PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: November 22, 2021
REVISED: January 29, 2022
ACCEPTED: February 21, 2022
PUBLISHED: March 9, 2022

Vacuum structure of Alternative Left-Right Model

Mariana Frank,” Chayan Majumdar,’ Poulose Poulose,® Supriya Senapati’ and
Urjit A. Yajnik®
@ Department of Physics, Concordia University,

7141 Sherbrooke St. West, Montreal, Quebec, H4B 1R6, Canada

® Department of Physics, Indian Institute of Technology Bombay,
Powai, Mumbai, Maharashtra 400 076, India

¢ Department of Physics, Indian Institute of Technology Guwahati,
Assam 781 039, India
E-mail: mariana.frank@concordia.ca, chayan@phy.iitb.ac.in,
poulose@iitg.ac.in, supriya@phy.iitb.ac.in, yajnik@iitb.ac.in

ABSTRACT: We investigate an Alternative Left-Right Model (ALRM) with SU(2), as well
as SU(2) g gauge groups, but unlike the traditional left-right symmetric models (LRSM) is
not symmetric under the exchange of the fermion content. Interestingly, it can be embedded
in Eg, while its low energy Higgs structure resembles the LRSM, involving Higgs doublets
Xr,r and one Higgs bidoublet ®. We analyze the scalar potential and the vacuum structure
of the theory analytically to ensure the stability of scalar potential via bounded from
below (BFB) and copositivity criteria, accompanied by a numerical study. We establish
the necessary criteria for electric charge-preserving vacua, yielding constraints on various
coupling parameters of the theory. Finally we obtain constraints on the parameters of the
model from collider data on the masses of the Higgs scalars.
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1 Introduction

The Standard Model (SM) of particle physics is very successful in describing the properties
of elementary particles and their interactions. The theoretical predictions of the model
match collider searches with high accuracy. Based on the gauge group SU(3)c ® SU(2)1, ®
U(1)y it provides a successful description of the strong and the electroweak phenomena.
However, several notable phenomena cannot be addressed within this SM framework. Being
a chiral framework, it admits maximal violation of parity in low-energy weak interactions,
although the fermionic content subject only to the strong and electromagnetic forces, while
chiral, turns out to be parity balanced. While introduced in a phenomenological manner
in the SM, the origin of parity violation is expected to arise naturally in a more funda-
mental description at higher energies. Also, due to absence of a right-handed partner of
the left-handed neutrinos, SM cannot explain the observations of neutrino experiments
like SuperK [1], SNO [2], which require that active neutrinos have small but finite mass.
Other non-negotiable situations to go beyond the SM, connected to cosmology, are the
large presence of Dark Matter in the Universe and the observed baryon asymmetry of the
Universe (BAU). While the Higgs mechanism for electroweak symmetry breaking is estab-
lished by observations at the LHC, there are difficulties here. One subtle issue is related



to the structure of vacuum. What we know from current experimental observations of
the relevant parameters is that the vacuum as described within the SM is not absolutely
stable, with possibility of the Higgs quartic coupling turning negative at high energies [3].
These puzzles definitely indicate that SM, while describing particle dynamics very well at
the electroweak scale, require modifications at higher energies.

One of the phenomenologically most attractive scenarios of Beyond the Standard Model
(BSM) perspective is the Left-Right Symmetric Model (LRSM) [4-11]. Based on the ex-
tended gauge structure SU(3)c®SU(2), ®@SU(2)p@U(1) p_, this model can address some
of the above mentioned inconsistencies. Left-Right models relate the maximal breaking of
parity in the SM with the origin of smallness of light neutrino masses. One can think of
SM as a low-energy effective field theory of such LRSMs. Unlike in the SM, right-handed
neutrinos are naturally included in right-handed doublets within this framework leading
to light neutrino mass via the so-called seesaw mechanism [12, 13]. In the scalar sector,
the Higgs doublet present in the SM is elevated to a bidoublet so as to connect between
the left- and the right-sectors. In addition, the breakdown of LRSM gauge symmetry
to the SM gauge symmetry requires the presence of additional scalar fields. There are
different possibilities here, including (i) one Higgs bidoublet ® and two scalar doublets
Xr,r [14-16], (ii) one Higgs bidoublet and two triplets Ay, g [8] or (iii) combination of the
above two. In LRSM the baryon number (B) and the lepton number (L) enter as the
generator of U(1)p_;, gauge symmetry, with the left-right symmetry breaking leading to
SU(2)r ® U(1)p—r, — U(1)y, where Y is the hypercharge of the SM.

An interesting feature of the left-right models is that they can be easily incorporated
into a larger group such as SO(10), SU(5) or Eg, which can unify the electroweak and
the strong interaction in the context of grand unified scenario (GUTs) [5, 17-19]. LRSM,
while quite successful as a BSM scenario, unfortunately suffers from unavoidable flavor-
changing neutral current (FCNC) processes [20-22], mediated by the additional neutral
Higgs bosons present, consequently requiring them to be very heavy to avoid the present
constraints. However, an alternative version can be found, broadly still within the LRSM
class, in which the large FCNC are avoided. It was known that the gauge group considered
for LRSM could be embedded into the exceptional group Eg (see [23, 24] for reviews). Ep
has two maximal subgroup structures, SO(10)®U(1) and SU(3)®SU(3)®SU(3). The usual
or canonical LRSM described above can be embedded in both of these subgroups, with the
16 representation of SO(10) incorporating the whole fermion spectrum of the mode. Under
the SU(3)®@SU(3)®SU(3) these are distributed in the (3, 3*, 1), (3%, 3, 1), (1, 3, 3") rep-
resentations. Specifically, Ernest Ma [25, 26] noted that it is possible to assign the fermion
content of the Left-Right model partially to the 16 and partially to the 10 representations
of the SO(10), leading to a novel set up where the Wx no longer interact with the right-
handed down-type quarks, and further, avoid the dangerous tree-level FCNC interactions.
In the SU(3) ® SU(3) ® SU(3) representations, this corresponds to rearrangement of the
rows of (3%, 3, 1) and columns of (1, 3, 3*) [27, 28], and consequently to a rearrangement
of the quark and lepton multiplets of its subgroup SU(3) ® SU(2) ® SU(2) ® U(1), which is
considered as the gauge group of the usual LRSM.



Such alternative scenarios of the left-right models are known as Alternative Left-Right
Models (ALRMSs). Such models remain chiral, and can be considered to be balanced in con-
taining both the left and right chiralities of the fermions, however do not obey any left-right
exchange symmetry. The right handed (RH) currents of the traditional LRSM remain inac-
cessible to colliders due to the concomitant constraint of preventing FCNC, but the ALRM
do not face the latter constraint and permit an accessible RH breaking scale of a few TeV,
making ALRMs more interesting from the perspective of collider phenomenology. Further,
the conventional non-supersymmetric version of the LRSM model, while addressing the
neutrino mass generation in a natural way, does not include a potential DM candidate.
On the other hand, in the ALRMs one of the neutral fermions could be a natural scotino
stabilised through an additional global symmetry () imposed in the scenario called Dark
Left-Right Model (DLRM) [27, 29, 30]. Having different assignments of the S-charge the
scotino could be a Majorana fermion (DLRM1) [29] or a Dirac fermion (DLRM2) [30], with
the former scenario allowing to define a generalised lepton number L = S — T3k, whereas
the latter defines L = S + T3g. A third possibility, which we shall call DLRM3, discussed
in ref. [31] is compatible with very light (in the keV range) Majorana scotino dark matter
as against heavy scotinos (in the 102 GeV range) in the earlier two cases. Further, more
recently, a gauged U(1)g possibility was considered with additional fermions incorporated
to render the model anomaly free [32], consequently providing multiple dark matter can-
didates. Collider phenomenology focusing on the heavy gauge bosons was studied in the
context of DLRM2 by refs. [28, 30], with the latter in addition performing a detailed study
of its dark matter sector exploring viable parameter space regions. DLRMS3 was considered
in detail by refs. [33, 34], and more recently by ref. [35] in exploring the Majorana nature
of the right-handed neutrino through Ov3 and possible leptogenesis.

The scalar sector of this model consists of one Higgs bidoublet ® and two Higgs dou-
blets (one each under SU(2);, and SU(2)r) xr,r. With multiple scalar fields present, the
parameter space needs to be analysed carefully to establish the viable ranges values that
can provide a stable vacuum. In the conventional LRSM, the Higgs bidoublet is joined
by two triplet scalar fields. General techniques on the boundedness of the potential from
below and copositivity condition [36-38] on the quartic couplings were discussed for multi-
scalar potentials in refs. [39, 40], which then apply these conditions to the specific case of
LRSM. Arguing that these conditions are necessary but not sufficient, in a recent study the
structure of the vacuum of LRSM was analysed to obtain the constrains in the parameter
space, and their consequences in the mass spectrum fo the physical scalar of the model [41].
A more general approach to find the stable vacuum with the scalar sector of LRSM was
performed in ref. [42] employing the concept of copositivity and gauge orbit space [37, 43].
An alternative analysis of the vacuum stability of the left-right symmetric model is given
in [44]. Some other references relevant to vacuum structure of multiple scalar potential
include [43, 45-48].

In this work, we identify the desirable vacuum structure and its stability in terms of 2
scalar mass values duly constrained from data, and 8 quartic and trilinear scalar couplings.
The structure of the paper is as follows. We start with the particle content description
of ALRM in context of DLRM2 scenario in section 2. The scalar potential involving a



bidoublet and doublet Higgs representations together with the minimisation conditions
are discussed in section 3. In section 4 we perform a general analytic study of the vacua
looking for the sufficient and necessary conditions to have a connection between the elec-
tromagnetic charge-preserving and electromagnetic charge-breaking vacua, differentiating
the contributions of the bidoublet, doublets and from the coupled parts of the scalar po-
tential separately. In section 5 we look at the implications on the parameters in the scalar
potential coming from bounds on neutral and charged Higgs masses. We make some final
observations connecting all the constraints in section 7 and conclude in section 8.

2 Description of the Alternative Left-Right Model
The gauge structure of the ALRM discussed in the previous has the symmetry group
Garrv =SUB)c®@SU2), @ SUR)r @ U(1)p_ @ S

with all except S gauged. The prime on SU(2)g/ is to remind us that the right-handed
fermion doublet in this case is different from that of the conventional LRSM, in the sense
that the right-handed partner of the down-type quarks and the right-handed neutrinos
are singlets under this. The particle content of the model is given in table 1, where we
have considered the S charge within the DLRMS3 [31] for specificity. Notice that the scalar
sector of all the three versions remain the same, and therefore the main discussion in
this work regarding the vacuum structure of the ALRM is application as it is to all the
versions. The standard left-handed (LH) fermions form SU(2); doublets, while the right-
handed (RH) up-type quarks with down-type quarks d; form RH doublets. Similarly, RH
charged leptons partner with exotic RH neutral fermions (ng) to form SU(2)r doublets.
In addition, there are the left-handed (d}) and right-handed (dr) quarks and two non-
coloured neutral fermions, ny and vg, which are singlets under both SU(2)z, and SU(2) .
The Yukawa interactions and the symmetry breaking to the SM gauge group are such that
the Dirac mass partner of dy, is dg, not d, and that of vy, is vg, not ng [31]. We shall
see that along with the SU(2)z symmetry breaking the global symmetry S is broken such
that a combination of S’ = S + T3g is unbroken. Further breaking of the electroweak
symmetry preserves this as long as ¢§ does not acquire vacuum expectation value. We
shall see in the following that this can be arranged in a natural way. The right-handed
neutral fermion, ng is a dark matter candidate, as explored in refs. [27-31, 49]. With
soft-breaking of the lepton number, a Majorana mass term can be considered for vg, and
the consequent lepton asymmetry could lead to leptogenesis [35]. In addition, allowing
soft-breaking of S’ a Majorana mass term can be considered for ng, thus contributing to
possible leptogenesis [31]. In this work, we shall not discuss these dynamics any further.
Rather, we shall focus our attention to the scalar sector and study the constrains emerging
to establish a stable vacuum structure.

The scalar sector of the model consists of one bidoublet ® Higgs field with the SU(2),
symmetry acting along the column and the SU(2)r along the row as represented in ta-
ble 1. In addition, there are two Higgs fields transforming as doublets under SU(2);, and
SU(2) g/, denoted by xr, and xr, respectively. The VEV of g breaks SU(2)r ® U(1)p_1,



Particles SUB)c | SU©2). | SU2)r | Ul)p—r | S
Quarks
Qr <dL> 6
UR
Qn = ( i ) 3 | ) T
dy, 3 1 1 -1 -1
dr 3 -1 0
Leptons
Ly = (”L) 1 2 1 ~1 0
€r
nR 1 1
nr, 1 1 1 0 1
VR 1 1 1 0
Scalars
0 o+
® = (¢i ‘%) 1 2 2" 0 -3
by @3
+
XL 1
XL = ( ) 1 2 1 = 0
X7 2
+
X
w=(%) | v 1| 2 1 |3
XR
Gauge Bosons
G+ 8 1 1 0 0
wi 1 3 1 0 0
wg 1 1 3 0 0
B* 1 1 1 0 0

Table 1. Particle content of ALRM.

to U(1)y, and the subsequent breaking of the electroweak symmetry is driven by the VEVs
of ® and yr. In presence of extra the S symmetry, quark doublets can interact with ®
and lepton doublets with ® only. With this differentiation one can avoid the unwanted
mixing between Wy — Wg gauge boson mixing as well as d, d’ and n, v mixing in the model.
Collider phenomenology of the model studying the Higgs production and decays are dis-
cussed in [33, 34], and collider searches of heavy gauge bosons and constrains derived from
these on the model parameters are elaborately discussed in [28]. In the present work we
concentrate on the scalar potential to explore the vacuum structure of the ALRMs.



3 The scalar potential of ALRM and minimization

The most general scalar potential respecting the gauge symmetries and global U(1)g in
ALRM can be written as

Vi =—uiTr [@T@] — (XTLXL + X;XR) A (Tr [@@DZ ATy [ciﬂcb] Tr [qﬂé]

+ 2p2 (XEXL) (X};XR) + 201 Tr [‘PT‘I’} (XEXL + XIQXR)

o[ () + (on)”
+ 2a9 {XEQDQTXL + X%‘I)T‘I’XR} + 2a3 {XTL&)@LXL + XE&)TéXR}

+ p3 [XTL‘I’XR + XE‘I’TXL} (3.1)

where we take all the couplings to be real as we restrict our analysis to the CP-conserving
case. SU(3)¢ singlets, the Higgs fields transformation under other gauge groups as

SU2)L, ®SUR)r: @ — UdUL,  x1 — ULxz, Xr — UrXr

Ul)p-r: @ — @, XL = e20-Iy g o eIy, (3.2)

where Ur g are (2 x 2) transformation matrices corresponding to SU(2);, and SU(2)g,
respectively, and ¢1398-L js the phase factor characterising transformations under U(1)p_7.
We note here that the dual field ® = 02®* 0y transforms in the same way as ® under the
gauge symmetry, but carry opposite S charge. Similar relations hold for the duals of the
doublets, Xr,r = t02X7], g-

As mentioned in the previous section, VEV of x g breaks SU(2)r ® U(1)p_y, to U(1)y
and further electroweak symmetry is broken by the VEVs of the bidoublet ® and the left-
handed doublet xr. In general, the electromagnetic charge conserving VEVs of the scalar
fields should have the form

1 viett 0 1 0 _ L 0
<(I)> = ﬁ ( 0 U26w2> ) <XL> - ﬁ <UL€Z‘GL> ) <XR> - ﬂ (UR> ) (33)

where 01, 02, 01 are the phases in the scalar sector which cannot be rotated away by the
field redefinitions. Requiring that the potential has a minimum for the VEVs given by
eq. (3.3), the minimization conditions are

Vg Vg Vg Vg Vg 0V Vi

= = = = = = = '4
81}1 (9112 861 892 89[, 8’UL BUR 0 ’ (3 )

where the potential is taken at the vacuum configuration of the fields in eq. (3.3). Taking
the derivatives with respect to v, one of the minimization conditions read

oV
avf = —p3vy + M (03 4+ vd)vy 4+ 200501 + (v 4+ %) (o + az)vy =0 (3.5)
Further, eq. (3.5) allows us to set v; = (¢{) = 0, resulting in vanishing of unwanted

Wi — Wgk mixing in ALRM and making the angle 0 irrelevant. This also leads to the



decoupling of CP-even and CP-odd components of ¢ without mixing with other Higgs
fields. The other minimization conditions are, setting vy = 0,

oV
2 —13v9 + M3 + + (02 o) (a1 + ag)ve + &vaRcos(eg —0r)=0 (3.6)
Ova \/§
Vi 2 3 2 2 2, M3
= —u5vr + p1vy + pourvR + avivr + agunvy + —=vgvacos(fe — ) =0 (3.7)
ovy, \/5
Vi 2 3 2 2 2, M3
= —U5VR + P1UR + P2ULUR + Q1V5UR + QaURV; + —=vrvacos(fe —0) =0 (3.8)
Ovp \/5
Ny _ Ny _

H3 .

—— === 0y —0r)=0 3.9
302 aeL ﬂ’UQULURSIIl( 2 L) ( )
Eqgs. (3.9) imply 02 = 01, as ps3,va,vr,r # 0, effectively removing one of the remaining
phases, and leaving a single phase arising from the vacuum structure of ALRM. This is in
contrast to the conventional LRSM having multiple phases in the vacuum configuration.
Setting #y = 01, in eqs. (3.7) and (3.8), we have

2 U3 VR

2 2 2 2
— U5 + p1v7 + PR + a1vy + avy = ——=—v 3.10
Mo T P11V, T P2VUR 1V 2V9 V2 ur 2 ( )

2 2 2 2 2 H3 VL
—us + p1ve + pov7 + aqvs + avs = ———0 3.11
1o + p1vR + p2ur, + vy + a2v; 5 o5 2 (3.11)
Subtracting eq. (3.11) from (3.10) gives
2 oy [ M3 V2 )

VH — U — — - =0 3.12
(vg ) (\/ivaR (p1 — p2) ( )

For vy, # vg, (required to break left-right symmetry), we can express the trilinear coupling
in terms fo the VEVS and the quartic couplings involving only the doublet scalar fields as

V2 vrvg(pr — p2)

— 3.13
3 o (3.13)

The other relations found from the minimization conditions are

2 2
V2 4ol =12 (a;j @2) V) : (3.14)

and
W2 2 [(p1pF — (1 + a2)pi3) (p2 — p1)] + p14s3 .
2 2[Mp1 — (a1 — a2)?] (p2 — p1)

(3.15)

3.1 Generalised vacuum structure

While a realistic vacuum structure is required to respect the U(1)e,, symmetry, and conse-
quently, require to have zero VEV for all electrically charged fields, it may be informative
to explore the vacuum structure by relaxing this criteria. As pointed out in ref. [41] in
the case of conventional LRSM with triplet scalar fields along with the bidoublet, some
of these electromagnetic charge-breaking vacua could be connected to the electromagnetic
charge-preserving vacuum through a gauge transformation. To demonstrate this in the



case of ALRM, we first use the gauge symmetries to remove some of the degrees of freedom
and restrict the scalar fields to

pre 0 by ba
< 0 ggeitr ) XET gt ] X = (3.16)

where ¢12, ai2 and by o are real quantities. In this way, the vev of the bidoublet always
respects the U(1)e,, symmetry, whereas that is not the case with the doublets. Let us seek
global gauge transformations Ur, Ur which can transform the above vev’s into favorable
ones. We let (¢1) = (¢2) # 0, but seek transformations that leave (®) invariant. Such are
then required to be

1 -1
UL:UR:\}E<1 1).

We next seek their effect on the doublets with (a;,2) # 0 and the U(1),p, breaking (b; 2) # 0.
The result can be clubbed into two specific cases

Case 1: with (a12) = (b12) = "&£ and () = 0, the doublets transform under the above

V2
( 0 ) , (3.17)
VLR

SU(2)r, ® SU(2)r transformation as
connecting the U(1),,, violating vacuum to the charge-preserving vacuum through a gauge

UL, 1
{<XL,R> = \L/g <1>}

transformation. On the other hand,

Case 2: with (a12) = —(b12) = —"%2% and 6;, = 0, the doublets transform as

V2
(”LO’R> : (3.18)

{<XL,R> - 2n (_11>}

which does not yield the required desirable vacuum structure.

By inspection then we see that the “good” charge-preserving vacua can be characterised
by demanding that there exist Uy, Ug, such that

o'Urxe) = (xv);  o'Ur{xr) = (xr) (3.19)

where the Pauli matrix belongs to the relevant gauge group. We expect the criterion to
continues to work when the simplifying condition (¢1) = (¢2) is relaxed so long as the
vacua sought are in a neighbourhood of the simpler case. This can be particularly useful
in numerical calculations. However in the following analysis since we use VEV’s belonging
to R, this criterion will be automatically incorporated.

3.2 Analysis of the vacuum structure

In this section, we follow our analytical investigations by a more detailed numerical analysis
of the vacuum structure of the ALRM model and the implications on the parameter space.



For the ease of analysis we shall consider a simplified case setting all a; and 3 coefficients
to zero to decouple the bidoublet from the doublets. This also allows a direct comparison
with the LRSM case discussed in [41]. With this, the scalar potential given in eq. (3.1)
could be written as

Vi la;=0, = Vo + Vy (3.20)
p3=0

where Vg and V) contain only ® and X/ respectively. Plugging in the redefined fields as
in eq. (3.16) we have

Vo (61, 62) = —pi (61 + 63) + M (6] + 63)” + 42763 (3.21)
and
2 2
Vy(a1,az,b1,b2) = — i3 [a% +a3 + b + b%} + 1 {(a% + b%) + (a§ + b%) }
+2p5 (af +03) (a3 +13) (3.22)
Denoting a? + b? = 67 and a2 + b3 = 63
2(s2 | 52 2 | 2)2 22
Vi(01,65) = =413 (3 +03) + p1 (07 +63) "+ 2(p2 — p1) 6763 (3.23)

One may notice that Ve and V, have same form, and with the replacement of 3 —
13, M1 = p1,4X2 — 2(p2 — p1) in Vg one gets V,. Further, the potential Vg obeys dihedral
D4 symmetry

Dy (¢1,02)" = Rid1, ¢2)" (3.24)

r={( =), o (510, (3.25)
+1 0 0 +1

Conditions for Vg to be bounded from below reads as Ay > 0, Ay > —X\o, as explained in

with

section 4.1. From the minimization conditions of Vg we have

NVg 2 2 2 2
—_— = —uy + 2\ + + 4\ =0 3.26
96, o) ¢1 [ 1251 1 (ff’l ¢2) 2¢2] ( )
NVo 2 2 2 2
—_— = — + 2\ + + 4\ =0 3.27
Db o ®2 [ 1251 1 (¢1 ¢2) 2¢1] ( )

denoting the VEV by the same notation as that of the field, with possible solutions as
2 _ 2 1
L ¢1=9¢3= 4(,\1J1r,\2)
2
2. (b% = QMTlla p2=0
2 _ M
3. ¢1 == 07 ¢2 = ﬁ

4. g1 =¢2=0
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Figure 1. Potential configurations in the ¢; — ¢ plane with three possible choices of Ay while
keeping A2 > 0. Left: Ao = 0; middle: Ay > 0 and right: —0.5 < Ay < 0.
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Figure 2. Density plots for the potential configuration in the ¢; — ¢o plane for A1 > 0. Left:
Ao = 0; middle: Ay > 0 and right: —0.5 < Ay < 0.

Rather than working with A; and Ag individually we will use the combination Ajo = A1 +2M\9
to analyse the vacuum structure of the potential. We distinguish three different cases: (i)
A12 > 0, (ii) A2 = 0 and (iii) A2 < 0.

1. A12 > 0: we take A; = 1.0 throughout whereas Ay can take several benchmark values
while ensuring Aj2 > 0 (see the copositivity criteria later in eq. (4.1)). We distinguish
three possible scenarios:

o (a) A2 = 0: the potential will have infinitely-many degenerate minima located
circularly around {¢1,¢2} = (0,0), as shown in figure 1 left, corresponding to
the density plot for the potential shown in figure 2, left diagram.

e (b) A2 > 0: for such benchmark value the corresponding scalar potential has
4 global minima {¢1, ¢2} ~ (0,£0.7) and (+0.7,0) with an overlapping region
which can be considered as local minimum of the potential. The central region
of potential in ¢ — ¢2 plane is flat compared to Ay = 0 case (figure 1 middle).
The heat map for such configuration is shown in figure 2, middle diagram.

o (c) —0.5 < A2 < 0: considering Az value lies between (—0.5,0.0), there can exist
4 distinct minima at around {¢1, ¢p2} = (£0.7,£0.7) (figure 1 right). We show
the corresponding density plot in right diagram in figure 3.

2. A12 = 0: this condition is only satisfied for A\; = 1, = —0.5. In this scenario
the potential has 4 distinct minima at around {¢1, ¢2} = (£0.7,£0.7) (figure 3 left

~10 -
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Figure 3. Left Panel: the representation of the potential configuration for A1o = 0. Right panel:
the corresponding heat map for such configuration.
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Figure 4. Left Panel: the representation of the potential configuration for A1 < 0. Right panel:
the corresponding heat map for such configuration.

panel), but the height between central bulge and corresponding minima has been
increased with respect to the Ajo > 0, —0.5 < Ay < 0 case. We show, in right panel
of figure 3, the density plot for this case.

3. A12 < 0: imposing A1+ Ay > 0 as well as A2 < 0, A2 < 0, so we can consider its value
to be restricted within (—1.0, —0.5). Here also we obtain 4 distinct minima (distorted
and shifted compared to A\j2 = 0 case) at around {¢1, ¢p2} = (+1,£1). The potential
structure as well as corresponding heat map in the ¢1 — ¢o plane are presented in left
and right panel of figure 4 respectively.

A similar analysis for scalar potential part involving only scalar doublets xr, r can be
carried through by replacing u% — ,u%,)\l — p1,4X2 — 2(p2 — p1) in Vg as discussed in
section 3.

— 11 -



4 Copositivity requirements

In this section we study the stability of vacuum structure using Bounded From Below
(BFB) and copositivity stabilization criteria. The term copositive refers to “conditionally
positive” [37], and replaces the stronger criterion of positive definiteness of matrices. While
its implementation can become complicated, in our case due to only two independent
variables to be considered at any time, the criterion becomes much simpler.

(i) Boundedness of the potential: to ensure the stability of the scalar potential one
of the criteria to be satisfied is that the potential should be bounded from below in all field
directions in the theory. Specifically, the quartic self-couplings terms in the theory should
be positive-definite as field values go to infinity. This criterion is known as Bounded From
Below condition.

(ii) Copositivity condition: given ax? + bz + ¢ > 0 with € RT, copositivity requires
that a > 0,¢ > 0, and b+ 2y/ac > 0.

4.1 The bidoublet ®: the )\ sector

First we investigate the quartic self-interactions of the bidoublet from the potential as
described in eq. (3.1). To satisfy the BFB condition the quartic sector must be positive
definite for all values of ®.

V= (Tr [010])" + auTe (B0 Tr [218] > 0

To obtain the conditions for BFB, we can parameterize the terms in the potential as

Tr [qﬂ @} 72

Tr [6af] /Tr [010]

geiw
Tr [B10] /Tr [070) = ge~,

where r > 0,& € [0, 1] and w € [0, 27]. With this parameterization,
V2 = (4 2ag?) = r (A €)

For an extremum, the minimum of V{ must exist in/on the closed boundary defined by
the disc with radius &, that is, it should either exist inside the bounded region or on the
boundary of the region. We first minimize the parameterized quartic sector inside the
bounded region:

fe=5E=206=0=¢=0

So, from BFB condition for £ = 0 we get A\; > 0. Now, on the boundary, setting £ = 1 we
obtain
A+ A >0 or Ay > —Xo. (4.1)
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4.2 The doublet quartic sector involving x;, xr: the p sector

Similar to the bidoublet case, here we analyze the quartic sector involving the doublet
Higgs only in the potential. In this case

V= p1 [(dhxe)? + Odoxn) | + 200 O xe) (oxn)

Here also, to find the BFB conditions, we parameterize in similar fashion,

(xhxr) + (dhxr) = r?
(XEXL) = r?sin? ¥

(xhxr) =12 cos? v

where 7 > 0,7 € [0, 5]. As the BFB condition requires that the quartic doublet part of
the scalar potential should be positive definite in all x,, xg directions, the corresponding
potential, becomes, in the parameterized form

Vi = p1r4 sint~ + p17“4 cos v + 2p2r4 sin? vy cos* v >0
rt 4 2
m |:p1 tan Yy + 2[)2 tan Y + p1:| >0 (42)

Imposing the copositivity criteria for tan?~y, the conditions derived from the doublet sec-
tor are

p1 >0, Gp)=p2+p1>0. (4.3)
4.3 The coupled quartic part: the o sector

We now proceed to analyse the complete potential, that is, we include the coupled quartic
coupling involving ®, x r as well as the individual bidoublet and doublet quartic struc-
ture), where the total number of free parameters is 4 i.e., o123 # 0 and choose 3 = 0:!
2 - - 2 2
Vi= (Te [010])" + 2oTr [810] Tx [018] + 5y [(XTLXL) + (xhxr) }
+2p2 (XTLXL) (XEXR) + 21 Tr [(Iﬂ@] (XEXL + XTRXR)
+205 XL @DTx1L + X GO xn| + 203 x| 8ETxs + x[; Bl dxx] (4.4)

This V, has three field directions. It can be easily shown that Tr(®t®) = Tr(®®). So here
the parameterization can be chosen as follows,

Tr(d'®) + Tr(1®) + (X[ xz) + (Xhxr) =2
2

Tr(dTd) = Tr(dte) = % cos? 6
(XTLXL) = 12 sin” @ sin? y

(XEXR) = r2sin? 6 cos® vy

!The mass-dimension parameter uz does not affect the copositivity criterion which put bounds on di-
mensionless parameters like A, «, p’s, but it affects the Higgs masses, as will be seen in the next section,
section 5.
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Tr(T®)/Tr(®7®) = g™

Tr(®71d)/Tr(®Td) = e
(X}, @@\ L)/ Tr(®1®) (x| x1) = m
(RO OxR)/ T (D) (Xhxr) = n2
(X, @DTx1)/Tr(®T®) (x| x1) = ns
(kP Dxr)/Te(®T®) (xhxR) =M,

where 7 > 0, 0,7 € [0,5],§ € [0,1] and w € [0,27] while one would assume that 71,234
can take any value in the interval [0, 1], this is not the case. The range allowed for these

parameters is %(1 —V/1—€2) <mogza< %(1 + /1 — £2) as shown in the derivation in [42].
Among them 7; 3 and 724 are related to each other as discussed in [44] as,

m+mn3 =1, ne+mna =1 (4.5)

Using the parametric forms defined above we have

Vy=r? {cos4 0f(N &)+ sin* 6 g(p,y) + sin? 0 cos® 0 h(a, 7y, m1,m2, M3, m)} (4.6)
where
1 2 . 4 4 s 2 2
fNE) = Z()\l +X2€%),  g(p,y) = prsin®y + p1cos® y + 2pasin” vy cos™ 7,
h(a, Y, M, 12,73, 774) =0+ 042(771 sin” Y+ N2 cos? 7) + 043(?73 sin” Y+ M cos? 7)- (4'7)

The parameterized V, yields, using copositivity criteria,

f(A€) >0, g(p,v) >0

h(a7’77771a7727773a774) +2\/ f()‘7§)g(p77) >0 (48)

Using this third criteria we must have,

ay + oy sin® y + 1 cos® 7) + as(nssin® v + ngcos® ) + 24/ F(A, )glp,y) >0 (4.9)

This condition is symmetric under the exchange: 71 > 72,73 <> n4,8in~y <> cosy. Its
minimum value will be attained inside the proposed gauge orbit space [43, 50-54]? when
N = 12, N3 = 14 and siny = cosy = % Also g(p,y) obeys the symmetry under the

exchange: sin~y <> cos<y, so it can be minimized using siny = cosy = % Inserting this

value we obtain gmin = pl;”. So the third condition from copositivity criteria can be
written as
_I_
a1+ agn + aznz + 2\/f(>\7§) </)12,02> >0 (4.10)

2Gauge orbits are the sets of all possible gauge configurations of the gauge field in a gauge theory, where
various gauge field configurations connected by a single gauge transformation lead to the same physical
theory.

— 14 —



Now for different relative signs between s and asg we have 1 = 179 = 13 = N4 = Nmax =
$(1+ /1 —¢2). Similarly 71 = 2 = 13 = N4 = Nmin = 5(1 — /1 —&2). From eq. (4.5)
one can easily infer that (11 )min = (73)max and vice versa, similar argument applies for 7y
and n4. Also f(A,€) can be minimized if £ = 0 which translates into f(A,0) = A;/4. So
the allowed criteria (after replacing n’s in terms of {’s and minimizing the above equation,
whole relation can be minimized for £ = 0) is translated into

o+ 21+ LaF) /0 <”1‘2”’2> >0 (4.11)

We also need to minimize the third condition for the edge surface of tany. We have already
defined the criteria in eq. (4.11) for tany = 1, while tan~y = 0 is equivalent to tan~y = oo,
which results in g = p1. So on the boundary we have, (with f(X,0) = \;/4), the condition

(6% o
a1+?2(1il)+?3(1$1)+\/)\1,01 >0 (4.12)

Combining the two sets of conditions described in eqs. (4.11) and (4.12) we have the
following requirement for the parameters of the complete scalar potential Vy

a1+ ag 4+ 4\ (p1+p2) > 0.

2
a1 +ag+ 4\ (,01 _g PQ) > 0. (4.13)
ay +ag + v Ap1 > 0.
a1 +asz+ vV Aipr > 0. (4.14)

4.4 Symmetry breaking conditions for desirable vacuum

Finally, in this subsection we investigate the conditions for correct spontaneous symmetry
breaking (SSB) and their effects on the parameters in the scalar potential. The restrictions
on the VEVs from the requirement of symmetry breaking are

2. (xr) #0

3. {xr) # (Xr)

The first and the second conditions ensure breaking of SU(2);, x U(1)y, and SU(2)gr X
U(1) p—r, respectively, whereas the last condition is required to ensure the correct hierarchy
of breaking scales. Inserting the parameterizations of the VEVs eq. (3.3) in V4, the potential

becomes
~ Al 1 2 aq
VssB :Z(v% +v3)% + Aovdv? + %(v}{ +vk) + %v%v% + 7(11% + v3)(v2 + vE)
2 2
[ DXV a3V
+ 22 2 (v% + 1)12%) + 32 1 (v% + ’UI%L) (4.15)
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For convenience we can adopt the same parameterisation for the gauge invariant monomials
as in section 4.3 below eq. (4.4), now in terms of the VEVs which gives,

1
v%—i—v%—i— 5(“%"‘”%2) =7

2c0s%0

U% + U% =r
v? = 2r?sin0sin®y

v¥ = 2r?sin®0cos®y

r2€cos®6
=Ty
v? = n3r?cos’ = nyrcos*l
vs = mrcos’ = nyrcos*d (4.16)

Using these we get
4 4
Vss = A1 1 cos* 0 + )\2§2Z cos* 0 + p17“4 sin® # sin? ~
+p1rt sin 0 cos* v + 2por sin® 0 sin?  cos? v
+aqrtsin® 6 cos® 0 + 0421717"4 sin? 0 cos? 6 sin? v+ a2n2r4 sin? 6 cos? 0 cos? v

+aznzrt sin? 0 cos? O sin® y + aznyr? sin? 6 cos? 0 cos? y (4.17)
Factorised in powers of cosf and sin 8, this gives
Vesg = {fSSB()\, €) cos* 6 4 ggsp sin® 0 + hggp sin? 6 cos? 0} , (4.18)

where we defined the values of the functions after SSB
)\1 AQ 2
A = — 4+ —
fssB(\, ) 1t 13
gsse(p,y) = prsin® v + p1 cos® v + 2pg cos® ysin® y
hsse(a,v,n) = a1 + ao (771 sin”  + 12 cos® 7) + a3 (773 sin®  + 14 cos® 7) (4.19)

Notice that we have considered the general vacuum structure without restricting v; to
vanish. In this new set of parametrisation, setting v; to zero is consistent with setting
& =0 = n3 = ng. The copositivity conditions derived below can be considered with the
corresponding expressions duly simplified.

The necessary and sufficient conditions for correct symmetry breaking require the
minimum of Vssp to be deeper than that obtained from the general potential®

Cgpd = hydu3 + fus  gssepi — hsserips + fsseis
4fg — h? 4fsspgssp — higp

For our potential g = gssp, f = fssB, h = hgsp and the minimum of the potential Vsgp is

the same as for V4. Imposing V4 > Vgsp the VEV structure yields, for the global minimum
of the theory

f=fssB,  g=gsss,  h—hsss+ 2\/(f — fssB)(9 — gssB) = 0.

3A detailed discussion on gauge orbit spaces and its connection to find out electromagnetic charge-
preserving vacuum of theory can be found in [42, 43, 50-54]).
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In addition Vsgp exhibits a stable vacuum for

fss > 0, gss > 0, hssB + 2v/ fssgss > 0.

The VEV condition (®) # 0 is satisfied as long as the \’s are bounded from below, and
all conditions found for charge-preserving vacua trivially satisfy the requirements for the
symmetry breaking. The function

gsSSB = ( [p1 tan® ¥+ 2p2 tan? v+ pi1]

1+ tan? v)2

has a minimum for tan?y = 0 and 1. Imposing further the second SSB condition, (x1) <
(xR), tan?y = 0 is preferred and

2p1 +2p2

4.20

yielding
p2—3p1=>0. (4.21)

As the minimum of gggg occurs for p; > 0, the above condition also implies that py > 0.
Thus in addition to the constraint eq. (4.3), spontaneous symmetry breaking conditions
also imposes p2 > 0 on the parameters of the scalar potential.

5 Restrictions on the parameter space due to Higgs masses

In addition to the vacuum stability conditions analyzed in the previous section, the scalar
potential is bound by the requirement of non-tachyonic Higgs boson masses. To insure
these conditions are satisfied, we recall the expressions for the masses as given in [28].

In the model, based on the generalized lepton number L = S + T3g, one introduces a
generalized R parity, similar to the one introduced in supersymmetry [30], (—1)3B+2j+L ,
under which all SM quarks and leptons are even, while in the scalar sector, xﬁ, d)f, R(o9)
and 3(¢}) are odd, while the rest of the Higgs bosons are even.

This is reflected in the mixing matrices, which are consistent with R-parity even and
R-parity odd scalars not mixing. Indeed in the charged scalar sector, the squared mass
matrix is block diagonal. The qﬁéﬁ and XjLE (R-parity even) fields mix independently of the
¢7 and x3 (R-parity odd) fields. The 2 x 2 block mass matrices (M7)? and (M3%)? are
written, respectively, in the ((b;t, Xch) and (¢fc, Xﬁ) bases, as

M) —(ag — ag)v? , — v, (a2 — a3)vovy 5 + “T}%’L o)

ML R == 5 5.1
, H3VR,L _ _ 2 _ H3VVR,L
(a2 —az)v+ =75 (a2 — ag)v® — 575

The masses of the charged Higgs bosons are obtained simply by diagonalising a 2 x 2
matrices. The masses for the charged Higgs bosons are

2

2 H3VR| VU
_ _ _ 5.2
Myt {vng (g — a3) + NG } o~ (5.2)

2

2 B3vL | v
miy = — R (o — ag) + 5.3
b = [pavm (0o — o)+ £ ] (53)
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with v? = v3 + v% and v? = v3 + 1)12%, and where h; is R-parity odd and hs is R-parity
even. The other two eigenstates of these matrices correspond to the Goldstone bosons G5
(R-parity even) responsible for giving mass to the ch boson, while the Goldstone G{E
(R-parity odd) gives mass to Wg, which is also odd under R-parity.

In the pseudoscalar and scalar sector, components of the ¢{ field (R(¢?) and I(¢9))
do not mix with other states, as they are both R-parity odd, and they yield the physical
h{ and A; eigenstates. They are mass-degenerate, with masses Mo and my,.

The mass for the CP-odd (and R-parity odd) Higgs boson A; is

H3VLVR
mAl = 2@2)\2 — (g — a3) (v% + v%) — oI (5.4)

and the mass for the CP-even, R-parity odd Higgs boson R(¢?) is

The squared mass matrices (M%)? and (M2)? of the three remaining scalar and pseu-
doscalar fields (all of which are R-parity even) are respectively given, in the (R{¢9}, R{x%},

R{x%}) and ({89}, S{xY}, S{x%}) bases, by the matrices

202)\1—7H3\%UR 2&121)1)L+“3UR 204121)1)R+“3UL

2v V2 V2
(MQ)? = 20512va+“3/%1% 2p1v%—%g§ 2p1vLvR— ‘f}” , (5.6)
2041201)3—1—“\3}L 2p1vaR—% 2p10% — \;1’;’;
__VLVR VR —vy,
VLI (5.7)
R3 - \/§ R vr, ) .
—vp k-
VR

Here the pseudoscalar boson Ay has mass

2 H3VLVR

1 1
= — 1+v2 | 5+ = || . 5.8

The requirement that CP-odd physical scalar A3 mass be non-tachyonic constrains us to be

negative, as all the other parameters in eq. (5.8) are positive. The other two CP-odd states
in (M%)? are Goldstone bosons GY and GY for Z, Z' gauge bosons. Both the Goldstone
bosons and neutral gauge bosons are R-parity even, thus conserving R-parity.

The masses for CP-even, R-parity even Higgs are My, , where h{ corresponds to the
SM Higgs. It is conventional to fix the A\; parameter of the scalar potential in terms the
mass of the lightest Higgs state h) (that can then be set to match the SM Higgs boson
mass). With this, \; becomes formally a parameter dependent on My,

1 \@fuvangg + a(4)mi8 - 2a(2)m}2lg — dafyuzvt(vi — v%)?

A = . (5.9)

203 ﬁvaRmig + (u3v — 2v2p1opvg) (v + U%)mig — 2uzvp1 (V3 — v})?
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However, we found that, since \; depends on several other parameters (v;, vg, v, p1, U3, 12
and a), it is simpler to vary it and study the effects on the vacuum state. The rest of the
CP-even (R-parity-even) neutral Higgs boson masses are

1
m;%%3 =3 {a— mi F \/(a— m%)Q +4(b+m3 (a—m3)) ] , (5.10)

where

(vivR + 03 [vi +vR)] s
\/§U2ULUR

a =205\ +2 (v% —HJ%) p1—

I

2 2
V7 + v
b = M {4USULUR [(041 + a2)2 — )\1/)1} + \/51)3/\1;13 + \/5’0%11%501/13}
VoULUR
2v 2
+ M |:4’U%U12:5 (041 + a2) + (U% — ’UIQ%) p1:| .
VL,UR

The existence of an R-parity odd sector, which mixes among itself only, and thus acts
as like separate sector of the model, raises the question of whether the lightest R-parity
odd Higgs particle could serve as a dark matter candidate. While a full investigation of
this does not exist in the literature, the scotino, which is also odd under R-parity, has
been shown to be a promising dark matter candidate for the model [28]. An analysis of the
possibility that one of the Higgs states could be a consistent dark matter involves a separate
analysis of the parameter space required to satisfy annihilation and co-annihilation cross
sections yielding correct relic density and satisfying direct detection constraints. This is
beyond the scope of the present paper, and we leave it for investigation in future work.

Imposing pg < 0 as required by avoiding tachyonic masses, eq. (5.8), we distinguish
two different cases:

o (a) For (e — a3) >0, mii > 0 but mii < 0.
1 2

e (b) For (ag — a3) <0, mifvhzi > 0.
These further constrain (as —as) as (ae —a3) < 0. But from the copositivity criterion puts
constraint on (g — ag) as (ag — ag) > 0. So, it appears that only the allowed parameter
space is the one where as = ag.

We proceed to investigate the parameter space more carefully by imposing not only the
non-tachyonic conditions on the mass values, but also the requirement that they satisfy the
mass bounds for additional Higgs bosons as in [55]. The charged scalar hQi and the pseudo-
scalar A; are right-handed and decay into an ordinary and an exotic fermion. Assuming
they are light, these particles are long lived but are not produced in ¢g(), and thus their
masses are not bounded by collider data. In contradistinction, hét, and Ay decay into
ordinary fermions only and can be produced in Drell-Yan processes, and thus their masses
are restricted by searches of new Higgs bosons. In figure 5 we plot the restrictions on the
parameters us and as — a3 coming from these constraints.

In the left panel of figure 5, we plotted several contributions arising due to Higgs mass
relations (quoted in egs. (5.3)—(5.8)) to constrain the parameter space between pg and
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Figure 5. Parameter space spanned by ps and as — ag. Left Panel: allowed regions (shaded)
are obtained considering restrictions on the physical charged and neutral scalar states, requiring
My > 80 GeV, My, ma, > 0 and m4, > 80 GeV [55]. Right Panel: surviving allowed parameter
space from Higgs mass criteria for different values of vy, as given in the legend.

(avg — arg). In this figure, the blue region describes the parameter space allowed by charged
scalar mass My > 80 GeV, while the second CP-odd Higgs A9 mass (ma, > 80GeV)
constraints the parameter space within the rectangular region as indicated in red. Also
from the allowed Yukawa couplings in ALRM framework, charged Higgs H 21 and CP-odd
scalar A can decay to exotic fermions thus we only require their masses be positive definite.
Using the conditions My, MA, > 0, we constrained the parameter space in the left panel
of figure 5 represented by orange and green rectangular regions. In the plots we keep
vg = 10 TeV constant, as required by the Z’ mass lower bounds, but vary vy. All these
constraints coming from Higgs mass consideration impose stronger limits on the parameter
space s vs ag — 3. In the right panel of the figure, the overlapped regions obtained from
all the shaded region shows which clearly that us < —353.54 (—601.23, —1253.17) GeV (or
|ps| > 353.54 (601.23,1253.17) GeV for vz, = 5.96 (3.5,1.68) GeV, as well as (ag — ag) = 0.
From our plot presentation, we show ps € [—0.001, —0.1] GeV in left panel of the figure but
w3 can take further values along the negative y-axis, where we show for different vy, values
in right panel of the figure.

6 Higgs mass dependence on the parameters

In this section, we analyze the mass dependence of the scalar, pseudo-scalar and charged
Higgs bosons as a function of the relevant parameters in the scalar potential. Our aim
is to show the effects of requiring the parameter space to be consistent with the vacuum
structure and look for viable Higgs masses. The advantage of this model is that there are
no FCNC in the Higgs sector, thus the scalar masses can be light, and the corresponding
Higgs bosons could observed at the LHC.

First, we analyze the mass dependence of the pseudo-scalar and charged Higgs states.
The expressions for these masses are quite simple, egs. (5.3)—(5.8), and for fixed v, vy, and
vr they depend on p3 only. The dependence is shown in figure 6.
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Figure 6. Charged and pseudo-scalar Higgs boson masses as functions of pug.
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Figure 7. Left Panel: CP-even Higgs masses as functions of us for a3 = as = A\ = p; = 0.001.
Right panel: CP-even Higgs mass as functions of 3 for a; = ag = Ay = p; =0.1.

Next we investigate the parameter dependence of the CP-even Higgs bosons. The
expressions are more complicated, egs. (5.5)—(5.10). These masses depend on puz and in
addition, on the sum a; + a2, p1 and A\;. We show, in figure 7 the variation of myj, and
mp, With ps for some choices for aq, ag, p1 and A. For either light or heavy CP-even Higgs
masses, My, is independent of p3, except in the region |uz| < 1 GeV, when the mass drops
abruptly (due to the condition of requiring pus < 0 for non-tachyonic masses. Whereas
mp, decreases when we decrease |us3|, but is always positive, figure 7. However, there is
strong dependence of the A1, p; parameters as seen from eq. (5.10)., showing that, with
the definitions of a and b parameters, mp,, mp, ~ VA1, VP

In figure 8 we plot the variation of the masses of the CP-even Higgs ho and hs with
a1 + ao, for some choices for the ps parameters, and with Ay and p1, chosen to be equal.
From the derived results we can see (a1 + a2)2 > A\1p1, so we have chosen as benchmarks
Al =p1 = 0.99(041 + ag), Al =p1 = 0.7(041 + az), Al =p1 = 0.5(041 + az), and \; = p; =
0.3(a1 + a2).

We show masses of hg in the left panels, and hs in the right ones. Choosing different
A1 = p1 to be smaller multiples of a; + a9 lowers the masses of both ho and hs, but the
dependence is different: while my, increases linearly with a1 + a2 up to 0.05, where it
reaches a plateau and then decreases, my,, is constant when increasing o + a9 up to 0.05,
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Figure 8. Dependence on the Higgs mass on the couplings in the potential. Top left panel: hy
Higgs mass as a function of oy + aq for various values of A1 p1, in the lighter mass region; Top right
panel: same as in the left panel, but for hy Higgs mass; Bottom left panel: hy Higgs mass as a
function of A\; = p1, for two values of us the heavier mass region; Bottom right panel: same as in
the left panel, but for hy Higgs mass.

and then it increases linearly. Throughout the parameter range, mp, remains relatively
light, below 800 GeV, and for a1 + ag < 0.05 , my,, is below 1TeV.

Looking at the dependence on A1 = p; for two values of us, lighter masses for hs
are obtained for larger A; = p1, while my, increases parabolically with us3 for smaller |us3]
values and linearly for larger |us| values up to A; = p; = 3, where it becomes independent
of M3

In the above, we plotted some graphs for the Higgs masses based on choosing some
values for the parameters in the potential consistent with vacuum stability. That choice
yields some values for the masses. We explore further the implications on the restrictions of
the parameters in the scalar potential eq. (3.1) to explore if we can obtain any restrictions
on the Higgs masses.

In general, it is difficult to impose firm restrictions on Higgs masses from the constraints
on scalar couplings, as the Higgs masses depend on several parameters.

We investigated first the dependence of the pseudoscalar masses, m 4, and m4, on the
parameters a9, az and p3, which are, in addition to the VEVs, responsible for determining
the masses. In addition to the parameters appearing in the charged Higgs masses, the
pseudoscalar masses also depend on Az, which we varied from —0.001 — —1.

In plotting figure 5, we considered three values of vy, noting that vy is constrained

from down type quark mass in ALRM:
1. vr, ~ 5.95GeV (the case with Yukawa coupling ~ O(1)),

2. vy ~ 1.68 GeV (minimum value as Yukawa couplings is constrained from perturba-

tivity criteria,

3. v, ~ 3.5 GeV (somewhat arbitrary intermediate case).
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Figure 9. Parameter space of the pseudoscalar Higgs masses obtained by varying ps, and the
dependence Ay couplings in the scalar potential, and on the VEV vp. Left: vy = 1.68 GeV, Right:
v = 5.95GeV.

There are two competing terms involved in the mass expressions for m4,. If we fix
vy, = 5.95GeV, then for Ay = —1.0, |u3| must be larger than 700 GeV, otherwise the mass
of the pseudoscalar A; will be imaginary. Similarly, for vy, = 3.5 (1.68) GeV, for Ao = —1.0
values for |us| are restricted to |u3| > 1200 (2400) GeV. We show the plot of m 4, versus ma,
in figure 10, for vy, = 1.68 GeV (left), and vy, = 5.95 GeV (right) with no constraints, and for
fixed Ao = —1, which yields lower pseudoscalar masses. For the case where vy, = 3.5 GeV,
we verified that the mass range for my, lies in the middle of these ranges, and we do not
show the plot here.

From these graphs we can easily see that while m4, is not significantly altered by
varying vz, and imposing A9 = —1, the range allowed for m 4, increases with decreasing vr,.
For vy, = 5.95GeV, my, > 14.5 TeV, while for vy, = 1.68 GeV, m 4, > 51 TeV.

Next we explored the parameter space for the charged Higgs boson masses, My and
My, whose expressions depend on ag, ag and 3 (in addition to the VEVs). We varied
the parameter p3 in the region allowed by constraints on the pseudoscalar masses, and the
corresponding «a’s in the 0.001 — 1.

We looked at two possibilities:

o Case I: without the restriction s = a3 (which we have solely found from our vacuum
analysis);

e Case II: including the restriction g = a3 which restricts the parameter space signif-
icantly.

Our results are shown in figure 9.

From this plot we can see that My, values are restricted to be around 40 GeV (very low
mass) for ag = a3, while =+ values are unrestricted and increase with decreasing vy,. The
restrictions are My > 14 TeV for vy, = 5.95 GeV, while My, > 50 TeV for v;, = 1.68 GeV.
These results are consmtent with those shown in figure 5. In addition, we verified that
these masses are insensitive to variations in the VEVs vg and k. (Note that vg is fixed by
constraints on Zp mass.)

Unfortunately, no such simple plots can be obtained for the (CP-even) neutral Higgs
masses. Eqgs. (5.5)—(5.10) give the explicit expressions for the masses, which exhibit a
complicated dependence of the parameters in the scalar potential. While definite values
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Figure 10. Parameter space allowed for the charged Higgs masses on the VEV vy while varying
s and asg, ag. Left: vy = 1.68 GeV, Right: vy = 5.95 GeV.

can be obtained for specific choices of the parameters, we were unable to find more general
predictions or restrictions on these masses.

7 Consistency of parameters and their constraints

In the previous sections we have used several analytical and numerical tools i.e., potential
minimization, copositivity requirements, Higgs mass arguments as well as numerical anal-
ysis of potential to constrain the parameter spaces spanned by scalar potential parameters.
We could instead perform san alternative analysis as in [34]. Using some shorthand redefi-
nition of parameters as, 1o = a1 + a9, @13 = a1 + ag and A2 = A + 2)2, we observe that
we can restate the constraints in terms these combinations only. Copositivity requirements
from our analysis ensure Ao < 0,a0 —asz < 0,A1,p1 > 0 and p2 > p; > 0. In addition
from Higgs mass analysis, positivity of scalar masses require as — a3 < 0 and pusz < 0.
Combining these conditions we obtained ap = a3 which implies a2 = 3. While in [34]
one distinguishes 8 possible conditions for vacuum stability, as we have found a2 = a3,
these conditions are reduced to 4 i.e., when a2 and aj3 have different signs they must be
both zero. We can reconsider the 4 different conditions as:

1. a12, aiz3 > 0, A2 > 0 .These conditions always obey all the derived copositivity
criteria.

2. a12, a1z > 0, A2 < 0. The conditions for vacuum stability are:
M+ >0, A2y + 2010 <0. (7.1)

Combining A1 + A2 > 0 with A3 < 0 and A A9 < 0 along with the copositivity
condition Ay < 0; these imply A; > 0 which is consistent with the copositivity
criteria. The surviving conditions here are:

)\2
M+ A2 >0, M| > % (7.2)

3. ay2, a13 <0, A2 > 0 .The previously derived conditions are:
Aip1—afy 20, aiy(pr —p2) >0 (7.3)

The first condition clearly establishes A1p; > 0, also as A%, is positive, the second
condition ensures that p; — ps > 0 which is in conflict with the copositivity argument
p1 — p2 < 0 unless the surviving condition becomes a3 = a3 = 0.
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4. aq2, a13 <0, A2 < 0. The stability conditions are:
ag =a13 =0, A+ Ao >0, )\%2 + 2X1 9 < 0. (7.4)

Combining A1 + Ao > 0 with A2 < 0 as well as Ay Ao < 0 with the copositivity criteria
A2 < 0 imply that A\; > 0 (consistent with our copositivity requirement). Now the
surviving conditions are:

)\2
M+A>0, acpp=a13=0, [Aidg| > % (7.5)

From the four different regions of parameter space we looked at we can summarize: case (i)
= 1o restrictions and cases (ii), (iii) and (iv) (the latter of which combines the restrictions
from both (ii) and (iii)). Thus condition (iv) yields most restrictive region for ALRM
potential study. Imposing as = a3 as well, the number of independent constraints on «;
and p; parameters in eqs. (4.11) and (4.12) becomes 2, the corresponding conditions can
be summarized as follows (defining ay = a3 = o)

, + .
(i) a1 +a + /)N <p1 5 p2> > 0; (i1) a;+a’ ++vAip1 >0 (7.6)
These relations clearly constraints o/ = as = a3 > 0. Note also that they are completely
consistent with the constraints eqs. (4.13). This completes and confirms our analysis of
vacuum stability in ALRM.

8 Conclusion

In this work we analysed the vacuum structure of the alternate left-right model ALRM,
which is another possible option to breaking Fg grand unified group into SU(2)7 x SU(2)g.
The advantage of the model over the more commonly studied left right symmetric model is
the absence of FCNC in the Higgs sector. Thus the Higgs states in this model can be light
and within reach of the LHC. With this aim we have explored the vacuum structure of the
ALRM scalar sector with symmetry breaking implemented using Higgs bidoublet & and
doublets xr,r. We have use the “bounded from below” and copositivity criteria to obtain
stable vacuum structure. We performed an analytical study and numerical investigations of
the ALRM potential with these criteria, thereby restricting the parameter space. Possible
gauge equivalent vacua that may lead to charge-breaking are identified, however they are
seen not to enter our later analysis.

These model building constraints are then combined with mass restrictions on the
Higgs states, some of which decay into exotic fermions and are long-lived, while some
others can be produced through Drell-Yan processes and whose masses can be restricted
from Higgs searches. We also showed the dependence of the CP-even, CP-odd and charged
Higgs masses on the various parameters of the model and gave some examples of light and
heavier masses variations. Based on restrictions on parameters in the scalar potential, one
pseudoscalar Higgs and one charged Higgs state is very light (can be less that 100 GeV)
while the others lie in the TeV range.
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Finally, we compared our analysis to a previous investigation of the structure of the
vacuum, and showed consistency within their parameter space with their results. Our
analysis shows that the parameter space of ALRM is much more restricted than previously
explored, and that Higgs masses depend on a relatively small number of parameters and
that the masses of scalars, pseudo-scalars and charged Higgs are heavily interconnected,
rendering the model very predictive.

Acknowledgments

The work of MF has been partly supported by NSERC through grant number SAP105354.
SS is thankful to UGC and IRCC, II'T Bombay for financial support in her research work.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] SUPER-KAMIOKANDE collaboration, Constraints on neutrino oscillations using 1258 days of
Super-Kamiokande solar neutrino data, Phys. Rev. Lett. 86 (2001) 5656 [hep-ex/0103033]
[INSPIRE].

[2] SNO collaboration, Direct evidence for neutrino flavor transformation from neutral current
interactions in the Sudbury Neutrino Observatory, Phys. Rev. Lett. 89 (2002) 011301
[nucl-ex/0204008] [INSPIRE].

[3] G. Isidori, G. Ridolfi and A. Strumia, On the metastability of the standard model vacuum,
Nucl. Phys. B 609 (2001) 387 [hep-ph/0104016] [INSPIRE].

[4] R.N. Mohapatra and J.C. Pati, A Natural Left-Right Symmetry, Phys. Rev. D 11 (1975)
2558 [INSPIRE].

[5] J.C. Pati and A. Salam, Lepton Number as the Fourth Color, Phys. Rev. D 10 (1974) 275
[Erratum dbid. 11 (1975) 703] [INSPIRE].

[6] G. Senjanovié¢ and R.N. Mohapatra, Fzract Left-Right Symmetry and Spontaneous Violation
of Parity, Phys. Rev. D 12 (1975) 1502 [INSPIRE].

[7] G. Senjanovié, Spontaneous Breakdown of Parity in a Class of Gauge Theories, Nucl. Phys.
B 153 (1979) 334 [INSPIRE].

[8] R.N. Mohapatra and G. Senjanovié, Neutrino Mass and Spontaneous Parity
Nonconservation, Phys. Rev. Lett. 44 (1980) 912 [INSPIRE].

[9] R.N. Mohapatra and G. Senjanovié¢, Neutrino Masses and Mizings in Gauge Models with
Spontaneous Parity Violation, Phys. Rev. D 23 (1981) 165 [INSPIRE].

[10] J.C. Pati and A. Salam, Unified Lepton-Hadron Symmetry and a Gauge Theory of the Basic
Interactions, Phys. Rev. D 8 (1973) 1240 [iInSPIRE].

[11] J.C. Pati and A. Salam, Are There Anomalous Lepton-Hadron Interactions?, Phys. Rev.
Lett. 32 (1974) 1083 [InSPIRE].

— 96 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevLett.86.5656
https://arxiv.org/abs/hep-ex/0103033
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ex%2F0103033
https://doi.org/10.1103/PhysRevLett.89.011301
https://arxiv.org/abs/nucl-ex/0204008
https://inspirehep.net/search?p=find+EPRINT%2Bnucl-ex%2F0204008
https://doi.org/10.1016/S0550-3213(01)00302-9
https://arxiv.org/abs/hep-ph/0104016
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0104016
https://doi.org/10.1103/PhysRevD.11.2558
https://doi.org/10.1103/PhysRevD.11.2558
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD11%2C2558%22
https://doi.org/10.1103/PhysRevD.10.275
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD10%2C275%22
https://doi.org/10.1103/PhysRevD.12.1502
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD12%2C1502%22
https://doi.org/10.1016/0550-3213(79)90604-7
https://doi.org/10.1016/0550-3213(79)90604-7
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB153%2C334%22
https://doi.org/10.1103/PhysRevLett.44.912
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C44%2C912%22
https://doi.org/10.1103/PhysRevD.23.165
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD23%2C165%22
https://doi.org/10.1103/PhysRevD.8.1240
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD8%2C1240%22
https://doi.org/10.1103/PhysRevLett.32.1083
https://doi.org/10.1103/PhysRevLett.32.1083
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C32%2C1083%22

[12] R.N. Mohapatra and J.C. Pati, A Natural Left-Right Symmetry, Phys. Rev. D 11 (1975)
2558 [INSPIRE].

[13] R.N. Mohapatra, F.E. Paige and D.P. Sidhu, Symmetry Breaking and Naturalness of Parity
Conservation in Weak Neutral Currents in Left-Right Symmetric Gauge Theories, Phys. Rev.
D 17 (1978) 2462 [NSPIRE].

[14] C. Majumdar, S. Patra, S. Senapati and U.A. Yajnik, Ov38 in left-right theories with Higgs
doublets and gauge coupling unification, Nucl. Phys. B 951 (2020) 114875
[arXiv:1809.10577].

[15] S. Senapati, S. Patra, P. Pritimita and C. Majumdar, A comparative study of OvBS decay in
symmetric and asymmetric left-right model, Nucl. Phys. B 954 (2020) 115000
[arXiv:2001.09488].

[16] P. Fileviez Perez, C. Murgui and S. Ohmer, Simple Left-Right Theory: Lepton Number
Violation at the LHC, Phys. Rev. D 94 (2016) 051701 [arXiv:1607.00246] [INSPIRE].

[17] H. Georgi and S.L. Glashow, Unity of All Elementary Particle Forces, Phys. Rev. Lett. 32
(1974) 438 [INSPIRE].

[18] H. Georgi, H.R. Quinn and S. Weinberg, Hierarchy of Interactions in Unified Gauge
Theories, Phys. Rev. Lett. 33 (1974) 451 [INSPIRE].

[19] H. Fritzsch and P. Minkowski, Unified Interactions of Leptons and Hadrons, Annals Phys. 93
(1975) 193 [INSPIRE].

[20] G. Ecker, W. Grimus and H. Neufeld, Higgs Induced Flavor Changing Neutral Interactions in
SU(2)r x SU(2)g x U(1), Phys. Lett. B 127 (1983) 365 [Erratum ibid. 132 (1983) 467]
[INSPIRE].

[21] Y. Zhang, H. An, X. Ji and R.N. Mohapatra, General CP-violation in Minimal Left-Right
Symmetric Model and Constraints on the Right-Handed Scale, Nucl. Phys. B 802 (2008) 247
[arXiv:0712.4218] [INSPIRE].

[22] A. Maiezza, M. Nemevsek, F. Nesti and G. Senjanovié¢, Left-Right Symmetry at LHC, Phys.
Rev. D 82 (2010) 055022 [arXiv:1005.5160] INSPIRE].

[23] J.L. Hewett and T.G. Rizzo, Low-Energy Phenomenology of Superstring Inspired E(6)
Models, Phys. Rept. 183 (1989) 193.

[24] P. Langacker and J. Wang, rmU (1)’ symmetry breaking in supersymmetric Eg models, Phys.
Rev. D 58 (1998) 115010 [hep-ph/9804428] [INSPIRE].

[25] E. Ma, Particle Dichotomy and Left-Right Decomposition of Eg Superstring Models, Phys.
Rev. D 36 (1987) 274 [INSPIRE].

[26] K.S. Babu, X.-G. He and E. Ma, New Supersymmetric Left-Right Gauge Model: Higgs Boson
Structure and Neutral Current Analysis, Phys. Rev. D 36 (1987) 878 [INSPIRE].

[27] E. Ma, Dark Left-Right Model: CDMS, LHC, ETC, J. Phys. Conf. Ser. 315 (2011) 012006
[arXiv:1006.3804] [INSPIRE].

[28] M. Frank, B. Fuks and O. Ozdal, Natural dark matter and light bosons with an alternative
left-right symmetry, JHEP 04 (2020) 116 [arXiv:1911.12883] [INSPIRE].

[29] S. Khalil, H.-S. Lee and E. Ma, Generalized Lepton Number and Dark Left-Right Gauge
Model, Phys. Rev. D 79 (2009) 041701 [arXiv:0901.0981] [INSPIRE].

— 97 -


https://doi.org/10.1103/PhysRevD.11.2558
https://doi.org/10.1103/PhysRevD.11.2558
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD11%2C2558%22
https://doi.org/10.1103/PhysRevD.17.2462
https://doi.org/10.1103/PhysRevD.17.2462
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD17%2C2462%22
http://dx.doi.org/10.1016/j.nuclphysb.2019.114875
https://arxiv.org/abs/1809.10577
http://dx.doi.org/10.1016/j.nuclphysb.2020.115000
https://arxiv.org/abs/2001.09488
https://doi.org/10.1103/PhysRevD.94.051701
https://arxiv.org/abs/1607.00246
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1607.00246
https://doi.org/10.1103/PhysRevLett.32.438
https://doi.org/10.1103/PhysRevLett.32.438
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C32%2C438%22
https://doi.org/10.1103/PhysRevLett.33.451
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C33%2C451%22
https://doi.org/10.1016/0003-4916(75)90211-0
https://doi.org/10.1016/0003-4916(75)90211-0
https://inspirehep.net/search?p=find+J%20%22Annals%20Phys.%2C93%2C193%22
https://doi.org/10.1016/0370-2693(83)91018-3
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB127%2C365%22
https://doi.org/10.1016/j.nuclphysb.2008.05.019
https://arxiv.org/abs/0712.4218
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0712.4218
https://doi.org/10.1103/PhysRevD.82.055022
https://doi.org/10.1103/PhysRevD.82.055022
https://arxiv.org/abs/1005.5160
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1005.5160
http://dx.doi.org/10.1016/0370-1573(89)90071-9
https://doi.org/10.1103/PhysRevD.58.115010
https://doi.org/10.1103/PhysRevD.58.115010
https://arxiv.org/abs/hep-ph/9804428
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9804428
https://doi.org/10.1103/PhysRevD.36.274
https://doi.org/10.1103/PhysRevD.36.274
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD36%2C274%22
https://doi.org/10.1103/PhysRevD.36.878
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD36%2C878%22
https://doi.org/10.1088/1742-6596/315/1/012006
https://arxiv.org/abs/1006.3804
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1006.3804
https://doi.org/10.1007/JHEP04(2020)116
https://arxiv.org/abs/1911.12883
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1911.12883
https://doi.org/10.1103/PhysRevD.79.041701
https://arxiv.org/abs/0901.0981
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0901.0981

[30]

[31]

[32]

[33]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

S. Khalil, H.-S. Lee and E. Ma, Bound on Z’ Mass from CDMS II in the Dark Left-Right
Gauge Model II, Phys. Rev. D 81 (2010) 051702 [arXiv:1002.0692] [INSPIRE].

E. Ma, Dark-Matter Fermion from Left-Right Symmetry, Phys. Rev. D 85 (2012) 091701
[arXiv:1202.5828] [INSPIRE].

C. Kownacki, E. Ma, N. Pollard, O. Popov and M. Zakeri, Dark Gauge U(1) symmetry for an
alternative left-right model, Eur. Phys. J. C' 78 (2018) 148 [arXiv:1706.06501] INSPIRE].

M. Ashry and S. Khalil, Phenomenological aspects of a TeV-scale alternative left-right model,
Phys. Rev. D 91 (2015) 015009 [Addendum 4bid. 96 (2017) 059901] [arXiv:1310.3315]
[INSPIRE].

M. Ashry, Tev scale left-right symmetric model with minimal Higgs sector, MSc. Thesis,
Cairo University, Cairo Egypt (2015).

M. Frank, C. Majumdar, P. Poulose, S. Senapati and U.A. Yajnik, Fzploring Ov38 and
leptogenesis in the alternative left-right model, Phys. Rev. D 102 (2020) 075020
[arXiv:2008.12270] [INSPIRE].

K. Kannike, Vacuum Stability Conditions From Copositivity Criteria, Eur. Phys. J. C 72
(2012) 2093 [arXiv:1205.3781] [INSPIRE].

K. Kannike, Vacuum Stability of a General Scalar Potential of a Few Fields, Fur. Phys. J. C
76 (2016) 324 [Erratum ibid. 78 (2018) 355] [arXiv:1603.02680] [INSPIRE].

B.L. Sanchez-Vega, G. Gambini and C.E. Alvarez-Salazar, Vacuum stability conditions of the
economical 3-3-1 model from copositivity, Eur. Phys. J. C'79 (2019) 299
[arXiv:1811.00585] [INSPIRE].

J. Chakrabortty, P. Konar and T. Mondal, Constraining a class of B—L extended models
from vacuum stability and perturbativity, Phys. Rev. D 89 (2014) 056014 [arXiv:1308.1291]
[INSPIRE].

J. Chakrabortty, P. Konar and T. Mondal, Copositive Criteria and Boundedness of the
Scalar Potential, Phys. Rev. D 89 (2014) 095008 [arXiv:1311.5666] INSPIRE].

P.S. Bhupal Dev, R.N. Mohapatra, W. Rodejohann and X.-J. Xu, Vacuum structure of the
left-right symmetric model, JHEP 02 (2019) 154 [arXiv:1811.06869] [INSPIRE].

G. Chauhan, Vacuum Stability and Symmetry Breaking in Left-Right Symmetric Model,
JHEP 12 (2019) 137 [arXiv:1907.07153] [INSPIRE].

J. Kim, General Method for Analyzing Higgs Potentials, Nucl. Phys. B 196 (1982) 285
[INSPIRE].

K. Kannike, Vacuum stability conditions and potential minima for a matrixz representation in
lightcone orbit space, Eur. Phys. J. C' 81 (2021) 940 [arXiv:2109.01671] [INSPIRE].

G.C. Branco and L. Lavoura, Natural CP Breaking in Left-right Symmetric Theories, Phys.
Lett. B 165 (1985) 327 [INSPIRE].

J. Basecq, J. Liu, J. Milutinovic and L. Wolfenstein, Spontaneous CP Violation in
SU(2), x SU(2)r x U(1)p—r Models, Nucl. Phys. B 272 (1986) 145 [INSPIRE].

R.N. Mohapatra and Y. Zhang, TeV Scale Universal Seesaw, Vacuum Stability and Heavy
Higgs, JHEP 06 (2014) 072 [arXiv:1401.6701] [NSPIRE].

B. Brahmachari, M.K. Samal and U. Sarkar, Potential minimization in left-right symmetric
models, hep-ph/9402323 [INSPIRE].

~ 98 —


https://doi.org/10.1103/PhysRevD.81.051702
https://arxiv.org/abs/1002.0692
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1002.0692
https://doi.org/10.1103/PhysRevD.85.091701
https://arxiv.org/abs/1202.5828
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1202.5828
https://doi.org/10.1140/epjc/s10052-018-5630-6
https://arxiv.org/abs/1706.06501
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1706.06501
https://doi.org/10.1103/PhysRevD.91.015009
https://arxiv.org/abs/1310.3315
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1310.3315
https://doi.org/10.1103/PhysRevD.102.075020
https://arxiv.org/abs/2008.12270
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2008.12270
https://doi.org/10.1140/epjc/s10052-012-2093-z
https://doi.org/10.1140/epjc/s10052-012-2093-z
https://arxiv.org/abs/1205.3781
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1205.3781
https://doi.org/10.1140/epjc/s10052-016-4160-3
https://doi.org/10.1140/epjc/s10052-016-4160-3
https://arxiv.org/abs/1603.02680
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1603.02680
https://doi.org/10.1140/epjc/s10052-019-6807-3
https://arxiv.org/abs/1811.00585
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.00585
https://doi.org/10.1103/PhysRevD.89.056014
https://arxiv.org/abs/1308.1291
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1308.1291
https://doi.org/10.1103/PhysRevD.89.095008
https://arxiv.org/abs/1311.5666
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1311.5666
https://doi.org/10.1007/JHEP02(2019)154
https://arxiv.org/abs/1811.06869
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.06869
https://doi.org/10.1007/JHEP12(2019)137
https://arxiv.org/abs/1907.07153
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1907.07153
https://doi.org/10.1016/0550-3213(82)90040-2
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB196%2C285%22
https://doi.org/10.1140/epjc/s10052-021-09746-w
https://arxiv.org/abs/2109.01671
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2109.01671
https://doi.org/10.1016/0370-2693(85)91239-0
https://doi.org/10.1016/0370-2693(85)91239-0
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB165%2C327%22
https://doi.org/10.1016/0550-3213(86)90345-7
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB272%2C145%22
https://doi.org/10.1007/JHEP06(2014)072
https://arxiv.org/abs/1401.6701
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1401.6701
https://arxiv.org/abs/hep-ph/9402323
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9402323

[49] M. Frank, I. Turan and M. Sher, Neutrino masses in effective rank-5 subgroups of Fg I:
non-SUSY case, Phys. Rev. D 71 (2005) 113001 [hep-ph/0412090] [nSPIRE].

[50] J. Kim, SU(N) Higgs Problem With Adjoint Representation and Michel’s Conjecture, Nucl.
Phys. B 197 (1982) 174 [ixSPIRE].

[51] S.C. Frautschi and J. Kim, SU(5) Higgs Problem With Adjoint + Vector Representations,
Nucl. Phys. B 196 (1982) 301 [INSPIRE].

[52] J.S. Kim, Orbit Spaces of Low Dimensional Representations of Simple Compact Connected
Lie Groups and Eztrema of a Group Invariant Scalar Potential, J. Math. Phys. 25 (1984)
1694 [INSPIRE].

[63] M. Abud and G. Sartori, The Geometry of Orbit Space and Natural Minima of Higgs
Potentials, Phys. Lett. B 104 (1981) 147 [INSPIRE].

[64] M. Abud and G. Sartori, The Geometry of Spontaneous Symmetry Breaking, Annals Phys.
150 (1983) 307 [INSPIRE].

[65] PARTICLE DATA GROUP collaboration, Review of Particle Physics, PTEP 2020 (2020)
083C01 [NSPIRE].

~ 99 —


https://doi.org/10.1103/PhysRevD.71.113001
https://arxiv.org/abs/hep-ph/0412090
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0412090
https://doi.org/10.1016/0550-3213(82)90160-2
https://doi.org/10.1016/0550-3213(82)90160-2
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB197%2C174%22
https://doi.org/10.1016/0550-3213(82)90041-4
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB196%2C301%22
https://doi.org/10.1063/1.526347
https://doi.org/10.1063/1.526347
https://inspirehep.net/search?p=find+J%20%22J.Math.Phys.%2C25%2C1694%22
https://doi.org/10.1016/0370-2693(81)90578-5
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB104%2C147%22
https://doi.org/10.1016/0003-4916(83)90017-9
https://doi.org/10.1016/0003-4916(83)90017-9
https://inspirehep.net/search?p=find+J%20%22Annals%20Phys.%2C150%2C307%22
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://inspirehep.net/search?p=find+J%20%22PTEP%2C2020%2C083C01%22

	Introduction
	Description of the Alternative Left-Right Model
	The scalar potential of ALRM and minimization
	Generalised vacuum structure
	Analysis of the vacuum structure

	Copositivity requirements
	The bidoublet Phi: the lambda sector
	The doublet quartic sector involving chi L, chi R: the rho sector
	The coupled quartic part: the alpha sector
	Symmetry breaking conditions for desirable vacuum

	Restrictions on the parameter space due to Higgs masses
	Higgs mass dependence on the parameters
	Consistency of parameters and their constraints
	Conclusion

