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We study the theoretical constraints on the scalar sector of the alternative left-right model (ALRM),
an E6-motivated extension of the Standard Model based on the gauge group SUð3Þc ⊗ SUð2ÞL ⊗
SUð2ÞR0 ⊗ Uð1ÞB−L, supplemented by a global Uð1ÞS symmetry. We derive the complete set of tree-level
perturbative unitarity constraints on the model, resulting in 14 independent conditions on the quartic scalar
couplings. When combined with the boundedness-from-below conditions and the requirement of positive-
definite scalar mass-squared eigenvalues, this yields significantly more stringent restrictions on the
parameter space than either set alone. We then perform a one-loop renormalization group analysis, evolving
the model parameters up to a high-energy cutoff scale, and requiring that the vacuum stability, the unitarity,
and the perturbativity conditions are preserved throughout. The renormalization group evolution is found to
restrict the allowed parameter space considerably beyond the tree-level bounds, with the constraints on the
quartic couplings becoming more stringent as the cutoff scale is raised. Consequently, the physical
scalar masses in the model acquire upper bounds. For the right-hand symmetry breaking scale,
vR ¼ 10 TeV and requiring theoretical consistency up to 1016 GeV, we obtain mH�

1
≲ 6.5 TeV,

mH�
2
≲ 1.5 TeV, and mH0

1
≃mA1

≲ 1.5 TeV, with all bounds scaling with vR. These findings offer a

predictive and falsifiable framework for searches of the extended Higgs sector of the ALRM at the current
and future collider experiments.

DOI: 10.1103/ygy3-n2zh

I. INTRODUCTION

While being remarkably successful in describing the
dynamics of elementary particles at the electroweak scale,
the Standard Model (SM) of particle physics fails to
account for several critical experimental and theoretical
shortcomings. The observation of nonzero neutrino masses,
the overwhelming evidence for dark matter, and the baryon
asymmetry of the Universe are among the most compelling
experimental shortcomings that point towards the incom-
pleteness of the SM. On the theoretical side, concerns
regarding the stability of the electroweak vacuum and the

gauge hierarchy problem remain fundamental issues that
the Standard Model has yet to address adequately. Among
several attempts to resolve these difficulties, phenomeno-
logical models hold a central place. A strongly prevalent
notion among particle physicists is that larger symmetries
unify the dynamics at some higher energy scale, and break
down naturally to the SM gauge group at the electroweak
scale. Along this line of thought, several grand unified
symmetries have been proposed and studied. Of particular
interest in this work is the exceptional group E6, whose
symmetry breaking proceeds through multiple steps. It was
observed decades ago that this breaking chain admits an
intermediate stage where the dynamics is left-right sym-
metric. This allowed a natural explanation for the otherwise
puzzling observation of maximal parity violation in weak
interactions, which is introduced as an input within the SM.
As a bonus, this scenario also provides a natural mecha-
nism for generating nonzero neutrino masses via seesaw
mechanism.
The conventional left-right symmetric model (LRSM)

features an additional SUð2ÞR gauge group, under which
the right-handed up-type quarks and the right-handed
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down-type quarks pair up as doublets [1–4]. Similarly, the
right-handed charged lepton is partnered with a right-
handed neutrino. All these fields, including the right-
handed neutrinos, are accommodated within the 27-plet
of E6. The LRSM is subject to stringent constraints from
flavor physics, primarily due to the presence of tree-level
flavor-changing neutral current (FCNC) interactions medi-
ated by the scalar sector. Consequently, current experimen-
tal data push the scale of left-right symmetry breaking into
the multi-TeV regime, beyond the reach of the LHC but
potentially accessible at future high-energy colliders.
Although the conventional minimal LRSM admits a warm
dark matter scenario based on a keV-scale right-handed
neutrino, its realization relies on a highly constrained flavor
structure and cosmological evolution, and the viable
parameter space is rather restricted [5–9]. Reference [10]
proposes an alternative decaying scalar dark matter sce-
nario within the minimal LRSM that relies on an excep-
tionally large hierarchy between the scalar mass and the
left-right symmetry breaking scale, making the framework
somewhat fine-tuned. Similarly, although successful lepto-
genesis has been realized in the minimal LRSM through
several mechanisms, including resonant leptogenesis, these
scenarios generally require specific assumptions regarding
the Yukawa sector, heavy-neutrino spectrum, and are
therefore realized only in restricted regions of parameter
space [8,11,12].
However, an alternative realization of the left-right gauge

symmetry, known as the alternative left-right model
(ALRM), emerges naturally from the breaking of the
exceptional grand unified group E6. Under its maximal
subgroup, E6 ⊃ SUð3ÞC ⊗ SUð3ÞL ⊗ SUð3ÞH, different
embeddings of the SUð2Þ subgroup of SUð3ÞH lead to
distinct low-energy left-right theories. The conventional
LRSM is obtained by identifying SUð2ÞH with the usual
SUð2ÞR, whereas the ALRM corresponds to an alternative
embedding, denoted by SUð2ÞR0 [13–16]. Consequently,
the right-handed down-type quark dR no longer forms an
SUð2ÞR0 doublet with the right-handed up-type quark uR.
Instead, the exotic quark d0R assumes this role, leaving dR as
a singlet under both SUð2ÞL and SUð2ÞR0 . Thus, unlike the
conventional LRSM, the ALRM does not arise from
imposing an exact left-right parity symmetry as a funda-
mental symmetry of the intermediate left-right gauge
theory. Rather, its left-right gauge structure originates from
an alternative embedding of the unified E6 symmetry,
leading to a distinct phenomenological framework. To
distinguish this behavior, we denote the gauge group of
ALRM as SUð2ÞL × SUð2ÞR0 . An analogous rearrange-
ment occurs in the leptonic sector, where the right-handed
neutrino is treated as a singlet under all gauge symmetries.
As discussed in detail in the subsequent sections, this
rearrangement permits the introduction of a global sym-
metry that forbids the otherwise dangerous tree-level
FCNC interactions. Remarkably, this same symmetry

provides a dark matter candidate, stabilized by the remnant
R-parity surviving in the symmetry-broken phase.
The scalar sector of ALRM consists of one Higgs

bidoublet Φ and two Higgs doublets denoted as χL;R
(one each under SUð2ÞL and SUð2ÞR0 , respectively). The
richer scalar field content of this scenario admits a stable
vacuum configuration more readily than the SM. A
systematic study of the scalar potential was carried out
in Ref. [17], where the parameters of the tree-level potential
were constrained by requiring boundedness from below
(BFB). Expressing the physical scalar masses in terms of
these parameters and the vacuum expectation values
(VEVs), the additional requirement of positive-definite
mass-squared eigenvalues imposes a further set of con-
straints, collectively restricting the viable parameter space
of the model. Similar analyses of stable vacuum structure in
multiscalar potentials [18–24] and in the conventional
LRSM [25–30] have been extensively explored in the
literature. Another key theoretical constraint on the
Higgs sector arises from perturbative unitarity [31–34].
This requirement, coming from the unitarity of the
S-matrix, implies that partial-wave scattering amplitudes
must remain bounded in magnitude. These constraints are
being used to put bounds [33,34] on the mass of Higgs
boson. The perturbative unitarity constraints have not yet
been examined in the context of the ALRM, and we aim to
address them in this work.
Furthermore, the previous studies in the ALRM scenario

have demonstrated the model’s potential implications for
neutrinoless double β decay and leptogenesis in Ref. [35].
It has also been shown that exotic fermions and Higgs
bosons can indirectly affect rare top decays [36], as well as
contribute to rare lepton-flavor-violating processes and the
anomalous magnetic moment of the muon, aμ [37,38].
Building on this, in the present work, we impose all tree
level theoretical constraints, namely the potential being
bounded from below, perturbative unitarity constraints, and
the perturbativity limits of the couplings, and check their
stability under one-loop renormalization group evolution.
By tracking the running of the couplings and mass
parameters, we identify the energy scales up to which
these conditions continue to hold. Bringing these elements
together in a single framework, we then determine the
corresponding constraints on the parameter space of
the ALRM.
The organization of the paper is as follows: in Sec. II, we

present briefly the relevant details of the model framework,
followed by a discussion of the theoretical constraints in
Sec. III. This section also includes a numerical analysis
identifying the region of parameter space compatible with
the BFB and perturbative unitarity constraints. In Sec. IV,
we study the renormalization group evolution (RGE) of
the couplings in detail and numerically analyze its effect
on these constraints. Finally, we conclude our findings
in Sec. V.
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II. MODEL FRAMEWORK

In this section, we briefly review the ALRM framework
and refer the interested reader to Ref. [16] for a more
detailed discussion. The ALRM framework is based on the
gauge group SUð3Þc ⊗ SUð2ÞL ⊗ SUð2ÞR0 ⊗ Uð1ÞB−L,
supplemented by an additional global symmetry Uð1ÞS.
The complete scalar and fermionic field content of the
model, along with the corresponding gauge quantum

numbers, is given in Table I. The electric charges of the
particle fields can be derived from the generalized Gell-
Mann-Nishijima relation Q ¼ T3R0 þ T3L þ YB−L, where
YB−L is the Uð1ÞB−L charge, and T3L and T3R0 are the third-
component isospin quantum numbers under SUð2ÞL and
SUð2ÞR0 , respectively.
The scalar potential of the ALRM, which determines the

Higgs spectrum and its mixings, is given by

Vscalar ¼ −μ21Tr
�
Φ†Φ

�
− μ22

�
χ†LχL þ χ†RχR

�þ λ1
�
Tr
�
Φ†Φ

��
2 þ λ2Tr

�
Φ†Φ̃

�
Tr
�
Φ̃†Φ

�
þ λ3

��
χ†LχL

�
2 þ �

χ†RχR
�
2
�þ 2λ4

�
χ†LχL

��
χ†RχR

�þ 2α1Tr
�
Φ†Φ

��
χ†LχL þ χ†RχR

�
þ 2α2

�
χ†LΦΦ†χL þ χ†RΦ†ΦχR

�þ 2α3
�
χ†LΦ̃Φ̃†χL þ χ†RΦ̃†Φ̃χR

�þ μ3
�
χ†LΦχR þ χ†RΦ†χL

�
; ð1Þ

where Φ̃ ¼ σ2Φ�σ2 and χL;R ¼ iσ2χ�L;R. Here, we assume a
left-right symmetry, and further consider all couplings to be
real for simplicity. In the following, we shall introduce the
notation α12 ¼ α1 þ α2 and α13 ¼ α1 þ α3, acknowledging
the fact that the operator in α1 term can be expressed as sum
of the operators in α2 and α3 terms.
The spontaneous breaking of the ALRM gauge sym-

metry down to electromagnetism proceeds in two steps,
driven by a vacuum configuration in which all neutral

scalar components, with the exception of ϕ0
1, acquire

nonzero VEVs, as follows:

hϕi ¼ 1ffiffiffi
2

p
�
0 0

0 vu

�
; hχLi ¼

1ffiffiffi
2

p
�

0

vL

�
;

and hχRi ¼
1ffiffiffi
2

p
�

0

vR

�
: ð2Þ

TABLE I. Particle content of the ALRM with their respective gauge structures. The generalized lepton number is defined as
L ¼ Sþ T3R0 with S being Uð1ÞS charge, and the R-parity as R ¼ ð−1Þ3BþLþ2s, where B is the baryon number and s is the spin.

Particles SUð3ÞC SUð2ÞL SUð2ÞR0 Uð1ÞB−L Uð1ÞS L R

QL ¼
�

uL
dL

�
3 2 1 1

6
0 0 þ

QR ¼
�
uR
d0R

�
3 1 2 1

6
− 1

2

�
0

−1

� �þ
−

�

d0L 3 1 1 − 1
3

−1 −1 −

dR 3 1 1 − 1
3

0 0 þ

LL ¼
�
νL
eL

�
1 2 1 − 1

2
1 1 þ

LR ¼
�
nR
eR

�
1 1 2 − 1

2
3
2

�
2

1

� �
−
þ
�

nL 1 1 1 0 2 2 −
νR 1 1 1 0 1 1 þ

Φ ¼
�
ϕ0
1 ϕþ

1

ϕ−
2 ϕ0

2

�
1 2 2� 0 − 1

2

�
−1 0

−1 0

� �
− þ
− þ

�

χL ¼
�
χþL
χ0L

�
1 2 1 1

2
0 0

�þ
þ
�

χR ¼
�
χþR
χ0R

�
1 1 2 1

2
1
2

�
1

0

� �
−
þ
�
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The first step, spontaneous breakdown of SUð2ÞR0 ⊗
Uð1ÞB−L ⊗ Uð1ÞS to the SM gauge group, proceeds in
such a way that the generalized combination L ¼ Sþ T3R0 ,
where S is the Uð1ÞS charge, remains unbroken. This is
achieved through the neutral component of an SUð2ÞR0

doublet χR charged under Uð1ÞS acquiring a nonzero VEV
vR. The second step, the breaking of the electroweak
symmetry down to electromagnetism, is driven by the
VEVs vu and vL of the bidoubletΦ and the SUð2ÞL doublet
χL, respectively. The vanishing of hϕ0

1i is protected by the
conservation of the generalized lepton number L, whereas
ϕ0
2 and χ0L having L ¼ 0 are allowed to acquire non-

zero VEVs.
Consequently, ϕ0

1 is prevented from mixing with any
other scalar fields, resulting in two degenerate physical
states, H0

1 and A1, corresponding the scalar and pseudo-
scalar degrees of freedom of ϕ0

1 with mass, as follows:

m2
H0

1

¼ m2
A1

¼ 2v2uλ2 − ðα12 − α13Þðv2L þ v2RÞ −
vLvRμ3ffiffiffi

2
p

vu
:

ð3Þ

The pseudoscalar degrees of freedom of ϕ0
2, χ

0
L, and χ

0
R mix

together to become the two would-be the Goldstone bosons
absorbed by the neutral gauge bosons ZL and ZR, along
with the orthogonal combination manifesting as a physical
pseudoscalar particle A2 with mass

m2
A2

¼ −
μ3ffiffiffi
2

p v2uv2R þ v2uv2L þ v2Lv
2
R

vLvRvu
: ð4Þ

This immediately requires μ3 < 0. Furthermore, from
Eq. (3), the splitting α12 − α13 is required to be at most
Oð10−2Þ, as we shall explicitly demonstrate in the numeri-
cal analysis of the subsequent sections. Similarly, the scalar
degrees of freedom of ϕ0

2, χ
0
L, and χ0R mix together to

produce three physical particles, denoted as h;H0
2, and H0

3.
The lightest of these, h, emerges as the SM Higgs
candidate, with its properties arranged to match those of
the observed SM Higgs properties. The remaining two
physical states, H0

2 and H0
3, are considerably heavier, with

masses being proportional to vR. For a detailed discussion
of the scalar sector, we refer the reader to Refs. [16,39]. In
the charged scalar sector, the physical massive charged
Higgs bosons H�

1 and H�
2 , together with the two massless

Goldstone bosons G�
1 and G�

2 which are absorbed by the
WL and WR gauge bosons, respectively, are given by

�
ϕ�
1

χ�L

�
¼

�
cos β sin β

− sin β cos β

��
H�

1

G�
1

�
;

�
ϕ�
2

χ�R

�
¼

�
cos ζ sin ζ

− sin ζ cos ζ

��
H�

2

G�
2

�
; ð5Þ

where tan β ¼ vu
vL
and tan ζ ¼ vu

vR
. The masses of the charged

Higgs bosons H�
1 (R-parity even) and H�

2 (R-parity odd)
are given by

m2
H�

1

¼ −v2
	
ðα12 − α13Þ þ

μ3vRffiffiffi
2

p
vuvL



; ð6Þ

and

m2
H�

2

¼ −v02
	
ðα12 − α13Þ þ

μ3vLffiffiffi
2

p
vuvR



; ð7Þ

respectively, where v2 ¼ v2u þ v2L and v02 ¼ v2R þ v2u. This
again requires ðα12 − α13Þ < Oð10−2Þ, leaving the second
term proportional to μ3 as the dominant one. Since v0 ≫ v,
and in most scenarios we consider vu ≫ vL, the charged
Higgs, H�

1 is typically heavy, while H�
2 lies in the sub-TeV

to TeV range over a significant portion of the model
parameter space. For appropriate parameter choices, the
light charged Higgs boson can be long-lived, with its decay
potentially yielding a disappearing track signature at
the LHC [40], which is a distinctive collider signal of
the model.
In the gauge boson sector, the breaking of left-right

symmetry generates masses for the gauge bosons and
induces mixing among them. Due to the conservation of
the generalized lepton number, which prevents hϕ0

1i from
being nonzero, the chargedWL andWR bosons do not mix.
The masses of these gauge bosons are given by

M2
WL

¼ g2L
4
ðv2u þ v2LÞ; and M2

WR
¼ g2R

4
ðv2u þ v2RÞ: ð8Þ

The charge-neutral gauge bosons, however, do undergo
mixing, and the diagonalization of the mixing matrix leads
to the physical mass eigenstates ðAμ; Zμ; Z0

μÞ. The ZL − ZR

mixing in Z0 is strongly constrained experimentally, and in
the limit where this mixing vanishes, the mass eigenvalues
are obtained analytically, with the photon remaining
massless. The masses of Z and Z0 are given by

M2
Z ¼

g2Lðv2uþv2LÞ
4cos2 θW

;

and M2
Z0 ¼ 1

4
g2BL sin

2ϕWv2Lþ
g2Rðcos4ϕWv2uþv2RÞ

4cos2ϕW
; ð9Þ

respectively, where gL, gR, and gBL denote the gauge
couplings corresponding to SUð2ÞL, SUð2ÞR0 , and
Uð1ÞB−L, respectively; θW is the Weinberg mixing angle;
and ϕW is the corresponding mixing angle in the right-
handed gauge sector. In the hierarchy vR ≫ vu ≫ vL, the
term involving gR dominates the Z0 mass, and one can
reasonably approximate MZ0 ≈MWR

= cosϕW . Since WR

does not decay exclusively to the SM particles, it evades

DEKA, AVNISH, GARG, and POULOSE PHYS. REV. D 114, 055007 (2026)

055007-4



direct search constraints at colliders. The Z0, on the other
hand, is subject to direct search bounds from the collider
experiments, which translate into indirect constraints on
WR through the above relation. For a detailed discussion of
the LHC constraints on the gauge bosons of the ALRM,
we refer the reader to Ref. [41].
Finally, turning to the Yukawa interactions in the ALRM

framework, we have

−LY ¼ YQ1Q̄LχLdR þ YQ2Q̄LΦ̃QR þ YQ3Q̄RχRd0L
þ YL1L̄LΦLR þ YL2L̄Lχ̃LνR þ YL3L̄Rχ̃RnL þH:c:;

ð10Þ

where the flavor indices are suppressed, and the dual fields
are defined as Φ̃ ¼ σ2Φ�σ2 and χ̃L;R ¼ iσ2χ�L;R with σ2
being the second Pauli matrix. With the VEVs of scalars
being as aforementioned, the fermion mass matrices are
given by

Mu ¼
vuffiffiffi
2

p YQ2; Md ¼
vLffiffiffi
2

p YQ1; Ml ¼
vuffiffiffi
2

p YL1;

Mν ¼
vLffiffiffi
2

p YL2; Md0 ¼
vRffiffiffi
2

p YQ3; Mn ¼
vRffiffiffi
2

p YL3: ð11Þ

In the present paper, our focus is the scalar potential and
the theoretical constraints arising from the considerations
of the vacuum stability and the perturbative unitarity. We
devote the remainder of the article to this discussion.

III. THEORETICAL CONSTRAINTS

In this section, we discuss the theoretical constraints on
the parameter space of the ALRM framework, starting with
the tree-level vacuum stability constraints, followed by the
constraints imposed by the perturbative unitarity.

A. Vacuum stability constraints

The stability of the vacuum of the ALRM scalar potential
has been investigated at tree level in Ref. [17] using
copositivity criteria. For the scalar potential to be bounded
from below, it must remain positive in all field directions as
the fields tend to infinity. This immediately requires the
quartic couplings involving only a single field to be positive
definite. However, the couplings corresponding to mixed
quartic terms involving more than one field may be
negative, provided the negative contribution is compen-
sated by the single-field quartic couplings in all field
directions. To illustrate this, note that the operator multi-
plying λ2 can be expressed in terms of components as
Tr½Φ†Φ̃�Tr½Φ̃†Φ� ¼ jϕ0

1ϕ
0
2 − ϕþ

1 ϕ
−
2 j2, which involves prod-

ucts of two distinct fields, and whose negative contribution
can be compensated by the single-field quartic terms such
as ðϕ0

1Þ4 and ðϕ0
2Þ4, thus permitting λ2 < 0. This leads to the

copositivity conditions, which are necessary and sufficient
conditions for the scalar potential to be bounded from
below. A detailed and systematic derivation of these
conditions for the ALRM scalar potential is presented in
Ref. [17]. The constraints arising from the copositivity
conditions, combined with the minimization conditions for
the desired global vacuum, impose the following restric-
tions on the quartic couplings:

λ1 ≥ 0; λ4 ≥ λ3 ≥ 0;

λ1 þ 2λ2 ≥ 0; λ2 ≤ 0;

α12 − α13 ≥ 0;

α12 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ1
�
λ3þλ4

2

�r
≥ 0; α12 þ

ffiffiffiffiffiffiffiffiffi
λ1λ3

p
≥ 0;

α13 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ1
�
λ3þλ4

2

�r
≥ 0; α13 þ

ffiffiffiffiffiffiffiffiffi
λ1λ3

p
≥ 0:

ð12Þ

A remark regarding ðα12 − α13Þ is in order here. The
copositivity condition requires ðα12 − α13Þ ≥ 0, while the
positivity of m2

H0
1
=A1

and m2
H�

2

naively prefers ðα12 −
α13Þ ≤ 0 [Eqs. (3) and (7)]. On this basis, Ref. [17]
concludes that α12 − α13 ¼ 0. We investigate this further
and find that a small positive value of ðα12 − α13Þ is in
fact consistent with m2

H0
1
=A1

; m2
H�

2

> 0, its allowed range

depending on the other parameters of the model, in
particular on μ3 and tan β. To demonstrate this, in Fig. 1,
we plot mH�

2
as a function of ðα12 − α13Þ for fixed

tan β ¼ 10 and vR ¼ 10 TeV, scanning μ3 randomly over

the range ½−5000;−10� GeV (left panel), and for fixed
μ3 ¼ −1000 GeV and vR ¼ 10 TeV, varying tan β
between 2 and 50 (right panel). Negative values of
ðα12 − α13Þ are excluded by the boundedness-from-below
condition. It is evident from the figure that smaller
values of tan β and larger jμ3j permit a larger positive
splitting ðα12 − α13Þ.

B. Perturbative unitarity constraints

At tree level, another theoretical constraint on the
ALRM parameter space emanates from the perturbative
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unitarity of the 2 → 2 scalar scattering amplitudes in
the high-energy limit. It demands that the zeroth partial
wave amplitude a0 must satisfy jReða0Þj ≤ 1

2
[42]. In

general, the invariant amplitude of the 2 → 2 scattering
process from the partial wave decomposition could be
given by

Mðs; θÞ ¼ 16π
X∞
J¼0

aJðsÞð2J þ 1Þ PJðcos θÞ; ð13Þ

where PJ denotes the Jth degree Legendre polynomial
with J denoting the total orbital angular momentum of
the final state. In addition,

ffiffiffi
s

p
denotes the c.m. energy

and θ is the scattering angle. In the high-energy limit,
the tree-level scalar scattering amplitudes arising
from the quartic interactions are angle independent,
such that only the J ¼ 0 partial wave contributes.
Consequently, the unitarity condition reduces to
jMj ≤ 8π. Finally, letting M denote all the coupled
2 → 2 scalar channels as a matrix, the perturbative
unitarity constraints on the ALRM parameter space
are obtained by requiring the eigenvalues of this scalar
scattering matrix to satisfy

jMij ≤ 8π: ð14Þ

Given the extended scalar sector of the ALRM
framework, characterized by nine independent param-
eters in the scalar potential, the constraints arising
from the perturbative unitarity are highly nontrivial. In
total, there are 136 independent 2 → 2 scattering
processes involving scalar fields in the model. These
processes can be systematically classified according to
the total electric charge of the initial state: the charge-
neutral, the singly charged, and the doubly charged
sectors. We construct the matrix M in the basis of all

possible two-particle states and arrange it in a block-
diagonal form, where each block corresponds to a
definite charge sector. The full matrix decomposes
into the neutral charged block of dimension 52, the
singly charged blocks of dimension 32 each (for the
positive and the negative charges, related by Hermitian
conjugation), and the doubly charged blocks of
dimension 10 each (again related by Hermitian con-
jugation). Altogether, these blocks account for the
full 136-dimensional scattering matrix. Rotating to
the diagonal basis, one obtains 136 eigenvalues
corresponding to the coupled-channel system. Owing
to the symmetry structure of the scalar potential,
there is significant degeneracy among the eigenvalues
of the scalar scattering matrix, and only 14 indepen-
dent constraints from the perturbative unitarity were
obtained1:

e1;2∶ jα12;13j ≤ 4π; ð15Þ

e3;4;5∶ jλ1;3;4j ≤ 4π; ð16Þ

e6∶ jα12 − 2α13j ≤ 4π; ð17Þ

e7∶ j2α12 − α13j ≤ 4π; ð18Þ

e8∶ jλ1 þ 2λ2j ≤ 4π; ð19Þ

e9∶ jλ1 þ 4λ2j ≤ 4π; ð20Þ

e10∶ j2λ4 − 3λ3j ≤ 4π; ð21Þ

2000

FIG. 1. Dependence of the charged Higgs mass mH�
2
on ðα12 − α13Þ. Left: Impact of μ3 for fixed tan β ¼ 10 and vR ¼ 10 TeV.

Right: Sensitivity of tan β for fixed μ3 ¼ −1000 GeV and vR ¼ 10 TeV. The negative values of ðα12 − α13Þ are disallowed for the
potential to be bounded from below.

1The Mathematica files containing the scattering matrices and
the corresponding eigenvalues are available at https://github.com/
hdeka1/Unitarity-constraints-file.
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e11;12∶



λ1 − 2λ2 þ λ3 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1 − 2λ2 − λ3Þ2 þ 8ðα12 − α13Þ2

q 


 ≤ 8π; ð22Þ

e13;14∶



5λ1 þ 2λ2 þ 3λ3 þ 2λ4 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð5λ1 þ 2λ2 − 3λ3 − 2λ4Þ2 þ 16ðα12 þ α13Þ2

q 


 ≤ 8π: ð23Þ

The independent unitarity constraints on the quartic
couplings are labeled as ei (i ¼ 1;…; 14) for ease of
reference. For the paired eigenvalues, e11 and e13
correspond to the positive branch of the square
root, while e12 and e14 correspond to the negative
branch. These results have been independently veri-
fied using SARAH [43], a general-purpose framework
for studying beyond the Standard Model (BSM)
models, and anyPUB [44], a dedicated package for
deriving perturbative unitarity constraints.

C. Numerical study

We perform a random scan over the parameter space to
identify regions consistent with the vacuum stability, the
perturbative unitarity, and the requirement that all physical
scalar mass-squared eigenvalues are positive. Of the nine
couplings in the scalar potential, four parameters (μ1, μ2, λ1,
and λ4) are traded for the vacuum expectation values vR,
vu ¼ v sin β, vL ¼ v cos β (see Appendix A), and the
SM-like Higgs mass mh. This leaves six independent
parameters:

tanβ; λ2; λ3; α12; α13; and μ3: ð24Þ

In our scan, we fix vR ¼ 10 TeV and vary the remaining
parameters over the ranges given as

α12; α13 ∈ ½0; 4π�;
λ2 ∈ ½−4π; 0�;
λ3 ∈ ½0; 4π�;

tan β∈ ½2; 50�;
μ3 ∈ ½−104;−10� GeV: ð25Þ

The lower bound tan β ¼ 2 is chosen to reproduce
the top quark mass with a Yukawa coupling YQ2 ∼ 1,
using mt ¼ 1ffiffi

2
p YQ2v tan β ≃ 172.5 GeV. The upper bound

tan β ¼ 50 corresponds to vL ∼ 5 GeV, ensuring that the
bottom quark mass can be generated with a Yukawa
coupling of order unity. The range of μ3 is selected such
that the charged Higgs mass mH�

2
lies within 100 GeV–

2000 GeV. The remaining couplings are scanned over the
full range allowed by the perturbativity. The parameters
tan β and μ3 play a special role through their implicit
appearance in λ1 and λ4, which are determined via the scalar

mass spectrum. Since this dependence involves the neutral
scalar mass eigenstates in a nontrivial manner, we refer the
reader to Refs. [16,17,39] for more details.
Throughout this work, we fix vR ¼ 10 TeV unless stated

otherwise. This is justified because all parameters entering
the theoretical constraints, except the derived quantities λ1
and λ4, are independent of vR. Moreover, the dependence
of λ1 and λ4 on vR always appears in combination with μ3,
and its effect is largely absorbed by scanning over μ3. We
have explicitly verified that varying vR does not signifi-
cantly affect the resulting constraints. The results of the
scan over 106 points are presented in Fig. 2, showing
the correlations among the parameters. Points satisfying the
vacuum stability conditions of Eq. (12) are shown in
purple, while those satisfying the perturbative unitarity
bounds of Eqs. (15)–(23) are shown in blue. In both cases,
we have made sure that the mass-square relations are
positive definite.
In the most parameter planes, the perturbative unitarity

constraints are found to be more restrictive than the BFB
conditions, with the corresponding allowed regions lying
almost entirely within the BFB-allowed parameter space.
A notable exception is the λ1–λ2 plane, where the two sets
of constraints are complementary and exclude distinct
regions of parameter space, leaving only a partial overlap
between the allowed regions. This demonstrates the impor-
tance of imposing all theoretical constraints simultane-
ously, as considering either set independently would
overestimate the viable parameter space of the model.
A strong correlation between α12 and α13 is observed,

which can be understood from the vacuum stability and
the positivity conditions that permit only a small pos-
itive splitting ðα12 − α13Þ, as discussed above. The scan
results indicate approximate upper bounds on the quartic
couplings,

ðα12; α13Þ ≲ 1.4; λ1 ≲ 3.0; jλ2j≲ 1.5;

λ3 ≲ 2.5; and λ4 ≲ 2π; ð26Þ

which arise from the combined effect of the perturbative
unitarity, the vacuum stability, and the positivity of scalar
mass-squared eigenvalues.
Within this allowed region, the parameters are

further restricted by correlations. For instance, λ4 ≤ 2π
when λ3 ¼ 0, while Eq. (23) implies the relation
3λ3 þ 2λ4 ≲ 4π, leading to an upper bound
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λmax
4 ≃ 2π −

3

2
λ3; ð27Þ

which is clearly reflected in the λ3–λ4 correlation plot in
Fig. 2. In addition, the vacuum stability requires λ4 ≥ λ3
[Eq. (12)], which further constrains λ3 ≲ 2.5 for the chosen
ranges of μ3, tan β, and vR, with a corresponding value of
λ4 ∼ 2.5. A pronounced correlation between tan β and μ3 is
also evident from Fig. 2. This inverse correlation arises
from the relation λ4 − λ3 ¼ − μ3 tan βffiffi

2
p

vR
, together with the

perturbative bounds on λ3 and λ4.
Overall, the perturbative unitarity constraints, derived

here for the first time in this framework, significantly

reduce the allowed parameter space beyond what is implied
by the vacuum stability considerations alone.

IV. RENORMALIZATION GROUP EVOLUTION

The vacuum stability and the perturbative unitarity
conditions derived in the previous section hold at tree
level and at a fixed energy scale. To assess the theoretical
consistency of the model across a wider range of energies,
these conditions must be reexamined using the renormal-
ization group evolution of the couplings. In the limit of
large field values, the scalar potential is well approximated
by its tree-level form with couplings replaced by their
running counterparts, Ci → CiðQÞ. The full set of running
parameters comprises

Ci ∈

8>>>><
>>>>:

gauge couplings : g3; gL; gR; gBL
Yukawa couplings : YQ1; YQ2; YQ3; YL1; YL2; YL3

quadratic and trilinear couplings : μ1; μ2; μ3
quartic couplings : λ1; λ2; λ3; λ4; α12;α13:

ð28Þ

FIG. 2. Correlation plots showing the allowed region by the perturbative unitarity (blue) and the BFB conditions (purple). The scan
range is as specified in Eq. (25), and we kept vR ¼ 10 TeV. In both cases, the positivity of all scalar mass-squared eigenvalues is
maintained. This leads to absolute upper limits on the couplings: ðα12; α13Þ≲ 1.4, λ1 ≲ 3.0, jλ2j ≲ 1.5, λ3 ≲ 2.5, and λ4 ≲ 2π.
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Not all of these are independent. As discussed in Sec. III C,
the parameters μ1, μ2, and λ4 are determined by the tadpole
conditions (see Appendix A), and λ1 is fixed in terms of the
remaining parameters together with the requirement that
the lightest CP-even scalar reproduces the observed SM
Higgs mass, mh ¼ 125 GeV. The independent input
parameters for the RGE analysis are therefore the gauge
couplings, specified at the electroweak scale as discussed in
Sec. IVA; the Yukawa couplings, expressed in terms of the
physical fermion masses and the vacuum expectation
values; and the scalar potential parameters

λ2; λ3; α12; α13; μ3; ð29Þ

all specified at the electroweak scale v ¼ 246 GeV.
The RGEs of the model parameters are obtained by

implementing the ALRM in PyR@TE [45,46], and the
complete set of β-functions is given in Appendix B.
The RG running is implemented in two stages, reflecting
the two-step symmetry breaking pattern of the model. For
simplicity, all the ALRM specific couplings are kept fixed
below the scale vR, while the full ALRM β-functions are
employed above the symmetry breaking scale. At vR, the
gauge couplings are matched across the symmetry breaking
threshold SUð2ÞR0 ⊗ Uð1ÞB−L → Uð1ÞY , and the full
ALRM β-functions are then used to evolve all couplings
to higher energies.
At each scale above vR, we verify simultaneously that:

(i) the vacuum stability conditions of Eq. (12) are satisfied;
(ii) all the perturbative unitarity bounds of Eqs. (15)–(23)
are respected; and (iii) all the physical scalar mass-squared
eigenvalues remain positive definite. The scale at which
any one of these conditions is first violated defines a
theoretical upper bound on the validity of the perturbative
description. In parallel, we track the onset of any Landau
pole, where a coupling diverges and the perturbative
expansion breaks down entirely. The cutoff scale of the
theory is then identified as the lesser of the scale at which a
theoretical constraint is violated and the scale at which a
Landau pole is encountered, whichever is reached first
signals the boundary beyond which the model can no
longer be considered perturbatively reliable without the
introduction of new dynamics.

A. Gauge couplings

We shall first look at the running of the gauge couplings.
Starting at the electroweak scale, we consider the gL and gY
running up to vR. Beyond this, we have the gY given in
terms of gR and gBL, as follows:

1

g2Y
¼ 1

g2BL
þ 1

g2R
: ð30Þ

To fix the freedom in the choice of gauge couplings, we
relate gR to gL, and define their ratio as

rg ≡ gRðvRÞ
gLðvRÞ

: ð31Þ

Neglecting the mixing between ZL − ZR, the ratio between
the heavy gauge boson masses is given by

M2
Z0

M2
WR

≈ r2gðr2g − tan2 θWÞ; ð32Þ

where θW is the weak mixing angle. It results in providing
an upper limit for the ratio rg as the ratio of the mass
squares of gauge bosons must always remain a non-
negative value. Henceforth, we get

rg ≥ tan θW ≈ 0.55: ð33Þ

The other coupling gBL is then determined at the scale vR
through the matching condition of Eq. (30), as follows;

1

g2BLðvRÞ
¼ 1

g2YðvRÞ
−

1

r2gg2LðvRÞ
; ð34Þ

which ensures consistency with the hypercharge relation
at the symmetry breaking threshold. The ratio rg is a free
parameter of the matching procedure, subject to the
requirement that the resulting values of gR and gBL remain
within the perturbative regime not only at vR but through-
out their evolution up to the cutoff scale of the model.
Above vR, the full ALRM gauge symmetry is restored

and the couplings gBL and gR evolve independently
according to their respective one-loop β-functions:

16π2βðgBLÞ ¼
13

3
g3BL; ð35Þ

and

16π2βðgRÞ ¼ −
17

6
g3R: ð36Þ

Here, the opposite signs of the β-functions reflect
qualitatively different high-energy behaviors of the two
couplings: gR is asymptotically free and decreases mono-
tonically with increasing energy scale, while gBL grows and
may eventually approach its perturbative limit. This asym-
metry, which is a direct consequence of the non-Abelian
versus the Abelian nature of the respective gauge groups,
plays an important role in determining the allowed range of
rg and hence the viable parameter space of the model at
high energies. We examine the evolution of all gauge
couplings up to energies of order 1016 GeV, which we use
as a representative high energy cutoff scale and refer to as
the grand unified theory (GUT) scale throughout the article
for convenience. We emphasize, however, that gauge
coupling unification is not imposed as a requirement of
the model.
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For numerical analysis, we consider the values of the
couplings gL and gY as [47]

gLðMZÞ ¼ 0.65096� 0.00004;

and gYðMZÞ ¼ 0.35726� 0.00002:

The results of our analysis are presented in Fig. 3. The left
panel shows the variation of gBL and gR as functions of rg,
evaluated at vR (solid lines) and at the GUT scale (dashed
lines). The contrasting behavior of the two couplings is
clearly visible: since gR is asymptotically free, the dashed
red line lies below the corresponding solid line, whereas
gBL, which grows with energy, has its dashed blue line
lying above the solid one. The perturbative limit is
approached by gBL at the GUT scale for small values of
rg ∼ 0.677, while gRðvRÞ saturates the perturbative bound
for large values rg ∼ 5.66. Furthermore, gRðvRÞ increases
with rg while gBLðvRÞ decreases, reflecting the inverse
relationship between the two couplings imposed by the
hypercharge matching condition of Eq. (30). Requiring
both couplings to remain perturbative at all scales between
vR and the GUT scale yields the following allowed ranges:

0.423 < gRðvRÞ <
ffiffiffiffiffiffi
4π

p
;

0.375 < gBLðvRÞ < 0.789;

and 0.677 < rg < 5.660: ð37Þ

The right panel of Fig. 3 displays the corresponding
correlation between gR and gBL at the scale vR, with the
excluded regions shaded. The shape of the allowed band is
a direct consequence of the matching condition Eq. (30),
which constrains gR and gBL to lie on a curve of fixed
1=g2R þ 1=g2BL ¼ 1=g2Y , so that an increase in gR necessarily
entails a decrease in gBL and vice versa.

To assess the sensitivity of these results to the choice of
symmetry breaking scale, we repeat the analysis for
representative values of vR ranging from 5 TeV to
100 TeV. The resulting allowed ranges of rg, gR, and
gBL are summarized in Table II. As vR increases, the
allowed band of rg shifts slightly upward, reflecting
the slow logarithmic running of gL and gY between the
electroweak and symmetry breaking scales. Nevertheless,
the overall picture remains qualitatively unchanged across
this range, and the allowed intervals for gR and gBL are only
mildly sensitive to the precise value of vR.
In Fig. 4, we present the perturbativity bounds on the

masses of the heavy gauge bosons Z0 (left panel) and WR
(right panel) as functions of rg, shown for several repre-
sentative values of vR. The Z0 mass receives contributions
from both gBL and gR, while the WR mass depends solely
on gR, as it arises entirely from the non-Abelian SUð2ÞR0

sector. The red-shaded regions in each panel indicate the
parameter space excluded by the perturbativity constraints
on rg summarized in Table II. The current exclusion limit
from 13 TeV LHC searches for Z0 → lþl− ðl ¼ e; μÞ is
MZ0 ≳ 5.1 TeV [48,49], derived under the assumption
gR ¼ gL (i.e., rg ¼ 1). For gR ≠ gL, this limit must be
rescaled, since the Z0 production cross section σðpp →
Z0 → lþl−Þ depends on rg.

2 After applying this rescaling,
the excluded Z0 mass range shifts to approximately [4.9,
6.1] TeV for rg ∈ ½0.677; 5.66�, as indicated by the purple
dot-dashed line in the left panel of Fig. 4. This translates
into a lower bound on rg that depends on vR; for instance,
for vR ¼ 10 TeV the constraint requires rg ≳ 1.1.
Since the WR boson decays exclusively into a SM up-

type quark and an exotic down-type quark, or into a

(a) (b)

FIG. 3. (a) Dependence of gBL and gR on the ratio parameter rg ¼ gRðvRÞ
gLðvRÞ, shown at vR ¼ 10 TeV (solid lines) and at the GUT scale set

as 1016 GeV (dashed lines). (b) gR and gBL at vR. In both panels, the shaded regions are excluded by the perturbative limit (gi ≤
ffiffiffiffiffi
4π

p
).

2The impact of deviating from gL ¼ gR on gauge boson mass
limits in the context of LRSM was studied in Ref. [50].
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charged lepton and a scotino, it does not give rise to the
purely SM final states and therefore evades the direct LHC
search constraints entirely. However, theWR and Z0 masses
are related through Eqs. (8) and (9), so that the lower bound
on MZ0 translates into an indirect lower bound on MWR

, as
discussed in Ref. [41]. This indirect limit is shown as the
dot-dashed curve in the right panel of Fig. 4, and is found to
be numerically very close to the direct rg constraint derived
from MZ0 . In principle, the mass ratio MWR

=MZ0 carries a
mild dependence on tan β through the gauge boson mass
formulas; however, we have verified explicitly that this
dependence is numerically negligible over the parameter
space considered here and can safely be ignored.

B. Scalar quartic couplings

We now turn to the one-loop RGE running of the scalar
quartic couplings, whose explicit β-functions are collected
in Appendix B. The running of these couplings is driven by
the contributions from the quartic sector itself, as well as
from the gauge and the Yukawa sectors.
To illustrate the qualitative features of this evolution, we

select three benchmark points (BPs) from the parameter

scan of Sec. III C, each satisfying the combined
constraints of the vacuum stability, the perturbative unitar-
ity, and the perturbativity, with vR ¼ 10 TeV fixed. The
benchmark values of the independent quartic couplings,
tan β, and the trilinear coupling μ3 are given in Table III.
The Yukawa couplings entering the β-functions are
fixed by the fermion mass spectrum; we take scotino
masses ðmne; mnμ ; mnτÞ ¼ ð300; 400; 500Þ GeV, exotic
quark masses ðmd0 ; ms0 ; mb0 Þ ¼ ð1.5; 2; 3Þ TeV, and the
remaining standard fermion masses at their measured
values. The gauge couplings are fixed with rg ¼ 1 for
simplicity, as discussed in Sec. IVA.
The resulting RGE evolution of the quartic couplings is

shown in Fig. 5 for each of the three benchmark points. The
shaded horizontal bands indicate the upper limits imposed
by the combined vacuum stability and the perturbative
unitarity constraints of Eq. (26), with values inside the
bands being excluded; for clarity, only the most con-
straining bound is displayed for each coupling, as the
remaining constraints are satisfied up to higher scales and
do not limit the cutoff scale in the cases shown. The three
benchmark points illustrate qualitatively distinct patterns of
RGE evolution, which we now discuss in turn. The
benchmark BP1 (Fig. 5, top left) remains theoretically
consistent up to approximately 1016 GeV, at which point λ1
reaches the upper boundary imposed by the combined
vacuum stability and the unitarity constraints. The Landau
pole lies roughly an order of magnitude above this scale. In
the case of BP2 (Fig. 5, top right), the parameters λ2, λ3, and
tan β are nearly unchanged relative to BP1, while α12 and
α13 are approximately twice as large at the input scale.
Through the SM Higgs mass condition that fixes λ1, this
results in a substantially larger initial value of λ1, as is
evident from the figure. This larger initial value drives a
much faster running of λ1, which violates the theoretical

TABLE II. Allowed ranges of rg, gR, and gBL at the scale vR for
the representative values of the SUð2ÞR0 breaking scale, derived
by requiring both couplings to remain perturbative up to the GUT
scale.

vR [TeV] rg ¼ gR
gL

gR gBL

5 [0.665, 5.635] ½0.422; ffiffiffiffiffi
4π

p � [0.370, 0.788]
10 [0.677, 5.660] ½0.423; ffiffiffiffiffi

4π
p � [0.375, 0.789]

50 [0.695, 5.730] ½0.430; ffiffiffiffiffi
4π

p � [0.382, 0.812]
100 [0.702, 5.761] ½0.432; ffiffiffiffiffi

4π
p � [0.385, 0.824]

FIG. 4. Perturbativity bounds on the masses of the heavy gauge bosons Z0 (left) and WR (right) as functions of rg, shown for the
representative values of vR. The red-shaded regions are excluded by the perturbativity constraints of Table II, and the purple dot-dashed
line indicates the rescaled LHC exclusion limit from Z0 → lþl− searches [48,49]. The dot-dashed curve in the right panel shows the
indirect lower bound on MWR

derived from the MZ0 constraint via Eqs. (8) and (9).
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constraints already at around 105.5 GeV, with the Landau
pole reached shortly after at 106 GeV. The accelerated
running of λ1 in turn feeds into λ2 through the 24λ1λ2 term
in βðλ2Þ, causing λ2 to also run faster than in BP1. In
contrast, the RGEs of λ3 and λ4 are insensitive to λ1 and λ2,
and consequently follow trajectories very similar to BP1.
On the other hand, in the case of BP3 (Fig. 5, bottom),
the Landau pole lies slightly above 1016 GeV, yet the
theoretical constraints are violated considerably earlier
by two distinct couplings. First, λ1 turns negative around
1010 GeV, violating the BFB condition, then λ2 crosses
zero and becomes positive at around 108 GeV, violating the
copositivity condition required for a stable vacuum. The

remaining couplings follow a qualitatively similar trajec-
tory to BP1, with λ3 and λ4 approaching the unitarity bound
near 1015 GeV.
The benchmark analysis above serves to illustrate the

high sensitivity of the RG evolution to the input values of
the couplings at the scale vR, and motivates a systematic
study of the energy range over which the model remains
theoretically consistent. We now perform such an
analysis, scanning the input parameter space for
vR ∈ f5; 10; 15; 20g TeV and determining, for each point,
the highest scale up to which all theoretical constraints are
simultaneously satisfied.
Specifically, for a given vR, we perform a scan over the

initial parameter space as defined in Eq. (25), retaining only
those points that satisfy the vacuum stability conditions and
perturbative unitarity constraints at the input scale. In the
subsequent RG evolution, we require that all quartic
couplings remain within their perturbative limits at every
scale, with the additional sign conditions that all couplings
except λ2 remain non-negative, while λ2 must remain
strictly negative, as dictated by the copositivity and the
vacuum conditions throughout the running. For each
accepted point, the couplings are evolved from vR upward,

TABLE III. Input values of the scalar potential parameters at
the scale vR ¼ 10 TeV for the three benchmark points used to
illustrate the RGE running of the quartic couplings in Fig. 5.

BP α12 α13 λ2 λ3 tan β μ3 [GeV]

BP1 0.0272 0.0270 −0.1531 0.00425 15.41 −333.69
BP2 0.0627 0.0625 −0.1495 0.00461 15.83 −343.92
BP3 0.0182 0.0180 −0.1047 0.00425 17.81 −333.67

FIG. 5. RGE running of the scalar quartic couplings from the input scale Q ¼ vR ¼ 10 TeV for BP1 (top left), BP2 (top right), and
BP3 (bottom), as defined in Table III. The purple-shaded band indicates the theoretical upper bound on λ1, and the red-shaded band
indicates the theoretical bound on λ3, both derived from the combined vacuum stability and perturbative unitarity conditions of Eq. (26).
Couplings must remain below the upper band and above the lower band to satisfy all theoretical constraints.
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and their values are recorded at a series of the cutoff scales
ranging from 105 GeV to 1016 GeV. The cutoff scale
assigned to each point is the lowest scale at which any
one of the following conditions is first violated: the vacuum
stability bounds, the perturbative unitarity constraints, the
sign conditions on the couplings, or the perturbativity limit.
In this way, we map out the region of input parameter space
that remains theoretically reliable up to any given energy
scale, and identify how this region shrinks as the target
cutoff scale is increased. A parameter point is retained as
theoretically viable up to a chosen cutoff scale if it satisfies
all of the following conditions throughout the RG evolution
from vR up to that scale: (1) no Landau pole is encountered
below the cutoff scale, (2) the vacuum stability (BFB)
conditions of Eq. (12) are satisfied at every scale up to the
cutoff scale, and (3) all couplings remain within their
perturbative limits and within the bounds imposed by the
perturbative unitarity constraints of Eqs. (15)–(23) at every
scale. The set of input values passing all three criteria
defines the allowed initial parameter space consistent with
theoretical reliability up to the chosen cutoff scale. For each
cutoff scale, we extract the maximum allowed initial value
of each coupling consistent with these criteria. The results
are presented in Fig. 6, which shows the upper limits on
α12 ≃ α13 (blue), jλ2j (orange), λ3 (green), λ1 (red), and
jμ3j=vR (black) as functions of the cutoff scale. Since the
difference between α12 and α13 is negligible over the
allowed parameter space, they are both represented by
the same set of points in the presentation. The results are
shown for vR ¼ 5 TeV (left panel) and vR ¼ 20 TeV (right
panel) to illustrate the sensitivity to the symmetry breaking
scale; both panels are found to be in close agreement,
confirming that the theoretical bounds on the quartic
couplings are only mildly sensitive to the precise value of vR.
As expected on the general grounds, the maximum

allowed values of all couplings decrease monotonically

as the cutoff scale is raised, reflecting the fact that a higher
cutoff imposes more stringent requirements on the RGE
trajectory. This behavior has direct phenomenological
consequences: the choice of cutoff scale translates into
concrete upper bounds on the scalar couplings at the
electroweak scale, which in turn constrain the physical
Higgs spectrum and the strength of scalar interactions
accessible at the collider experiments. The interplay
between the target validity scale and the low-energy
phenomenology of the model is therefore an important
consideration in any phenomenological study of the
ALRM.

C. Constraints on scalar masses

The masses of the physical scalars in the ALRM are
determined by the couplings of the scalar potential and the
vacuum expectation values, so the theoretical constraints
derived above translate directly into upper bounds on the
scalar mass spectrum. From Eqs. (3), (6), and (7), one can
see that for a fixed vR, the scalar masses are governed
primarily by μ3 and tan β, with subleading corrections from
the quartic couplings. In particular, the mass splitting
between H�

2 and H0
1=A1 is controlled by λ2 and the

VEV vu; this splitting reaches at the most around
50 GeV when the cutoff scale is set to 1016 GeV, and
grows to roughly an order of magnitude larger for the cutoff
scale at 105 GeV.
The dominant contributions to the charged Higgs masses

take the approximate forms as

m2
H�

1

≈ −
μ3vRffiffiffi

2
p tan β; and m2

H�
2

≈ −
μ3vRffiffiffi

2
p cot β; ð38Þ

where μ3 < 0 ensures the positive mass-squared eigenval-
ues. However, the vacuum stability and the perturbative
unitarity constraints couple tan β and μ3; the larger values

FIG. 6. Maximum allowed initial values of the scalar quartic couplings α12 ≃ α13 (blue), jλ2j (orange), λ3 (green), λ1 (red), and jμ3j=vR
(black), as functions of the cutoff scale, for vR ¼ 5 TeV (left) and vR ¼ 20 TeV (right). Each curve represents the upper boundary of the
theoretically viable parameter space at the corresponding cutoff scale, obtained by requiring simultaneously the absence of Landau
poles, the satisfaction of BFB conditions, and compliance with the perturbative unitarity bounds throughout the RGE evolution.
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of jμ3j restricting the maximum allowed tan β to approx-
imately 8, as visible in Fig. 2. Ignoring the RGE constraints
and working within the tree-level allowed parameter space
alone, one would naively estimate upper bounds of

mH�
1
∼ 20 TeV and mH�

2
∼ 4 TeV: ð39Þ

The RGE analysis, however, significantly tightens these
estimates. Requiring the model to remain theoretically
consistent up to 1016 GeV, it restricts jμ3j to approximately
1.3 TeV for vR ¼ 10 TeV, which reduces the maximum
allowed masses to

mH�
1
∼ 6.5 TeV and mH�

2
∼ 1.5 TeV: ð40Þ

These analytical estimates are confirmed by the full
numerical scan, whose results for vR ¼ 10 TeV are shown
in the left panel of Fig. 7. The heavy charged Higgs H�

1

(black points) reaches a maximum mass of approximately
6.5 TeV, while the degenerate neutral states H0

1=A1 (blue
points) and the light charged Higgs H�

2 (red points) are
bounded by approximately 1.5 TeV. The dependence of
these upper bounds on vR is shown in the right panel of
Fig. 7: larger values of vR push all scalar masses upward,
with H�

2 entering the multi-TeV range while H�
1 and H0

1

become correspondingly heavier.
Taken together, these results demonstrate that the com-

bination of the vacuum stability conditions and the pertur-
bative unitarity constraints, when consistently imposed
through the RGE, places stringent and calculable upper
bounds on the scalar mass spectrum of the ALRM. A key
feature of these bounds is that they are not merely order-of-
magnitude estimates but are genuinely predictive: for a
given choice of vR and a specified validity scale, the
maximum allowed masses of H�

2 , H0
1, and H�

1 are
concretely determined, as summarized in Fig. 7. These

bounds are therefore of direct relevance for ongoing and
future searches for extended Higgs sectors at the LHC and
at future high-energy colliders. We emphasize, however,
that the numerical values of the upper bounds carry a
dependence on vR: larger symmetry breaking scales allow
heavier scalar states, as illustrated in the right panel of
Fig. 7, so that a complete phenomenological assessment
requires specifying both the validity scale and the value
of vR.

V. SUMMARY AND CONCLUSIONS

We have performed a systematic study of the theoreti-
cal consistency of the alternative left-right model,
E6-motivated extension of the Standard Model that natu-
rally accommodates neutrino masses and dark matter while
avoiding tree-level flavor-changing neutral currents. Three
classes of theoretical constraints have been imposed on the
scalar sector: the perturbative unitarity, the vacuum stabil-
ity, and the perturbativity. We derived for the first time the
complete set of perturbative unitarity constraints on the
ALRM scalar potential, obtaining 14 independent condi-
tions on the quartic couplings, verified independently using
SARAH and anyPUB. Combined with the boundedness-from-
below conditions and the requirement of positive-definite
scalar mass-squared eigenvalues, these constraints yield
significantly more stringent restrictions than by either set
alone. The resulting absolute upper bounds on the quartic
couplings are ðα12; α13Þ≲ 1.4, λ1 ≲ 3.0, jλ2j≲ 1.5,
λ3 ≲ 2.5, and λ4 ≲ 2π, which are further restricted by their
strong correlations.
We then performed a one-loop RGE analysis of all model

parameters, implemented in two stages reflecting the two-
step symmetry breaking of the ALRM. The RGE running
reveals that the tree-level allowed parameter space is further
and substantially restricted when theoretical consistency is
demanded up to higher energy scales. The allowed ranges

FIG. 7. Left: Mass spectrum of mH�
2
(red), mH0

1
(blue), and mH�

1
(black) as a function of μ3 for vR ¼ 10 TeV, obtained from

the full numerical scan with all theoretical constraints imposed up to 1016 GeV. Right: Maximum allowed scalar masses as a function of
vR, derived by requiring theoretical consistency up to 1016 GeV.
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of all quartic couplings shrink monotonically as the target
validity scale is raised, with the constraints becoming
particularly stringent when the model is required to remain
well behaved up to a high-energy cutoff scale. The analysis
also exposes the structure underlying this running: the
cutoff scale is highly sensitive to the initial value of λ1,
which is fixed by the SM Higgs mass condition and inherits
a strong dependence on α12 and α13, while λ3 and λ4 are
comparatively insensitive owing to the structure of their
β-functions. For the gauge sector, perturbativity up to a
scale of 1016 GeV constrains the ratio rg ¼ gR=gL to lie in
the range 0.677≲ rg ≲ 5.660 for vR ¼ 10 TeV, with only
mild dependence on vR across the range of 5 TeV to
100 TeV. As a consequence of the restricted parameter
space, the physical scalar masses of the ALRM are also
bounded from above. For vR ¼ 10 TeV, requiring theo-
retical consistency up to a cutoff scale of 1016 GeV yields

mH�
1
≲ 6.5 TeV; mH�

2
≲ 1.5 TeV;

mH0
1
≃mA1

≲ 1.5 TeV; ð41Þ

with all bounds scaling with vR. These upper limits provide
a predictive window for searches for the extended Higgs
sector of the ALRM at the LHC and future collider
experiments, and allow the model to be systematically
constrained or excluded when no such states are observed
within the expected mass ranges.
In conclusion, our analysis demonstrates that the con-

sistent combination of the vacuum stability, the perturbative
unitarity, and one-loop RG evolution provides a powerful

framework for constraining the ALRM, restricting the
parameter space far more stringently than tree-level con-
siderations alone. These results provide a systematic
theoretical foundation for future phenomenological studies
of the model, including collider searches for its exotic
scalar, gauge boson, and fermionic states.
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APPENDIX A: TADPOLE EQUATIONS

With hϕ0R
2 i ¼ vu; hχ0RL i ¼ vL; hχ0RR i ¼ vR, where the

superscript R denotes the real part of the corresponding
field, and hψi ¼ 0 for all other field components, the
nontrivial minimization conditions of the potential are
given by

∂V
∂ϕ0R

2






vacuum

¼ 0 ⇒
1ffiffiffi
2

p μ3vLvR þ λ1v3u þ vuðα12ðv2L þ v2RÞ − μ21Þ ¼ 0; ðA1Þ

∂V
∂χ0RL






vacuum

¼ 0 ⇒
1ffiffiffi
2

p μ3vuvR þ λ3v3L þ vLðα12v2u þ λ4v2R − μ22Þ ¼ 0; ðA2Þ

∂V
∂χ0RR






vacuum

¼ 0 ⇒
1ffiffiffi
2

p μ3vuvL þ vRðα12v2u þ λ3v2R þ λ4v2L − μ22Þ ¼ 0: ðA3Þ

Solving these, we can express the coefficient of the quadratic terms, μ21 and μ22, and one of the quartic couplings λ4 as

μ21 ¼ λ1v2u þ α12ðv2L þ v2RÞ þ
μ3vLvRffiffiffi

2
p

vu
;

μ22 ¼ ðv2L þ v2RÞλ3 þ α12v2u;

λ4 ¼ λ3 −
μ3vuffiffiffi
2

p
vLvR

: ðA4Þ
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APPENDIX B: RENORMALIZATION GROUP
EQUATIONS

With the convention

βðXÞ≡ μ
dX
dμ

≡ 1

ð4πÞ2 β
ð1ÞðXÞ;

the one-loop β functions of the various parameters are
given by3

βð1ÞðgBLÞ ¼
13

3
g3BL; ðB1Þ

βð1ÞðgLÞ ¼ −
17

6
g3L; ðB2Þ

βð1ÞðgRÞ ¼ −
17

6
g3R; ðB3Þ

βð1Þðg3Þ ¼ −5g33; ðB4Þ

βð1ÞðYQ1Þ ¼ YQ2Y
†
Q2YQ1 þ

3

2
YQ1Y

†
Q1YQ1 þ 3TrðY†

Q1YQ1ÞYQ1 þ TrðY†
L2YL2ÞYQ1 −

5

12
g2BLYQ1

−
9

4
g2LYQ1 − 8g23YQ1

βð1ÞðYQ2Þ ¼ 2YQ2Y
†
Q2YQ2 þ

1

2
YQ2YQ3Y

†
Q3 þ

1

2
YQ1Y

†
Q1YQ2 þ 3TrðY†

Q2YQ2ÞYQ2 þ TrðY†
L1YL1ÞYQ2

−
1

6
g2BLYQ2 −

9

4
g2LYQ2 −

9

4
g2RYQ2 − 8g23YQ2

βð1ÞðYQ3Þ ¼ Y†
Q2YQ2YQ3 þ

3

2
YQ3Y

†
Q3YQ3 þ 3TrðY†

Q3YQ3ÞYQ3 þ TrðY†
L3YL3ÞYQ3 −

5

12
g2BLYQ3

−
9

4
g2RYQ3 − 8g23YQ3

βð1ÞðYL1Þ ¼ 2YL1Y
†
L1YL1 þ

1

2
YL1YL3Y

†
L3 þ

1

2
YL2Y

†
L2YL1 þ 3TrðY†

Q2YQ2ÞYL1 −
3

2
g2BLYL1 −

9

4
g2RYL1

þ TrðY†
L1YL1ÞYL1 −

9

4
g2LYL1

βð1ÞðYL2Þ ¼ YL1Y
†
L1YL2 þ

3

2
YL2Y

†
L2YL2 þ 3TrðY†

Q1YQ1ÞYL2 þ TrðY†
L2YL2ÞYL2 −

3

4
g2BLYL2 −

9

4
g2LYL2

βð1ÞðYL3Þ ¼ Y†
L1YL1YL3 þ

3

2
YL3Y

†
L3YL3 þ 3TrðY†

Q3YQ3ÞYL3 þ TrðY†
L3YL3ÞYL3 −

3

4
g2BLYL3 −

9

4
g2RYL3

βð1Þðλ1Þ ¼ 32λ21 þ 16λ1λ2 þ 16λ22 þ 8α212 þ 8α213 − 9g2Lλ1 − 9g2Rλ1 þ
9

8
g4L þ 3

4
g2Lg

2
R þ 9

8
g4R

þ 12λ1TrðY†
Q2YQ2Þ þ 4λ1TrðY†

L1YL1Þ − 6TrðY†
Q2YQ2Y

†
Q2YQ2Þ − 2TrðY†

L1YL1Y
†
L1YL1Þ

βð1Þðλ2Þ ¼ 24λ1λ2 þ 16λ22 − 4α212 þ 8α12α13 − 4α213 − 9g2Lλ2 − 9g2Rλ2 þ
3

2
g2Lg

2
R þ 12λ2TrðY†

Q2YQ2Þ
þ 4λ2TrðY†

L1YL1Þ þ 3TrðY†
Q2YQ2Y

†
Q2YQ2Þ þ TrðY†

L1YL1Y
†
L1YL1Þ;

βð1Þðλ3Þ ¼ 24λ23 þ 8λ24 þ 8α212 þ 8α213 − 3g2BLλ3 − 9g2Lλ3 þ
3

8
g4BL þ 3

4
g2BLg

2
L þ 9

8
g4L þ 12λ3TrðY†

Q1YQ1Þ
þ 4λ3TrðY†

L2YL2Þ − 6TrðY†
Q1YQ1Y

†
Q1YQ1Þ − 2TrðY†

L2YL2Y
†
L2YL2Þ

βð1Þðλ4Þ ¼ 24λ3λ4 þ 8λ24 þ 4α212 þ 8α12α13 þ 4α213 − 3g2BLλ4 −
9

2
g2Lλ4 −

9

2
g2Rλ4 þ

3

8
g4BL þ 6λ4TrðY†

Q1YQ1Þ
þ 6λ4TrðY†

Q3YQ3Þ þ 2λ4TrðY†
L2YL2Þ þ 2λ4TrðY†

L3YL3Þ

3These equations are presented in Ref. [51].
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βð1Þðα12Þ ¼ 12α12λ1 þ 8α12λ3 þ 4α12λ4 þ 12α212 − 8α12α13 þ 8α13λ1 þ 8α13λ2 þ 4α13λ3 þ 4α13λ4

þ 4α213 −
3

2
α12g2BL − 9α12g2L −

9

2
α12g2R −

9

8
g4L þ 6α12TrðY†

Q2YQ2Þ þ 6α12TrðY†
Q1YQ1Þ

þ 2α12TrðY†
L1YL1Þ þ 2α12TrðY†

L2YL2Þ
βð1Þðα13Þ ¼ 8α12λ1 þ 8α12λ2 þ 4α12λ3 þ 4α12λ4 þ 4α212 − 8α12α13 þ 6α13λ1 þ 8α13λ3 þ 4α13λ4 þ 12α213

−
9

2
α12g2L þ 9

2
α12g2R −

3

2
α13g2BL −

9

2
α13g2L − 9α13g2R þ 9

8
g4L þ 6α12TrðY†

Q1YQ1Þ
− 6α12TrðY†

Q3YQ3Þ þ 2α12TrðY†
L2YL2Þ − 2α12TrðY†

L3YL3Þ þ 6α13TrðY†
Q2YQ2Þ

þ 6α13TrðY†
Q3YQ3Þ þ 2α13TrðY†

L1YL1Þ þ 2α13TrðY†
L3YL3Þ − 6TrðY†

Q2YQ2YQ3Y
†
Q3Þ

− 2TrðY†
L1YL1YL3Y

†
L3Þ

βð1Þðμ21Þ ¼ −
9

2
g2Lμ

2
1 −

9

2
g2Rμ

2
1 þ 2μ23 þ 20λ1μ

2
1 þ 8λ2μ

2
1 þ 8α12μ

2
2 þ 8α13μ

2
2 þ 6μ21TrðY†

Q2YQ2Þ
þ 2μ21TrðY†

L1YL1Þ

βð1Þðμ22Þ ¼ −
3

2
g2BLμ

2
2 −

9

2
g2Lμ

2
2 þ 4μ23 þ 8α12μ

2
1 þ 8α13μ

2
1 þ 12λ3μ

2
2 þ 8λ4μ

2
2 þ 6μ22TrðY†

Q1YQ1Þ
þ 2μ22TrðY†

L2YL2Þ

βð1Þðμ3Þ ¼ −
3

2
g2BLμ3 −

9

2
g2Lμ3 −

9

2
g2Rμ3 þ 4λ4μ3 þ 16α12μ3 − 8α13μ3 þ 3μ3TrðY†

Q2YQ2Þ
þ 3μ3TrðY†

Q1YQ1Þ þ 3μ3TrðY†
Q3YQ3Þ þ μ3TrðY†

L1YL1Þ þ μ3TrðY†
L2YL2Þ þ μ3TrðY†

L3YL3Þ: ðB5Þ
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