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The masses and signals of the production of doubly charged Higgses (DCH) in the framework
of the supersymmetric reduced minimal 3-3-1 model are investigated. In the DCH sector, we
prove that there always exists a region of the parameter space where the mass of the lightest
DCH is of the order of O(100) GeV even when all other new particles are very heavy. The
lightest DCH mainly decays to two same-sign leptons while the dominant decay channels of the
heavy DCHs are those decaying to heavy particles. We analyze each production cross section for
ete” — HYTH~ as a function of a few kinematic variables, which are useful to discuss the
creation of DCHs in e*e™ colliders as an indicator of new physics beyond the Standard Model.
A numerical study shows that the cross sections for creating the lightest DCH can reach values
of a few pb. The other two DCHs are too heavy, beyond the observable range of experiments.
The lightest DCH may be detected by the International Linear Collider or the Compact Linear
Collider by searching for its decay to a same-sign charged lepton pair.

Subject Index B12, B13, B53

1. Introduction

The detection of the Higgs boson, with a mass around 125 GeV, by experiments at the Large Hadron
Collider (LHC) [1-4] has again confirmed the success of the Standard Model (SM). However, this
model needs to be extended to cover other problems that cannot be explained in this framework,
particularly small neutrino mass and mixing, dark matter (DM), asymmetry of matter and antimatter,
etc. Theories that lie beyond the SM not only solve the SM problems but also predict the signals
of new physics that can be searched for in the future. Many well known models beyond the SM
have Higgs spectra containing doubly charged Higgses (DCHs), e.g., the left-right model [5—7], the
Zee—Babu model [8,9], the 3-3-1 models [10-13], etc, and their supersymmetric versions [14-21].
The appearance of the DCHs will really be one of the signals of new physics. Hence, there have been
a number of publications predicting this signal in colliders such as the LHC, International Linear
Collider (ILC) [22,23], and Compact Linear Collider (CLIC) [24,25]. Recent experimental searches
for the DCHs have been done at the LHC [26-29], through their decays into a pair of same-sign
charged leptons. This decay channel has been investigated in many of the above models: the left-right
symmetric model [30,31] and the supersymmetric version [32], and the 3-3-1 models [33,34]. On
the other hand, some other SM extensions, including Higgs triplets, have shown that the DCHs may
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have main decay channels of H¥* — WE*W¥ [35,36], or HE*W¥ [37], leading to lower bounds
of DCH masses than those obtained by searching for DCH decay into leptons. It is noted that the
Higgs sectors in the supersymmetric (SUSY) models seem to be very interesting because they do not
contain unknown self-couplings of four Higgses in the superpotential, unlike the case of non-SUSY
models, where these kinds of couplings directly contribute to the Higgs masses. As a consequence,
some Higgses will get masses mainly from the D-term, namely, from the electroweak breaking scale,
leading to values of Higgs masses being of the order of O(100) GeV at the tree level. This happens
in SUSY models such as the minimal supersymmetric standard model (MSSM) and supersymmetric
versions of the economical 3-3-1 (SUSYE331) and reduced minimal 3-3-1 (SUSYRM331) models
[20,21,38]. It has been shown that there is at least one neutral CP-even Higgs inheriting a tree-level
mass below the mass of the Z boson, mz = 92 GeV. Fortunately, the loop-correction contributions
increase the full mass of this Higgs up to the recent experimental value. This suggests that some other
Higgses may be light with masses of the order of O(100) GeV. In the MSSM, this cannot happen if
soft parameters such as the b, term, related to the mass of the neutral CP-odd Higgs, are large. Other
SUSY versions, such as the 3-3-1 models, are different because of the appearance of the SU(3)p
scale apart from the SUSY scale. For SUSYE331, the parameters characterizing these two scales
may cancel each other to create the light mass of the lightest singly charged Higgs [38]. In this work,
we will investigate the DCHs in SUSYRM331 and prove that there may exist a light DCH, even if
both the soft and SU(3); parameters are very large. Apart from inheriting the lepton number two, this
light DCH is also lighter than almost all of the new particles in the model, and therefore will decay
mainly to a same-sign lepton pair. So the possibility of detection of the lightest DCH will increase
at colliders such as the LHC, ILC, and CLIC. In the left-right symmetric model, the cross sections
for DCH creation at the LHC are predicted below 5 fb for mass values greater than 200 GeV. In the
SUSY left-right model, they are estimated below 10 fb with a collision energy of 14 TeV at LHC
[30] and a DCH mass smaller than 450 GeV. The cross sections for the DCH creation will decrease
if their masses increase. In the framework of the 3-3-1 model, the cross sections for creating DCHs
can reach a value smaller than 102 fb in ete™ colliders [33,34]. Our work will concentrate on the
signals of detecting DCHs at the ILC and CLIC because of their very high precision. In addition, the
collision energies of the ILC and CLIC are smaller than that of the LHC but the total cross sections
for creating DCHs at the ILC and CLIC are larger than those at the LHC.

Let us remind ourselves of the reason for studying 3-3-1 models. The 3-3-1 models not only con-
tain the great success of the SM but can also solve many problems of the SM. In particular, the
3-3-1 models can provide small neutrino masses as well as candidates for the DM [39,40]. The
decays of some new particles can solve the matter—antimatter asymmetry via leptogenesis mech-
anisms [41-43]. The 3-3-1 models can connect to the cosmological inflation [41-43]. In addition,
the 3-3-1 models [10,11,13,44-49] have many intriguing properties. In order to make the models
anomaly free, one of the quark families must transform under SU(3), in a different way from the
other two. This leads to a consequence that the number of fermion generations has to be a multiple
of the color number, which is three. In combination with the QCD asymptotic freedom requiring
the number of quark generations to be less than five, the solution is exactly three for the number of
fermion generations required. Furthermore, the 3-3-1 models give a good explanation of the electric
charge quantization [50-54].

It is to be noted that the unique disadvantage of the 3-3-1 models is the complication in the Higgs
sector, which reduces their predictability. Recently, there have been some efforts to reduce the Higgs
contents of the models. The first successful attempt was with the 3-3-1 model with right-handed
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neutrinos [44—49], giving a model with just two Higgs triplets. The model is called the economical
3-3-1 model [55-57]. A similar version to the minimal 3-3-1 model with a Higgs sector contain-
ing three triplets and one sextet is the reduced minimal 3-3-1 model with again just two Higgs
triplets [ 12,58]. However, to give masses to all fermions in the 3-3-1 models with the minimal Higgs
sector, one has to introduce effective couplings that are nonrenormalizable. On the other hand, by
investigating the one-loop B-function in the minimal 3-3-1 model and its supersymmetric version,
we can predict the existence of Landau poles that make these theories lose their perturbative char-
acter. In order to solve this problem, the cut-off A >~ O(1) TeV should be implied [59,60]. For the
nonsupersymmetric version, the upper bound of A < 5 TeV seems inconsistent with recent data from
precision tests [61,62]. As a solution to this problem, the SUSY version predicts a less restrictive
upper bound. Additionally, the p parameter, one of the most important parameters for checking the
precision test at low energy [63,64], still satisfies the current data if SUSY contributions are con-
sidered [65]. In any case, discussions on the non-SUSY version predict that the valid scale of the
SUSYRM331 should be large, resulting in very heavy masses for the new particles, except a light
neutral CP-even Higgs and maybe the lightest DCH. Therefore, apart from the light neutral Higgs,
which can be identified with the one observed at LHC recently, the lightest DCH is the only one that
may be observed by recent experiments.

Once again, we would like to emphasize that the RM331 model contains the minimal number of
Higgses; the first way to generate consistent masses for fermions is to introduce effective operators
working at the TeV scale [21,66]. Besides that, in the SUSY versions the fermion masses can be
generated by including radiative corrections through the mixing of fermions and their superpart-
ners [20,67,68]. Of course, in this case, the well known R parity has to be broken. Based on these
results, many supersymmetric versions have been built and studied, such as SUSYE331 [69-72],
SUSYRM331 [20,21], etc. One of the intriguing features of supersymmetric theories is that the Higgs
spectrum is quite constrained.

Our paper is organized as follows. In Sect. 2, we will briefly review the SUSYRM?331 model, par-
ticularly concentrating on the Higgs and gauge boson sectors and their effect on the p parameter,
which may indirectly affect the lower bound of the SU(3) . scale. Furthermore, some important and
interesting properties of SUSYRM331 are discussed, e.g., (i) the soft and SU(3);, parameters should
be of the same order; (ii) the model contains a light neutral CP-even Higgs with the values of the
squared tree-level mass of mzzl cos2y| + m%v x O(¢). Here y is defined as the ratio of the two vac-
uum expectation values of two Higgses p and p’, while € is defined as a quantity characterizing the
ratio of the electroweak and SU(3), scales. Section 3 is devoted to investigating in detail the masses
and other properties of the DCHs. We will discuss the constraint of the DCH masses under the recent
experimental value of the decay of the lightest CP-even neutral Higgs to two photons. From this, we
prove that there exists a region of parameter space containing a light DCH. In Sect. 4, we discuss the
creation of DCHs in eTe™ colliders such as the ILC and CLIC. Specifically, we establish formulas for
the cross sections of reactions ete™ — H™T H ™~ in collision energies from 1-3 TeV and calculate
the number of events for DCH creation. These cross sections and the Higgs masses are represented
as functions of very convenient parameters such as the masses of neutral CP-odd Higgses, the mass
of the heavy singly charged gauge boson, and tan y and tan 8 as ratios of Higgs vacuum expectation
values (VEV), which will be defined in the work. This will help one more easily predict many prop-
erties relating to the DCHs as well as relations among the masses of particles in the model. With each
collision energy level of 1.5, 2, and 3 TeV, we discuss the parameter space where the masses of three
DCHs can satisfy the allowed kinetic condition; namely, the mass of each DCH must be smaller than
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half of the collision energy. Then we estimate the amplitudes of the cross sections in these regions
of parameter space. Finally, the branching ratios of the DCH decay to pairs of same-sign leptons are
briefly discussed.

2. Review of the SUSYRM331 model

This work is based on the models represented in Refs. [20,21]. For convenience, we summarize
the important results that will be used in our calculation. Throughout this work, we will use the
notation of the two-component spinor for fermions, where i denotes a particle and ¢ denotes the
corresponding antiparticle. Both i and ¢ are left-handed spinors. In the case of Majorana fields,
where ¢ = ¢, we will use ¥ notation.

2.1. Lepton and quark sectors

The lepton sector is arranged based on the original nonsupersymmetric version [13], namely,

N N NT
L1=(f), i, ZC) ~(1,3,0), l=e u, 1. 1)

The transformation properties under the respective factors (SU3)c, SUQ3);, U(1)x) appear in
parentheses.

In the quark sector, the first quark family is put in a superfield that transforms as a triplet of the
SU(3);, group:

OiL = (ftl, d, f1> ~(3.3.3). )
The three respective antiquark superfields are singlets of the SU(3); group:
i~ (3%1,-3), df~ (311, Ji~(31,-3). 3)

The two remaining quark families are included in the two corresponding superfields, transforming
as antitriplets:

R R AT
Oi1 = <d,~, —i; j,-) ~ (3.3, -1, i=23 @)
and the respective antiquark superfields are singlets:
i~ (341,-%), d~@341Y), j~051%), i=23. (5)

The SUSYRM331 needs four Higgs superfields in order to generate all masses of leptons and
quarks, but radiative corrections [20] or effective operators [21] must be added. For convenience
in investigating the couplings between leptons and DCHs, in this work we will use the effective
approach.

2.2.  Gauge bosons and lepton—lepton—gauge boson vertices

The gauge boson sector of the SUSYRM331 model was thoroughly investigated in Refs. [20,21] and
this sector is similar to that of the non-SUSY version [12]. According to these works, the gauge sector
includes three neutral (A, Z, Z'), four singly charged (Wi, Vi), and two doubly charged U™ gauge
bosons. Of these, A, Z, and W= are SM particles, while the rest are SU(3); particles with masses
being on the SU(3); scale. The new charged gauge bosons V* and U** have a lepton number
of two; hence, they are also called bileptons. According to the analysis in Ref. [73], the mass of the
charged bilepton U is always less than 0.5m 7. Therefore, we expect the decays Z' — UTTU ™~ and
U*t — 21%(l = e, 11, 7) to be allowed, leading to spectacular signals in future colliders. The DCHs
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are also bileptons, leading to a very interesting consequence: the lightest DCH may be the lightest
bilepton; it only decays to a charged lepton pair. This is exactly the case in the SUSYRM331, as
we will prove through this work. All the masses of the gauge bosons can be written as functions of
the W and V gauge boson masses. There is a simple relation between my, my, and my, namely,
m%] = m%v + m%,, which will be summarized in the Higgs sector. Therefore, we can define my as a
parameter characterized for the SU(3); scale. Recently, the studies of flavor-neutral changing-current
processes and the muon anomalous magnetic moment in the reduced minimal 3-3-1 model [74,75]
have set the lower limits of my, namely, my > 650 and 910 GeV, respectively.

The vertex of ffV, which is very important in studying the creation of DCHs in ete™ colliders,

is represented in the Lagrangian shown in Refs. [12,20,21,58], namely,

_ e
Ly = gLUM?LV;. (6)
The relations between the mass and the original states of neutral gauge bosons are given as follows:
Wi, Ay
We, | =CB | Zu
B, z,
t \/5 S \/5 c
A R N ——)
[2(2¢2 + 3) 2 212 +3 2 2t +3
A
N I EG”"j&_) _l@+_ﬁLﬁ z,
2(212 + 3) 2 212 +3 2 2t2 +3 z,
«/g \/55{1 «/EC;[
V2t2 +3 2t2 43 V2243
(7
Here ¢; = cos¢ > 0, s; =sin¢ > 0 with ¢ satisfying
J (B +2:2)(m3, — m3,)
tan2¢ = Y id . ®)

(1+22)(mi, +miy)
The parameter 7 is the ratio between g’ and g, namely,

/ 6sin” 0
(=8 o | SO ©)
g 1 — 4sin” Oy

The masses of gauge bosons are given by

my, =0,
2 2
, tP+2( 422 43) , ,
my = ms — |my, — ——m5m ,
z 3 U \ U (t2+2)2 vty
2 4(2t2 43
mzz/=t ;—2 m%]+ m‘b—%m%m%‘,\ (10)
\ (t +2)

The Z—Z' mixing angle in the framework of the RM331 model is quite small, |¢| < 1073 [58]. It
is interesting to note that, due to the generation discrimination in the 3-3-1 models, the new neutral
gauge boson Z’ has a flavor-changing neutral current [76-78].
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Table 1. Vertex factors between leptons, quarks, and neutral gauge bosons. Note that e = g sin Oy .

ffvu Ay Zy Z/,l.
iger _ —igs _
Ve 0 2 o GH n
V3 NE]
_ ig 3s¢ ) _ ig ( 3¢; ) -
e —ie — cr + ot — | 5; — ot
2¢§<§ V2T +3 W3\ V2213
. . ig ( 3s¢ )-u ig ( 3¢ >-u
e Le —_ Cr — o e o
23\ V2r 3 W3\ V2R 13
u g i <c _ —2t2S5 >5M __lg (S ZIZQ >5u
3 N W e 3\ 32213
. i2e 2igt’s; 2igt’c, u
" it _ A8Se
3 3./3(22 +3) 3./3(22 +3)
: : 2 2
4 e g <c; L (41 +9)s() o ig <s{ _ 47+ 9)c ) —
3 2V3 321243 23 3V212+3
e i_e _ igtzs; iy igtzcg —u
3,/3(212+3) 3,/3(212 +3)
J Sll g ot 41> — 9)s;> b ig < 4r? — 9)04) “
3 23\ ° T 3V 13 23\ 322 13
Je _Sll Sigtzs; Su Sigtzc; u
1
3 3./3(22 +3) 3./3(22 +3)
o % ig (c N (2t2+9)s;)5u —ig ( B (2t2+9)c;> .
’ 3 23\ 327 1 3 2/3\¢ 32213
¢ g i2e 2igt2sc u 2igt2c;
c, - ————=—0
3 3./3(262 + 3) 3./3(262 + 3)
ie ig t%s; )_ ig ( 4t%c, )_
s, b —— —— |+ —=— )" — sy — ———) "
3 ¢§(5 3212 + 3 VA\Y 32213
b i_e _ igIZS; i _ igtzc; 5u
3,/3(212 +3) 3,/3(212 +3)
i _die g (C (212 —9)s;> 4 g (s B (212 _9)c;>6ﬂ
’ 3 23\ 322 13 23\ 322 13
e e die 4igt’s _ digt’c _
Ji» J2 T S — S -

3,/3(212 4 3)

The above analysis is enough to calculate the vertex factors of charged leptons with neutral gauge
bosons, as shown explicitly in Table 1. Here we only concentrate on the largest vertex couplings by

assuming that the flavor basis of leptons and quarks is the mass basis.

2.3.  Constraint from the p parameter

The above analysis shows that the structure of the neutral gauge bosons is the same as that of the
RM331 model when all mixing and mass parameters of these bosons are written in terms of the
charged gauge boson masses. So the contributions of new heavy gauge bosons to the p parameter
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from the SU(3) 1, charged gauge bosons are given in Refs. [79,80]. They also relate to the 7' parameter
through the equality Ap = p — 1 >~ a(mz)T, where a(m ) is the fine structure constant defined in
the minimal scheme (M) at the m, scale [81]. The problem is that all of these contributions are
always positive, so the total always makes the value of Ap larger than the current experimental upper
bound, unless the SU(3), scale is larger than 9 TeV [62].

Because the new quarks are SU(2) . singlets, they do not contribute to the p parameters. The other
contributions arise from Higgses and SUSY particles, including Higgsinos, gauginos, and superpart-
ners of the fermions. Being functions of the SUSY parameters, they are completely independent of
the SU(3) scale. The contributions of the DCHs are only from the couplings [65]

icg 0 V: +he (V=W,2Z) (11)

of two charged Higgses ¢; and ¢,. According to Table C1, there are only nonzero vertices of
xTtW™H, and x** W~ H; related to DCHs. Because x** and x'** contribute mainly to H;*
and the Goldstone U™ boson, they mix with the other two DCHs with very small factors of orders

3
smaller than O (:11—2") In addition, the kind of interactions given in (11) with two identical DCHs
\’4

gives zero contribution to the p parameter [65]. So the total contribution of the physical DCHs to the
p parameter is strongly suppressed.

Because the Higgs triplets p and p’ break SU(2); symmetry, they will give the main contribu-
tions to the couplings of singly charged and neutral Higgses to normal gauge bosons and therefore
may significantly affect the p parameter. This is very similar to the case of the MSSM. In fact,
the SUSYRM331 contains two CP-even neutral Higgses and two singly charged Higgses Hli, which
behave in the same way as those in the MSSM. More explicitly, they couple with the W and Z bosons
in the same way as those in the MSSM, especially in the large limit of the SU(3) and soft SUSY
breaking scales, which is exactly the valid condition of the SUSYRM331. So the total contribution
to the p parameter of these SUSYRM331 Higgses is nearly the same as what is found in the MSSM.
In general, the contributions to the p parameter obtained from the investigation into the MSSM can
also be used for the SUSY331 version [65]. The most important results are: 1) all unexpected positive
contributions decrease rapidly to zero when the overall sparticle mass scale is large enough, ii) the
negative contribution from the Higgs scalars can reach absolute values of 10~4, which is the order of
the recent sensitive experimental value of the p parameter. In the SUSYRM331 framework, the total
positive SUSY contribution can be set to the order of @(10™%), because the soft parameters are at
least of the order of the SU(3) scale, i.e., the TeV scale, while the total contribution from the Higgs
scalar is completely different. It has a negative value when the masses of CP-odd neutral Higgses are
very large and the lightest CP-even neutral Higgs reaches its largest value of Mz| cos 28] at the tree
level [65,82]!. Then, the contribution from the Higgs sector is

susy 3o

Ap = cos??2 , Ow), 12
H 1672 sin? Oy fH( P W) (12)
where
In (cos? Oy /x Inx
JH(x,0w) =x ( 3 ) 3 :
cos” By — x cos* By (1 — x)

'Note that the well known B in the MSSM is different from our definition of 8 in (23). In fact, the y
parameter in (23) plays the same role as g in the MSSM.
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Fig. 1. Contour plot of Ap*™ as a function of Ap"*"Y and the SU(3), scale u. The green region satisfies
1.6 x 107% < Ap*™Y < 6.4 x 1074,

In the following, we will show that a negative A,ols_;l * can cancel the new positive contributions arising
from the SUSY and 3-3-1 properties. The total deviation of the p parameter can be divided into three
parts,

Ap™™ = @(mz) Toin + Dpy - + Ap™™, (13)
where Ap/S"Y is the total positive contribution of the Higgsino, gaugino, and sfermion particles, and

Tiin 18 the contribution from the minimal 3-3-1 framework to the oblique 7 parameter [79,80],

min

3V2G [2 ) 2mpmy m%]i|

=————|myp+m ———1In
1672a(mz) | Y v m%]—m%, m%,
2 2
1 m2m? m? m? mos; —m
——2- 5 Y 4 3an?ey n Y |+ 22 (14)
47 sin” Oy my —my,  my, my, a(mz)mz

where mz, myz, my, and my are the masses of gauge bosons predicted by the SUSYRM331.
All of the experimental values are given in Ref. [81], namely, mz, = 91.1876 & 0.0021 GeV,
mw = 80.385+0.015GeV, sin’Oy =0.23126, Gr = 1.1663878(6) x 107> GeV~2, and
a (mz) =127.940 £ 0.014. Also, the experimental constraint of new physics to Ap is
1.6 x 1074 < Ap < 6.4 x 1074 [81]. Ap™™Y is now a function of | cos 28|, Ap/*"SY, and the SU(3),
scale u = ~/w? + w’2. With the discovery of the neutral CP-even Higgs with a mass of 125 GeV, 8
should satisfy | cos 28| — 1. The numerical result of Ap®*$Y is shown in Fig. 1, where a lower bound
of u > 5TeV is allowed.

Finally, what we stress here is that the sum of the respective negative and positive contributions
from Api}lsy and Ap”"Y is enough to keep the value of the p parameter within the allowed con-
straint. Therefore, unlike the non-SUSY version, in the SUSY view, the SU(3); scale is free from
the constraint of the p parameter.
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On the other hand, the SU(3) ;. scale is constrained by investigating the Z’ boson. According to (10),
we get
2m VCW

J3(1 — 4sin” o)

mz/ ~

in the limit of u > v, v’.

In the framework of the minimal 3-3-1 models, the investigation of the LEP-II constraints on m
[61] as well as the By — K*uu data at LHC indicates that the lower bounds of m z» must be above
7 TeV [83-85]. In addition, the above discussion suggests that the Z” boson in the SUSYRM331
model behaves similarly to the one in the non-SUSY version at the tree level. Combining this with
the constraint of my in order to avoid the Landau pole, the SUSYRM331 model predicts that the
most interesting range of m/ is 7TeV < myz < 9TeV, leading to 2 TeV < my < 3TeV.

2.4. Higgs sector

The scalar superfields, which are necessary to generate the fermion masses, are

pr X
o= |~a,3,+D, g=|x"|~@3 -1. (15)
[3++ )20

To remove the chiral anomalies generated by the superpartners of the scalars, two new scalar
superfields are introduced to transform as antitriplets under the SU(3);, namely,

/6/_ )2/-',-
o= p° | ~@,3-D, =|xTt|~qa, 3% +1. (16)
/3/77 )2/0

The pattern of the symmetry breaking of the model is given by the following scheme (using the
notation given in Ref. [86]):

SUSYRM331 2% SUG). ® SUG3), ® U(l)y
WY SUG)e ® SUR), ® ULy
P SUB) e ® U, (17)

For the sake of simplicity, all vacuum expectation values (VEVs) are supposed to be real. When
the 3-3-1 symmetry is broken, i.e., SU3)¢ ® U(1) o, the VEVs of the scalar fields are defined as
follows:

v r w\7T
<p>=<0v 7 0) : <x>=<0» 0, E) :

/ T N T
(p’>=<0, % 0) : <x’)=(0, 0, %) . (18)

Because the symmetry breaking happens through the steps given in (17), the VEVs have to satisfy
the condition w, w’ 3> v, v’. The constraint on the W boson mass leads to the consequence that

V2 =02 +0? = (246 GeV)?. (19)
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2.5. Higgs spectra

As usual, the scalar Higgs potential is written as in Ref. [20], except for Vg, which is added to
the b-type terms [21] to guarantee the vacuum stability of the model and to avoid the appearance of
many tachyon scalars [87,88]. Therefore, we have

Vsusyrmzzl = Vb + Vi + Viort (20)
with

Vb =—Lp == (D*D*+ DD)

| =

g/2 _ _ 5 gZ _ _ 2
=3P =p'0 = Xx + XA+ > <:5i)‘?jpj + Xirixj — p'iA G — x/i/\?‘f’x}) :
ij

_ Hp 2 My 2 Up 2 My 2
VF:_ﬁF:ZF:FuF :Zl:[‘jpl/ +‘7Xi/ +‘7/0i +)7Xi ,
Veott = —Lsmr = mopp +myix +mypo'p +myx'x' = (bppp' +byxx' +hec.), (21)

where m,,, m,, m,, and m,+ have the mass dimension. Both b,, and b, have a squared mass dimen-
sion and are assumed to be real and positive to ensure nonzero and real values for the VEVs. The
expansions of the neutral scalars around their VEVs are

1 0 1 0
(0)=—7=|v+H,+iF, |, (p)=—F2|V+Hy+iFy |,
> o o o NG o o
0 0
) = - ; )= — 0 (22)
X - —= ) X = = .
V2wt H, +iF, V2 \w+ By +iF,

The minimum of the Higgs potential corresponds to the vanishing of all linear Higgs terms in the
above potential. As a result, it leads to four independent equations, shown in Ref. [21], which reduce
to four independent parameters in the original Higgs potential. We will use the notations chosen in
Ref. [20] for this work. In particular, two independent parameters are chosen as

,°

v w
tyztanyzv— tﬂztanﬁzw. (23)

These are two ratios of the VEVs of neutral Higgs scalars, and similar to the 8 parameter defined
in the MSSM. The two electroweak and SU(3); scales relate to the masses of the W and V bosons
[20,21] by two equations:

g2 g
m%v = Z<v2 + v/z); m%, = Z(wz—l- w’z).

We can choose my as an independent parameter. On the other hand, there are two heavy dou-

U**, with mass my satisfying m%] = m%, + m%v If my > my,

bly charged bosons, denoted as
there will appear a degeneration of two heavy boson masses, my = my + %mw x O (mw/my) +

my x O (my/ mv)3 ~ my. As mentioned above, the constraint of my gives a very small ratio
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between the two scales SU(2)z, and SU(2).: m3,/m?}, < O(1073). This is a rather good limit for
the approximation used in this work. The minimum conditions of the superpotential result in a series
of four equations:

1 by 1+1t 2 +2
m%+zui =t_p_ —; xm%,cos2,3+ + Xm%VCOSZ)/, 24)
Y
2 2 2
b 241 1+t
mx+u;l_X:t—X— —; x m%, cos2p + + X m¥, cos 2y, (25)
B
12 2b, in2p 2by 26)
$2y =sin2y = ,  Sp =sin2f =
m3 + m%, + %/A% m2 + mi, + %,ui

The two equations in (26) show the relations between the soft parameters and the ratios of the VEVs,
and they are much the same as those shown in the MSSM. To estimate the scale of these soft param-
eters, based on the calculation in Ref. [38] it is useful to write Egs. (24) and (25) in new forms, as
follows:

2 2
_(mf(—i—l%(—};—;‘)(1+2s%,)+2<m%+%—%>c%,

€2y =CO82y = 5 ) (27)
My
2 2
2 M b 2 2 LK b 2
<mp+7"—f) (1+2sW)—2<mX+TX—%)CW
C2p = COS2B = 5
my
m? + M
m¥,  (143t5)c2,  3(1—4s3,) x A
=— X > — 5 X 5 . (28)
my, 2cyy, my,
2
Because |cp,| <1, Eq. (27) results in a consequence: ‘ - <m§( + ’fTX - %)(1 +2s3,) +
2
2<m% + % — f—f)c%v‘ < m%,v However, the soft-breaking parameters, such as m%(, m%, by, by,

should be much larger than m%,v, so these parameters must be degenerate. In addition, the left-

hand side of (28) also has an upper bound, |c2g| < 1, as does the right-hand side. Because of the
hierarchy between the two breaking scales SU(3); and SU(2);, my < my, the first term on the

. Sl 2c2
right-hand side is suppressed, and then we have ’(m2 + —“4" ~ b )’ < W __ m%, Hence, the two
X i 3(1-4s3,)

2
b—X> and <m% + IZ—” — b—p) are all in the SU(3); scale. This leads to an

quantities (mi + ﬁ—i ~ % ;,
interesting constraint on the soft-breaking parameters of the SUSYRM2331: Although the super-
symmetry is spontaneously broken before the breaking of the SU(3); symmetry, both the soft
parameters and the SU(3); breaking scale should be of the same order. This is a very interesting
point that is not mentioned in Ref. [21]. This conclusion also explains why the values of parameters
b, and b, in Ref. [21] are chosen in order to get consistent values of the lightest CP-even neutral
Higgs mass.

Although the Higgs sector of the SUSYRM331 was investigated in Ref. [21], the two squared mass
matrices of neutral Higgses and DCHs are only numerically estimated with some specific values of
parameter space. However, we think that, before starting a numerical calculation, it is better to find

approximate expressions of these masses in order to predict reasonable ranges of the parameters in the
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model, as we will show in this work. More importantly, we will show that approximate expressions
are very useful in determining many interesting properties of the Higgs spectra.
The Higgs spectra are listed as follows:

(1) CP-odd neutral Higgses. Two massless Higgses eaten by two neutral gauge bosons are
Hpy = FyrcosB — Fysinf, Ha, = Fycosy — Fysiny. (29)
Two massive Higgses are expressed in terms of the original Higgses, as follows:
Hp, = Fycosy + Fysiny, Ha, = Fycosf + Fyssinf
and their masses are
2 2bp 2 &

1
_ _ 2 2 12 _
my, = _mp+mp/+ Moy My, =

1
2, .2 2
= ’ by . 30
o 5 e my +my, + S uy (30)

2
(2) Singly charged Higgses. Two massless eigenstates of these Higgses are

H3i=XiSin,3+X/iCOSﬂ, Hfzpisiny-l—p’icosy,

which are eaten by the singly charged gauge bosons. Two other massive states are

Hli = —,ojE cosy + /o/i siny, mili = mz‘] +m%v, €29
1

H;E = —xTcos B + X’ﬂE sin B, mlzqi = miz —I—m%,.
2

(3) CP-even neutral Higgses. In the basis of (H,, H,, H,, H,), the mass term of the neutral
scalar Higgses has the form of

Lyo =5(Hy, Hy, Hy, Hyr) x MGy x (Hp, Hy, Hy, H)', (32)

where
m%n m%lz ””?913 m%m
2 My My My
m§33 m?m
m?m

Analytic formulas for the entries in the matrix were listed in Refs. [20,21]. There is a problem
with finding exact analytic expressions for the eigenvalues with this matrix, which is why
Ref. [21] had to choose the approach of numerical investigation.

We remind ourselves that the eigenvalues of this matrix, A = m2

770> must satisfy the equation

f3) = det (M3 = wls) = 0. (33)
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As a function of A, the left-hand side of (33) is a polynomial of degree 4. Based on the
very detailed discussion on Higgs spectra of the SUSYE331 in Ref. [38], which we will
not repeat, this function can be expressed in terms of the independent parameters m4,,
ma,, C2y, C28, My, and my, where m4, and m,, are soft-breaking parameters. As noted
above, these soft parameters are of the same orders of the my—SU(3) scale, i.e., m4,/my,
ma,/my ~ O(1). To find approximate expressions for the Higgs masses, it is necessary to
define a very small parameter: € = (m%,v / m%,) < (80.4/2000)> = 0.0016. Then the masses of
these neutral Higgses can be written as expansions of powers of €:

2 2.2 2
mH? =M 2y + O(mW) X €,

2 2 2
mHg = MAI + O(mW)’

2
1| 4cm? 48c3,m% m3 4c2 m2
2 w'y 2 BTTATTV 2 w'v 2
= - 3 + |- 3 10)

(34

It is necessary to note that the lightest mass has a tree-level value of mz|cos2y| <myz =
92 GeV, consistent with the numerical result shown in Ref. [21]. Thus, the mass including
loop corrections will increase to the current value of 125-126 GeV.

Although the Higgs sector was investigated in Ref. [21], we should emphasize a new feature in our
work. To estimate the tree-level mass of the lightest CP-even Higgs, by using a reasonable approxi-
mation, we have obtained an analytic formula that is very consistent with that given in the MSSM.
The interesting point is that our result depends only on the condition that all soft parameters must
be in the SU(3), scale. The result also suggests that the y parameter in the SUSYRM331 model
plays a very similar role to the B parameter in the MSSM, defined as the ratio of two VEVs. This
approximation is very useful for estimating masses as well as predicting many interesting properties
of the DCHs, as we will do in this work. The authors of Ref. [21] also considered only the top quark
and its superpartner for investigating one-loop corrections to the mass of the lightest neutral Higgs,
then used this allowed value to constrain the masses of the DCHs. However, unlike the MSSM, the
SUSYRM331 contains new heavy exotic quarks and their superpartners, leading to the fact that their
loop corrections to the mass of the lightest neutral Higgs have to be considered. Because the masses
of these new quarks are arbitrary, one cannot tell much about the constraints of charged Higgs masses
from considering these loop corrections.

The approximate formula (34) of neutral Higgs masses is useful for finding mass eigenstates of the
neutral Higgses. We will consider the two following rotations for the squared mass matrix of neutral
Higgses appearing in (32):

—cy, s, 0 0 1 0 O

C{‘: sy ¢ 00 ’ C;: 0 ¢cog —sq4 O ’ (35)
0 0 1 0 0 s¢ ¢ O
0 0 0 1 O] 0 1
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where s, = sin« and ¢, = cos « will be defined later. Taking the first rotation, we obtain

CiMz, CiT
2¢2 (12 42 2490 2 241 2 2+1
. czy(s )i S4y(t3+ )i, swg D _%mwmv
ZC%V (t2 + 2) 5 2c2, 58 (t2 + 1) 2cyy,Cp (12 + 1)
3 miy, 3 mwymy —memV

252 (12 +2 m?
m?, + %wv s | =2 + (P +2)miy

2c2(12 42
%mk+_iL;_lmV

(36)

The first diagonal entry of (36) is equal to the largest contribution to milo, and the submatrix, includ-
2

ing entries (Cf M‘%H C{ZT)(U: 4.5 gives two other values of heavy masses ng and mi[‘?, while the
try (Coaa2, 7). = 222 a2 ) relates to the lightest Hi but is different
entry (CY Mz Cl" )5y = 3 my, = O(my, ) relates to the lightest Higgs mass, but is differen

from that shown in (34). To get the right value, it must take more contributions from nondiagonal
attempts containing factors mwymy after taking other rotations. As mentioned above, the most inter-
esting values of « and B satisfy ¢z, c2p — —1,1.e.,5, 3 — l and ¢, g — 0. This suggests that the
largest correction to the lightest mass is from the entries (C M fH C ?T)23 and (C foH C {’T)32. So,
taking the second rotation with C} given in (35) and using the limits m%v < m%, and cg — 0, it is

easy to confirm that (Cg C?MZH (&5 C;’)T) o~ m2Z |c2y, | with o determined by

(22)

4czys,3(t2 + l)mwmv
3C%m1242 + 2s§ (t2 + 2)m%, — 2c§y (t2 + 2)m%v

tan 2o = ~ O@mwy/mV). (37)
Then we can estimate that the contributions of the original Higgs states to the mass eigenstates of
the CP-even neutral Higgses H 10 and Hé) are

H, — casyHlo - cyHé), H, — cac,,H{) —|—s},H§, H,,H, — (’)(sa)Hf). (38)

It is interesting that, in the decoupling regime where the SUSY and SU(3), scales are much larger
than the SU(2), scale, we have H, ~ s, H — ¢, HY and H,y ~ ¢, H) + 5, H), the same as those
given in the MSSM [82]. Therefore, all couplings of these two Higgses with W+ and Z bosons are the
same as those in the MSSM. More interestingly, the SUSYRM331 contains a set of Higgses including
Mo, Mays and m HE that has similar properties to the Higgs spectra of the MSSM. This property
of the SUSY versions of the 3-3-1 models has also been indicated previously [38]. As a result, the
SUSY Higgs contributions to the p parameter are the same in both MSSM and SUSYRM331 in the
decoupling regime.

At the tree level, the above analysis indicates that the Higgs spectra can be determined by unknown
independent parameters: y, B, my, my,, and m 4,. Furthermore, the squared mass matrices of both
CP-even neutral Higgses and DCHs depend explicitly on c2g, 528, ¢2,,, and 52, butnot t,,,, 1,5. Hence,
it can be guessed that the Higgs masses will not increase to infinity when 7, and 75 are very large. In
addition, in some cases, we can take the limits c2g2, — —1and 5252, — 0 without any inconsistent
calculations. We will use the limit 2 TeV < my < 3 TeV based on the latest update discussed above.
ma, and m 4, are of the same order of my so we set my,, ma, > 1TeV in our calculation. Other
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well known values that will be used are the mass of the W boson my = 80.4 GeV, the sine of the
Weinberg angle sy = 0.231, and the mass and total decay width of the Z boson mz = 91.2 GeV,
'z = 2.46 GeV. The discovery of the lightest CP-even Higgs mass of 125 GeV implies that [c7,, | >~ 1,
i.e., t, should be large enough, similar to the case of the MSSM. As a consequence, relation (27)
shows the fine tuning among soft parameters and relation (28) predicts that |c;g| should also be large.
Therefore, we will fix 15 = 5 and 7, = 10 in the numerical investigation that can be applied for the
general case of large #4 and #,,. This can be understood from the reason that all quantities that we
consider below depend on y, 2y, 8, and 28 only by sine or cosine factors, not tan functions.

3. Doubly charged Higgs bosons and couplings
3.1. Mass spectra and properties of the lightest DCH
Consider the DCHs; the SUSYE331 model contains 8 degrees of freedom after final symmetry break-
ing. Therefore, the squared mass matrix is 4 x 4 and we cannot find the exact expressions for the
physical masses. We will treat them the same as the neutral CP-even Higgses, in much more detail
to discover all possible interesting properties of the DCHs, especially the lightest.

The mass term of the doubly charged boson is:

T
2 __ __ __ __
Ly = (p++, [ x’**) My (p P X X' ) ;
where the elements of the squared mass matrix were shown precisely in Ref. [21]. Taking a rotation
characterized by a matrix

—mwsy 0 ¢ mysSy
my 4 my
—mwycy 0 —s mycy
14
a=| " muo|, (39)
mysg —cp 0 mwysg
my my
myc myyc
mves g g
my my
we get new squared mass matrix:
2 T p 42
MHd::t = Cl MHii C1
0 0 0 0
2 2 2
0 my, +my — Capcamy, —S2882,Mmymy CoyS2gmymy
- 2 2 2
0 —S$2p82yMmymy My, — C2pCaymy +my,  —syCrpmynmy
2
0 CoyS2pmymy —SoyCopmymy C2y C2pMY;

(40)
Corresponding to the massless solution in (40), the Goldstone boson eaten by the doubly charged
gauge boson is represented exactly in term of the original Higgses:
mys mwyc mys myc
Gt = _ Wypii_ Wyp/iiJr VﬂxiiJr V/3X/:|::|:‘ (41)
my my my my
Because my < my, my >~ my, and s, < 1, the doubly charged gauge boson couples weakly to
light Higgses but strongly to heavy Higgses.
The squared mass matrix of the DCHs (40) also shows that, if there exists a light DCH
(i.e., ~ O(m%v)), then the contributions of the off-diagonal entries to the mass of this Higgs are

15/35



PTEP 2015, 113B05 L. T. Hue et al.

large. Then it is difficult to find an analytic formula for both mass eigenstates and eigenvalues. Note
that, apart from the Goldstone boson (41), there are three other states denoted by H l.'ii, i=1,2,3).
They relate to the original DCHs by a transformation:

T T
(Ioii, pEE o EE X/ij:) = (Gii’ H{ﬂ:i’ Hz/ii, H3/:|::|:) ‘ (42)

We assume that the three physical DCHs relate to (Hl/ii, Hz/ii, Héii) by a 3 x 3 matrix A as
follows:

(i, g, ) = A () @)
To estimate the values of the entries in the matrix A, we firstly find out some properties of the mass
eigenvalues of the DCHs. The remaining three eigenvalues of this matrix A = m%lii must satisfy the
equation det (M%]:t:t — )J4) = 0, or, equivalently, A f (1) = 0 with

f) =ar® +br% +ch+d, (44)
where
a= —(m%/ —I—m%1 —I—mf\z +m%v>,
b= —C%ﬁmz“/ + mil (m%, + c2pc2y + mi2> + [miz + c2pcay (Zm%/ + mi2>] m%v — cgymé‘,,
c= <m%, + m%v> [czﬁm%, —C2y <m%v + m1241>j| [czﬂ <m%, + miz) — czym%‘,] . (45)

This equation gives three solutions corresponding to three masses of the physical DCHs at the tree

level. We denote them as milii withi =1,2,3 and mzii, m%—lii > milii. Combining the last
i 1 2 3

equation of (45) with Vieta’s flormula, in order to avoid the appearance of tachyons, we deduce that

2 2
2 2 2 (mAl + mW) 2y my,c2y
ms ooms oms iy =—c>0 <0p < ——F5— < 0. (46)
H H H 2 2 2
1 2 3 my, my, + my,

Furthermore, the entry ()22 of (40) suggests that, if m%l is enough close to m%,, there may appear one
light DCH, while the other two values are always in the SU(3); scale. So, in order to find the best
approximate formulas of the vertex factors VOH*+H ™~ it is better to investigate the mass values
of the DCHs using the techniques shown in Ref. [38], and partly mentioned when discussing the
neutral CP-even Higgs sector. The masses can be expanded as

miee = X'my + X" x my, + O(e) x miy. (47)

The heavy Higgses satisfy the condition X’ ~ O(1), i.e., in the soft-breaking or SU(3); scale.
Keeping only the leading term in (47) as the largest contribution, the masses of the three DCHs are

2 o~ 2 2
mHlﬁ ~ my, +mA2,

1
2 ~ 2 2 .4 2.2 4
mef >3 (mA1 + \/4czﬂmv 4cageaymymy, +mA1>. (48)

Comparing the (M%I,ii) entry of (40) with mzii in the first line of (48), it can be realized that
1

33
2 2 _ 2 2 . . . .
(MZ,5) BT My = O(my,) < m s As a result, the main contribution to the mass eigenstate
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Fig. 2. Contour plots for the masses of DCHs as functions of m 4, and my. The left (right) panel corresponds
tom,, = 1(2.5) TeV. The heaviest DCH is represented by dotted curves, the second heaviest by dashed curves,
and the lightest by solid curves.

ofmi[ﬂ 1S H{ii = —clg)(jEjE + s,gx/ii, ie., A1j, A1 =~ 81; withi = 1, 2, 3. This is very useful in
ﬁndiné the coupling formulas between these DCHs with neutral gauge bosons.

The above approximative formulas of DCH masses can precisely predict the constraints of these
masses. From Eq. (44), applying Vieta’s formulas to the first line of (45), we get a relation

2 2 2 _ .2 2 2 2
mHlii —{—mHzii +mH3ii =my +mA2 +mAl +mW
Combining this with milii = m%, +mIz42 + O(m%,v), we have a sum of two DCHs, m?{ﬁ +
1 2

mi%ﬂ = mil + (’)(m%,v), which is still of the order of the SU(3); scale. So there must be at most

one light DCH in the model. If the model contains this light Higgs, i.e., milsﬂ ~ (’)(m%,v), we can

prove that quﬂ ~ m%, This is the consequence deduced from the last equation of (45) and (46):

2
the condition of the existence of this light Higgs is
0 < kpy+x = —cop [czlgm%, — 2y (m%v + mil)] ~ (’)(m%,v) 49)

This leads to milzii + milgfi ~ O(m3). The mass of the lightest DCH milfi depends directly on
the scale of ky==. It is easy to realize that two mass eigenstates Hzi; get their main contributions
from p** and p’**. This is consistent with the fact that the main contribution to the mass of the
heavy Higgs Hzii is from the b, pp’ term. The numerical values of these masses are illustrated in
Fig. 2.

The condition (49) give a lower bound of m4, > 1.8 TeV. With m 4, < 3 TeV, the heaviest DCH
is always Hlii, except in the case of the very light my =~ 2 TeV. This explains why m j++ does not
depend onm 4,, while it is sensitive to my . The second heavy DCH is also independent of small values
of m 4,, which can be explained as follows. The condition of avoiding a tachyon DCH (46) implies
that 0 < czﬂ/czym%, - m%v < mil. Therefore, a small m 4, will give czﬂm%, - czym%1 ~ (’)(m%v),
which is the condition for the appearance of the very light DCH. This gives

2 2 2
4czﬁmv<czﬂmv - CZ)’mA1> m?  O(m%)
2 vy x5 <L
mAl I’i’lA1 WLA1
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Fig. 3. Plots of mass spectra as functions of m4, with different fixed my. The solid, dotted, dashed, and
thick-dashed curves represent DCHs, singly charged, neutral Higgses, and V gauge bosons, respectively.

which we can use for estimating an approximation of milﬂ:
2

2
2 2
2 (Czﬂmv B CZ”mAl) ) 2
it ~ 5 -|—s2),mAl + capcaymy,.
2 mAl

m

Here, a very small s%y 1s assumed in this work. This means that milﬁ is sensitive to changes in
2

2B czym%, but not to small changes in m 4, .

Now we pay attention to the first interesting property relating to the SUSYRM331: it may contain
the lightest DCH that does not depend on the SU(3), scale but on the specific correlation between
ma, and my, as indicated in (49) and illustrated in Fig. 2. It can be seen that there always exists a
region of the parameter space containing the mass of this DCH of the order of O(100) GeV. So the
ILC can create this Higgs at a collision energy of 0.5-1.0 TeV, while the two other DCHs are very
heavy because of the large lower bound of my > 2TeV as well as m4, > 1.8 TeV, obtained from

condition (49). The lower bound of the first DCH mass is m HEE = /m%, + m1242 =My > 2TeV.
The additional condition of m 4, > 1.8 TeV will result in a larger lower bound of m HEE > 3TeV

and be independent of m 4,. The lower bound of milzii directly depends on condition (49), where

2

cogm

m2 -~ 28%y
Al €2y

Hence, the SUSYRM331 model predicts that the DCHs will not appear in e*e™ colliders with
colliding energies below 4 TeV, with the exception of the lightest DCH.

— m%v, leading to m y++ > 1.9 TeV, when c2p, ¢2,, > —1 are assumed in this work.
2

There is a second interesting property of the lightest DCH: it is lighter than all particles including
new gauge bosons and singly charged Higgses, as illustrated in Fig. 3. It is easy to see this when
we compare all the masses computed above. The exotic quarks as well as their superpartners can be
reasonably supposed to be heavier than the lightest DCH; thus, we do not consider them here. Then
we can indicate that the lightest DCH decays into only a pair of charged leptons. Recall that all DCHs
have a lepton number of two. Therefore, the total lepton number of all the final states of their decays
must be the same. In particular, the final states of each decay should contain one bilepton or a pair
of charged leptons. From Tables C1 and C2, which list all three- and four-vertex couplings related to
DCHs, we can see that, except for the coupling with two leptons, the lightest DCH always couples
with at least one heavier particle: another DCH, a singly charged Higgs, a new gauge boson, or a
CP-odd neutral Higgs. So, if it exists, the most promising signal of the lightest DCH is the decay

18/35



PTEP 2015, 113B05 L. T. Hue et al.

into only a pair of leptons. This strongly suggests the possibility of detection of the lightest DCH in
ete™ colliders such as the ILC or CLIC, even at the low energy of 0.5-1 TeV.

As mentioned above, the state of the lightest DCH is contributed mainly from two Higgses p and p’.
Combining this with the coupling factors between DCHs and charged leptons shown in Table C1, it is
easy to prove that the partial decay of this DCH to a pair of same-sign leptons is I <H = ll.il f) ~

H*¥* - tiri> ~ 1, i.e., the number of

(mli/mw)2 with [; = e, i, 7. As a result, we obtain Br<
events of four-tauon signals is equal to that of creating the lightest DCH at e™e™ colliders.

Because the lightest DCH mainly decays to same-sign t pairs, the lower bound from experimen-
tal searches is 204 GeV [26]. This lightest DCH is very different from other DCHs predicted by
other models where they can mainly decay to pairs of two same-sign W bosons or W~ H ™~ [35-37].
On the other hand, the heavy DCHs predicted by the SUSYRM?331 only couple to other bileptons
in the model, including H. £, VE UFE and their corresponding superpartners. The most interest-
ing coupling is HlﬂEiW¢ H,, which was discussed in Refs. [35-37,89] for creating DCHs at LHC
through virtual W* bosons, while there are no couplings of H¥*WFW¥ because of the lepton
number conservation. In addition, the masses of the two heavy DCHs are always larger than 1.5 TeV;
they do not appear in the eTe™ colliders such as ILC and CLIC with their recent designs. These
two Higgses may only appear at the LHC with high luminosity. In addition, both of them can be
created through the channel pp — y/Z/Z' — H*TH™~, but only HljEi may be created through
the channel pp - W+ — HllLi H5T. Regarding the latter channel, discussions in Refs. [37,89] indi-
cated that it is very hard to find signals of these very heavy DCHs, even at the very high luminosity
0f 3000 fb~! that LHC can reach. While the former happens for all three DCHs, the two heavy DCHs
are also very hard to observe [90].

For the above reason, the SUSYRM331 predicts that only the lightest DCH may be discovered at
the LHC and e*e™ colliders and the signal can be observed through the main channel of pp/ete™ —
v/Z]Z — H3+ +H3__ — four tauons. With the LHC, one hopes that it will be observed up to mass
of 600 GeV with a high luminosity of 3000 fb~!. Because the cross section created is proportional
to 1/s2, with s being the colliding energy, the signal of DCH at ILC and CLIC seems better than that
at LHC. In addition, with the ILC or CLIC, a larger DCH mass range can be observed, so we will
mainly pay attention to the lightest DCH at e™e™ colliders.

Now we will estimate the allowed kinetic condition 2m g++ < E.n, for the creation of the lightest
DCH at the ete™ colliders with a maximal center-of-mass (CM) energy of 3 TeV. Even in the case in
which both my and m 4, are large, there always exists a region in which the mass of the lightest DCH
is of the order of O(100) GeV. Furthermore, this light value is almost independent of m 4,. Although
mass values below 204 GeV for this Higgs were almost excluded recently from its decay into only a
pair of tauons [26,27], higher values can be searched for by ILC or CLIC with a CM energy of about
1 TeV.

The appearance of the light DCH may give large loop corrections to the decays of well known
particles. The most important is the decay channel of the SM-like Higgs Hlo — yy, which gets
contributions from only pure loop corrections. The signal strength of this decay is defined as the
ratio of the observed cross section and the SM prediction, j,, = agbj)y ,/ oM vy
to be slightly in excess of 1 [3,4,91,92]. The enhancement is explained by the contributions of new

and was found
particles to the partial decay width of H{) — yy [82]. The analytic formula of this decay width

is the sum of its three particular parts: SM, SU(3),, [93], and SUSY contributions. The SM and
SUSYRM331 contributions can be deduced based on Refs. [82,94].
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The SUSYRM331, with both SU(3); and SUSY breaking scales being larger than 7 TeV, results
in a consequence that most of the SU(3); and SUSY particles give suppressed contributions to
this decay, except for the lightest DCH. Hence, H 10 — yy is an important channel to set a lower
bound to its mass. We will follow the latest update of 1, in Ref. [4], where ), = 1.12£0.24
without any inconsistencies with the ATLAS results. In addition, to simplify the calculation, we
consider that the largest new physics effect on the H10 decay is from only the lightest DCH Hfi
to the partial decay Hlo — yy. As a result, we have a very simple formula, which must satisfy
the experimental constraint: 0.88 = 1.12 — 0.24 < MJS/ESYRMBI < 1.12 4+ 0.24 = 1.36. The partial
decay of the Hl0 — ypy is written as

2,,3
M(X mHO 2
SUSYRM331 1 (50)

SM
H{=yy 7 128273 AT A4

where ASM is the contribution from the SM particles, and AA is the new contribution from the
SUSYRM331 particles. The well known SM formula can be found in many textbooks or publi-
cations, e.g., in Ref. [94]. To find a simple analytic formula, our work considers only the case
of ¢2y,c2p — —1, where the masses of the DCHs are nearly equal to the diagonal entries of
the squared mass matrix (40), being consistent with (48). The lightest DCH mass now satisfies
mIZL]ii = O(100) GeV when (49) is satisfied. In addition, the main contribution to the mixing matrix
of t3he DCHs is Cq, shown in (39). Combining this with the discussion on the neutral Higgs sec-

tor, we find that the H10H3++H377 coupling is gpoy g = %g(f2 + 2)czymw ~ —%g(t2 + Z)mW =
2¢2

_3(1—;1‘;2)’"“" Following this, the formula of AA can be written as [82]
—Pw
8¢2 m>
AA =~ Ao, (51)
3(1 — 4SW)mH3ii

mi]o
where ty = —1— and

e+t

3

Ao(t) = —[t — F(O)I172,

arcsin® /7 forr < 1

f(t) = 1 — 2
—— [ln (M) — in] fort > 1.
4 1—+/1—t1
The signal strength of the decay Hl0 — yv predicted by the SUSYRM331 is shown in Fig. 4,
where m HEE 2 200 GeV is allowed, being equal to the lower bound of 200 GeV from the current
experiments.

Finally, in order to calculate the cross sections of the DCHs in the eTe™ colliders, the next
subsection will calculate the coupling of HT+H =~ V0.

3.2.  Couplings between DCHs with neutral scalars and gauge bosons

It is noted that the process ete™ — H T H ™ through virtual neutral Higgses is involved with the
coupling ete™ HC. In the SUSY version [12], this kind of coupling is 2gm./(m wcy), while the
SUSY version [20] does not have this kind of coupling at the tree level. In this work, we will use
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Fig. 4. Signal strength of the decay H {) — yy as a function of the lightest DCH mass.

the case in Ref. [12]. Corresponding with this, we consider the coupling H+t+H =~ p’°. Couplings
H*t+tH~~HO come from the D-term of the scalar potential (20), namely,

gmw __ __ __ __
£H++H77H0 = TIO/O (/0 5 p/ s X ) X/ >
2s,, (t2 — 1) —3sy 0 ot
-3¢ 2¢, (> +2 0 0 et
0 0 2¢, (1* —2) xt
0 0 0 —2¢,(?-2)) \xX'*F

Because the contributions from neutral Higgs mediations only relate to o’°, the contribution to the
ete™ — H*TH™~ amplitude is proportional to

gni,e meez
X mWCy = 5
mycy SQW

This contribution is smaller than that from neutral gauge boson mediation by a factor of m./4/s, so
we can neglect it.
The Higgs—Higgs—gauge boson vertices come from the covariant kinetic terms of the Higgses:

chineic — N (p, H) DA,

H
ig 2 s, V2 N Y A A S
Sy Y g 3,07 + p'"d
2 ( 73 vl AL AR L T
18 3 L oe V2t Y Ay N S
—=|-V*t+ —V°H - —BH d + a + H.c.
5 ( 7 7B T )

The interactions among neutral gauge bosons and DCHs can be written as

Lypyo=i2eA" (o7 00t 4+ 07700+ x T 0ux T 4+ X T 0ux ™)
ig (212 — 3)s§> ( (21 — 3)c;) , }
+——=|-|+——= 2"+ |5y ——F——==) 2"
2%[ (4 NGRS VR 3
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Table 2. Couplings of DCHs with neutral gauge bosons.

VEH TH ™ (p+p), A" zH zm
. ig 212 -3 ig 212 -3
I‘Ii:t 21@ —_— (—S —C > (—C +S
! 2W3\Vartr3 . ) 2 B3\VaE3 ¢t
. ig 212 -3 ig 212 -3
I'Iii 2le —_— <—S +C > —_— (—C — S
23 2W3I\vazr+3 ) 2 3\Varx3 -t

X (™" 8up™ + 000 )

j 212 -3 212 -3
L g [(Q _ Q) g _ (s; N g) Zw]
23 212 +3 212+ 3

x (x "0ux Tt 4+ X" 0ux") + Hee,, (53)

where Dy, = 9, —igV; T — ig'X T9BM; T = %)f’ or — %A“*, corresponding to triplet or antitriplet
representations of Higgses; and 7° = lédiag(l, 1, 1). In order to find the couplings of Z, Z’ bosons
with the DCHs, we have to change the basis (p“, o x " x __) into the physical mass states
(G“, H ~,H, H3__). Based on (40), if we ignore the suppressed terms containing a factor of
m%v/m%,, we can estimate the H~~ H+TV? couplings. In the limit A1y ~ 1, Az = A3 — 0, the
couplings of two different DCHs with gauge bosons are very suppressed. So we only investigate the
couplings of Hl.++Hl.__ V. These couplings are almost independent of A;; or the masses of DCHs,

as given in Table 2.

4. Signal of doubly charged Higgses in eTe™ colliders

In an eTe™ collider, the reaction ete™ — HT™T H ™~ may involve the mediations of virtual neutral
particles such as Higgses and gauge bosons. However, the main contributions relate only to neutral
gauge bosons, as shown in the Feynman diagrams in Fig. 5.

In the center-of-mass (CM) frame, the differential cross section for each DCH is given by

do 1 - 4m%1,ii \ﬂ

2
d(cosf)  32ms s ’

(54)

where s = (p1 + p2)? = Egm and M is the scattering amplitude; 0 is the angle between ki and Di.
The detailed calculation is shown in Appendix A. The final result is

do s 4m? ..
d(cosb) 3 = f x (MLIZ + MRlz) <1 + cos’ 9) ’ (33)

where

A =3 G1Gu
L s — m”",z +im§ Ty

a

3s¢ 21>-3 . . 3c¢ 2123
) g+ (Q + J2;2+3> <J2z2+3s§ Cg) n ( Se \/2124—3) (Jz:2+3C§ + s§>

- 12s§w (s — m2Z + iszz) 12s§W (s — mZZ, + ierFZ/)

(56)
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Fig. 5. Feynman diagrams for production of H** and its decays in e*e™ colliders.

where a = y, Z, Z', the total width of Z’ is given in Appendix B, and

M=y GG
R s — m‘{,z +im§ Ty

a

S 12s§w (s — mZZ + imZFz) 12S3W (s — mZZ, + imZ/FZr)

2[2—3 3S; 21‘2—3 30{
Sr—¢C ————+cC cr+s + s
_ 2 2 <«/2t2+3 ¢ ';) ( V2243 5) («/2t2+3 ¢ §> <«/2t2+3 ¢

(57)

Here G7, G%, are the couplings of the neutral gauge bosons with two leptons and two DCHs,
respectively.
Similarly, in the case of Hziéc, we have

3s¢ 2123 3¢ 21 _
2 N (CC + \/2:2+3> <\/2z2+3s§ * C{) n («/2t2+3 SC) («/2z2+3cf sC)

AHM =e? x
L 1257 (s —=m% +imzTz) 1257 (s —=m%, +imzTz)
(58)
and
2123 3¢ 202-3 . e
b _ 2 2 <«/2z2+3sc + Cg) <C§ J2z2+3) (\/2z2+3c§ Sg) («/2:2+3 + s§>
322 _
R s 12s92W (s — m2Z + imZFZ) 12s92W (s — mQZ, + imzrl"z/)
(59)

The total cross section is

4m?
o= lgﬂ,ll - fﬂ x (|AL|2+|AR|2). (60)

The above process happens only when /s > 2mpy++ > 400GeV from the prediction of the
SUSYRM331.

To determine the signals of the lightest DCH, we firstly investigate the dependence of the cross
section of the process eTe™ — H3+ +H3_ ~ on the fixed collision energies of 0.5, 1, 2, and 3 TeV,
as shown in Fig. 6. For /s = 0.5 TeV, with each fixed value of my there exists a very small range
of my, corresponding to the creation of H;Ei. This is because a small m 4, will create a tachyon
DCH while large values will make the masses of the DCHs larger than the allowed kinetic condition.
The cross section in this case can reach few pb. For larger 4/s, the cross sections decrease but still
reach (0.1) pb. One of the most important properties of the lightest SUSYRM331 DCH is that its
mass characterizes the difference between two parameters m 4, and my. Hence, the signal of DCH
requires near-degeneration between these two masses, [m4, —my| < 100 GeV when Js < 1TeV.
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Fig. 6. Plots of the production cross sections of the lightest DCH H3ii as a function of m 4, with different
colliding energies. The values of my are my = 2, 2.2, 2.5, and 2.8 TeV, represented by dotted, dot-dashed,
dashed, and solid curves, respectively.

We can also see that the low colliding energies give a rather large cross section for creating the
lightest DCH.

The heavier DCHs may be created with very high collision energies, i.e., higher than 4 TeV. For
illustration, Fig. 7 represents the total cross sections o(ete™ — HTTH ™) of three DCHs in a
CM energy of /s = 5 TeV, although this goes beyond the maximal energy that both ILC and CLIC
can reach. Because all m4,, ma,, my > my, the cross sections of the DCHs depend weakly on
the change of my4,. Apart from m Hit;:, my, only affects the decay width of mz/, which makes
a small contribution to the cross section in the limit of very large SUSY and SU(3); scales. A
value of my = 2TeV gives m HEE S miz + m%, = /s, leading to a rather small cross section of

O(1072) pb (the dotted curve in the left-hand panel), and does not depend on m 4 ,» while the value of
my = 2.5TeV gives m HEE > /s, and HljEjE cannot appear. For Hzii, as explained above, its mass
is also independent of small m 4,. Furthermore, all couplings and gauge boson masses related to the
cross sections are independent of the mentioned range of m 4,. So the )\f’ & shown in (56)—(59) will
become constant too, giving the same property of the cross section for this DCH. However, it is very
sensitive to my . In particular, it can get a value of 0.1 pb with my = 2 TeV but this reduces to 0.03 pb
for my = 2.5TeV. When /s = 5 TeV, the cross section of the lightest DCH is 0.1 pb for all masses
satisfying the kinetic condition, rather smaller than the other cases with \/s < 3 TeV.

Figures 6 and 7 only help us see the maximal values of the cross sections for creation of the DCHs.
The above discussion does not include the lower bound on the lightest DCH mass. Figure 8 is used
to estimate the values of the cross sections for /s = 1-3 TeV, including both the condition of the
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Fig. 7. Total cross sections of creating three DCHs in ete™ colliders as a function of m 4, ata very high colliding
energy of 5 TeV and my = 2 (2.5) TeV. The heaviest DCH is represented by dotted curves, the second heaviest
by dashed curves, and the lightest by solid curves.
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Fig. 8. Contour plots of the mass and the production cross section of the lightest DCH in e*e™ colliders as
functions of my and m 4, with different colliding energies of 1, 1.5, 2, and 3 TeV. The mass and the cross section
are represented by solid and dotted curves, respectively.

lower DCH mass bound and the allowed kinetic condition for creating heavy physical DCHs. Each
panel in the figures has the same interesting properties. When a DCH mass approaches the limit of
the kinetic-allowed value, the corresponding cross section will decrease to zero. This explains why
the contours of these two quantities almost overlap each other in the limits of m g++ — 4/s/2 and
cross section o — 0.

In Fig. 8, the cross section can reach a value of a few pb with /s = 1 TeV if a lower bound of the
DHC mass of 200 GeV is considered. In general, a value of a few pb can be reached by searching
for a very light DCH with a mass below 250 GeV in colliding energies in the range of 0.5-1 TeV.
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Fig. 9. Contour plots of production cross sections of DCHs in e*e™ colliders as a function of my and my,
at a colliding energy of 5 TeV. The left panel focuses on the lightest DCH, where the dotted and solid curves
describe the cross section and mass, respectively. The right panel represents the cross sections of the remaining
two DCHs; the second heaviest and the heaviest are described by dashed and dotted curves, respectively. In
addition, the dashed and solid thick curves represent the maximal mass values of the DCHs allowed by the
kinetic condition.

These values of the cross section are much smaller than the maximal value for \/s = 0.5 TeV shown
in Fig. 6. In addition, the region of the parameter space allowed for the DCH appearance is very nar-
row, implying the degeneration of m 4, and my. With /s = 1.5-2 TeV, the lightest DCH with mass
500GeV < m HEE < 750 GeV may be detected with the corresponding o > 0.4 pb. More interest-
ingly, it can reach 1 pb, twice as large as in the case of /s = 1 Tev, if the mass is around 500 GeV.
For /s = 3.0, the cross sections for m ++ > 0.5 TeV are not larger than 0.3 pb. This value is close
to the maximal value shown in Fig. 6. From this, we can conclude that the largest cross section for
searching for the lightest DCH with a mass from 0.5-0.75 TeV corresponds to intermediate values
of /s from 1.5-2 TeV.

Figure 9 shows the rather small cross sections of creating all DCHs when /s = 5 TeV. For the
lightest, the maximal is below 0.1 pb, while for the two others the value is of the order of 10~ pb.

All the above numerical investigations show that the production cross sections of the lightest DCHs

*e~ colliders can be reach values of 10~! to a few pb, depending on the DCH mass and the

ine
collision energy. This will be a good signal for the detection of the lightest DCH in near-future
colliders [22-25]. In particular, for the ILC, with a collision energy of 0.5-1 TeV, corresponding to
an integrated luminosity of 500—1000 fb—! [22,23], the number of events for creation of the lightest
DCH will be around 5 x 10°—-10%, corresponding to a DCH mass range of 200-500 GeV. With the
CLIC [24,25], where the collision energy will increase to 3 TeV or more, the lightest DCH may be
observed with a larger mass range. Furthermore, the estimated integrated luminosity targets will be
1.5ab~'at 1.4 (1.5) TeV and 2 ab~! at 3 TeV collision energy. The DCH with a mass below 750 GeV
gives the best signal with /s = 1.5-2 TeV, where the observed number of events can reach 6 x 107—
1.5 x 10°. With s = 3 TeV, the maximal number of events reduces to 6 x 10°. When the collision
energy is high enough to create heavy DCHs, the number of events reduces to 10*, corresponding to
a luminosity of 1 ab™!.

5. Conclusions
We have investigated the Higgs sector of the SUSYRM331 model, where the DCHs are particularly

concentrated on as one of the signals indicating new physics at e™e™ colliders. Here, the masses of
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neutral CP-even Higgses, DCHs, and the cross sections of the creation of DCHs at eTe™ colliders
can be represented according to five unknown parameters: two masses m4, 4, of neutral CP-odd
Higgses characterizing the soft scale; the mass of the singly charged heavy gauge boson my—SU(3) 1
breaking scale; and both y and g, relating to the ratios of the VEVs. This choice of parameters helps
us to discuss the relations among not only particle masses but also the breaking scales of the model

2 2
. . my +my, )c2y m2 ¢
more easily. We have found the exact condition % < B < ﬁ < 0 that must be
Vv Vv A

satisfied to avoid tachyons of the DCHs at the tree level. The numerical investigation of the DCHs as
a function of m 4, and my shows that, even with very large values of m 4,, m4,, and my, there may
still exist a light DCH if the value of m 4, is close enough to that of my, being consistent with the
relation 0 < —cap [czﬁm%, —Cyy <m%v + mil)] ~ O(m%v) found by our analysis. The constraint
on the decay Hl0 — yy gives a lower bound on the mass of the DCH of about 200 GeV, the same
as the experimental value given by CMS. Finally, we have investigated the possibility of creating
DCHs in e*e™ colliders with collision energies from 1 to 3 TeV, and indicated that only the lightest
DCH may be created. The production cross sections range from 0.1 to a few pb, depending on the
mass range and the collision energy. Because the SUSYRM331 is valid in the limit of the very large
SU(3)r scale, the two other DCHs always have masses above 2 TeV; therefore, they do not appear
unless the collision energies are higher than 4 TeV. In any case, they will give small cross sections
for all three DCHs, of the order of O(10~2) pb for the two heavier DCHs and 0.1 pb for the lightest.
The two heavier DCHs are difficult to observe in the LHC, ILC, and CLIC. On the other hand, the
lightest DCH, which only decays to a same-sign pair of charged tauons, gives the most promising
signal for searching for it in eTe™ colliders such as the ILC and CLIC. If it is detected, the numerical
investigation in this work will give interesting information on parameters such as m 4, and my.
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Appendix A. Cross section of ete™ — HTTH~

The Lagrangian for the process ete™ — HTTH ™~ can be written in terms of a two-component
spinor:

Leovo = =A% (GieTohe — Grelates) + Y Gy AL (H™ o, H " —He),  (AD)

e
H=H{;3

where Aft =Au Zy, Z;L, G ,and G% are given in Table 1, and GY is given in Table 2. The Feynman
rules can be found in, e.g., Ref. [96]; the details are shown in Fig. Al.
Denoting k = ky — k1, the total amplitude for each DCH is written as

i G1Gh i G4 GY,
iMy = —i (x [6.k]x1> _i (yz[a.k]y )
? Xa: (p1+ p2)? —m{? ! Xa: (p1 + p2)? — m%

= —i (J16.k11 ) 2z — i (valokly] ) 2r, (A2)
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Fig. Al. Feynman rules for interacting vertices of [/ A% and H™t H~~A?, where A? is a physical neutral gauge
boson.

where m{, = 0 and mz, mz correspond to photons and Z, Z' bosons. Squaring the amplitude and
summing over the electron and positron spins, we have

— 2

M| =3 My M

51,52
=2(1AeP + 12x ) [ 20010 (p2) = (p1.p2)R | + 20 ARmE. (A3)

Now we use the fact that p% = p% = mg ~ 0, k% = k% = m%iﬂ. Furthermore, all terms in (A3) are
invariant under the Lorentz transformation, so the result is unchanged when we use any particular
frame. Here we use the center-of-mass frame where the momenta of the two initial particles are

Pip=(E,0,0,E), pr=(E00,—-E) (A4)

with E = E¢/2 = 4/s/2. We define the two four-momenta of the final particles as k; uw = (E1, 121)
and ky, = (E2, k2). Using the condition of four-momentum conservation, it is easy to prove the
following results:

6 4m?
K2 = (ki —ko)® = 4m2 e —s, prhk=—prk= “‘2’5 J1— TH

N

s 2
piL-py=5—m; =z (A5)
Inserting all results (A5) into (A3), we obtain
—2
[M” = = (102 + 12rl?) 2 (1 4+ cos?0) + 20 pym? (5 — 4m3 o)
::—-QxLF-+|ARF)s2(1+-um20). (A6)

Appendix B. Total width of the Z’ gauge boson
For any particles ¢ (fermion, gauge boson, scalar) in the model, we define the corresponding covari-
ant derivative related to neutral gauge bosons as D, ¢ = (BM —iqpA, —i g?Z w1 g?,ZL) ¢. The
analytic forms of gﬁ/ depend on the particular representation of ¢. In particular, we have
o SU(3); singlet
o _ _—8¥scet?
87 =
3(212 +3)
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Table B1. Couplings of the Z’ gauge boson with two gauge bosons (two gauginos).

Gauge boson Z’Wrtw~— Z’uttu— zZ’vtyv-
> V3 ¢ V3 V3 c
g;’ (gg/) 8 <—S§ + ¢ ) _ 8 C¢ _g (S{ + S )
2 21243 21243 2 21243
o SU@3), triplet
Yyt2
-2 (S; -+ ¢—C§) 0 0
2t2 43
ce (2Yst2 +3
gazb/ - i () SC — C((f)—) O
23 V212 +3
ce (—2Ypt2 +3
0 0 gt (—2Ypt” +3)
V212 4+ 3
o SU(3); antitriplet
Y12
2 (s; S ) 0 0 )
212+ 3
cr (2Y4t2 =3
gt =% 0 —s;—f( 0" —3) 0
23 212+ 3
ce (2Ypt2 +3
0 0 L (2Y41* +3)
2124+ 3

o The SU(3); adjoint representation relates to gauge bosons and their superpartners only.
The standard couplings of three gauge bosons can be written as igg, [¢"V(p — k1)°
+g%V (k1 — ko))" + g"° (ko — p)¥], where gg,vl is shown in Table B1. With gauginos, the
vertices can also be written in the form of i gg, Z ;LVTél‘ V, where gg, = g}/,.

Below, we will calculate the partial decay width of Z’ into three different classes of particles.
Analytic formulas can be found in Ref. [95]. For the purpose of estimating the total width decays
of Z’' as simply as possible, we only consider the largest contribution to each class of particles. In
addition, all particles such as gauginos, sleptons, squarks receiving masses from the soft terms are
very heavy, so that Z’ cannot decay into them. We assume similar situations for cases of exotic quarks.
The decay of the Z’ related to these particles deserves further detailed study. Here the following
numerical values are used: s; = 0.155, ¢, = 0.988, corresponding to the definition (8) in the case
my > myw. The value of ¢ follows the definition (9) with s%v = 0.231.

B.1. Decay of Z' to fermio

ns pairs

This kind of decay is involved with the Lagrangian below:

Lzgp =) 2" (gngEuf + 87, fCTEqu) -
f
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Table B2. ZH H couplings.

Vertex Factor Vertex Factor

: 2 : 2
o (O =L O
Z'H; H; 7 <s; o +3> 7'H; H, 7 <s{ s

where the sum is over all fermions in the model that couple with Z’ and satisfy the kinetic condition

mz > 2m y. Formulas of gg, and géf were shown in Table 1. The partial decay width corresponding

to each fermion is [96]
f am2\ 2 2 2
Nemz Yy ARGk "y £y
e B (e M [ (A S T (R A
— ff 2 mzz 87| 1187 mzz/ 8787 mzz/
(B8)

4

where ch is the color factor, being equal to 3 for quarks and 1 for all other fermions (leptons, quarks,
Higgsinos, and gauginos).

B.2.  Decay of Z' to scalar pairs

The Lagrangian related to these decays is

Lrss = igy 7, [Sfaﬂsj — (aﬂsj)s,l, (B9)
Si»S;j

where S; stands for any scalars in the model. The Feynman rule is the same as that for the DCH
shown in Fig. Al, where G4, — i gé’/ . Nonzero values of gé’f for Higgses in the model are shown
in Table B2.

If the momentum of the Z’ boson is p,,, then we have pr= mZZ, and p = k1 + k. The amplitude
of the decay is

iM(Z = $i8;) = —g5) (ko — k1) - &

with e, = &, (p, Az) being the polarization vector of Z’.
Averaging over the Z’ polarization using

1 1 pul
3D s =3 (—gw + m’g“) : (B10)

Ay

we obtain the squared amplitude

1 2] .
oz 55)7 =3

2 k2 . k2 2
: [—Uq ity R 5 ) } (B11)

I’I’lZ/
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Table B3. Coupling of Z/HV.

Vertex Factor Vertex Factor
3 V2t2 43 3 V21243
j 2c,t? j 2c,t?
ZUTE T lgs\/;gw (s; + 26’2;+ 3) Z/U*E ' FF lg:"/‘%cﬂ <s§ + 202C+ 3>
t t
2 7H 2igcarsyN/212 + 3mymy 2 7H. 2igeacc, V212 + 3mymy
r 3(m? + m?,) r 3(m? +m?)
7'7H 2igcarspN/2t2 + 3mym3, 7'7H 2igcarcpa/2t2 + 3mym3,
X - X -

3(m3 +m3y) 3(m? +m3,)

Noting that k12 = m%,, k% = m%{, and (k] — k)2 =2 (m% + m%) — mzz, we have the formula of
i J i J
I'(Z' — SS), namely,

2 2\ 2 22
1 ms +m%. dmims. 1 2
NZ = §i8) = —— (1— L S’) - — L x s |M(2 > sis;)|
Z/

Sij |2 2 2\ 2 2.2
_ ‘gZ/ me <1 "y +mSj> Ay,

48

2
2(m§, + m%,) (m% — m%)
x| 1— —— + — (B12)
mZ, mZ,

for two distinguishable final states. For identical final states, there needs to be an extra factor 1/2 to
avoid counting each final state twice [97]. Therefore, if §; = S — S, then ms, = mg; = mg and,

T .
denoting g,/ = g%, we have a more simple formula:

5/2

85 Pmz | 4m3

r(z' — ss)= =% - =21 . (B13)
961 m7,

It is noted that Ig% | ~ g2/12 x O(1), as shown in Table 2 for DCHs. This means that

gzmz’

Iz — SS)~ 76

x O(l) «T'(Z2' - ff). (B14)

B.3. Decay of Z' to one gauge boson and one scalar

This case happens only with scalars that inherit nonzero VEVs, i.e., neutral Higgses in the model.
Detailed investigation shows that possible vertices are Z/HTtU~~, Z/ZH-~U*+*, and Z’ZH". This
part of the Lagrangian has the form g ;}/ z ;L VH1S. Vertex factors are shown in Table B3. The partial
decay width for this case is

g5 |
rz — S§v)=--£2_1_
487‘[7’!’!2/

2
my +mg\"  Amymg (m2 +m —m3)’
1— — x |2+ R .
4meZ,

(B15)
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Table C1. Three-vertex coupling of doubly charged Higgses.
Vertex Factor Vertex Factor
_ (212 — 3)s¢ _ (212 — 3)s¢
++ n _ / I++ 5/ " /
pTTPTTZ +c + P T Z +c +
23| Varis (p+r), N R (p+27),
_ j (212 — 3)s¢ . (212 — 3)s¢
++ w _ _ / I++ 7/ 2 -~ > /
XTTxTZ —F= |7/ —c|lptp XX Z c((p+p
i | v | P s | P
_ ig __ 8¢
p++U MHp E( 4 p,)u p++U ”HA] 21’ (p + p/)ﬂ
- igey __ ig
try-hy - ! HtyU-THH, -= !
P 1 ), P b S +p),
- —8Sy ’ ’ - - igsy ’
I+ m ++ I 2 7
P TTUTT R Y, 5 (p+7), pTTVTIH, fz(PJFP),L
__ ig — 8¢
xTTU— " H, _E( +1’/)M xTTUFHy, 2/3 (p"'l’,)ﬂ
_ — lgC'f} ’ , — lg /
++W rH ++U rH. _ 5
X A ﬁ(p+p)u X X 2( +7),
- gs o igs
X' TTU"HHy, fTﬂ(p +7), X TTWHH, 77«/213 (r+r),
e igmp " igmp
o/ TTICIC _— peana!) _—
v ﬁmwcy05 ﬁmvcyc,g

We can estimate that the largest contributions to I'(Z' — SV) are from x and x’, namely,
['(Z — SV)=0.06g%mz x O(1).

B.4. Decay of Z' to gauge boson pairs
The possible decays are Z' — WW, VV, UU with the respective couplings shown in Table B1. The

general vertex factor is ig%(, (g (p — k1)? + g°V (k1 — ko) + gh9(ky — p)V], where X = W, U,
or V gauge bosons. The partial decay for each particle can be written by

X
Iz — XX) = &7
1927

: ; (B16)

3/2
2y [1 ) 4m§(} 2 md, + 12m% +20m%m2,
Mz myx

From the mass spectra of gauge bosons given in Appendix 2.2, we can see that, in the case of

2(r242 .. .
ZZ, ~ ( 3 )m%] and m%J o~ m%, Furthermore, from the definition of ¢ in (8),

we can see that, in the limit of my /my — 0, we get g‘Z}‘f — 0. More exactly, if m%v/mv =K1,
2
3 2 1 2 . 2 , 232 .
then g}V, i~ M x W Jeading to the result that I'(Z' — WTW~) ~ gmzA+17)° 14is noted
V2(1242) my 648 (12+2)
that, in this case, ¢; ~ 0.988 and s, =~ 0.155.

mwy <K my,we have m

Appendix C. Coupling of doubly charged Higgs

Three-vertex coupling is shown in Table C1, four-vertex coupling in Table C2.
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Table C2. Four-vertex coupling of DCHs.
Vertex Factor Vertex Factor
pTtp "AMA, 4je? p T TTAFA, 4je?
xTtxTTARA, die? X THxTTARA, die?
—i2g% | (22 =3 —i2g% | (22 -3
pttp " ARZ, iv2g |:( - )S¢ _}_C{| Pt AR Z, iv2g ( - )S¢ + o
\/3(2z2+3) V22 +3 \/3(2,2+3) V212 13
xttx——ArZ, —i/2% [(th —3)s; —c;:| XX ARZ, —i/2% [(th —3)s¢ _cc}
\/3(2,2 +3) L v2?+3 \/3(2,2 +3) L V2 +3
ie? ie?
pTTH,U™HA, — PTTHy U™ HA, —
SW Sw
g Uk ie? o+ ——u ie?
xtTTHUTTRA, — X TTH U 1A, —
SW Sw

ptTH,U1Z,
XxTHH,U1Z,
Pt H,VTEW,
X H VW
ptHH, U—"HA,
xTHHA, U THA,
ptHH, U—"1Z,
Xt HA,U1Z,
Pt HA VW,
K H VW
ptTHI VA,
XTHH; WlA,
pTHH U W
xTTH, UV
pttHVHZ,

xttHTWrZ,

ig? 2t2s;
233 | V212 43

2[2S{

+C§i|

ig2
— —c
23| var13 ¢

ig2
272
ig2
272

2
e Cy

3i62C/3
V2sw
—igzcy
2
—ig*cp
2
igzcy (4% — 3)s¢ _
276 20243

ig%cp | (417 = 3)s¢
2./6 21243

y
m}

P H, U 1Z,
X HTH U Z,
P Hy VTEW,
KT H VW
PTTHA U™ HA,
X TTHAL, U TFA,
Pt HA U2,
)(/'~_'~_I'IIL;2 u-—tz,
P Hp VW
X Ha VW
pTHH VA,
X HHHS WRA,
pHHHT U W
X TTHy UV
pHTHIVTRZ,

X TTHTWTHZ,

ig? 2t2s;
—_ [ — + C{
233 | V21243

ig? | 2%
23 [m B C‘}
ig?
22
ig2
272
—ezsy

Sw

<

gzs 2[2s;
——tcr
2V3 | V212 +3

oq
=

25 2tzs;
23 [m B C‘}
—¢%s,

2V2

8%sp

232

33/35



PTEP 2015, 113B05 L. T. Hue et al.

References

ATLAS Collaboration, Phys. Lett. B 716, 1 (2012) [arXiv:1207.7214 [hep-ex]] [Search INSPIRE].
G. Aad et al. [CMS Collaboration], Phys. Lett. B 716, 30 (2012) [arXiv:1207.7235 [hep-ex]]
[Search INSPIRE].

CMS Collaboration, Eur. Phys. J. C 74, 3076 (2014).

CMS Collaboration, Eur. Phys. J. C 75, 212 (2015).

R. N. Mohopatra and J. C. Pati, Phys. Rev. D 11, 2558 (1975).

G. Senjanovic and R. N. Mohopatra, Phys. Rev. D 12, 1502 (1975).

G. Senjanovic, Nucl. Phys. B 153, 334 (1979).

A. Zee, Nucl. Phys. B 264, 99 (1986).

K. S. Babu, Phys. Lett. B 203, 132 (1988).

F. Pisano and V. Pleitez, Phys. Rev. D 46, 410 (1992).

R. Foot, O. F. Hernandez, F. Pisano, and V. Pleitez, Phys. Rev. D 47, 4158 (1993).

J. G. Ferreira Jr, P. R. D. Pinheiro, C. A. de S. Pires, and P. S. Rodrigues da Silva, Phys. Rev. D
84, 095019 (2011).

P. H. Frampton, Phys. Rev. Lett. 69, 2889 (1992).

R. Kuchimanchi and R. N. Mohapatra, Phys. Rev. D 48, 4352 (1993).

C. S. Aulakh, A. Melfo, and G. Senjanovic, Phys. Rev. D 57, 4174 (1998).

C. S. Aulakh, A. Melfo, A. Rasin, and G. Senjanovic, Phys. Rev. D 58, 115007 (1998).

Z. Chacko and R. N. Mohapatra, Phys. Rev. D 58, 015003 (1998).

K. S. Babu and R. N. Mohapatra, Phys. Lett. B 668, 404 (2008).

J. C. Montero, V. Pleitez, and M. C. Rodriguez, Phys. Rev. D 65, 035006 (2002)
[arXiv:hep-ph/0012178] [Search INSPIRE].

D. T. Huong, L. T. Hue, M. C. Rodriguez, and H. N. Long, Nucl. Phys. B 870, 293 (2013).

J. G. Ferreira, C. A. de S. Pires, P. S. Rodrigues da Silva, and A. Sampieri, Phys. Rev. D

88, 105013 (2013) [arXiv:1308.0575 [hep-ph]] [Search INSPIRE].

T. Behnke et al., [arXiv:1306.6327 [physics.acc-ph]] [Search INSPIRE].

H. Baer et al., [arXiv:1306.6352 [hep-ph]] [Search INSPIRE].

E. Accomando et al. [CLIC Physics Working Group Collaboration], [arXiv:hep-ph/0412251]
[Search INSPIRE].

L. Linssen, A. Miyamoto, M. Stanitzki, and H. Weerts, Physics and Detectors at CLIC: CLIC
Conceptual Design Report, CERN-2012-003, [arXiv:1202.5940 [physics.ins-det]] [Search INSPIRE].
CMS Collaboration, Eur. Phys. J. C 72, 2189 (2012).

ATLAS Collaboration, Eur. Phys. J. C 72, 2244 (2012).

ATLAS Collaboration, J. High Energy Phys. 1503, 041 (2015).

J. Beringer et al. [Particle Data Group], Phys. Rev. D 86, 010001 (2012).

K. Huitu, J. Maalampi, A. Pietila, and M. Raidal, Nucl. Phys. B 487, 27 (1997).

J. F. Gunion, Int. J. Mod. Phys. A 11, 1551 (1996).

K. S. Babu, A. Patra, and S. K. Rai, Phys. Rev. D 88, 055006 (2013).

J. E. C. Montalvo, N. V. Cortez, and M. D. Tonasse, Phys. Rev. D 78, 116003 (2008).

J. E. C. Montalvo, G. H. R Ulloa, and M. D. Tonasse, Eur. Phys. J. C 72,2210 (2012).

S. Kanemura, M. Kikuchi, H. Yokoya, and K. Yagyu, Prog. Theor. Exp. Phys. 2015, 051B02 (2015).
S. Kanemura, M. Kikuchi, K. Yagyu, and H. Yokoya, Phys. Rev. D 90, 115018 (2014).

C. H. Chen and T. Nomura, Phys. Rev. D 91, 035023 (2015).

D. T. Binh, L. T. Hue, D. T. Huong, and H. N. Long, Eur. Phys. J. C 74, 2851 (2014)
[arXiv:1308.3085 [hep-ph]] [Search INSPIRE].

P. V. Dong, T. D. Tham, and H. T. Hung, Phys. Rev. D 87, 115003 (2013).

P. V. Dong, D. T. Huong, E. S. Queiroz, and N. T. Thuy, Phys. Rev. D 90, 075021 (2014).

D. T. Huong, P. V. Dong, C. S. Kim, and N. T. Thuy, Phys. Rev. D 91, 055023 (2015).

D. T. Huong and H. N. Long, J. Phys. G 38, 015202 (2011).

D. T. Huong and H. N. Long, Phys. Atom. Nucl. 73, 791 (2010).

M. Singer, J. W. F. Valle, and J. Schechter, Phys. Rev. D 22, 738 (1980).

R. Foot, H. N. Long, and T. A. Tran, Phys. Rev. D 50, R34 (1994) [arXiv:hep-ph/9402243]
[Search INSPIRE].

J. C. Montero, F. Pisano, and V. Pleitez, Phys. Rev. D 47,2918 (1993).

H. N. Long, Phys. Rev. D 54, 4691 (1996).

34/35



PTEP 2015, 113B05 L. T. Hue et al.

[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]
[72]
[73]
[74]
[75]

[76]
[77]
[78]
[79]
[80]
[81]
[82]
[83]
[84]
[85]
[86]
[87]
[88]

[89]
[90]

[91]
[92]
[93]

[94]
[95]

[96]
[97]

H. N. Long, Phys. Rev. D 53, 437 (1996).

H. N. Long, Mod. Phys. Lett. A 13, 1865 (1998) [arXiv:hep-ph/9711204] [Search INSPIRE].

F. Pisano, Mod. Phys. Lett. A 11, 2639 (1996).

A. Doff and F. Pisano, Mod. Phys. Lett. A 14, 1133 (1999).

C. A. de S. Pires and O. P. Ravinez, Phys. Rev. D 58, 035008 (1998).

C. A. de S. Pires, Phys. Rev. D 60, 075013 (1999).

P. V. Dong and H. N. Long, Int. J. Mod. Phys. A 21, 6677 (2006).

P. V. Dong, H. N. Long, D. T. Nhung, and D. V. Soa, Phys. Rev. D 73, 035004 (2006).

P. V. Dong and H. N. Long, Adv. High Energy Phys. 2008, 739492 (2008).

W. Ponce, Y. Giraldo, and L. A. Sanchez, Phys. Rev. D 67, 075001 (2003).

V. T.N. Huyen, T. T. Lam, H. N. Long, and V. Q. Phong, [arXiv:1210.5833 [hep-ph]] [Search INSPIRE].
A. G. Dias, R. Martinez, and V. Pleitez, Eur. Phys. J. C 39, 101 (2005).

A. G. Dias and V. Pleitez, Phys. Rev. D 80, 056007 (2009).

A. J. Buras, F. D. Fazio, J. Girrbach-Noe, and M. V. Carlucci, J. High Energy Phys. 1402, 112 (2014).
P. V. Dong and D. T. Si, Phys. Rev. D 90, 117703 (2014).

M. E. Peskin and T. Takeuchi, Phys. Rev. Lett. 65, 964 (1990).

M. E. Peskin and T. Takeuchi, Phys. Rev. D 46, 381 (1992).

M. Drees and K. Hagiwara, Phys. Rev. D 42, 1709 (1990).

J. C. Montero, C. A. de S. Pires, and V. Pleitez, Phys. Rev. D 66, 113003 (2002).

C. M. Maekawa and M. C. Rodriguez, J. High Energy Phys. 0604, 031 (2006).

J. C. Montero, V. Pleitez, and M. C. Rodriguez, Phys. Rev. D 65, 095008 (2002).

P. V. Dong, D. T. Huong, M. C. Rodriguez, and H. N. Long, Nucl. Phys. B 772, 150 (2007).

P. V. Dong, Tr.T. Huong, N. T. Thuy, and H. N. Long, J. High Energy Phys. 0711, 073 (2007).

P. V. Dong, D. T. Huong, N. T. Thuy, and H. N. Long, Nucl. Phys. B 795, 361 (2008).

D. T. Huong and H. N. Long, J. High Energy Phys. 0807, 049 (2008).

D. Ng, Phys. Rev. D 49, 4805 (1994).

D. Cogollo, F. S. Queiroz, and P. Vasconcelos, Mod. Phys. Lett. A 29, 1450173 (2014).

C. Kelso, P. R. D. Pinheiro, F. S. Queiroz, and W. Shepherd, Eur. Phys. J. C 74, 2808 (2014)
[arXiv:1312.0051 [hep-ph]] [Search INSPIRE].

D. G. Dumm, F. Pisano, and V. Pleitez, Mod. Phys. Lett. A 09, 1609 (1994).

H. N. Long and V. T. Van, J. Phys. G 25, 2319 (1999).

A. C. Machado, J. C. Montero, and V. Pleitez, Phys. Rev. D 88, 113002 (2013).

P. H. Frampton and M. Harada, Phys. Rev. D 58, 095013 (1998).

H. N. Long and T. Inami, Phys. Rev. D 61, 075002 (2000).

K. A. Olive et al. [Particle Data Group], Chin. Phys. C 38, 090001 (2014).

A. Djouadi, Phys. Rept. 459, 1 (2008).

LHCb Collaboration, Phys. Rev. Lett. 111, 191801 (2013).

F. Richard, [arXiv:1312.2467 [hep-ph]] [Search INSPIRE].

R. Gauld, F. Goertz, and U. Haisch, J. High Energy Phys. 1401, 069 (2014).

M. C. Rodriguez, J. Mod. Phys. 2, 1193 (2011).

L. Girardello and M. T. Grisaru, Nucl. Phys. B 194, 65 (1982).

R. Barate et al. [LEP Working Group for Higgs boson searches and ALEPH, DELPHI, L3, and OPAL
Collaborations], Phys. Lett. B 565, 61 (2003) [arXiv:hep-ex/0306033] [Search INSPIRE].

B. Dutta, R. Eusebi, Y. Gao, T. Ghosh, and T. Kamon, Phys. Rev. D 90, 055015 (2014).

G. Bambhaniya, J. Chakrabortty, J. Gluza, M. Kordiaczynska, and R. Szafron, J. High Energy Phys.
1405, 033 (2014).

M. Flechl, [arXiv:1503.00632 [hep-ex]] [Search INSPIRE].

ATLAS Collaboration, Phys. Rev. D 90, 112015 (2014).

W. Caetano, C. A. de S. Pires, P. S. R. da Silva, D. Cogollo, and F. S. Queiroz, Eur. Phys. J. C
73,2607 (2013).

A. Djouadi, Phys. Rept. 457, 1 (2008).

M. Krauf}, LHC phenomenology of a Z’ decaying into supersymmetric particles, Master Thesis,
University of Wiirzburg (2012).

H. K. Dreiner, H. E. Haber, and S. P. Martin, Phys. Rept. 494, 1 (2010).

S. P. Martin, “Phenomenology of Particle Physics”, NIU Spring 2002 PHYS586 Lecture Notes, the
online version: http://www.niu.edu/spmartin/phys686/.

35/35



