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ABSTRACT: Sfermion masses and eigenstates in the supersymmetric economical 3-3-1 model
are studied. By lepton number conservation, the exotic squarks and superpartners of or-
dinary quarks are decoupled. Due to the fact that in the 3-3-1 models, one generation
of quarks behaves differently from other two, by R-parity conservation, the mass mixing
matrix of the squarks in this model are smaller than that in the Minimal Supersymmetric
Standard Model (MSSM). Assuming substantial mixing in pairs of highest flavours, we are
able to get mass spectrum and eigenstates of all the sfermions. In the effective approxi-
mation, the slepton mass splittings in the first two generations, are consistent with those
2

in the MSSM, namely: mlgL —mg = m#, cos 2y (I = e, p). In addition, within the above
2

effective limit, there exists degeneracy among sneutrinos in each multiplet: mgw =mg,.

In contradiction to the MSSM, the squark mass splittings are different for each generation
and not to be ml%V cos 2.
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1. Introduction

The Standard Model (SM) of high energy physics provides a remarkable successful descrip-
tion of presently known phenomena. In spite of these successes, it fails to explain several
fundamental issues like generation number puzzle, neutrino masses and oscillations, the
origin of charge quantization, CP violation, etc.

One of the simplest solutions to these problems is to enhance the SM symmetry
SU(3)¢ ® SU(2), ® U(1)y to SUB)e ® SU(3), ® U(1)x (called 3-3-1 for short) [l-[]
gauge group. One of the main motivations to study this kind of models is an explana-
tion in part of the generation number puzzle. In the 3-3-1 models, each generation is not



anomaly free; and the model becomes anomaly free if one of quark families behaves dif-
ferently from other two. Consequently, the number of generations is multiple of the color
number. Combining with the QCD asymptotic freedom, the generation number has to be
three. For the neutrino masses and oscillations, the electric charge quantization and CP
violation issues in the 3-3-1 models, the interested readers can find in refs. [, f] and [f],
respectively.

In one of the 3-3-1 models, the right-handed neutrinos are in bottom of the lepton
triplets [[] and three Higgs triplets are required. It is worth noting that, there are two
Higgs triplets with neutral components in the top and bottom. In the earlier version, these
triplets can have vacuum expectation value (VEV) either on the top or in the bottom, but
not in both. Assuming that all neutral components in the triplet can have VEVs, we are
able to reduce number of triplets in the model to be two [, §]. Such a scalar sector is
minimal, therefore it has been called the economical 3-3-1 model [{f]. In a series of papers,
we have developed and proved that this non-supersymmetric version is consistent, realistic
and very rich in physics [J—[L1].

In the other hands, due to the “no-go” theorem of Coleman-Mandula [[[J], the internal
G and external P spacetime symmetries can only be trivially unified. In addition, the
mere fact that the ratio Mp/Myy is so huge is already a powerful clue to the character
of physics beyond the SM, because of the infamous hierarchy problem. In the framework
of new symmetry called a supersymmetry [[[3, [[4], the above mentioned problems can be
solved. One of the intriguing features of supersymmetric theories is that the Higgs spectrum
(unfortunately, the only part of the SM is still not discovered) is quite constrained.

It is known that the economical (non-supersymmetric) 3-3-1 model does not furnish
any candidate for self-interaction dark matter [[(5] with the condition given by Spergel and
Steinhardt [[d]. With a larger content of the scalar sector, the supersymmetric version
is expected to have a candidate for the self-interaction dark matter. An supersymmetric
version of the minimal version (without extra lepton) has been constructed in ref. [[[7]
and its scalar sector was studied in ref. [[§]. Lepton masses in framework of the above
mentioned model was presented in ref. [[9], while potential discovery of supersymmetric
particles was studied in [20]. In ref. [R1], the R - parity violating interaction was applied
for instability of the proton.

The supersymmetric version of the 3-3-1 model with right-handed neutrinos [{] has
already been constructed in ref. RJ]. The scalar sector was considered in ref. [2J] and
neutrino mass was studied in ref. [P4]. Note that there is three-family versions in which
lepton families are treated differently [R5 and their supersymmetric versions are presented
in ref. [] It is worth mentioning that in the previous papers on supersymmetric version of
the 3-3-1 models, the main attention was given to the gauge boson, lepton mass and Higgs
sectors. To our knowledge, there was no work concerning sfermions. An supersymmetric
version of the economical 3-3-1 model has been constructed in ref. [P7]. Some interesting
features such as Higgs bosons with masses equal to that of the gauge bosons — the W and
the bileptons X and Y, have been pointed out in ref. [Rg].

In a supersymmetric extension of the (beyond) SM, each of the known fundamental
particles must be in either a chiral or gauge supermultiplet and have a superpartner with



spin differing by 1/2 unit. All of the matter fermions (the known quarks and leptons)
have spin-0 partners called sfermions. Hence in supersymmetric models, besides scalar
Higgs bosons, there are scalar sfermions. In ref. [27)], the Higgs sector was a subject of our
interest; in this paper, we will focus an attention to the sfermions — sleptons and squarks.
It is to be noted that, as mentioned above, sfermions in the supersymmetric 3-3-1 models
are firstly studied in this work.

This article is organized as follows. In section f| we present a fermion and scalar content
in the supersymmetric economical 3-3-1 model. The necessary parts of Lagrangian is also
given. The F and D terms of scalar potential for sfermions are calculated in section §
Masses and eigenstates for sleptons and squarks are given in section [] and [, respectively.
Section [ is devoted for the case of R-parity conservation and sfermion mass splittings.
Finally, we summarize our results and make conclusions in the last section - section [f.

2. A review of the model

In this section we first recapitulate the basic elements of the supersymmetric economical

3-3-1 model [B7]. R — parity and some constraints on the couplings are also presented.

2.1 Particle content

The superfield content in this paper is defined in a standard way as follows

~

F=(F,F), 5=(55), V=\V), (2.1)

where the components F', S and V stand for the fermion, scalar and vector fields while
their superpartners are denoted as ﬁ, S and A, respectively [[3, 7).

The superfield content in the considering model with an anomaly-free fermionic content
transforms under the 3-3-1 gauge group as

o~ o~ T T
LaL = <ﬁa7laay/\c‘1)L ~ (1737 _1/3)7 2L ~ (1’ 1’ 1)’

)
)
<

<
~

2

agzL ~ (3*7 17—2/3)7
/\gzLa C?ofL ~ (3*7171/3)7 (22)

where the values in the parentheses denote quantum numbers based on (SU(3)¢, SU(3) L,
U(1)x) symmetry. 7§ = (Vg)° and a = 1,2, 3 is a generation index. The primes superscript
on usual quark types (u’ with the electric charge ¢,» = 2/3 and d’ with ¢y = —1/3) indicate
that those quarks are exotic ones.



The two superfields ¥ and p are at least introduced to span the scalar sector of the
economical 3-3-1 model [f]:

=L, ~(1,3,-1/3),
p= %00 ~(1,3.2/3).

To cancel the chiral anomalies of Higgsino sector, the two extra superfields X’ and p’ must

be added as follows

~ ~0 ~+ ~\T X
X=X ~(1,3%,1/3),
- T *
p= (.00 ) ~(1,3,-2/3).
In this model, the SU(3)z ® U(1)x gauge group is broken via two steps:

RTINS
—3

SUB). ® U(1)x ™ SU@2). @ U(1)y U(1)o, (2.3)

where the VEVs are defined by

\/§<X>T = (u,O,w) ) \/§<X/>T = (u',O,w/) ’ (2'4)
V2(p)T = (0,0,0), V2()T = (0,7',0).

The VEVs w and w’ are responsible for the first step of the symmetry breaking while u, '
and v, v’ are for the second one. Therefore, they have to satisfy the constraints:

u, v, v, vV < w, w. (2.5)

It is emphasized that the VEV structure in (R.4) is not only the key to reduce Higgs
sector but also the reason for complicated mixing among gauge, Higgs bosons, etc. As it
will be shown in the following, the mentioned VEV structure causes flavour violation in
the D-term contributions.

The vector superfields ‘//\'c, Vand V' containing the usual gauge bosons are, respectively,
associated with the SU(3)¢, SU(3), and U(1) x group factors. The colour and flavour vector
superfields have expansions in the Gell-Mann matrix bases 7% = \*/2 (a = 1,2,...,8) as
follows

1aA = 1a*/\, A_la/\ = _ 1a*/\
—§>\Vca, Vc—_§)\ Veas V—2)\Va, V= 2)\ Va,

=

where an overbar ~ indicates complex conjugation. For the vector superfield associated
with U(1)x, we normalize as follows

. . 1
XV'=(XTHB, T°=——=diag(1,1,1).
(XT) 7 g(1,1,1)
The gluons are denoted by g* and their respective gluino partners by A%, witha =1,...,8.
In the electroweak sector, V® and B stand for the SU(3) and U(1)x gauge bosons with
their gaugino partners \{; and Ag, respectively.



With the superfields as given, the full Lagrangian is defined by Lgusy + Lsott, where the
first term is supersymmetric part, whereas the last term breaks explicitly the supersym-
metry [B7. The interested reader can find more details on this Lagrangian in the above
mentioned article. In the following, only terms relevant to our calculations are displayed.

From the supersymmetric Lagrangian [27], we can obtain the following superpotential

Wy Wy
W=—+—7
2 + 37
where
Wy = MOaIA/aLf(/ + ,lef(f(l + Mpﬁﬁ/a (2'6)
and

Ws = YapLard'l§y, + Ma€Larp + NypeLar LoLp
R QuIX U, + K QXU + 0;QuLpdSy
I, QLA AL, + TaiQarplily + ThQarLpilf
i QarXdsy, + T sQuarXdf, + €faprQarQsrQnL
iy 5 ST + Caipdsy dis UF + Eaipdsy dSpag,
+&4ij CifLCiﬁ LOF + $5aﬁid$LdEL@fL + £6aﬁd§LdELaf
+eaajLarQardSy + &hoplarQardlsy- (2.7)
The coefficients poq, 1, and p, have mass dimension, while all coefficients in W3 are di-
mensionless and X, = —\} .
It is worth noting that the first term of (R.74) is the Yukawa coupling giving charged
leptons mass, while the third one is responsible for neutrino mass. At the tree level, their
couplings satisfy the following estimation [[L1], R4]:

YVab > Aop- (2.8)

In the SM, neutrinos are rigid massless, hence X/, has to be vanish. In other words, we
can put AL, =0 in the SM limit.

From the soft supersymmetry-breaking terms [R7], the Lagangian relevant to the
sfermions is obtained by

—Lsmr = MnglLEbL + mibEETEL + m%m@h@m + m%gﬁL@LLéﬁL
+m12”j ugrusy, + m?iij NchTjL + mi'&f&cL + m?l’aﬁg/?LgIZL
+ {MfXTEaL + abLarp 5y + Va€Larxp + eaveLar Lyrp + piQuLX Uy
+PQULX WY, + PaiQar iy, + TaQarLot'y, + hiQuLp'd,
FRQuLA i + heiQarxdsy + hhgQarxd'sy
+P5087Qar QarQyr + kipsdiy d 5T, + Vipdiyd/ s iy,
+7Tijkgng§LﬁiL + /‘04ikCTfLC7§L7?2 + H5aﬁiC?ZLC?;Lﬁ§L
+m6a567’2L67’;L1?2 + waaanLéaLJ;L + wéaﬁfaL@aLg’;L + H.C.} , (2.9

where €4, = —&p,. This Lagrangian is also responsible for sfermion masses.



2.2 R-parity

For the further analysis, it is convenience to introduce R-parity in the model. Following
ref. 4], R-parity can be expressed as follows

R — parity = (—1)%(=1)3B+£) (2.10)
where invariant charges £ and B (for details, see ref. [29]) are given by
Triplet |L|Q1|x| p
1
B charge (1) 32 2 02
L charge|s|—35|5|—3
Anti — Triplet|Qq| X' |0’
1
B charge g 04 (2)
L charge 3 1—3|5

Singlet | 1€ | u€ | d¢ |u'c|d*°

T[_1 T

B charge| 0 |—5|—3 —3

L charge|—=1| 0 | 0 | 2 |-2

Combining (R.10) and the above tables, it is easy to conclude that the fields x, x’, p,

P, L, Qu, Q3, 1, u, v, d and d’ have R-charge equal to one, while their superpartners have
opposite R-charge, as in the Minimal Supersymmetric Standard Model (MSSM).

Under R-parity transformation, the Higgs and matter superfields change, respec-

tively [R4]:

ol

}AILQ(CC, 9, 9_) i&) If.fl,g(x, —9, —9_),
B(x,0,0) % —d(x, —0,-0), ® = Q,u’,d", L, I, (2.11)

Let us separate W and Lgyr into the R-parity conserving (R) and violating (/) part.
Thus

W =Wg+ WB, (2.12)

where

—_

Wa = 2 (it + 1)
1 7 ~, 7 7 £ A
+3 (vasLardliy + NeLar Lovp
+I€IQ1L)ZIQ,LC + ﬁic?lLﬁ/CZgL + WaiQaLﬁﬁfL + HaiQAaLXCifL

QU + Vo Qurp disy, + T Qarpilf + WosQurkdsy ), (213)

\V)

and
1 ., 1, . o
WR = §MOaLaLX + g ()\afLaLXP + EfaﬁnyaLQ,BLQyL
+£1iﬁjszch'§LﬂjL - 52@663&6?&11'5 + §3z‘jkdeCi§Lﬂ2L

jc Jc ~lc Jlc jlc ac J1c jic ~lc
+84ijdip dj L 0T, + Esapidardgr Ui, + S6apdardsrir,

+ faajiaLQAaLCZ§L + g;algzaLQaLCZI/ﬁCL> . (214)



By (R.11)), the R part contains odd number of matter superfields. For the soft terms, we
have also

Lour = LEr + EfMT,
where
R 27t 7 2 Fex 7t 2 At A > At A
— L8y = MALL Ly +m2i50 0, + mé QL Qe + mbasrQl Qsr
2 ~ —~, 2 ~ -~ 2 ~ Ck ~ C 2 ~C*x ~C
g, Uipus L + mg, dipdsp + mopu L' + mgaed o pd sy
-~ Iy -~ ~ ~ ~C
+ {nabLaLp'lib + eaveLar Lvpp + pQurx'v',

+PaiQarplily + hiQirp'dS, + haiQarxds,
+ piQuXTy, + WaQurp' dep + By Qarxd sy + TaQarpi'y + H.c.} . (2.15)

and

_‘CgMT = MCIL2XTZGL + Uaef/aLXp
~ ~ = ~ ~C ~ ~c ~c
+P50,QarQprLQyL + Kigjdird grujy, + Vigdipd gy,
. Th ~ ~  ~cC ~c ~c oo
+7Tijkdng;L’U,zL + "54ikded§Lu/L + R5aﬁid’aLd’ﬁLqu

~c ~c ~c ~ o~ o~ ~ ~ ~c
+I€6aﬁd/aLd/ﬁLulL + WaajLaLQaLdjL + w;aﬁL(lLQaLd/ﬁL + H.C. (216)

The Rsoft terms consist of odd number of supersymmetric partners - sfermions.
Note that the last lines in (R.13) and (R.I§) contain lepton-number violating terms
(with AL = +2). Hence we have (see also [[L1])

K, 19;7 ﬂ-:)u H/a[[%pla Ta hi)u h;ﬁ < /4’/7 191'7 Tags Ha’i7p7pa’i7 hia hozi- (217)

3. Scalar potential for sfermions

The scalar potential of the model is a result of summation over F' and D terms:

V =F"F, + % ; D°D,, (3.1)
where [[[]
&-%—‘Z, W = Wa + Ws,
and
D*=—g[> ¢ | . (3.2)
6

The field ¢ stands for all the scalars or sfermions in the model.



3.1 F-term contribution

From Wy and W3 we get

1 1 ~ =
By = S(HoaLar + pyx) + 5 (riQurtip + K QuLur),

1 1 = A Votod
FXO' = §MXX:7 + § <)\a€m0nL2ann + HaiQaLUdgL + H;gQaLod/gL) ’

1 1 ~ ~ o~
Fp(’ = §Mpp:7 + g ()‘aeanLZan + )‘;bfanLZ},LZL

= . I A )
+ 7Tozz‘CQOzLaqu + ﬂ'aQaLauf) )
1 1

Fy = o5 HoP + 3 <7abl~/aLl~l§L +9;Q11.d5, + 19;@1LJ§L> ;

1 1 ~ ~
FLZL = 5”0@)(:7 + g(Vabp;lZL + )\aeamnxmpn + 2)‘:1b60anlryr},pn
+£aanaLad;L + é-;aﬁQCVLUJEL)

1 ~
Ec = _’YabLaLply

Lb 3
1 N .
Fou =3 (ﬂz‘x’ﬂfL + &' X'UE + 0ip'd + %p’d’c&> ,

1 ~ ~ ~ ~
FQZL = 3 (WaipUuz?L + W&pouf + aixods, + H/Oéﬁxgd%cL

+ 3faﬁ'yeajké%L©§L + gaaizaLanL + ggaﬁEaLod/;L> >

1 _ ~ L o e~
Fuy, = 3 (HiX,QlL + TaipQar + E1jpidsrd'gp, + Eapjidypdsp, + §5a6id,;Ld,;L) ;
Fye = (“/X/ém + T pQar + Eaipdipd yy + Eaydip dSy, + £6a6JI;LdI;L) ;

Wl Wl

(ﬂiplém + MaiXQar + E1ig;d g1 + Eaipd sty
2655 dS UG, + 26055 '] + gaaiEaLQaL> )

Fye = % (ﬂlozplélL + Wy Q1 + Eriajdsy @Sy, + EnindSpu'],
+2§5aﬁ&;Lﬁz¢L + 256045’&/;%“72 + 5&@&@@@) :

(3.3)

With these F-terms, besides the second order mass terms in V', we also get trilinear and

quartic couplings of the sfermions. Below only the mass terms and the linear (by fields)

terms are our interest.

3.2 D-term contribution
By eq. (B.9), we separate two subgroups, namely SU(3);, and U(1)x.
1. D-term contribution from SU(3)L:

The interested contribution to sfermion masses has a form

D'=—g| > flT°f+ > H'T°H

sfermions Higgs



Since T, = TJ, we have

(DY) D, = 247 oo firef) | YD HITH || 4+ (3.5)
sfermions Higgs
where - - - are the terms which do not contribute to sfermion masses. The factor 2

in (B.J) is the Newton’s binomial coefficient. Since sfermion masses are our interest,
therefore, in the second factor in (E), only the diagonal T3 , Ty and non-diagonal
Ty satisfy this purpose. Let us calculate the second factor in (B.):

Hj3

> <H >Ty3<H>
H=x,x",p,p’

Hg = Z <H' >Ty<H>
H=x,x",p,p’

= % {%(UQ —u?) + %( 20— (w? —w'2)}

1 2 2
= — [+? COSQ T (u® — 2102)0082 5 (3.7)
4/3 c3 %
H, = Z <H'>Ty<H->

H=x,x",p,p’

1 cos2p
/!
= —(uvw —v'w') = —zuw %

: Suw (3.8)

In (B.6), (B.7) and (B.§) we have used [R7, g

u o w v’

tanff = — = —, tany=—. (3.9)

uw v
Remind that eq. (B.9) is resulted from the condition for minimum of the supersum-
metric potential [R7. Thanks to this relationship, the mixing among gauge bosons
in the supersymmetric version remains the same as in the non-supersymmetric one.
Note again that w and w’ are VEVs of symmetry breakdown from SU(3); to the
SM group, while u and v’ are parameters of lepton number violating. They must be
very small ~ O(1) GeV [§]. Here we have taken into account that for antitriplets,
T,,a = 3,8,4 changes a sign. Note that the contribution from T} is proportional to
u — the lepton number violating parameter. The existence of Hy is due to the VEV
structure in (2.4).

Let us consider the first factor in (B.5). Since the singlet fields do not give contribu-



tion, hence for sleptons we have:

. . 1., . 1, -
SLy = LI, T3L,;, = gParar, = FlarlaL,

—_ 7t T 1 1~* ~ 1~* 7 ~Ck ~C
SLg = L, Tslar = /3 \ glarvel + Slarlar = VaLVar |

~ ~ 1., . 1_ ., -
SLy, = LILLT4L(1L = §V;LI/2L + §VacLVaL-

Analogously for squarks, the contributions from one triplet and two antitriplets are:
from the first triplet

_ _ 1., 1. -
SQ3 = QJ{LT3Q1L = uirtar — §d1Ld1L,
- NT ~ 1 1,,* ~ 1 Tx 7 ~/Ix ~/
SQs = Q1 TsC1L = 7 JtartaL + §d1Ld1L —uruy, |,
_ _ 1. o
SQ4 = QJ{LT4Q1L = §u’fLu/L + §U/LU1L,

from two antitriplets:
_ ~i A 1 T 7 1 ~x o~
SaQ3 = —Q;T3QaL = _idaLdaL + SUarbaL,
~ ~ 1 /., - o 3
SaQs = —Ql ; TyQar = NG <UaLUaL + dypdar, — 2dgp, IaL) ;
~ ~ J 1~. -~
SaQs = —Q'  TyQur = _gdaLd;L - gdngaL-
Thus, the contribution from SU(3);, subgroup to slepton masses are:
g2(SL3 X H3+ SLg x Hg + SLy X 1{4)7 (310)
and to squark masses:

gz[(SQg + San) x Hg + (SQg + San) x Hg + (SQ4 + SaQ4) X H4]. (3.11)

Looking at explicit expressions of SL4, SQ4 and Sa@Q)4 we see that they contain the
lepton-number violation, hence are non-diagonal. Remember that in usual supersym-
metric models, the D-term contributions are diagonal [L4].

. D-term contribution from U(1)x:

First, for the Higgs part, we have

H, = Z <H >X<H>

(3.12)

,10,



Similarly, for sleptons
1 ~% o~ 7x 7 ~Ck ~ Tex T
SLy = _g(VaLVaL +larlar + Varvar) + larlar- (3.13)
For squarks in the first generation we get:

1~>k~ 7 * ~ 2~*~ ~Ick ~ 1~*~
SQ = g(UmUlL +dipdig + aral) — g(u(fLu(fL +apruy) + gd(fL i (3.14)
For squarks in the last two generations we get also:
_ 2 ~ckx ~C 1 Jex  Je Jlex Jle
San = _guozLuaL + g(daLdaL + daLdaL)' (315)

The contribution from subgroup U(1)x to slepton masses is

gl2 X SL1 X H1 = g2t2 X SL1 X H1 (316)
where [B{]
2= (g o) = (3.17)
3—4s?, '
and to squark masses:
g% x Hi(SQ1 + SaQy) = ¢°t* x H (SQ1 + SaQ;). (3.18)

The total contribution is a result of summation over two above mentioned subgroup
parts. In contradiction to the MSSM, the contribution from 7} is lepton number violating
(AL = +2). We will deal with this in next section. It is easy to realize that the D-term
contributions are diagonal.

4. Slepton masses

Relevant mass terms for sleptons arisen from the F, D-terms and the soft terms are as
follows:
Laepton = MayLiy Lot + mayliilr, + %MoaMObEZLEbL
+ [MQQX*L;L + Nab Larp'15,,
+vaeLarXp + €ab€Lar Lorp

1 * T 1 T *
+ZMO@MXX Lap + E,U'x)‘aELQLX/ P

1 - . N 1 L
+6Mp ()‘afLaLXp/ + )‘;beLaLLprl ) + élu'pp <7abLangL>
1 * 7 * T 1 * ok 7(

+ 5 Hoa (%bx' Plor, + 206X LbL,o> + 5V Aaep X P AL
2 T * * T
FENAOC Eur) () — (0 B ()] + He

1 1 - -
+§7ab’7ab’pl*p/lngI§’L + §7ab’7a’b(LaLpl)(La’Lp/)*

— 11 —



P ANl(EanLon) (0" ) — (Euo) (0 Ean)

FhaMl(Eas Ean) (00 — (B )0 L)

PN Nl(Ean Ean) (07 p) — (B (0" Eur)]

+9%(SLs x H3+ SLg x Hg + SLy x Hy) + g%t x SL; x H;.  (4.1)
Expanding the D-term contribution [in the last line of ({.1)] yields

Dy = g*(SL3 x H3 + SLg x Hg + SLy x Hy) 4+ g*t* x SL1 x H;

2055 D 1H+ Ly t2H + 15,1, 1H+ Ly 752H
= 1% U, — e — _—— —_—— — _——
g aLaL232\/§8 31 aLlal 232\/38 31
oy - 1 12 o 1., .
+ Vng/gL <—%H8 — §H1> + l;ngLtzHl + §(VQLV(§LH4 + HC)} (42)

The terms containing mixture of scalar Higgs bosons among sleptons followed from
'cslepton is:
Lmim = M;2X*LaL + UaeLaLXp

1 e 1 -
+Z:U'OaMXX Lap + EMX)‘aELaLXI*p

1 ¥ * 1 * k¢
+6,U'p)‘a€LaLXp, + §7ab)\a6p,X P bt
+1 1% /l”c 2)\/ /*E

g Hoa (Yab X" -P b T 2Aq€X LoLp

FENAOC L) (070) — (0" Lon )X )] + He
= (Mf + iﬂ(}aﬂx) OV Par + X lar + X35L)
+oal(=Tarx3 + 75 xDP” + lan(—x3p3 + X507))]
+ <éux>\a —~ éuowéa> [(—Tar X8 + T X + lan (=X 3 + X5 1))

1 " - ~
= oo (= TarXd + 5 XD + lar. (=X 105 + X307)]

6
1 - - s

+5Yabdal (= X+ o5 X3 + 0P (8 oy — X2 )l
1 . P

+6N0a')’ab(X,10 P X T X )
2 * ~ 7 * ~ *

+§)‘;b)‘a[(x(1) onr, + X lor + XS5 (0% %)

=" L (XY o + xTp” + X503 )] + Hec. (4.3)

Now we have to expand neutral Higgs fields around the VEVs as

T _ [ utS1+iA; —  w+S2+iAs T _ + v+S5+iAs +
X — < \/i 9 X 9 \/i ) ) ,0 - <P1 9 \/i 9 p2 > 9
/T w'+S3+iAs 1+ w'+S4+iAy 20 I— v'4+Se+iAg I—
= <T’ X~ ) P =P P2 (4.4)
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where for short, the neutral scalar is expressed through the VEV and physical field (in

breve) as follows

1 o
R = —(vev + h).
Ty(ver )
From eq. (£.3) we see that, there is mixing among charged Higgs boson x'~ with ZNI‘jL as well
as neutral Higgs fields ¥}” with neutral sleptons such as vgr, etc. To remove this mixing,
we have to impose R-parity condition.

Imposing R-parity conservation on (f.3) yields

1
M¢;2 + ZMOGMX =0, v =0, Mp)‘a =0, (4-5)

1 1
éﬂx)‘a - g;U/Ob)\gm = Oa r}/ab)‘a = Oa )‘fsza = Oa (4-6)
HoaYap = 0. (4.7)

Note that the conditions in (f.§)~([£7]) contain also the constraint equations at the tree
level for 7,7, and 7, .
Taking into account of (f.5)—([.7), the slepton mass Lagrangian becomes

1 ~% o~ 7 ~Ccx ~ Jex 3¢
Liepton = D, + (Msb + ZNOaNOb> (TapPor + loplor + T55551) + mplorlin
1 / 1 T Te 1 ~ ~C ~ ~C
+ 7 Nap?’ + GHoYab? laLlyr, — Eeabv(VaLVbL — rigr,)
1
6v2 "

1 o ,UIQ 1 L v/Z
§%b%b’lﬁl§m7 + §’7ab7a’b(laLll/L)7
1 e~ ek~
+EU2(>\a>\b + 4N Nep) (T DL, + U1 05r)
+i/\ Mo | w2 0% Dy 4+ w0 f
T b aLVbL T U Vo Vg,
+(? + W)l — ww(75, 0y, + P51 or)| (4.8)

o~ o~ .
AoV (ParVyp — prVsr) + H.c.}

_|_

4.1 Charged sleptons

From eq. ({.§), the mass Lagrangian for charged sleptons is given by

L —[MQJF1 L LT <H+1H QtQHHZ*i
Charlepton ab 4M0aM0b 18 YeaVeb 2 ab 3 \/§ 8 3 1 al,'bL
o, V? 2,2 Tex 3¢
+ <mab + ErycaWCb +g°t Hléab> l(cl*ngL
1 1 o
+ NG MabV + & HpVab laply;, + H.c.
1 - -
+E)\a)‘b(u2 + w2)llebL (49)
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Eigenstate | Iz | lor, | hir | g
(Mass)? | By1 | Bas | C11 | Cao

Table 1: Masses and eigenstates of charged sleptons

For analysis below, let us denote

2

Buy, = Mg, + 4M0aM0b+ %a%b+ )\ o (u? 4+ w?)

18
2 2t2H
) —H. —H - —
+2ab< 3+\/§8 3 1>,
/2

Cab = ab + 8'Yca'7/cb +g t Hlfsaba

1 , 1
Dy, = ﬁ Nab¥ + E,Up')’ab?) . (4.10)

lc*

For the sake of convenience, let us denote (&} = laR. Then, in the base (iaL,ZbR) = (l~1L,

l~2L, l~3L, l~1R, l~2R, ZgR), the mass matrix is given by

Bab Dab
. 4.11
<Dab Cab) ( )

To deal with this 6 x 6 matrix, following ref. [[4], we assume that there is substantial

mixing among (71, 7r) only. Hereafter, we adopt 7 = I3, t = 13, b= d3, etc. This means
that, non-vanishing matrix elements in ([L11)) are Bi1, Ba2, Bss, C11, Caa, Cs3, D33. We
do hope that in the coming experiments at the LHC, situation on the sfermion mixing will
be more transparent.

Diagonalizing the above matrix, we get eigenmasses and eigenstates given in table [I.
and two others are

7L = se,l3r — co,l31,

Tr = cp,l3r + So,I5L,
with respective masses

m?, = %(333 + C33 — A),
m3, = %(333 + C33 + A),

where

A= \/(033 — B33)? +4D3,,
" . 2D33
s 7 Ca3 — Bas’

- 14 —



With the mentioned assumption, we have

2 1 v 50, 2 1 2t
mp, = = My + 4/io1 + 18%1 + —)\1(10 twt) =5 (- EHS t— ), (4.12)
5 2 5 92 1 2t2
mp = = M3, + 4,uo2 + < 13 — e+ _)‘ S +w?) - o <H3 - \/§H8 + ?H1> (4.13)
v’
mlglR = mi; + 18%1 +g*t*Hy,
lng = m3y + 18%2 +g*t°Hy,

For the highest sleptons - staus:

1 /2
m% =3 [M33+m33+ 9 — 2+ 4N03+—)\2(U +w?)
2 1 4 2
L (Hs — —=Hs — iHl) —A] )
2 73 3
1 v'? 1
m72~'R =3 [M33+m33+ 9 — 2+ 4,uo:s+ )\Q(U +w?)

g2

H —H, t2 H + A
2 3 \/g 8 3 ! ’
with

A= {[M33+4N03+—>\2(U +w?) — m3y

2 1 8t2 ? 1 2] ®
_9 (Hg — —Hg + —H1>:| + 2 (7733?)’ + éup"}/331}> .

=

2 /3 3

4.2 Sneutrinos

Eq. (B.§) provides the following mass Lagrangian for sneutrinos:

g° 1 2t2 5 1 .
Lsneutrinos = Eéab Hj + %HS - ?Hl + Mab + Z:u'()alu'(]b VoL VbL
t2
+ [—925ab (\/gﬂg +3 H1> + M2+ MOaMOb] 299759

1 o .
- [ﬁeabv(vaw& - VbLVgL)
6\/—Mp wV (TarL Vg, — torvgy) + H. C]

18 V*(NaXb + AN A (T Do, + 51, 751)

+1—8)\a>\b (W5 or, + wPTST vy, — ww (i U5y, + Dot )]

g>  cos 26
w

4

(VarVqr, + H.c.)
55
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_ £ Hs+ ——H, 2% + M+
— 9 ab 3 \/§ 8 3 1 ab 4MOaMOb

1 1 e~
+18 ()\ Ap + 4)‘ca cb) E)\Q)\bw2] Vo L,UbL
2

1 t
+ [—925ab (ﬁﬂg + §H1> + M2 + MOaMOb
1 1 e
18 ()\ )\b + 4:)\ ) E)\a)\bu LI/bL
V2 o
[(f L) sy

1 Aa A 2 cos 2 ke ~
—Quw < (; b+ % 2 B) Uy Vs, + H.c.
B

(4.14)

It is to be noticed that the last term in (f.14) is the mass-like (in the second order of fields)
lepton-number violating (AL = +2). It is similar to the neutrino Majorona mass term;
and this is a special feature of the supersymmetric version. The linear dependence on u
shows that it appears only in the economical version, in which one Higgs triplet has two
VEVs at the top and the bottom.

For the sake of convenience, we will use the following notation

2

Aab = %5(117 <H3 +—

22
—Hgs— —H M?
73 8 3 1>+ ab T ,U(Ja,UOb

1 1
150 (Aads 4N Ng) + Tghadve’,

18
5 t2 1
Gap = —9 0ap \/gHs + 3H1 + M2+ M oakiop
1 1
gV (Mad + 4N AG) + g Aahou?,
Eab = —\/5 <€ab’l) + E,UJPA:II)’U/> . (415)

In the base (Vur, r) = (P11, Vo1, V3L, V1R, V2R, V3R), the mass matrix is given by

Aab Eab
Eab Gab .

Eigenstates and eigenmasses in this case are completely analogous to the charged sleptons
with replacements: B33 = Ass, C33 = G33 and D33 = Fs3.

As before, ignoring mixing among sneutrinos of two first generations, we get eigen-
masses and eigenstates given in table Pl and two other sneutrinos are

Url, = 86,,V3R — €9, V3L,

UrR = €9,V3R + S0, V3L,
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Eigenstate

U1

or,

V1R

2R

(Mass)?

A

Ago

G

G2

Table 2: Masses and eigenstates of sneutrinos

with respective masses

where

1
5(1433 + G3z — Ay),

1
5(1433 + Gz + Ay),

A, = \/(G33 — As3)? + 4E%,

2E33

tggn = —
G33 — A3z

With the mentioned assumption, we have

2
[+

1
ma = Mp + —pg + 5

viL

4

18

1
+—0v2(\3 +4)%) +

18

1
+—v?(N2 +4)?%) +

18

4

18

For the highest (tau) sneutrinos:

1 1 1
mp = 2 [21‘49?3 + 5#(2)3 + §U2(
2 2
g 1 4t
Y (Hy— —Hs— —H
+ 5 ( 3 73 8 1
2 1
VrR 2 2
2 2
g 1 4t
Y (Hy— —Hs— —H
+2<3¢§83 O

9
2

2 2 Ly 9>
m :M22+ZM02+5 Hj +

1
V3

V3

,17,

1

V3

i)\Quz
18 1 )

1 1
+ gV (AT + ) + AT,

ot?
Homgth

o2
Hs = =~

1
—A%wQ,
18

2

1 t
mi . = M + ZM(QM - g <_H8 + —H1>

3

2 9 1o o 1 t?
my,, = My + —ngo —9° | —=Hs + - Hi

1 1
+—#u%4&9+ﬁgﬁ.

3

1
%+u@+ﬁgm%m%

D)

1 1 1
_ [zMgg L S08 £ axg) L ¢ )

(4.16)
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with

2

2 1 2 1
A, = \/[% (H3 + \/§H8> + 1—8A§(w2 - uz)} +8 (8331) + EMM%:%”') :

Comparing ([£19), (E13) with (1), (E.17), we see that, besides R— coefficients, without
D-term contribution, there are degeneracies among left-handed and right-handed sneutri-
nos, namely, 17, among 1 g and gy, among op.

5. Squark masses

Due to the fact that the exotic quarks in the model under consideration have electric
charges equal to that of the ordinary ones, squark mass mixing matrices are expected to
be larger than 6 x 6.

5.1 Squark mass lagrangian

As before, the D-term contribution is diagonal, and let us denote it by Dg:

Do = ¢*[(SQ3 + SaQ3) x Hz + (SQs + SaQs) x Hg + (SQ4 + SaQ4) x Hy]

—|—th2 X Hl(SQl + San)

o [ - 1 1 t2 202 e e
= g QUL UIL —H3+2—\/§H8+§H1 —?HlulLulL

5 s t +2 o
‘|‘d1Ld1L < H3 + \/§H8 + 3H1> + ng iL TL

~ [k ~ l t2 2t2 ~/cx ~Ic
turuy, \/§H8+ 3H1 — ?HluL uf

e 1 1 22 .
+ U1 Uel, <§H3 — FHE;) 3 — Hyug ag

2

1 t
d*LdaL (—Hg—i— + Hlchd

25")

1
+ —=Hgd*, d; + Hld’ de; +§H4 (a’{La’L—d*LdaLJrHc)} (5.1)

\/§

Relevant mass terms for squarks arisen from the F, D -terms and the soft terms are
given in the appendix B.

Looking at the above mentioned Lagrangian, we see that there is mixing among or-
dinary squarks with exotic squarks (with primes) and this produces 8 x 8 matrix for up-
squarks and 10 x 10 matrix for down-squaks. Noting that exotic squarks carry lepton num-
ber £2, we conclude that coefficients of the mixture among ordinary and exotic squarks
are very small. In the following, we will neglect such mixing.
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5.2 The lepton number conservation limit

Remind that, in the SM, neutrinos are massless and lepton number is conserved. Let us
consider the SM limit. The lepton-number conservation conditions imposed to (B.1) are
the following:

. / / / /19/
w'p; + Xy SOy 4 DEe T :v/h;-l-vup = =0,
6 6 6 6
w i, Iy w o ;
Whei + Mg i 4 Mﬁafaaz + 1_8)\ WEaai = 0, (5.2)
' IT u poa €’
uhixﬁ + z of 4 ‘é aoff | _Aawvgaaﬁ (5.3)
(w? 4+ u?) kiK' + v* T, = 0/279i79lg + (w4 u )HaiHaﬁ =0,
1 2 2
§u’w’(f<a? +r%) — %“wcosz b w'v(kimai + K'mg) = 0,
53
1 2 cos 2
§UU) 9(HazHaz +1I 5H ) 92 2 ’ = Ulw(ﬁinozi + 79/1_[/045) =0,
53

w(Ig; 15 + IhsIT55) = 0. (5.4)

With imposition lepton-number conservation, the difficulties of large squark mixing, will
be very much eased. Let us denote

— 1 2
Aij = m2 + — 18 (U) + )Iiilij + EUQWaiﬂaj — §92t2H15ij,
_ 1 1
Bij = mdij + E?}Qﬁ 19 + — 18 (U)2 + UQ)Hm‘Haj + gQQtQHlfsij,
— 1 1 2
C =m? + 18,‘{2(2/2 + w'?) + 1—81)2%:3 - gthQHl,
- 1
Pog = Mg TR I279I 2V + 18(w2 + u?) Mg, + 392152}115@5,
— 1 1 1 1
Ey,, = m2Q1L + 1_87/2("%2 + k%) + ¢ <§H3 + ﬁHS + §t2H1> ) (5.5)
By, = = 97 +92) + ¢° iy Ho+ Lem
dlL_mQ1L+1 v o)ty D) 3+2\/§ 8+§ 1)
1 1,

— 1
_ 2 L o22 NP N =
By =mau + gw (ki +K£7)—yg <\/§Hs 3 H1> ;
_ 1 1 1
¢ ) + 9%0ag (—H — 2—H8> :

Fuag = MQapL + 1_8@2(7Tai7rﬁi + ﬂ{lﬂ—
J— 2 1 2 ! !/ 2 1 1
Fa.s = m@apr + 1gu (Wgsllas + Maillgi) = g%0ap { 5Hs + 2\/§H8 7

=~

— 1
Fy , = mbasy + EMQ(H;%H;& + Hoillg) + g 5aﬁfH8,, (5.6)
/
2l VPai U PpTai
Goi = — + :
* ( V2 6V2 >
y: v'hy; v,upﬂi’
V2 6V2
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_ Uhai u/uXHaz‘ U/NOafaaz‘

ZS . p— _A
« V2 6v/2 * 6v/2 718 oV Sae

_ wh’ w' pu, I w poa&! 1

Noyg = —28 4 X of 20l | =\ uve, 5.7
o V2 6v/2 6v/2 187 ol >0

Then the mass Lagrangian (B.1)) can be rewritten in the form

Lsquarks = CUuf*uf + E, ’ @piy, + B, @t + Eay, dipdir
+A2Ju§zajL + Pagd/ d + F, R XI7Y)
+BZ] ch+Fd’ daLdﬁL+Fd BdaLdﬁL
[KazdaLd il + Naﬁd/ Ld + GQZUQL'U/ il + H dlLd il + H. C] (58)
From (b.§) we see that all the exotic squarks are decoupled of ordinary squarks. The reason
of this is that in the 3-3-1 models, the exotic quarks carry also lepton number, while the

ordinary ones do not, so their superpartners have the same property.
Looking at (b.§), we conclude that the o and &’L gain masses respectively,

2 Yol 2
For the ordinary up-squarks, the 417 does not mix and gains mass:
9 _
mﬂlL — EulL' (510)

The remaining up-squarks are all mixing and in the base (a3, , a5, , 4SS, , 45y ), the mass
matrix is given by

21 Gag G

31 G32 Gs3

Ga1 Gs1 An Ao Az |- (5.11)
Gy Gsy Aip Ayy Asp

Gos Gz Arg Ags Asg

For superpartners of the down-quarks (¢ = —%), we have: The CZ/Q*L, cig*L, d' i and d3 . mix
with mass matrix
Fay, Fay, Naz Naj
Foq, ng N3z N
Ny N3y Pay P
Na3 Nsg Pag Pss

(5.12)

For the ordinary down-squark,in the base (J’{L, J;L, Jzi’L, JfL, JgL, JgL), the mass matrix is
defined by
Eg, 0 O H; Hy Hj
0 Fay Fayy Ko Koy Ko
0 @32 @33 Kfﬂ K” K?"r‘ , (5.13)
Hy Ko K31 Bu B Bsi
Hy Ky Ksy Bia By Bs

Hs K3 Ks3 Bis Bas Bss

,20,



Eigenstate | w17, | tig | U2r | U2r | Uj
(Mass)2 EUlL A11 Fu22 A22 E.

QS

Table 3: Masses and eigenstates of up-squarks

Eigenstate | di, im dor, £2R _~I2L by

( Mass)2 EdlL Bll de BQQ Fd/22 ﬁgg

Table 4: Masses and eigenstates of down-squarks

As in the MSSM, the ordinary down-squarks mix by 6 x 6 matrix.

It is to be noted that the decoupling of 41y, is a result of the condition for minimum
of Higgs potential: u'/u = w'/w and the absence of Q. in two last terms of eq. (R.7).

In general, we cannot deal with 5 x 5 and 6 x 6 matrices. Following Refs [[4] and [B1],
we expect the ¢r, — ¢r mixing to be small, with possible exception of the third-generation,
where mixing can be enhanced by factors of m; and m;. Keeping in mind this assumption,
from eq. (B.11)) to eq. (5.13), we conclude that, all non-vanishing matrix elements are: F,,,,
Eugga Zn, Z22, Z33, 633, Fd'm, Fdé3 ,F22, F33,N33, EdlLangga ngga Ella E22, Es:s and
K33 With the help of the above assumption, diagonalization of the mass mixing matrices

is quite easy. Our results are as follows:

1. For up-squarks:

The eigenmasses and eigenstates are given in table J. and two others are

Uy, = S, U3R — Cp, U3L,

Uty = Cp,U3R T S0, U3L,

with respective masses

1 — _ _

Uy, §(Fu33 + Az — A)’
1 — _ __

m% == §(Fu33 +A33 +A)7

where

|
I

\/(233 - Fuss)z + 4653’
2G33

tog, = =——=—
A33 - Fugg

2. For down-squarks:

Eigenstates and masses are presented in table .

and four others are

dy;, = s¢,d3r — cy,d3L,

dip, = co,d3r + S9,d3L,
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with respective masses

where

Analogously for exotic squarks:

b K K
dtL = S@d, d3R - C@d/ d3L7
T

_ 7 7
tr Ced/dfiR + Sed/d.?,La

with respective masses
2 L = ¥ ~
my = g(ng3+P33—A),

1 _
m> :§(ngB+P33+A),

dyp
where
— — — —2
. 2N 33
20 , = =
Py —Fg,

To outline mass spectrum, let us assume

ZH < C < Fn < E“/L < EUIL < EdlL’
ZQQ < EQQ < ﬁgg < FUQQ < de < Fdlm' (5.14)

Squarks mass spectrum is shown in figure [, where mass scales between generations are
not taken into account.

We summarize this section by notice that the huge squark mixing matrices (8 x 8 and
10 x 10) were significally reduced by the lepton number conservation, equivalently to the
SM limit. The situation will be much better by R-parity imposition.

6. R-parity and sfermion mass splitting

Consequence of R-parity is that all coefficients in Wp and ﬁgMT vanish.
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Mass

dir 1, -
B - UtR dip d:‘l?
UL, dor
iy -
\ ur U2,
7 7
dir 2R _
- ~ Uty d d
’ tL tL
Up dop
U1R U2R

Figure 1: A schematic sample mass spectrum for squarks in which mass scales between generations
are not taken into account.

6.1 Slepton mass splitting

R-parity conservation and the constraint (@) give
Ao = Ny = MP? = vy = g = 0. (6.1)
Then vanishing of nondiagonal elements in lepton mixing matrices leads to:

YelVe2 = Ve1Ve3 = Ve3Ve2 = 0. (62)

Consequence of (B.9) is that at least, one of the coefficients -y, vanishes. Let us consider
two special cases:

L. Ye3 7£0

From (p.9) we get
Yer = Ye2 =0, = Y33 7£ 0. (63)

In the considering case, the first two family slepton masses are given by:

2 2
g 1 2t
mlglL = 1“121 — 7 <H3 — %Hg + ?H1> s (64)

2 2
g 1 2t
mg,, = Mf + o <H3 + %HB - ?H1> )
2 2 2 (1 £
mg ., =M1 —g \/gHS + §H1 )
mi = miy +g*t°Hy,

2 2

2 2 g 1 2t

: =Ms: —Z- | Hy— —Hg+ —H
m 22 2(3 73 8 3 1>7
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2 2t2
ml,QL = M22+ <H3+ —Hg — —H1>

V3 3
2 2 o 1 t?
mg,, = Myp —g %HS + §H1 ;
mlgm = m3y + g°t°H). (6.5)

The stau masses are defined:

/2

) Yy g 1 22
mﬁ:2 M3y + m3s + 9733 > HB_%HS_?HI - Ay,

1 v’ 2 1 2t2
m, = B [M:%s +mi; + ?73%3 - % <H3 - % ?H1> + Al} ;

where

1 82 \1° 1 ?
Ay = [Mgg —m3s — g <H3 - %st + ?H1>] +2 (77330' + 6#;}%&31}) :

For the mixing sneutrino eigenstates

Ur, = 86,V3R — €9, V3L,

UrR = €,,V3R + S0, V3L,

we obtain
1 g2 1 42
2 2
s o= — |2Mss + = | Hy — — ——H{)-A
YrL 2[ 33 2 < 3 \/§ 3 1) nl]’
1 g° 1 4¢2
2 2
S = —[2Mia+Z=— | H3— —Hs— —H{ )+ A
UrR 2 |: 33 2 < 3 \/g 8 3 1> n1:|,
with

From eq. (p.4) to eq. (B.H), the mass splittings for the sleptons are governed by

sum-rules
2
2 2 9 2 92, G 5COS 2y 5c0s2(3
o, <y = <, == (P
2
—Wwwﬁ+ilwzq (6.6)
4 53
2 2
g g cos 23
m?,lL —m?,lR = m?;u — m,%m =3 (H3 + \/§H8> = Z(w2 - u2) 5% (6.7)

Remind that, in the effective approximation, we have R, R§: w ~ w’,u ~ /. Thus,
noting that our notation tan+ is cot 3 in MSSM as in ref. [[[4], eq. (p.6) coincides
with the MSSM result [[[4]. In this approximation, there is degeneration among V1(2)L
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Mass

Figure 2: A schematic sample mass spectrum for sleptons, in which mass scales between genera-
tions are not taken into account and [ = e, .

and y(9)g. As in the MSSM, cos 2y > 0 in the allowed range tan~y < 1, we get then

2 2 2
my. > M iR

Note that the right-handed sneutrinos are singlet of the SM group SU(2)z. Conse-
quently, they interact very weakly with ordinary particles (in the SM). Hence they

I = e, u. Assuming further cos 28 > 0, we obtain: m%lL >m

are a realistic candidate for dark matter. With assumption cos 2 > 0, these particles
are stable without introduction of extra symmetry. So the model under considera-
tion contains the candidate of so-called self-interacting dark matter (for details, see
ref. [BF]). Alternative possibilities are approachs in which the right-handed sneutrinos
are curvaton [BJ], or non-thermal dark matter [B4].

To outline slepton mass spectrum, we assume the following relationship:
cos2y >0, cos26>0, mi <mi. (6.8)

With the above assumption, the slepton mass spectrum is shown in figure fl. Since,
no convincing evidence for production of superpartners has been found, our figure
has only illustrative meaning.

2. Vel 7£ 0
As before, from (6.3) we have

Y2 =73=0, = 11 #0. (6.9)

In this case, all the charged sleptons have different masses:

12 2 2
2 2 V7 2 g 1 2t
2 o+ 2 Y (g g+ 2l
m 11+ 18'}/11 9 ( 3 \/g ] + 3 1),
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2 2
1 2t
m? = M2 - L <H3 — —Hg+ —H1> ,

lar, 2 \/5 3
2 2 v? 2,2
mi L = Mt e g t"Hy,
ml22R - m%Q + 92t2H17
and
1 2 1 2t2
m%L = 5 |:M3?3 + m§3 — % <H3 — \/_Hg — ?H1> — A2:| ,
1 g° 1 2t2
mi, = 5 [M§3+m§3— 5 (Hg— ﬁst— 3 H1> +A2} ;
with

2 1 2

For sneutrinos, we have

2 2
5 5 g 1 2t
2 = Y (Hy+ —Hs—=H
mVIL 11 + 2 < 3 + \/g 8 3 1> 9
2 2 2 1 t2
mg,, = Mih —g —H8+§H1 )
3
2 2
2 2 9 1 2t
2 = Y (Hy+ —Hs—=H
ml/gL 22+ 2 ( 3+ \/g 8 3 1) 9

For the tau sneutrinos, we get

1 g° 1 4¢2

P = 2 [21M§3 Ty <H3 - %st - ?H1> - An] )
1 g° 1 4¢2

A 5 [QM?%?, iy <H3 - %Hs - ?HH) + An:| )

with

4 2 1 2
A, = \/ gz <H3 + \/§H8) +8 <aggv + EupAg3UI> :

In the considered case, only relation among sneutrinos (.7) is satisfied.

In this case, slepton mass spectrum is similar to figure B

The situation is similar for case of .0 # 0, in which the second generation plays a role of

the first one. Next, let us consider squarks in the model under consideration.
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6.2 Squark mass mixing matrices

Imposition of R — parity yields
baci = gap = Aa = 0. (6.10)

Looking at (p.2)—(p.J) we have
Kai =Ny =0. (6.11)

So that the mass matrix of down-squarks is significally reduced.
With the help of (6.11]), matrix in (§.13) is decomposed to two 2 X 2 ones. J’QCL and

JgCL mix with mass matrix
Pay Pog
P3y P33

Fa, Fay,
Fa, Fa,

For the ordinary down-squark, matrix in (p.13) is decomposed into 2 x 2 and 4 x 4 ones.
We have two blocks: in the base (dar, d3r,), the mass matrix is given by

Edm Edzza
F d32 F d33

Four others mix and, in the base (Jj I cZ‘f I cig I cig 1), the mass matrix is defined by

For d; and dj;, the mass matrix is

Eq,, Hi1 Hy Hs
ﬁl Fll E21 EBI
ﬁ2 FIQ E22 E32
F?; FIB E23 EB?;

It is interesting to note that our highest mass mixing matrices are smaller than that in the
MSSM (6 x 6 matrices).

Let us consider the squark mass splitting. Looking at egs. (5.-§)—(p.6) yields the mass
splitting of squarks in the first generation:

) = 1
mg =iy, = Eay — Buy, = —¢°Hs + 18 [0 (97 + 95) — (5] + &)

2
g cos 2 cos 23 1
- (P ¢ g 0 i+ )

2.2
9 g°u®cos20 1
= 2 —_— _

myy Cos 27y + 1 s% 13

1
~ m3y, cos 2y + 1_81/219@2' (6.12)

(0202 4+ 02) — (2 + 1))
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Similarly, for the second generation, we get

2 2 T nl _ 2
mJQL _mﬂgL - Fd22 - FU22 =g H3

1
+1_8[u2(H,66H£x6 + Hgillas) — 02(7%‘%2‘ + W'gﬂfx)]

1
~ m¥y, cos 2y — 1—81)27T62‘7Tai. (6.13)

In the model under consideration, squark mass splitting is different from those in
the MSSM and the reason of this is the quark generation discrimination. For sleptons,
the splitting is the same as in the MSSM. In addition, in the SM limit, we have triple
degeneracy among all particles in the lepton triplet.

Remind that formulas of sfermion mass splitting (6.9), (6.7), (6.-13) and (6.13) have
been obtained in the limit of R-parity conservation. To be consistent with the MSSM, the
high energy limit has to be imposed; in the other words, when the relationship in (E)
u, v < w,w is satisfied.

For possible phenomenology at colliders such as the LHC/ILC, we refer the interested
reader to refs. [BH). Further phenomenology of sfermions in the model under consideration
at hadron colliders is our next studies.

7. Conclusions

In this paper we have studied the sfermion sector in the supersymmetric economical 3-
3-1 model. Our calculation of the full superpotential for sfermions is useful for further
study on searching of supersymmetric particles at high energy colliders such as the CERN
Large Hadron Collider (LHC),...By R- parity conservation imposition, the Higgs scalars
are decoupled of the sfermions; and the exotic squarks are also decoupled of superpartners
of the ordinary quarks.

In contradiction to the MSSM, in the model under consideration, due to the VEV
structure, there are lepton number violating mass terms in the contribution from D-part.

As in the MSSM, the mass mixing matrix for charged sleptons is 6 x 6, while for
sneutrinos, due to the existence of the right-handed neutrinos, their mass mixing matrix is
6 x 6 too (Remind that in the MSSM, it is 3 x 3 matrix).

It is worth noting that, in the SM limit, due to the quark family discrimination, the
highest mass mixing matrices for the up-squarks and the down-squarks are, respectively,
5x 5 and 4 x 4, but not 6 x 6 as in the MSSM. Due to the same reason, in contradiction
with the MSSM, there is no mixing among by, and bp.

Assuming that there is only mixing among highest flavors ( 7,1, — Urgr, 7, — T and
t;, — tg) we were able to outline mass spectra for the sfermions in the model.

In the SM limit, without D-term contribution, there is triple degeneracy among all
particles in the lepton triplet. In the high energy limit, the mass splitting among sleptons,
as in the MSSM, is proportional the D-term contribution

2 2 2
mp =My, = My Cos 2y,
2 _ 2
mg, = mg .. (7.1)
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However, due to the quark generation discrimination, squark mass splittings are dif-
ferent in each family and from those in the MSSM.

With assumption cos 23 > 0, the right-handed sneutrinos are lightest sfermions and
can be a realistic candidate for self-interacting dark matter.

We do hope that, in coming years, the CERN LHC will provide important information
on the supersymmetric particles including sfermions and our prediction in eq. (7.])) can be
experimentally checked.

To conclude this work, we note again that due to the minimal content of the scalar
sector, in the supersymmetric economical 3-3-1 model, Higgs sector is quite constrained
and the significant number of free parameters is reduced. Its supersymmetric extension
has the same feature and deserves further studies. We emphasize again that in the earlier
3-3-1 versions, due to the large Higgs content, their eigenmasses and eigenstates can be
only approximate solutions. However, in the economical version, all solutions are exact,
hence predictability of the model is very high.
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A. The F-term contribution
Here we present full F-term contributions to sfermion masses:
X' * 1 Tx T 1 T * 7 *
FX*F = ZMO@MObLaLLbL + ZMOaﬂx(LaLX + Larx")

1 * N ~ ~ ~ 1 Nk ~C* Nk ~Icx
i X (RiQurtsy, + K’ Quruf) + —pnx (ki Q1 ST + K QL Ur™),

6 6
* [1 * T A 70 A 7
FX*Flo = P f X < Aa€mon Ly " + MaiQarLodsy, +115,5Qq Lod§L> +H .c}

F ANz En) (07 ) — (Eopo)(" Tan)

_1 ~ ~ ~ - ~
— EMX <)\a€LaLXI*p + Haixl*'QaLdgL + Hixﬂx/ 'Q&Ld5L> + HC:|

+5ANl(Ei L) (0°9) — (L) (0" L),

6
+ TaiQarotsy + ﬂ;QaLg&f) + H.c.]

FE AN Ear) 00 — (Eax) (0 L)

* 1 * T T T
FPe Fpo = [_MPPIU ()‘afmnaL:anXn + )‘izbfmnaL:anLgL

6
+ Taip™* Qur il + ﬂ;p'*.QaL&f) + H.c.]

1 T * T T *
= |:_,up <>\aELaLXp/ + A;beLaLLbLPI
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FPYF,

FLgL*FL(7
a

Fl%b*ﬂc
Lb

FQIL*FQIL

FQaL*FQaL

C
FYL* e
K2

/
C
FYr*F Ie
u
L

c
FhL* Fye
1L

FdéL*F ”

6L

+5 Ml B 00 X) — (En) (0 B,

1 * jc ST e . Jlc
= <Hpp (%bLaleL +9;01.d5, + 9,01 Ld;L) t He., (A1)

1 " ~ ~
L |:_lu0aX/U (7abp:7lgL + Aaeamnmen + QAngUanﬁpn

6
+ gaanaLoij + fémﬁéaLoJEL)
+é <7ab/\aep’x*p*-l~§L + 2yapNopep' Lip o™ I,
+20a N[O Loz ) (0p) — (0" Lor) (X *p)]
+)\a€aaj€QaLX*P*-J§L + )\aﬁéaﬁQaLX*ﬂ*dlﬁcL) + H-C-}

1 * Jex 3¢
+§’Yca’)’cbp, -pll(CLngL

+3 Aca wl(LarLon)(p*p) = (Lypp) (P Lo )],

1 T *
= §%b%'b(LaL,0')(La'Lp') ,

1
= W + ) (kirgafpag,, + KPUEUE + kiR G AL + ik UL

18
/2(79ﬂ9j ~de§L + ﬁ;ﬂﬁd’ d + 00, ds dCp + 99, dS, d),

1
12 ~Icx ~Ic ~cx ~/IC ~/c*
= 1_8[U (TaiTaj Ui U5, + mo UL UL + TaiTo UL UL + TaiTo Uy Uf™)

+(w?+u )(HmHa] dCL+H 5d’c*d
—i—Hm of3 ZLd + 1T, 11 Bd d’c*)] e

L = % {"”vi (' Qi) (X' Q1L)* + Taimai(pQar) (pQpL)*

+RiTai(X QL) (pQar)* + /‘iiﬂ'ai(X,QvlL)*(vaaL)] +

1
12, 2~% ~ 12 2~1%~1
= (WK L + WKL UL + v i aitiaL sy,
2~%

7 / ~ P~
+(u w'k; ulLu L — ' Uﬁzﬂ'oﬂulLuaL w U"fiﬂ'oziu[),kuaL + HC)] +- -
<
18

+ (' K20 ul  — ok T ar, — WK T 0 T + Hc)} +- -

w0+ WP R 4 vt WTalaL Uy,

1

- = [v 202dy1d5y + u o gidar dy + w o Tgdl, diy +
+(uwHaszdQLdEL + U/UﬁiﬂaidlLdZL + vlwﬁiﬂaidlLdgL + Hc)] e
1 ~

= 1_8 |:’U,2’1932d1Ld 1L +u Haénﬁ(sdaLdﬁL +w Haénﬁ(sdaL ﬁL+

(T Wgsdr &, + o' w5 T iy, + o' wOs Mg iy, + Hee)| 4.
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B. Mass lagrangian of squarks

The full mass Lagrangian for squarks in the supersymmetric 3-3-1 model is given by

'csquarks = DQ + m?QlLQJ{LQlL + méaﬁLQlLQﬁL

~Ck~C

2 2 Tex 9 ~cx~c 9 Tk Sc
g, Uip s + mg, dipdsn + mop ' L'+ mgaed o pd sy
- ~ . L ~ -~
+ [piQmX'U& +pQX U L, + PaiQarpUiy + TaQarpty + hiQurp'dfy,
~ ~c ~ ~ ~ ~c
+h;Q1Lpld/aL + haiQaLdeL + h/aﬁQaLXdlﬁL

1 ~ ~
+— X (R Q1raSy, + K Q1L uf)

6
+éﬂx <Haix/*-QaLCZfL + Hlaﬁxl*-QNaLCZIﬁCL)
+éﬂp <7TaiP'*-QaLﬁ§L + W;P/*-QaLﬁ'Lc>
+éﬂpp* <79iQ1LCZfL + %QuiﬁfL)
+%M0axla*(£aanaLoJ§L +&03Qarodyy)
+%)\a(£aai€©aLX*p*-J§L + &hapQarX " djp) + H.C}
+1i8 [(wl2 + u/2)(/€mjzlfzﬂ§L + 5/211'5*11'5 + kK USTUT 4 kR UG ALY
(0305 + Doy dy, + 00 dt iy + 00,05 di )|
+1i8 [UQ(WaiWaj@fzﬂjL o+ TRUFE UL + TaiTMp USHUT + TaiTa U UL

+(w? + ) (Maillagd5 dS, + 10,511, sdisT di,
1o 1T 5 ~%J§L + HaiH;ﬁJgLJ,ﬁz)]

1
12, 2~% ~ 12, 2~Ix~1 2 ~ o~
+1—8 [u Kjuypulr, + W Kjuruy, +v TaiTBilaLUg],

+(u'w'/<;?ﬁ“{Lu’L — W VR T QiU [ Ut — W UK T iU U, + Hc)}
1 12 12~% ~ 12 12~1%~1 2 7 ! ~ ~%
+5 [ K ujpulr + w R upuy + v T, Tglar gy,

18
+ (W KT U — ok T L s, — WK T T T, + Hc)]
=
18
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