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In this work, we investigate the parameter space of the Georgi-Machacek (GM) model, where we
consider many theoretical and experimental constraints such as the perturbativity, vacuum stability,
unitarity, electroweak precision tests, the Higgs diphoton decay, the Higgs total decay width, and the LHC
measurements of the signal strengths of the SM-like Higgs boson / in addition to the constraints from
doubly charged Higgs bosons and Drell-Yan di-photon production and the indirect constraint from the
b — s transition processes. We investigate also the possibility that the electroweak vacuum could be
destabilized by unwanted wrong minima that may violate the CP and/or the electric charge symmetries. We
found that about 40% of the parameter space that fulfills the above mentioned constraints are excluded by
these unwanted minima. In addition, we found that the negative searches for a heavy resonance could
exclude a significant part of the viable parameter space, and future searches could exclude more regions in

the parameter space.
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I. INTRODUCTION

Since the discovery of a Standard Model (SM)-like
125 GeV Higgs boson at the Large Hadron Collider
(LHC) [1], many questions are still open, where the SM
provides no answers. For instance, the Higgs mass is found to
be at the electroweak (EW) scale, while it may acquire very
large radiative corrections that can reach the Planck or GUT
scales within the SM. This hierarchy problem requires an
unwanted fine-tuning. In addition, there are unanswered
questions such as the fermions masses of difference, the
origin of CP violation in the quark sector, the dark matter
nature [2] and the neutrino oscillation data [3].

The discovered 125 GeV scalar has the properties of a
SM-like Higgs; however, it is not known yet whether the
electroweak symmetry breaking (EWSB) is triggered by
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one single scalar field or more. In many SM extensions, the
EWSB is achieved via more than one scalar where many
scalar fields acquire nonvanishing vacuum expectation
values (VEVs), and the SM-like is a composite. Among
these SM extensions, the so-called Georgi-Machacek (GM)
model [4], where the ESWB is realized by three scalar
fields. In addition to the SM doublet, the GM model
includes one complex and one real scalar triplets, where a
global custodial SU(2), symmetry is preserved in the
scalar potential after the EWSB. The scalar vacuum in the
GM model is defined in a way that the p-parameter should
be within the experimentally allowed range [5],

SM
Ihww

= ——"— =1.00039 £ 0.00019, 1
p o, cos? 0, m

with givhy = 2m3, /v and g%, = 2m%/v, where v =
246.22 GeV. This leads to a scalar spectrum with different
multiplets under the global SU(2), custodial symmetry,
whose mass eigenstates give a quintet (Hs), a triplet (H3)
and two CP-even singlets (7 and h). In our work, we
consider the parameter space that corresponds to & = ks,
with m, > m;. One has to mention that an interesting
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viable parameter space exists for the case m, < my,, where
interesting collider signatures are possible [6].

Due to the feature that the SM-like Higgs couplings to
both W and Z gauge bosons could be significantly different
than the SM values [7], the GM model could be phenom-
enologically interesting. In addition to the existence of
additional CP-odd, singly and doubly charged scalars, the
GM model could be a good benchmark for searches of
beyond SM scalars; which has been extensively investi-
gated in the literature [8]. In the decoupling limit [9], all
additional beyond SM particles that are present in the GM
model become heavy and the fermion and gauge bosons
couplings to the SM-like Higgs boson approach the SM
values. In addition to the rich phenomenology, other issues
were addressed within the GM model such as the neutrino
mass [10], dark matter [11], and the electroweak phase
transition strength [12].

Recent measurements and negative searches at the
LHC [5], such as those of the total decay width, Higgs
strength modifiers and the cross section upper bounds from
negative searches of new scalar resonance, could imply
significant constraints on the GM model parameter space.
Although the GM model includes a custodial scalar fiveplet,
it has been shown that the LHC searches for the doubly
charged Higgs bosons in the VBF channel H{ ™ — WTW+
and the Drell-Yan production of a neutral Higgs boson pp —
HY(yy)H" impose interesting bounds on the parameter space
[13], as well as the indirect constraints from the b — s
transition processes that exclude all the benchmark points
(BPs) with large v, [14]. In addition, the GM scalar potential
structure may admit many minima beside the electroweak
(EW) vacuum that could break the electric charge and/or the
CP symmetry spontaneously. In case where such minima
exist, they should not be deeper than the EW vacuum, which
may affect the parameter space that is in agreement with the
previously mentioned constraints. In [15], the authors
performed a global fit analysis for the GM model free
parameter and obtained some limits on the mixing angles
and the heavy new scalar masses and decay widths. However,
since the constraints from the b — s transition processes
were considered in [15] and the LHC measurements used to
constrain the GM model have been significantly updated, an
analysis for the full model parameter space is required. Here,
we aim to investigate the impact of all the relevant constraints
on the model by performing a full numerical scan over the
whole parameter space.

2 2

In this work, we give a brief introduction of the GM model
in Sec. II, where the scalar potential and the mass spectrum
are described. In Sec. III, we discuss the possible existence of
new minima that could be deeper than the EW vacuum. Then,
after categorizing these unwanted minima according to the
preserved/broken (CP and electric charge) symmetries, one
considers the EW vacuum to be the deepest one as an novel
constraint on the GM model. In Sec. IV, we discuss different
theoretical and experimental constraints on the model such as
the unitarity, vacuum stability, the total Higgs decay width
and signal strength modifiers, the electroweak precision tests,
and the diphoton Higgs decay. In addition, we consider the
recent ATLAS and CMS constraints on the heavy CP-even
scalar # and from the negative searches for the doubly
charged Higgs bosons in the VBF channel H{ ¥ — WTWT,
and the Drell-Yan production of a neutral Higgs boson
pp — H(yy)H". We show our numerical results and
discussion in Sec. V and our conclusion in Sec. VI.

II. THE MODEL: PARAMETERS AND MASS
SPECTRUM

In the GM model, the scalar sector consists of a scalar
doublet (¢pT, ¢°)” with hypercharge ¥ = 1, and two triplet
representations (y*+, ¥, y")7 and (EF,&, —&)T with
hypercharge Y = 2, 0, respectively. These representations
can be written as

0O + ++

0 st X &
q’:<—q;+* Za) A== & x| (@

g =gt 40

where ¢~ =™, & =ET* T ="y = ™. The
neutral components in (2) can be expressed by

1 . 1 .
¢0:ﬁ(0¢+h¢+la¢)’ )(0:%(”1""}1){4_1“1)7
50:1)54‘}15, (3)

where v,;,v, and v are the VEVs for ¢° ° and &,
respectively. Here, we have three CP-even scalar degrees
of freedom (d.o.f.) {h,, h,, h:}, two CP-odd d.o.f. {ay, a,},
six singly charged d.o.f. {¢*, y*, &5} and two doubly
charged d.o.f. y**. The most general scalar potential invariant
under the global symmetry SU(2), x SU(2)p x U(1)y is
given by

V(®,A) = %Tr[qﬂ'cb] + %Tr[ATA] + 2, (Te[® @) + A, Tr[® @] Tr[ATA]

a

b
+ I3Tr[(AYA)2] + A4 (Tr[ATA])? = AsTr [cb* % @ %] Tr[ATTOAT?]

ol

— Tt [cp' %cp?] (UAUY),, — o TH{ATTAT? (UAUY),,. (4)
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with 623 are the Pauli matrices and 7"%3 correspond to
the generators of the SU(2) triplet representation, that are
given by

1010 1o—io
T"=—1[10 1], =—1\|i 0 -il,
2 2
‘[010 \[ol'o
1 0 0
T3—000 (5)
00

and the matrix U is defined as

<
I
|
o
|
~~
=
N~—

0 V2 0

The custodial symmetry condition at tree-level m3, =

m%cos? Oy, implies v, = \2v; and vy + 8 =0? =

h= @ (V2h, + hg),

7’]—S h¢+

Ch¢ \/_

The mixing angle a of the CP-even sector can defined by
tan2a = 2M?,/(M3, — M3,), where M? is the mass

squared matrix in the basis {/,, \@h)( +\/i§h,:}, whose
elements are given by

M3, = 8Aycjv?,

V3
M%Z = TCﬁU[—,Ll] + \/5(2/12 - /15)5[;1)],
u C}l) 3
2 = 712 S/ BV e + (3 +34)sp%. (9)

This allows us to write the SM-like Higgs bosons
and the heavy scalar (1) eigenmasses as mhn 1IM3+
|

f(fh + he),

HY = —sza, + cya,, HE = —5 jE—l—c— 4 &),
3= —Spay +Cp 3 s ﬁﬁOK &)

(246.22 GeV)?, where my, m; and Oy are the gauge
bosons masses and the Weinberg mixing angle. It would be
useful to introduce the parameter 75 = tanf = 2\/51)5 /vy
to describe the relations between the VEV’s. By using
the tadpole conditions, one can eliminate the parameters
m7, as

3 3
mi = =4 cpo* + 3 (=22, + As)s50* + mﬂlsﬂv,

m3 = (=24, + As)cjv* — 3 (/13 + 344)550°

u o 3
L + = HaSpV. (7)

Vs, a

After the EWSB, the Goldstone bosons are eaten by the
massive W and Z bosons, and we are left with the following
mass eigenstates: three CP-even eigenstates {/, 7, H (5)}, one
CP-odd eigenstate HY, two singly charged scalars
{H5,HZ}, and one doubly charged scalar H:*,

= e e

Hy =G -&),  Hi¥ =" (8

ﬁ

M3, F \/(M%l — M3,)* +4(M1,)?).
masses are

The other eigen-

m
3 \/ES/}U 2
m2, =m2,. =m’,, =m:= ) ﬁv+i Spv
70 HE HE* 5= \/i 5 \/5/42 B
3
+§/15c/2,1)2 + A3550°. (10)

Since, we will take the masses as input parameters, the
quartic couplings A’s can be expressed as

gooGtess o sl -e) m
8v’cy V6vtcysy v 2v2vs,
3c%m§ m2 \/i(ﬂlc/% - 3/42s/2),) 2m3 V2u,
A3 = 2.2 22 3 ) As =—57 = ’
S50 S50 sjv v Vs
1 — 0152 + 0265 cﬁm%_ ms _“1C{2ﬁ_3/‘2sff (11)
4 35%02 s'%v2 3s12,1)2 \/iszu
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with ¢, = min(mj}, m;) and o, = max(mj, m7). The for-
mulas of 1 , 4 here are valid for both cases of m;, < m, and

my, > m,7.

III. AVOIDING WRONG MINIMA

Since the scalar potential is a function of different
fields, three CP-even, two CP-odd and eight charged
|

scalars, the possibility of other existing minima that are
different and deeper than (R(¢°), R(x°), R(&2)) =

(vy. V20z,0;) would destabilize the EW vacuum. In
[9,16], the authors adopted a simplified field parametri-
zation to investigate the vacuum stability and the bound-
ness from below conditions, where the scalar potential (4)
can be written as

y—1 - [m? + m3tan?y] + a tan [ tan’y]
=—-——————[mj + mitan ———tany[—ou, — an
2<1 +tan2y) 1 2 7 (1 +tan2y)3/2 14 1431 PH2 14
4
.
+ W [ﬂ] + (/12 - a)/15)tan2y + (Cﬂg +ﬂ4)tan4y], (12)
with
r= \/Tr(dﬂq)) +Tr(ATA), Tr(®'®)=r’cos’y, Tr(ATA)=r*sin%y,
Tr(ATAATA) ={rtsinty, Tr(®6®c?)Tr(ATTAT?) = wrcos?y, siny,
Tr(®'6"®c’)(UAUY),,, =or’sinycos’y, Tr(ATTCAT?)(UAUY),,=prisin’y,
b 1 11 V3 V3 2 2
1’ B 0’_ 5 _’1 5 A T T | =T = =" 13
S ALY PUERI

For instance, the conditions for the boundness from
below of the scalar potential can be ensured by imposing
the coefficients of the quartic term [i.e., the second line
in (12)] to be positive, which leads to

W0, sty >0,
Az — 0)/15 —+ 2\/ j‘l (513 =+ )«4) > 0.

The parametrization (12) reduces the searches for the
potential minima into looking for specific sets of the
parameters values in the ranges (13) that make (12)
minimal. Here, we will not adopt this approach due to
many reasons, among them the fact that the parameters
in (13) are not fully independent. In other words, any field
configuration in the field space can be defined by a single
set of the parameters in (13), while any parameters set
in (13) does not necessarily correspond to a well-defined
field configuration. In addition, when a field configuration
corresponds to a minimum, it does not show whether it
preserves or violates the CP symmetry and/or the electric
charge.

The scalar potential includes 13 scalar d.o.f.: three
CP-even, two CP-odd, six singly charged and two
doubly charged. The scalar potential must respect the
electric charge conservation by demanding (1) either
the VEVs of all charged scalars to be vanishing, i.e.,
(p*) = (yF) = (&) = (y" ") =0, or (2) any existing
electric charge breaking minimum should not be deeper

(14)

|

than the EW one. The CP symmetry could be sponta-
neously violated when some of the CP-odd fields acquire
a VEV, ie., (3(¢°)),(I(x%)) #0, where this case is
experimentally allowed within the data from ACME
Collaboration on the electron and neutron electric dipole
moment (EDM) [17]. In the case where both CP symmetry
and the electric charge are conserved, other minima beside
the EW vacuum (R(¢°), R (x°). R(£)) = (vy, V20¢, v¢)
could exist. In order to ensure the EW vacuum stability,
we need to check that the scalar potential at
(R(P2), R(L°), R(E%)) = (v4. V20g,0¢) is the true global
minimum. Then, in our work we consider only the
parameter space where the EW vacuum is deeper than
an any other existing minimum whether it preserves or
violates the CP and/or electric charge symmetries.

Then, finding these wrong minima requires the mini-
mization of the potential (4) along all the CP-even, CP-odd
and the charged fields directions is mandatory. As the
minimization along the CP-odd 2D space {3J(¢°), 3(°)}
is straightforward, it requires along the charged directions a
useful parametrization for the charged fields. This can be
done either by writing both singly and doubly charged
fields as X* = \/%(xl +ix,) [18] or adopting the para-
metrization X* = |X|e*¢. In [18], the authors studied the
vacuum stability of a Z, symmetric version of the GM
model, where the cubic terms of the scalar potential are
absent. They used the parametrization X+ = % (x) £ixy)

to investigate special cases in which CP and/or electric
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charge symmetries could be violated. However, this study
is not applicable to our research due to the global Z,
symmetry (i.e., 4; = u, = 0), which renders the possible
vacua drastically different from the standard case where y;
and p, are nonzero.

In our work, we consider the polar parametrization
where the minimization conditions are 0V /0X = 0V /do =
0 at the charge breaking vacuum. Although in the CP-even
directions, there may exist other minima beside the EW one
that could be deeper. Therefore, one has to search for all
minima along all directions (CP-even, CP-odd and
charged) and check that they are not deeper than the
EW vacuum (v, \/505, vg).

After a careful analysis, we found eight minima in the
CP-even directions {h,, h,, h:}, three minima along the
CP-odd directions {a,, a, }, eight minima along the singlet
charged fields directions {¢*, y*,£*}, and a minimum
along the doubly charged direction y**. We denote the
potential values at these wrong minima by V?L,g, V?=_1,3’
Viizl,x and V¥, respectively, and we give their coordinates
in Appendix C. Getting the analytical formula for the CP-
conserving and electric charge violating minima given in
(C1), (C2) and (C3) was an easy task since they were
special cases of one or two-dimensional problem. Indeed,
there could be other minima defined in 3D, which will be
defined numerically.

Then, the EW vacuum should be deeper than all these
local minima, i.e.,

V(R(@°) = vy, R(Z°) = \/505’%(50) = v;)
<min{V{", V- vE vEE 0}, (15)

where the zero in the last position represents the obviously
wrong vacuum V(0,0,0). As we will see later, the con-
dition (15) could exclude more than 40% of the para-
meter space.

IV. THEORETICAL AND EXPERIMENTAL
CONSTRAINTS

In what follows, we discuss different theoretical and
experimental constraints on the GM model that are related
to many aspects such as the vacuum stability, unitarity, the
Higgs decays, the electroweak precision tests, in addition to
the constraints from negative searches for heavy scalar
resonances at the LHC.

A. Tree-level unitarity

The bound from perturbative unitarity is obtained by
requiring the zeroth partial wave amplitude for any elastic
2 — 2 bosonic scatterings does not become too large to
violate S matrix unitarity. In the high center of mass energy
regime, the gauge fields can be replaced by their corre-
sponding Goldstone scalars. This means that the amplitude,

ay, satisfy |ag| < 1 or [Reay| < 1/2. Then, the perturbative
unitarity bounds in the GM model reads [9]

V(621 =T = 11432 43673 + |64 + Tis + 14| < 4,
|2/13 + /14| <,

V(@ 4 2y = 200 4 22+ 20y — 45 + 20| < 4,
|)~2—)¥5| <2ﬂ'. (16)

B. Boundness from below

To ensure the scalar potential boundness from below
condition, the coefficients of the quartic term along any
direction in the fields space must be positive. This leads to
the conditions [19],

—%ﬂg for /13 > O,
)3 forl; <0,

345 =24/ 21 (G5 +A4)

Al>0, /14>{

for A5 > 0and4; > 0,

>0 @, (O)As—2y/2 (s + 4g) for A5 >0andA; <O,
@_(&)As —21/2,(Chs + 1q) for A5 <0,
(17)
where
1 2 1 1/2
0+ () =¢(1-B) ig [(1 —B)<§+B)] ,
3 1
B= 5(g—§>e[0, 1. (18)

The last two conditions for 1, must be satisfied for all
values of { € [% 1]. Numerically, we consider 1000 steps in
the interval of (.

C. The Higgs boson decays

In this setup, the SM-like Higgs boson # (the scalar with
the mass m;, = 125.25 GeV) decays mainly into the
fermions pairs 7477, ¢¢, bb and the gauge bosons WW*
and ZZ*. The partial decay width of the channel 7 — XX
can be parametrized as T'(h — XX) = k3™ (h - XX),
where the coefficients,

GM GM
Inrr € g 8
Kg :W:_av Ky :%: CaCp — gsas/h (19)
Inrr  Cp vy

represent the Higgs couplings modifiers with respect to the
SM. This allows us to write the total Higgs decay width as

It =M Y~ G BM(h - XX), (20)
X=SM
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where I°M = 4.08 MeV [5] and BM(h — XX) are the SM
values for total decay width and the branching ratios for the
Higgs boson, respectively. Here, other decay channels like
h - H3H;/HsHs could not be open due to the constraints

on the charged scalar masses m? ., m?,. and m?,.... The GM
3 5 5

value for the Higgs boson (20) should lie in the range [20],
2.1 MeV <TI'' <7.2 MeV. (21)

The signal strengths of the SM-like Higgs boson / have
been measured in the LHC in various channels, where
significant constraints are established [5]. Here, one can
translate these constraints on the partial signal strength
modifiers into bounds on the GM Higgs couplings modi-
fiers kx. In our analysis, we consider only the gluon-gluon
fusion (ggF) Higgs production channel, where the partial
Higgs signal strength modifier of the channel 7 — XX can
be simplified as

o(pp — h) x B(h - XX) — x2x2 oM
USM(pP — h) x BSM(h - XX) FRX ot )

Hxx =

(22)

with 6(gg — h)[c>™M(gg — h)] is the ggF production cross
section in the GM [SM] model. The constraints on the
invisible and undetermined channel are irrelevant here since
they are closed due to the scalar masses mj3 s > 78 GeV,
so B(h— HyHT ,H¥HI)=0. This means that the
|

experimental measurements of (22) will constraint signifi-
cantly the coefficients (19). Here, we consider the allowed
values from all partial Higgs strength modifiers within a 3¢

range. The very recent 1o values are given in PDG by [5]
Hww = 1.19 £0.12,
p; = 0.98 £0.12,

Pt = 119+ 0.34,

Hzz = 1.01 £ 007,

ot = 1157018, (23)

It is expected that (23) put severe bounds on the Higgs
coupling modifiers kry, and consequently the mixing
angles a and p.

D. The electroweak precision tests

The structure of the scalar-gauge interactions in the GM
model makes the constraints from the EWPTs very impor-
tant. In the GM model, the 7" parameter estimation is
problematic since it is divergent, but the S and U para-
meters are calculable. Since the absolute value of the U
parameter is found to be very small <0.01, we will consider
the constraint from the S parameter by fixing the U = 0.
The experimental values for the oblique parameter S is
extracted for the SM Higgs mass m;, = 125.25 GeV, where
we consider the 20 range in our numerical scan S = 0.05 +
0.11 [21]. The new contributions to the S parameter [14] in
the GM model are given by

S2 62 62
AS = Sy — Ssm = Wz i {— 5 (log m% + 5log m%) + 2|QZhHg|2f1 (mh’ m3)

e°rn 12s%,¢3,
my, my,)
+ 2|gzgm0 P 1 (my. m3) + 2(19zm0m0 > + 2192612 [*)f1 (ms. m3) + |92z [% = f3(myz, mh):|
z
f1(mz, mpM) 1(mz,my)
= lozzl? {72’%% b= — f3(mz, M) | + |92z, T%n = f3(mz.my)
fi1(mz, m f1(my, m

+ 192210 * {%25) = fa(mz,ms)| +2|gzw+u: |’ 1(#25) — f3(my,ms)| ¢, (24)

5 my 2myy

with the functions f ; and the couplings gzxy are given in
Appendixes A and B, respectively.

E. The Higgs decays h — yy,yZ

The Higgs decay into two photons or a photon and a Z
gauge boson are induced through a loop of charged particles.
To estimate any new physics effect on these Higgs
decays, the ratios R,, ., =B(h—yy.yZ)/BM(h—yy.yZ)
|

) 52 x g,,",—’g‘ O3 AY (zx) + kyAT () + KF%AJI/}}Z(Tt) 2

I
are estimated and used to constrain the charged scalar
masses and their couplings to the Higgs boson.
According to the latest data, we have R, = 1.10 £0.07
[5]. According to the Feynman diagrams in Fig. 1, the
deviation of R, from unity, may come from many vertices
such as §gh, tth and WTW~h as well due to new vertices
involving new charged scalars.
From the diagrams in Fig. 1, one finds the ratios,

R,, =Kk

A}{y (TW) + %A{J;z (Tt) ’

(25)
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FIG. 1.

w v

Feynman diagrams relevant to the Higgs decay 7 — yV (V =y, Z) at the LHC. The red and blue points refer to the vertices that

could be modified with respect to the SM by the factors x and «y, respectively.

2

R}'Z = KF

where X = H{ ,H{ H{" stands for all charged scalars
inside the loop diagrams, Qy is the electric charge of the
field X in units of |e|, 7y = 4m%/m3, Ay = 4m%/m%, and
the functions A77* and coefficients g,yy and Cyyy are
given in Appendixes A and B, respectively.

F. Constraints from the production/decay
of the heavy scalar g

After the discovery of the Higgs boson with
my, = 125.25 GeV, efforts have been devoted to search
for heavy neutral scalar boson through different channels
over a wide mass range. Such results can also be used to
impose constraints on models with many neutral scalars
such as the GM model.

The two CP-even eigenstates i and 7 are defined through
a mixing angle a and (m,, < m, ), where the light eigenstate
h is identified to be the SM-like Higgs boson with the
measured mass m;, = 125.25 GeV. Here, the heavy scalar
n has similar couplings as the SM Higgs boson, but
modified with the factors,

90y 8 9ot s
a
Cv="g =SaCp + \/gcasﬂv lr="y==—- (27
Invv 9nrr Cp

The partial decay width of the heavy scalar 7 into
SM final states can be written as I'(y - XX) =
GISM(y - XX), where '™ (7 — XX) is the Higgs partial
decay width estimated at m;, — m, [22]. In addition, there
exist other BSM decay channels like n — hh, H3Hs, HsH
when kinematically allowed. The partial decay width for
these channels is given by

D % OxAY (zx. Ax) + kv AT (zw, Aw) + Kr ‘236653' A (7 A) 6)
4 — 2 A ’
AT (2w Aw) + gj;lfwsw Ajll/z (71 44)
I
gyl my
C(n— YY) =ry 2 —-4—, (28)
32zm, z

with Y = h,HY, HY, HY, HE, HEE,
THEHEHE = 2. Then, the heavy scalar # total decay width

Fh.Hg’Hg == 1 and

can be written as

Y= D L=y +0 > GBMn—XX).  (29)
Y£SM X=SM

where T3M and B5M(y — XX) are the Higgs total decay
width and branching ratios estimated at m;, — m, [22].
Since the heavy scalar 7 decays into all SM final states, it
can be searched at the LHC via the processes:
() pp =>n—-¢7¢,77,VV and pp — n — hh. For the first
type, we include the recent ATLAS analysis at 13 TeV with
139 fb~! pp - — 7z [23] and pp — S — ZZ via the
channels £¢¢¢ and ¢Cvv [24]. In the other side, when
checking the bounds from the decay pp — n — WW,
one finds that the recent CMS analyses [25] are not
convenient to use here, due to the considered large mass
range (m, > 1 TeV) in the analysis. For the second type,
we use the recent ATLAS combination [26] that includes
the analyses at 13 TeV with 139 fb~! via the channels
hh — bbrr [27], hh — bbbb [28] and hh — bbyy [29].

Here, we can take all the above mentioned analyses to
constrain the GM model parameters that are relevant
to the heavy scalar 7. We define the cross section of the
Heavy scalar 7 in function of the branching ratios and decay
width as
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o(pp = n) x B(n = XX)
Tsu(n)
FtOt(I’])

= 3% oM(pp = n) x BM(n - XX),  (30)
where BSM( — XX) are the branching ratios of the heavy
scalar n decaying into a pair of gauge bosons or fermions
via the ggF production mode of 5, o(pp — 1) and
oM(pp — n) are the proton-proton collision production
Cross section.

G. LHC Constraints on the triplet and fiveplet Scalars

Here, we implement some of the most stringent con-
straints, especially the vector boson fusion (VBF) produc-
tion of H{" and the Drell-Yan production of a neutral
Higgs boson.

1. VBF H:* - W*W™ — like sign dileptons

The experimental bound on sy as a function of ms is
constrained by a CMS result of 35.9 fb~! of LHC run 2
(13 TeV) data [30] for ms > 200 GeV, we assume that the
signal production cross section is proportional to s, where

(92  BHIT = WHws) = 6§92, (31)

with (s$M5)2 is the bound presented at [30] that corre-
sponds to B(Hit - WHWt) = 1.

2. Drell-Yan HYHZ with H? — yy

Concerning the Drell-Yan production of HYHZ with H?,
there exist two ATLAS searches for diphoton resonances in
the mass range 65 < ms < 600 GeV using 20.3 b~ of
LHC run 1 (8 TeV) data [31] and of the 36.7 fb~!
luminosity of LHC run 2 (13 TeV) data in the mass range
200 < m5 <2700 GeV [32]. The total cross sections at
8 TeVand 13 TeV for HYHY and HYH7 are shown in [13].
The fiducial cross section is constrained by the following
expression:

O fiducial = (UHQH; X€p +0opp; X e )xB(H3—yy), (32)

where the efficiencies e for HYHZ respectively, are shown
in [13]. As we will see later, only the 8 TeV constraints are
relevant to (32) since the 13 TeV cross section values are 3
orders of magnitude suppressed with respect to the experi-
mental bounds.

H. The b — s transition bounds

Since the charged triplet H5 is partially coming from the
SM doublet as shown in (8), then it couples to the up and
down quarks similar to the way the W gauge boson does.
These interactions lead to flavor violating processes such as
the b — s transition ones, which depend only on the
charged triplet mass m; and the mixing angle f. The

current experimental value of the b — sy branching ratio,
for a photon energy E, > 1.6 GeV is B(B — X )exp =
(3.55 £0.24 £0.09) x 1074, while the two SM predic-
tions are B(B — X,y)sy = (3.15 £0.23) x 107 [33] and
B(B = X,y)gmq = (298 £0.26) x 10™* [34]. In our
numerical scan, we consider the bounds on the m; — v,
plan shown in [14].

V. NUMERICAL ANALYSIS AND DISCUSSION

We perform a numerical scan over the parameter space of
the GM model and probe the effect of different theoretical
and experimental constraints on the parameter space. We
require the light CP-even scalar to be the 125 GeV SM-like
Higgs boson and impose the constraints from perturbativ-
ity, unitarity, boundness from below, the diphoton Higgs
decay, the Higgs total decay width, the Higgs signal
strength modifiers, the electroweak precision tests, the
constraints from the doubly charged Higgs bosons and
Drell-Yan diphoton production, and the indirect constraint
from the b — sy transition processes.

We choose the model free parameters to be 4,44,
m, . ms,ms, s, and s; =sinf = 2v/2v;/v, which lie in
the ranges,

78 GeV <m3 <1 TeV, 78 GeV <ms5 < 1.8 TeV,

my < my, <1 TeV, |/12’4| <10, ‘Sﬂ| <1, (33)
where the triplet and fiveplet charged scalars are subject to
a mass lower bound from LEP [35]. Here, the negative
values of s; should be considered due to the following
reason. In the GM model, we have V(®,A, uj,) =
V(®,—A, —u;,), and therefore all the mass matrix ele-
ments are also invariant under this transformation.
However, since the scalar eigenstates are mixtures
of the components of ® and A, the physical vertices that
involves scalars are not invariant under (®,A,p;,) —
(®,—A, —u;,). This means that any two BPs with the
same input parameters but with opposite signs of
(£s4.£uy,) are physically different. This makes the
negative sy values in (33) independent parameter space
that should not be ignored.

In order to check whether there exist wrong vacua that
are deeper than the EW one (v, \/505,1)5), we show in
Fig. 2 the scalar mass ranges with (left) and without (right)
the condition (15).

From the 58.5k BPs, 35k BPs fulfill the condition (15).
This means that almost 40% of the parameter space
considered in the literature are excluded by the fact that
the EW vacuum (u¢,ﬂv§,05) is not the deepest one.
Clearly, when considering all the theoretical and exper-
imental constraints except the condition (15), the five-
plet and the singlet # masses can reach the values
ms = 1.25 TeV and m, =1 TeV, respectively for the
triplet maximal mass value m; = 1 TeV. However, when
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FIG. 2. The masses for triplet, fiveplet and singlet 7 estimated in the GM model by considering the basic theoretical and experimental
constraints with (left) and without (right) the condition of the EW vacuum to be the deepest (15).

considering the constraint (15), the fiveplet mass ranges get
shrunk as ms < 1.1 TeV. This requires a full reanalysis of
different phenomenological aspects of this model. The
viable parameter space in Fig. 2-right is a consequence
of a combination of the theoretical and experimental
constraints mentioned above.

In what follows, we will consider only the 35k viable
BPs in our analysis, as shown in Fig. 3.

From Fig. 3, one has to mention that the parameter space
is well constrained and split into three isolated islands in
the plans of {s4.5,}, {54 m,} and {{r,{y}; and into two
islands in the plans of {kp,«ky}. For instance, the three
islands correspond to the ranges {—0.92<s;<—0.83,
-0.92<s,<-0.81}, {-0.54 <53 <-0.05,0.01 <5,<0.64}
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0.6 | \
500 __
02} =
= (o)
» O,
-0.2 4 E=
L4 250
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FIG. 3.
BPs used to produce Fig. 2-left.

and {0.04 <545 <0.54,-0.64 <5, <0.03}, respectively.
According to the bottom-right panel in Fig. 3, the «’s
values for the two islands are {-1.21 <ky <
—0.85,0.86 < kp < 1.12} and {0.9 <y < 1.23,0.88 <
kp < 1.13}, respectively. While, the corresponding (’s
ranges are {—1.22 <{y <—-0.97,-2.15 < {r < —1.59},
{-0.09 < ¢y <0.66,—-0.75 < {r < —0.02} and {-0.65 <
Cy <0.14,0.04 < ¢ < 0.75}, for the three islands, respec-
tively. Here, the shape of all islands is dictated by the
combination of all the above mentioned constraints; how-
ever, some of the constraints could have the dominant
impact on such a region. For instance, the shape of the
isolated islands is mainly dictated by the bounds
from b — s.

06 0.5
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0.2 |
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Different physical observables estimated in the GM model by considering the theoretical and experimental constraints, i.e., the
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FIG. 4. Left: the ratio R, in function of R,,,
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where the palette shows the sine of the mixing angle a. Right: the SM-like Higgs total

decay width versus Higgs branching ratio to gauge bosons scaled by its SM value. The palette shows the Higgs branching ratio to
fermions scaled by its SM value; and the dashed line at I';, = 4.08 MeV corresponds to the SM value, while the experimentally allowed
values are shown by the dashed lines at 2.1 MeV and 7.2 MeV [20].

The Higgs coupling modifier «y is very constrained and
could have both signs, while the xr deviation with respect
to the SM can reach 13%. These deviations of k. y, form the
SM are possible due to the strength of the bounds from
some experimental constraints, such as the diphoton Higgs
decay, the bounds on the total Higgs decay width and the
Higgs signal strength modifiers. Unlike most of the SM
extensions that involve a heavy scalar whose couplings to
the fermions and gauge bosons are similar to those of the
SM-like Higgs bosons, the scaling factor could have values
larger than unity |{x| > 1. The reason of the significant
deviation of the factors {y, ky from unity, could be the

factor /8/3, in addition to the sine and cosine in the
denominator in (27) and (19). These values are very similar
to the results obtained in [13] for the region of positive ky,
due to the stringent constraints from the b — s transition
bounds. However, we got another region with negative xy
values that is not mentioned in [13], as it is allowed all
the constraints considered in our scan of the full free
parameters ranges (33).

In the majority of SM scalar extensions where the heavy
scalar 7 couplings to the fermions and gauge bosons are
much smaller than the SM values (|{r | < 1). This makes
these models in agreement with all the negative searches of

a heavy resonance. But in the GM model, the situation is
different, i.e., {ry are not suppressed, and these negative
searches could play a key role to exclude most of the
parameter space as will be seen next.

In Fig. 4, we show the ratios R, and R, for the SM-like
Higgs boson (left) and the Higgs total decay width versus
its branching ratios (right).

From Fig. 4-left, while the values of R,, are constrained
by the current LHC data [5], the ratio R,; is modified
drastically with respect to the SM, it could be reduced by
~ —45% as it could be ~18% enhanced with respect to the
SM. There are few BPs where R,; is almost null, which
correspond to some specific values of kpy, where a
possible cancellation could occur between different terms
in (26). From the right panel, one learns that the Higgs
decays into gauge bosons and fermions can be reduced/
enhanced by —70%—-150% and —90%—-110%, respectively.
Therefore, more precise Higgs measurements will tighten
these ranges and constraint more the parameter space. For
the considered parameter space, the oblique parameter
given in (24) takes the values —0.17 < AS < 0.25.

In Fig. 5, we present some observables relevant to the
heavy scalar # versus its mass. In the left panel we show its
total decay width and its invisible and undetermined

r,, [MeV]

B(n — hh)
B(n — BSM)

0
125 400 600 800 1000
m;, [GeV]

oL
125 250 500
m, [GeV]

0 L
800 1000 125 300 600 1000
m,, [GeV]

FIG.5. Left: the total decay width of the scalar 7 in function of its mass m,, where the palette shows its di-Higgs branching ratio. The
red curve represents the total decay I', estimated in the SM [22], i.e., with 5, = 1 and Bggy = 0. Middle: the BSM branching ratio
BSM = h, Hs, Hs versus m,, where the palette shows the di-Higgs branching ratio. Right: the branching ratios B(7 — XX) versus n1,,.
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FIG. 6. The resonant production cross section pp — n — 7z (left) and pp — n — ZZ (right) as a function of the heavy scalar mass m
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where the palette shows the square of the scaling factor {r. The red curves represent the corresponding experimental bounds from

ATLAS [23,24].

branching fractions in the middle panel, while the SM
branching ratios are shown in the right panel.

One has to mention that the singlet scalar 5 total decay
width could be either 2 orders of magnitude smaller or larger
than SM estimated value as shown in Fig. 5-left. This
can be understood due the possible significant deviation
of the factors {r  from unity, in addition to possible large
values for the possible partial decay widths for
n — hh,HyH3, HsHs. According to Fig. 5-middle, one
notices that the BSM channels could be dominant for
m, > 160 GeV. Here, one notes that the BSM branching
ratios are dominant by # — H3H; and 1 — HsH5 in the
region of mass 145 GeV < m, <250 GeV but when m, >
250 GeV the BSM branching ratio is dominant by n — hh.
Clearly from Fig. 5-right, one remarks that the branching
ratios B(n — WW, ZZ, bb, tt, tt) are comparable to their
SM corresponding values [22] for a large portion of the BPs.

In Fig. 6, we show the resonant production cross section
of the heavy scalar # compared to the experimental bounds
in the channels zz (left) and ZZ (right).

From Fig. 6, the experimental bounds from the negative
searches for a heavy resonance in the channels 7z and ZZ
exclude significant part of the parameter space. However,

2 , 1
10 bbtt [28]
= 0.8
=
N =
T 06 £
? T
=
2 04 &
=
£ 0.2
©
107

800

GlIJO -
m, [GeV]

400 1000

more regions in the parameter space will be excluded if the
future searches for a heavy resonance would consider the
mass range 125-200 GeV. For the n — ZZ constraint, if
one extrapolates the bound into small m, values, one learns
that all the BPs with {2 > 0.6 are excluded.

Concerning the resonant production # — hh, the pro-
duction cross section can not be directly compared to the
experimental bounds in the channels hh — bbrr [27],
hh — bbbb [28] and hh — bbyy [29], since these analyses
have been performed by taking into account the SM Higgs
branching ratio. Therefore, the modified cross section,

™ (pp = n— hh) =M (pp —n— hh)
y B(h — X,X,)B(h - X,X,)
BM(h — X, X)BM(h — X,X;)
(34)

is the relevant quantity to be compared with the experi-
mental bounds [27-29] in the channel hh — X, X, X,X,. In
Fig. 7, we show the modified cross section (34) as a
function of the heavy scalar mass from the combination
of hh — bbrr and hh — bbyy for the BPs with

2 . 1
10 bbyy [30]
= 0.8
=
= —_
T 06 =
? T
=
& 0.4 bel
&
%o 0.2

600 800 1000
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400

FIG. 7. The hh production cross section (34) as a function of m, from the combination of hh — bbrr [27], (left) and via hh — bl_ayy

[29] (right).
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FIG. 8. Left: the quantity s; x B(HZ™ — W*W*) in function of ms, where the palette shows the branching ratio B(H{* — WHW™).
The blue curve represents the experimental bounds from CMS [30]. Right: the cross section of the diphoton production at 8 TeV,
where the palette shows the corresponding branching ratio. The blue curve shows the experimental bound [31]. Here, the BPs with
ms > 600 GeV are not considered since by the experimental bound [31] were established only for ms < 600 GeV.

m, > 250 GeV, where the palette shows the branching
ratio of 5 — hh.

From Fig. 7, one learns that the majority of the BPs
with m, > 250 GeV are excluded by the experimental
bounds [23-29]. One has to mention that the di-Higgs
negative searches are used to set some limits on the triple
Higgs couplings and to constrain the scalar sector in many
multiscalar SM extensions, but here in the GM model, the
resonant # — hh experimental bounds are very efficient in
excluding large part of the parameter space. This point will
be investigated in details in a future work [36].

Here, in Fig. 8 we show the effect of the constraints from
the doubly charged Higgs bosons and Drell-Yan diphoton

1 T T T 1000
0.6
500
0.2 S
= [}
o S
-0.2 E=
250
-0.6 |
e
-1 - : ' 125
-1 0.5 0 0.5 1
Sp
1.5 1
1 06
0.5
0.2
g 0 s
-0.2
-0.5
4 0.6
15 -1

08 085 09 095 1 1.056 11 115 1.2

Kr

production on different observables like s3 x B(H{T —
W+ W) and the cross section of the diphoton production at
8 TeV which are plotted in function of ms and the
corresponding branching ratio in the palette. One has to
mention that it is worthless to show the cross section pp —
H? — yy at 13 TeV since the existing experimental bounds
are given for the ms range [32], that it is already excluded
by previous constraints.

One notices from Fig. 8-left that the branching ratio
B(H{" — WHW) value does not play an important role in
excluding the BPs by the experimental bounds [30]; how-
ever, the mixing value s; does. From Fig. 8-right,
one remarks that most of the diphoton scalar negative
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FIG. 9. The physical observables that are presented in Fig. 3 reproduced using only BPs that are in agreement with the recent ATLAS
and CMS experimental bounds [23-29], in addition to the constraints from the doubly charged Higgs bosons and Drell-Yan di-photon
production [30-32] as well as the indirect constraints from b — sy and the LHC measurements on the Higgs strengths modifiers.
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searches exclude most of the BPs with B(H? — yy) > 0.09,
which is in good agreement with the experimental
bound [31].

In Fig. 9, we reproduce the physical observables shown
in Fig. 3 by considering only the BPs that are in agreement
with all the above mentioned experimental bounds [23-29]
fulfill the constraints from doubly charged Higgs boson and
Drell-Yan diphoton production, the indirect constraints
from the b — s transition processes and the LHC mea-
surements on the Higgs strengths modifiers.

From the 35k BPs considered in our analysis, 74.5% are
excluded by the above combined constraints, where the
majority of BPs correspond to m, < 2mj;,. However, most
of them are not excluded due the absence of the exper-
imental bounds for ms <200 GeV. By comparing Fig. 9
with Fig. 3, one has to mention that these constraint do not
change the shape of the islands described previously.

Before concluding this debate, it is essential to discuss the
impact of future measurements at the HL-LHC on this model.
The primary objectives of the HL-LHC include enhancing
measurements related to the 125 GeV Higgs boson’s
couplings, decays, and the search for heavy Higgs particles.
Additionally, it offers an important opportunity to test some
BSM theories. In a study by Li [37], the possibility of
observing the type-II seesaw doubly charged scalar was
investigated. They obtained a mass upper bound of 655 GeV,
which is irrelevant to the doubly charged scalar in the current
model. According to the projections for Higgs property
measurements [38], it is expected that the various Higgs
scaling factors and, consequently, the signal strength modi-
fiers in (22) will be measured with significantly improved
precision. This will result in narrower experimentally
allowed ranges for the scaling factors kp) as shown in
(23), leading to the exclusion of a significant portion of the
parameter space.

VI. CONCLUSION

In this work, we have studied the scalar potential of the
GM model that preserves custodial SU(2) symmetry. We
have considered the theoretical and experimental con-
straints on the parameter space such as the tree-level
unitarity, the potential boundness from below, avoiding
possibly deeper wrong minima, the electroweak precision
tests, the Higgs total decay width and diphoton decay, and
the Higgs strength modifiers, the negative searches on the
doubly charged Higgs bosons and the Drell-Yan diphoton
production, as well as the indirect constraints from the
b — s transition processes; in addition to the direct
searches for additional heavy Higgs resonances.

We performed a numerical scan based on all the above-
mentioned theoretical and experimental constraints, and we
found that the possible unwanted minima that could be
deeper than the EW vacuum excludes about 40% of the
parameter space that fulfills the above mentioned con-
straints. On top of that, we noticed that the above

constraints dictate a clear shape on the model parameter
of three separated islands in the plans of {sg. 5.}, {84 m,}
and {{r, ¢y}, and two islands in the plans of {kp, ky }. The
couplings of the Higgs boson to the gauge bosons and
fermions lie in the ranges {—1.21 < ky < —0.85,0.86 <
kp<1.12} and {09 <ky < 1.23,0.88 <«kp < 1.13},
respectively. However, the scaling factors of the heavy
scalar 1 in the GM (p,y lie in the ranges {—1.22<
Cy <—097,-2.15 < {p < =159}, {-0.09 < ¢y < 0.66,
-0.75 <{p <—0.02} and {-0.65<¢y <0.14,0.04<
{r <0.75}, respectively. Here, an isolated islands in the
plans of that was supposed to exist was excluded by the
b — s bound. The shape of the isolated islands as shown in
the plans of {sz. S, }, {54 My}, {{p. Ly}, and {kp, &y} is
dictated by the combination of the bounds of the Higgs
signal strength modifiers and the Higgs total decay width;
in addition to the Higgs diphoton decay.

We have also imposed the constraints from the negative
searches of both doubly charged Higgs bosons in the VBF
channel and Drell-Yan diphoton production, where we
found that a significant part of the parameter space is
excluded by the CMS bound on s; x B(H* — WHW+)
[30]. Here, it has been found that the branching ratio of
H{" — WTWT does not play an important role in allowing/
excluding any BP, but the mixing s; does. Unfortunately, the
recent bounds from CMS [30] and ATLAS [32] do not cover
the mass range ms < 200 GeV, which makes a large part of
the parameter space unconstrained by this severe bound. It
will be interesting if future analyses would consider this
mass range.

The indirect constraints from the b — s transition proc-
esses are also applied and put constraints on the two
parameters m3 and v; only. We found also that the recent
LHC measurements on the Higgs strengths modifiers impose
strong constraints on the parameter space, especially the
Higgs coupling modifiers k. In fact, the direct searches
generally provide more strict constraints on the GM model
parameter space and open the possibility of a discovery as
these searches would be improved within the current/future
LHC data. We have imposed also the recent ATLAS and
CMS negative searches for the heavy scalar # in different
channels. We found that the channel  — h#h is very useful to
exclude most of the parameter space, while other channels
are less efficient since the mass range 125 GeV <m, <
200 GeV is not covered by most of the searches. Clearly,
future searches and more precise measurements will tighten
the parameter space of the GM model.
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APPENDIX A: FUNCTIONS

The loop functions used in (24) are given by

5(y° — x0) 4+ 27(x*y? — x2y*) + 12(x® = 3x*y?) log x + 12(3x%y* — y%) log y

fi (x, )’) = 36(y2 — x2)3
_ x* =yt +2x%y*(logy? —log x?)
f3(x,y) = 2(x2 _y2)3 ) (A1)
while those used in (25) and (26) are given by [39]
A(r) =243+ 3712 —7)f(7), A};y/z(r) = =27[1 + (1 —7)f(7)], Al () = 7[1 —zf(7)],
AT (7,2) = —cot Oy <4(3 — tan?0y )1, (7, 2) + Kl + %) tan26y, — (5 + %)}11(1, z)),
AT (2 2) = L(r.0) = (), A (.2) = 1(z,2)
ab a’b? a’b
hab) = 57 3 @) = O]+ s ota) = o0)
(@) = =5 s [1(a) = £(D)] (A2)
with
{arcsin(\@)]2 if 7>1, VT — l[sin‘1 \/%)} if 7>1,
f(e) = 2 L g = (A3)
—%{log(%)—iﬂ] if r<1 %\/T—l[log@—_)—iﬂ} if 7<1.

APPENDIX B: COUPLINGS

Here, we give the couplings used in different observables definitions. The couplings that are used in (24) are

. 2 e 3 . 2 e 3 . 1 e
9znu) = 1 §SWCW SaCp + gCas ) IzpH) = 1 gSWCW Calp =\ 3558 ) 9zHn) = 1 gswcwc/;,

e’ N \/g 2 \/g e
=———|s,c —c,5z |, =——\c,cp—1/=5,55 |, - = c
977y ZS%VC%V alp 3a B 9zzh 25%}[/0%/ atp 3 B gZH;rH3 2SWCW B
1

Q

62 62 2

9770 = — =3 23 SpU> 9zw+H: = — 73
’ V3skeh ! ’ 2siycw

e

Sp0, M — . Bl
p 97zh ZS%VC%V ( )

Here, g3, is the SM coupling. The couplings g,xx ,xx used in (25), (26) and (28) are
It = Gnr; = —8V3(As + Aa)vesa + (4 + A5)vyCa = 2V 31254,
8 [V2 3u 3 A U
th;rHB_ = _ﬁ <T/15S/,vC/}U,/, -+ ((/13 + 324)1)5 — Tz) C% + E ((12 + gs)Ué: + i) S% Sq

A
+ 2\/§Cacﬁsﬂ (/151)6 + %) + 4Ca < ((ﬂz — ZS) C/% + 2/118%) 1)¢> s
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o =25t )= ) 5)

Sa
+ 4S/3 <(15 + 611 - 2)«2)6'(21 - ? (/15 - 2],2))1)(/,,

Gyttt = Gy ;. = Gyrort = 8V3(A3 + Aa)vesa + (4 + A5)0yq + 2V 345,

8 (V2 3u 3 A M
gnH;ng = gan’Hg = % <T/15€/}S/;1)(/, + ((13 + 314)05 - TZ) C% + 5 ((/12 + é) V¢ + i) S% Cq
u A
+ 2\/§SaCﬁSﬁ (/1505 + ?1) + 4S(1((</12 - ZS) C/zj -+ 2&1S2>U¢) . (B2)
The coefficients Czyy used in (26) are given by
1 —2s? 1 —2s?
Coytg— = v, Conin- = Conin- = W, B3
ZH{ " H; swew ZH{H; ZH{H; 2swew (B3)

APPENDIX C: WRONG MINIMA

The GM scalar potential may have other minima than the EW one. It is possible to get analytic formula for some these
wrong minima, like the ones below, but others require numerical efforts. The following minima are possible only if the
quantities inside the square-root are positive.

In the CP-even subspace: we have eight possible minima that corresponds to V?*,

_ 2 — 2
= 00>’ (Oi 2m2(2/14+/13)’0>,

hy.h, h:} = | £X—"1—1 0,
Uy Ty he} ( 24 2204+ 43)

0.0 4 —m3 (44 +43) 0 1 [=m3A = uwrds =iy 3py
o 2(A4 +43) ' A3 203 + 42y 24 )]

0 \/3/42 /—4m3Az — 12m3 Ay + 93 — 2m3A3 — 6m3 4, + 93 3py + /—dm3Az — 12m3A, + 93
: 2+ 60y : 4+ 127,

El

0L \/ =34/ —4m3ds — 12m504 + O3 = 2m3s — Om3du + U5 3y + \/—dmis — 12m20 + O3
’ 25 + 624 ’ 45 + 124,

El

\/ 3y \/—~4mddy — 12m52 + O3 — 2m3hy — 6m3da + 945 3, 4 \/—AmZis — 12m3A + 042
25 + 624 ’ 435 + 122, ’

0,+

04 \/ =3pp\/—4m3ds — 12m504 + 93 — 2m3ds — 6m3da + 95 3y, + \/ —4m3hy — 12m3 Ay + 93

Cl
225 + 644 45+ 12 (C1)
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In the CP-odd subspace: we got three possible minima that corresponds to V-,

{ay.a,} = i4M 0 0,+~ ~2m5 (2 + )
A 22, ) : 2(224 + 23) ’

(€2)

—8m%/13 - 16m%/14 + 87’)7%/12 - Zm%ﬂs 8m%/12 - 21’)’/%/15 - 16m%/11
32123 + 6424y — 16/2 + 8405 — A2\ 3

2017 + 6422y — 162 + 8Ayh5 — A2

In the singly charged subspace: in this direction, we parametrized the charged fields as X* = |X|e*¢, and then we found
that the minima that correspond to Vi do not depend on the phases, i.e.,

(651, = €5} = (iv‘”""%,o,o)

(0 i\/—2m%(/14—|—/13) 0> (00 i\/—2m%(/14—|—/13)>

44 4(A4 + 43) 4(A4 + 43)
Aom?} = 2Aym3 —203m? = 2A4m3 + Aym3 0 —m3 0 —mj3
164,45 + 16,4 — 422" \| 164,45 + 164,44 — 442 ) 160, + 8%\ 162, + 8% )
N 16445 + 162025 — 42 "\ 16404 + 16230 — 422 )

In the doubly charged subspace: in the doubly charged directions we have only one possible minimum, which is given by

| =

—mZ (2 + A3)

(C4)

Ly

2224 + A3)
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