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Abstract We re-investigate the scalar potential and the
Higgs sector of the supersymmetric economical 3-3-1 model
(SUSYE331) in the presence of the B/u-type terms, which
has many important consequences. First, the model contains
no massless Higgs fields. Second, we prove that the soft mass
parameters of the Higgses must be at the SU(3) scale. As
a result, the masses of the Higgses drift toward this scale
except one light real neutral Higgs with the mass of mz|c2y, |
at the tree level. We also show that there are some Hig-
gses containing many properties of the Higgses in the mini-
mal supersymmetric standard model (MSSM), especially in
the neutral Higgs sector. One exact relation in the MSSM,
m%i = mi + m%v, is still true in the SUSYE331. Based
on this result we make some comments on the lepton flavor
violating decays of these Higgses as one of signatures of new
physics in the SUSYE331 model which may be detected by
present colliders.

1 Introduction

The discovery of a new particle by LHC experiments is the
most intriguing event in both theoretical and experimental
current physics. As found by both ATLAS and CMS [1,2]
this new particle, with mass around 125.5 GeV, carries many
properties of the Higgs boson predicted by the Standard
Model (SM). On the other hand, many works tried to deter-
mine whether this Higgs is really the SM Higgs or some new
Higgs in models beyond the SM [3-7]. Many properties of
this new Higgs are available in [8]. Some very helpful dis-
cussions on which models are excluded or still acceptable by
the existence of the new Higgs found are for example in [9].
At this time apart from the SM, the MSSM is the most attrac-
tive model which both experimental and theoretical physics
focus on. For the review of SM Higgs see [10]. A review of
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MSSM Higgses is in [11,12]. For the MSSM there are five
physical Higgses, including one CP-odd neutral Higgs and
two CP-even neutral Higgses. The mass of the lighter neu-
tral Higgs is shown to be smaller than mz| cos(28)] at tree
level. Here f is determined by the relation 15 = v2 /vy, the
ratio of the two Higgs vacuum expectation values (VEVs)
in the MSSM. The mass of this light Higgs can increase up
to 135 GeV after including loop corrections [13]. Of course,
the value of 125.5 GeV still satisfies this constraint but the
mass spectrum of supersymmetric particles has drifted to the
TeV scale [3,4,6,7].

There is another class of supersymmetric (SUSY) models,
called SUSY 3-3-1 models, which is not mentioned above.
The SUSY 3-3-1 models are SUSY versions of the 3-3-1
models [14-22] constructed in order to explain some issues as
the so-called family replication, the electric charged quanti-
zation [23-27], the large difference between masses of quarks
in different families [28],...The greatest disadvantage of
these models is the complication in the Higgs sector, namely:
these models need many Higgs multiplets to generate the
masses of the fermions. Some models with the simplest Higgs
sector, such as [29-32] need only two SU(3) 1 Higgs triplets.
But some fermions in these models get zero masses at the tree
level and they need to get non-vanishing masses from loop
corrections [29,30] or effective non-renomalizable operators
[31]. To solve this problem as well as the problem of dark
matter in these models, some supersymmetric versions of
these 3-3-1 models were introduced [33—-37]. These mod-
els, of course, keep the interesting properties of the 3-3-1
as well as SUSY models. But the needed Higgs multiplets
are doubled compared with the non-SUSY version to cancel
the gauge anomaly caused by Higgsinos. The Higgs sectors
are now much more complicated. Anyway, they were inves-
tigated in detail for the supersymmetric economical 3-3-1
(SUSYE331) model [33,38] and the supersymmetric reduced
minimal 3-3-1 (SUSYRM?331) model [36,37]. In this work
we will concentrate on the SUSYE331 Higgs sector for two
important reasons:
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e First, the SUSYE331 has the simplest Higgs sector in
SUSY331 models and it was widely investigated as regards
phenomenology such as Higgs sector [33,38], inflation
scenarios [39—41], the mass spectrum of SUSY particles
[42,43], and lepton flavor violating (LFV) decays [44,45].
One problem of this model is the absence of B/u-type
terms in the scalar potential. These terms are very impor-
tant for the vacuum stability of general SUSY models.
They were first addressed in [45], but the consequences of
their presence were not shown in detail.

e Second, as mentioned above, the presence of the 125.5 GeV
Higgs strongly affects the parameter space of all present
models including SUSY331 models. It is indeed necessary
to consider the reality of the SUSYE331 under the impact
the appearance of this Higgs.

Comparing the Higgs sectors of the SUSY331 models with
that of the MSSM is the straightforward way to estimate the
compatibility of them with Higgs experiments at this time.
For the SUSYE331, we try to identify some Higgses as “like-
MSSM” Higgses and the others as being really SU(3); Hig-
gses. While finding the exact physical solutions for Higgses
in the presence of the B/u-type terms is almost impossi-
ble, we can calculate them in an approximate way with high
accuracy, based on the presence of the SU(3) scale itself.
In the SUSY versions such as SUSYE331 this scale corre-
sponds to two Higgses x and x’ with two VEVs, which is
assumed to be much larger than the SM symmetry breaking
scale w, w’ >> 246 GeV. Constraints from the heavy neutral
Z' of the model predict that this scale is of the order of the
TeV scale [46]. Combining with the conditions of the mini-
mum of the scalar potential, it can be deduced that both B /-
terms and soft parameters should be of the same order, the
electroweak O(m%v) or the SU(3), scale. We show this con-
clusion in detail in Sect. 3. In that section, we also construct
all squared Higgs mass matrices of the model, find exact
solutions for physical CP-odd neutral Higgses, and establish
two equations determining the mass eigenvalues of CP-even
neutral and charged Higgses. Approximate solutions of these
Higgs masses will be discussed in Sect. 4 after we prove that
the B/u-terms and soft parameters favor the SU(3) scale.
With this condition, the Higgs spectrum of the SUSYE331 is
split into two parts, in which the first part contains Higgses
with properties being similar to MSSM Higgses. Some other
Higgs properties are also mentioned in this section. Further-
more, in Sect. 5, like-MSSM Higgses are discussed in more
detail by comparing them with MSSM Higgses in coupling
with the standard particles. In Sect. 6, we discuss the LFV
decay of the neutral Higgs, H° — ut, in the SUSYE331
model. This kind of decay was investigated in [44] without
the appearance of B/u-type terms. It is noted that detect-
ing LFV decay at TeVatron and LHC was discussed in [47],
and the sensitivity of the LHC for these decays has been dis-
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cussed [48]. In the revised SUSYE331 version, only MSSM-
like Higgses can have a large LFV decay branching ratio for
H® — .t This result is easily obtained based on many pre-
vious works on this kind of decay for the MSSM and extended
versions of the MSSM [49-55]. First of all, we start our work
by reviewing the SUSYE331 particle content in Sect. 2.

2 A review of the model SUSYE331

In this section we only list the particle content of the
SUSYE331 which we consider in this work. The details were
thoroughly investigated for example in [33,38].

The superfield content is defined in a standard way as
follows:

o~

F=(F.F), §=(.5, V=@V, (1)
where the components F, S, and V stand for the fermion,
scalar, and vector fields, while their superpartners are denoted
F s §, and A, respectively [34-37].

The superfields containing leptons under the 3-3-1 gauge
group transform as

o~ o~ O~ T -~
LaLZ(Va’laaﬁZ)L ~(1337_1/3)7 lgLN(lalvl)v (2)

where Vf = (Vg)“ and a = 1, 2, 3 is a generation index.
The superfields for the left-handed quarks of the first gen-
eration are in triplets,

OiL = (@, &, @), ~(3,3,1/3). 3)

We omit the color index of the quarks. The right-handed
singlet counterparts of these superfields are denoted
Wiy, W~ (3%, 1,-2/3), dip ~ (Y 1,1/3). )

Conversely, the last two generations are contained in super-
fields which transform as antitriplets of the SU(3),,

Our = (dus e d'a), ~ (3,3%,0), a=2,3, (9
while the right-handed counterparts are in singlets,
@y~ (35 1,-2/3), oy 5~ (3 1173). (6

The prime superscript is used to distinguish exotic quarks
and SM quarks having the same electric charges. The men-
tioned fermion content is originally from the 3-3-1 model
with right-handed neutrinos [17-22,29,30], so it is anomaly-
free.
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The two superfields ¥ and p contain the scalar sector of
the economical 3-3-1 model (E331) [32]:

T
2= 7 78) ~a.3.-1/3),
T
p=(r2%5) ~1.3.2/3. ™

To cancel the chiral anomalies of the Higgsino sector, two
extra superfields, X’ and p’, are added as follows:

T
7= (30 7)) ~ s,
7= (%) ~ 0.3 2. ®

According to the analysis in [33], at the tree level, p’ is
enough to generate masses for all charged leptons, while
it contributes in part to the down-quark masses. Also, the
p generates masses to the neutral leptons and contributes in
part to the up-quark masses. On the other hand, both x and x’
only contribute to masses of both the usual and exotic quarks.
It can be supposed that p and p’ may play similar roles as
Higgses in the MSSM. It is recalled that the above Higgs
sector does not generate masses for all quarks of the model.
Therefore corrections from the loop levels are needed.

Asnormal 3-3-1 models, the SU(3) , ®U(1) x gauge group
is broken via two steps:

SUG)L ® Uy % SU@)L @ Uy "5 U,
9

where the VEVs are defined by

V20T = @, 0,w), V2()T = (u', 0, w'), (10)

V2(0)T = (0,v,0), 2(0)T = (0,v',0). (11)

The vector superfields VC", V“, and V' containing the usual
gauge bosons are related with the gauge groups SU(3)c,
SU@B), and U(1)x.

The VEVs w and w’ are responsible for first stage of sym-
metry breaking, SU3), xU(1)x — SU2)L xU(1)y, and
this provides the mass for the new particles, namely

T I\ T

w w

7 (0, 0. = 0. T.(0 0 X
£0, i=4,567,8,

w T w' T
X110, 0, — 0, X(0,0, — 0. (12)
(00 5) 2o x (0.0 25) #
In the gauge boson sector, only the new gauge bosons
Y*, X, X* and Z' gain masses at this stage of the symmetry
breaking. In contrast, the three other generators 77, 7>, and
T5 characterizing the SU(2);, group are conserved. Also, the
generator of the U (1)y, defined as

Y ! T3+ X

5 = =13 )

27 /3

is also conserved. We would like to emphasize that at the
first stage of breaking, there is no mixture between the Z and
the Z’. In the second stage the standard model electroweak
symmetry is broken down to U(1)¢ by u, «’ and v, v and
this is responsible for the masses of the ordinary particles.
To keep consistency with the MSSM, we should suppose

w,u' v, v L w, w'. (13)

For more details, the reader is referred to [33]. After the
first step of symmetry breaking, we can obtain the effective
Lagrangian for the Higgs fields. From the effective Higgs
potential, we can proceed with the discussion by comparison
with the MSSM Higgs sector.

The full Lagrangian of the model has the form Ly +
Lsoft, where the first term is the supersymmetric part and the
last term explicitly breaks the supersymmetry. More details
of this Lagrangian are discussed in [33]. Our work mainly
focuses on the Higgs sector of the model.

3 Revised scalar potential for Higgses and Higgs sector

In the soft term involving the scalar potential, we add a new
term,

(bppo" + by xx' +He),

to the original supersymmetric Higgs potential constructed
in [33]. The revised potential now is

VSUSYE331 = Viscalar + Vsoft

MZ 2
= (x x+xx ’)+ i (prer“p/)

2 2
gf _1 il 1 A 2 T 2 o7
+]2< 3X X+3X X +3PP 3/’ P

2
8 r¥ o xb Tyb
+§Z(xl XX MK A
p/T)L*b )2

i t ¥

+m Tp—l—mx)( x—l—m%p +m o x!

— (bpop’ +byxx' +He.). (14)

As discussed in the MSSM, we can redefine the phases of
the Higgs fields in order to get real values of both b, and b,,.
In addition, these parameters must be positive to avoid the
minimum value of the potential corresponding to the zero
values of the neutral Higgses. It implies that electroweak
symmetric breaking does not occur.

Assuming that the VEVs of the neutral components
u, u', v, v/, wand w are real, we expand all Higgs fields
around the VEVs as follows:
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T _ [ utSi+iA; — w+SH+iAr
X = 2 ) 2 )

T + vtSstids  +
p :<p11%7p2>9

1T (W +83+iAs X/+ w' +Sy+iAy
- ﬁ E) b ﬁ £

pﬂpz(pf,ﬂi%%ﬂﬁ,p;). (15)

The minimum of the Vsysyg331 is equivalent to the canceling
of five linear neutral Higgs terms, as listed below:

/

2 2 v
+dm? =4—p
Hp T aM, 0P

_282/2_; 9g2 [2 (1)2 B v2/> +w? —w?+u?— u2:| ’

/

2 2 u
+4m? =4—b
Hy X u X

2

_é;_7 w? — w?+u? —y? +2(v’2 _ vz)]
pe;
S (w4 —w?) +?=?]. ae)
1 v? 4+ 02
2 2 2 _
My Ty S =be — 5 (7
1 u?+u?
2 2 2 _
mX+mX/+§MX = by o (18)
, , g ,
(—uw—l—uw)|:bx+?(uu + ww ):| =0. (19)

From condition (19), it is easy to see that we have the
equality u/u’ = w/w’, the same as shown in [33]. The for-
mulas in (16) are obtained when this equality is inserted in
four other independent linear vanishing conditions. As our
convention we will use th notation defined in previous works,

v 8
tan,B:t;;:—/, tany_ty_a, t=z,
2 g’ 2 2 2 g 2 2\ (,2
_ 3 / i _ S / / t 1)7
myy 4<v +v> my 4(u —i—w)(ﬁ—i—

where myx and mwy are the masses of the non-Hermitian
boson X and W boson, respectively.

The four equations (16)—(18) now can be rewritten in the
form

1, 5 by 2249
e T = T
X [—m%( cos 2 + 2m3, cos 2)/] , 2D
Loy o _ by P+18 ,
ZMX_FmX:E-F > m’y cos2f
21249
—%m%‘, cos2y, (22)
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2,
mi o+ my + 30
2b,

2 2 1.2
my +my, + 31y

§29 =sin2y =

s28 =sin2p = (23)

The two equations in (23) directly tell us two separated con-
straints for b, and b, :

1 1
2b, < m%—i—m%,—i—iu% and 2b, < mi —i—mi,—i—iui.
(24

These two conditions are similar to the constraint to the
b-term in the D-flat directions of the MSSM. They guarantee
that the scalar potential has a lower bound. So it will have a
minimum.

Using the results in (23) to solve the series of two equa-
tions (21) and (22) we can determine cos 2y and cos 28 as
functions of the soft parameters. But it will be more conve-
nient to estimate the order of the soft parameters by writing
cos 2y and cos 28 as follows:

C2y = COS2y

2 (1,2 2 _ b 1.2 2 b
_ 2¢yy <Z/‘p+mp - f) + <Z'“x Ty é)
= 5 ,
My,
c2p = cos2p
1,2 2 b 1.2 2 b
(315 5 =) +2 (35 +5 — )
= 2
my
25v(1,2 2 _ b
amiyey, =45 (4 +mi - )
- - . . (25)
my my

It is very important to note that the two equations in (25) have
upper bounds: |czy |, [c2g| < 1. Combined with the property
my < my of the SUSYE331, the parameters on the right
hand side of (25) must be on the same scale of O(m%v) or
(’)(m%(). It means that we have only two cases,

1 b
2 2 P 2 2 X 2
'Z,up—i-mp—g N'Z,ux—kmx—— ~ O(myy),
(26)
b 1 b
2 2 ol 2,2 2 % 2
or ‘Z,u/fl—mp—; ‘4,ux+mx s O(my).
27)

If there is not much hierarchy among the soft and )
parameters, they all should be of the same scale. In addi-
tion, the case of (27) appears when the two quantities
20%‘, (};M% + mf) - ?—;’) and (%ui + mi - %‘) have oppo-
site signs, so that they cancel each other to result in the
total being of the (’)(m%[,) scale. The degeneration among the
supersymmetric parameters characterized for a large break-
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ing scale also happens in the normal SU(2); x U(1) super-
symmetric model.

Because the Higgs sector in this model is very compli-
cated, it is not easy to find the exact solutions for the mass
spectrum as well as the mass eigenstates of the Higgses.
Instead, we will use some appropriate approximations to
solve the problems. In the next section we will use the param-
etere = m%[, / m§(, which satisfies € < 1, as the perturbative
variable to do approximate calculations.

We firstly determine the mass eigenvalues of the pseudo-
scalar neutral Higgses because they are calculated exactly.
We will use them as independent parameters in formulas
representing the Higgs mass spectra.

3.1 Pseudo-scalar or CP-odd neutral Higgses

The mass Lagrangian of the pseudo-scalar Higgses is split
into two parts,

a6 1
. £er3$ — E(Al’ As, Az, Ad) x M%‘X(Al’ Aa, Az, A4)T

1
2 T
+§(A5, Ae)M} ,(As, As) (28)
with
4b
2y ;L[X —u'w', ww + ;7;"5 7uw/tf;,
B
4b
5 22 —u'w’, u? + ;f—;; —uw/tﬁ uu' + g%tﬂ
Mo=a| o w 2, Wi 2
ww'tg + g—zx —uw'tg  wg + P —uwig
4b 4byt
—uw'tg  uu'tg + g—zx —uwt% uzté + g%ﬂ
and

4b It

2 _ 14 Y
MA’O_Z‘_X([ t2>.

Y Yy ty

This leads to the result that there are three massless solutions
and three massive ones, defined as

2 2 Zbﬂ 1 2

= — [ 2 2
Ma =My, = 52y - ZM/J my =+ nmy,
2b 1
2 _ .2 _x L2 2 2
My, =myg,, = 525 = ZMX +my +mi,

2

— .2 2 2
my, =my,, = my, +my. 29)

Because p and p’ play the roles of MSSM Higgses, Hy,
seems to be the same as the CP-odd Higgs in the MSSM. To
compare the Higgs mass spectrum with the SU(3), scale in
the following calculations, we will use some new notation,
defined by

(30)

It is easy to write the three massive eigenstates as

Ha, = Ascy + Agsy,
Hp, = Ajcgse + Axcper + Azsgse + Agsger,

Hy, = —Ajcger + Ascpse — Azsger + Aasgse, (€29

where tan¢ = u'/w’,cos{ = c;,sin{ = s;,co8f =
cg,sinfB = sg,cosy = cy,siny = s,. Three massless
eigenstates are

Hp, = —Assy, + Agcy,
H g
Hyq

—Apsg + Agcg,
—Alsﬂ + A3C/3.

(32)

They are Goldstone bosons eaten by neutral gauge bosons
Z, Z', and X°. There do not exist any physical massless
CP-odd neutral Higgses in the model.

3.2 Neutral scalar Higgs

In the basis of (S1, $2, S3, S4, S5, Se¢) the squared mass
matrix of the real scalar neutral Higgses can be written in
the form of

2 2 2 2 2 2
Mgy Mg Mgz Mgy Mgis Mype
2 2 2 2 2
Mgyy Moz Mgy Migys Mg
2 2 2 2
2 Mg3z Mgy Mgzs Mg
m2 m2 m2
544 Mgys Mg
2 2
Mgss Mgsg
2
Ms66

where the precise formulas of the elements are listed in
Appendix A. The squared mass matrices of both neutral and
charged Higgses are different from those in [33] by B/ u-type
terms.

The eigenvalues of this matrix are squared masses of the
physical CP-even neutral Higgses at tree level, denoted A =
milo. They must satisfy the equation det (M625 —A 16) =0,
or equivalently

2
AP—(LH@(%V+%WQ+w%>]ﬂMzO (34)

i
with f(A) = ar* + 2% + cA> +dr +e. (35)
Equation (34) has one massless solution and one exact mas-
sive solution A = miS. The massless Higgs is eaten by the X
boson. The function f(X) can be reduced to a simpler form
by defining a new variable as follows:

A =X xm%. (36)

@ Springer
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From (23) and (30) we get

1 2 1 2
bX = EmAZSQﬂ = zmxkﬁgﬂ,
1, 1,
b, = EmAlsz)’ = mekzszy,
g=1rxg (37)
with
2
> 185y,
= —,
3 —dsy,
We define the quantity
2 2 2
e= "W _ vty (38)

my W4 w)(1+13)

which measures the ratio of two spontaneous breaking scales
SU(2); and SU(3) . Based on the calculation in [29,30,33]
we get a relation

My

2
4cW
€= 2

m, deyy — 1

, (39)

where my is the mass of the heavy neutral Hermitian boson
Z' and Oy is the Weinberg angle, cyy = cos Oy . The current
bound of my is mz > 2500 GeV [46], leading to the result
€ < 2.0 x 1073, which can be used to find solutions of
Eq. (35) approximately.

The equation f(A) = 0 now can be written in the form of

g(X)=AX*+BX}+CX*+ DX+ E =0, (40)
where
A=1,
B=— (4c$Vh%V F ki + ko + 4R, x e),
C =4ckh?, (/q + k2c§ﬁ>
ko + 1 (14K, +k) x e,
D = —Acjyhykikacsy
—4h?, [kzc%ﬁ + C%qu (1+ kz)] X €,
E = 4h}ykikac3, ¢35 X €. (41)

The function g(X) will be used to estimate the approximate
mass eigenvalues of the real neutral Higgses in the following
section. We will study in more detail the mass spectrum of
neutral Higgs with some assumptions on the soft parameters.
Now let us consider the charged Higgs mass spectrum.

3.3 Charged Higgs

In the basis of (x T, x™, pi", py, o', py’), the squared
mass matrix can be written as

@ Springer

2
Mécharged
mi,XJr mi’x’* uv vw —uv' —v'w
m2,_ . —w  —wv v'u’ v'w’
XX
2 2 _4by
I's Moror Morer T W 0
= 4b
4 Moo} 0 —g v
2 2
p;/pr/ mp]"p;'
2
mpz"p;"
(42)
Detailed formulas for the elements of the matrix are shown
in Appendix B.
The masses of the charged Higgses are solutions of the
equation Det(MéCharged — Alg) = 0. Each solution A = m%,i

corresponds to one mass eigenvalue of Mgchmged, and /¢ is
the 6 x 6 unit matrix. Changing variables as in the case of
the neutral Higgses, we obtain the equation

x2 [x _ (mi1 n m%v)] X f(X)=0 43)

with X = mili/mgf and where my is the mass of the W
boson. The function f(X) is a polynomial of degree 3, rep-
resented as

f(X) =X+ AX>+ BX +C, where (44)
A=—(1+k +k+e),

B = —cgﬂ +ki(1+capcop + k2)

+ ko + cayc2p@+ k)] x € — 5 x €,

C = (1+€) [cap—cay (e+k1)] [c2p(1+k2) — 2y €] .
(45)

For the charged Higgs sector, there are two Goldstone bosons
eaten by the W and Y bosons. There is an exact value of
2

the mass, m oyt = m%,v + mil . The three other values will be

4
investigated in the following section.

4 Constraint to Higgs masses

As stated above, in this section we will investigate in more
detail the mass spectrum of the Higgses. We will see that
there exist many relations among Higgs masses, soft param-
eters, and u,, , terms in the scalar potential. First, from (23),
(25), (29), and the lower constraint to the CP-odd neutral
Higgs masses from a recent experiment, we conclude that
all parameters of the model must be above the electroweak
breaking scale. Furthermore, the equations in (25) indicate
that the soft-breaking parameters must be smaller than the
SU(3) breaking scale, and ¢, should not be too small.

To continue, we will investigate the masses of the neutral
and charged Higgses in the two cases listed in (26) and (27).
From these two cases and (29), it is easy to prove that m%l and
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mlz42 have the same order as the parameters in (26). We will

concentrate on the values of mil and miz in the following
sections.

4.1 Case 1: Soft parameters in the electroweak breaking
scale

This case is expressed in (26). The result is that k1, kp, and
c2p are of the order O(¢). So we define

ki =kj xe, ky=klxe (46)

with k], k) ~ O(1). The factor c2g will be considered
later. Based on the Viet theorem, the equations given in
Eq. (41) show that Eq. (40) produces four positive solu-
tions related to the physical squared masses of the Higgses.
Without loss of generality, we denote these four solutions
as X1 < X2 < X3 < X4. The Viet theorem gives the four
solutions satisfying the conditions

4
in :4c%vh%v+k1 +k2+4h%,v X €,
i=1

4
> xiX; = 4ch (ki +kacky )
i<jii,j=1
+kiky + hiy (1 +kicz, + kz) X €,

D XiX;jXy = 4cyhiykikacsy

i<j<k
+4R3, [kzcgﬂ + Gk (1+ kz)] X €,
X1 X2X3X4 = 4hjykikycs, cop X €. (47)

Because of the existence of the 4c%vh%,v term in the first
equation of (47), there must be at least one heavy Higgs
which is equivalent to O(mg(). The fourth equation shows
that X1 X>X3X4 < O(e¢) in this case. So there is at least
one light Higgs having a mass related with X; < O(e). We
first estimate this mass by assigning X; = X| x € with
X} < O(1). Inserting this X into Eq. (40) then setting the
factor of the lowest order of € to vanish, we have

8 K16k [ (X7 — (1 4 X 4] = 0. @9

Equation (48) indicates that there are three light Higgses. But
one of them relates with X/ such that
2
m
A
X| =kjcig ~ —5* x |eapl®. (49)
my

This value is too small because of the factor c%ﬁ ~ O(?)
given in Eq. (25) and the soft parameter scale is the same as
that of the SU(2), breaking. Then we have

2 2
2
;e my m%v -3
X = ~—x|— — mgo~my, xO1077).
m2 m> m2 H !
w w X

Becausem 4, ~ O(my) in this case, if this is SM Higgs M b0
is too small compared with the recent experimental bound
from LEP [57]. If not, one of two remaining solutions in
(48) will be identified with the value around 125.5 GeV. The
formula representing these two values is

2
2 a2 2 2 2 2 2 2
mH£3_2(mZ +my, :F\/(mAl —mZ> +4S2ymZmA1>'

(50)

Equation (50) is of exactly the same form as that pre-
sented for the neutral Higgs masses in the MSSM. From
previous work for the MSSM we immediately obtain some
interesting consequences. At tree level the lighter Higgs gets
a mass which is smaller than mz|c2,|. This Higgs is nor-
mally identified with the like-SM Higgs discovered at the
LHC [1,2] because its mass can increase after including loop
corrections. On the other hand, some recent works also were
concerned with a case named the “/low-Mp scenario” where
the heavier Higgs corresponds to the discovered state [3,4].
Although this case predicts light charged Higgses, the param-
eter space is very small. This is because it requires all of
these light Higgses to have heavily suppressed couplings to
the gauge bosons to escape the search of LEP.

From the above investigation, the SUSYE331 soft param-
eters considered at the SU(2); symmetry breaking are not
the favorite choice. They should be of the SU(3), breaking
scale. It is case 2 that we concentrate on in this work.

4.2 Case 2: Soft parameters of the SU(3); breaking scale
4.2.1 CP-even neutral Higgses

The Higgs sector in this case is very complicated. Mathe-
matically, exact solutions of the polynomial equations (40)
and (44) can be determined, but they are too long; also it
is very hard to see any physics in these expressions. Instead,
we firstly find approximate solutions of the mass eigenvalues
based on the very small values of €.

For light neutral Higgses, the last equation in (41) shows
that there is only one light neutral Higgs. Being of the order
of O(e), the squared mass of this Higgs is given as X| =
X| xe+ O(€?) where X' ~ O(1). Inserting this value into
(40) and then forcing the factor of the lowest order of € to be
zero, we have

2
¢
2 .
X~ CTV equivalent milf) ~ Myc3,. (51)
W
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This formula for the neutral Higgs mass is completely the
same as that in the case of the MSSM. Furthermore, the
contribution from the next leading order is proportional to
(%mw x €) ~ 0.08 GeV. So the mass of the light Higgs
needs to get major corrections from the loop contributions.
For the three heavy neutral Higgses, we denote their
masses as X; = X! + X! x €, where both X!, X! ~ O(1)
and i = 2, 3, 4. Then these masses can be written in the form

2

Ho = Xl/mg( + X! x m%v + O(e) x m%v (52)

m

The main contributions to the heavy Higgs masses come from

X x mg( ~ mzo, namely
i

2 2 2
mHO_XémX—mAI, (53)
2

2 / 2
m7, ~X53,Xm
HY, 3.4 X

1 2 2 2 2 2 2 2 2
= 5 (mA2+mZ’ F \/(mAz—mZ,) ~|—4mZ,mA2s25 ,

(54)

where m 7 is the mass of the neutral Z’ boson [38], mZZ, =

4m%c3, /(4ch, — 1). The values of X/ are computed from X/

based on the following formula:

X! = @
1 BO

Ao =4, (X ka3, ) (XP = (o + DX] +kacy ).

where

By = dcfka2X] — ki)edy + X [4h3 e}, (2k1 = 3X)
+ 2kiky — 3(ky + ko) X! + 4x;2] . (55)

It is noted that X' is the correction to the squared Higgs
masses. For the correction of the Higgs masses, using
Eq. (53), we can get approximate values of the Higgs mass:

myo = \/Xl’m%( + X! x m%v + O(e) x m%v
X{/ m2
X+ x (56)

v
[x;  mx

If we assume that the scale myx >~ O(TeV), the correction

~myx X

to the Higgs mass at the next leading order is le’/\/;lf X
2.4 GeV. This correction is too small compared with the
heavy Higgs mass of the TeV scale. So, in our calculation, this
correction can be ignored. For more details, the analytic for-
mulas of neutral Higgs masses can be found in Appendix A.

For illustration of our results, all analytic formulas of the
neutral Higgs masses can be compared with the numerical
investigation shown in Fig. 1. In this figure, we use Math-
ematica 7.0 directly to find the eigenvalues of the squared
mass matrix (33). It is easy to see that the four blue curves
represent four heavy Higgs masses, while the lightest Higgs
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Fig. 1 Plotsofm o (j =1,2,...,5)as functions of m 4, . The param-
J

eters are fixed as mx = 2.5 TeV, my, = 1.0 TeV, “iiz; =104,
and my = 80.4 GeV, t, = 50, t3 = 10. The red line represents the
mass of the lightest neutral Higgs. The dashed line fixes the values of

mz >~ 92.0 GeV

has a mass m o >~ mz whent, > 1. All of these masses are
consistent with those shown by our analytic results. This will
be helpful to estimate the mass eigenstates of these Higgses
in Appendix A.

In conclusion, the SUSYE331 model has five physical
CP-even neutral Higgses, including one light Higgs and
four other heavy Higgses. The light Higgs can be identified
to the Standard Model-like Higgs. One of the heavy Hig-
gses has exactly a mass m HY at the tree level which obeys

?10 = m%z + mi The squared masses of the three other

5
Higgses can be approximately computed up to O(¢) x m%v
The above analysis makes some interesting properties of the
SUSYE331 clear. Although the model has four Higgs mul-
tiplets, they separate into two pairs having different absolute
U(1)x charges. Two Higgses in each pair have opposite signs
in order to cancel the gauge anomaly. The appearance of the
Higgses in pairs makes the SUSYE331 have many similar
properties to the MSSM. In particular, while p and p’ cou-
ple with all leptons and quarks, x and x’ do not couple with
the leptons. So p and p’ play the same role as Higgses in
the MSSM. Furthermore, if the CP-odd neutral Higgs is very
heavy, the light CP-even neutral Higgs mass at the tree level
has exactly the form as in (51) where #,, in the SUSYE331
plays the same role as tg in the MSSM. This value is smaller
than the mass of the Z boson, mz >~ 92 GeV. Compared with
the 125.5 GeV value of the Higgs mass discovered recently
in the LHC, the MSSM needs large values of |cpg]. 15 should
also be large, corresponding to large corrections from the
squark loops for the Higgs mass in order to get a consistent
light Higgs mass. The case of SUSYE331 is a bit different.
Apart from ¢, there appears a new parameter 75 defined as
the ratio of w and w’, which are the two VEVs of x and
x’. One can see that the light Higgs state is a mixing of all

m
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Fig. 2 The mass of the lightest CP-even neutral Higgs including one-
loop correction of the top and stop quark. The black (dotted) curves
present the mass in the SUSYE331 (MSSM) as a function of stop quark.
Two dashed lines correspond to 125 and 126 GeV. In the case of the
SUSYE331 mx = 2.0 TeV is chosen

neutral components of the four Higgs multiplets. As a result,
corrections to this Higgs mass will come from squark loops
related with both 7, and 7.

The mass of the lightest Higgs will easily and naturally
reach the value of a recent experimental result if loop cor-
rections are included. This can be realized through the well-
known results calculated for the MSSM [12,59-61], where
the largest one-loop corrections to mi arise from the top
quark and the stop scalar. In the SUSYE331 model, choosing
a simplifying case based on [59] we can show that the lightest
Higgs mass can get a contribution of a one-loop correction
similar to those of the MSSM. The details are presented in
Appendix C, and Fig. 2 presents the mass of the lightest Higgs
according to (98). In a more accurate calculation, the mixing
between left and right stops should be included; then the case
will be the same as that called the decoupling limit, indicated
in [12] (section 7). Apart from this, we believe that one-loop
corrections from the very heavy exotic quarks and their super-
partners may also increase the mass of this lightest neutral
Higgs. This topic is out of the scope of this work. The simple
estimation in this work is as an illustration enough to show
that the CP-even neutral Higgs spectrum of the SUSYE331
is consistent with present experimental results. Because 1, is
larger than 1 (3 < y < %) we get the constraint ¢z, < 0.

One more comment needs to be added here. At this scale
of the soft parameters, light Higgs m?{O in Eq. (51) and a
heavy Higgs in Eq. (52) contain many slimilar properties to
those in the MSSM, while other Higgses are characterized
for SU(3),, scale. So we can use many known properties of
the MSSM to study these like-MSSM Higgses. Also, the CP-
odd neutral Higgs Hy4, in (31) carries properties of that in the
MSSM. As we will show in the next section, the Higgs sector
in the SUSYE331 is separated into two parts. The first part
is closely related to MSSMs while the second part is related
to the SU(3);, x U(1)x properties.

4.2.2 Charged Higgs

If all soft parameters live on the SU(3);, scale, the second
formula given in (25) shows that the values of c2g should
not be too small. Applying this constraint to Eq. (45), one
can prove that all solutions of (43) correspond to very large
values of the charged Higgs masses. Similar to the case of the
neutral Higgs, if we denote X; = X/ + X/ x e (i =1, 2,3),
then

m?{,i:Xi xmy = X! x m% + X! x m}+O(e) x my,
(57)

where the main contributions to the three charged Higgs
masses are

2 v 2 _ 2 2

My = X| xmy =my +mjy,, (58)
1

2 / 2
ms . >~ X5, xmy ==

].12'3 2,3 X 2

2 2 2 2 4.2 2
X | my, F (mAI —2mxczﬁczy) +4mxczﬂs2y R

(59)

and X! = a, /by depends on X according to the following
formula:

ax = —capcay [1+ (ki + D(ka + 1) + (k2 +2)X[]
+e3,k + cap(l + ko) + ko X] — X7,

by = C%ﬁ — cpcayky — ki (ki + k2)
+2(1 + ki + k) X! — 33X} (60)

We need to emphasize that the masses of the Higgses in (59)
must be positive. This corresponds to the condition

c2p (6‘2/3 — klczy) < 0. (61)

If so then k1c2, < c2p < 0 because ¢z, < 0. From this we
have r/4 < B <m/2and tg > 1.

There is another way to deduce an exact constraint, which
is stricter than the constraint given in Eq. (61). By apply-
ing the Viet theorem to Eq. (45) with three charged Higgs
masses X, X2, and X3, we have X1 XoX3 = —(1 + ¢€)
[625 —C2y (e +k1)] X [625(1 +ky) — Czyé] > 0. In the
case of € « 1 it leads to the consequence that (c2p —
cayk1)cap(1+kz) < 0O, the same result as shown in Eq. (61).
Combining with the condition of ¢, < 0, we get an exact
condition for the positivity of all charged Higgs masses:
(k1 + €)cay < c2p < 74 < 0, which implies that

+ko
2 2 2
(mA1 +mw)62y C2yMy,
my my +ny,

If this condition is satisfied, then all charged Higgs masses
in the SUSYE331 are of the order of the SU(3); scale. Of
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Fig. 3 Plots of mi’_i as functions of m 4, . The parameters are fixed
as my = 2.5 TeVL(left panel) and my = 2.0 TeV (right panel),
ma, = 1.0 TeV, S0 = 1074, and my = 80.4 GeV. The left panel
corresponds to large values of #,, and #4: 1, = 50., tg = 10. The right
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Fig. 4 Contours of the lightest values of m%,i as functions of two vari-
ables: (ma,, tg) (left panel) or (ma,, t,) (right panel). The parame-
ters are fixed as mx = 2.5 TeV, m4, = 1.0 TeV, ‘;iizi =10"%, and

course, on this scale, there is no massless charged Higgs in
this model and all of these masses are much larger than the
current experimental bound at LEP [56].

Finally, as an illustration for our qualitative estimations
we will numerically investigate some cases of charged Higgs
masses. The results are shown in Figs. 3 and 4. The left panel
of Fig. 3 shows the case of large ¢, and 7g where we can fix
¢2y = c2p = —1. Inserting these values into (59) we have
two values m%li = {m%, mil — mg(}. This means that in
order to cancel the tachyon Higgs m 4, must be larger than
myx. A strict constraint of m,, comes from (62): mil >

28 2 2 . .. .
o, | Mx — My This limit value of m 4, is represented by

the red points in Fig. 3.

It is easy to see that the two constant lines in the left panel

2 2 2 2 :
represent two values my,. = {my+m Ay0 M % 1> while the two
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These two curves are parallel because they are different from
each other at constant values mg( + m%,v This property does
not occur in the case of small ,,, as shown in the right panel
of Fig. 3. In all cases, there always exists a lower constraint
of m4, to cancel the tachyon charged Higgs. This value lies
at the SU(3) . scale unless [c2g] (¢5) is small, as we illustrate
in the left panel of Fig. 4. This also shows the consequence

that the SUSYE331 still contains a light charged Higgs if the

2 2
my — nmy,.

value of mil is very close to the values of ‘%

There is an interesting consistence of the model that can
be seen in Fig. 4. It shows the contours of the lightest mass
of the charged Higgs m%_li as functions of mil and tg (t,).
The allowed regions correspond to the condition m%li >
90% [GeV] at tree level. As we have discussed, the model
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requires a large #,, to get the consistent lightest neutral Higgs.
Fortunately, the allowed region on the right panel favors both
large t, and m 4,. The small values of ¢, require very large
values of m 4,. On the other hand, the allowed region with
large m 4, in the left panel also supports large values of 75. We
can see that in the limit of large #,, (¢g) the lightest charged
Higgs mass almost does not depend on the values of 1, (1),
while it is very sensitive to the variance of m 4, .

5 MSSM Higgses vs. SUSYE331 Higgses

To compare more precisely the properties of the MSSM
Higgs spectrum with some Higgses in the model under con-
sideration we will investigate the couplings of the Higgs par-
ticles. In this part, we concentrate on the couplings of the
Higgses in the SUSYE331.

Let us briefly review the Higgs spectrum in the MSSM.
In this model, in order to provide a mass for up and down
fermions as well as to cancel the anomaly, two doublet Hig-
gses, H,, Hy, are introduced. After the symmetry break-
ing SUR2), x U(l)y — U(1), the gauge bosons w*, z
become massive particles and the physical Higgs spectrum
contains two CP-even neutral, H, h, one odd-CP neutral, A,
and two singly charged Higgses, H*.

In the SUSYE331 the electroweak symmetry is broken
by VEVs: u, u’, v, v', where u, u’ are the VEVs of the first
components of x, x’and the residual values are the VEVs of
0, p'. Because the u, u’ carry lepton number, they break the
lepton number symmetry. Hence they must be small and we
can ignore them when we estimate the effect of electroweak
breaking. It means that the main contributions to the mass
of the SM particles are obtained by the VEVs of p, po’. In
other words, these two Higgses have the same roles as the
two Higgs doublets H,, and H,; in the MSSM. Therefore, to
find the similarity between the Higgs spectrum in the MSSM
and the SUSYE331, we will concentrate on studying the five
particular Higgses of the SUSYE331, HY, HY, Hy,,and HT,
where all of them are related with the p, p’, and B,-term.

Let us consider the couplings of Hl0 , HZO, Hy,, and Hf
with the SM fermions and gauge bosons. In the limit of large
t, and u, u’ = 0, the soft as well as SU(3) parameters are
assumed to be much larger than the SU(2); breaking scale,
in the sense that mi 12 > mZZ The physical states H? , HS s

Hpy,,and Hf have the following form:

()= (5 o) (3)
Hy, sy Cy As )’
)= (50) ()
= 63
(Hf —Sy Cy :0?: ()

Table 1 Higgs-gauge boson couplings

Vertex Factor Vertex Factor
H)WrW~ igmwsay H)WTW~ —igmwcay
Ha H)Zy, we(p+pV HIH[Zy S (p+p)t
H H A, —ie(p+p)* HYHFWF +5(p+pHH
Ha HfWF E(p+ pH*
2 P02
HYH)W W, Semy HYHIW W, S-gh
_ ) 0170 )
Hp Ha WiW,  ogh HYH)Z,W,  S5-gh
HOHOZ W ﬁ v His Ha Z., W, ig” v
o 1y Ly Wy zcevg A A L Wy ZC%Vg
P02 2 .
+ 77— igec + ry—
HfHZ, W, %" HfHy Z,A, ~52vgh?
F02 o2 2.2
0yt 187s + g°s
HYHWFZ, Sk gh Hp HiWFZ, F5 ke
HYHFWFA, — =58gw Ho HiWFZ, +£%gh
and

HY sy —c S6
(i) =) (5): o

The non-zero masses of these particles are given by

b
2 _ P 2 2
My = = Mpyk=my, +my,
52y
2 2 2 2
My = My, + O(myy), m o =myz|cayl. (65)

The other particles are massless and identified with the Gold-
stone bosons. Based on the physical states, we can find the
couplings of the Higgses H?, Hé), Hy,,and Hf with the SM
particles. The couplings of them with the SM gauge bosons
are listed in Table 1.

From Eq. (63), it can be realized that the equivalent role of
the two parameters 8 and y in the two models.! The formula
(64) shows that the case we are working in, the SUSYE331, is
similar to that of the decoupling regime in the MSSM where
o — B — m/2. In this limit, the couplings of the consid-
ered Higgses with the SM gauge bosons given in Table 1 are
consistent with those of the Higgses in the MSSM shown in
[11].

The couplings of the considered Higgses in the SUSYE331
with the fermions are listed in Table 2. The results show that
the couplings among these Higgses are the same as those
in the MSSM. Finally, we will investigate the LFV of the
Higgses decaying to leptons in the SUSYE331 model in the
following section.

I In fact, the signs of some elements in the transformation matrices
in the SUSYE331 may be different from the MSSM; see for example
[11,12]. This also happens in the two definitions of [11] and [12] in the
MSSM. The reason is the difference in signs of the two definitions: (i)
the B/ term in the Lagrangian; (ii) the mass eigenstates of the Higgses.
These mathematical differences do not affect the final physical results.
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6 Lepton flavor violating decay of Higgs to muon
and tauon

The LFV decays of neutral Higgses in the SUSYE331 were
studied in [44] based on the parametrization of slepton mix-
ing in [53,54] and the model constructed in [33] without the
presence of B/u-type terms. In this work, we use the revised
model where these B/u-type terms are added to guarantee
the stability of the vacuum of the model. As a result, the mass
eigenstates of all Higgses in general are different from those
in [33,38]. The Higgs sector becomes more complicated and
it is not easy to represent analytically the masses as well as
the mass eigenstates of the real neutral Higgses in terms of
the original parameters. In the limit of large £, we can use
the LFV Lagrangian established in [44],

- ﬁZ,Vu ~ Y (ARt + Aﬁtc,u)(po* —1,0°) +He,,
(66)

which is not affected by the diagonalization of the neutral
Higgs mass matrix. As noted in [44] we recall that po, p’o
are neutral Higgses which generate masses for the lepton
after spontaneous breaking; Afe and A’L) are one-loop con-
tributions to the LFV Lagrangian. We emphasize that the
presence of the B/u-type terms in the model under consid-
eration does not modify the analytic formulas of the effective
couplings A%, Aﬁ given in [44].

Unlike the previous version, one of the many features
of the SUSYE331 in this work is the presence of massive
pseudo-scalar Higgses. Especially, the formulas in (31) and
(32) imply that only H4, can decay to leptons. Furthermore,
it is easy to prove that

—i
NS

For the real neutral Higgses, we cannot find the exact mass
eigenvalues or mass eigenstates of all these Higgses. The
approximate estimation presented above just only helps to
understand some qualitative aspects of them and also shows
that the Higgs sector of the model is consistent with recent
results of experiments. A detailed analysis to estimate the
mass eigenstates of the neutral Higgses is presented in
Appendix A. In this work, the real parts of p° and p" can be
estimated as S5 = HPSV — chy and Sg = HPC)/ + Hgsy.
The effective Lagrangian for the LFV decays of the neutral
Higgses are

Im(p% —1,0") = x Hy,. (67)

Y .

chy = ﬁ; X (AP uCT + AP 7o) (H§’ + 1HA|>
14

+H.c.. (68)

This Lagrangian has the same form as that of the MSSM in
the limit of the CP-odd neutral Higgs having a heavy mass.
The lepton flavor conserving (LFC) part of the Lagrangian

@ Springer

Table 2 Coupling of the neutral Higgs bosons to fermions.

Particles Up fermion ~ Down Exotic up Exotic down
fermion quark quark

SM Higgs 1 1 0 0

HY 1 1 o(m) o)

S B O B )

W o) o(w)

at tree level can be deduced from [38]. Using the notation in
[44], this part has the form

EFC

Houe =~ (Yuuu + Ye1°7) p° + He.. (69)

We note that the light Higgs H? has very suppressed
LFV effective couplings in this case. At the tree level, the
charged leptons only couple to the Higgs p’ and v/2p"0 =
(Hlocy + Hzosy) +i (c,, Ha, + sy Hy, ) The LFV branching
ratio of the neutral Higgses H can be calculated through the
branching ratios BR(H? — t+77), namely,

BR(H’ > t717) = BR(H? —» t uh)
1
= —— = (|a7] + |aG ") BRUH® > r¥27)
€ySy
2 2
_ G+

2
tV

(1871 + |25 F) BR@HO > £72). (70)

where HY = Hy,, Hé).

In the case of 7, > 1, obtaining the Lagrangian (66), we
obtain a result that is the same as that indicated in the MSSM
for heavy neutral Higgses. We have

BR(H’ > t+u7)

=12 (|A§|2 n |A§;|2) BR(H" — t+17). 71)
The neutral Higgs—fermion—fermion couplings in our work
are different from [38]. They are listed in Table 2. We just
consider HP, Hzo, and Hy,.

Following this table, the couplings of the light neutral
Higgs to fermions are the same as those in the SM. While
the CP-even and CP-odd neutral Higgses are different, they
strongly couple with the down fermion with large ¢,. Fur-
thermore, these two Higgses do weakly couple with exotic
quarks of the model. They carry the properties of the neu-
tral Higgses in the MSSM and the vMSSM shown in [55].
As mentioned in [55] and as detailed for example in [11], the
coupling of these Higgses to W+ W~ and Z°Z° are very sup-
pressed if their masses are very heavy. For the SUSYE331,
a similar case occurs for the vertex type of HOVV where
V denotes any gauge bosons Z, Z', W*, Y* or X°. The
couplings are deduced from the following term:
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; (DMHO)T (DMH()) — igd Vv, VAT ; ((H%HOT)
+He., (72)

where gy is defined from the covariant derivative D, =
9, + i) v &vVy. As shown in Appendix A, the leading
contributions to the Higgses H?, HZO, and Hy, come only
from the two Higgses p° and p’°, and the couplings with all
gauge bosons are proportional to g%,mw /g. The next lead-
ing contributions are related with x° and x"° by a factor of
J€ = my/mx. Because these two Higgses contain real
components having VEVs w, w’ ~ Zme’ the value of the
coupling of H{)VV is proportional to g%,mw /g%. In con-
trast, the coupling of HQOVV is still suppressed because of
a factor 57, < i So in the case of our work the leading
and next to leading contributions to the HVV couplings
of {Hlo, Hg, HAI} to the gauge bosons are g%,mw/g X
{siny, 0,0} and g%,mw/g2 X !)0(1), 52y, O}, respectively.
It means that the coupling of H, V'V is very suppressed and
Hy,, does not couple to the gauge boson pairs. This is the
same case as in the MSSM and the vMSSM. Therefore, Hé)
and H,, decay mainly to down fermions such as bband T7
[58]. This will lead to large LFV branching ratios of neutral
heavy Higgses which can be detected by the LHC. A detailed
investigation can be found in [55] for example.

7 Conclusion

In this work we have concentrated on the Higgs sector of
the SUSYE331 model. Unlike the previous work [33,38], by
adding two B/ uu-type terms in the soft term of the SUSYE331
model we have shown that these terms not only guarantee the
vacuum stability but also cancel all of the tachyon Higgses
appearing in the previous version. Especially, from the con-
ditions of the minimum of the scalar potential we indicated
that the soft parameters and the B /u-terms in this model nat-
urally favor the order of SU(3) . This is the property of the
SUSYE331 model which does not occur in supersymmet-
ric versions of the SU(2); x U(1)y. Because of this, all of
three CP-odd neutral Higgses will get masses at least around
1 TeV. They are denoted mi] , miz, and m%‘3 = m%z + mg(
These four Higgs states are found exactly according to the
original Higgs basis. For the neutral Higgs sector, there are
four massive Higgses in which there is one light Higgs with

squared mass milo o~ mzzc%y, the same as in the MSSM.

Among the three other CP-even neutral heavy Higgses, there
is one exact value, m?{O = mi}. In the charged Higgs sec-
4

tor, there is also one exact value of the charged Higgs mass,

m?ff = m124| + m%,v This formula suggests the similar-

ity of the Higgses Hf and Hy, to those in the MSSM. In
summary, in the limit of large values of the soft param-

eters, B/u-type terms, t,, and tg, the Higgs spectrum of
the SUSYE331 contains all Higgses carrying many prop-
erties of the MSSM Higgs spectrum. The remaining ones
characterize the SUSYE331 because they almost relate with
the SU(3), Higgses x and x’. Among these Higgses, there
maybe exists a charged Higgs tachyon, unless the conditions

(m% +m%v)02y cayym? . .
—L o < p < 54— < 0 are satisfied. They give
m%( B mi—i—mi‘

two important consequences: i) for t, > 1 (cz, < 0) tg is
larger than 1 too, ii) if the value of m%l is very close to the

value of (Z—im§( — m%,v), there will appear a light charged
Higgs characteristic for the existence of SU(3) itself, which
supports the charged Higgs searches at LHC and other col-
liders.

It is emphasized that the above classification helps us to
exploit many known results for the MSSM to estimate the
properties of the first class of Higgses in the SUSYE331,
although they seem to be only true at the tree level. For com-
pleteness it is really necessary to study in detail the effect
from loop corrections because new particles will generate
new diagrams in higher order calculations. As an illustra-
tion, we consider the LFV decays of neutral Higgs bosons
to leptons in the SUSYE331. The loop contributions to these
decays were indicated in [44]. This result does not depend
on the appearance of B/u-type terms. The calculation in this
work shows that the LFV decays of the three neutral Higgses
Hy,, HIO, and H20 are consistent with the conclusions for
the MSSM neutral Higgses shown in [55]. Here the Hl0 is
the lighter CP-even neutral Higgs. It is normally identified
with SM-like Higgs. The two Higgses Hy4, and Hg are very
heavy Higgses with degenerate masses. Furthermore they
decay mainly to down fermions such as bb and 77, leading
to the enhancement of LFV branching ratios up to O(10™%)
for the MSSM and the SUSYE331. This is really new and
of significance for the heavy neutral Higgses which can be
checked by experiments.
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Appendix A: CP-even neutral Higgs squared mass matrix

We list precisely all of the elements of the CP-even neutral
Higgs squared mass matrix as follows:

1D gZ 82

2 X 2 2 2

mi = — X 5 S (18 +¢ ) ’
St 2 18 8 W 108 ( "

@ Springer
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2 2
mgy, = —%u/w/+ 1%8 (18+t )
g g
2 _ _ - _ 5 [ - 2 /
mg3 = sz A ww 108 (18+t )uu ,
2 2
my, = %u’w — 1%8 (18+t )
2
2 e
miis = =10 (9+22) un,
2 82
miie = 103 (9+2t )
M2y = b 82 L (18+t)
2= 5, 78" T 08
2 2
by & 3
2 X 1
=" — = 18 4 ¢ )
M= T Ty 108( *
m2ys = —% (9+2z )
e
2
M3y = —X + 108 (18 +t2> u? + §w2

2

My, = % 18 + t2) u'w' — %uw,
£

2
m%35 =10 (9+212) u'v
2

2 . g2 9 22 /

b

2 o

=L 9 Zt)
se6 = o, Jr54( +

To estimate the contributions from the original Higgs basis
S; to the physical Higgs basis we do a rotation of the squared
mass matrix (33) with the rotation C represented as follows:

s 0 ¢cg O 0 O
—cg 0 sg 0 0 O

_ 0 0 0 0 —c s
€= 0O 0 0 0 s ¢l (73)
0 s¢ 0 ¢ 0 0
0 ¢ 0 —s4 O 0
where
2 2
my_ +m-,
Do = hp X %, and
my, —myz,
2 2
S _ My My
528 2 2 2\, 2 2 2 \?
\/czﬁ (mA2 — mZ,) +s2ﬁ (mA2 —i—mz/)
2 2
My M, (74)
~ 3 5
_mH3 +mH4

Because s > 0 we have 5o, < 0. The sign of ¢, depends
on the quantity miz - mzz,. Because of this we have /2 <

8 o < 3m/2.
m§6 __8 <9 N ) After this rotation, we keep only large contributions to the
108 squared mass matrix which are proportional to m%, mymy,
b 2 2 2 A .
m§~44 _ _x L8 g (1 841 ) w? 4+ 8 W2, and my;, in the non-diagonal elements of the matrix. Then we
108 8 have
0 0 0 0 0 0
0, kr+1, 0 0 0 0
2 .
szye 2¢ sin 4y _ 2Jesyy cos(Bra)  2/esyy sin(B+a)
0 0, kit 2= a1 a1 42,1
= mg( X 0 0 2¢ sin 4y 4cs € _ 2Jecrycos(Bta) 2 /ecry sin(B+a) (75)
4c},—1" 4cd,—1° 4ct,—1 > 4c},—1
2./€cay cos(B+a) 2./€s2y cos(B+a) 2
0 o - 42%,,—1 T 4Z€V—1 ’ Mss» 0
2./€cyy sin(B+a) 2./€s2y sin(B+a) >
0 0 452 -1 ’ 4Z2 -1 ’ 0, Mo
w w
where
2
Mgy = 152)8 (9 + 2t ) M525 X m% = mzz, cosz(,B +a) + m1242 sin2(ﬁ —a),

&
m?w ~108 (9 + 2t )

b
m%ssz—p 7 <9+2t)

@ Springer

MZs x m% = m%, sin*(B + &) +m%, cos’(B — ). (76)
In this new basis, all non-diagonal elements of the squared
mass matrix are of the order O(/€) or O(e). So we can use
this basis of the Higgses to represent the mass eigenstates of
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the heavy Higgses. In particular, these states are related with
the originals by

2

mHSO = m1242 —|—m§(; H50 = —cpS1 + 5853,

ng = mil + O(m%,); H20 = —cy S5+ 5, 56,
2 2 2

mHg) =m7 cos” (B +a)

—i—mlz42 sinz(,B —a) + (’)(m%v); Hg = 5452 + ¢4 S4
= m%, sin®(f + )

— Sa54.
(77)

—i—mlz42 cosz(,B —a) + (’)(m%v); Hf EXMY)

In addition, we have a massless state H' = sgS1 + ¢gS3

eaten by the X” boson. For the light Higgs we can see from the
4ch2y

matrix (75) that the diagonal element (M ?{0>44 =

4cW71

42
W2
PR m ZC2 is different from the eigenvalue of m Zczy pre-

dicted in (51). This is because of the non-diagonal elements
in the matrix (75), which are proportional to /€. They can
cause corrections of the order of € x mg( ~ m%v to all Higgs
masses and affect directly the mass of the light Higgs. For
example, we consider the case of large t,, and 7g. This means
that y, 8 — m/2 and sindy = s, — 0, ¢, — —1. Fur-
thermore, because « is defined in (74) and miz < m%( as
chosen in a numerical investigation we obtain 7/2 < o < 7
and ¢ — /2. Inserting these values into (76) we have
mgs — mZZ, cos?(B +a), and the largest contributions to the

Higgs masses from the non-zero diagonal elements are only
(M%IO)45 (Mlzio>54 = 2/€cay cos(B + a)/(4ch, — 1).
We then take a rotation with a tiny angle n defined by

4./€ cos 2y cos(B + @)

(4cfy — DM35 — 43 €

tan2n = —

The light Higgs mass now is

2
c5 € 1
2 2 2y
mio>~my X | ———— — ——
H, X |:4c%v—1 m§5

~ 2
~my,

(2fczy cos(B + a))

4cW—1

as predicted. In this case the mass eigenvalue of the light
Higgs has the form Hlo = 5,85 + ¢S + (9( ) X
(5082 + o S4).

In general, the dominant contributions to the mass eigen-
state of the light Higgs is H? | = Sy S5+cy, Se. The next contri-
butions to this eigenstate and other heavy Higgses, H20 , Hé),
and H, f , are all proportional to a factor of my /my =~ 0.03.
This contribution to H20 is more suppressed because of a fac-
tor 3, ~ % So these contributions can be ignored in many
investigations such as the LFV decays of the neutral Higgses.

Appendix B: Charged Higgs squared mass matrix

The non-zero elements of charged Higgs squared mass
matrix are listed as follows:

4b
2 _ X 2/ 27 2 .2
mX,XJr——gz +(w +u )+(v v'e),
4b
2 _ X 21 2
mx‘x’+_ _g2 18 (w +u ),
4b
2 _ Oy 2 2y 2
LS 2 + @ +w)— W —v7),
4b
m27 L= p + (uz u/2) + U/27
P1 Py gzt},
4b
m>_ . =uw—uw, m_ . =—L
Py P2 P2 P2 gzty
12 + (w2 w/2 ,
4b,t
2 _ Oply 2 n_ 2 2
i T Tgr TR0
— 2
prpy’
4b t
o —L 407 4 (¥ —w?). (78)
Pz P2

In the limit of u , u” — 0, the matrix has a simpler form,
and after taking a rotation this matrix by a transformation
C H=E with

__spmx __cpmx Sy mwy cymwy
\/m§<+m%,v \/m§(+m%‘, m%ﬁ—m%‘, \/mg( +m%v
0 0 sy 0 cy 0
Cpe = 0 0 cy 0 —Sy 0 ’
0 0 0 cy 0 —sy
cp 0 —sg 0 0 0
sgmx cpmy Sy mwy cymwy
\/m§(+m€./ \/m§(+m%,v \/mi-#m%v \/m§(+m%v
(79)
we get
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Ch+M 620hargedc};i
00 0 0 0 0
00 0 0 0 0
10 0 m +my 0 0 0 %0
B 00 0 m%l + m%,v — C2/5C2ym§(, SzySQﬂmwmx, —S2yCopmxmy ( )
00 0 $2yS28mMwmy, miz — czﬁqym%‘, + mg( —CoySogmwmy
00 0 —S2yCopmxmy —CoySapmwmy C28C2y (m%v + mi)

From this and (', H', Hy, ' Hy', HH =cpye
™t x'T, ,01 , ,02, ,o1 , p+) we easily see that there are
two Goldstone bosons HZ", which are eaten by W* and the
two massive Higgses, H;", With masses arising mainly from
pand p’.

The mass Lagrangian at tree level related with the term

( azvo. ) can be written as
€\ (P
) (%)

0 0
—€’ 2€’
(85)

Emass =

4(9+421%)ym?> —
% (o1, ¢2) ( 2K

Appendix C: Corrections to lightest neutral Higgs mass

. L . i - — nmw i
To illustrate the contribution from the loop corrections to with ' = /e = % < 1, which we can use as a

the lightest neutral Higgs mass, we use the same simplest perturbative parameter. The lightest mass eigenvalue is

estimation as done in the MSSM [59], namely as follows.

2y,,.2
o m%h: 2(9 + 2t )mX <k + €/2 (k _ 6/2)2 + 6/2> .
e We choose B — 5,y — 5 and u — 0. This limit 27
leads to w’ — 0, w — W = 2my/g, v — 0, and (86)
v — V = 2myy/g. This choice is consistent with b, —
0, b, — 0, ‘l‘,up + mf), — 00, and 41'1:“)( + mi, — o0, Usmg the approximation v/ (k — 6/2)2 +e?2~k—e?+

Hence the antitriplets x’, o’ can be integrated out when
we consider the symmetry breaking of SU(3), x U (1) x.
For convenience we define the new parameters such as

1 1
mi = Ly my. mb = g+ my, 81)
S5+ v S+ W
— ¢, and — @. (82)
V2 ¢ V2 ¢

With these conventions, the superpotential at the tree level
can be written as

Vsusyess1i — Vo = m3¢3 + mig]
9g2 4 2g/2

+ = ket - 0103 + 03]

(83)

where 12 = (g'/g)* = 18s3,/(3 — 4s3,) and k = (18 +
12)/[2(9421%)] = C%V. The tree level minimization gives

o =0— m%
D1 lg,=w/v2, pr=v/v2
9 + 2¢? ) )
i <2kmx —mW> ,
% =0— m%
302 1g,=w/ V2, po=V/v2

94212
== (my—2m}). 4

@ Springer

2 2 ~
2k we obtainmg, ~ m /cW ~ mZ, this being consistent

with the result shown in Appendix A.

This result confirms that the VEV of x gives a tiny con-
tribution to the lightest neutral Higgs mass. Now we con-
struct the effective potential for the neutral Higgs at the
one-loop level. We concentrate on terms related with only
¢> which give the largest contribution to the mass of the
lightest CP-even neutral Higgs. Let us remind the reader
of the role of the triplets x and p in generating mass
for quarks. The Yukawa interactions containing x, p are
given by

| , .
Ly=—3 [Kw Qurdi X + Kiqp Qurdgy X

+ K301 QaL UL P + Ky Qar 1. (87)
We choose kagi —> 3k48ai, K3ai — —3Y3a0ai (Yo = Y32,
¥+ = y33) and ignore the mixing of top and exotic u-
quarks. Therefore the mass of the top quark is m; =
yiv/ V2.

The masses of sfermions in the SUSYE331 were ana-
lyzed in [43]. In this work with the assumption of the
Yukawa term the largest supersymmetric contributions to
the masses of the two left and right stops are the same and
equal to y,¢5. For the simplest case, we also assume that
the contribution from the soft term for each left or right
stop is mé. All contributions for the stop quark coming
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from the D-term are ignored. This assumption is similar
to that given in [59]. Hence, the squared masses of the
top quark and stop have the form

m; =yi¢3. ml=yle;+m?. (88)

The full one-loop potential now is

V(Q) = Vo(Q) + AVi(0Q), (39)
where

1 M?
AVI(Q) = Wsw [M“ <1n o c)} . (90)

Here M? is the field-dependent generalized squared mass
matrix and the supertrace is defined as

Strf (M%) =Y (=D @J; + 1) f(m]) 1)

]

with J; is the spin of the field having mass m;. We take the
contribution only from the top quarks and stops, namely

3 i (M
AVI(Q) = 1o | 2mfn (]
t

+ (m‘} - m4) (ln m_? — c>i| (92)
t t Q2 .

From Eq. (88) we have

a(m2)  d(m?)

= =0, 93
d(e1) d(e1) ©3)
dm?)  00m?) )

= =2 . 94
3Gy gy O

This leads to the consequence that aﬁT‘f = 0. The minimal

condition is equivalent to the following equation:

(Vo + AVy) —0
02 lpy=w/va. pr=v/v2
2
m=
— (mtg — mtz) <1n L c)
0
2
m=
- (m§ - mf) —2m?In—L. (95)
my
Because of Eq. (95) one can obtain
2 2 2 4 m?
V(1. ¢2) _ 9 V0+3iﬂln i\ 96)
ap3 ap3  87im3, m?

The last term in Eq. (96) is the correction from the one-loop
effective potential. The squared mass matrix for the neutral
Higgs is obtained as follows:

1[8ZV(¢1,¢2>

2 0¢; 09, o7

Ll—W/ﬁ, $r=V/V2

Diagonalizing the matrix found from Eq. (97) we find the
formula of the lightest squared mass as follows:

2
2 2 2 2
mh = m <CWmX+A+mW
W
—\/(C%Vm%( —A—m3)?+ m%m%‘,) (98)
. 3g2(3—4s2) m? m?
with A = %’Z—%}ln <$ . In the case of A ~

16]‘[2 m%v
This result is the same as that in the MSSM.

2 4 4
O(m%v) < m% we obtain m,21 ~ m? + 38 ™ 1 (%)
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