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Abstract It is imperative that any proposal of new physics
beyond the standard model possesses a Higgs-like boson with
125 GeV of mass and couplings with the standard particles
that recover the branching ratios and signal strengths as mea-
sured by CMS and ATLAS. We address this issue within the
supersymmetric version of the minimal 3-3-1 model. For this
we develop the Higgs potential with focus on the lightest
Higgs provided by the model. Our proposal is to verify if it
recovers the properties of the Standard Model Higgs. With
respect to its mass, we calculate it up to one loop level by tak-
ing into account all contributions provided by the model. In
regard to its couplings, we restrict our investigation to cou-
plings of the Higgs-like boson with the standard particles,
only. We then calculate the dominant branching ratios and
the respective signal strengths and confront our results with
the recent measurements of CMS and ATLAS. As distinctive
aspects, we remark that our Higgs-like boson intermediates
flavor changing neutral processes and has as signature the
decay t — h + c. We calculate its branching ratio and com-
pare it with current bounds. We also show that the Higgs
potential of the model is stable for the region of parameter
space employed in our calculations.

1 Introduction

The discovery of a scalar state by the ATLAS and CMS
at CERN [1,2] compatible with the standard model Higgs
boson was a milestone in particle physics since it was the
missing part of the theory. Nowadays we not only know the
Higgs mass with precision, M = 125.09 £ 0.21(stat.) £+
0.11(syst.) GeV, but also know that its signal strengths are
found consistent with the standard model (SM) predictions
[3]. However, the present experimental uncertainties allow
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us to interpret such observed state as belonging to a more
complex theory that encompasses the standard one.

Supersymmetry is the most popular proposal of new
physics and all supersymmetric models predict at least one
light Higgs-like boson. For example, the minimal supersym-
metric standard model (MSSM) provides a tree level con-
tribution to the mass of the Higgs-like boson that does not
surpass the neutral gauge boson Z° mass. Consequently the
amount of radiative corrections required to complete 125
GeV demands stops with mass in a region of values that
threaten the naturalness principle [4]. In view of this it turns
out imperative to examine the Higgs sector of any supersym-
metric phenomenological model with the aim of investigating
the lightest Higgs concerning its mass and couplings with the
standard particles.

In this work we develop the scalar sector of the supersym-
metric version of the minimal SU (3)¢c x SUQ3), x U(l)y
(331) model. The motivations to study 331 models are vari-
ous as, for example, explanation of family replication [5,6],
electric charge quantization [7-9], strong CP-problem [10-
12], incorporation of inflation [13] and so forth. As we show
in this paper, its SUSY versions, besides solving the hierar-
chy problem, provides a tree level contribution to the lightest
Higgs boson that may surpass 100 GeV. This is nice in what
concerns the naturalness principle since now 125 GeV Higgs
is compatible with stop with mass below the TeV scale.

The minimal supersymmetric 331 model was firstly devel-
oped in [14]. For subsequent works, see [15-17]. As the
Higgs sector of the minimal 331 model [5,6] requires at
least three Higgs triplets to generate correctly the masses
of all massive particles and be phenomenologically viable
[18-20], then its supersymmetric version, what we call the
minimal SUSY331 model, must involve six Higgs triplets
as required to cancel anomalies. On assuming that the two
triplets x and x’ decouple from the other four n, p, n’ and
o', and that n and p are inert, then after spontaneous break-
ing of the 331 symmetry to the standard one, we obtain the
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potential for two Higgs doublets modified by cubic invariant
terms. On developing such potential, we obtain the following
approximate expression for the lightest scalar, the Higgs-like
boson candidate, of the model

M} < 4M?Z sin®(0,,) (1 + cos*(B))?, 1)

where Mz is the mass of the standard neutral gauge boson,

0, is the electroweak mixing angle and the angle 8 is such
v,/ . . .

that tan 8 = . According to this expression the tree level

contribution to the lightest Higgs may attain 174 GeV for
cos(B) = 1. This is so because the symmetries of the model
allow the superpotential to have cubic invariant terms formed
with the scalar triplets of the model. This acts like in the
NMSSM [14]. In view of this, it is compulsory to review the
Higgs sector of this model in the light of the recent discoveries
of the LHC, and verifying how realistic the expression above
is and define precisely the profile of the lightest Higgs in the
minimal SUSY331 model.

Our contribution to this discussion restricts to obtain the
mass matrix that contains the neutral Higgs, diagonalize it in
the most general way and obtain the eigenvalue and the eigen-
vector that corresponds to the lightest Higgs. We investigate
the behavior of its mass by taking into account one loop-
corrections. We also obtain the branching ratios for the dom-
inant processes and calculate the respective signal strengths.
It is notorious that our Higgs-like boson candidate interme-
diates flavor changing processes. We discuss such processes
but focusing on the dominant ones that are t — h + ¢ and
t — h+u. Finally, we guarantee that the region of parameter
space employed in our calculations leads to a stable potential.

The paper is divided in the following way: In Sect. 2 we
present the main ingredients of the model. Next, in Sect. 3,
we develop the Higgs sector with focus on the lightest Higgs
where we calculate its mass up to one-loop level. In Sect. 4
we calculate its branching ratios and the respective signal
strengths. In Sect. 5 we calculate the flavor changing pro-
cesses. In Sect. 6 we address the stability of the potential
and, finally, we conclude in Sect. 7.

2 The main ingredients of the model

In this section we present the core of the minimal SUSY331
model relevant for what follows. In regard to the leptonic sec-
tor, the superfields of each generation are arranged in triplet
of superfields according to the following transformation by
the 3-3-1 symmetry

Vg
L,=| ¢,
5C

€, L

~(1,3,0)), 2)
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where a = 1, 2, 3 represents the family index for the usual
three generations of leptons.

In the Hadronic sector, the superfields of the third genera-
tion comes in the triplet representation and the superfields of
the other two come in anti-triplet representations of SU (3),
as a requirement for anomaly cancellation. They are given

by
do
A A 1 . 2
QQ,L = I/i(/x ~ (3,3*,—§>,M§L ~ (3*,1,—§>,
@/ L
A N 4
s, ~ (3%, 1,1/3), ji¢ ~ (3*, 1, 5),
i3
A A 2\ . 2
Q3L = (',1\::) ~ (3735 §>’M§L ~ <3*517_§>9
53/
W A 5
d3CL ~ (3%, 1,1/3), j53 ~ (3*, 1, —§> , 3)

where o = 1, 2.

The scalar sector of the 3-3-1 model, responsible for the
spontaneously broken gauge symmetry, is composed by three
scalar triplets. In the supersymmetric version, anomaly can-
cellation requires we double these fields. Thus, the scalar
sector of the minimal SUSY331 is composed by the follow-
ing superfields

j i p
n=\n |- x=1x"|.e=| 0o |, 4)
iy 2 prt
where n ~ (1,3,0), x ~(1,3,-1), p~(1,3,1),and
AN P
=i |o=i =0 ] ®
My X o

where / ~ (1,3*,0), x' ~ (1,3*, 1), o ~ (1,3* —1).
We assume that the neutral scalars 7, ', p, o/, x and x’
develop nonzero VEV according to

(n)=%,<’>=%, ( >=%,
() = L. (x) = L, (x) =X ©)
V2’ V2’ V2

These VEVs lead to the following gauge symmetry breaking
pattern

UX,U /
SUB)e @ SUB)L®U()x = SUB)c ® SUQR)L
VUp,U,/,Vp,0U,/

Uy "= SUG) @ Ugep. (1)
With the breaking of the gauge symmetry by this set of
VEVs all the massive particles, including the supersymmetric
ones, receive mass. What matters for us here are the scalar and
gauge boson masses. Concerning the gauge bosons, they are
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composed by the standard gauge boson, ¥, Z and W=, one
new neutral massive gauge bosons Z’, two doubly charged
gauge bosons U**, and two simply charged gauge bosons
V*. The charged gauge bosons gain the following mass
expressions

2
8 2 2 2 2
My+ = Z(Un+vn’+v0+'}p’)
g’ 2 2 2 2
MVi = Z (Un + vn/ + vX + vX/)
g’ 2 2 2 2
MUii=Z<vp+vp,+vX+vX,), ®)

while the neutral gauge bosons have masses

) (I+4) 5 2, 2
Mz =g m(vn—kvn,—i-vp—}-vp,)
1
My = §g2(3t2 + D) +v2), 9)

wheret = gn/g, vlz) + v/z), + v,27 + vz, =v2, and v)z( + v)z(, =
v3;, with vs3 lying in the TeV scale.

After all this, we are ready to build up the superpoten-
tial of the model. The superpotential that respects the gauge
symmetry and R-parity is composed by the following terms

W = uni) + mppp’ + my x X'
KLij > apor
+APRA+ AP +) (%Ljp/X/Li)
i

+ Z (’Qia QaﬁdAIC + K3iq Qaﬁﬁf)

i,
+ Z <K4oz/3 Qaf(fé)
a,B
+) (KSi O3 4§ + Kei Q3,5’62,-C> + 1603375, (10)
i

where o, B = 1,2 and i = 1, 2, 3. We could be economical
and resort to a Z3 symmetry so as to avoid the bilinear terms
in the superpotential above. However, in order to be general
enough, we do not follow this path here.

We call the attention to the fact that the last term in the
first line of the superpotential is an effective 5-D operator. It
will generate the masses of the charged leptons. This point
has been well developed in many previous papers, but it is
appropriate to recall it here. The highest energy scale where
the model is found to be perturbatively reliable is about A =
4 — 5TeV. Hence, effective operators may be required to
generate corrections to the mass of some charged fermions.
We make use of this here with the aim of avoiding the addition
of scalars sextets to the model.

Up to this point the masses of the standard particles are
equal to the masses of their superpartners. As usual, in phe-
nomenological supersymmetric models SUSY must be bro-
ken so as to provide a reasonable shift between ordinary par-

ticles and their supersymmetric partners. In this work we
assume that SUSY is broken explicitly through the follow-
ing set of soft breaking terms that are invariant under the
symmetries assumed here

1
L"soft = _5 (m)%_ Z ()‘Z)‘g) + mj Z ()‘a)‘a) + m;)‘)‘ + h‘c'>
a

a

. ~ F o~ . " ~ -
_m%LWL — sza Qua Qua + Z(ujmgiui —d;rmgidi)
i

—m2 i - Y ipmigis — Y mp, 0503 —m2n'y
ﬂ o

2t 2ty 2 12
Mup p—MmyxX X — My 1n —m,p p

r

m'2x" Ty kipxn +kap'x'n’ + bpp'p+byn'n+byx'x

+ ) Ou | D (@10indf +w20i i) + Y @3apx J§ + h~61
o i ﬁ

+ ) 03 +&i0'df + &5

1

where o, § = 1,2andi =1, 2, 3. A% are the gluinos, A are
gauginos associated to SU(3)r (in both casesa =1, ..., 8
is the gauge group index) and A is the gaugino associated
to U(1)y. The scalar supersymmetric partners of fermion
fields, f, are denoted by f, while the remaining fields are

self-evident. For simplicity, we will take m% = m2Qa =
2 _ 2 2 _ 2 2 2
mo, = Miygy,» My, = My = Mg = Mgygy and

m% =10 x m%USyR.

As it is usual in SUSY models, which involves a large
number of free parameters, simplifications are necessary in
order to easily get a better view of the big picture. As sim-
plification we use the following parametrization

. _ . _ 1/2
bp,n,x = By x Mo.n,xs w,§=AgxK; My = (mflmfz) / ,

v2 4 13 o

2 2. i " .

V33l = /vy + vy tan g = T tan B8, = —;

/22 v

vp—i-vp, n
v,
tan B, = £
Up
V7
tan 8, = i,
Uy

sin B, sin B,

sinf, (n

X; = &13 + pycot By + flvssicot B

where «’s are the corresponding Yukawa couplings, M; is the
SUSY scale, m;is the mass of the stop and X is the equivalent
of the soft trilinear coupling of the stops. We also assume
that all soft left and right masses, msy sy, and mgsysy,, are
equals. With all this we are ready to further explore the Higgs
physics.
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3 Higgs physics in the minimal SUSY331 model

In supersymmetric models the Higgs potential receives con-
tributions from three different sources, F-term, D-term and
the soft SUSY breaking terms, that adds up to form the scalar
potential V = Vg + Vp + Vyor;. These contributions are,
respectively

Ve = uplnl* + paln' I + 15101 + nilo')?
s Ix 1+ ud ')
+ 12 (1o = 10 o)
+ 12 (11X = - x12)
+ £2 (Ix 1ol = 1x - ol
+ 12 (1n' P12 = 1 - ')
+ £ (

' PIx' P =X

SN——"

+f2 (1Pl = 1 o)

— freiu gm0y xx + 1pmi 0} x
+ymipixy +hc.)

— feijk i} ;!

+1on] i+ ] o] 3+ i), (12)

2
g T s / T A3 ’
Vo= > (pitap — pithp +nitan — 0 thn
A

2
g2
+ 7N (Pip—pip —x'x
Viose = —mon'n —mop'p —myx"x —min"y'
_m?)/pn”p/ _ mi/xrkxl + bp,O/;O
+byn'n +byx'x +kipxn+ kap'x'n's (14)

where 74 are the Gell-Mann matrices.
The fields are assumed to be shifted in the usual way

/0.0

0% 0" 0% %0, x°

1
ﬁ(vp,p’,n,n’x,x/ + Ro o xx’ il x,x)s

15)

—

and the set of minimum conditions are given in Appendix A.
That set of constraint equations enable us to obtain the mass
matrix of the scalars of the model.

In this work we focus exclusively in the lightest neu-
tral scalar which is expected to recover the properties of
the Standard Model Higgs in what concerns its mass,
branching ratios and signal strengths. For this we first obtain

@ Springer

the 6 x 6 mass matrix, M%H, associated to the CP-even
scalars R;, Ry, R,, Ry, Ry and R,. It is a very com-
plex, and not illuminating, mass matrix, then we do not
show it here. Next, we diagonalize it by a rotating mix-
ing matrix Ug such that the diagonal mass matrix M%D

relates to the MIZQH through the relation M %{D = U; M]%H Ug.
The physical eigenstates relates to the symmetrical ones
by H = UgR where H = (hy, hy, h3, hs, hs, he)” and
R = (Ry,Ry.Ry. Ry, Ry, RX/)T. The lightest eigenstate,
let us call it h;, must be identified as the Higgs-like boson.
This means that it must have a mass of 125 GeV and its eigen-
vector, h; = (UR);; R;, mustrecover the standard Higgs cou-
plings. In practical terms, to know the eigenvector /; means
to obtain the set of entries (Ug);;. Such entries, when com-
bined with the adequate couplings, must recover the existing
branching ratios and signal strengths of the Higgs. From now
on we refer to the eigenvector associated to the Higgs-like
boson as h.

Due to the large number of parameters involved in the
diagonalization of M 2H, an analytical approach is unviable.
In view of this our approach will be completely numerical.
In what follows we make use of powerful tools like the pack-
ages Sarah 4.10.2 [21-23], Spheno 4.0.2 [24,25] and SSP
1.2.3 [26] ( We include in Appendix B and C the imple-
mented model in Sarah and the Spheno input, respectively).
Throughout this work we employ the following routine: we
implement the model in the Sarah 10.2 and export it to the
Spheno 4.0.2, where we make all the numerical calculations.
The SSP helps in making the scan of the parameters. Here-
after all numerical computations done in this paper follow this
routine, including the diagonalization of this mass matrix.

3.1 Tree level contribution

Differently from the MSSM, where the tree level contribution
to the Higgs mass does not surpass 91 GeV, in the minimal
SUSY331 model things are a little different. The expres-
sion in Eq. (1) predicts that the lightest scalar, the Higgs-like
boson, may attain a mass of 125 GeV already at tree level.
It is important to note that the approximations assumed in
Eq. (1) do not take into account the stability of the potential.
Thus, it becomes mandatory, and challenging, to clarify if the
general case, which involves the diagonalization of a 6 x 6
mass matrix, agrees with the prediction in Eq. (1).

The results displayed in Fig. 1 is for the range of param-
eters

—0.03 < f1 <0.2,05< f{ <0.6,

—2000GeV < k; < 2000GeV , — 1000 GeV

< ky <500GeV, —800GeV < 1, < —500GeV,
—1800GeV <y, < —1600GeV, — 1800 GeV < 1,
< — 1400 GeV, 2000 GeV < v33; < 4000 GeV,
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115

110

M, (GeV)

105

1001 .

Fig. 1 Tree level contribution to the Higgs-like boson mass as function
of tan(pB)

2 <tanfB <4, 8 < (tan B, tan B,) < 10,

0.95 < tan B, < 1.20,

v+ vp + vy 4 02, = (246 GeV), Ao, By = 1000 GeV.
(16)

Observe that the tree level contribution may attain 115
GeV for tan(f) = 2 which is in a good agreement with the
predictions of the Eq. (1). In other words, our results confirm
that Eq. (1) is a valid approximation for the tree level contri-
bution to the Higgs-like boson mass in the minimal SUSY331
model. Thus, the robustness of the Higgs-like boson mass at
tree level is dictated by tan(8) such that the smaller tan(8),
the larger tree level Higgs-like boson mass.

Nevertheless, we know that loop correction to the Higgs
mass are considerable, enforcing us to conclude thattan(8) >
2 and that the model may support a stop with mass below the
TeV scale as required by naturalness principle.

For sake of completeness, we obtain the eigenvector asso-
ciated to the eigenvalue 125 GeV for the following set of
values of the parameters

tan(B) = 2.7, tan(B,) = 10, tan(B,) = 10,

tan(By) = 1.2, v; = 22.3GeV, v,y = 223.2GeV,
v, = 8.1GeV, vy = 81GeV,
vy, = 1763.6GeV, v, = 2116.4GeV, f = 0.01,
fi = 0.6, kj = —500GeV, k, = —600GeV,
b, = —55000GeV?, b, = — 1.7 x 10°GeV?,

— 1.4 x 10°GeV?, u, = — 1700 GeV,

iy = —550GeV, [y = —1400GeV. (17)

S
=
I

In this case, the eigenvector corresponding to the 125 GeV
Higgs is
h=-093R, — 0.34R, — 0.09R, — 0.03R,

—0.05R,» — 0.06R,. (18)

See that the eigenvector i is composed mainly by R,y and R .
For any other choice of the set of values of the parameters,
the eigenvector will keep being dominantly a composition of
R, and R,.

3.2 One loop level contribution

In the MSSM a 125 GeV Higgs demands robust loop cor-
rections which requires stop heavy enough for threatening
the naturalness principle. In the minimal SUSY331 model
things are a little different once tree level contribution to the
Higgs-like boson mass may surpass 100 GeV.

Because our model deserves small loop corrections to
obtain the wanted 125 GeV Higgs mass, in what follows
we calculate numerically, by employing the package Spheno
4.0.2 by performing the classic “one-scale” matching, the
Higgs-like boson mass taking into account one loop correc-
tions, only. Our results are displayed in graphics showing the
behavior of our Higgs-like boson mass with the parameters
Mg, X; and v331. Our analysis is done within the following
set of parameters

fi =06, —0.03 < f1 <0.2,k; = —500GeV,
ky = —600GeV, u, = —550GeV,
wp = —1700GeV, u, = —1400GeV,
tan ;) tan 8, = 10, tan B, = 1.20,
1000 GeV < w33z; <5000GeV, 2 < tanf < 10,
500GeV < msysy,, msysy, < 2000GeV,
—3000 < X; <3000, Ap, Bp = 1000GeV. (19)

In Fig. 2 we plot My, versus X;. As we can see in that plot,
small X, is allowed for large value of v331, while large X, is
allowed by small values of v33;. Moreover, we highlight that

160

140

120

100

M, (GeV)

80 :f. -1

“
60y W+
— M, = 125 GeV.
40 02900 < v33,<3100
03100 < v33,<3300

3300 < va3,< 3600

20

-1000 0 1000 2000 3000
X (GeV)

-3000 -2000

Fig. 2 M;, vs X; for various values of v331. We took msysy, =
msysy, = [500, 1000] GeV
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840

92900 < v33,< 3200

3200 < v33,< 3500

820

3500 < vy3,< 3900

800r T e

780

760

Ms (GeV)

740

720

-1000 0 1000 2000 3000

X(GeV)

700 — e
3000 2000

Fig. 3 M, versus X; for various values of v33]

the model provides a 125 GeV Higgs mass even for X; = 0
and stop mass below TeV scale.

We also obtained the 2 x 2 mass matrix for the stops
and diagonalized it with the Spheno package. The result is
displayed in Fig. 3 where we show the behavior of M; with
X;. Note that the larger v331, the smaller M;. In Fig. 4 (left)
we show the behavior of M) with M for the specific case
X; = 0, and in Fig. 4 (right) we show the behavior of M),
with v331 for X; = 0. Perceive that the model provides easily
a 125 GeV Higgs boson for M, and X/, both, below the TeV
scale.

As we can see, the minimal SUSY331 model naturally
recovers the Standard Model Higgs boson mass, but we
know that it is different from the MSSM one because of the
peculiarities of the minimal SUSY331 model. Thus, in order
to conclude definitely that our Higgs-like boson recovers all
the observed properties of the Standard Model Higgs, we

160 .
Xt=0
140
% // %
g 120 / g
100 — M, =125 GeV
@ Vi3 = 3000 GeV
0 vy, =3250 GeV
V431 = 3500 GeV
80
600 800 1000 1200 1400 1600 1800 2000
Ms (GeV)

need to calculate its branching ratios and the respective sig-
nal strengths and confront the results with the experimental
data measured by LHC.

4 Branching ratios and signal strengths

In what concerns the Standard Model Higgs, any extension
of the SM must possess a scalar with 125 GeV of mass and
couplings with the Standard Model particles that fit the mea-
sured branching ratios and signal strengths [27]. This is the
reason why we wonder if the Higgs-like boson discussed here
recovers the Higgs branching ratios and signal strengths as
observed by LHC.

As we know, the Higgs prefers to decay into pairs of bb,
WW*, tt,ZZ* and yy. We restrict our investigation for
these channels. Our results are shown in Fig. 5. Perceive
that the predictions are in perfect agreement with the values
measured by ATLAS [28] and CMS [29]. In this point of the
work, we are secure in affirming that the minimal SUSY331
model is privileged in what concerns Higgs physics since it
possesses a Higgs-like boson with mass and couplings with
the standard particles that recovers its observed properties
and respecting the naturalness principle.

5 Flavor changing neutral current as signature of our
Higgs-like boson

As we saw above, the lightest Higgs of the minimal SUSY331
model fulfills the conditions to be a SM-like Higgs. However,
it is important to recall that our Higgs-like bosom is different
from the SM-like one in many aspects with the major one
being that it intermediates flavor changing processes involv-

140

130

124 GeV <M, <126 GeV

120

110

100

90

80
Xt=0

70

2800 3000 3200

v331(GeV)

3400 3600

Fig. 4 Left: M), versus My for X, = 0O for three different values of v33;. Right: M), versus v33; for X; =0
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T T T T T T T
0.61
¢ WW
0.5F
¢ 77
K 04f
)
7 i
< 03} ]
o - bb
"o M"" =]
- s ¢ m
0.1p
- -
0,0 [ 8 S pEmesesme——— o STECICT L
e I S O S S S I

120 121 122 123 124 125 126
M, (GeV)

Fig. 5 Left: The dominant branching ratios for our Higgs-like boson as
function of its mass. Right: Decay signal strengths taking into account
the combination of ATLAS and CMS data. The error bars indicate the

=
o
&
T
L

BR (t— hc)
g 8

10701 ! ‘ o L i

0%

va31(GeV)

BR (t— hu)

1000 2000 3000 4000 5000

% 331 Results
-+ CMS
= ATLAS

T
1
1

LHC Run | :
1
: -+ ATLAS+CMS

1 — +20
—+10

-1.0 —05 00 05 10 15 20 25 3.0 35
signal strengh (p)

lo (thick lines) and 2o (thin lines) intervals. The combined results show
aremarkable agreement with the SM prediction (normalized to u = 1)

104 «
10} ]
108 g
100k Tai ”'":“' i
0—12 L L L
1000 2000 3000 4000 5000
Va3 (GeV)

Fig. 6 Calculation of the branching ratios for the top decays t — hc and t — hu

ing quarks already at tree level. This is a consequence of
quark masses having more than one source, as depicted in
the superpotential of the model. According to the last line
of the superpotential, and the fact that our Higgs-like boson
is mostly a composition of R,/ and R/, the dominant fla-
vor changing processes are those involving the third fam-
ily of quarks. We studied all the possible processes here
and obtained that the decays # — bs, bd are very sup-
pressed even in relation to the loop predictions of the SM
[30]. Thus, the significant processes are those involving the
Yukawa interactions t — h — u and t — h — c. For this case,
the signature of our Higgs-like boson is through top quark
decays via Higgs-mediated flavor-changing processes [31].
The behavior of the branching ratio of these decays as func-
tion of v331 is presented in Fig. 6.

Although our results are far below the excluded region,
we hope this to be probed in the next generation of collider.

6 Stability of the potential

In this section we check if that region of parameter space
considered throughout this paper is so that the potential of the
model is stable for such value of the parameters. In practical
terms, we have to be sure that the minimum of the potential
we are considering is in fact the global one. We check this by
means of the Vevacious 1.2.02 Package [32,33]. We export
the model implemented in the Sarah package to the Vevacious
one and scanned that region of the parameter space used in
the results above. Our result is presented in the plane tan()
versus v331 displayed in Fig. 7 .

Perceive that, except for a small region of the parameter
space presenting long lived behavior, but with decay time
larger than the age of our Universe (blue region), major part
of the region of the parameter space considered in this work
is associated to a stable minimum of the potential.
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10
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Long-Lived
8 .
>
c
8
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vaz1 (GeV)

Fig. 7 Points in the plane tan(f) versus v33; that guarantee stability
of the potential

7 Conclusions

In this work we developed the Higgs sector of the minimal
SUSY331 model with the focus on the lightest Higgs. We
obtained its mass and couplings with the standard particles.
With regard to its mass, tree level contribution may surpass
the usual MSSM prediction and attain more than 100 GeV.
Consequently, a 125 GeV Higgs will demand feeble loop
corrections. In our calculations we showed that a 125 GeV
Higgs is compatible with stop with mass below the TeV scale
running in the loops. This is a remarkable result concerning
the naturalness principle.

Although Higgs mass is the most important aspect of the
Higgs physics, a complete work demands we extend our
investigation to the Higgs couplings with the standard parti-
cles. We performed such an analysis and confirmed that they
recover the observed pattern of branching ratios and signal
strengths for its dominant processes. Finally we discussed
the signature of our Higgs-like boson which manifests in
the form of flavor changing processes intermediated by the
Higgs. The most relevant ones are the top decay channels
t > h+wuandt — h+ c. We studied the behavior of
these processes and concluded that they are out of reach of
the LHC but, perhaps, may be probed in future colliders. We
also checked if the region of parameter space considered in
this work is compatible with the stability of the potential.
We obtained that, except for a small region of the parame-
ter space presenting long lived behavior, but with decay time
larger than the age of our Universe, major part of it belongs to
those points where the potential has a stable global minimum.
All of this leads us to conclude that the minimal SUSY331
model is an interesting supersymmetric model for particle
physics.
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Appendix B: SARAH model file

(4 )
(* Particle Contentx)
€ )

(x Global symmetries x)

Global [[1]] = {Z[2],RParity };
RpM = {—1,—1,1};
RpP = {1,1,—-1};

(* Gauge Superfields =x)

Gauge [[1]] = { G, SU[3], color ,
Gauge [[2]] = {WB, SU[3], left , g2,
Gauge [[3]] = { B, U[1l], xcharge,

(* Chiral Superfields =)

(* Fermions x)

g3, False, RpM};
True, RpM};
gl, False, RpM};

SuperFields [[1]] = {ql, 1, {jjlL, —ulL, diL}, 3, -3, —1/3, RpM};
SuperFields [[2]] = {q2, 1, {jj2L, —u2L, d2L}, 3, -3, —1/3, RpM};
SuperFields [[3]] = {q3, 1, {jj3L, d3L, u3L}, 3, 3, 2/3, RpM};
SuperFields [[4]] = {lep, 3, {conj[eR], eL, vL}, 1, 3, 0, RpM};
SuperFields [[5]] = {dr, 3, conj[dR], -3, 1, 1/3, RpM};

SuperFields [[8]] = {ur, 3, conj[uR], -3, 1, —2/3, RpM};

SuperFields [[11]] = {jjr, 2, conj[jjR], -3, 1, 4/3, RpM};

SuperFields [[13]] = {jj3, 1, conj[jj3R], -3, 1, —5/3, RpM};

(* Scalar x)

SuperFields [[14]] = {Rho, 1, {Rhopp, RhoO, Rhop}, 1, 3, 1, RpP};
SuperFields [[15]] = {Chi, 1, {Chi0, Chimm, Chim}, 1, 3, —1, RpP};
SuperFields [[16]] = {Rhol, 1, {Rholmm, RholO, Rholm}, 1, —3, —1, RpP};
SuperFields [[17]] = {Chil, 1, {Chil0, Chilpp, Chilp}, 1, =3, 1, RpP};
SuperFields [[18]] = {Eta, 1, {eta2p, etalm, eta0}, 1, 3, 0, RpP};
SuperFields [[19]] = {Etal, 1, {eta2m, etalp, etalO}, 1, —3, 0, RpP};
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(

(* Superpotential x)

(

SuperPotential = yE lep.lep.Rhol.Chil + murho Rho.Rhol +

9

mueta Etal.Eta + lam Rho.Eta.Chi 4+ laml Rhol.Etal.Chil — \

Yul ur.ql.Rho — Yu2 ur.q2.Rho + Yu3 ur.q3.Etal + \
Ydl dr.ql.Eta + Yd2 dr.q2.Eta + Yd3 dr.q3.Rhol + \
Yjl jjr.ql.Chi + Yj2 jjr.q2.Chi + Yj3 jj3.q3.Chil;

muchi Chi.Chil + \

€ 9
(* DEFINITION *)
e 9

NameOfStates={GaugeES, EWSB};

(¢ —— Before EWSB ———— )
DEFINITION [ GaugeES | [ DiracSpinors]={
Bino —> {fB, conj[fB]},
Wino —> {fWB, conj[fWB]},
Glu — {fG, conj[{G]},
RO —> {FRhoO, conj[FRhol0]},
Rc —> {FRhop, conj[FRholm]},
Rcec  —> {FRhopp, conj|[FRholmm]|},
€0  —> {FChi0, conj[FChil0]},
Ce —> {FChim, conj[FChilp]},
Ccc  —> {FChimm, conj[FChilpp]},
EO —> {Feta0, conj[FetalO]},
Ecl  —> {Fetalm, conj[Fetalp]},
Ec2 —> {Feta2p, conj[Feta2m]},
Full —> {FulL, 0},
Ful2 — {Fu2L, 0},
Ful3 —> {Fu3L, 0},
Furl —> {0, FuR},
Fdll —> {FdIL, 0},

Fdl2 —> {Fd2L, 0},
Fdl3 —> {Fd3L, 0},
Fdrl —> {0, FdR},

Fjjll — {FjjiL, 0},

Fjj21 — {FijL, O},
Fjj31 — {Fjj3L, 0},
Fjjlr —> {0, FjjR},
Fjj3r —> {0, Fjj3R},
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(*
(*

Fel — {FeL, 0},
Fer — {0, FeR},
Fvl — {FvL,0}};

After EWSB

*)

Gauge Sector x)

DEFINITION [EWSB] [ GaugeSector] =

{

(*

{{VB,VWB[8] ,VWB([7]} ,{VPh,VZ,VZ1} ,ZbZ} ,
{H{VWB[2] ,VWB[5] } , {VWin, conj [VWin] } ,ZbW} ,
{{vWB[6] ,VWB[3]} , {VVm, conj [VVm] } ,ZbV},
{{VWB[1] ,VWB[4]} , {VUmm, conj [VUnm] } ,ZbU} ,

{{twWB[2] ,fWB[5] ,fWB[6] ,fWB[3] ,fWB[1] ,fWB[4] ,fWB[7] ,fWB[8]} ,
{fWm, fWp, fVm, {Vp ,fUnm, fUpp ,fW7 ,fW8} ,ZfB } } ;

VEVs %)

DEFINITION [EWSB] [ VEVs] =
{{SRho0, {vRho, 1/Sqrt[2]}, {sigmaR, I/Sqrt[2]}, {phiR,1/Sqrt[2]}},

(%

{SRho10, {vRhol, 1/Sqrt[2]}, {sigmaR1, I/Sqrt[2]} {phiR1,1/Sqrt[2]}},
{SChi0, {vChi, 1/Sqrt[2]}, {sigmaC, I/Sqrt[2]}, {phiC,1/Sqrt[2]}},
{SChil0, {vChil, 1/Sqrt[2]}, {sigmaCl, I/Sqrt[2]} {phiCl,1/Sqrt[2]}},
{Setad, {vEta, 1/Sqrt[2]}, {sigmaBE, I/Sqrt[2]}, {phiE,1/Sqrt[2]}},
{Setal0, {vEtal, 1/Sqrt[2]}, {sigmaB1, I/Sqrt[2]},{phiE1,1/Sqrt[2]}}};

— Mixings *)

DEFINITION [EWSB] [ MatterSector]={

{{SulL, Su2L, Su3L, SuR}, {Su, ZU}},
{{Sd1L, Sd2L, Sd3L, SdR}, {Sd, ZD}},
{{Sjj3L, Sjj3R}, {Sjj3v, ZJ3}},
{{sjj1L, Sjj2L, SjjR}, {Sjjl2v, ZJ}},
{{SvL}, {Sv, ZV}},
{{SeL, SeR}, {Se, ZE}},
{{phiR1, phiE1l, phiR, phiE, phiC, phiCl}, {hh, ZH}},
{{sigmaR1, sigmaEl, sigmaR, sigmaE, sigmaC, sigmaCl}, {Ah, ZA}},
{{SRholm, conj[Setalp], conj[SRhop], Setalm}, {Hml, ZP1}},
{{conj[Seta2p], Seta2m, SChim, conj[SChilp|}, {Hm2, ZP2}},
{{conj[SRhopp|, SRholmm, SChimm, conj[SChilpp]}, {Hmm, ZPP}},
{{fB, fW8, FRhol0, Fetal0, FRhoO, Fetad, fW7, FChi0, FChil0}, {L0, UN}},
{{{fWm, FRholm, Fetalm, fVm, Feta2m, FChim},

{fWp, FRhop, Fetalp, fVp, Feta2p, FChilp}}, {{Lm, UM}, {Lp, UP}}},
{{{fUmm, FRholmm, FChimm}, {fUpp, FRhopp, FChilpp}},

{{Limm, UMM}, {Lpp, UPP}}},
{{{FeL},{conj[FeR]}} ,{{FEL,ZEL} ,{FER,ZER}}},
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{{{Fjj1L, Fjj2L} {conj[FjjR]}} {{FJL,ZJL} {FIR,ZJR}}},
{{{FdIL, Fd2L, Fd3L}, {conj[FdR]}}, {{FDL, ZDL}, {FDR, ZDR}}},
{{{FulL, Fu2L, Fu3L}, {conj[FuR]}}, {{FUL, ZUL}, {FUR, ZUR}}}};

DEFINITION [EWSB] [ Phases]= {

{fG, PhaseGlu}};

DEFINITION [EWSB] [ DiracSpinors]={

[

Fd —> { FDL, conj[FDR]},
Fe —> { FEL, conj[FER]},
Fu —> { FUL, conj[FUR]},
Fjjl2 —> { FJL, conj|FJR]},
Fji3  — { Fjj3L, Fjj3R},
Fv — { FvL, 0},

Neu —> { LO, conj[LO]},
Cha —> { Lm, conj[Lp]},
DCha —> { Lmm, conj[Lpp]},
Glu  —> { fG, conj[fG]}};

@ Springer



Eur. Phys. J. C (2018) 78:225 Page 13 of 16 225

Appendix C: SPheno input for SARAH

OnlyLowEnergySPheno = True;
MINPAR={
{1, v331IN},
{2, TanBeta},
{3, TanBetaR},
{4, TanBetaE},
{5, TanBetaC},
{10, Azero},
{11, mSUSYL},
{12, mSUSYR},
{21, Mlinput},
{22, M2input},
{23, M3input},
{31, MJlin},
{32, MJ2in},
{33, MJ3in},
{41, muRinput},
{42, muEinput},
{43, muCinput},
{44, Bzero},
{45, finput},
{46, fpinput},
{47, Tfinput},
{48, Tfpinput},
{51, Xt}};
RealParameters = {v331IN, TanBeta, TanBetaR , TanBetaE , TanBetaC };
DEFINITION [ MatchingConditions|={
{gl, glSMx%g2SM/Sqrt [g2SM"2 — 3xglSM"2]},
{82, g2SM},
{g3, g3SM},
{vRho, vSMxCos[ArcTan|TanBeta]]* Cos[ArcTan|[TanBetaR]]} ,
{vRhol ,vSM*Cos [ArcTan [ TanBeta]]* Sin [ ArcTan [ TanBetaR]] } ,

{vEta, vSMxSin [ArcTan|[TanBeta]]* Cos[ArcTan|[TanBetaE]]} ,
{vEtal ,vSMx*Sin [ ArcTan [ TanBeta]]* Sin [ ArcTan [ TanBetaE]]} ,
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{yE, Sqrt [2]*YeSMxvSM/(vRholxvChil)},
{Yul[1] ,YuSM[1 ,1]#vSM/vRho}
{Yul[2] ,YuSM[2 ,1]#vSM/vRho}
{Yul[3] ,YuSM[3 ,1]#vSM/vRho}
{Yu2[1] ,YuSM[1,2]*vSM/vRho},
{Yu2[2] ,YuSM|[2 ,2]+vSM/vRho}
{Yu2[3] ,YuSM[3 ,2] «vSM/vRho}
{Yu3[1] ,YuSM[1,3]«vSM/vEtal},
{Yu3[2] ,YuSM[2,3]«vSM/vEtal},
{Yu3[3] ,YuSM[3,3]«vSM/vEtal},
{Yd1[1] ,YdSM[1,1]+vSM/vEta},
{Yd1[2],YdSM[2,1]«vSM/vEta},
{Yd1[3] ,YdSM[3,1]+vSM/vEta},
{Yd2[1] ,YdSM[1,2]+vSM/vEta},
(Yd2[2],YdSM([2 ,2] #vSM/vEta}
(Yd2[3],YdSM[3,2] +vSM/vEta}
{Yd3[1],YdSM|[1,3]%vSM/vRhol},
{(Yd3[2],YdSM[2 ,3]*vSM/vRhol} ,
{Yd3[3],YdSM|[3,3]*vSM/vRhol}};
BoundaryLowScaleInput={
{vChi, v331IN*Cos[ArcTan|[TanBetaC]]} ,
{vChil,v331IN«Sin [ArcTan[TanBetaC]]} ,
{MassB, Mlinput},

{MassWB, M2input } ,
{MassG, M3input},
{murho, muRinput},

{mueta, muEinput},

{muchi, muCinput},

{lam, finput},

{lam1, fpinput},

{T[lam], Tfinput},
{T[laml], Tfpinput},
{B[murho|, muRinput«Bzero},
{B[mueta], muEinput«Bzero},

{B[muchi], muCinput*Bzero},

{T[Ydl], AzeroxYdl},
{T[Yd2], AzeroxYd2},
{T[Yd3], AzeroxYd3},
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{T[Yul], AzeroxYul},

{T[Yu2], AzeroxYu2},

{T[Yu3], (Xt—muEinput*Cot[ArcTan|[TanBetaE]]—

fpinput*v331IN*Cot [ ArcTan [ TanBeta ]| * Sin [ArcTan[TanBetaC ]| *

Sin [ArcTan|[TanBetaR ]|/ ( Sqrt [2]* Sin [ArcTan|[TanBetaE]]))*Yu3},

{T[Yjl], AzeroxYjl},

{T[Yj2], AzeroxYj2},

{T[Yj3], AzeroxYj3},

{mql2, mSUSYL"2},

{mq22, mSUSYL"2},

{mq32, mSUSYL"2},

{mur2[1,1], mSUSYR"2},

{mur2[2,2], mSUSYR"2},

{mur2[3,3], mSUSYR"2},

{mdr2[1,1], mSUSYR" 2},

{mdr2[2,2], mSUSYR"2},

{mdr2[3,3], mSUSYR 2},

{mjjr2[1,1], mSUSYR"2},

{mjjr2[2,2], mSUSYR"2},

{mjj32, 10+mSUSYR" 2},

{mlep2[1,1], mSUSYL"2},

{mlep2[2,2], mSUSYL"2},

{mlep2[3,3], mSUSYL" 2},

{Yj1[1],Sqrt[2]«MJlin/(vChi)},

{Yj2[2],Sqrt [2]«MJ2in/(vChi)},

{Yj3,Sqrt[2]*MJ3in/(vChil)}};
FlagLoopContributions = True;
ListDecayParticles = {Fu,Fe,Fd,hh,Ah,Hml, Hm2,Hum, VZ, VZ1, VW, VVm, VUi,

Sjjl2v ,Sjj3v ,Sd,Su,Se,Sv,Neu,Cha,DCha, Fjj12 ,Fjj3 };

ListDecayParticles3B = {{Fu,”Fu.f90”},{Fe,” Fe.f90”} ,{Fd,” Fd.f90” }};
DefaultInputValues = {
TanBeta —> 5, TanBetaR —> 10, TanBetaE —> 10, TanBetaC —> 3,
v331IN —> 4000, mSUSYL —> 3200, mSUSYR —> 3200 ,Azero —> 1000, Xt—>0,
Mlinput —> 200, M2input—> 1000, M3input—>1500,
MJlin — 700, MJ2in —> 800, MJ3in —> 1500,
muRinput —> —100, muEinput —> —100, muCinput —> —100, Bzero —> 10000,

finput — 0.1, fpinput —> 0.5, Tfinput —> —1000, Tfpinput —> —1000};
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