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Phenomenological aspects of R-parity violating supersymmetry
with a vectorlike extra generation
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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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L. 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
MSSM with 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 6,3 =~ 8.8° = (.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 6,3, the hierarchy of oscillation frequencies
Am3, < Am3,, and the smallness of 6,3, 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
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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 4 + 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 SU(3), X SU(2);, X U(1)y:
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The superpotential is conveniently written as
W =W+ W, (1)

where W, and WZ stand for that with lepton number conservation and LPV, respectively,

0= mH,Hy + pfEE; + n2040y + pUUsUG + nP DDy + yiLiHES + y§0iH DS
+y4LQ:H,US + YELH ES + y2' QuH D + yPQ:H, D§ + y°P Q,H,D§ + y! 0,H, U
+y20,H,U¢ + y2UQ,H, U5 + y! 0y H U + v Oy H, DS,

and

Wy D AijpLiLiES + My QiL;D + AELLES + ASQ4LDS + ADQ.L;DS + APP QuL;D§ + AHQuLUs,  (2)

where L;, Q;, ES, D§, and U, i = 1-3, are the first three-generation SU(2); doublet leptons, doublet quarks, singlet
charged leptons, singlet down-type quarks, and singlet up-type quarks, respectively. H, and H, are the up-type and down-
type Higgs, respectively. Note that the term QyH, D§; in W, was missed in Ref. [4]." And in WZ 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

—L D MPLIL; + M*HYH, + MIHTH, + MAESTE + M3 01,0, + M3 0,05, + MyDyI DS, + M3, Es s,

+ M2, 080y + M3, US; U5 + M3, Dy DS, + (BuH H, + BCueESES + BCu?0,0y + BYuVU5UsS,

+ BPuPDSDs, + Hee.).

Proper values of the new B2UP ;,2UD terms are set to

avoid unwanted color symmetry and purely U(1)y 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

"It 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.

3)

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 WZ:
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FIG. 1.
stay in mass eigenstates.

New one-loop contributions to the neutrino masses and mixings from AFAE, A2AP, and A® AH type couplings. All particles

LC _)‘ijk(i]tR Vgl + ile_kR Vi) — /\ﬁjk(giR vipd + gchsz Vi) — /\iEj(Ef; Viplip + leLEiTViL) - /\,-Q,(JZR 7204+ 04dirvir)

— AD(D§p5pd y, + d DS v ) — AP (D475, 04 + QDT vip) — M (US55 Qp + O Usf v;1) + Hee, (4)

where 7§, 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 A, A, AEAE, AAE, A2A2, NCAD AP XD A\H)\H |
ACDACD SN AC N AP N ACP ACACP and AP ACP, respec-
tively. The Feynman diagrams and the corresponding ana-
Iytical results are shown in Fig. 7 in Appendix B. For
simplicity and without losing our purpose, in the Yukawa
interactions of ‘W, we assume that only y£, y2', y2', yP,
yY, yH, and y"' 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, y2, yQU and y#' and five new down-type Higgs
Yukawa couplings y£, y2, y2', y2P_ and y" appear in our
model, and among which y2P, yQU, yH "and y*' provide the
mass mixings between vectorlike generations, and further-
more, they have an infrared quasifixed point [5], we as-
sume yP = y# =0 and yU ~ y#' = y!, < 1. We also
set yP = y9' =0, yF <0.04, and yV ~ y2 = y., < 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
¥4, <<y}, which is a reasonable assumption.

Basing on the above assumptions, contributions from
AA, XA type diagrams can be simplified to the familiar
forms [12-14]

. TR
v ~

Mijl)\/\ —W)ti”/\j%m,.sm a;cos a,;lnf_—,

L

3 b
v ~ ! !/ 1 ~ ~ _R

MYy = " Aiz3Alz3my sina; cos o In—=
L

b
Y ina- n=R
+ Alp3Ajzpm sin ar cos ar In—=
L

. Sk
+ AjzpAlp3my, sin ag cos ez In 5—), %)
L

|
where, in the first equation, we keep only the dominant
contributions and, in the second equation, we keep the
dominant and subdominant ones. «,, «,, a,, and «, are
the angles of the corresponding 2 X 27 (), Z;L(R), S.(r)» and
Tr(r) 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, Af, AP,
A2, and A, for consideration while assuming the rest
of them, A, A, and A9, 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: Am3, =(7.59+0.21) X 107%eV?,
Am3, = (243 £0.13) X 107% eV? and sin?26,, =
0.86170:926 sin226,; > 0.92, sin226,3 = 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 AFAE, AP A2, and
M A 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 1)

A4 pY
5~025,  HD~14 AF~21X107,
A A ;
23 23
0 D o D [¢) D /\{i
Ay~ A, Ay~ A, A3~ A5, E ~ 1.4,
/\H
oL M A~~~ ©)
2
we have
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TABLE I. Numerical illustration for five types of one-loop
contributions in our model. For the specific parameter set-
tings, see Appendix C. M}; (GeV) stands for the parts in Eqgs. (4)

and (5) except the LPV trilinear coupling constants.

M?j')\g)\f} M?jhg)‘g M}’jthg Mi”jthg ij'Af’)\f’
Set I 0.0043 0.238 0 0 0.08
SetII  0.0027 0.168 0.004 0.003 0.011
m
2~ 0.17, M, ~ 59X 1074 eV,
mys

7
m,; ~ 5.1 %1076 eV, @)

sin 63 ~ 0.581,

sin 013 ~ 0. 143,
sin 012 ~ 0.559.

Unlike in the 3G LPV case, where Aj33A755, Ajp3 Al +
AlzpAlps3, and Aj33Aj33 type one-loop contributions are
dominant, subdominant, and next to subdominant, respec-
tively, here in our model, under the assumptions mentioned
before, A%)\%, AH )\f , and Af;/\j% type one-loop contribu-
tions are dominant, subdominant, and next to subdominant,
respectively. This is because the new fermions 74, 1, 5, by,
in the internal lines—see Fig. 1—are much heavier than
the third-generation fermions 7, t, b.

For the same reason, our requirements of the new LPV
couplings we choose are of the order of 107 and small
enough to avoid measurable flavor changing neutral cur-
rent decays such as u — ey [15]. It worth noting that, by
decoupling the vectorlike generation, correct neutrino
masses and mixings cannot be obtained via AA, A’'A’ type
one-loop contributions.

In addition, A7 A" type contribution containing up-type
(s)quarks in the internal lines is absent in 3G LPV models,
because the vectorlike down-type doublet quark Q% mixes
with the right-hand singlet top quark.

From Table I, we can also see that, by choosing /\%)\%,
/\%/\j%, and A3A% 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, yV, y2, y2U and y', corresponding to the
Yukawa mass, mb,, m);, m),, and m%, separately, and
also five new down-type Higgs Yukawa couplings, y,
yP, y2', y2P and y", corresponding to the Yukawa mass,
m3,, m5,, m&;, m4,, and ml;, separately. The related super-
potential contributing to the lightest scalar Higgs mass is
shown in ‘W,. 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

PHYSICAL REVIEW D 87, 075012 (2013)
W = un20,0y + uPDSD§, + ¥y QyH, D,
+ yQUQ4HM Uj. (®)

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]

3X2 . 1 1 1
Amh = 4772 (y?,)4v281n4ﬂ[tv - 6(5 - ;)(1 - ;)
X3 1
- 2—V(1 - —)] 9
M2 3x ©)
where v = 174 GeV indicates the Higgs VEV and
2
Yy = yoU = yt x = Mi/M? ty =lo —MS
Vv S ) 14 gM2 )
v

(A — ppp cot B)? = (Agy — poy cot B)?
= (Ay — pycot B)* = X3, (10)

in which, for simplicity, u¢ = u? = M, stands for the
vectorlike mass of the new up-type quarks, M = M}, =

m? [see Eq. (4)], and Mg = 4/M} + m?* stands for the

average mass of the new up-type squarks.

In MSSM, the Higgs mass from the ¢, f one-loop con-
tributions is about 110 GeV, for A’ = u = 400 GeV, m; =
400 GeV, and tan 8 = 10. Direct search bounds from
CMS for exotic heavy toplike quark set limits of M, >
557 GeV if B(f' — Wb) =1 [17] and M, > 475 GeV if
B(t' — Zt) = 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 M, > 415 GeV
[19,20]. So if we set the vectorlike fermion masses in our
model to be My ~ 500 GeV, the soft supersymmetry-
breaking parameters to be m ~ 700 GeV, Ay = uy ~
500 GeV, and By uy, ~ 5007 GeV?, then from Eq. (10), in
order to get approximately 125 GeV Higgs mass, for about
My = 500 GeV and Mg = 850 GeV, we just need to set
yi, ~ 1 or, say, need to set m/, = m% = m!, ~ 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 vy channel and little deviation in the ZZ channel
[21,22], the effects of the exotic vectorlike quarks to the Higgs
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
N*m'? /M3 [21,22]. So only the very large couplings to the
Higgs can obviously enhance the Higgs production and decay
in the y7y 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
my, ~ 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
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problem is concerned, extra vectorlike fermions are mainly
introduced to adjust the Higgs mass. However, the yy and ZZ
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 EXTRA VECTORLIKE FERMION DECAYS

To be clear, we list the new extra vectorlike fermions

below:
Ej, i
WE_(EC)’ \I}Q=<_t,b ’
4 H
. : (11)
Uj Dy
Yy, = > D= ,
Un Dy
hO Rl
- e
T1 T st
hO Rl
- e
51,2 b7 bl bl,2
hO Rl
- e
t12 ity t1,2

0,066 ———————— T T T T T

ol
=3
=
—T T
-
N\
L

e

=3

xR
—T T
'
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!
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e
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FIG. 3 (color online).

T1BRs
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in which Ef, mixes with 7,; Ef mixes with 7g; QZ, Dg,
mixes with b, ; D§, Q}; mixes with by, Qf, U§, mixes with
ty;and Ug, Q% mixes with 7. 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 53, 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 7'1 —C*7v., by—N;b,
C™ b, where N;, i =

is a neutralino and Ci is

: ‘i
~
: ‘i
b.by
: ‘i
tt

1.0 yr— A I LR S A B S B B SRR R S S B B L R
L “.
F
\\
A
0.8 .. 1
[ Ses - Wy
0.6 - 1
0.4 1
0.2 7t 4
r .-' hr
0.0 H U S STTN T  S S S S ST T S [NSSS S N S S S S S SO S
100 200 300 400 500 600 700 800
M1 (GeV)

The decay widths of the new lepton 7, (left panel) and its branching ratios (right panel) with y = 0.04.
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a chargino, and (ii) through LPV interactions—see  are of the order of 107%, so we can neglect this kind
Eq. (2)—decay into fermions and sfermions, such as  of decay channels reasonably. On the other hand,
T — eft, by — 7t, t; — éb. Although the kinematical  for simplicity here in our work, we assume that the
conditions for the latter decay mode are easy to satisfy, = former decay mode is not kinematically allowed.
we have already seen in Sec. III that the LPV couplings  Therefore, the exotic fermions can decay only into
in our model, in order to explain the neutrino spectrum, SM bosons.

|

A. 71 decays

The weak boson interaction Lagrangian to 7, 7, is

— — — - 0 — 0 -
LDgY | FiuuytvaW, + 82  Fuy*riZ, + g TRy TRZ, + gt L TiTrh? + gk T migh® + He o (12)

The couplings and the decay widths of 7, 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 7 will be stable and give an unacceptable cosmological heavy relic [24].
For specific, when y£ = 0, the off-diagonal elements of L”, R are equal to zero. That is why we set y* # 0 in Sec. II
while discussing the neutrino spectrum; more specifically, we set y© = 0.04. Under these parameter settings, numerical
results of 7, decay into W, Z, h° are shown in Fig. 3, we can see in the limit of large m,,, and the branching ratios are
BR(7; — Wv,) ~ 0.7 and BR(7; — Z7) = BR(7; — h71) ~ 0.15.

B. ¢, decays

The weak boson interaction Lagrangian to ¢, 1, , is

LOgnp, ey bWy + 87, o VLW, + 81, Dy bW + 83, Dr v brWo 81y, D1 v b1 Wy
8 RV bWy + &% Ty Z, gl byt Z, + et byt Z,+ gt TRy iRz,
+8Z,, LRV tRZ, + 8%, TrY*tiRZ, + g?,(;t,jmthO + g?:szLthhO + g’g‘i,R by trh?
+ g?:tmetZRho + gg;_llszLthhO + g%’l‘;[w fiLtrh® +H.c. (13)

The couplings and the decay widths of t; , are given in Appendix D.

As mentioned in Sec. II, we take yV ~ y¢ = 0.08, y2V ~ y#' < 1; the numerical results are shown in Figs. 4 and 5.
We can see that, in the limit of large M, ,, the branching ratios of #; are BR(t; — Wb) ~ 0.4 and BR(t; — Zt) =
BR(t;, — h%f) ~ 0.3, and the branching ratios of t, are BR(t, — Wb,) ~ 0.85 and BR(t, — Zt;) ~ 0.15.

1.0

0.020 T T T T T T .

0.8

0.015
s
3
<) 0.6f
£ &
= ==}
= 0.010 -
= I
5 041
3
a
o

0.005 -

0.2+
0.000 : : : : : 0.0 ——t : : : : :
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
Mn (GeV) Mn (GeV)

FIG. 4 (color online). The decay widths of the lightest new up-type quark t; (left panel) and its branching ratios (right panel) with
y2P =y = yD =, yU ~ y2 = (.08, and y2U ~ y#' =1,
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FIG. 5 (color online).

yoP =y =yP =0, yV ~y2 = 0.08, and yo! ~ y"' = 0.98.

C. by, decays

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

The decay widths of the heaviest new up-type quark t, (left panel) and its branching ratios (right panel) with

L> gZ“thLb_lL'y#tLW,; + g,gthngLY”fLW; + 8Z-‘TLIR51R7“1RW; + g,V;ZRtREzRV“tRW; + 8Z-ZLIIL52L’)”L11LW,I

w7 R 2 » z i z i z
85 0 2RV 0RWy + 85, Duy*bLZy + g5 | by YHbLZy + gp | ba¥RDwZy Tt gf | birYHDRZ,

z i z 7 R 04 i 04 i 0
t 85 5, DRV ORZ, * g5 DopYHbiRZy + g5, Dbl + gp, bibigh” + g5 by brh

W7 04 oh° 1 0 4 Hh
t 85,5, Lborh” T gp o by bigh” + g

by bag

b_lLbthO + H.c.

The couplings and the decay widths of b; , are given in Appendix D.

(14)

7 T T T T T T T 1.0 . . . . .
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& 3
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FIG. 6 (color online).

with y2P = yfl = yD =0, yU ~ y2 = (.08, and y2U ~ y#' = 0.98.
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FIG. 7. One-loop contributions to the neutrino masses and mixings in our model.
The numerical results of b, decay widths and branching trilinear LPV couplings. The new trilinear R-parity
ratios are shown in Fig. 6 under the parameter settings violating couplings make it easy to generate the
mentioned before; we can see BR(b, — Wb;) ~ 0.85 and proper value of 3. These coupling constants need
BR(b, — Zb;) ~ 0.15. The branching ratios of b, are to be about 1076
BR(b, — Wt) = 1, which are not shown here. (ii) The two new up-type Higgs Yukawa couplings, y*’
and y2U, between the vectorlike quarks and the SM
VL. SUMMARY AND DISCUSSION third-generation quarks, with values about 1 near to
their infrared quasifixed point in the TeV scale, can
We have studied several phenomenological aspects of the give rise to 125 GeV Higgs mass with no need of a
LPV MSSM model with a vectorlike extra generation: the very heavy new superpartner.
neutrino spectrum, the Higgs mass, and the LHC phenome- (iii) There are five new heavy fermions, 7, t;,, b;,,
nology of the new predicted fermions. The results are predicted in this model. They can only decay into
(i) The correct neutrino masses and mixings, especially SM bosons by some kinematic assumptions. The
the relatively large 65, can be generated from branching ratio depends on the mass mixing between
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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:

LD (s E;,)JW( T ) (A1)
E;

Ml = <m§3 m§4)
0 uf

where m3; = yi, 75 cos B andmj, = y§7”5 cos 3. By taking

and

(A2)

|wE| > |m3,|, then the biunitary matrix to diagonalize M7 is

LT*MTRT* = (mr’ IU’E) = diag(mw m‘rl)’ (A3)
where
1o 1T
_ 123 _ M
LT = o | , R = o, | . (Ad)
uE (uF)?

The mass matrix 2M? of the third-generation down quark
and vectorlike down-type quarks is given as the following:

bL‘
LD —(b, 0} DipyM"| Dy |, (A5)
Ol
where
mi; mi, 0
MP =1 mby mb, w@ | (A6)

Db
0 wu” my

b = yd b =D b =

where m3; = y§; 75 €08 B, m3, = )5 75 €08 B, mj =

y3Q'7”§ cos B, and mb, = yQDj’E cos 8. By taking that

PHYSICAL REVIEW D 87, 075012 (2013)

| @] ~ [uP] > |m5, |, Imb,], |m55], Im5,], then the biuni-
tary matrix diagonalize M’ is

LY MPRPT = (my, u@, uP) = diag(my, myy, my,), (A7)
where
1 0 —
b — ”Dmh+“QmZ
L 0 ! W uor-mgy | (A8)
mh, o (m})*+(mb,)? 1
,MD ,U,Qm’;,+,unm§4
and
b
1 % 0
Qb + uPmb
RI=[ 0 ooy ! (A9)
,u,D /ADmZ+/,Lme4

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

e
LD (1,0, Ujp)M'| US| (A10)
ol
where
miy tmsy 0
M = myy my wp?| (A11)
0 wuY my

where mi; = Y43 J5 sin B, mh, = yY 7 sin B, miy =
y?% sin B, mi, = y?! % sin B, and m}, = y 5 cos .
By taking that [u@| ~ [wY] > [mil, lmiyl, lm5;l, Im,],
|ml,;|, then the biunitary matrix diagonalize M is

L MR = (m,, p9, uY) = diag(m,, m,, mp), (A12)

where
1 0 -
wYm', +ulm!
Lr=10 ! WO er—Gpe [ (A13)
my mt)2+(mt,)? |
u? y,Qm’lﬁ—,u,Um‘44
and
1 it 0
. Mth +,uUm’
Ri=1 0 Gopetor—mye ! (Ald)

(m})*+(m},)?

r
_ Iy 1
4 ,U.Um;i+,u,Qmi4

The charged slepton mass-squared matrix ,’M? of 7 and
the superpartners of the vectorlike leptons is given as the
following:

075012-9
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LD (L7 ES, ES, E5p)M?

where

2

PHYSICAL REVIEW D 87, 075012 (2013)

(A15)

Ej,

~ m ~ ~
(M), =M>+ (72 - m%};/)COSZ,B +m2+|m3,l? (M2)1, = (mog— ptan B)m,, (MZ);3=(my— wtanB)mi,,

(M2) = (my— ptan B)m,,
(M2)31 = (mg— ptan )m5,,  (M3)zy=m. mj,

(M3)14 = pmsy,
(M2),,=0,

(M3)2, =M}~ (my — m},)cos2 B+ m2,

A 12
(MT)23 = m7m§4’

(M2)33=|pb?+ M3 — (m% — m3,)cos2B + [m, |,

(ﬂ3)34 =B ur, (j’lz)m = ,U,Em§4, (j/li)“ =0, (j’li)zw =B ut, (j/lz)44 =|uf?+ MIZ:"H + (m% - m%v)cos2,8.
(A16)
The corresponding unitary scalar matrix is defined as
VIMEVTT = diag(M2, M2, M2, M%,). (A17)

The mass-squared matrix M3 of b and the superpartners of the down-type vectorlike fermions is given as the following:

LD (b*,Ds, D, Ds;, 0%, Oy) M3,

where
212 2 m%"'zm%v 2 b |2
(M) =MQ——cos2,8+mb+ |m34| ,

12 312 312
(Mp)1y= MDm§4’ (Mp)1s= mbm23 + m§’4mf{4, (Mp)16=0,

2

2
m- —m
-2 WcosZ,8+mi+|m§f3|2,

(jvli)zz = M}Z)
(j\’li)zs = (mo — ptan Bymf,, (:Mzz;)zs = umi,,
2 2

~ ~ m-—m
(Mi)n = mbm§4 + mzbt3m24’ (-7\’1%)33 = |MD|2 + M%) - Zf

. -
(M3)3s = (mg— ptan B)mb,,  (Mj)z = ulmb, + uPmb,
2_ .2
~ mz—m

(Mp)as =P+ M3y, +%cos2,8 + +mb|?,

. -

(M3)s, = mpymdy +mbymb,,  (Mp)s, = (my — ptan B)m},,
2 2

M> P m2+2m
(Mi)ss = uPmly + ulmpy,  (Mp)ss=|ull* + Mg — £

(jvlizz)ﬁl =0, (M%)(ﬂ = MQmﬁg., (j\’l%)e_% = MQmZ4 + MDmZ:

my +2mi,

(M3 =21 + My, + Imfy|> + cos2p.

The corresponding unitary scalar matrix is defined as

075012-10

(My2) 12 = (mg — putan B)my,

W cos28+ |m8, 1> + [mb, |,
x12
(be)41 = ,U«Dmé’m

312
(M)ss = /LDmf{4 + ulmy,

Y cos2B+ |mb, | + [mb, |2,

(M3)gs = (mg— wcot B)my;,

[ b

Ds
D§*
Dy
05
\ 0}

, (A18)

(M3)13 = (mg— ptan B)ms,,

(j/l127)21 = (my — wtan B)m,
(M3)3 = mym%, +miymb;, (M3)5=0,

(«'Mzzy)m = (mo — ptan Bymb,

(M3)3 = —BPuP,
(M3) =0, (M3)3=—BPu>,

(fM%)% = (mo — pcot B)my;,

(M3)s3 = (mg — ptan Bmb,,

(M3)s6 = BO 2,
(jvlzz;)ﬁs = BQMQ,

(A19)
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VEMGVPT = diag(M3, M3, M3, M3, M3, M) (A20)
The mass-squared matrix j\/l? of 7 and the superpartners of the up-type vectorlike fermions is given as the following:
(1)
Uy
o5
U
0
\ 0/ /

L D (f*y ~§y 02! 0C*) ~£l*) Q%)‘Mtz ’ (AZI)

where

2

4m3, —m ~ ~
i Zcos2fB +m? + [mi, 2, (M%)IZ = (mg — pcot B)m,, (M7)13=(mg— wcot B)m},,

(M), = Mg+
(M), = wYmby, (M?),5= m,mlyy + mhymy,, (MD)16=0, (M})y = (my— wwcot B)m,

(.7~Vlt2)22 =M} + %(m% —m3,)cos2B + m? + |m23|2, (.’]~Vl,2)23 = m,mjy, + mizyml,, (j\/lt2)24 =0,

(jvlzz)zs = (my — pcot B)mi;, (j\’lzz)ze = ufmiy, (j\’lzz)ﬂ = (my — pcot B)my,, (jvlzz)32 = mymY, + mlyml,,
(M?)35 = uV)? + M3+ %(m% —m?,)cos2B + |mh, |12 + |mi, )%, (M?)3,=—BYuY, (M?)s35=(mg— weot B)mly,,
(M3?)36 = wfmly, + uYml, (M3, = wYmb,, (M) =0, (M?)y3=—BYuY,

(ﬂzz)44 = |,MU|2 + M%}H - %(m% - m%v)cosz,B + |m51|2’ (j~\/1t2)45 = ,U«U*mfm + :U«Qm%’ (j\’lzz)% = (mo — wtan B)my,
(j\’ltz)ﬂ = mml; + mi,ml,, (fM?)sz = (mo — pcot B)mjs, (j\’ltz)ﬁ = (my — pcot B)m,,

4m%V — m>

(.jvltz)54 = ,LLUme + ,u,Qm}_I, (j(/l?)ss == |II.,(,Q|2 + MZQ + Z COSZﬁ + |m24|2 + |mf‘3|2, (ﬂ%)56 = _BQ/.LQ,

(j\’lzz)m =0, (j/ﬁ)& = MmeB, (~7~Vlt2)63 = /Lmem + Mum?p (~7~Vlt2)s4 = (my — ptan B)mfg,

~ - 4 2 02
(MD)gs = ~BuC, (M) =110 + My + Iy P ~ =2 cos 2. (A22)
The corresponding unitary scalar matrix is defined as
VIMAV' = diag(M?, M2, M%, M%, M2, M%). (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:

1 KT J AT \J*TYT
M|y = o ZAW\ R LVIVEm, b(m, , M, ), (B1)
k,m
1 £ £ * * * *
NS s Z,\g AR L Vi Vim, b(m, Mz, ) + R L Vi Vim, b(m,, , Mz, )], (B2)
k,m

(B3)

TL(R)k)’

1
v ~ E NE R*7 1 *T \J*TY/T
M| ye e = ) Z/\B)‘ﬂRmszVm Vime, b(m; . M;
k,m

3
~ Y #b 1 *b \y*by7b . Y *b 1 %b -
Mijlyw = 82 §:Ai33Aj33[Rm1Llek1 Vs, b(my,, Mj, )+ gy Ajps RS Loy, sin e o) €0s @) b(my,, M5, )]
k,m

(B4)
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3 * * *
Miiliere = g— S AGAGRAE L VS VEmy, bmy,, M, ), (BS)
k,m
M| oo = g D ABALRL L ViV my, b(my, , Mj, ), (B6)
k,m
3
v ~ 0D  OD p= % *
MY o0 yo» _sz/\i AT R LS VEVEsmy, b(my, , My, ), (B7)
3 * ® * * * %
MY je = g Z)\g)\J’%[RmszmeVk{’V,fzmbmb(mbm, Mg, )+ R LA VEVismy, blmy, , Mg, )] (BS8)
k,m
3
v ~ 0 ODr pxb 7 #b yy*by7b _ #b T %b Yreby7b _
Mijl\eper = 372 Z’\ia)‘j (R LoaVis Vismy, b(my, , M hL(R)k) + R Ln Vi Vismy, b(my, , M b,_(,m)]’ (B9)
k,m
3
v ~ ODr p= * * 5 * * % 5
M| o yop = s S ABALPIRA L VidVEmy, b(my, , My, ) + RIGLSVEVEm, b(my, M, )], (B10)
k,m
3
M,-j|“Q =3 kZ’\§S3)‘j3[Rmblebl kaV,mebmb(mbm, M,;LW) + Rm"le"ZVkle,fzmbmb(mbm, M,;L(R)k)], (B11)
,m
M;/le’AD = 872 kz/\;?ﬁ)\jD?’[Rmszmbl ka’V,ljzmbmb(mbm, MEL(RM) + Rmblebl kajvlémbmb(mbm’ MEL(M)]’ (B12)
3
~ ODr * % * * s
M|y pep = 52 kZA;33A 7R LAV Vismy b(my, My, ) + Ry Ly Vit Vismy, b(my, Mg, )] (B13)
M| g = 372 D AN L Vi Vigmy, bm,,, M), (B14)
k,m
in which L™»!, R™>! are biunitary matrices of mass a> ab ac d> de df
matrices between (7, b,' t) and the Vectorhlfe .fermlons mi| ab b be |, my| de 2 e al
(see Appendix A), while m, , m, , m, indicate the 5 5
corresponding mass eigenvalues. V7% are the square ac be ¢ af ef f
mass mixing unitary matrices of their superpartners, while gt gh gl
Mz . M,;L(R)k, M, . stand for the corresponding mass my| gh K> hil|, (C1)
eigenvalues. sin ay;(y), COSay(p) are the unitary matrix gl hl P

elements of §. b(m;, m,) is the loop integral factor:
b(my, my) = m(m% Inm} — m3Inms — m3 + m}).
The value range of the indices in Eqs. (B1)-(B3) is
m=1, 2, k= 1-4, while in Eqs. (B4)—(B14), it is
m=1,2,3, k= 1-6.

APPENDIX C: NEUTRINO SPECTRUM-
CALCULATING METHOD AND
PARAMETER SETTINGS

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

where we name each of the matrices above M, ,; sepa-
rately. We assume m; > my3, m, ~ m3 and there is no
strong hierarchy between a, b, ¢, d, e, f, g, h, L.
M, has only one eigenvalue after diagonalized by an
unitary rotation
XTM, X = diag(0, 0, M), (C2)
where
M, = m(a®> + b> + ¢?) (C3)

and
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€2 $2C3 8283
X = —S8y CpC3 8283 |, (C4)

0 —S3 C3

c
§H = ——, 3= —=o-—o—. (C5)

Va* + b? va* + b* + 2
If we rotate the sum over M , 3 by matrix X, it becomes

XT(My + M, + My)X
€11 €12 €13
= ml(a2 + b2 + CZ) €71 € €3 |, (C6)

€ €3 1

where €;; are some small values related with m,/m,
m3/m; and the other elements of M;,3. We can then
define another unitary matrix X’ to diagonalize the matrix

in Eq. (B6) in an approximate way:

XTXT (M, + M, + M)XX'

~ my(a* + b* + c?)diag(8%, 85, 1), (CT
where
Cq S1 0
XI = -5 (&} 0 (C8)
0 0 1
and
2
tan20, = — 12 (C9)
€» T €

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

Ml -~ ml(az + b2 + C2),
M2~M15/2, M3~M]6/3;

(C10)

and from Egs. (B4) and (BS8), we get all three mixing
angles

S13 = 8283 =

$23 = C253/Cl3 = \/TT (C1T)
C

s12 = (5162 + ¢152¢3)/c3.

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

PHYSICAL REVIEW D 87, 075012 (2013)

Set I

m§4 == 10, ME == MEH = 600 GCV,
BE uf = 400° GeV?; m,”i = 170 GeV,

m§4 = m23 = ’"34 =0,

MQ == MD == MDH == MQH = 700 GeV,
BP uP = B2u? = 500° GeV?;
mi, = ml; = mjy = 13 GeV,

MU == MUH = 700 GCV,

mi, = 174 GeV,
BYuY = 5002 GeV?,

anB =10, A= =500 GeV.
Set II:
m§4 = 10, ME = MEH = 1000 GEV,

BEuf = 600° GeV?; mb, =170 GeV,
mg’4 = mf4’3 = mi’4 = 10 GeV,
My = Mp = Mpy = Mgy = 1000 GeV,
BPuP = Bu? = 600° GeV?;
mi, = myy = my = 13 GeV,
My = Myy = 1000 GeV,
tan B8 = 10,

ml, = 174 GeV,
BYuY = 600%> GeV?,
A= u =600 GeV.

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

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

w
87 v

r
L21’

£
V2

VA gS%V T T g 2 T T
8%, = L3L}, — 4—[(2 —4sy)L3, LT, )
Cw Cw

2
8s 8 D1
g%IRTR = c WREZRTZ + 4 (4S%VR51R71-1)’ ( )
w Cw

0 Sa
gglLTR - _ﬁ(y%LEIRII + y3EL51R71-2)’

0 S
géLTIR = _\/—%(ygSLIIREI + ygLIIREZ)’
where ¢, = sg, 5, = —cp is the elements of the rotation

matrix related with the real parts of (H9, H)).
Then the decay widths of 7, are
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[(r, = Wy,) = T‘ (1 + ity — 203)12(1 = 223, + x P (8Y, )%
I(ry—Zr) = 3277'7_(1 +xh 4+t —2x2 —2x2 - Zx%x%)m{(l + a2 = 2%+ (1= xD)2xD(e% ) + (g4 ... )]
+ 12x7g%lLTnglRTR}’
(7 — h'r) = Tl (1 + ek = 20— 20 = 2d) (4 o = e[ (65,7 (85 2]+ el gk )
(D2)
where x; = m;/m, fori=W,Z, 7, h°.
The couphngs for the W, Z, h° boson with ¢, ¢, t, in Eq. (14) are
woo=8 (@it + Lk, gV, =S RLR
8t b, = 7— 21411 2nt12) Eiibr — ﬁ 23443
8 8
gngL = \/_—(LnLlfl + L5,LY), g,YZVRbR = ER%RI%’
8
gz'erblL = \/_E(Lgll‘gl + LyLY), 8¥2VR;,1R = \/—§R§3R§3,
—2gs%, 8
gTZmL = 3cy LosLis + 4c W[(2 3 )(Ltlell + L’22L’12)],
g I8 4
8ivtr — T 40 W[ siy(R5, Ry, + R5,R},) + (2 - §S%V)R123Rl13:|>
z _2gSW tort 8 8, tort tort
86,1, = cw LyLi; + dey 2 _gsw (L5 Ly + L5L5) |
z = 8 80 p R+ RLRY) + (2 252 )RR
8tontn 4oy L3 w3 Ry 32182 3°ow R
z _ZgS%V t 7t 8 8 2 t oyt t oyt (D3)
8ty 3cy Ly;Lo; + ey 2 35w (Ly, L5, + Ly,LY) |,
2 == 8 B0 R Ry, + RRY) + (2 - 22, )RR,
8tz dey L3 WU 320 35w )50 |
h° :Cl(uLth +veLt Rt 4+ UL R+ QULtR ) — Hpt pt
87,1 Nz Yazbo vy T Y3 Loptyy T Y3 Ly iy T Y3 Loy, \/..y 23413,
0 U
?er = \/—_(y33L’”R’21 + ygLﬁzRél + YL} Ry + Y3Q LRy — \/inLtmRéy
0 a
gszzR - \/—§(y§3L§1R’“ T3 LISZRTI + YLy, R}, + )’3 LtzR 2) — \/— YL R,
o Cq QU
thZR = \/—_(y§‘3L’11R§1 + ythuRt + YL} RS, + y3 Li,R%,) — \/—)’HL[3R33’
0
meR = 7—()’3%L31R21 +y3 L%2R21 + YL Ry, + y3 LI2R22) - \;2- YTLA; RS,
0 a u U
gﬁmk \/_E(YS SRS+ y3 L22R§1 + L5 Ry, + YQ LyHRY) — \/— YILYRS;.
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The decay widths of the lightest new up-type quark t; are
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['(t, — Wb) = 32t‘ (1 + xf, +x} —2x%, — 2x3 — 2x3 xi)l/z{(l + x5 = 20 + (1= x)2x52) (gt )* + (g7, )7

+ 12xbg%bLg%bR},
I'(t,

m
= 3 :‘T(l + x5 4+ xf —2x% —2x% — 2xe2)1/2{( +x2 =22 + (1 — xH)*x 2)[(g’;lZLtL)2 + (gt_ZIR[R)z]
+ lznglelfl gfszk}’
Pt — b0 = 200 (1l + =2, = 28 — 2220 +2 = )Gl )2 + (gl 2] + gl gl ]

(D4)

where x; = m;/m, fori=W,Z,1, h°. The heaviest new up-type quark t, has six decay channels. The decay widths have
similar forms and can be deduced straightforwardly.
The couplings for the W, Z, h° boson with b, by, b, in Eq. (A1) are

glV;:LtL %(Lé’lL’“ *LBL), Eboin \%RBRB,
8 . = %(LQ’IL21 +LhLY), Y = & & b RL,
% = §zw LiLty - 35 [(2 - %‘sgv)@glql + ngL@:,

g [4 8 1
&0, = o | 3 RE R + RERD) + (2 5% JRERT

5 -
gs g 4
gbZZLbL = ﬁL&L’g - 4oy [(2 3 W)(LglL}ﬁ + ngL 2)_’
7 _ 8 4 2 (pb pb b pb 8 2 b pb 1
bt ~ dey gsw(RmRu + RHRY) + (2~ 35w R33R13_’ (D5)
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The decay widths of the lightest new down-type quark b, are
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birtr

m
I'b, —» Wt) = ﬁ(l +xfy +xf = 2x3, —2xF — Zx%vx?)l/z{(l +x2—2x3, + (1 - x,z)zx;vz)[(gg;n)z +(g¥ )7

w w
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s L*L IROR

zZ zZ
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m
['(b; — h%) = —32}77'7_(1 +xj + X} — 2x3, — 2x3 — 2x; xi)l/z{(l +x2 — xﬁo)[(gglbk)z + (ggzbm)z] + dx, gt g }

ho

by by gl;LbIR
(D6)

where x; = m;/my, forindex i =W, Z, b, h°. The heaviest new down-type quark b, has six decay channels; the decay
widths have similar forms and can be deduced straightforwardly.
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