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Supersymmetry and an extra vectorlike generation
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Within the framework of supersymmetry, the particle content is extended in a way that each Higgs
doublet is in a full generation. Namely, in addition to ordinary three generations, there is an extra
vectorlike generation, and it is the extra slepton SU(2); doublets that are taken to be the two Higgs
doublets. R-parity violating interactions contain ordinary Yukawa interactions. Breaking of supersym-
metry and gauge symmetry are analyzed. Fermion and boson spectra are calculated. Phenomenological
constraints and relevant new physics at Large Hadron Collider are discussed.
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I. INTRODUCTION

The main stream spirit of the physics beyond the stan-
dard model (SM) is like the following. SM gauge inter-
actions unify at a high scale (~ 10'® GeV) [1].
Supersymmetry (SUSY) [2] is then a must to stabilize
the SM Higgs mass. The minimal SUSY extension of SM
(MSSM), which necessarily involves two Higgs doublets,
reinforces the idea of the grand unification theory (GUT)
because of LEP data [3]. Further assuming R-parity con-
servation, the dark matter (DM) is provided [4].

However, things can be different. Before verification of
SUSY GUT, other ideas should be pursued whenever they
have reasonable points. In this Large Hadron Collider
(LHC) era, discoverable ideas besides MSSM are of par-
ticular interests.

In this paper, we still use weak scale SUSY to extend the
SM. Our consideration is as follows: The SUSY SM needs
two Higgs doublets in order to provide masses to both up-
and down-type quarks. Fermions in each doublet cause
anomaly. In MSSM, anomalies of the two doublets would
cancel each other. The two Higgs doublets would be vec-
torlike matter in MSSM. They are very different from the
three generation chiral matter in which the anomaly of
each generation automatically vanishes. To treat the
Higgs and the matter on equal footing, we introduce addi-
tional fields associated with each Higgs doublet, making
them one generation leptons and quarks alike, the anomaly
due to each SU(2) Higgsino cancels those of the new
introduced. In such an extension, for example, the down-
type Higgs is in the same position as a lepton doublet in a
full matter generation. Immediately we find that except for
the lepton and baryon numbers, the down-type Higgs and
its associated fields can be identified as another full matter
generation, that is the fourth generation.
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The fourth chiral generation may have been generally
disfavored because of the Z° decays, which show three
generation light neutrinos only. There were many discus-
sions about the fourth generation [5—8]. Ref. [7] introduced
the fourth generation and identified its slepton as the
Higgs. The partial role of sleptons in electroweak symme-
try breaking (EWSB) was discussed previously [9].
Different from Ref. [7], we take the weak scale being a
low energy one, therefore we still have two Higgs doublets.
As we will see, when introducing SUSY, the fourth gen-
eration neutrino is automatically heavy because of the
existence of the generation associated with the up-type
Higgs.

The extra generations in this model are vectorlike. There
are quite a few studies of vectorlike fermionic generations
[5,10,11]. Vectorlike fermions may have interesting physi-
cal implications [12,13]. Within SUSY, Ref. [11] studied
one mirror generation case. We introduce a vectorlike
generation pair, which contains the two Higgs doublets
required for EWSB.

This paper is organized as follows: In Sec. II, the model
is constructed. SUSY breaking, EWSB, and particle spec-
tra are presented. In Sec. III, phenomenological constraints
are discussed. LHC phenomenology is given in Sec. IV. We
summarize the model and further discuss its other aspects
in the final section.

II. MODEL

In this paper, we consider a SUSY SM with a vectorlike
generation. The particle contents are given below. In addi-
tion to the fourth generation superfields, L4, EY, Oy, U{,
Dj, the up-type Higgs H, and its associated matter (Ef;,
Oy, Uy, Dg), which compose an anomaly free chiral
generation, are introduced. Their quantum numbers under
SU(2);, X U(1)y X SU(3), and the global baryon number
are
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L, (2, —1,1,0), ES(1,2,1,0), 0,243,
U, (1, %3, -3, D5,(1,3 3, ), H,(2,1,1,0),
E5(1,=2,1,0), 0n(2, =53, -, U;(1,5 3,%),

D;—[(I) _%) 3) %)r

where m = 1 — 4. In fact, the up-type Higgs family is in
the antiparticle representation compared to particles in the
other four ordinary generations. It will be massive after
combining with one of the ordinary families.

The superpotential is written as follows: Instead of the
R-parity, baryon number conservation is assumed,

W = woLnH, + w4 EZEy + un0,0n + phUsUs
+ /’LﬁDan;{ + /\lanleEfl + /\;anleDlL’;

+ Yun QuH U5, + v, QuL, Uy + 3, Ef D3, Ugy
+ Vi Em Dy Uy (1
where w,,’s are mass parameters, AV v and §°s coef-
ficients. Note, [, m, n = 1-4. By redefining the down-type
|
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Higgs and the other fourth generation fields,
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where

the superpotential is

W = uHH, + pESE; + ul040y + plUSUS + pPDEDG + yiLiH ES + y§0Q:H DS + yi0:H,US + AL L E;
+ My QiL;D§ + AELLES + YELH ES + A$Q4L:D6 + y2'QuH DS + ADQ,L;D§ + yP Q;H DS + AP QyL,D§

+ y0PQuH DG + y! QUG + y? QuH,Us + yCUQuH,Us + NQyuLiUj; + yQuHyUy + XEy DS U5
+ AEGDSUS; + AGESDGUS + AVESDGUS + AFESDSUS + AFVESDS, US, (4)

ij~i

where field decomposition have been generally written as follows with i being 1-3:

Lm = cmiLi + Cm4Hdr E}Cn = CfniEI?

¢ — U c U c
m = CpiUi + ¢ Ug,
and the coefficients are

I — e d — )/ 0 D
Yij = 2Almnclicm4cnj’ Yij = /\lmnclicm4cnjr

Ay = A2 e,ich, AL = NmnCliCmiChss

yo = /\?mncl%cmé‘cfi, A= /\émnCIQ,-ijcﬁ)w
yel =\ Q¢ uch, W= yuncpic

/\f = y;,lcmi, y = y;ncm4’

)N\ij = ymncfm-Cg]», )N\IU = ymncfnicgét’

From the superpotential (4), we see that because of
Dirac mass terms of up-type Higgs and the four genera-
tions, one of the four generation, namely, the fourth gen-
eration (Hy, EY, Q4, Uf, DY), is always heavy, which is
identified as the one containing the down-type Higgs. The
fourth generation neutrino together with the “‘neutrino” in
H, consists of Higgsinos. After the mass terms, the next
five terms in Eq. (4) are ordinary Yukawa interactions and
trilinear lepton number (R-parity) violating terms, where i,

e C
+ e B,

o U
ij ymn cmicnj’

YE —

On = C%jQi + C£4Q4;
o =ch.D¢ + b, Dy, (5)

mi

J— e
/\ijk = )‘lmnclicmjcnkr

ylE = 2/\lmnclicm4ci4’ /\g = A;mncgcmic%,
= NpnCiemachy AP = Acfienich, (6)
le = ymncrgétcrlt]i’ yQU = ymnC,%4C,l,]4:
Xi = ymcgi’ X = ymcﬁzp
i ymncfnétcgi’ XEU = ymncfn4cr({4'

[
J, k stand for three light generations. The other terms in (4)
are new, which involve extra generations. Many of these
new terms violate lepton numbers. Note that by taking
eVl > 4y ~ O (TeV), we obtain MSSM as a low
energy effective theory.

A. SUSY breaking

Soft SUSY breaking mass terms should be included into
the Lagrangian. In addition to gaugino masses, they in-
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clude mass-squared terms of scalars and Bu-type terms
corresponding to those w terms in superpotential (1),
—L D MLLL,, + M}hih, + MRESTES, + M30),0,
+ M3, U U, + M3DyE DS, + M3y, ESFES,
+ M2, 08 0n + M3, US; U5 + M3, Dy DS,
+ (BuwLyhy, + B p, EEgp + B 0,0y
+ BYuY 0, U, + BPub DS, DS, + Hee.), (7)
where tildes stand for scalars. We have assumed universal-
ity of the mass-squared terms and the alignment of the B
terms, namely, the mass parameters B42Y? do not depend
on the subscript m. In terms of three light generations of
Eq. (4), universality of these soft mass terms is easily seen,
—L DMLY, + MPhShy + M2nih, + MLESTES,
+ M4 040, + M3 UL TS, + M3 D5l D,
b M E5 By + M2y, 00 0y + M2, 05 U,
+ M%,D$ DS, + (Buhgh, + B¢ ufESES,
+B2ul0,0y + BUMU[/fthi + BDMDD~2D~2
+ H.c.). (®)
Numerically soft masses M’s, B’s and gaugino masses are
assumed to be @(100) GeV.
Soft trilinear terms corresponding to Eq. (1) are
£ D lenilimEfz + )_‘;anlEmel + yanmhuUfl
+ I QuLnUsy + 5,5, D5, Uy + 5,0 E5,D5 U5,
+ H.c,, 9)

where the following coupling alignment will be assumed,

XEan = /\%nmo’ )_}mn = YmnMo, )_}in = y£nm0

(10)

with m( being the order of soft masses ~O(100) GeV.

B. EWSB

Let us look at gauge symmetry breaking. From the
Lagrangian, the scalar potential can be written down
straightforwardly. To get EWSB, one needs a negative
determinant of the Higgs mass-squared matrix, namely,

(M? + p?)(M; + u?) < |Bul? (11

with the ordinary condition M? + M2 + 2u% + 2Bu > 0.
This requirement can be realized when the renormalization
group is considered. M7 will become negative at the weak
scale, due to the large top quark Yukawa coupling.
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Therefore, everything of EWSB here will be the same as
that in MSSM. The MSSM analysis of EWSB applies here.
EWSB in this model occurs at the weak scale.

In addition to Bu, other Bu terms in Eqs. (7) and (8)
might complicate the gauge symmetry breaking analysis.
The experience from MSSM shows that if a By term is
large enough, gauge symmetry breaking always occurs.
The new B2UP ;UL terms could result in color sym-
metry breaking, and the B°u® term could cause purely
U(1)y symmetry breaking. Such unwanted gauge symme-
try breaking should be avoided. To be concrete, besides
Eq. (11), correct EWSB also requires

(M3 + pu*2)(M%y, + u*?) > |BXuX|? for X =e,Q,U,D.
(12)

Then the remaining analysis of EWSB is identical to that
of MSSM with same Higgs and Higgsino spectra.
Equation (12) can be satisfied easily. Careful thinking of
EWSB conditions Egs. (11) and (12), we see that if u <
wX, EWSB occurs naturally. This point will be discussed
later. The fact that pure U(1)y breaking does not occur can
be simply due to a large enough u¢ compared to w.

In the scalar potential, quartic terms are determined by
SUSY gauge interactions. From the point of view of
quartic terms, the larger the coefficients of certain quartic
terms, the more difficult the gauge symmetry breaking is.
Therefore, EWSB is easier to be obtained compared to that
of the color symmetry. Traditional SU(2); X U(1)y break-
ing via Higgs doublet fields contains the quartic term

g2 + gl2

V>
8

(hih, — hSh)* + ... (13)

Whereas for purely U(1)y symmetry breaking, the relevant
quartic term is

g12

VD 7(Efjﬁ;; —ESE)? + ... (14)
Because g>/2 is comparable to (g + g’*)/8 numerically
at the weak scale, pure U(1), symmetry breaking is not

really favored.

C. Fermion spectra

We write down relevant matter superfields in SU(2);
components explicitly,

L) e () e on(9)

Because fourth generation doublet leptons have been taken
as Higgsinos, and EWSB is the same as that in MSSM,
gauginos and Higgsinos are identical to those in MSSM. In
the following we first look at the lepton spectrum.
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As we have seen, the first three generation sneutrinos do
not obtain vacuum expectation values. SU(2); doublet
leptons, therefore, do not mix with the down-type
Higgsino and chargino. Lepton masses are due to ordinary
Yukawa couplings and Yukawa couplings between SU(2);
doublet leptons with the fourth generation singlet lepton, as
well as the p° term,

£ (e e (4) (15)
€4

where small letters denote fermionic components, the 4 X
4 charged lepton mass matrix is given as

1 1
M= (") (16)
%

where m yUT cosB, ml, = yff% cosf3. Consider

typically the third and fourth generation case, namely,

i |lm, |
2]
[l 2 +1m,

that of i, j being 3, taking Tl = p<< 1, lepton
4

masses are obtained,

my = ylml 2 = Imlgllml, M= el A7)

The unitary matrix diagonalizing M'M' is then

1 —(1+ :’”}*:) m
L I
e

+ @(Z—)z (18)

This implies that there is an

m;\2
()
unitarity deviation among the three generation leptons.
For the down-type quark spectrum, introduction of addi-

tional two generations makes the full down quark mass
matrix M being a 5 X 5 one,

dC
L D —(q 4% d;,)jvld( ds ) 19)
qu
and
mfj mﬁt 0
Md = mi; mf,  —pl | (20)
0 —uP 0
where  mf; = yf 5 cosB,  mf = yP pcosB, mf; =

le/% cosB, mi, = yQD% cosB. The 3 X 3 submatrix
m¢. ; 1s the ordinary down quark mass matrix, which is
now not necessarily unitary. Focusing on its unitarity de-
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viation due to extra generations, we consider the sub-mass
matrix of the third generation and extra generations, that is
M¢? with i and j being 3. It is natural to take |u?|~
|,U,D| > Imfjl |m,l, |m¢ L, |md,|. To the first order of

mé,/uP with m and n belng 3 and 4, the absolute mass
eigenvalues are then |u@|, |uP| and |md;|, respectively.
The mass matrix is diagonalized by unitary matrices U?
and V4,

my, 0 0
vtmivi=1 0 u? 0 |, 1)
0 0 wuP
where
d
1 0 -
vi=| o1 -k | o(2s) @
md* #Dm(l* “ ’LL
_ . 44 1
D uPP—1ulP?
and
T A
bu(i* m.\2
vi=|o ]+ (9(—1’;) . ©3)
d Q% d H
My 1 M Ty,
ul [u@>—|uPP?

Therefore, there is generally an

2
o)
M
contribution to unitarity deviation of the Cabbibo-
Kobayashi-Maskawa (CKM) matrix.

Similarly, the up-type quark mass matrix M is given in
the following:

uc
J
L D —(q} 45 u;,).’M“( ug ) (24)
du
and
my;  my 0
M=\ my mhy u? | (25)
0w’ —my
= — U — U v o U —
where mj; yu\/-sm,B mfy = —y; \/-smB my; =

—y] % sm,B ml, = —yQU% sinf3, and mj; = y % cos.
Taking that |u?| ~
|m% |, the absolute mass eigenvalues are |u?|, |uY], and
|m4,1, respectively. The diagonalizing matrices to Eq. (25)
are U" and V",

|V > Imyl, Imil, Im,,I, [mt,,

035004-4



SUPERSYMMETRY AND AN EXTRA VECTORLIKE GENERATION

m;, 0 0
vtmeve=10 u2 0 | (26)
0 0 wuY
where
1 0 my
- ot P+ I ]
vi=\| 0 1 2T mi— @l me
_omy o pUmigomy 1
W0 TROP= TP TP
m, \2
¥ @(ﬁ) , 27)
and
1 g 0
— I 12 +mis |2
Vu O :U’Umu[-; _MQ*mZA 1
myy 1 _ w@my —mi Y
ul P e e
m. \2
+ @(_g,) ) (28)
M
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The contribution to unitarity deviation of the CKM matrix
can be as large as (m,/uY)?.

D. Boson spectra

Boson masses are more complicated than the fermion
case because of soft terms as well as SUSY kinetic terms.
Higgs bosons, and therefore gauge bosons, in this model
have exactly the same spectra as those in MSSM. So we
will only consider slepton and squark masses.

SUSY kinetic terms contribute sfermion masses in the
same manner like that in MSSM,

I —sin* 0y Q)f"f, (29)

where Oy is the Welnberg angle and the field f denotes L;,
Qm7 QH» ERl’ E47 EH7 Um’ DIL;W D?—l’ UC
Trilinear terms in Egs. (9) and (10) contribute

V D m’ cos25(

L7ES, + md, Qb DS + m*, 0! U

im™—i

+ m¥ 04U, + H.c.). (30)

L D —my(m!

The superpotential, which involves w terms and Yukawa
interactions, contributes

LD —[lplPhihg + hin) + |\peP(ESES + EGES) + |p2P(0] 04 + OF 0n) + |wVI(U5TS + U Ufy)
+ |uP (DS D§ + D§ D) + |m¥y| (U5 U, + 0% 0%) + E“m'tm'E¢ + D mtm4D¢ + U*m*tm*U*

+ L'm"" L* + QP mem?t Qb* + O'm*m"t Q™

+ u@ml 0% U + nUmi, 04U + Hee.)],

where m"%" are matrices with elements defined before.

Together with Bu terms given in Eq. (8), full mass-
squared matrices of sfermions are obtained. In the
Appendix, the charged slepton, up squark, and down
squark mass-squared matrices will be given explicitly.

III. PHENOMENOLOGICAL CONSTRAINTS

The direct experimental search of extra generation par-
ticles at LEP requires that they should be heavier than
100 GeV, and direct search of extra generation quarks at
Tevatron requires they are heavier than 270 GeV [14]. This
result can be simply satisfied if wX’s are larger than
100 GeV or 270 GeV. Note that we do not have extra
neutrinos which, in this model, consist of Higgsinos.

The electroweak precision measurement generally has
constraints on extra matters [8]. Current constraints are
[14]

§=—-0.10 = 0.10, T=-008 £0.11,
U=0.15=%0.11L

(32)

— (wtanBLm'E + wtanBO m?D¢ + u cotBQ'm*U*
+ ,u,tan,Bm?_]QgU% + Me*mf4lj~_l:fc* + ,uD*mflMQZﬁ? + ,uU*szanU;}" + /,LQ*m’I‘,fo]

:u m4mQ
(31)

For one extra chiral generation, oblique parameters S, 7', U
still allow the existence of the fourth generation [8] pro-
vided that there is certain mass splitting in extra SU(2);
doublets. In our case, the vectorlike generation contributes
to the parameters in the way of 1/u*? as expected from the
decoupling theorem [13]. Typically,

ST = (Z;)z. (33)

The effect of the extra generation can be small enough
= (m,/u%)* = (1-10)% if we take u* =500 GeV-
1 TeV.

Important constraints come from the unitarity of the 3 X
3 CKM quark mixing matrix of three chiral generations
[14]. This unitarity is consistent with current data within
experimental errors. In this model, extra generations mix
with ordinary three chiral generations, which necessarily
break the unitarity of the CKM mixing matrix. As we have
observed following Eqgs. (20) and (25), unitarity violation
is about (m%" /uPW))2. This u¥ dependence is generally
expected in the case of extra vectorlike generations.
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Hierarchical or small mixing masses mﬁ”) can easily make

the CKM matrix approximately unitary within errors. For
an example, (m?" / u*)> = 1073, Assuming only the third
generation mixes with extra generations, the constraint is
still loose, (mgiu) /uPW)2 < 0.39. The quantity mgf‘“) is at
most about m,. This gives that the parameter u”V =
280 GeV.

From Eqgs. (22), (23), (27), and (28), it can be seen that
there are new phases in fermion mixing matrices. However,
these new matrix elements are of order of (m,/u*X)?* at
most. So new CP violation effects are generally
suppressed.

One of the characteristic properties of the superpotential
in this model is that there are many u parameters. In the
following analysis, we prefer to take all the p parameters
approximately equal. They are expected having common
origin. On the other hand, by taking || < |u*|, such as
|| = 100 GeV and |uX| = 500 GeV, this model will
have MSSM as its low energy effective theory. In order
to make this model distinct, considering above discussed
constraints, we will take || close to ||, and

|wX| ~ 500 GeV. (34)

We bear in mind that for correct EWSB, it maybe neces-
sary to require that |u| is a kind of smaller than |u¢|, and
|| cannot be too large. Of course, values of soft masses
and Bu’s are also important to EWSB. They can affect the
choice of values of u parameters.

In the following, we give a numerical illustration. w
parameters can have the following values:

pw=300GeV, =400 GeV,

(35)
wlUP =500 GeV.

Correct EWSB happens if we take

Bu = —(260 GeV)?, M? = (219 GeV)?,
M; = —(243 GeV)?, BXuX = —(200 GeV)?, (36)
M3 = M%, = (200 GeV)>.
Note that we have taken M,zl negative. This is expected due
to the large top quark Yukawa coupling [2]. It is straight-
forward to see that this set of parameters results in con-
sistent EWSB, and it fixes that tan8 = 2 and results in the
Higgs spectrum
m? = (124 GeV)?,
m; = (413 GeV)?,

m%, = (420 GeV)?,

(37)
m2 . = (424 GeV)?,

where the quantum correction to m; has been included.
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IV. LHC PHENOMENOLOGY

This model can be tested at LHC. In addition to the
(super) particle content of MSSM, it predicts following
vectorlike particles: one lepton singlet (Ej, Ef;), one quark
doublet (Qy4, QO), one up-type quark singlet (Uj, U§;) and
one down-type quark singlet (Dg, D;), but there is no extra
doublet leptons, which are already identified as the Higgs
doublets.

Let us look at fermions. Because the effect of EWSB is
much smaller than p parameters, these new Weyl fermions
form several Dirac fermions with masses |u*|~
500 GeV,

‘ e Gu (38)
ug dj
\I’u = R \Pd .
Uy dH

Note that in this case, mass splitting in the SU(2); doublet
g4 or gy is also negligible. Considering gauge kinetic
terms, the Lagrangian describing these pseudo-Dirac fer-
mions can be written as

.E D Z("i’x’yﬂDﬂ'\I’X + MX\PX\I,)(), (39)
X

where the covariant derivative is self-evident.

Decay signals of these new particles can be easily iden-
tified. From trilinear Yukawa interactions given in Eq. (4),
it is seen that they decay into SM first three generation
matters. ¥, can decay into ¢; and a neutral Higgs, the
decay rate is

1 2 \2
T(W, — ;%) = —|yﬂ2w|(1 - ’"hz) . (o)
167 | el

Alternative to the Higgs, scalar neutrinos can be also the
decay product, which is expected at least heavier than the

lighter neutral Higgs. Similarly, new quarks ¥, and ¥,
decay into ordinary quarks and the Higgs,

W, — u(c, t)h°, W, — d(s, b)h° 41

with decay rates

rew _>u,(d,)ho)=1|y4(D)|2|Mu(D)|(1_m%l)z
u(d) i\d; T |MU(D)|2 .

(42)

And decays of new quarks g, and gy have following
results:

035004-6



SUPERSYMMETRY AND AN EXTRA VECTORLIKE GENERATION

D(WdY — ge(u)n0) =

PHYSICAL REVIEW D 80, 035004 (2009)

m? \2
Iyl (Q)|2|,U~Q|( P thz). 43)

Taking relevant Yukawa coefficients y;’s ~107'=1072, decay rates in Egs. (40)—(43) are I' ~ 5-500 MeV.
Taking EWSB into consideration, Wy mixes with SM fermions. The 5 X 5 generalized CKM matrix is derived from

Egs. (22) and (27),

Vv=ytyd~ 0

we
M3y

Ux D
m "

MQm

2 2
[, 1>+ |m?,|

wk Uk pou
Ky

My My
D
|md| Iu *m ,mu*IUVD
+ 42 My 44
wPmy Al =P —lmy, 2 (44)
1

Note that O(m/ u*)? terms have been omitted. We see that decays W, — W™ and ¥, — bW~ occur via the SU(2), gauge

interaction at the level of O(m/uX)

(W, — iW*) =~

P

8\/577'

where the phase space factors were given in Ref. [15].
Taking m/uX ~ 1/3, these I'’s are about 1 GeV.

All above decays are fast enough that they occur inside
detectors. With the invariant mass method, decayed new
fermions will be reconstructed.

These new quarks can be produced at LHC via gluon
fusion processes gg — Q4Qpy, UiUj;, DiDg;. The produc-
tion mechanism is essentially the same as that of the top
quark [16] with an estimated cross section ~ hundreds fb
by taking u* ~ 500 GeV and /s = 14 TeV.

For the new lepton, the Drell-Yan process is the main
production mechanism, pp — yZ — eey,;. The cross sec-
tion is estimated to be few fb, which means a few tens
events in one year [17]. Considering the detector effi-
ciency, new lepton observation maybe challenging at
LHC. However, once they are produced, their decay signals
are easy to be identified.

V. SUMMARY AND DISCUSSION

Within the framework of SUSY, we have extended the
matter content in a way that each Higgs doublets is in a full
generation. Namely, in addition to ordinary three genera-
tions, there is an extra vectorlike generation, and it is the
extra slepton SU(2); doublets that are taken as two Higgs
doublets. R-parity violating interactions contain ordinary
Yukawa interactions. SUSY and gauge symmetry breaking
have been analyzed. Fermion and boson spectra have been

e G) = ) (G G Gy Gy
-G -Gl -Gl |- ( ol

_ 2 1wl 2 272
T(W, — bW~) =~ Gpmiy | Y| Vssl I:l B (@) :I [

(45)

calculated. Phenomenological constraints and relevant
LHC physics have been discussed.

Finally, we discuss some aspects of this model. We are
motivated by trying to naturally understand the Higgs.
Within SUSY, Higgs can be considered as certain slepton
doublets. Thus, they are nothing special compared to three
ordinary generations, the anomaly cancels within each
generation. It might be amusing to note that the first
generation composes the ordinary matter, the second gen-
eration provides fermion mixing, the third gives CP vio-
lation, and the fourth and fifth (the vector one) give out
EWSB because they contain Higgs doublets.

Like in traditional R-parity violating models, baryon
number conservation is required. While the requirement
of any first principle global symmetry is a drawback com-
pared to SM, it is possible to consider baryon number
conservation as a result of the so-called discrete gauge
symmetry [18].

R-parity violation implies that neutralinos cannot be
DM. Of course, the TeV particle theory does not neces-
sarily provide DM, there are many alternative scenarios,
like the axion, the sterile neutrino, or even the modified
gravity. Nevertheless, the thermally produced weakly in-
teracting massive particle (WIMP) is one of the most
attractive. To this model, it is still possible to introduce
additional matter playing the role of WIMP. We note that a
recent DM proposal by Arkani-Hamed et al. [19] can be
directly combined with our model. Their proposal is an
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effort to explain all recent DM experiments [20], WIMP
DM lies in a new sector.

Neutrino masses can be generated. This model has lep-
ton number violation, which contributes neutrino masses
[21]. Although the original superpotential (1) is simple, its
expression in terms of ordinary three light generations
given in Eq. (4) is complicated. There are many new lepton
number violating sources. All of them involve the vector-
like extra generation, which is heavier than soft SUSY
breaking masses. Therefore, except for the ordinary
R-parity violating terms with couplings A;; and )\gjk, the
new lepton number violating terms are less stringent con-
strained at low energies. The full phenomenological analy-
sis of lepton number violation is rather involved, and will
be considered in a separate work. Furthermore, the seesaw
mechanism can be introduced to get the fully realistic
neutrino mass pattern.

It seems that we have lost GUT. In MSSM, running
gauge coupling constants meet together at the energy
~3 X 10'® GeV. This is regarded as a result of GUT. By
adding new matter, which is charged under the SM, gauge
coupling unification would be lost generally. However, if
the new matter composes complete representations of
GUT, gauge coupling unification is still kept at least to
the one-loop level [22]. Compared to MSSM, the new
matter contents we have added in this model are (Ef, Q4,
U;, DY) and (Ef, Qp, Uf, Dj). They do not compose
complete representations of GUT. Giving up GUT while
keeping SUSY sounds bizarre. However, GUT relation of
gauge coupling constants maybe finally restored after addi-
tional matter, that is DM, is included. This SUSY model
has already introduced the new matter 5 @ 5 and 10 & 10 in
SU(5) representation. Gauge couplings still do not reach
their Landau poles in the GUT energy scale [10,22].

We have ignored the mixing of first two chiral gener-
ations with the vector generation. Detailed consideration of
such possibly small mixing may give interesting observ-
able phenomena [12].

SUSY breaking and its mediation to our sector should be
considered systematically. This is closely related to EWSB
and LHC phenomenology.

All above discussed aspects deserve further and separate
studies.
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APPENDIX: SCALAR MASS-SQUARED MATRICES

In writing sfermion mass matrices, for simplicity and
without losing generality, we will omit the first two gen-

PHYSICAL REVIEW D 80, 035004 (2009)

erations. Neglecting the mixing between (1, 2) generations
and (3, 4) generations, the first two generation sfermion
themselves are the same as those in MSSM. The charged
slepton mass-squared matrix is j\/llz

L D (Ly* ES ES, ES)M? o | (Al)
4

where 4 X 4 le[z is given by the following matrix ele-
ments:

(), = M2 + (72 - m%V)COSZB +m2 + by,
(M7),, = (mg — ptanB)ms,
(MD)13 = (mgy — e tanB)ms,
(j/lzz)m = Meméj,
(M7)y) = (mg — ptanP)m,,
(M?)yy = M2 — (m% — m%,) cos2B + m2 + |mi5]?,
(M7)y5 = m,m%y + myzmb,
(M7)yy =0,
(~7~\4/2)31 = (my — Mtanﬂ)mé4,
(M), = mimby + miymly,
(M7)33 = |lpl? + Mz — (m% — m},) cos28
+ |m£14|2 + |ml34|2y
(j/lzz)_m = Bu’,
(MP)gy = pmly,
(j~\/112)42 =0,
(M7)y3 = B e,
(M7)gy = |p? + M2y + (m% — m3,) cos2B. (A2)

The down quark mass-squared matrix is j/li,

214
03
DS*

3
D§*
D |

214
Q4
1%

H

L D (0%, DS, DS, Dsr, 08, Q) M3, (A3)

where M3 is
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2 2
_m +2m ~ . ~ .
(M1, = 8 6 Wocos2B +mi + Imd 2, (M3 = (mg — wtanB)m;,  (M3)3 = (mg — pwtanB)md;,
A % A 5 s 12 X412
(‘Mtzi)]4 = ,qu§’4, (‘Mtzi)]S = mbmz% + m§14mff4, (M3)16 =0, (Mg)yy = (mg — wtanB)m,,
212 m%_m%v 2 d 2 312 d d  dx 12
(jvld)22 = MD - 73 COS2B + my + |m43| , (Md)ZS = mpmsz, + mys3Myy, (Md)24 = 0,
FM2)as = (m b (M= n@mdy (M) = (g — wranBhm
(M3)as = (mg — wtanB)mys, d)ae = MT Mys, a)31 my — ptanfB)ms,,
2 2
~ m —_ m ~
(Md)32 mbm34 + m43mff4, (Ng)?ﬁ = |/.LD|2 + M% ——Z W 3 W COSZB + |m§14|2 + |mff4|2, (N5)34 = BD/.LD,

(j’lzz),%s = (mo - ,utan,B)mj‘&, (:M )%6 = MQ m44, (j/lfzz)m = MD*m§l4, (CM )42 =0,
2 _ 2 ~
(M3)43 = BP* P, (MD)ay = P> + My, w cos2p, (M35 = nP*md,, (M7)ss =

(:fvltzi)Sl = mbmﬁ + m§f4mffj{, (j\’liz)sz = (my — u tan,B)m43, (~7~Vlf1)53 = (my — ptanB)mdy,
- , - m% + 2m?
(Mss = nPms,  (Mihss = u0P + My = "22 =W co2p t mfy > + Imds 2,
(M3)se = —B2* u2, (M6 =0, (Mo = nomd;, (M6 = nomd;,
~ - . 2 +2 2
(Mo =0, (Mhes = B2 (Mg = nOP + My + Z2="W cos2. (A4)
The up quark mass-squared matrix is ,’Mﬁ,
04
Uy
L o0, T, 05, 0, 0, oty 2| Ya (AS5)
3>%Y3 Y4 » X4 ZH u qu ’
At
4
b
H
where .7~Vlf, is
312 2 4miy — m3 2 u |2 112 * A2
(M) = Mg + — 6 cos2B + m; + [m4,|%, (M) = (mg — pcotB)my, (M3 = (mg — pcotB)m¥,
(M Jia = M mé’:: (jvli)ls = mfmfg + mé‘ZmZ4, (M D6 = (~7~Vl:24)21 = (mg — pcotB)m,,

(M2)y, = M3+ g(m% — m?,) cos2B + m? + |mis|%, (M2)y; = m mis + miymi, (M2)y4
(M) = (mg —  cotB)mis, (M32)y6 = p0* My, (M35, = (mg — w cotB)msy,,
(P = mimiy + miimty, Py = [1VP + My + 2 (3 = ) cos2 + Ity + I
(M3)34 = BUuY, (M3)35 = (mg — wcotB)my,, (M3)36 = 2 mYy, + uYmiy, (M2)y = wY*mY,,

- - - 2
(M3)y, =0, (M)43 = BV uU%, (M2 4y = V1> + M3y, — = (m% — m3,) cos2B + |miy |2,

3
(M3)ys = w mi, + plmif, (M3)4s = (mg — ptanB)mly, (M5, = m iy + mi,myy,
(M2)s, = (mg — u cotB)mys, (M3)s3 = (mg —  cotB)my, (M3)sy = p Umi; + w9 my,
4m%v — m>

(M3)ss = |l + Mé +

bl

m ~ ~
— 6 £ cos23 + |mi > + Imif |2, (M;)s6 = B2 n2, (M7)s1 =0

(jvli)az = MQmﬁéi (:Mﬁ)@ = MQmZZ + MU*m"Hy (j\’li)m = (my — Mtanﬁ)m?p (j\’li)ﬁs = BQMQ:
4m%v — m%

(M2)gs = |82P + My + Iy ="

cos2p. (A6)
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As we have expected, taking the 3—4 mixing mass to be small m

two extra generations.

(1]

(2]

(4]

(6]

(71

[9]
[10]

(u,d)
34

PHYSICAL REVIEW D 80, 035004 (2009)

— 0, the third generation also decouples from the

H. Georgi and S.L. Glashow, Phys. Rev. Lett. 32, 438
(1974); J.C. Pati and A. Salam, Phys. Rev. D 10, 275
(1974).

Yu. A. Gol’fand and E.P. Likhtman, JETP Lett. 13, 323
(1971); D. V. Volkov and V. Akulov, Phys. Lett. 46B, 109
(1973); J. Wess and B. Zumino, Nucl. Phys. B70, 39
(1974);

E. Witten, Nucl. Phys. B188, 513 (1981);S. Dimopoulos
and H. Georgi, Nucl. Phys. B193, 150 (1981); N. Sakai, Z.
Phys. C 11, 153 (1981); L. Ibanez and G. G. Ross, Phys.
Lett. 110B, 215 (1982); L. Alvarez-Gaume, M. Claudson,
and M. B. Wise, Nucl. Phys. B207, 96 (1982).

P. Langacker and M.-X. Luo, Phys. Rev. D 44, 817 (1991);
C. Giunti, C. W. Kim, and U. W. Lee, Mod. Phys. Lett. A
6, 1745 (1991); U. Amaldi, W. de Boer, and H. Furstenau,
Phys. Lett. B 260, 447 (1991); J. Ellis, S. Kelley, and D.
Nanopolous, Phys. Lett. B 260, 131 (1991).

For reviews, see M. Drees and G. Gerbier, Phys. Lett. B
667, 241 (2008); J.L. Feng, J. Phys. G 32, R1 (2006); G.
Bertone, D. Hooper, and J. Silk, Phys. Rep. 405, 279
(2005).

For a review, see P. H. Frampton, P. Q. Hung, and M. Sher,
Phys. Rep. 330, 263 (2000).

For examples, see B. Holdom, Phys. Rev. Lett. 57, 2496
(1986); 58, 177(E) (1987); W.S. Hou, R. S. Willey, and A.
Soni, Phys. Rev. Lett. 58, 1608 (1987); 60, 2337(E)
(1988); M. S. Carena, H. E. Haber, and C.E. M. Wagner,
Nucl. Phys. B472, 55 (1996); C.-S. Huang, W.-J. Huo, and
Y.-L. Wu, Phys. Rev. D 64, 016009 (2001); Z. Murdock, S.
Nandi, and Z. Tavartkiladze, Phys. Lett. B 668, 303
(2008).

A.K. Grant and Z. Kakushadze, Phys. Lett. B 465, 108
(1999).

H.-J. He, N. Polonsky, and S.-F. Su, Phys. Rev. D 64,
053004 (2001); G.D. Kribs, T. Plehn, M. Spannowsky,
and T. M. P. Tait, Phys. Rev. D 76, 075016 (2007).

C. Liu and H.S. Song, Nucl. Phys. B545, 183 (1999).

J. C. Pati, M. Cvetic, and H. S. Sharatchandra, Phys. Rev.
Lett. 58, 851 (1987); J.C. Pati, Phys. Lett. B 228, 228
(1989); K.S. Babu, J.C. Pati, and H. Stremnitzer, Phys.
Lett. B 256, 206 (1991); K.S. Babu and J. C. Pati, Phys.

[11]
[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

[20]

(21]

(22]

035004-10

Lett. B 384, 140 (1996); M. Bastero-Gil and B.
Brahmachari, Nucl. Phys. B575, 35 (2000).

T. Ibrahim and P. Nath, Phys. Rev. D 78, 075013 (2008).
P. M. Fishbane, R. E. Norton, and M. J. Rivard, Phys. Rev.
D 33, 2632 (1986); G.C. Branco, T. Morozumi,
P. A. Parada, and M. N. Rebelo, Phys. Rev. D 48, 1167
(1993); D. Silverman, Phys. Rev. D §8, 095006 (1998); Q.
Shafi and Z. Tavartkiladze, Nucl. Phys. B580, 83 (2000);
Y. Liao and X.-Y. Li, Phys. Lett. B 503, 301 (2001).

L. Lavoura and J. P. Silva, Phys. Rev. D 47, 2046 (1993);
N. Maekawa, Phys. Rev. D 52, 1684 (1995); H.-Q. Zheng,
Phys. Lett. B 378, 201 (1996); 382, 448(E) (1996); K. S.
Babu, K. Choi, J. C. Pati, and X.-M. Zhang, Phys. Lett. B
333, 364 (1994).

C. Amsler et al. (Particle Data Group), Phys. Lett. B 667, 1
(2008).

M. Jezabek and J. H. Kiihn, Nucl. Phys. B314, 1 (1989); J.
Reid, G. Tupper, G. Li, and M. A. Samuel, Z. Phys. C 51,
395 (1991).

E.L. Berger and H. Contopanagos, Phys. Lett. B 361, 115
(1995); hep-ph/9512212; P. Nason, S. Dawson, and R. K.
Ellis, Nucl. Phys. B303, 607 (1988); For a review, see T.
Han, hep-ph/0508097.

P. H. Frampton, D. Ng, M. Sher, and Y. Yuan, Phys. Rev. D
48, 3128 (1993); J. E. Cieza Montalvo and P. P. de Queiroz
Filho, Phys. Rev. D 66, 055003 (2002).

L.M. Krauss and F. Wilczek, Phys. Rev. Lett. 62, 1221
(1989); L.E. Ibanez and G. G. Ross, Nucl. Phys. B368, 3
(1992).

N. Arkani-Hamed, D. P. Finkbeiner, T.R. Slatyer, and N.
Weiner, Phys. Rev. D 79, 015014 (2009).

O. Adriani et al. (PAMELA Collaboration), Nature
(London) 458, 607 (2009); J. Chang et al. (ATIC
Collaboration), Nature (London) 456, 362 (2008).

For an example, see C. Liu, Mod. Phys. Lett. A 12, 329
(1997); For a recent review, see M. Chemtob, Prog. Part.
Nucl. Phys. 54, 71 (2005).

L. Ibanez, Phys. Lett. 126B, 196 (1983); 130B, 463(E)
(1983); J.E. Bjorkman and D.R.T. Jones, Nucl. Phys.
B259, 533 (1985); R. Hempfling, Phys. Lett. B 351, 206
(1995).



