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Abstract. The minimum supersymmetric standard model with bilinear R-parity violation is studied sys-
tematically. As we consider low-energy supersymmetry, we examine the structure of the bilinear R-parity
violating model carefully. We analyze the mixing of, e.g., Higgs bosons with sleptons, neutralinos with
neutrinos and charginos with charged leptons in the model. Possible and some important physics results,
e.g. that the lightest Higgs may be heavier than the weak Z-boson at tree level, are obtained. The Feyn-
man rules for the model are derived in the 't Hooft—Feynman gauge, which is convenient if perturbative

calculations are needed beyond the tree level.
1 Introduction

It is being increasingly realized by those engaged in su-
persymmetry (SUSY) research [1] that the principle of
R-parity conservation, assumed to be sacrosanct in the
prevalent research strategies, is not inviolable in practice.
The R-parity of a particle is defined as R = (—1)?5+35+L
[2] and can be violated if either the baryon number (B) or
lepton number (L) is not conserved. In recent years, ex-
tensive studies of supersymmetry which is characterized
by bilinear R-parity violating terms in the superpotential
and the nonzero vacuum expectation values (VEVs) of
sneutrinos [3] have been undertaken. It stands as a simple
supersymmetric (SUSY) model without R-parity which
contains all particles of the standard model, and it can
be arranged in such a way that there is no contradiction
with the existing experimental data [4]. The impact of
the R-parity violation on the low energy phenomenology
is twofold in the model: (1) it affects the lepton number
violation (LNV) explicitly; and (2) the bilinear R-parity
violation terms in the superpotential and soft breaking
terms generate nonzero vacuum expectation values for the
sneutrino fields (;) # 0 (i = e, u, 7) and cause a new type
of mixing, e.g. of neutrinos with neutralinos, of charged
leptons with charginos, and of sleptons with Higgs.

The R-conserving superpotential for the minimal su-
persymmetric standard model (MSSM) has the following
form in superfields:

Wussm = pei; H} H}

e Hi LR — up(HFC71QF — H3Q7)U7
~d;(H{ Q4 — H;C™Q{)D", (1)

where H L H? are Higgs superfields, QI and L! are quark
and lepton superfields respectively (I = 1, 2, 3 is the index
of the generation), and all of them are in a SU(2) weak
doublet. The rest are superfields; U! and D’ for quarks
and R! for charged leptons are in a § U(2) weak singlet.
Here the indices i, j are contracted in a general way for the
SU(2) group, and CT/ (I,J =1, 2, 3) are the elements of
the CKM matrix. However, when R-breaking interactions
are considered, the superpotential is modified as follows

[5]:
W = Wussm + Wr + Wp, (2)

with
Wi = e LELT RS + Xy i LIQT DX + ¢, H2 1Y),
Wi = N U1 D DX, (3)

Since proton decay experiments determine a very strin-
gent limit on the baryon number violation [25], we sup-
press the term Wp completely. The first two terms in Wy,
have received a lot of attention recently, and restrictions
have been derived on them from existing experimental
data [6]. However, the term ejeijf[fﬁj is also a viable
agent for R-parity breaking. It is particularly interesting
because it can result in observable effects that are not seen
with the trilinear terms alone. One of these distinctive ef-
fects is that the lightest neutralino can decay invisibly into
three neutrinos at the tree level, which is not possible if
only the trilinear terms in Wy, are presented. The signif-
icance of such a bilinear R-parity violating interaction is
further emphasized by the following observations:

— Although it may seem possible to rotate the H, L terms
away by redefining the lepton and Higgs superfields [7],
their effect is bound to show up via the soft breaking
terms.
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— Even if one may rotate these terms away at one en-
ergy scale, they will reappear at another one as the
couplings evolve radiatively [8].

— The bilinear terms give rise to the trilinear terms at
the one-loop level [9].

— It has been argued that if one wants to subsume R-
parity violation in a grand unified theory (GUT), then
the trilinear R-parity violating terms become rather
small in magnitude (about ~1073) [10]. However, the
superrenormalizable bilinear terms are not subjected
to such requirements.

In this paper we will have EIEij[A/{HJZ as the only R-
parity violating terms to study the phenomenology of the
model. The paper is organized is follows. In Sect. 2 we
will describe the basic ingredients of supersymmetry with
bilinear R-parity violation. The mass matrices of the C' P-
even, C'P-odd and charged Higgs are derived. Some inter-
esting relations for C'P-even and C'P-odd Higgs masses are
obtained. For completeness we also give the mixing matri-
ces of charginos with charged leptons and of neutralinos
with neutrinos. In Sect. 3 we will give the Feynman rules
for the interaction of the Higgs bosons (sleptons) with
the gauge bosons, and of the charginos and neutralinos
with gauge bosons or Higgs bosons (sleptons). The self-
interactions of the Higgs and the chargino (neutralino)—
squark—quark interactions are also given. In Sect. 4 we will
analyze the particle spectrum by a numerical method un-
der a few assumptions about the parameters in the model.
We find that the possibility with large values for e3 and
vy, still survives under strong experimental restrictions
for the masses of the 7-neutrino (m, < 20MeV) and of
the 7-lepton (m, = 1.77GeV). We will close our discus-
sions with comments on the model.

2 SUSY with bilinear R-parity violation

As stated above, we are to consider a superpotential of
the form

W= /.LEijIA{}IA{? + lleij]:[iliéél
(RG] — BT
—d'(H{ Q5 — HyCVQ{)D! + ejey; HZLE, (4)
where i, €; are the parameters with units of mass, u’, d’
and [ are the Yukawa couplings as in the MSSM with R-

parity. In order to break the supersymmetry, we introduce
the soft SUSY-breaking terms

Luone =~ I H — a2 2 — o EL°
,m%IRI*RI _ mél@f*éf _ mQDIDI*DI
—mZ U U + (miApAp + maAi\y
+m3>\aG g; + hC) -+ {B[Lé‘”H}H;
+BI€IEini2-Z/JI- + 5ijlsINHZ'1-Z/]I‘RI
+dsrp(—H1Qy + CT H Q) D'
Fusrp(~CH T HEQy + HF Q1)U + e, (5)
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where m%l,m%hmi,,m%“mé“m%, and mQUI are pa-
rameters with units of mass squared, while mg3, ms and
my denote the masses of A%, Ay and Ap, the SU(3) x
SU(2)xU(1) gauginos. B and By are free parameters with
units of mass. dss, usr, ls; (I = 1,2,3) are the soft break-
ing parameters that give the mass splitting between the
quarks, leptons and their supersymmetric partners. The
other parts in the model (like the gauge, matter, and the
gauge—matter interactions) are the same as in the MSSM
with R-parity. We will not repeat them here.

Thus the scalar potential of the model can be written
as
2

+ VD + Vsoft

ow
V_Z’é?A

= Vr + Vp + Vo,

(6)

where A; denote the scalar fields, Vp are the usual D-
terms, and Vg are the SUSY soft breaking terms given
in (5). When we use the superpotential (4) and the soft
breaking terms (5), we can write down the scalar potential
precisely.

The electroweak symmetry is broken spontaneously
when the two Higgs doublets H!, H? and the sleptons
acquire nonzero vacuum expectation values (VEVs):

1 (.0 )
H! — (ﬁ(Xl"i'Ul +1¢1)>) (7)
H;
H2
H? = o , 8
<\}5(x3+vz+1¢3)> )
and
1 .
po (B
L}

where L! denote the slepton doublets and I = e, W, T
the generation indices of the leptons. From (5) and (6) we
find that the scalar potential includes the linear terms as
follows:

Viadpole = £1X1 + 15X5 + 13 x5, + 5 x5, + 5. x3., (10)

where
1 2
8= 36+ (s 3008 ) + b
I

+m%{w1 — Buvg — Zuqvb
I

1 2
1 = _§(92 +9" )ue (Uf — v+ ngl> + || ?vo
7

+m%{21}2 — Buuvy + Ze%vg + Z Breruy,
I I

1 2
8= 4o (s 5008 ) i,
I

+EIZ€JUDJ — pervr + Brerus. (11)

J
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Here t? (i=1,2, e, U, ;) are tadpoles at the tree level,
and the VEVs of the neutral scalar fields should satisfy
the conditions t? = 0 (i = 1,2, ¥, i, r). Therefore one
can obtain

o= = (1t = et - 2
I

SICEEE ]
u|2+Ze +ZBm——B
—=(*+¢ )< —U§+ZI:US,>>>
mir=— (;(9 +g )( —vj— Z%)

Up (%1 V2
+er E €j— —erpp— + Brep—
7 U[,I U,;I U,;I

(I = e, 7).

+

mH2

o
||
OOM—‘ A ool

(12)

For convenience we will call all these scalar bosons (H?!,
H? and I~/I) Higgs below. Now we will give the Higgs bo-
son mass matrix explicitly. For the scalar sector, the mass
squared matrices may be obtained by

0V
agﬁl ¢j minimum .

Here “minimum” means that the values are evaluated
at (HY) = vi/V2, (H) = vs/V2, (L1) = v5,/V2 and
(A;) = 0 (A; represent all other scalar fields). Thus the
squared mass matrices of both the C'P-even and the C'P-
odd scalar bosons are 5 x 5, whereas the matrix of the
charged Higgs is 8 x 8.

M?j = (13)

2.1 The squared mass matrices of Higgs

From the scalar potential (6) we can find the mass terms

even _ _ 5t 2
Em - éevenMeven even, (14)
Where current” CP-even Higgs fields @even = (x9, x3,
X2, X2 . X% ). The mass matrix in (14) is
e m s
2 —
Meven - (15)
11 —e12 — Bp ez — pey €14 — pe2 €15 — Hes
—e12 — Bu r22 —e23 + Biey —e2q + Bgey —ea5 + B3eg
e13 — neyp —e23 + Biey 733 €34 T e1e2  e35 te1e3 )
e14 — nez —ezq + Boey ezq tejen T44 e45 + €eze€3
e15 — neg —ez5 + Bgez e35 +e1e3 eq5 +egey 55

with notations

2 ?
9 +g
T (3v% — i+ EI v2> + [l + min
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g2+g’2 2—1—2 ’U,;I+B (3D
= —F—v €Ef— -
4 ! 7 per U1 ‘LL'U17
@ +g"
raa = Tt [~ 4803 = Y0, | [P
J;
—+ Z €r + mH2
+ (%
:g 49 2+B 7_ZBI€I VI
T
F+g"
rog = L5 v? — 2 +ZU§I +202 | + € +mis
I
_ 92 + 9 2
4 Ve UVe Vg,
Uy Vi
—€1€9 K — €1€3 Y
Uy, Up,
P +g"
I3
2 2
9"ty u1 Y2
= TU,%M + pe2 — -
vy Yy
Up Up
—€1€9 Ve _ €9€3 s
Dy Ui,
P +g"
T = T v} — 2 +Zv§l +2U§T + e +m2,
I3
2
_9Hg e v U2
4 vr Up, Vo,
s,
16
- o (16)
and
2 2
P +g P H+d
1z = == U1v2, €13 =" Uibm,
2 2
_ ¢ty _ 9+
€14 = Tvlvgw €15 = TU1U177—7
2 2
_9+d _gtd
€93 = TUQU[,C, €oq = TUZWM
2 2
_9+d _9+d
€o5 = TUQU[,T, €34 = TUDCUZM
2 2
_Prd _rCre
€35 = 1 U, U, , €45 = 1 U5, Vi,
(17)

Here in order to obtain the above mass matrix, (12) is
used. The physical C'P-even Higgs can be obtained by

H Z evenX]7

where Z{V°" (i,7 = 1,2,3,4,5) are the elements of the ma-
trix that converts mass matrix (16) into a diagonal ma-

(18)
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trix, i.e. it translates the current fields into physical fields
(corresponding to the eigenstates of the mass matrix).

In the current basis &1, = (49, ¢9, ¢9, g#, 9), the
mass matrix for the C'P-odd scalar fields can be written

as

s11. Bp —per —pes  —pes
Bﬂ 5929 7B1€1 73262 73363
Mg =| —per —Bier s33 erex erez |, (19)
— €2 —Bsey €162 S44 €2€3
—pe3 —Bsez €1€3 €€z Ss5
with
g2 + 9/2 2 2 2 2 2
s =g (f — v+ Do)+ +mip

I
(% v
= per—2+ Bu-2
7 U1 U1

2 2
g +g o 2 2 2 2 2
322:_T(U1_U2+U171)+/‘ +§ €7 + M2
T
- B,Lf - § B,e,—
2 2
g - +g 2 2 2 2 2
833 = "o (vf — vy + E vg,) +er +moa
T
1 U2 17 Up
= €1 — B1€1 — €1€2 E— €1€3 =
Up, e e Up,
2 2
g°+g 2 2 2 2 2
544:78 (v] — vy + E v5,) + €+ mie
T
Vg, Vg,
— — €9€3
Uy Ul/u Uy Uﬂu
2 2
g°+g 2 2 2 2 2
855 = —g (v] — vy + E v,) €3+ mips
T
~ Vp
< — €9€3 (20)
P P o (5

From (19) and (20) one can find that the neutral Gold-
stone boson (with zero mass) can be given as [11]

— 1
GO = HG - ZZOd’Ld

1
= (16 — V2l + vs. 85, + 05, 85, + v 65, ), (21)
which is indispensable for spontaneous EW gauge sym-
metry breaking. Here v = (v + v3 + > 02 )!/2, and the
]

mass of the Z-boson My = ((¢2 + ¢ )}/2/2)v is the same
as in R-parity conserved MSSM. The other four physical
neutral bosons can be written as

HY (i =2,3,4,5) (22)

5
§ ©,J 40
Zodd 7
=1
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where Zﬁ?d (i,j =1,2,3,4,5) is the matrix that converts
the current fields into the physical eigenstates.

From the eigenvalue equations one can find two inde-
pendent relations:

5 5
2 _ 2 2
DM =Y M, +mE,
i=1 i=2
3
5 v —v3 4+ Y vE 72 5
2 _ I=1 2 2
HmHg = [ 2 ] mz HmHgH (23)
i=1 i=2
If we introduce the following notations:
vy, = vcos fcosb,,
vy = vsin 3,
3
Z v2 = vcosFsinb,, (24)
=1
the second relation of (23) can be written as
H mHo = cos? 208m% H mHo (25)

=1

The first equation of (23) is also obtained in [12]. Whereas
we consider that the second equation of (23) is also im-
portant, the two equations are independent restrictions
on the masses of neutral Higgs bosons. For instance, from
(23) and (25) we have an upper limit on the mass of the
lightest Higgs at tree level in the model:

2
1 m
2 2 n—1 1- n— l m? 7
9 5 [ m7cos®2p3 HO
M0 SmHo 1
Hl n m2 0 b n—1
HY 1 1 m?2 cos? 23
T n—1 m? o
H"L

(26)
where n > 2 is the number of the C'P-even Higgs, mppo is

the mass of the lightest one among them, and mgo is the
mass of the heaviest one. Some remarks should be made
about (26):

— From (23) and (25) we can find m?qg > m?,.

— When n =2 or m2, = - = m2%,, = m? N
H? Hy H’?L+2
m%ﬂu =m?, cos? 23 =1, “=" is established.
n-+mn

— In the case of MSSM with R-parity (n = 2),

2 < mQZ cos? 23

mpgo = m?% cos®2(3
cos22f3

w7

1——
™m0
H2

is recovered.

So when n > 2, we cannot impose an upper limit on m HO
as we can for the R-parity conserved MSSM at the tree
level, namely, for the later it is just the n = 2 case [19]:

m%,? < m%cos?28 < m%. (27)
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When one considers experimental data, one cannot rule
out large e; (I = 1,2,3) [21,29]. Furthermore, even if
€7 < u, we still have no reason to assume that Bre; < Bpu
in general. In the MSSM with R-parity, the radiative cor-
rections to the mass of the lightest Higgs are large [26]
when complete one-loop corrections and leading two-loop
corrections of O(aas) are included; the limit on the light-
est Higgs mass, myo < 132GeV, is given in [27]. In the
MSSM without R-parity, there is not such a stringent re-
striction on the lightest Higgs even at the tree level.
When we take the “current” basis &, = (H3*, HZ, L}*

L3, L3*, R',R? R®) and (6), we can find the following
mass terms in the Lagrangian:

LS = — I M2, (28)
M?2 is given in Appendix A. When we diagonalize the
mass matrix for the charged Higgs bosons, we obtain the
zero mass Goldstone boson state:

8
Hp =Y 2w =

=1

1 -
;(’1)1[‘[21* — U2H12 + UDSL%*

+vg, L% + vy, L3Y) (29)
together with the charge conjugate state H, , which are
indispensable to break electroweak symmetry and which
give the masses of the W* bosons. With the transforma-
tion matrix Z¥ (which converts the current fields into the
physical eigenstates basis), the other seven physical eigen-
states H;™ (i = 2,3,4,5,6,7,8) can be expressed as

8
b=z ,8). (30)
j=1

(Za.jzlv

2.2 The mixing of neutralinos with neutrinos

Due to the lepton number violation in the MSSM without
R-parity, new and interesting mixing of neutralinos with
neutrinos and of charginos with charged leptons may hap-
pen. The part of the Lagrangian which is responsible for
the mixing of neutralinos with neutrinos is

1 L
EI,?gaSS = {ig\[TiZinleA; +ig'V2Yidpihi A;

1 9*w
T204,04, Wbﬁhc}

+m1()\B)\B + hC) + m2()‘ZA)‘f4 + h.C.)7 (31)

where W is given by (4). 7¢/2 and Y; are the generators
of the SU(2) x U(1) gauge group, and v;, A; stand for
generic two-component fermions and scalar fields. When
we write down (31) explicitly, we obtain

. 1
LI5S = —i(qSO)TMN@O +h.c. (32)
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with the current basis (¢°)T
VersVpy Vs, ) and

= (_i>\B7 _1>\§4) ’(/}11'-[1 ) 1/)?-[27

My = (33)
2m 0 —3g'v1 dglva —%dlvp, 7%9%% —39'vp,
0 2ma S9u1 vy Fovg, 395, Sgvp,
71%3,1]1 %191)1 ¢ e 10 10 10
?9 v2 —59v2 —5H 0 Z€1 J€2 3¢€3
7?9%95 Lgvp, 0 %61 0 0 0
7§g/vl~,u 39V, 0 e 0 0 0
—59'vp, Fovo, 0 3es 0 0
The mixing is formulated as
: _ 1.0 3 21.~0
—iAp =2ZNX;, —iA —ZN Xi»
_ 73150
le_ZNX17 wHQ_ZN Xis
5150 6750
Ve, = 4N Xi» VH NXz ’
_ 77150
Vrp = 4N X5 (34)

and the transformation matrix Zx has the property

Za My Zy
= diag(mzo, mzg, mzo, Mzo, My, , My, , M, ). (35)

For convenience we formulate all neutral fermions into
four-component spinors as follows:

Ve = (’Eg> , (36)
X5
Yy = <X§> 7 (37)
X6
Vr = (§%> ) (38)
X7
KO = 1,2,3,4) = <X2> (39)
Xi

From (34) we find that only one type of neutrinos obtains
mass from the mixing [28]; we can assume it is the 7-
neutrino. One of the stringent restrictions comes from the
requirement that the mass of the 7-neutrino should be less
than 20 MeV [14]. For convenience we will sometimes refer
to the mixing of neutralinos and neutrinos as neutralinos.

2.3 The mixing of charginos with charged leptons

As in the case of the mixing of neutralinos and neutri-
nos, charginos mix with the charged leptons and form
a set of charged fermions: e™, u=, 77, nf, /@2 In the
current basis UHT = (=Xt Hl,eh, uf ) and ¥ T =
(—iN",H?,e7, 17,77 ). The charged fermion mass terms
in the Lagrangian can be written as [15]

Emjz:iss — P

TMc¥t +he. (40)
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and the mass matrix can be written as

=2 0 0 0

2m2

V2Sw
evy Livg, l2vo, lgvs,
vesw MTva T e
— Ve 1Y1
MC = ‘é%‘?w €1 V2 l 0 0 (41)
Up 2V1
\é%sw €9 0 \/5 l 0
Or 3U1
Vase 8 00 %7

Here Sw = sinfw and AT = (A} Fi)\%)/v/2. Two mix-
ing matrices Z, Z_ can be obtained by diagonalizing the
mass matrix Mg, i.e. the product (Z;)TMcZ_ is a di-
agonal matrix:

me 0 0 0 0
0 m._ 0 0 0

(Zy) " McZ-=| 0 0 me 0 0 (42)
0 0 0m, O
0 0 0 0 m,

If we write the mass eigenstates as x, then

l)\i _ ZI'L :t d)}—[? _ ZQi~+

Vin = Zz’x; e = 22%;
ER = Z+ Xz ) Z X»L )
pr=ZEX5 =Z2x7
R = Z7XT. (43)
The four-component fermions are defined as
X1
KF(i=1,2,3,4,5) = , (44)
Xi
where xi, k5 are the usual charginos and x (i = 3,4, 5)

correspond to e, p and 7 leptons respectively. For conve-
nience we will sometimes refer to the mixing of charginos
with charged leptons as charginos.

With the above analyses we have arrived at the mass
spectrum of the neutralino—neutrinos, chargino—charged
leptons, neutral Higgs—sneutrinos and charged Higgs—
charged sleptons. The interaction vertices are also impor-
tant; thus in the next section we will give the Feynman
rules, which are different from those of the MSSM with
R-parity.

3 Feynman rules for the R-parity violating
interaction

We have discussed the mass spectrum of the MSSM with
bilinear R-parity violation. Now we are discussing the
Feynman rules for the model, which are different from
those in MSSM with R-parity. We are working in the 't
Hooft-Feynman gauge [16], which has the following gauge
fixed terms:

1 moA3 0 2
Lop = _i(a A3+ §MZC’WH6)
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¢ (6“8 _ fMZSWHG)

% <8“A1 + 7gMW ( H;) > 2

5 <8“A2 + TgMW (H1 +HT ))2

- e @B

:{_(8”2) %

2€

1 _
—Z(al‘WJ)(B“WH )} — {MZH}S’&“ZM
iy (H 0w, ~ Hlaﬂwj)}

1 2 _
Ljear o

where Cw = cosbw and HY, Hf were given in (21)
and (29). When one inserts (45) into the interaction La-
grangian, one obtains the desired vertices for the Higgs
bosons. If C'P is conserved, i.e. we assume that the rel-
evant parameters are real, one finds (by analyzing the
H?ff couplings) that HY, HY, HY, H), H? are scalars and
HQ,H?, HY, HY, HY, are pseudoscalars.

3.1 Feynman rules for Higgs (slepton)—gauge boson
interactions
Let us compute the vertices of Higgs (slepton)-gauge

bosons in the model. The original interaction terms of
Higgs bosons and gauge bosons are given as

‘Cllnt = - Z(D
I

~-D,H'"D"H!

71 71 DIxmyu pl
L L'"D'LT — D, R™*D'R')
~ D, H*'"D'H?
=3 <|iL" liAi—l’B oML +h.e
- 99 T 99 Pn -
I
,EIT( AZ

J 1 -
5B (a7 47 = 502"

+(ig’B#RI*8"}~?I + h.c.) — g’ZRI*RIBNB“}

7t i 1
+{H” (gEA# - 5g’}_eﬁ)afuaﬂ + h.c.}

| T
—HQT( T A gB )( — A —g
99 u ™ 392 )\95

=Lssv + Lsvv + Lssvv. (46)



C. Chang, T. Feng: A supersymmetric extension of the standard model with bilinear R-parity violation 143

Here Lgsv, Lsyy and Lggyy represent the interactions | 8. .
in the physical basis. Thus we have cd = Z VAV AA (48)

a=6

i 5 where the transformation matrices Zeyen, Zoqq and Z. are
Lssv = 2 g +g" Zu{a‘%?x? B ¢?6MX? N 3“(;58)(3 defined in Sect. 2: evens Sodd ‘

2 /2

g+
+90"X5 + ) (8“¢2, X3, — ¢2,8"X3,) } Lsvy =
I

(le? + X5 + vaxg,)
I
X (Z#Z” + 2 cos? GWW;Wﬁ)
2 ?
+{g Zg [COSGW( -1 +00529W)

X Z, W (ung —wHP Y Ug,ig)
I

1 * *
+29{w: [tors — onxims o + o

30N L - auxglzg] ; h}
I

i * * *
ey [ - et s gt - 0o

— cos Oy sin 29WAMW+“ (’U1H21 — v H?*

+Z( 0 LY —a%gli;)} —h.c.} +th£§)} +h.c.}
I

I
1 \/ﬁ 90 . A g°+ 9/2 i 0 m
+ 3 gc+g (0052 w2, — sin 20w “) = 1 Ceven(Hi Z,Z
2 0 T @ +g"
. —_ ) O/ —TW+H) — _
X[Z<L£ orLL — oLt L£>—H12 OrH? +2cos” ObwH; W,/ W ) 5 SwCwv
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=5V +9°C (018, — HY, 0" HY) 2, Clven = Zient1 + Zigva + > Z54 05, (50)
I
1 . _ _
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0.0 0 0 "
1 s \ . y +X2X2 + Z XD[XDI)Z,U,Z
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i(g2+g¢" where the C¥, C% and C¥ are defined in (48). The rel-

+ ( 4 ) cos bw {( —1+cos 20w> ZuWr evant Feynman rules are summarized in Fig<s. i, 2, 3 and

- 4. We will emphasize some of their features. First, the

X <¢(1)H21 - ngz* + Z ¢>?;IL£) presence of the vertices ZMH?HQH (i,7 =1,2,3,4,5) and

4 the forbiddance of the vertices ZHH?HJQ and ZquHHgH

— cos By sin QQWA#WJ”‘ (cz)(l)HQl (i, = 1,2,3,4,5) couplings are determined by the C'P

nature. Second, besides the W,F Z#H,~ interaction (H, is

—¢YH?* Z ¢gl Eé) + h.c.] just the charged Goldstone boson), there are no vertices

7 WiZrH; (i = 2,3,4,5,6,7,8) at the tree level. This is

1 ) the same as in the MSSM with R-parity and in general
_1(92 +4d") [sin2 20w A, A" two-Higgs doublet models [17].

x(Hy H + HEHE 0 L§°L)
7 3.2 Self-couplings of the Higgs bosons (sleptons)

2 1 77l 2 772 FIxFI
+cos” 20w 2, 2% <H2 Hy + H{"Hy + ZLQ LQ) It is straightforward to insert (18), (21), (22), (29) and
4 (30) into (6) to obtain the desired interaction terms. As
— sin 46y Z,, A" (H%*Hzl + H>*H? + Z ié*ié) we did in the case of the gauge—Higgs (slepton) bosons
T interaction, we split the Lagrangian:
+2 cos? Ow (.[7[21*]:]21 + H%*Hf + Z Eé*ié)} E{Sr’lt = Lsss + Lssss, (52)
I
g,z EI*RIB BN where Lggg represents trilinear coupling terms and Lsgss
- Z “ represents four scalar boson coupling terms. The trilinear
1 part is most interesting. If the masses of the scalars are
— ,1(92 + 912) (EHZQHZQZ#Z” appropriate, the decays of one Higgs boson into two other
4 2 Higgs bosons may occur. After tedious computation we
+ cos® Ow H) H)W,; W*“) arrive at
Lo 2v(lgo 10 m @ +yg" i pk 0 770 770
_1(9 +9g )(5 srills iZuZ Lsss = — 3 ASsenBeven H; Hj Hy,
— 2
+ cos® Ow H.,  H3, W, Wﬂl) B AV BE HY  HY H
8 o even 4 g
1 iy > B o B
+506" + g )sin 20w{c;g [sin OwH? Z, W H —ASHYH, HY +1AEHY  H H  (53)
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—I—COSGVVH?ANW+/LH]._:| +h.c.} R
Lssss = — 32 A e Alben H) H) HY H)
i 2\ . i . — 2
—— (g% + ¢ )sin 20w CY [sm OwHS, ,Z, W H: @+q
4 ! - 39 AojddAlgtlidHSO+ng+jHg+ng+l
2 /2
+cos engHAuWJrqu'] - h'C'} -7 ;_69 AézzenAEfidH?H?Hg+ng+l
) — ALY H)HPH HY
2 /2 2 i — v — T+ - -
R ){2 cos (8 = € HHF W W — A HY, H G H H — AR HRH, i H
~ AR g HHY (54)
+ |:COS2 29W5ij CC F ! ’
with
—Céj (4 sin® Oy — cos? 29w)] H;HfZHZ” 5
Aéz/en = Z Z(i;gnzg\)/%n - 2Zé;/26nZg\’/%n7
+sin® 20w d;; H;, H A, A" + {sin 40w d;; (51) a=1
5
ij ia ja 4,2 5,2
o o R Aojdd = Z Zodngdd - QZodngdd’
-CcY (sm 40w + 8 sin” Oy cos 9w> Z,A"H; Hj , a=1

i i1 0,2 Z i I+2
Beven - Ul Zeven - UQZeven + UVI ZEVEH * (55)
I
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Fig. 1. Feynman rules for SSV vertices. The direction of momentum is indicated above
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Fig. 2. Feynman rules for SVV vertices
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Fig. 3. Feynman rules for SSVV vertices. Part (I)
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Fig. 4. Feynman rules for SSVV vertices. Part (II)
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Fig. 6. Feynman rules for the self-coupling of Higgs. Part (II)
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The definitions of Ak, Ak ARG AKLG - ARG and AR
can be found in Appendix C. The Feynman rules are sum-
marized in Figs. 5 and 6. Note that the lepton number
violation has led to very complicated form for the Lggg

and Essss.

3.3 The couplings of Higgs to charginos (charged
leptons) and neutralinos (neutrinos)

In this subsection we compute the interactions of the Higgs
bosons with the supersymmetric partners of the gauge and
Higgs bosons (the gauginos and higgsinos). After spon-
taneous breaking of the gauge symmetry SU(2) x U(1),
the gauginos, higgsinos and leptons with the same elec-
tric charge will mix as we have described in Sect. 2. Let
us now compute interesting interactions Sk?l%]o (Higgs—
neutralinos—neutralinos interactions) etc.

The original interactions (in two-component notations)
are [18]

_ Ti,,
Lown = V2 g(H1T W — i AL H)
—iv2g' ( H i A p — f/\BwH1H )
+i¢§g(H2T5 e — sz— W H?)
1 _
+ix/§g’(fH2TwH2AB = §ABszH2)
1
HVEE (9T Nty — 2o Ami )
—iv2L! (95)\,41/%1 - igIABwLI)
+ixf g R \pgr —ivV2g R' Apipps
llslj (lew] RI

F Ok ns R + Yri ] B 4 b ).

Now we sketch the derivation for the vertices, such as
SEJRY. We start with (56) and we first convert the parts
from two-component notations into four-component nota-
tions. Then, when the spinor fields defined by (36), (37),
(38), (39) and (44) are used, we find

(56)

V9i+g” 00 00
ESNH e — C” HZ PLFL + C”* Hz PRH

- 9 snn snn

+\% {C;';;kH?R;PLHj + c;g;‘,;HERjPRn;}

2 2
N9+ _
+1 g 2 g [Cézlrng-&-i’%_?PRK:’ron
* 770 =0 0
_CézmH5+iI€mPLl£j:|

9

V2

+ 92 + g/2 |:C]?1k/€+PLH H+

+i {Cé{(ksz“ PLK CéiiH5+lli Prk; }

The definitions of C%

lows:
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ij
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cii =
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.
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iy _
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3
]- ! *m *7
Z I (Zé’z“ZN ,SZ+J,2+I

_’_7
2Vg*+ 9" o

~ZR 7). (58)

The project operators P, g = (1£75)/2 and the trans-
formation matrices Z4, Zy are defined in Sect. 2. The
corresponding Feynman rules are summarized in Fig. 7.
As for kY being a Majorana fermion, we note the useful
identity

RY(1 % y5)kp = Rp(1 £ 75)K), (59)

which holds for anticommuting four-component Majorana
spinors. This implies that the H? Rgﬁg interactions can be
rearranged in symmetry under the interchange of j and k.

Since v, (e), v, (1) and v, (1) should be identified with
the three lightest neutralinos (charginos) in the model,
there must be some interesting phenomena relevant to
them, such as 9 (i = 1,2,3,4) — TH;r (j=2,3,--+,8),
k) (i = 1,2,3,4) — ue’H’TH]Q (j = 1,2,---,5), if the
masses are suitable. Namely, these interactions without R-
parity conservation may induce interesting rare processes

[20].

3.4 The couplings of gauge bosons to charginos
(charged leptons) and neutralinos (neutrinos)

In this subsection we will focus on the couplings of the
gauge bosons (W, Z,v) to the charginos (charged leptons)
and neutralinos (neutrinos). Since we identify the three
types of charged leptons (three types of neutrinos) with
the three lightest charginos (neutralinos), the restrictions
relating to them from the present experiments must be
considered carefully. The relevant interactions come from
the following parts:

L5 = —i\Ya' DNy —iAgd"DyAp — i " Dythm
—itp 20Dy gz — i1 GF Db

— W pr " Dyippr, (60)
with
Dy = 0\ — gAZN, + gAS N,
D,Ai = 8HA?4 — gAi)\h + gAllt)\fih
DXy = 0,0 — AN + gAZNY,
DyAg = 0y )8,
. 7i 1
Dy = (0, + 1gA#5 — ig/B“)le7
. 7t 1
Duhp2 = (0, + 1914“5 + 59/3;4)1%127
. 7i 1
DIJ«’(/}LI = ((9# + lgAME — ig/Bu)l/JLf»
D/ﬂ/’RI = (au + ig’Bu)d’R’- (61)

As we did in the case of the couplings in Lg, we convert
all spinors in (60) into four-component ones, and when we
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use (39) and (44), we obtain
Lo = {\/92 + g% sin Oy cos Ow A, R yk;
VP +9°Z,kf [0052 Ow iy

3
1 . . . .
+§(Zi“QZJ_’2 +) Zi”“zﬂ_*“’)v”PR

I=1

3

+<§Z+’QZ_J;2 -> 7 72“212“)7“&] ,@j}
I=1

+{ng+ [( - ZN 2+ =2} ’QZJJ\}4)7“PL

V2

1 (Z;,i’SZfZ

V2

3
n Z Z;kvi,4+IZj,2+I)>,yHPR:| ﬁ?WJ + h.c.}

+ (Z;‘;’Zzi’l +

I=1
2 2 1 . ) ) .
+ g 2+ g R?W/L |:2 (ZﬁAZ?\}‘l _ (Z;;,,SZJ]\}i%
7 . .
o>z 7))
a=>5

1/ a4 #1,3 4.3
—2<ZN Zi — (ZN Z

7
+y Z;fi’azfv’a))PR} KZ,.
a=5H

The corresponding Feynman rules are summarized in
Fig. 8. Before we identify the three lightest neutralinos
(charginos) with the three types of neutrinos (charged lep-
tons), we want to emphasize some features of (62):

(62)

— For the y-boson—+—k vertices, there is no lepton flavor
changing current interaction at the tree level, which is
the same as for the SM and MSSM with R-parity.

— For the tree level Z-boson—«—« vertices, there are lep-
ton flavor changing current interactions. This point is
different from the MSSM with R-parity.

— As in the case of the Z-boson—k—k vertices, there are
tree level vertices, such as Wrv,, which are forbidden
in the MSSM with R-parity.

3.5 The interactions of quarks and/or squarks with
charginos (charged leptons) and/or neutralinos
(neutrinos)

In this subsection we will give the Feynman rules for the
interactions of quarks and squarks with charginos (charged
leptons) and neutralinos (neutrinos), i.e. the Qqnf ver-
tices. Because of lepton number violation, so with mix-
ing of neutrinos (charged leptons) and original neutralinos
(charginos), the vertices may lead to interesting phenom-
ena, thus it is interesting to write them out. There are
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Fig. 8. Feynman rules for the coupling of gauge bosons with charginos or neutralinos
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two parts contributing to the above vertices. The first is
the supersymmetric analogue of the ¢gW* and ¢GZ in-

teraction. The second is the supersymmetric analogue of

the qgH interaction, which is proportional to the quark
mass and depends on the properties of the Higgs bosons
in the model. These two kinds of vertices correspond to
the terms in (31).

We consider the q‘qli;t interaction first. Let us write
down the interaction in two-component spinors for
fermions as follows:

Lo = ig(CT QI AZ0h, + CT QI Niwh, )
~ig(C17 Q8L 0, + T QNG )
dI 1J,2 J I 17,2 ~AJ, I
—E<C ’l/}leQlD +C ’l/JHlQl'l/JD'Fh.C.)
I
U * F 7 * 2
+ 5 (CT e U + CT 0l Q]

+h.c.). (63)

Then we convert the two-component spinors into four-
component spinors as discussed above:

T, d ’L
Loger = CRS {( ~9Zp, 20" + 5 25, 27"\
u’ 3,2% r7i,1 N+
+7Z+’ Z[SIPR qu‘D[,i
_~_CIJ*R7 |:(_ Zi,IZj, _’_72122‘]2)P
j 94y, L

dl . . N
— = ZH 277 Pr|gs Ug, + hc. 64
9 “Uy Ji

Now 1,1, %41 are four-component quark spinors of the Ith
generation. The r; = CR;T (C is the charge-conjugation
matrix) is a charged-conjugate state of n;r, and /{j is de-
fined in (44). The Feynman rules are summarized in Fig. 9.

For the Qqﬁ;? interactions we can write the parts in
two-component notations as

. A Tx 3 3 1, I
Lagre = iv2Q (g?)"“ * g9 AB>wQ

- 3 _ 1 _
~iv2Q" (95 X4 + 2g'An )l
22

2 L 2 -
+i—\3[g/UI)\Bz/J,IJ + 1%@[)”@%
2 .. _
—i%g’DI)\B% n

/UI*)\ ’L/)I

I
1 I NI
5 [¢H1¢Q2D
ol h QL + h.c.]

I
|t U+ e G e 09
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After (65) is converted into four-component notations
straightforwardly and when we use the definition for neu-
tralino mass eigenstates, we arrive at

€ 2, 1%

Lo o= i {
Qar; J { V2 sin by cos Oy U

X (cos GwZi’2 +

1 ,
3 sin GWZ{\}l)

—?ZIZJ}*ZJ 4*}13

[2f

Zz Q*Z], _ QZ;]}*Z]A*] PR}qu UIiz

e
+R)
J{[ﬁsinHWCOSGW
i2 1. i1
x(fcosé)wZA} +§s1n0WZJ]\}>

d i V2
+5 ZD%ZJ3]PL+ {—g

i1
Z 51

11,2 54,1
3 ZDIZN

d 1, 1% * =

+= 5 ZD}' Z]’?) :|PR}deDj'r,i + h.c. (66)
Thus the Feynman rules for the interactions concerned
may be depicted exactly as the last two diagrams in Fig. 9.

4 Numerical results

In this section we will analyze the mass spectrum of neu-
tral Higgs, neutralinos and charginos numerically. We have
obtained the mass matrices by taking the three types of
sneutrinos with nonzero vacuum and ¢; # 0 (i = 1,2,3).
However, the matrices are too big to arrive at the typical
features. From now on we will assume that e; = €5 = 0 and
vy, = vy, = 0, i.e. only the 7-lepton number is violated.
We have two reasons to make the assumption:

— Under the assumption we believe that the key features
will not be lost but the mass matrices will turn out to
be very simple.

— According to experimental indications, the 7-neutrino
may be the heaviest among the three type neutrinos.

In the numerical calculations below, the input parame-
ters are chosen as: a = €2 /41 = 1/128, myz = 91.19 GeV,
my = 80.23 GeV, and m., = 1.77 GeV. For the unknown
parameters m; and meo we assume m; = mo = 1000 GeV,
and the upper limit on the 7-neutrino mass m, < 20MeV
is also seriously taken into account. Now let us first con-
sider the mass matrix of neutralinos. When ¢; = ¢ = 0
and vy, = vy, =0, (34) is simplified to

2my 0 —1g'v1 ig've —ig'vs,

0 2ma  3gU1 —gua Sgus,
My =| —39v1 390 0 — i 0
392 —3g9va —3p 0 €3
—%g’v,;T %gU;T 0 %63 0

(67)
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Fig. 9. Feynman rules for the coupling of quarks and squarks with charginos or neutralinos

As stated above, a strong restriction imposed on the ma-
trix comes from m,,_ < 20MeV. In [21] the impact of this
limit impacting on the parameter space is discussed; the
numerical result indicates that a large value of €3 cannot
be ruled out. In order to show the problem precisely, let
us consider the equation for the eigenvalues of (67):

Det()\ — MN) =\ — 2(m1 + mg))\4

1
+<4m1m2 — i(€§ + MZ) — M%) /\3

1
+ §(m1 +ma) (€3 + p1) + 2(my + ma) M7
+<f+¢3wemn+qup2

1 >
+| = mama(p® + €3) + 1—6(92 + 9" )(esv1 + pvy, )?

1 2
+5(9277”&1 + g " ma)(pvrve — €3U2U17T)] A

1 2 2
—g(!}le +9 m2)(/~“}177 + €3U1)

:)\5+AN/\4+BN)\3+CN)\2—|—DN)\+SN. (68)

For further discussions let us introduce new symbols X,
Y:

X = e3cosb, + psinb,,
Y = —e3sinf, + pcosb,. (69)
Thus we have the coefficients of (68):

AN = 72(m1 +m2),

Bn

1
—Z(XQ +Y?) 4+ 4mymy — M2,

1
Cy = i(ml +m2)(X2 + Y2)
+2(my +ma) M2 — M2 cos 3 sin 3Y,
1
Dy = —mima(X2 +Y?) + ZM% cos? X

1
+§ (g°my + g’Z)v2 sin 3 cos BY,

1
En = —g(g2m1 —|—g’2m2)v2 cos® BX2.

If we fix the 7-neutrino mass m,, as an input parameter,
then the equation Det(A — My) = 0 can be written as

(70)

(A=) (X + AN + BY A2 +Cp A + Dy ) = 0. (71)

The coefficients A’y, By, Cly, Dy are related to the “orig-
inal” Ay, Bn,Cn,Dy and Ey as follows:
.A?V =Ayxy+m,_,
B;V = Bn + my., 3\/’
Cly = Cw +my, Bly,
EN

My,

;V =Dy + ’I”I’LVTCEV = — (72)

In order to obtain the masses of the other four neutralinos,
let us solve (71) by a numerical method. In Fig. 10 we plot
the mass of the lightest neutralino versus X. The three
lines correspond to m,_ = 20MeV, 2MeV and 0.2 MeV
respectively. From the figure we find that the curve cor-
responding to m,_ = 20MeV is the lowest, and the next
to lowest corresponds to m, = 2MeV, so the tendency
is that the curves are going “up” as the T-neutrino mass
is decreasing. If the mass of the lightest neutralino is not
too large (e.g. my,1 < 300 GeV), the absolute value of X

cannot be very large (e.g. | X| < 800 GeV).
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As for the mass of the charginos, when €¢; = e = 0,
and vy, = vy, = 0, (41) becomes

eV
2m2 \/iswl
_ evy 3V,
Mo = | 75 ok (73)
223 €3 3V1
V25w V2

Because m?2 should be the lightest eigenvalue of the ma-
trix MTCMC, after the eigenvalue m? is taken away, the
surviving eigenvalue equation becomes

A — AcA + Bc = 0. (74)
Here
2 2 2,,2
—+ vz
Ac= X2+ Y2 pamd+ 220 &0

2 252,

-1000-800 -600 -400 -200 0 200 400 600 800 1000

the dashed lines correspond to m,, =

X(Gev) 2MeV, and the dotted lines correspond
(d) to m,,. = 20 MeV
B = 25 Y+ S
= —q M2 COS v
T mz) 45%,

2

x cos? Bsin 3 ( sin? 6, — cos? t‘)v) ) (75)

where the parameters X, Y are defined by (69). Therefore
the masses of the other two charginos are expressed as

1
= 2{Ac T m}

The parameter I3 can be fixed by the condition Det|m2 —
MEMC| = 0. In Fig. 11 we plot the mass of the lightest
chargino versus X. The three lines correspond to m,_ =
20MeV, 2MeV and 0.2 MeV respectively. As we found in

(76)
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the case of the neutralinos, we find that the curve corre-

sponding to m,,, = 20MeV is the lowest, and the next to
lowest corresponds to m,_ = 2MeV; the tendency is very
similar to the case for neutralinos. This can be understood
as follows: when the values of my, ms, tan 3, tan#f, and

X are fixed, the value of Y will be fixed by the mass of

the 7-neutrino. In the numerical computation we find that

the absolute value of Y becomes small as the m,_ changes

large. This is the reason why the curve corresponding to
m,,. = 20 MeV is the lowest among the three curves which

we have computed here.
Now we turn to a discussion of the mass matrix of

the neutral Higgs. Under the same assumption the mass

matrix for C P-even Higgs reduces to

2 —
Meven -
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Fig. 11la—d. The mass of the light-
est chargino as a function of X. The
parameters are assigned to be m; =
mo = 3000GeV and a tan( = 20,
tand, = 20; b tan 8 = 20, tan 6, = 0.5;
ctanfg3 = 0.5, tanf, = 20; d tan3 =
0.5, tanf,, = 0.5. The dotted—dashed
lines correspond to m,_ = 0.2MeV,
the dashed lines correspond to m,, =

X(GeV) 2MeV, and the dotted lines correspond
(d) to m,, = 20 MeV
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_92?/ vivy — Bp 22 _92429/ vavp + Bgeg ’
24 g2g"”’
L —vivg, — peg — L —wpuy + Bges r33
with
2 72
gty 2 2, 2 2 2
T = T(Svl — vy + g )+ [T+ mi
2 2
g +g o Vi, (o
= ——v] + ue3 + Bpu—,
4 Ul Ul
>+ 9/2 2 2 2 2 2 2
22 = T(_Ul +3v3 — vy ) + |l + les]” + mie
2 2
g°+g U1 Uy,
= ———v) + Bu— — Byez—~,
4 U2 (%)
2 2
9+g 2 o 2 2 2
(77) r33 = T(Ul — vy +3v; ) + [es]” + mis
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2 /
+ v U
= uvg + HE3 ! - Bgeg 2 . (78)
4 T Uy, v
The mass matrix of C'P-odd Higgs reduces to
s11 Bp o —pues
Mgdd = B/.L S99 —B3€3 , (79)
—pe3 —Bsesz 533
with
P +g"
s11 = T(U% —v3 + UgT) + [ul* + mipn
Uy v
= He€3 VT + B,u727
U1 U1
9 +yg
s22 = == (Uf =3 + 03 ) + |l + [esl” + mipa
= BME — Bzes oo ,
U2 U2
P +g"
S33 = T(”f — v + 02 )+ les|* + mis
U1 V2
= HE€3 - B3€3 . (80)
Vg, Vi,
We introduce the following variables:
Xs = B,
}/5 = HE€3,
Z5 = B363 (81)

The masses of the neutral Higgs can be determined from
X5, Y5, Zs and tan 3, tanf,. For the masses of C'P-odd
Higgs we define

A:Xs(vl+W)+YS(w+%>

V2 (%1 (% (%1

U2 Vo,
- ZS ( + ) ’
Up,. (%)

B}/sZs<Ul+U2) )(sZs(U1 +U5T>

V2 U1 (7 U1
2
(%) ’U[,T 'Ul
+X Y| — + + XY
V.. V2 V2V,
2 2
v (O
X Z—2— — Y Z . (82)
UV1Vp,. V1V2

The masses of the two C'P-odd Higgs can be written as

W@OS:;<A¢MALJw>

o, (83)
In Fig. 12 we plot the mass of the lightest C' P-odd Higgs
versus the mass of the lightest C'P-even Higgs, where the
ranges of the parameters are: —10° GeV? < X, Y, Z, <
10° GeV? and 0.5 < tan 3,tanf, < 50. From Fig. 12 we
can find that there are no limits on myo when we change
those parameters in the above ranges. As for the lightest
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CP-even Higgs, the difference from the MSSM with R-
parity is that m gO can be larger than mz at the tree level.

This can be understood from (26). Under the assumptions
we have

N

m

1—

N

2
m
0
H3

mi]? < mygmz cos 203 ; (84)

1
1-1 m? cos? 23 2
2 ng
where mg is the mass of the heaviest C'P-even Higgs.
We cannot give a stringent limit on it, as we can in the
MSSM with R-parity.

In summary, we have analyzed the mass spectrum in
the MSSM with bilinear R-parity violation. From the re-
striction m,_ < 20MeV we cannot rule out the possibili-
ties with large ez and v;_. We also derived the Feynman
rules in the ’t Hooft-Feynman gauge, which are conve-
nient when we study the phenomenology beyond the tree
level in the model. Recent experimental signals of neu-
trino masses and mixing may provide the first glimpses of
lepton number violation effects. In [22] the experimental
constraints of neutrino oscillations on the parameter space
of the model are discussed. There both the fermionic and
scalar sectors are considered, and it is found that a large
area of the parameter space is allowed. Here we would also
like to point out that in some references the OvG3-decay is
analyzed in the model [23], and new stringent upper lim-
its on the first generation R-parity violating parameters,
€1 and vy, are obtained; for the other two generations
there are no very serious restrictions on the upper limits
of the R-parity violating parameters. As for other inter-
esting processes in the model, they are discussed in [24].
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National Natural Science Foundation of China and Grant No.
LWLZ-1298 of the Chinese Academy of Sciences.

Appendix A: The mass matrix
of charged Higgs

In the case of charged Higgs, with the current basis . =
(H3*, H? Li* L3*, L3* R', R?, R®), the symmetric matrix
M? is given as

2 P . P97 2 2
Meig = T T(Ul — v+ va)
I

1
‘|‘,U:2 + Z il?U,% + mip
I
g 2 2
= Z(Uz - Zvﬂ,)
I

1 (%7 ]

E 21242 § i S > P

+ - 2 IUV1+ - HEr Uy + MU17
2

Mo = %Ul% + Bp,
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Fig. 12. The mass of the lightest C'P-
odd Higgs as a function of the mass of
the lightest C'P-even Higgs (n = 3).
The range of parameters are assigned to
be —10° GeV?* < X, Y5, Zs < 10° GeV?
and 0.5 < tan 3 < 50, 0.5 < tanf, < 50
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12

g
Mcssffj(U%*U%JFZUg,)
I

1
+§l§(vf ‘H’ET) +m%s. (A1)

Note that in order to obtain (A1), (12) is used sometimes.

Appendix B: The mixing of the squarks

In a general case the matrix of squark mixing should be
6 x 6. Under our assumptions we do not consider squark
mixing between different generations. From superpotential
(2) and the soft breaking terms we find that the up squark
mass matrix of the Ith generation can be written as

MG = (B1)
L (392 — q’2)(u2 — 202) L (uppvy
27 (9 e 2 3
“? 2 2 .
+—v2 +mQI —ug E €JVp, — usyHU2)
J=1 ’
}3: 2 2 2 u] 2
1 I e — . 1. _ 242 L
\/E(“I“'Ul uy €IV uSI/_LUQ) 59 (v 2u2)+ 5 V5 +7nUI
J=1

where I = (1,2,3) is the index of the generations. The
current eigenstates Q{ and U’ connect to the two physical
(mass) eigenstates Ut (i = (1, 2) through

Ui =Z5Q1 + 250 (B2)
and Zyr is determined by the condition
28 M1 Zyr = diag(Mg, M), (B3)

In a similar way we can give the down squark mass matrix
of the I'th generation:

2
MDI:

2
— 3 B9% + 9 ) (0?2 — 202) *%(duﬂ’z —dg mv1)
4
3

(B4)

2 2
w2 4+ m
1 of
1 2 d2
— L (djpvy —dg, pv -& w2 —202) + Lo m
5 (drmv2 Sphv1) o 3) +

The fields Qj and D! relate to the two physical (mass)
eigenstates D} (i = (1,2):

B}~ Z5 Q4+ i3 D).

2} M1 Zpr = diag(Mp,, Mps). (B5)

Appendix C: Expressions of the couplings
in ﬁsss and ‘CSS.S’S

In this appendix we give precise expressions of the cou-
plings that appear in Lggg and Lggss. The method has
been described clearly in text. The results are

2 ?
Ay =S < Zeien 20N 28" + 0220300 27 227

even—c
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where the mixing matrices Zeyen, Zoad and Z. are defined
as in (18), (22) and (30).
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