. The velocities of decay
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couplings values ×gµν

hW+W−
g2Lκ√

2

[
1− α2

1ε
2

8ρ21

]
H0

1W
+W−

g2Lκ√
2

[
− 2gR

gL
sin ζW

]
H0

3W
+W−

g2Lκ√
2

[α1ε
2ρ1
− 4α2ξε
α3−4ρ1

]
A0

1W
+W−

g2Lκ√
2

[
O(ξ3 sinα)

]
hZZ

g2Lκ

2
√
2 cos2 θw

[
1− α2

1ε
2

8ρ21
− 2 sin θw cotφ sin ζZ

]
H0

1ZZ
g2Lκ

2
√
2 cos2 θw

[ 64α2 sin2 θw
(α3−4ρ1) cos2 2φ

sin2 ζZ
]

H0
3ZZ

g2Lκ

2
√
2 cos2 θw

[α1ε
2ρ1
− 4α2ξε
α3−4ρ1

]
A0

1ZZ
g2Lκ

2
√
2 cos2 θw

[
O(ξ3 sinα)

]
H+

1 W
−Z

g2Lκ√
2

[
− sin θw

cos2 θw sinφ
sin ζW

]
H++

2 W−W− −2g2RvR sin2 ζW

H+
1 W

−γ gLgRκ√
2

[
− sin θw sin ζW

]
hW+

RW
−
R

g2RvRε√
2

[
1− α1

ρ1
− α2

1ε
2

8ρ21

]
H0

1W
+
RW

−
R

g2RvR√
2

[ 8α2ε
α3−4ρ1

+ 2gLε
gR

sin ζW
]

H0
3W

+
RW

−
R

g2RvR√
2

[
2− 16α2

2ε
2(

α3−4ρ1

)
2
− α1

(
α1−2ρ1

)
ε2

4ρ21

]
A0

1W
+
RW

−
R

g2RvR√
2

[
O(ξ3ε sinα)

]
hZRZ

µ
R

√
2g2RvR
cos2 φ

[
− α1ε

2ρ1
+ 1

4
ε cos4 φ

]
H0

1ZRZR

√
2g2RvR
cos2 φ

[ 4α2ε
α3−4ρ1

]
H0

3ZRZR

√
2g2RvR
cos2 φ

[
1 +

(
− α2

1

8ρ21
− 8α2

2(
α3−4ρ1

)
2

+ α1 cos4 φ
8ρ1

)
ε2
]

A0
1ZRZR

√
2g2RvR
cos2 φ

[
O(ξ3ε sinα)

]
H+

1 W
−
R ZR

g2Lκ√
2

[
− tan θw(1+sin2 φ)

sin2 φ cosφ
+ sin θw

cos2 θw sinφ
sin ζZ

]
H++

2 W−RW
−
R −2g2RvR

H+
1 W

−
R γ

g2Lκ√
2

[ sin2 θw
cos θw sinφ

(
1
4
ε2 + 2ξ2

)]
hW+W−R

gLgRκ√
2

[
− 2ξ(1 + iα) +

( gR
gL

(1− α1
ρ1

)− gL
gR

)
sin ζW

]
H0

1W
+W−R

gLgRκ√
2

[
−

(
1− 8α2

2ε
2(

α3−4ρ1

)
2
− 2ξ2

)
− gR

gL

8α2
4ρ1−α3

sin ζW
]

H0
3W

+W−R
gLgRvR√

2

[ 4α2ε
2

α3−4ρ1
− 2gR

gL
sin ζW

]
A0

1W
+W−R

gLgRκ√
2

[
− i

(
1− 2ξ2

)]
hZZR

g2Lκ√
2

[
− sin θw cotφ

cos2 θw

(
1− α1ε

2

8ρ21

)
+

(
− 1+sin2 θw

cos2 θw
+ tan2 θw

sin2 φ

)
sin ζZ

]
H0

1ZZR
g2Lκ√

2

[ 16α2
α3−4ρ1

tan2 θw
sin2 φ cos2 φ

sin ζZ
]

H0
3ZZR

g2LvR√
2

[
− α1

2ρ1

sin θw
cos2 θw sinφ

ε2 + 4 tan2 θw
sin2 φ cos2 φ

sin ζZ
]

A0
1ZZR

g2Lκ√
2

[
O(ξ3 sinα)

]
H+

1 W
−
µ ZR

gLgRκ√
2

[
− tan θw(1+sin2 φ)

sinφ cosφ
sin ζW

]
H+

1 W
−
R Z

gLgRκ√
2

[
− 1

cos θw
+ cos θw

4

(
8ξ2 + ε2

)
− tan θw(1+sin2 φ)

sinφ cosφ
sin ζZ

]
H++

2 W−W−R −2g2RvR sin ζW

Table 13. Couplings of the scalars in the minimal LR model to gauge bosons up to the order

of O(ε2, sin ζW , sin ζZ). At the tree level both the couplings of form H0
1Zγ and H0

3Zγ vanish, as

expected from gauge invariance.
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couplings values ×(k1µ − k2µ)

H+
1 hW

− − 1
2gR sin ζW

H+
1 H

0
1W

− 1
2gL

[
1− 1

4ε
2
(

1 +
32α2

2

(α3−4ρ1)2

)]
H+

1 H
0
3W

− −gL
(

2α2ε
α3−4ρ1 + α1ξε

4ρ1

)
H+

1 A
0
1W
− − i

2gL

(
1− 1

4ε
2
)

H++
2 H−1 W

− − 1√
2
gRε sin ζW

{hh, H0
1H

0
1 , H

0
3H

0
3 , A

0
1A

0
1}Z 0

{H0
1h, H

0
3h, H

0
3H

0
1}Z O(ξε sinα)

A0
1hZ O(ξε2)

A0
1H

0
1Z

igL
cos θw

[
− 1

2 +
4α2

2ε
2

(α3−4ρ1)2 + sin θw cosφ
2 sinφ sin ζZ

]
A0

1H
0
3Z

igL
cos θw

[
2α2ε

α3−4ρ1 + α1ξε
4ρ1

]
H+

1 H
−
1 Z

gL
cos θw

[
1
2 cos 2θw − 1

4ε
2 + 1

2 sin θw cotφ sin ζZ

]
H++

2 H−−2 Z gL
cos θw

[
− 2 sin2 θw + sin θw(cotφ− tanφ) sin ζZ

]
H+

1 H
−
1 γ e

H++
2 H−−2 γ 2e

H+
1 hW

−
R − 1

2gR

[
1− 2ξ2 − 1

4

(
1− 2α1

ρ1
+

α2
1

2ρ21

)
ε2
]

H+
1 H

0
1W

−
R gR

(
ξ − iαξ + 2α2ε

2

α3−4ρ1

)
− 1

2gL sin ζW

H+
1 H

0
3W

−
R

1
2gR

[(
1− α1

2ρ1

)
ε− 4α2ξε

α3−4ρ1

]
H+

1 A
0
1W
−
R igR(ξ − iαξ)− i

2gL sin ζW

H++
2 H−1 W

−
R − 1√

2
gRε

{hh, H0
1H

0
1 , H

0
3H

0
3 , A

0
1A

0
1}ZR 0

{H0
1h, H

0
3h, H

0
3H

0
1}ZR O(ξε sinα)

A0
1hZR O(ξε2)

A0
1H

0
1ZR

igL
cos θw

[
1
2 sin θw cotφ− 4α2

2ε
2 sin θw cotφ

(α3−4ρ1)2 + 1
2 sin ζZ

]
A0

1H
0
3ZR

igL
cos θw

[
− 2α2ε sin θw cotφ

α3−4ρ1 − α1ξε sin θw cotφ
4ρ1

]
H+

1 H
−
1 ZR

gL
cos θw

[
1
2 sin θw cotφ− sin θw(1+sin2 φ)

4 sinφ cosφ ε2 − 1
2 cos 2θw sin ζZ

]
H++

2 H−−2 ZR
gL

cos θw

[
sin θw(cotφ− tanφ) + 2 sin2 θw sin ζZ

]
Table 14. Couplings of the scalars in the minimal LR model to the gauge bosons up to the order

of O(ε2, sin ζW , sin ζZ). k1µ and k2µ are the momenta for the first and second scalars in each of

the couplings pointing inward to the vertex.
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products are defined as

β1(m, M) ≡
[
1− 4m2

M2

]1/2

, (B.4)

β2(m1, m2, M) ≡
[
1− 2(m2

1 +m2
2)

M2
+

(m2
1 −m2

2)2

M4

]1/2

, (B.5)

and the dependent function

f2(m1, m2, M) ≡ 1

2

[
1 +

√(
1 +

4m2
1

M2β2
2(m1, m2, M)

)(
1 +

4m2
2

M2β2
2(m1, m2, M)

)]
.

(B.6)

In the limit of m1, 2 � M , the function f2 → 1. The three-body decay width of H0
1 into

the SM Higgs given by

Γ(H0
1 → hhh) '

3λ2
4MH0

1

256π3
(B.7)

is generally much smaller than the two-body channels for large vR � κ.

For the singly-charged heavy scalars, the dominant decay widths are given by

Γ(H±1 → tb̄(t̄b)) ' 3α
1/2
3 y2

t vR
32π

β3
2(mb, mt, MH±1

)f2(mb, mt, MH±1
) , (B.8)

Γ(H±1 → ZW±R ) ' α
3/2
3 vR
64π

β2(MZ , MWR
, MH±1

)Θ(MH±1
−MZ −MWR

)

×

β4
2(MZ , MWR

, MH±1
)f2

2 (MZ , MWR
, MH±1

) +
8M2

ZM
2
WR

M4
H±1

 , (B.9)

Γ(H±1 → hW±R ) ' α
3/2
3 vR
64π

β2(Mh, MWR
, MH±1

)Θ(MH±1
−Mh −MWR

)

×

β4
2(Mh, MWR

, MH±1
)−

16M2
hM

2
WR

M4
H±1

 . (B.10)

For the hadrophobic scalar H0
3 , we list all the potential dominant channels below:

Γ(H0
3 → hh) ' α2

1ρ
−1/2
1 vR
32π

β1(Mh, MH0
3
) , (B.11)

Γ(H0
3 → H0

1h) ' α2
2ρ
−1/2
1 vR
4π

β2(Mh, MH±1
, MH0

3
)Θ(MH0

3
−Mh −MH0

1
) ,

(B.12)

Γ(H0
3 → H0

1H
0
1/A

0
1A

0
1/H

+
1 H

−
1 ) ' (α1 + α3)2ρ

−1/2
1 δHvR

32π
β1(MH0

1
, MH0

3
)Θ(MH0

3
− 2MH0

1
) ,

(B.13)
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Γ(H0
3 → H++

2 H−−2 ) ' ρ
−1/2
1 (ρ1 + 2ρ2)2vR

4π
β1(MH±±2

, MH0
3
)Θ(MH0

3
− 2MH±±2

) ,

(B.14)

Γ(H0
3 → VRVR) ' ρ

3/2
1 δV vR

8π
β1(MVR , MH0

3
)

(
1−

4M2
VR

M2
H0

3

+
12M4

VR

M4
H0

3

)
Θ(MH0

3
− 2MVR) ,

(B.15)

Γ(H0
3 → NiNi) '

3ρ
1/2
1 f2vR

8π
β3

1(MN , MH0
3
)f2(MN , MN , MH0

3
)Θ(MH0

3
− 2MN ) , (B.16)

where the factor δH = 1 for H0
1 and A0

1, and 2 for the charged scalar H±1 , VR = WR, ZR
with the factor δV = 2 for WR and 1 for ZR. It is obvious that the bi-doublet decay

channels of H0
3 are universally determined by the quartic coupling combination (α1 + α3).

For the RH neutrino channel, we assume for simplicity the three neutrino states Ni have a

degenerate mass MN , and f is the Yukawa coupling in eq. (2.6).

For the doubly-charged scalars, we have the following two dominant partial decay

widths:

Γ(H±±2 →`±`±) ' 3ρ
1/2
2 vR
8π

(B.17)

Γ(H±±2 →W±RW
±
R ) ' ρ

3/2
2 vR
π

β1(MWR
, MH±±2

)

1−
4M2

WR

M2
H±±2

+
12M4

WR

M4
H±±2

Θ(MH±±2
−2MWR

).

(B.18)
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[8] R.N. Mohapatra and G. Senjanović, Neutrino Mass and Spontaneous Parity Violation,

Phys. Rev. Lett. 44 (1980) 912 [INSPIRE].

[9] T. Yanagida, Horizontal symmetry and masses of neutrinos, Conf. Proc. C 7902131 (1979)

95.

[10] M. Gell-Mann, P. Ramond and R. Slansky, Complex Spinors and Unified Theories, Conf.

Proc. C 790927 (1979) 315 [arXiv:1306.4669] [INSPIRE].

[11] S.L. Glashow, The Future of Elementary Particle Physics, NATO Sci. Ser. B 61 (1980) 687.

[12] C.-H. Lee, P.S. Bhupal Dev and R.N. Mohapatra, Natural TeV-scale left-right seesaw

mechanism for neutrinos and experimental tests, Phys. Rev. D 88 (2013) 093010

[arXiv:1309.0774] [INSPIRE].

[13] M. Drewes, The Phenomenology of Right Handed Neutrinos, Int. J. Mod. Phys. E 22

(2013) 1330019 [arXiv:1303.6912] [INSPIRE].

[14] F.F. Deppisch, P.S. Bhupal Dev and A. Pilaftsis, Neutrinos and Collider Physics, New J.

Phys. 17 (2015) 075019 [arXiv:1502.06541] [INSPIRE].

[15] J.C. Pati and A. Salam, Lepton Number as the Fourth Color, Phys. Rev. D 10 (1974) 275

[Erratum ibid. D 11 (1975) 703] [INSPIRE].

[16] R.N. Mohapatra and J.C. Pati, A Natural Left-Right Symmetry, Phys. Rev. D 11 (1975)

2558 [INSPIRE].
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