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Phenomenological analysis to the R-parity violating supersymmetry with a vectorlike extra genera-

tion is performed in detail. It is found that, via the trilinear couplings, the correct neutrino spectrum

can be obtained. The Higgs mass rises to 125 GeV by new up-type Yukawa couplings of vectorlike

quarks with no need of very heavy superpartners. Phenomena of new heavy fermions at LHC are

predicted.
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I. INTRODUCTION

Recently, a standard model (SM) Higgs-like particle
with a mass of 125–126 GeV was discovered [1]. In the
paradigm of the weak scale supersymmetry (SUSY) which
aims at the naturalness of the electroweak scale, however,
such a Higgs mass brings in tensions, especially the mini-
mal SUSY SM (MSSM). Nonminimal and still natural
scenarios of SUSY are thus motivated. One of them is the
MSSMwith a vectorlike generation [2–5]. It gives the right
Higgs mass naturally, is consistent with precision electro-
weak measurements, and has a rich phenomenology [2–6].
In the framework of SUSY, vectorlike fermions can also be
motivated by other theories beyond the SM, such as a
SUSY extension with extra dimensions or with composite
states [7]. So it is worth asking the question whether such a
scenario also provides explanations to other problems such
as neutrino masses.

Neutrino oscillations are the undoubted new physics
beyond the SM. Daya Bay [8] and RENO [9] experiments
recently discovered a relatively large �13 ’ 8:8� � 0:8�.
Within the framework of SUSY, in the absence of R-parity
conservation, neutrino masses and mixings can be gener-
ated from lepton number violating (LPV) couplings [10].
This approach was extensively studied before [11]. It is
known that all the neutrino experimental results, including
that of oscillation phenomena like the large atmospheric
mixing angle �23, the hierarchy of oscillation frequencies
�m2

21 � �m2
32, and the smallness of �13, can be under-

stood in three-generation LPV MSSM. However, this
needs some special requirements for relevant coupling
constants and mass parameters.

Combining both considerations above, we will work in
the LPV MSSM with a vectorlike extra generation [4].
While this model takes the vectorlike slepton doublets
as the two Higgs doublets needed for the electroweak

symmetry breaking (EWSB), the SM-like Higgs mass
can be naturally 125 GeV [5]. Extra trilinear LPV cou-
plings between ordinary fermions and vectorlike fermions
provide a much larger parameter space to explain neutrino
phenomena right.
In this paper, phenomenological aspects of the model

will be analyzed. In Sec. II, we make a brief review of the
model. In Sec. III, neutrino masses are calculated. For the
neutrino physics, noting the enlarged parameter space, we
consider trilinear LPV couplings carefully. One-loop con-
tribution to neutrino masses due to new trilinear LPV
couplings is calculated, theoretical analyses are performed,
and numerical results are shown in detail. Besides, we
analyze the SM-like Higgs mass and explicitly show that
it can be increased to 125 GeV by two new Yukawa
couplings of the up-type Higgs with vectorlike quarks in
Sec. IV. The LHC phenomenology of the new fermions is
analyzed in Sec. VI. The summary and discussions are
given in the last section.

II. A BRIEF REVIEW OF THE MODEL

This model [4] is SUSY and SM gauge invariant, and
R-parity violation with baryon number conservation is
assumed. For the matter content, in addition to the ordinary
three generations (3G), a vectorlike generation is intro-
duced. Without R-parity conservation, this can be also
thought of as that there are 4þ 1 chiral generations, where
‘‘4’’ stands for four chiral generations with SM quantum
numbers and ‘‘1’’ for another chiral generation with oppo-
site quantum numbers. The four chiral generations with
same quantum numbers mix. The 1 has Dirac masses with
only one combination of the 4; thus, there are always SM
required three massless chiral generations and one massive
vectorlike generation.
In terms of mass eigenstates (before electroweak sym-

metry breaking), the massive sleptons in the vectorlike
generation are taken as the two Higgs doublets. New
particles beyond the MSSM are the following with quan-
tum numbers under SUð3Þc � SUð2ÞL �Uð1ÞY:
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The superpotential is conveniently written as

W ¼ W 0 þW 6L; (1)

where W 0 and W 6L stand for that with lepton number conservation and LPV, respectively,

W 0 ¼ �HuHd þ�eEc
4E

c
H þ�QQ4QH þ�UUc

4U
c
H þ�DDc

4D
c
H þ ylijLiHdE

c
j þ ydijQiHdD

c
j
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c
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c
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i Q4HdD
c
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c
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c
4 þ yUi QiHuU

c
4

þ yQi Q4HuU
c
i þ yQUQ4HuU

c
4 þ yHQHHdU

c
H þ yH

0
QHHuD

c
H

and

W 6L � �ijkLiLjE
c
k þ �0

ijkQiLjD
c
k þ �E

ijLiLjE
c
4 þ �Q

ijQ4LiD
c
j þ �D

ijQiLjD
c
4 þ �QD

i Q4LiD
c
4 þ �H

i QHLiU
c
H; (2)

where Li, Qi, E
c
i , D

c
i , and Uc

i , i ¼ 1–3, are the first three-generation SUð2ÞL doublet leptons, doublet quarks, singlet
charged leptons, singlet down-type quarks, and singlet up-type quarks, respectively. Hu and Hd are the up-type and down-

type Higgs, respectively. Note that the term QHHuD
c
H in W 0 was missed in Ref. [4].1 And in W 6L interactions of purely

singlets are omitted, which are irrelevant to our study.
By assuming universality of the mass-squared terms, the alignment of the B terms the soft mass terms and the trilinear

soft terms of all fermion superpartners in the model are
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i
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y
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~Ecy
m ~Ec

m þM2
Q
~Qy
m
~Qm þM2

U
~Um
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H
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QH
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H
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H
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H
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H þ ðB�HdHu þ Be�e ~Ec

4
~Ec
H þ BQ�Q ~Q4

~QH þ BU�U ~Uc
4
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þ BD�D ~Dc
4
~Dc
H þ H:c:Þ: (3)

Proper values of the new BQ;U;D�Q;U;D terms are set to
avoid unwanted color symmetry and purely Uð1ÞY sym-
metry breaking—see Eqs. (11) and (12) in Ref. [4]—
therefore EWSB in our model is just the same as in
MSSM. After EWSB, the specific fermion mass matrixes
and sfermion mass-squared matrixes are given in
Appendix A.

III. NEUTRINO MASSES AND MIXINGS

LPV results in nonvanishing neutrino masses. In this
model, in addition to traditional R-parity violation in the
MSSM, a lot more bilinear and trilinear LPV interactions
are brought in through the vectorlike generation. In this
work, the trilinear R-parity violating interactions will be
studied. To avoid complication due to too many LPV
sources, sneutrino vacuum expectation values (VEVs)
will not be considered. There are several reasons for

this. First, we can phenomenologically assume the uni-
versality of the soft SUSY-breaking mass terms at the
weak scale, to avoid dangerously large flavor changing
neutral currents, without considering any UV completion
of the model. In that case, because of the alignment in
bilinear terms of the superpotential and that of soft
terms, R-parity violating bilinear terms can be rotated
away via field redefinition, and sneutrino VEVs vanish
in the physical basis. The second reason is from consid-
eration of underlying models. SUSY breaking is intro-
duced effectively in our model; it can result from gauge
mediated SUSY breaking. Then the messenger scale can
be as low as 100 TeV, even if the universality scale is at
the SUSY-breaking messenger scale, the running effect
is small, and the bilinear LPV is not important compared
to the trilinear ones. Finally, small sneutrino VEVs can
be included in the analysis nevertheless in future works,
after the role of new trilinear LPV interactions gets a
thorough understanding.
The trilinear LPV Lagrangian relevant to neutrino

masses is from W 6L:

1It modifies the down-type fermion mass matrix and scalar
mass-squared matrix. Correct ones, as well as the resulting
mixing matrix, are given in Appendix A.
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where ��c
iR stands for the left-hand neutrino.

The seven types of trilinear LPV interactions in the
above equation induce 14 types of one-loop diagrams
contributing to the neutrino spectrum, which are propor-
tional to ��, �0�0, �E�E, ��E, �Q�Q, �Q�D, �D�D, �H�H,
�QD�QD, �0�Q, �0�D, �0�QD,�Q�QD, and �D�QD, respec-
tively. The Feynman diagrams and the corresponding ana-
lytical results are shown in Fig. 7 in Appendix B. For
simplicity and without losing our purpose, in the Yukawa

interactions of W 0 we assume that only yE, yQ
0
, yQ

0
, yD,

yU, yH, and yH
0
are nonvanishing; that is, vectorlike parti-

cles have Yukawa interactions only with the third genera-
tion. Thus, the vectorlike generation has little constraints
from the collider phenomenology.

Before starting to analyze the neutrino mass spectrum,
some assumptions are introduced in order to control the
parameter space and get a relatively simple analytical
result. Since four new up-type Higgs Yukawa couplings

yU, yQ, yQU, and yH
0
and five new down-type Higgs

Yukawa couplings yE, yD, yQ
0
, yQD, and yH appear in our

model, and among which yQD, yQU, yH, and yH
0
provide the

mass mixings between vectorlike generations, and further-
more, they have an infrared quasifixed point [5], we as-

sume yQD ¼ yH ¼ 0 and yQU 	 yH
0 
 ytV � 1. We also

set yD ¼ yQ
0 ¼ 0, yE < 0:04, and yU 	 yQ 
 yt34 � 0:08.

In other words, we neglect all new down-type Higgs
Yukawa couplings in quark sectors while we consider all
of the new up-type Higgs Yukawa couplings only and take
yt34 � ytV , which is a reasonable assumption.

Basing on the above assumptions, contributions from
��, �0�0 type diagrams can be simplified to the familiar
forms [12–14]

M�
ijj�� ’ 1

8�2
�i33�j33m� sin�~� cos�~� ln

~�R
~�L

;

M�
ijj�0�0 ’ 3

8�2

�
�0
i33�

0
j33mb sin�~b cos�~b ln

~bR
~bL

þ �0
i23�

0
j32ms sin�~b cos�~b ln

~bR
~bL

þ �0
i32�

0
j23mb sin�~s cos�~s ln

~sR
~sL

�
; (5)

where, in the first equation, we keep only the dominant
contributions and, in the second equation, we keep the
dominant and subdominant ones. ��, �b, �s, and �t are

the angles of the corresponding 2� 2~�LðRÞ, ~bLðRÞ, ~sLðRÞ, and
~tLðRÞ unitary matrices. Unfortunately, the other equations,

(B3)–(B14) in Appendix B, cannot be simplified by fol-
lowing a similar process, because there are mixings be-
tween different vectorlike generations. So these can be
analyzed only numerically and will be discussed later.
At last, without loss of generality, among all seven types

of LPV trilinear couplings, we take four of them, �E, �D,
�Q, and �H, for consideration while assuming the rest
of them, �, �0, and �QD, are negligible. The realization
through different LPV trilinear coupling combinations
can be derived straightforwardly. The method to calculate
the neutrino mass matrix we use is given in Appendix C.
Here we list the parameters of neutrino oscillation

given by experiments: �m2
21¼ð7:59�0:21Þ�10�5 eV2,

�m2
32 ¼ ð2:43 � 0:13Þ � 10�3 eV2 and sin 22�12 ¼

0:861þ0:026
�0:022, sin

22�23 > 0:92, sin 22�13 ¼ 0:088� 0:008.
Scanning the parameter space with proper EWSB, we
find that, by adjusting the ratios and values of the LPV
trilinear couplings we choose, the correct neutrino
spectrum can be generated through the �E�E, �D�Q, and
�H�H type one-loop diagrams. A numerical illustration
is shown in Table I; in set I we take the mass mixings
assumptions mentioned before, and in set II we take
different mass mixings and bigger vectorlike masses for
comparison. For the specific parameters settings, see
Appendix C.
That is, by choosing (for set I)

�Q
13

�Q
23

	 0:25;
�Q
33

�Q
23

	 1:4; �Q
23 	 2:1� 10�6;

�Q
13 	 �D

13; �Q
23 	 �D

23; �Q
33 	 �D

33;
�H
1

�H
2

	 1:4;

�H
3

�H
2

	 1; �H
2 	 �Q

23; �E
13 	 �E

23 	 �E
33 	 �Q

23; (6)

we have

FIG. 1. New one-loop contributions to the neutrino masses and mixings from �E�E, �Q�D, and �H�H type couplings. All particles
stay in mass eigenstates.
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m�2

m�3

	 0:17; m�2 	 5:9� 10�4 eV;

m�1 	 5:1� 10�6 eV; sin �13 	 0:143;

sin �23 	 0:581; sin �12 	 0:559:

(7)

Unlike in the 3G LPV case, where �0
i33�

0
j33, �

0
i23�

0
j32 þ

�0
i32�

0
j23, and �i33�j33 type one-loop contributions are

dominant, subdominant, and next to subdominant, respec-
tively, here in our model, under the assumptions mentioned

before, �Q
i3�

D
j3, �

H
i �

H
j , and �E

i3�
E
j3 type one-loop contribu-

tions are dominant, subdominant, and next to subdominant,
respectively. This is because the new fermions �1, t1;2, b1;2
in the internal lines—see Fig. 1—are much heavier than
the third-generation fermions �, t, b.

For the same reason, our requirements of the new LPV
couplings we choose are of the order of 10�6 and small
enough to avoid measurable flavor changing neutral cur-
rent decays such as � ! e� [15]. It worth noting that, by
decoupling the vectorlike generation, correct neutrino
masses and mixings cannot be obtained via ��, �0�0 type
one-loop contributions.

In addition, �H�H type contribution containing up-type
(s)quarks in the internal lines is absent in 3G LPV models,
because the vectorlike down-type doublet quark Qb

H mixes
with the right-hand singlet top quark.

From Table I, we can also see that, by choosing �Q
i3�

D
j3,

�Q
i3�

Q
j3, and �D

i3�
D
j3 type one-loop contributions, the correct

neutrino spectrum can also been generated in parameters
set II; we do not list the detailed results here.

IV. HIGGS MASS

There are four new up-type Higgs Yukawa couplings in

our model, yU, yQ, yQU, and yH
0
, corresponding to the

Yukawa mass, mt
34, m

t
43, m

t
44, and mb

H, separately, and

also five new down-type Higgs Yukawa couplings, yE,

yD, yQ
0
, yQD, and yH, corresponding to the Yukawa mass,

m�
34, m

b
34, m

b
43, m

b
44, and m

t
H, separately. The related super-

potential contributing to the lightest scalar Higgs mass is
shown inW 0. According to the assumptions mentioned in
the last section, we neglect the down-type Higgs Yukawa
contributions and the small up-type contributions between
the SM third generations and the extra vectorlike gener-
ations. The relevant superpotential can be simplified as

W ¼ �QQ4QH þ�DDc
4D

c
H þ yH

0
QHHuD

c
H

þ yQUQ4HuU
c
4: (8)

So when neglecting the small D term and the two-loop
contribution, the new one-loop contribution to the lightest
scalar Higgs square mass is [5,16]

4m2
h ¼ 3� 2

4�2
ðytVÞ4v2sin 4	

�
tV � 1

6

�
5� 1

x

��
1� 1

x

�

þ 2
X2
V

M2
S

�
1� 1

3x

��
; (9)

where v ¼ 174 GeV indicates the Higgs VEV and

yH
0 ¼ yQU 
 ytV; x ¼ M2

S=M
2
V; tV ¼ log

M2
S

M2
V

;

ðAH0 ��H0 cot	Þ2 ¼ ðAQU ��QU cot	Þ2
¼ ðAV ��V cot	Þ2 
 X2

V; (10)

in which, for simplicity, �Q ¼ �D 
 MV stands for the
vectorlike mass of the new up-type quarks, M2

Q ¼ M2
D 


m2 [see Eq. (4)], and MS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

V þm2
q

stands for the

average mass of the new up-type squarks.
In MSSM, the Higgs mass from the t, ~t one-loop con-

tributions is about 110 GeV, for At ¼ � ¼ 400 GeV,m~t ¼
400 GeV, and tan	 ¼ 10. Direct search bounds from
CMS for exotic heavy toplike quark set limits of Mt0 >
557 GeV if Bðt0 ! WbÞ ¼ 1 [17] and Mt0 > 475 GeV if
Bðt0 ! ZtÞ ¼ 1 [18]. When considering the mass mixing
between the vectorlike quarks and the SM third-generation
quarks, in other words, considering the realistic branch
ratios, the mass limit is adjusted to be Mt0 > 415 GeV
[19,20]. So if we set the vectorlike fermion masses in our
model to be MV 	 500 GeV, the soft supersymmetry-
breaking parameters to be m 	 700 GeV, AV ¼ �V 	
500 GeV, and BV�V 	 5002 GeV2, then from Eq. (10), in
order to get approximately 125 GeV Higgs mass, for about
MV ¼ 500 GeV and MS ¼ 850 GeV, we just need to set
ytV 	 1 or, say, need to set mt

44 ¼ mb
H 
 mt

V 	 174 GeV.
These values are just near their infrared quasifix point, as
mentioned in the last section.
Evoked by the ATLAS and CMS discovery of the enhance-

ment in the �� channel and little deviation in the ZZ channel
[21,22], the effects of the exotic vectorlike quarks to theHiggs
production and decay have been extensively studied recently
[21]. In general, in a theory with N vectorlike generations
extension, the new fermion contributions are suppressed by
N2mt2

V =M
2
V [21,22]. So only the very large couplings to the

Higgs can obviously enhance the Higgs production and decay
in the �� channel [21], but as we have mentioned, these
couplings have a quasifix point which limits their TeV values
to be about 1 [5]. This value is large enough to accommodate
mh 	 125 GeV but too small to influence the Higgs decay;
one cannot depend on vectorlike fermions by themselves to
modify the Higgs decay branching ratios. As far as the Higgs

TABLE I. Numerical illustration for five types of one-loop
contributions in our model. For the specific parameter set-
tings, see Appendix C.M�

ij (GeV) stands for the parts in Eqs. (4)

and (5) except the LPV trilinear coupling constants.

M�
ijj�E

i3
�E
j3

M�
ijj�D

i3
�Q
j3

M�
ijj�D

i3
�D
j3

M�
ijj�Q

i3
�Q
j3

M�
ijj�H

i �
H
j

Set I 0.0043 0.238 0 0 0.08

Set II 0.0027 0.168 0.004 0.003 0.011
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problem is concerned, extra vectorlike fermions are mainly
introduced to adjust the Higgsmass. However, the�� andZZ
channel anomalies, if they persist, can be realized through the
light top squark scenario [23], which is beyond the scope of
this paper.

V. THE EXTRAVECTORLIKE FERMION DECAYS

To be clear, we list the new extra vectorlike fermions
below:

�E ¼ Ec
H

�Ec
4

 !
; �Q ¼ Qt;b

4

�Qt;b
H

 !
;

�U ¼ Uc
4

UH

 !
; �D ¼ Dc

4

DH

 !
;

(11)

in which Ec
H mixes with �L; E

c
4 mixes with �R; Q

b
4 , D

c
H

mixes with bL; D
c
4, Q

t
H mixes with bR, Q

t
4, U

c
H mixes with

tL; andU
c
4,Q

b
H mixes with tR. These exotic heavy fermions

can decay into SM bosons—see Fig. 2—which we will
analyze below. Our analyses agree with the results given in
Ref. [5]. However, the slight difference comes from their
neglect of the contributions proportional to s2W in the vertex

of Feynman rules.
Note that theoretically speaking, when kinematically

allowed, the exotic fermions predicted in our model
have the other two decay modes: (i) through supersymmet-
ric gauge kinetic iterations or the supersymmetric
Yukawa interactions, decay into chargino or neutralino

and sfermions, such as �1 ! ~Cþ ~�� , b1 ! ~Ni
~b , t1 !

~C� ~b , where ~Ni, i ¼ 1–4, is a neutralino and ~C� is

FIG. 2. Tree-level decay of new exotic fermions in our model; all fermions stay in mass eigenstates.
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FIG. 3 (color online). The decay widths of the new lepton �1 (left panel) and its branching ratios (right panel) with yE ¼ 0:04.
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a chargino, and (ii) through LPV interactions—see
Eq. (2)—decay into fermions and sfermions, such as
�1 ! e ~�, b1 ! ~�t, t1 ! ~eb. Although the kinematical
conditions for the latter decay mode are easy to satisfy,
we have already seen in Sec. III that the LPV couplings
in our model, in order to explain the neutrino spectrum,

are of the order of 10�6, so we can neglect this kind
of decay channels reasonably. On the other hand,
for simplicity here in our work, we assume that the
former decay mode is not kinematically allowed.
Therefore, the exotic fermions can decay only into
SM bosons.

A. �1 decays

The weak boson interaction Lagrangian to �, �1 is

L � gW��1L��
��1L�

���LW
�
� þ gZ��1L�L ��1L�

��LZ� þ gZ��1R�R ��1R�
��RZ� þ gh

0

��1L�R
��1L�Rh

0 þ gh
0

��L�1R
��L�1Rh

0 þ H:c: (12)

The couplings and the decay widths of �1 are given in Appendix D.
The main characteristic of the lepton sector is that there must be mass mixing between the third and the vectorlike

lepton; otherwise, the new heavy charged leptons �1 will be stable and give an unacceptable cosmological heavy relic [24].
For specific, when yE ¼ 0, the off-diagonal elements of L�, R� are equal to zero. That is why we set yE � 0 in Sec. II
while discussing the neutrino spectrum; more specifically, we set yE � 0:04. Under these parameter settings, numerical
results of �1 decay into W, Z, h0 are shown in Fig. 3, we can see in the limit of large m�1 , and the branching ratios are

BRð�1 ! W��Þ 	 0:7 and BRð�1 ! Z�Þ ¼ BRð�1 ! h�Þ 	 0:15.

B. t1;2 decays

The weak boson interaction Lagrangian to t, t1, t2 is

L�gW�t1LbL
�t1L�

�bLW
�
� þgW�t2LbL

�t2L�
�bLW

�
� þgW�t1LbR

�t1R�
�bRW

�
� þgW�t2RbR

�t2R�
�bRW

�
�g

W
�t2Lb1L

�t2L�
�b1LW

�
�

þgW�t2LbR1
�t2R�

�b1RW
�
� þgZ�t1LtL

�t1L�
�tLZ�þgZ�t2LtL

�t2L�
�tLZ�þgZ�t2Lt1L

�t2L�
�t1LZ�þgZ�t1RtR

�t1R�
�tRZ�

þgZ�t2RtR
�t2R�

�tRZ�þgZ�t2Rt1R
�t2R�

�t1RZ�þgh
0

�t1LtR
�t1LtRh

0þgh
0

�tLt1R
�tLt1Rh

0þgh
0

�t2LtR
�t2LtRh

0

þgh
0

�tLt2R
�tLt2Rh

0þgh
0

�t2Lt1R
�t2Lt1Rh

0þgh
0

�t1Lt2R
�t1Lt2Rh

0þH:c: (13)

The couplings and the decay widths of t1;2 are given in Appendix D.

As mentioned in Sec. II, we take yU 	 yQ � 0:08, yQU 	 yH
0 � 1; the numerical results are shown in Figs. 4 and 5.

We can see that, in the limit of large Mt1;2 , the branching ratios of t1 are BRðt1 ! WbÞ 	 0:4 and BRðt1 ! ZtÞ ¼
BRðt1 ! h0tÞ 	 0:3, and the branching ratios of t2 are BRðt2 ! Wb1Þ 	 0:85 and BRðt2 ! Zt1Þ 	 0:15.
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FIG. 4 (color online). The decay widths of the lightest new up-type quark t1 (left panel) and its branching ratios (right panel) with
yQD ¼ yH ¼ yD ¼ 0, yU 	 yQ ¼ 0:08, and yQU 	 yH

0 ¼ 1.
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C. b1;2 decays

The weak boson interaction Lagrangian to b, b1, b2 is

L � gW�b1LtL
�b1L�

�tLW
�
� þ gW�b2LtL

�b2L�
�tLW

�
� þ gW�b1LtR

�b1R�
�tRW

�
� þ gW�b2RtR

�b2R�
�tRW

�
� þ gW�b2Lt1L

�b2L�
�t1LW

�
�

þ gW�b2RtR1
�b2R�

�t1RW
�
� þ gZ�b1LbL

�b1L�
�bLZ� þ gZ�b2LbL

�b2L�
�bLZ� þ gZ�b2Lb1L

�b2L�
�b1LZ� þ gZ�b1RbR

�b1R�
�bRZ�

þ gZ�b2RbR
�b2R�

�bRZ� þ gZ�b2Rb1R
�b2R�

�b1RZ� þ gh
0

�b1LbR
�b1LbRh

0 þ gh
0

�bLb1R
�bLb1Rh

0 þ gh
0

�b2LbR
�b2LbRh

0

þ gh
0

�bLb2R
�bLb2Rh

0 þ gh
0

�b2Lb1R
�b2Lb1Rh

0 þ gh
0

�b1Lb2R
�b1Lb2Rh

0 þ H:c: (14)

The couplings and the decay widths of b1;2 are given in Appendix D.
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FIG. 5 (color online). The decay widths of the heaviest new up-type quark t2 (left panel) and its branching ratios (right panel) with
yQD ¼ yH ¼ yD ¼ 0, yU 	 yQ ¼ 0:08, and yQU 	 yH

0 ¼ 0:98.
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FIG. 6 (color online). The decay widths of the heaviest new down-type quark b2 (left panel) and its branching ratios (right panel)
with yQD ¼ yH ¼ yD ¼ 0, yU 	 yQ ¼ 0:08, and yQU 	 yH

0 ¼ 0:98.
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The numerical results of b2 decay widths and branching
ratios are shown in Fig. 6 under the parameter settings
mentioned before; we can see BRðb2 ! Wb1Þ 	 0:85 and
BRðb2 ! Zb1Þ 	 0:15. The branching ratios of b1 are
BRðb1 ! WtÞ ¼ 1, which are not shown here.

VI. SUMMARYAND DISCUSSION

Wehave studied several phenomenological aspects of the
LPV MSSM model with a vectorlike extra generation: the
neutrino spectrum, the Higgs mass, and the LHC phenome-
nology of the new predicted fermions. The results are

(i) The correct neutrino masses and mixings, especially
the relatively large �13, can be generated from

trilinear LPV couplings. The new trilinear R-parity
violating couplings make it easy to generate the
proper value of �13. These coupling constants need
to be about 10�6.

(ii) The two new up-type Higgs Yukawa couplings, yH
0

and yQU, between the vectorlike quarks and the SM
third-generation quarks, with values about 1 near to
their infrared quasifixed point in the TeV scale, can
give rise to 125 GeV Higgs mass with no need of a
very heavy new superpartner.

(iii) There are five new heavy fermions, �1, t1;2, b1;2,
predicted in this model. They can only decay into
SM bosons by some kinematic assumptions. The
branching ratio depends on themassmixing between

FIG. 7. One-loop contributions to the neutrino masses and mixings in our model.
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the vectorlike fermions and the SM third-generation
fermions. These charged exotic fermions would be
quasistable if such mass mixings are very small.

Based on our previous work about bilinear LPV cou-
plings, further research on the renormalization group of
them is worthy to be studied in the future. There is also
plenty to be further analyzed in the area of new fermion
LHC phenomenology based on this model.
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APPENDIX A: THE (S)FERMION MASS
MIXING MATRIXES

Because the CP violation is not considered in this paper,
we have taken all the masses to be real. In this model, the
mass matrix M of the third-generation lepton and the
vectorlike lepton is given as the following:

L � �ð�; Ec
HÞM�

�c

Ec
4

 !
(A1)

and

Ml ¼ m�
33 m�

34

0 �E

 !
; (A2)

wherem�
33 
 yl33

vffiffi
2

p cos	 andm�
34 
 yE3

vffiffi
2

p cos	. By taking

j�Ej � jm�
34j, then the biunitarymatrix to diagonalizeM� is

L��M�R�y ¼ ðm�;�
EÞ 
 diagðm�;m�1Þ; (A3)

where

L� ¼
1

m�
34

�E

� m�
34

�E 1

0
B@

1
CA; R� ¼

1
m�m

�
34

ð�EÞ2

� m�m
�
34

ð�EÞ2 1

0
B@

1
CA: (A4)

The mass matrixMb of the third-generation down quark
and vectorlike down-type quarks is given as the following:

L � �ðb;Qb
4 ; D

c
HÞMb

bc

Dc
4

Qt
H

0
BB@

1
CCA; (A5)

where

Mb ¼
mb

33 mb
34 0

mb
43 mb

44 �Q

0 �D mb
H

0
BB@

1
CCA; (A6)

where mb
33 
 yd33

vffiffi
2

p cos	, mb
34 
 yD3

vffiffi
2

p cos	, mb
43 


yQ0
3

vffiffi
2

p cos	, and mb
44 
 yQD vffiffi

2
p cos	. By taking that

j�Qj 	 j�Dj � jmb
4bj, jmb

44j, jmb
33j, jmb

34j, then the biuni-

tary matrix diagonalize Mt is

Lb�MbRby ¼ ðmb;�
Q;�DÞ 
 diagðmb;mb1; mb2Þ; (A7)

where

Lb ¼
1 0 � mb

34

�D

0 1
�Dmt

44
þ�Qmb

H

ð�DÞ2þð�QÞ2�ðmb
HÞ2

mb
34

�D

ðmb
HÞ2þðmb

34
Þ2

�Qmb
Hþ�Dmb

44

1

0
BBBBBB@

1
CCCCCCA (A8)

and

Rb ¼
1

mb
34

�D 0

0
�Qmb

44
þ�Dmb

H

ð�DÞ2þð�QÞ2�ðmb
HÞ2

1

� mb
34

�D 1
ðmb

HÞ2þðmb
34Þ2

�Dmb
Hþ�Qmb

44

0
BBBBBB@

1
CCCCCCA: (A9)

The mass matrixMt of the top quark and vectorlike up-
type generations is given as the following:

L � �ðt; Qt
4; U

c
HÞMt

tc

Uc
4

Qb
H

0
BB@

1
CCA; (A10)

where

Mt ¼
mt

33 tm34 0

mt
43 mt

44 �Q

0 �U mt
H

0
BB@

1
CCA; (A11)

where mt
33 
 yu33

vffiffi
2

p sin	, mt
34 
 yU3

vffiffi
2

p sin 	, mt
43 


yQ3
vffiffi
2

p sin	, mt
44 
 yQU vffiffi

2
p sin 	, and mt

H 
 y vffiffi
2

p cos	.

By taking that j�Qj 	 j�Uj � jmt
43j, jmt

44j, jmt
33j, jmt

34j,
jmt

Hj, then the biunitary matrix diagonalize Mt is

Lt�MtRty ¼ ðmt;�
Q;�UÞ 
 diagðmt;mt1; mt2Þ; (A12)

where

Lt ¼
1 0 � mt

34

�U

0 1
�Umt

44
þ�Qmt

H

ð�UÞ2þð�QÞ2�ðmt
HÞ2

mt
34

�U

ðmt
HÞ2þðmt

34
Þ2

�Qmt
Hþ�Umt

44

1

0
BBBBBB@

1
CCCCCCA (A13)

and

Rt ¼
1

mt
34

�U 0

0
�Qmt

44
þ�Umt

H

ð�UÞ2þð�QÞ2�ðmt
HÞ2 1

� mt
34

�U 1
ðmt

HÞ2þðmt
34Þ2

�Umt
Hþ�Qmt

44

0
BBBBBB@

1
CCCCCCA: (A14)

The charged slepton mass-squared matrix ~M2
� of ~� and

the superpartners of the vectorlike leptons is given as the
following:
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L � ð ~L��
3 ; ~Ec

3; ~E
c
4; ~E

c�
H Þ ~M2

l

~L�
3

~Ec�
3

~Ec�
4

~Ec
H

0
BBBBB@

1
CCCCCA; (A15)

where

ð ~M2
�Þ11¼M2þ

�
m2

Z

2
�m2

W

�
cos2	þm2

�þjm�
34j2; ð ~M2

�Þ12¼ðm0�� tan	Þm�; ð ~M2
�Þ13¼ðm0��tan	Þm�

34;

ð ~M2
�Þ14¼�em�

34; ð ~M2
�Þ21¼ðm0��tan	Þm�; ð ~M2

�Þ22¼M2
E�ðmZ�m2

WÞcos2	þm2
�; ð ~M2

�Þ23¼m�m
�
34;

ð ~M2
�Þ24¼0; ð ~M2

�Þ31¼ðm0��tan	Þm�
34; ð ~M2

�Þ32¼m�m
�
34; ð ~M2

�Þ33¼j�Ej2þM2
E�ðm2

Z�m2
WÞcos2	þjm�

34j2;
ð ~M2

�Þ34¼BE�E; ð ~M2
�Þ41¼�Em�

34; ð ~M2
�Þ42¼0; ð ~M2

�Þ43¼BE�E; ð ~M2
�Þ44¼j�Ej2þM2

EHþðm2
Z�m2

WÞcos2	:
(A16)

The corresponding unitary scalar matrix is defined as

V� ~M2
�V

�y ¼ diagð ~M2
�; ~M

2
�1; ~M

2
�2; ~M

2
�3Þ: (A17)

The mass-squared matrix ~M2
b of ~b and the superpartners of the down-type vectorlike fermions is given as the following:

L�ð~b�; ~Dc
3; ~D

c
4; ~D

c�
H ; ~Qb�

4 ; ~Qt
HÞ ~M2

b

~b

~Dc�
3

~Dc�
4

~Dc
H

~Qb
4

~Qt�
H

0
BBBBBBBBBBBB@

1
CCCCCCCCCCCCA
; (A18)

where

ð ~M2
bÞ11¼M2

Q�
m2

Zþ2m2
W

6
cos2	þm2

bþjmb
34j2; ð ~Mb2Þ12¼ðm0��tan	Þmb; ð ~M2

bÞ13¼ðm0�� tan	Þmb
34;

ð ~M2
bÞ14¼�Dmb

34; ð ~M2
bÞ15¼mbm

b
43þmb

34m
b
44;ð ~M2

bÞ16¼0; ð ~M2
bÞ21¼ðm0��tan	Þmb;

ð ~M2
bÞ22¼M2

D�
m2

Z�m2
W

3
cos2	þm2

bþjmd
43j2; ð ~M2

bÞ23¼mbm
b
34þmb

43m
b�
44 ; ð ~M2

bÞ24¼0;

ð ~M2
bÞ25¼ðm0��tan	Þmb

43; ð ~M2
bÞ26¼�Qmb

43; ð ~M2
bÞ31¼ðm0�� tan	Þmb

34;

ð ~M2
bÞ32¼mbm

b
34þmb

43m
b
44;ð ~M2

bÞ33¼j�Dj2þM2
D�

m2
Z�m2

W

3
cos2	þjmb

34j2þjmb
44j2; ð ~M2

bÞ34¼�BD�D;

ð ~M2
bÞ35¼ðm0��tan	Þmb

44; ð ~M2
bÞ36¼�Qmb

44þ�Dmb
H; ð ~M2

bÞ41¼�Dmb
34; ð ~M2

bÞ42¼0; ð ~M2
bÞ43¼�BD�D;

ð ~M2
bÞ44¼j�Dj2þM2

DHþm2
Z�m2

W

3
cos2	þþjmb

Hj2; ð ~M2
bÞ45¼�Dmb

44þ�Qmb
H; ð ~M2

bÞ46¼ðm0��cot	Þmb
H;

ð ~M2
bÞ51¼mbm

d
43þmb

34m
b
44; ð ~M2

bÞ52¼ðm0�� tan	Þmb
43; ð ~M2

bÞ53¼ðm0��tan	Þmb
44;

ð ~M2
bÞ54¼�Dmb

44þ�Qmb
H; ð ~M2

bÞ55¼j�Qj2þM2
Q�

m2
Zþ2m2

W

6
cos2	þjmb

44j2þjmb
43j2; ð ~M2

bÞ56¼BQ�Q;

ð ~M2
bÞ61¼0; ð ~M2

bÞ62¼�Qmb
43; ð ~M2

bÞ63¼�Qmb
44þ�Dmb

H; ð ~M2
bÞ64¼ðm0��cot	Þmb

H; ð ~M2
bÞ65¼BQ�Q;

ð ~M2
bÞ66¼j�Qj2þM2

QHþjmb
Hj2þ

mZ2 þ2m2
W

6
cos2	: (A19)

The corresponding unitary scalar matrix is defined as
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Vb ~M2
bV

by ¼ diagð ~M2
b; ~M

2
b1; ~M

2
b2; ~M

2
b3; ~M

2
b4; ~M

2
b5Þ: (A20)

The mass-squared matrix ~M2
t of ~t and the superpartners of the up-type vectorlike fermions is given as the following:

L � ð~t�; ~Uc
3; ~U

c
4; ~U

c�
H ; ~Qt�

4 ; ~Q
b
HÞ ~M2

t

~t

~Uc�
3

~Uc�
4

~Uc
H

~Qt
4

~Qb�
H

0
BBBBBBBBBBBB@

1
CCCCCCCCCCCCA
; (A21)

where

ð ~M2
t Þ11 ¼M2

Qþ4m2
W �m2

Z

6
cos2	þm2

t þjmt
34j2; ð ~M2

t Þ12 ¼ ðm0��cot	Þmt; ð ~M2
t Þ13 ¼ ðm0��cot	Þmt

34;

ð ~M2
t Þ14 ¼�Umt

34; ð ~M2
t Þ15 ¼mtm

t
43þmt

34m
t
44; ð ~M2

t Þ16 ¼ 0; ð ~M2
t Þ21 ¼ ðm0��cot	Þmt;

ð ~M2
t Þ22 ¼M2

Uþ2

3
ðm2

Z�m2
WÞcos2	þm2

t þjmt
43j2; ð ~M2

t Þ23 ¼mtm
t
34þmt

43m
t
44; ð ~M2

t Þ24 ¼ 0;

ð ~M2
t Þ25 ¼ ðm0��cot	Þmt

43; ð ~M2
t Þ26 ¼�Qmt

43; ð ~M2
t Þ31 ¼ ðm0��cot	Þmt

34; ð ~M2
t Þ32 ¼m�

t m
u
34þmt

43m
t
44;

ð ~M2
t Þ33 ¼ j�Uj2þM2

Uþ2

3
ðm2

Z�m2
WÞcos2	þjmt

34j2þjmt
44j2; ð ~M2

t Þ34 ¼�BU�U; ð ~M2
t Þ35 ¼ ðm0��cot	Þmt

44;

ð ~M2
t Þ36 ¼�Qmt

44þ�Umt
H; ð ~M2

t Þ41 ¼�Umt
34; ð ~M2

t Þ42 ¼ 0; ð ~M2
t Þ43 ¼�BU�U;

ð ~M2
t Þ44 ¼ j�Uj2þM2

UH �2

3
ðm2

Z�m2
WÞcos2	þjmt

Hj2; ð ~M2
t Þ45 ¼�U�mt

44þ�Qmt
H; ð ~M2

t Þ46 ¼ ðm0�� tan	Þmt
H;

ð ~M2
t Þ51 ¼mtm

t
43þmt

34m
t
44; ð ~M2

t Þ52 ¼ ðm0��cot	Þmt
43; ð ~M2

t Þ53 ¼ ðm0��cot	Þmt
44;

ð ~M2
t Þ54 ¼�Umt

44þ�Qmt
H; ð ~M2

t Þ55 ¼ j�Qj2þM2
Qþ4m2

W �m2
Z

6
cos2	þjmt

44j2þjmt
43j2; ð ~M2

t Þ56 ¼�BQ�Q;

ð ~M2
t Þ61 ¼ 0; ð ~M2

t Þ62 ¼�Qmt
43; ð ~M2

t Þ63 ¼�Qmt
44þ�Umt

H; ð ~M2
t Þ64 ¼ ðm0�� tan	Þmt

H;

ð ~M2
t Þ65 ¼�BQ�Q; ð ~M2

t Þ66 ¼ j�Qj2þM2
QHþjmt

Hj2�
4m2

W �m2
Z

6
cos2	: (A22)

The corresponding unitary scalar matrix is defined as

Vt ~M2
t V

ty ¼ diagð ~M2
t ; ~M

2
t1; ~M

2
t2; ~M

2
t3; ~M

2
t4; ~M

2
t5Þ: (A23)

APPENDIX B: NEUTRINO MASSES IN OUR MODEL

All fourteen types of one-loop Feynman diagrams which can contribute to the neutrino mass and mixing in our model
are shown in Fig. 7.

The corresponding analytical results are listed below:

M�
ijj�� ’ 1

8�2

X
k;m

�i33�j33R
��
m1L

��
m1V

��
k1V

�
k2m�mbðm�m;M~�LðRÞkÞ; (B1)

M�
ijj��E ’ 1

8�2

X
k;m

�E
i3�j33½R��

m1L
��
m1V

��
k1V

�
k3m�mbðm�m;M~�LðRÞkÞ þ R��

m2L
��
m1V

��
k1V

�
k2m�mbðm�m;M~�LðRÞkÞ
; (B2)

M�
ijj�E�E ’ 1

8�2

X
k;m

�E
i3�

E
j3R

��
m2L

��
m1V

��
k1V

�
k3m�mbðm�m;M~�LðRÞkÞ; (B3)

M�
ijj�0�0 ’ 3

8�2

X
k;m

�0
i33�

0
j33½R�b

m1L
�b
m1V

�b
k1V

b
k2mbmbðmbm;M~bLðRÞkÞ þ �0

i32�
0
j23R

�b
m1L

�b
m1mbm sin�s1ð2Þ cos�s1ð2Þbðmbm;M~s1;2Þ
;

(B4)
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M�
ijj�Q�Q ’ 3

8�2

X
k;m

�Q
i3�

Q
j3R

�b
m1L

�b
m2V

�b
k2V

b
k5mbmbðmbm;M~bLðRÞkÞ; (B5)

M�
ijj�D�D ’ 3

8�2

X
k;m

�D
i3�

D
j3R

�b
m2L

�b
m1V

�b
k1V

b
k3mbmbðmbm;M~bLðRÞkÞ; (B6)

M�
ijj�QD�QD ’ 3

8�2

X
k;m

�QD
i �QD

j R�b
m2L

�b
m2V

�b
k3V

b
k5mbmbðmbm;M~bLðRÞkÞ; (B7)

M�
ijj�Q�D ’ 3

8�2

X
k;m

�Q
i3�

D
j3½R�b

m2L
�b
m2V

�b
k1V

b
k2mbmbðmbm;M~bLðRÞkÞ þ R�b

m1L
�b
m1V

�b
k3V

b
k5mbmbðmbm;M~bLðRÞkÞ
; (B8)

M�
ijj�Q�QD ’ 3

8�2

X
k;m

�Q
i3�

QD
j ½R�b

m1L
�b
m2V

�b
k3V

b
k5mbmbðmbm;M~bLðRÞkÞ þ R�b

m2L
�b
m2V

�b
k2V

b
k5mbmbðmbm;M~bLðRÞkÞ
; (B9)

M�
ijj�D�QD ’ 3

8�2

X
k;m

�D
i3�

QD
j ½R�b

m2L
�b
m1V

�b
k3V

b
k5mbmbðmbm;M~bLðRÞkÞ þ R�b

m2L
�b
m2V

�b
k1V

b
k3mbmbðmbm;M~bLðRÞkÞ
; (B10)

M�
ijj�0�Q ’ 3

8�2

X
k;m

�0
i33�

Q
j3½R�b

m1L
�b
m1V

�b
k2V

b
k5mbmbðmbm;M~bLðRÞkÞ þ R�b

m1L
�b
m2V

�b
k1V

b
k2mbmbðmbm;M~bLðRÞkÞ
; (B11)

M�
ijj�0�D ’ 3

8�2

X
k;m

�0
i33�

D
j3½R�b

m2L
�b
m1V

�b
k1V

b
k2mbmbðmbm;M~bLðRÞkÞ þ R�b

m1L
�b
m1V

�b
k1V

b
k3mbmbðmbm;M~bLðRÞkÞ
; (B12)

M�
ijj�0�QD ’ 3

8�2

X
k;m

�0
i33�

QD
j ½R�b

m2L
�b
m1V

�b
k2V

b
k5mbmbðmbm;M~bLðRÞkÞ þ R�b

m1L
�b
m2V

�b
k1V

b
k3mbmbðmbm;M~bLðRÞkÞ
; (B13)

M�
ijj�H�H ’ 3

8�2

X
k;m

�H
i �

H
j R

�t
m3L

�t
m3V

�u
k6V

u
k4mtmbðmtm;M~tLðRÞkÞ; (B14)

in which L�;b;t, R�;b;t are biunitary matrices of mass
matrices between ð�; b; tÞ and the vectorlike fermions
(see Appendix A), while m�m , mbm , mtm indicate the

corresponding mass eigenvalues. V~�;~d;~t are the square
mass mixing unitary matrices of their superpartners, while
M~�LðRÞk , M~bLðRÞk , M~tLðRÞk stand for the corresponding mass

eigenvalues. sin�s1ð2Þ, cos�s1ð2Þ are the unitary matrix

elements of ~s. bðm1; m2Þ is the loop integral factor:

bðm1; m2Þ 
 1
m2

1
�m2

2

ðm2
1 ln m2

1 � m2
2 ln m2

2 � m2
2 þ m2

1Þ.
The value range of the indices in Eqs. (B1)–(B3) is
m ¼ 1, 2, k ¼ 1–4, while in Eqs. (B4)–(B14), it is
m ¼ 1, 2, 3, k ¼ 1–6.

APPENDIX C: NEUTRINO SPECTRUM-
CALCULATING METHOD AND

PARAMETER SETTINGS

The methods to generate neutrino masses and mixing
angles with one-loop trilinear 6L couplings actually in-
volves the following three matrices:

m1

a2 ab ac

ab b2 bc

ac bc c2

0
BB@

1
CCA; m2

d2 de df

de e2 ef

df ef f2

0
BB@

1
CCA;

m3

g2 gh gl

gh h2 hl

gl hl l2

0
BB@

1
CCA; (C1)

where we name each of the matrices above M1;2;3 sepa-

rately. We assume m1 >m2;3, m2 	m3 and there is no

strong hierarchy between a, b, c, d, e, f, g, h, l.
M1 has only one eigenvalue after diagonalized by an

unitary rotation

XTM1X ¼ diagð0; 0;M1Þ; (C2)

where

M1 ¼ m1ða2 þ b2 þ c2Þ (C3)

and
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X ¼
c2 s2c3 s2s3

�s2 c2c3 s2s3

0 �s3 c3

0
BB@

1
CCA; (C4)

s2 ¼ affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2

p ; c3 ¼ cffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2 þ c2

p : (C5)

If we rotate the sum overM1;2;3 by matrix X, it becomes

XTðM1 þM2 þM3ÞX

� m1ða2 þ b2 þ c2Þ

11 
12 
13


21 
22 
23


31 
32 1

0
BB@

1
CCA; (C6)

where 
ij are some small values related with m2=m1,

m3=m1 and the other elements of M1;2;3. We can then

define another unitary matrix X0 to diagonalize the matrix
in Eq. (B6) in an approximate way:

X0TXTðM1 þM2 þM3ÞXX0

� m1ða2 þ b2 þ c2Þdiagð�0
3; �

0
2; 1Þ; (C7)

where

X0 ¼
c1 s1 0

�s1 c1 0

0 0 1

0
BB@

1
CCA (C8)

and

tan 2�1 ¼ 2
12

22 � 
11

: (C9)

Then from Eq. (B7), we get all three mass eigenvalues

M1 	m1ða2 þ b2 þ c2Þ;
M2 	M1�

0
2; M3 	M1�

0
3;

(C10)

and from Eqs. (B4) and (B8), we get all three mixing
angles

s13 ¼ s2s3 ¼ affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2 þ c2

p ;

s23 ¼ c2s3=c13 ¼ bffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 þ c2

p ;

s12 ¼ ðs1c2 þ c1s2c3Þ=c13:

(C11)

The parameter settings we used in Table I are given as
the following:

Set I:

m�
34 ¼ 10; ME ¼ MEH ¼ 600 GeV;

BE�E ¼ 4002 GeV2; mb
H ¼ 170 GeV;

mb
34 ¼ mb

43 ¼ mb
44 ¼ 0;

MQ ¼ MD ¼ MDH ¼ MQH ¼ 700 GeV;

BD�D ¼ BQ�Q ¼ 5002 GeV2;

mt
34 ¼ mt

43 ¼ mt
H ¼ 13 GeV; mt

44 ¼ 174 GeV;

MU ¼ MUH ¼ 700 GeV; BU�U ¼ 5002 GeV2;

tan	 ¼ 10; A ¼ � ¼ 500 GeV:

Set II:

m�
34 ¼ 10; ME ¼ MEH ¼ 1000 GeV;

BE�E ¼ 6002 GeV2; mb
H ¼ 170 GeV;

mb
34 ¼ mb

43 ¼ mb
44 ¼ 10 GeV;

MQ ¼ MD ¼ MDH ¼ MQH ¼ 1000 GeV;

BD�D ¼ BQ�Q ¼ 6002 GeV2;

mt
34 ¼ mt

43 ¼ mt
H ¼ 13 GeV; mt

44 ¼ 174 GeV;

MU ¼ MUH ¼ 1000 GeV; BU�U ¼ 6002 GeV2;

tan	 ¼ 10; A ¼ � ¼ 600 GeV:

APPENDIX D: EXOTIC QUARK AND LEPTON
COUPLINGS TO W, Z, h0 AND DECAY WIDTHS

The couplings for the W, Z, h0 boson with leptons in
Eq. (13) are

gW��1L��L
¼ gffiffiffi

2
p L�

21;

gZ��1L�L ¼ gs2W
cW

L�
22L

�
12 �

g

4cW
½ð2� 4s2WÞL�

21L
�
11
;

gZ��1R�R ¼ gs2W
cW

R�
22R

�
12 þ

g

4cW
ð4s2WR�

21R
�
11Þ;

gh
0

��1L�R
¼ � s�ffiffiffi

2
p ðy�33L�

21R
�
11 þ yE3L

�
21R

�
12Þ;

gh
0

��L�1R
¼ � s�ffiffiffi

2
p ðy�33L�

11R
�
21 þ yE3L

�
11R

�
22Þ;

(D1)

where c� ¼ s	, s� ¼ �c	 is the elements of the rotation

matrix related with the real parts of ðH0
u; H

0
dÞ.

Then the decay widths of �1 are
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�ð�1 ! W��Þ ¼
m�1

32�
ð1þ x4W � 2x2WÞ1=2ð1� 2x2W þ x�2

W ÞðgW��1��
Þ2;

�ð�1 ! Z�Þ ¼ m�1

32�
ð1þ x4Z þ x4� � 2x2Z � 2x2� � 2x2Zx

2
�Þ1=2

n
ð1þ x2� � 2x2Z þ ð1� x2�Þ2x�2

Z Þ½ðgZ��1L�LÞ2 þ ðgZ��1R�RÞ2

þ 12x�g

Z
��1L�L

gZ��1R�R

o
;

�ð�1 ! h0�Þ ¼ m�1

32�
ð1þ x4

h0
þ x4� � 2x2

h0
� 2x2� � 2x2

h0
x2�Þ1=2

n
ð1þ x2� � xh02Þ

h
ðgh0��1L�RÞ2 þ ðgh0��L�1RÞ2

i
þ 4x�g

h0
��1L�R

gh
0

��L�1R

o
;

(D2)

where xi ¼ mi=m�1 for i ¼ W, Z, �, h0.
The couplings for the W, Z, h0 boson with t, t1, t2 in Eq. (14) are

gW�t1LbL ¼ gffiffiffi
2

p ðLt
21L

b
11 þ Lt

22L
b
12Þ; gW�t1RbR ¼ gffiffiffi

2
p Rt

23R
b
13;

gW�t2LbL ¼ gffiffiffi
2

p ðLt
31L

b
11 þ Lt

32L
b
12Þ; gW�t2RbR ¼ gffiffiffi

2
p Rt

33R
b
13;

gW�t2Lb1L ¼ gffiffiffi
2

p ðLt
31L

b
21 þ Lt

32L
b
22Þ; gW�t2Rb1R ¼ gffiffiffi

2
p Rt

33R
b
23;

gZ�t1LtL ¼ �2gs2W
3cW

Lt
23L

t
13 þ

g

4cW

��
2� 8

3
s2W

�
ðLt

21L
t
11 þ Lt

22L
t
12Þ
�
;

gZ�t1RtR ¼ � g

4cW

�
8

3
s2WðRt

21R
t
11 þ Rt

22R
t
12Þ þ

�
2� 4

3
s2W

�
Rt
23R

t
13

�
;

gZ�t2LtL ¼ �2gs2W
3cW

Lt
33L

t
13 þ

g

4cW

��
2� 8

3
s2W

�
ðLt

31L
t
11 þ Lt

32L
t
12Þ
�
;

gZ�t2RtR ¼ � g

4cW

�
8

3
s2WðRt

31R
t
11 þ Rt

32R
t
12Þ þ

�
2� 4

3
s2W

�
Rt
33R

t
13

�
;

gZ�t2Lt1L ¼ �2gs2W
3cW

Lt
33L

t
23 þ

g

4cW

��
2� 8

3
s2W

�
ðLt

31L
t
21 þ Lt

32L
t
22Þ
�
;

gZ�t2Rt1R ¼ � g

4cW

�
8

3
s2WðRt

31R
t
21 þ Rt

32R
t
22Þ þ

�
2� 4

3
s2W

�
Rt
33R

t
23

�
;

gh
0

�t1LtR
¼ c�ffiffiffi

2
p ðyu33Lt

21R
t
11 þ yQ3 L

t
22R

t
11 þ yU3 L

t
21R

t
12 þ yQU

3 Lt
22R

t
12Þ �

s�ffiffiffi
2

p yHLt
23R

t
13;

gh
0

�tLt1R
¼ c�ffiffiffi

2
p ðyu33Lt

11R
t
21 þ yQ3 L

t
12R

t
21 þ yU3 L

t
11R

t
22 þ yQU

3 Lt
12R

t
22Þ �

s�ffiffiffi
2

p yHLt
13R

t
23;

gh
0

�t2LtR
¼ c�ffiffiffi

2
p ðyu33Lt

31R
t
11 þ yQ3 L

t
32R

t
11 þ yU3 L

t
31R

t
12 þ yQU

3 Lt
32R

t
12Þ �

s�ffiffiffi
2

p yHLt
33R

t
13;

gh
0

�tLt2R
¼ c�ffiffiffi

2
p ðyu33Lt

11R
t
31 þ yQ3 L

t
12R

t
31 þ yU3 L

t
11R

t
32 þ yQU

3 Lt
12R

t
32Þ �

s�ffiffiffi
2

p yHLt
13R

t
33;

gh
0

�t2Lt1R
¼ c�ffiffiffi

2
p ðyu33Lt

31R
t
21 þ yQ3 L

t
32R

t
21 þ yU3 L

t
31R

t
22 þ yQU

3 Lt
32R

t
22Þ �

s�ffiffiffi
2

p yHLt
33R

t
23;

gh
0

�t1Lt2R
¼ c�ffiffiffi

2
p ðyu33Lt

21R
t
31 þ yQ3 L

t
22R

t
31 þ yU3 L

t
21R

t
32 þ yQU

3 Lt
22R

t
32Þ �

s�ffiffiffi
2

p yHLt
23R

t
33:

(D3)

The decay widths of the lightest new up-type quark t1 are

XUE CHANG, CHUN LIU, AND YI-LEI TANG PHYSICAL REVIEW D 87, 075012 (2013)

075012-14



�ðt1 ! WbÞ ¼ mt1

32�
ð1þ x4W þ x4b � 2x2W � 2x2b � 2x2Wx

2
bÞ1=2

n
ð1þ x2b � 2x2W þ ð1� x2bÞ2x�2

W Þ½ðgW�t1LbL Þ2 þ ðgW�t1RbRÞ2

þ 12xbg

W
�t1LbL

gW�t1RbR

o
;

�ðt1 ! ZtÞ ¼ mt1

32�
ð1þ x4Z þ x4t � 2x2Z � 2x2t � 2x2Zx

2
t Þ1=2

n
ð1þ x2t � 2x2Z þ ð1� x2t Þ2x�2

Z Þ½ðg0Z�t1LtLÞ2 þ ðgZ�t1RtRÞ2

þ 12xtg

Z
�t1LtL

gZ�t1RtR

o
;

�ðt1 ! h0tÞ ¼ mt1

32�
ð1þ x4

h0
þ x4t � 2x2

h0
� 2x2t � 2x2

h0
x2t Þ1=2

n
ð1þ x2t � x2

h0
Þ
h
ðgh0�t1LtRÞ2 þ ðgh0�tLt1RÞ2

i
þ 4xtg

h0
�t1LtR

gh
0

�tLt1R

o
;

(D4)

where xi ¼ mi=mt1 for i ¼ W, Z, t, h0. The heaviest new up-type quark t2 has six decay channels. The decay widths have
similar forms and can be deduced straightforwardly.

The couplings for the W, Z, h0 boson with b, b1, b2 in Eq. (A1) are

gW�b1LtL
¼ gffiffiffi

2
p ðLb

21L
t
11 þ Lb

22L
t
12Þ; gW�b1RtR

¼ gffiffiffi
2

p Rb
23R

t
13;

gW�b2LtL
¼ gffiffiffi

2
p ðLb

31L
t
11 þ Lb

32L
t
12Þ; gW�b2RtR

¼ gffiffiffi
2

p Rb
33R

t
13;

gW�b2Lt1L
¼ gffiffiffi

2
p ðLb

31L
t
21 þ Lb

32L
t
22Þ; gW�b2Rt1R

¼ gffiffiffi
2

p Rb
33R

t
23;

gZ�b1LbL
¼ gs2W

3cW
Lb
23L

b
13 �

g

4cW

��
2� 4

3
s2W

�
ðLb

21L
b
11 þ Lb

22L
b
12Þ
�
;

gZ�b1RbR
¼ g

4cW

�
4

3
s2WðRb

21R
b
11 þ Rb

22R
b
12Þ þ

�
2� 8

3
s2W

�
Rb
23R

b
13

�
;

gZ�b2LbL
¼ gs2W

3cW
Lb
33L

b
13 �

g

4cW

��
2� 4

3
s2W

�
ðLb

31L
b
11 þ Lb

32L
b
12Þ
�
;

gZ�b2RbR
¼ g

4cW

�
4

3
s2WðRb

31R
b
11 þ Rb

32R
b
12Þ þ

�
2� 8

3
s2W

�
Rb
33R

b
13

�
;

gZ�b2Lb1L
¼ gs2W

3cW
Lb
33L

b
23 �

g

4cW

��
2� 4

3
s2W

�
ðLb

31L
b
21 þ Lb

32L
b
22Þ
�
;

gZ�b2Rb1R
¼ g

4cW

�
4

3
s2WðRb

31R
b
21 þ Rb

32R
b
22Þ þ

�
2� 8

3
s2W

�
Rb
33R

b
23

�
;

gh
0

�b1LbR
¼ � s�ffiffiffi

2
p ðyd33Lb

21R
b
11 þ yQ

0
3 Lb

22R
b
11 þ yD3 L

b
21R

b
12 þ yQD

3 Lb
22R

b
12Þ þ

c�ffiffiffi
2

p yH
0
Lb
23R

b
13;

gh
0

�bLb1R
¼ � s�ffiffiffi

2
p ðyd33Lb

11R
b
21 þ yQ

0
3 Lb

12R
b
21 þ yD3 L

b
11R

b
22 þ yQD

3 Lb
12R

b
22Þ þ

c�ffiffiffi
2

p yH
0
Lb
13R

b
23;

gh
0

�b2LbR
¼ � s�ffiffiffi

2
p ðyd33Lb

31R
b
11 þ yQ

0
3 Lb

32R
b
11 þ yD3 L

b
31R

b
12 þ yQD

3 Lb
32R

b
12Þ þ

c�ffiffiffi
2

p yH
0
Lb
33R

b
13;

gh
0

�bLb2R
¼ � s�ffiffiffi

2
p ðyd33Lb

11R
b
31 þ yQ

0
3 Lb

12R
b
31 þ yD3 L

b
11R

b
32 þ yQD

3 Lb
12R

b
32Þ þ

c�ffiffiffi
2

p yH
0
Lb
13R

b
33;

gh
0

�b2Lb1R
¼ � s�ffiffiffi

2
p ðyd33Lb

31R
b
21 þ yQ

0
3 Lb

32R
b
21 þ yD3 L

b
31R

b
22 þ yQD

3 Lb
32R

b
22Þ þ

c�ffiffiffi
2

p yH
0
Lb
33R

b
23;

gh
0

�b1Lb2R
¼ � s�ffiffiffi

2
p ðyd33Lb

21R
b
31 þ yQ

0
3 Lb

22R
b
31 þ yD3 L

b
21R

b
32 þ yQD

3 Lb
22R

b
32Þ þ

c�ffiffiffi
2

p yH
0
Lb
23R

b
33:

(D5)

The decay widths of the lightest new down-type quark b1 are
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�ðb1 ! WtÞ ¼ mb1

32�
ð1þ x4W þ x4t � 2x2W � 2x2t � 2x2Wx

2
t Þ1=2

n
ð1þ x2t � 2x2W þ ð1� x2t Þ2x�2

W Þ½ðgW�b1LtLÞ2 þ ðgW�b1RtRÞ2

þ 12xtg

W
�b1LtL

gW�b1RtR

o
;

�ðb1 ! ZbÞ ¼ mb1

32�
ð1þ x4Z þ x4b � 2x2Z � 2x2b � 2x2Zx

2
bÞ1=2

n
ð1þ x2b � 2x2Z þ ð1� x2bÞ2x�2

Z Þ½ðgZ�t1LtL Þ2 þ ðgZ�b1RbRÞ2

þ 12xbg

Z
�b1LbL

gZ�b1RbR

o
;

�ðb1 ! h0bÞ ¼ mb1

32�
ð1þ x4

h0
þ x4b � 2x2

h0
� 2x2b � 2x2

h0
x2bÞ1=2

n
ð1þ x2b � x2

h0
Þ
h
ðgh0�b1LbRÞ2 þ ðgh0�bLb1RÞ2

i
þ 4xbg

h0
�b1LbR

gh
0

�bLb1R

o
;

(D6)

where xi ¼ mi=mb1 for index i ¼ W, Z, b, h0. The heaviest new down-type quark b2 has six decay channels; the decay
widths have similar forms and can be deduced straightforwardly.
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