PUBLISHED BY INSTITUTE OF PHYSICS PUBLISHING FOR SISSA

RECEIVED: February 5, 2007
ACCEPTED: March 23, 2007
PUBLISHED: April 2, 2007

R-parity violation and non-abelian discrete family
symmetry

Yuji Kajiyama

National Institute of Chemical Physics and Biophysics
Ravala 10, Tallinn 10143, Estonia
E-mail: juji.kajiyama@kbfi.ed

ABSTRACT: We investigate the implications of R-parity violating operators in a model
with family symmetry. The family symmetry can determine the form of R-parity violating
operators as well as the Yukawa matrices responsible for fermion masses and mixings. In
this paper we consider a concrete model with non-abelian discrete symmetry Qg which
contains only three R-parity violating operators. We find that ratios of decay rates of
the lepton flavor violating processes are fixed thanks to the family symmetry, predicting
BR(1 — 3e)/BR(T — 3u) ~ 4m?, /m2.

KEYWORDS: Pupersymmetry Phenomenology, Discrete and Finite Symmetries)

Bupersymmetric Standard Model.

© SISSA 2007 http://jhep.sissa.it/archive/papers/jhep042007007 / jhep042007007 . pdf


mailto:yuji.kajiyama@kbfi.ee
http://jhep.sissa.it/stdsearch
http://jhep.sissa.it/stdsearch

Contents

Introduction

=

1=

2. The model

Group theory of Qg

Q¢ assignment and superpotential
Bilinear terms

BEEE

Fermion mass matrices and diagonalization

Quark sector
Lepton sector
R.H Soft supersymmetry breaking sector

[ [ (O oY 01 C2 01 01

Bl R-parity violation
B.J] Constraint on A

B3 Constraints on \| and \,
B.-J Predictions for Lepton Flavor Violating processes

EEEE

d. Conclusion

1. Introduction

Despite the remarkable success of the gauge sector of the Standard Model (SM), there still
exist some problems in the Higgs and Yukawa sectors. The Yukawa matrices are responsible
for the masses and mixings of matter fermions: quarks and leptons. The Yukawa sector in
the SM can give experimentally consistent masses and mixings, because it contains more
free parameters than the number of observables in general. There is no predictivity in the
Yukawa sector because of this redundancy of the parameters. One of the ideas to overcome
this issue is to introduce a family symmetry (flavor symmetry), which is the symmetry
between generations. In this paper we consider a concrete model which is symmetric under
the binary dihedral group Qg [fil, B].

On the other hand, in the Higgs sector, the most important problem is that the Higgs
boson has not been experimentally discovered yet. Discovery of the Higgs boson is expected
at the Large Hadron Collider (LHC). In the SM, the Higgs mass is quadratic divergent.
This problem is solved by introducing Supersymmetry (SUSY) at O(1) TeV. The Minimal
Supersymmetric Standard Model (MSSM) has low energy SUSY. In general it contains
gauge symmetric, lepton and baryon number violating operators

1 1
Wi = 5NiwLal; B, + NpLiQ D5 + §A§'ijfD]‘?D,§ + wiH,L; (1.1)



in addition to the usual Yukawa couplings and p-term. The asymmetric properties \;;, =
—Ajik and Al = — A mean that 942749+ 3 = 48 (complex) parameters are included in
these interactions. These couplings generate unacceptable processes such as Lepton Flavor

Violating (LFV) processes and proton decay. The conservation of R-parity [[L1], L]
R = (_1)3B+L+25’ (12)

where B, L and s denote baryon, lepton number and spin of the particles, respectively, is
one possibility to forbid the couplings eq. ([L.1)). From the definition, R-parity is +1 for all
SM particles and —1 for all their superpartners. However, R-parity is not the only possible
choice to forbid the interactions. Matter- or lepton- and baryon-parity [[L3] can be also
a possibility. On the other hand, without R-parity, these coupling constants have to be
strictly constrained not to conflict with experimental data. Constraints on the R-parity
violating couplings have been obtained by many authors from LFV processes [[4-[9],
neutrino mass [I4, PR3, neutral meson system [24—pd], proton decay [[Lq, B3, B4], and
so on [[2, BY. BY.

Family symmetries also constrain the form of R-parity interactions [22, B3, Bd, B7] as
well as the Yukawa matrices. In the model that we consider [f, P, the Q¢ family symmetry
reduces the 45 trilinear couplings to three: A, A} and A,. The baryon number violating
couplings )\;’ijfD]?Dg are forbidden by the symmetry in our model, so it is guaranteed by
the symmetry that the R-parity violating operators do not induce proton decay.

In this paper, we study the phenomenology of the three R-parity violating inter-
actions in the model with Qg family symmetry [fl, P]. First, we obtain upper bounds
on three coupling constants A and )\’172 from the experimental constraints. Next we fo-
cus on LFV processes induced by A\. The ALLE® coupling generates the LFV decays
(. — €;€;€,j(m,i, Jj,k denote the flavor of the charged lepton) at tree level, and the
Branching Ratios (BR) of the decay processes are proportional to A%, Therefore, the ra-
tios of these processes are independent of A and can be predicted unambiguously to be
BR(T — eee)/ BR(T — pjup) ~ 4mi/mz It reflects the properties of the family symme-
try. We introduce the Qg symmetric model in the next section, and derive the predictions
in the section 3.

2. The model

2.1 Group theory of (g

The binary dihedral group Qn(N = 2,4,6,...) is a finite subgroup of SU(2) and defined
by the following set of 2N elements

Qv = {1,4,A%* ... AN"' B AB, ..., AN"'B}, (2.1)

where two dimensional representation of matrix A and B is given by

B cos N Sin oy _2m [
A= (—sinngN cosng)’ oN = N’ B_< —z')' (22)



Since we consider a supersymmetric model with Qg family symmetry, we show the multi-
plication rules only for the case of N = 6.

Qe group contains 2 two-dimensional irreducible representations (irreps), 21,29 and
4 one-dimensional ones 11 9,14 2,1_1,1_ 3, where 2; is pseudo real and 25 is real repre-
sentation. In the notation of 14 ,(n = 0,1,2,3), £ stands for the change of sign under
the transformation by matrix A, and n the factor exp(inm/2) by B. So 11 o and 1, 5 are
real representations, while 1_ 1 and 1_ 3 are complex conjugate to each other. Their group
multiplication rules are given as follows [III, 2} E]

1iox1io=140, 1_3x1_3=149,1_31Xx1_1=149, 1 1 X1 _3=141p,

1+72 X 1_71 = 1_73, 1+72 X 1_73 = 1_71, 2 X 1_,_72 = 21, 2 X 1_73 = 22,
21 X 1,,1 = 22, 22 X 1+,2 = 22, 22 X 1,,3 = 21, 22 X 1,,1 = 21, (23)
2, x 27 = 110 + 19 + 2,
1 v\ —Z1Y2 — T2Y1 (2.4)
X = (2192 —22y1)  (T1y1 + 22Y2) :
T2 Y2 T1Y1 — T2Y2
2; X 25 = 110 + 19 + 2,
al b1 —a1by + agbs (2.5)
X = (a1b; + agd a1bg — agh ,
<a2> <b2> (a1b1 + azbs)  (a1be — azby) <albg+a2b1>
21 X 29 = 1_3 + 1_1 + 2;

) )

r1a1 + T202
r1a2 — Ta2a1

) (2.6)

(x102 + w201) (2101 — T202) (

In what follows we construct a concrete model with Qg family symmetry by using of
the multiplication rules above.

2.2 (Jg assignment and superpotential

We show the Qg assignment of the quark, lepton and Higgs chiral supermultiplets below,
where Q7,Qs,L;, Ly and H“,Hg,H}l,Hg stand for SU(2);, doublets supermultiplets for
quarks, leptons and Higgs bosons, respectively. Similarly, SU(2);, singlet supermultiplets
¢, DS, Ef, ES and N7, NS.
=(1,2,3)
to three generations throughout the paper. Y is gauge singlet Higgs supermultiplet to give

for quarks, charged leptons and neutrinos are denoted by Uy, Us,
The generation indices I, J, ... = (1,2) are applied to the Qg doublet, and i, 7, . ..

neutrino mass by seesaw mechanism.
We give the Qg assignment to each field as follows:

21 Qr,
25 U¢, DS, Ly, ES, N§, HY, HE,
1.9 L3, Es,
1,5 Qs, Y, (2.7)
1, U¢, DS, HY, HY,
1 3 NS§.



In a model without R-parity conservation, there is no distinction between lepton doublet
and down type Higgs doublet, because both have the same gauge quantum numbers. We
have written these fields as ﬁl,f[}i, and physical lepton doublet and down type Higgs
doublet will be written as linear combination of these. At first we write down the super-
potential in the fields with hat (f) I H';l), and after that we rewrite it in the physical fields
without hat (L7, HY).

Under the field assignment above, we can write down the most general, renormalizable
Q¢ invariant superpotential W (without R-parity conservation):

W = WQ + WL + WM + WR’ (2.8)
where
WQ = Wy + Wp, (2.9)

Wy = Y'QsUsHy + Y,'Qr (o), USHY — Yy QsU5 (i0?) ,, HY + Y Qr ('), , USHY,
Wp = YIQsDSHS + Y{'Qr ('), D§HY — YilQs D5 (i0?), , H + Y IQq (o), , DG HY

for the quark sector,! and

Wi, = Wg + WN7

WE = Y/beI:IEgﬁ}i + %?LgE?I:I}i + Y/cef[JKf/[E‘c]I;[}i(,

. N A 1

Wy = YangNgHéL + Y;;//LgNIcH}L + }/;Vf[JKL[NgH}L( + §MNNICNIC + )\NYNgNg,
—f111 = fa21 = fi22 = for2 =1 (2.10)

for the lepton sector. The R-parity violating trilinear coupling Wy which respects the
family symmetry is given by

WR: S\Lgﬁ[E? + j\lli/[(iO'Q)[JQgDﬁ + S\IQIA/[(O'l)[JQJDg. (2.11)

The family symmetry constrains not only the form of the Yukawa sector but also that
of the R-parity violating couplings. Proton decay caused by dimension-four operators
)\;’ijicch»Dg are prevented since the baryon number violating interactions are forbidden
by the symmetry [f]. Therefore R-parity violating trilinear terms WR contain only three
couplings A and )\’172. It should be compared with the MSSM case in which it contains
45 (complex) trilinear couplings. We will analyze the phenomenology of the couplings
eq. (B-11)) in the section 3.

In the following analysis, we assume that any couplings appearing in the superpotential
eq. (R.§) are real, and CP symmetry is violated spontaneously by vacuum expectation values
(VEVs) of the Higgs bosons. The p-term W, which includes both R-parity conserving and
violating bilinear terms is discussed in the next subsection.

!The superpotential for the up quark sector Wy does not have hat ("), because it contains neither L;
nor H.



2.3 Bilinear terms

In this subsection, we discuss bilinear terms and define the physical fields L; and H}l
Since the lepton and down type Higgs doublet have the same gauge quantum numbers, it
is natural that both L; and ]:I}l get VEVs. We assume that the fields get complex VEVs

1 u 1 u y
(HY) = (Hy) = Supe™, (Hy) = Nk 05, (Hg) = 7 vge”s, (2.12)
- - 1 pa . - 1 od
<Hfl> = (Hg> = §Ud€w ;L) =(L2) = ivLew ) (2.13)

where the VEVs of f[?l and L; have the same phase. Also, the Qg singlet lepton doublet
L3 does not have non-zero VEV by definition. To ensure this VEV structure, the u-term
should have the symmetry

HY — HY, H! — HY, L1 < Lo, (2.14)

and it is written as?

W, = u{HYHY + p§HYHS + pis(HY + HY)HS + p§ Hy (H{ + HS) + pi, Hy (01) 1, HS
+urHi Ly + piy HY (L1 + L) + pipHy (0 ) 1Ly (2.15)

We define the physical Higgs fields as the fields whose VEVs break SU(2);, x U(1)y sym-
metry. So the physical Higgs fields H}l and lepton doublets L; are defined by the linear

combination
Vd 7 UL 2 VL 7 Vd 2
H{=-TH{+— L, Lj=-—7H{--7Lj (2.16)
D D D D
where v§, = y/v2 + v2. Therefore VEVs of H¢ are
’U% 1L
(Hf) = e, (2.17)

2

which break the electroweak symmetry, while L; do not get VEVs.
The p-term eq. (R.15) should be rewritten in the new Higgs fields H}l and lepton
doublet L as follows:

W, = p cos & Hi HY + p§HY HY + pf3(HY + HS)HY + iz cos &1 HY (H{ + H)
+pio cos 1o HY (0 )[JHJ +pysin& Hf Ly
g1 sin ég1 HY (Ly + Lo) + paosin&oHy (o) 1y Ly, (2.18)

where the mixing angles of the Higgs fields and lepton doublets are defined as

L
pysinéy = W}Lid'ulvd, etc. (2.19)

VD

2This form of the p-term is given by introducing additional gauge singlet Higgs fields and extra discrete
symmetry [, ﬂ] In the present paper, we just assume the form of eq. ()



with pi1 = /()% + (uf)? ete.

These mixing terms of neutralinos and neutrinos generate neutrino masses proportional
to sin? ¢ at tree level [R1, RJ].

There are particularly strong constraints on the mixing angle sin¢ coming from neu-
trino masses, and it means that the u-terms and VEVs have to be aligned, u‘f / ,uf o vg/vp.3
In the MSSM case, a neutrino mass bound requires a strong alignment of the mixing term
W ~ usinéH, L3,

sin€ < 3 x 107%/1 + tan? 3. (2.20)

Therefore we simply neglect the mixing terms in the following analysis.
We can rewrite the superpotential eqs. (B-§)~(R-11) in the completely same form with
the physical fields, with new coupling constants defined as

d _ vd d _ vqgv-d v \/ d _ vqdv-d vy /7 d _ y-d
VESTd Vi-BYIomY, vi-uViouk, vi-ve

a a % 2 vdD 1>
(R IR s (R DS g (2.21)
D D
ULV vd 3 ! v vd vg \/ ! v vd v \/
A= ﬁyb?_ﬁ)" 1 __UTlLYb’ _UT?)‘D >‘2__UT€Yb —vT?)\Q-
D D D D D D

In what follows, we will discuss the phenomenology of these new superpotential written in
unhatted fields.

2.4 Fermion mass matrices and diagonalization

We assume that VEVs take the form eq. (2.13) and (), from which we obtain the

fermion mass matrices.

2.4.1 Quark sector

The quark mass matrices are given by

. 0 V2Yruge ™ Yiupe
m" = o V2V vgem 0 Yyiupe ™ |, (2.22)
—Y¥obe 0" Viuhe " 2V Uuie 3
1 0 \/§ycdvge—i9§ devj‘:l)e_’:ed
m’ = 2 V2Ydude 103 0 Yidude " | . (2.23)

:nd :nd :nd
—Ydvde " Yidvde " \/2Ydvie~s

We can bring the mass matrices above to the form

0 qu/yu O
m" = my _QU/yu 0 by ) (224)
0 b, va

5In Ref @], possibilities of the alignment have been discussed in the framework of U(1) horizontal
symmetries.



by 7/4 rotations on the Qg doublet fermions and appropriate phase rotations. This mass

matrix can be then diagonalized by orthogonal matrices Of . as?

m, 0
Om 0% =1 0 m. 0 |, 2.25
L R

0 0 mye

and similarly for m¢.

For the set of the parameters

0, = 0% — 0% — 0% + 0" = —1.25, ¢, = 0.0002150, b, = 0.04440, b, = 0.09300,
Yo = 0.99741, g = 0.005040, by = 0.02500, b, = 0.7781, yq = 0.7970, (2.26)

we obtain

my/ms = 1.11 x 1075, me/m; = 4.14 x 1073,

mq/my = 1.22 x 1073, mg/my, = 2.07 x 1072,
0.97440 0.2267 0.00388

[Voxm| = | 0.2265 0.9731 0.0421 |, sin28(¢1) = 0.723. (2.27)
0.00924 0.0412 0.9991

These values are consistent with present experimental values [§]. So, we see that the model
can well reproduce the experimentally measured parameters. Moreover, since the CKM
parameters and the quark masses are related to each other because of the family symmetry,
we find that nine independent parameters (eq. (R.2)) of the model can well describe ten
physical observables: there is one prediction. An example of the prediction is |Vq/Visl,
whose experimental value has been obtained from the measurement of the mass difference

Amp, of the BY meson [f:

Model : |Viq/Vis| = 0.21 — 0.23,

+0.001 +0.008

Exp. : |Via/Vis| = 0.208 .
xp- : |Via/ Vil —0.002 P Zg 006

(theo.). (2.28)

Finally, we give the unitary matrices that rotate the quarks for the choice of the

parameters given in eq. (P.26):

0.706 0.0366 1.42 x 10~°

Uu, = | —0.706 —0.0366 —1.42 x 107
0 0 0
0.0366 —0.705 0.0313
+2iA0" 0.0366 —0.705 0.0313 . (2:29)

—0.00231 e*A0" 0.0441 e7A0" 0.999 ¢~iA"

4The form of the mass matrix is known as the next-neighbor interaction form [E, ﬂ]



0.695 0.130 0.00345

Usr, = | —0.695 —0.130 —0.00345
0 0 0
0.130 —0.695 0.0111
A0 0.130 —0.695 0.0111 . (2.30)

—0.00769 e~ (0.0146 e—20" 1.00 e—A0"

0.0366 0.703 0.0657

Uur = €% | 0.0366 0.703 0.0657 (2.31)
0 0 0
—0.706 0.0367 —6.73 x 1076
2R b 0.706 —0.0367 6.74 x 1076 |,

—0.00484 A" _(0.0928 1A (0.996 ¢ iA0"

0.134 0.427 0.548
Usr = e | 0.134 0.427 0.548
0O 0 0

—0.675 0.212 —7.01 x 107°
20" Fiby 0.675 —0212  T01x107° |. (2.32)
—0.232 e~ A0 _().739 107 () 633 ¢—iA0?

The unitary matrices above will be used when discussing R-parity violating processes in
section 3.
2.4.2 Lepton sector
The mass matrix in the charged lepton sector is:
1 _Yce }/'ce }/'be .
m‘ = 3 Ye veve | vhe . (2.33)
Yy, Yy 0

It is diagonalized by the biunitary transformation:

me 0
Ul mUg=1| 0 m, 0 |. (2.34)
0 0 m,

One finds that U.;, and U.g can be approximately written as

ce(l—e) A/NV2)A-e+ee) 1/V2

Ue = | —e1+) —(1/V2)(1 = =) 1/V2 |, (2.:35)
1—¢2 —V2¢ \/iﬁeﬁ,%
—e2(1 - 62/2) -1 0
Uer = 1—e/2 —e(l—-¢€) & e’ (2.36)
—€u 2e,, 1— 63/2



and small parameters e, €, are defined as

© —342x1073, €, = £ =594 x 1072, (2.37)
mu mr

m
€e =
2

V2

In the limit m. = 0, the unitary matrix U, becomes

0 1/vV2 1/V2
0-1/v21/v2 |,
1 0 0

which is the origin for a maximal mixing of the atmospheric neutrinos.

As for the neutrino sector, we assume that a see-saw mechanism [[[(] takes place.
However, we do not present the details of the neutrino sector here because there is no need
to know it in the following analysis. We obtain some specific predictions of our model:
(i) only an inverted mass hierarchy m,, < m,,,m,, is consistent with the experimental
constraint [AmZ; | < |Am3,|, (i) the (e, 3) element of the MNS matrix is given by |Ues| =~ €.
See refs. [B, B for details.

2.5 Soft supersymmetry breaking sector

Next we consider the soft SUSY breaking sector, which respects the family symmetry. If
three generations of a family is put into a one-dimensional and two-dimensional irreps of
any dihedral group, then the soft scalar mass matrix for sfermions has always a diagonal

form:
2
e 0 0
2 2
o = |0 Mo 0 (2.38)
2
0 O MGt
miig 0 0
m?%;rr = 0 m2, O (a =u,d,e).
0 0 mip

Note that the mass of the first two generations are degenerated because of the family
symmetry.® Further, since the trilinear interactions (A-terms) are also Qg invariant, the
left-right mass matrices have the form

(m%LR)Z'j = A;l] (ma)ij ((Z =, d’ 6)5 (239)

where AY’s are free parameters of dimension one, and the fermion masses m’s are given
in eq. (2.29), (2.23) and (R.33). They are real, because we impose CP invariance at the
Lagrangian level.

We approximate that the squark and slepton masses are given only by eq. (B.3§), that
is, trilinear terms eq. (R.39) are negligible [g.

®SUSY flavor and CP problem can be avoided thanks to such partially degenerated (eq. ()) and
aligned (eq. (R.39)) soft terms because of the family symmetry [m, E]



3. R-parity violation

Since Qg family symmetry controls the whole flavor structure of the model, the form of the
R-parity violating couplings are also constrained by the family symmetry. We find that
only possible trilinear couplings allowed by the symmetry can be written as

Wg= AL3L1Ef + N L1(i0®)1;Q3D5 + MNyLr(c")1,Q.1 D (3.1)

in the physical lepton doublet L; defined in eq. (R.1) with the coupling constants in
eq. (B:21). Here the superpotential Wk is written in the flavor eigenstates, so the mixing
matrices eqs. (2.29)~(R.39), (.33) and (R.3d) should appear when we rotate the fermion
components into their mass eigenstates. On the other hand, these matrices do not ap-

pear from sfermion components, because we approximate that sfermions are in the mass
eigenstate basis. In the present model, there are only three R-parity violating trilinear inter-
actions allowed by the family symmetry, and baryon number violating terms ;’j wUi DDy
are forbidden by the symmetry. It should be compared with the MSSM case in which
there are 45 trilinear couplings. These interactions can generate a lot of new processes
which have not been observed yet such as lepton flavor violating (LFV) processes, or new
contributions to already observed processes. Many authors have studied phenomenology
of R-parity violation and obtained constraints on each coupling constant corresponding to
each process in the MSSM case.6

In this section, we obtain constraints on the coupling constants A, )\’172 at the weak
scale. Since the various new processes generated by the interactions Wg depend only on
the three coupling constants, we can predict ratios of new processes independent of As.
We will also find the ratios of the LF'V processes in this section. As mentioned before, we
assume that the R-parity violating couplings A and )\'172 are real and positive.”

3.1 Constraint on \

In this subsection, we consider the constraint on AL3L;E$ operator. The most stringent
constraint on A is obtained from both p — eee and neutrinoless double beta decay, both
the processes give similar bound.

First we show the bound on A from p — eee process [[4—[[7, BJ]. The decay process
b, — L 6]._67; is generated by tree-level ¢- and u- channel sneutrino exchange (figure [I]),
and its effective Lagrangian is given by

Lesr = NAp (6;Prly) (0;Prey) + N Ag (6iPrby) (6 Ppl) + (i < §), (3.2)
where the coefficients are
AL = m%(UcTR)iJ(UeR)Jk(UeJrL)j3(UeL)3m+%(UJR)U(UEL)Jm(UJL)jK(UeR)Kk’ (3.3)
nr BL
AR = %(UeJrR)jJ(UeR)Jm(UeTL)ifﬂ(UeL)?’k+é(UJR)jJ(UEL)Jk(UJL)iK(UeR)Km, (3.4)

6See ref. [@, @] and references therein.
"CP violation induced by the R-parity violating trilinear couplings in the soft SUSY breaking sector has
been studied in ref. [@]

,10,



oY
>

Figure 1: R-parity violating contributions to the decay processes ¢, — Ei_éj_ﬁﬁ (left) and the

neutrino mass (right).
In our approximation, sneutrino mass is the

with mixing matrices in eq. (2.33), (2.34).
same as that of the left-handed slepton defined in eq. (2.3§). From this Lagrangian, the
(3.5)

branching ratio of y — eee is given by,
4
[|ALI? + |AR|*] BR(1 — evevy,).

4
BR = —0
(= cce) = Guca

The requirement that this branching ratio should not exceed the experimental bound
BR(jt — eee)®™P < 1.0 x 10712 provides a constraint on A
m-
A< 14 x 1072 (), 3.6

. 100GeV (3.6)

where we have assumed mj,; = Mg = My in order to forbid the contribution to FCNC

processes from the soft scalar mass terms.
Next we show the constraint from neutrinoless double beta decay. The coupling A can
induce radiative neutrino mass at the one loop level shown in figure [l [[(4, P0]:

)\2
(My);; = — a )2mek [(Uer)3j(Uer) sk — (Uer )3k (Uer) 1] %
Ul )it Uer)3i(m2, 5) 10 F(m2,, m2, g, m? 3.7
X\ (Uep)kr(Uer)si(mgpp) 1.y (mek’melR’mglL) (3.7)
— (Ul Rk (Uer) ki(mZp g)ss F(m2y, mé g, ma, )| + (i < j),
where the loop function F' is
xlnx ylny zlnz
F r,Yy,z) = + +
N IR IR [ Tars R Er ERpy
1
— %, as = — 0. (3.8)
We assume that the trilinear terms in the soft SUSY breaking sector are completely aligned
(3.9)

with the Yukawa matrices, that is,
2~ meA
m:; p ~ meA.,

in which A, stands for the sum of the A-terms in eq. (R.39) and p-terms which are not
explicitly shown, and m€ is the mass matrix of charged leptons eq. (R.33). The requirement

— 11 —



that the effective neutrino mass (M, ). does not exceed a constraint from neutrinoless
double beta decay provides a bound on A:

exp\ 1/2 1/2 ~ ~ 2 2
(My)ee> <1oogev> o 4, 000GV

A< 1.1 x 1072 = =2kee 1
( 0.35eV M mip — m%L " m%L

This is the most stringent constraint on A in the present model: other processes give weaker
bounds. For example, a constraint from p — ey is [[[]

A < 0.22 (3.11)
when slepton masses are 100GeV.

3.2 Constraints on A} and \}

Constraints on A}, are obtained from neutral meson mixings [B4-R9, BF), and on the
products A\; and A\, from leptonic decays of neutral mesons [R, B0-BZ, B3]. Since
both processes are generated at tree level, these give the most stringent bounds on )\’172.
Although p — e conversion in nuclei [[[7, [[§] is also generated at tree level by )\’1,2, bounds
from this process are weaker than those from neutral meson system. Therefore, we show
the calculations only of the neutral meson system.

The neutral meson mixing is generated at the tree level through the exchange of a sneu-
trino in both s- and ¢- channels (figure f]). For K° — K° mixing, the effective Hamiltonian
is obtained as

A/ A/* _ _
Hepy = —25-12(drsp)(dLsg), (3.12)
1L
where
Tik = M(UIR) 10 Uar)sk(i0) 1y + Ny(UR)j3(Uar) gw(o) 1. (3.13)

We require that these additional contributions to the mass difference of neutral K meson

are smaller than its experimental value:

! IE3
AmR _ [ A1 AThol
KO — 2 2
1L

SKOmKofIQ(B4(mK0) < Am})?g, (3.14)

where myo and fx denote mass and the decay constant of the neutral K meson, and

2
S0 = (%) , Bu(mgo) =1.03, (3.15)
AmZE = (0.5292 + 0.0009) x 10~ 2ps~!

with = 2GeV [2§. Thus [BF],

ms 2
A A%l < 4.5 x 1072 <¢) . 3.16
|ATa1 AT X 100GeV ( )
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Figure 2: R-parity violating contributions to the neutral meson mixings (or, leptonic dcays of
the neutral mesons) in the s- and ¢- channels. The quantities in parenthesis represent the case of
leptonic decays.

The assumptions 6¢ — 0¢ = 0 and A} = N, lead to the most stringent constraints on A} :

N =\, <3.1 10*3<%). 317
1= Ay <ol X 100GeV (3.17)

Next, we consider the leptonic decays of the neutral K mesons: Kp g — e e, p~pu™
or efu*. At the quark level, these processes are interpreted as a transformation of a
down-type quark-antiquark pair (d; and Jj) into a charged lepton-antilepton pair (¢ and
?,), which are shown in figure B. The processes in the s- and ¢- channels are mediated by
sneutrino and wu-squark, respectively. In general, the effective Lagrangian for the process
did; — (0, is written as [B7]

1 - _
Leg = —=Aijrn(diry ' dir) (Crryulnr)

2
1lmg +mg -, - _ - _ .
5 dmz—d] [(dirdir)(Csrlnr)Bijpn + (dirdir) (Crrlnr)Biny) s (3.18)

M

where each coefficient is defined as

12
Aijpn = anl {(UeJrL)fI(iUQ)IJ(UdR)Ji} {(UeL)Ln(iUQ)LK(UgR)jK}

3L
)\12
+m§1L(UdR)3i(U;rR)j3(UeTL)fI(UeL)Ina (3.19)
m2 A
Bijpn = —2 M (UL ) i Uer)3n %

mg; + Mgj mflL

X [Aﬁ(UdR)Jz(UCTgL)j:s(iUQ)KJ + Xz(UdR)?»i(U;L)jJ(UI)KJ] : (3.20)
and m, stands for the mass of the meson composed of quark(d;)-antiquark(d;) pair with
mass mg; and mg;. From the above effective Lagrangian, the decay rate of did; — ¢ f@n is
given by

- _ f?
P(didj = brtn) = m%w {m3y = (mg —mn)?} {md; — (ms +ma)2}, (3:21)

,13,



where
Cijn = (m?\/l — m?) | Aij pnmy + Bijfnlz + (m?w — m%) | Aij pnmn + B;fmf]2
~|Bijamn — By prg |+ mpm, [‘Bijfn + Bl s P = [ Aij g — Bijpal?
* 2 2
— [Aijpamy — sz‘nf| + | (mg + mn)Aij pnl } ) (3.22)

and fys is the decay constant of the meson under consideration and my, are the corre-
sponding charged lepton masses. In the case of Ky, decay, A;jty, should be replaced to
(Aijm — Ajifn)/\/i with ¢ =1,j =2, and similar for B;;, and B}, ;.

We require that branching ratios should not exceed the experimental bound BR(K —
puFet)™P < 4.7 x 10712 and the experimantal value BR(K} — e~ et)™P = 9 x 10712,

therefore we obtain

_ 2
< 54x 1077 (UL 2
AL <5410 <100Ge\/> (3.23)
from Kj — pTet, and
_ 2
L 11x 1078 (UL _ 24
Mg < 1.1x 10 <100Ge\/> (3.24)

from K; — e"e™. The contributions including up type squarks, that is, Aijtn, are negli-
gible in K, — puFe® because these terms only provide weaker constraints, and vanish in
K1, — e e™ because of the replacement mentioned above.

For comparison, bounds on A\ , from p — e conversion in nuclei are A\ < 1076 and
A\, < 1077, which are weaker than eqs. (B.29) and (B.24).

3.3 Predictions for Lepton Flavor Violating processes

Although many processes can be generated by the R-parity violating interactions, we focus
on the LFV decays ¢,, — Ei_ﬁj_fr, where m = p or 7, in this subsection. As mentioned in
the subsection B., the operator AL3L;E¢ generates the decays ¢;, — E;Ej_fz at tree level
when A # 0. The other two operators in eq. (B.]), ’I,QLQDC, also generate the similar
decay processes at one loop level through photon penguin diagrams shown in figure [, but
we found that the bounds on ) , are stronger than that on A in the previous subsections.
So we neglect contributions from )\’172 operators to the decays ¢,, — E;E;Eg. Moreover,
flavor changing Z boson decay Z — K;E;F induced by the R-parity violating bilinear terms
can contribute to ¢, — 6;6]-_6: processes. Since branching ratios of these decays are
propotional to sin® £, their effects are also negligible [B3. Besides these R-parity violating
contributions, there are two other contributions to these processes by Higgs bosons. Since
the charged leptons couple to the neutral Higgs bosons, these Yukawa interactions generate
LFV processes at one loop level [i(J]. However, these effects are enhanced only when tan /3
is large. So, we assume that these are negligible because tan 3 is small enough. Moreover,
since there are three generations of both up and down type Higgs doublet in this model,
LFYV processes mediated by the neutral Higgs bosons are generated at tree level. However,
the branching ratio of the u — eee from these effects is BR ~ 107'6 because of the

— 14 —



smallness of the Yukawa couplings when the neutral Higgs boson mass is 100GeV. So,
these contributions can also be negligible compared to those from ALLFE® couplings unless
A < 1073, Therefore, we can approximate that ¢, — E;E;Eg processes are induced at tree
level only by A. In this approximation, the ratios of these processes are independent of A,
but depend on the mixing matrices U.r,(gy which reflect the flavor structure of the model.
Therefore we find some predictions of LF'V decays ¢,,, — 6;6]-_6: in our model.

From the branching ratio eq. (B-§), we can easily find the ratios of processes in the
approximation that all scalar masses are equal:3

BR(T — eece) 4e B

0.014, (3.25)

BR(T — ppup) — 1+e€
BR(T — ppe) 11— € + 2¢ — 0.99 (3.26)
BR(T_)MMM)_1+€%L_262_ R ’
BR(u —eee) 1, 5 €

~ 4¢e ————— = 0.0093 3.27
BR(t — eece) T, “u 262 + €2 ’ (3:27)

where small parameters e, , are given in eq. (R.37) and 7,(7,) stand for the lifetime of the
u(7) lepton. Also, BR(T — ppe) means BR(t~ — pu~p~et), and similar for the other
processes. One can obtain the ratios of other combinations from the branching ratios listed
below:

BR(j — eee) o< T,€2 [2(1 - QEi)mZ_flL + %mgi —2(1— ei)m;&mé’i] , (3.28)
BR(1 — eee) x 7; [ei (1- ez — 4¢€2) mZTI4L + %egméﬁ , (3.29)
BR(T — ppp) o< 7r [i (1+ ei — 22 — 4639%) mgf34L - 26365mh2Lmk2L} , (3.30)
BR(1 — eep) o T,€ [QEimZ_ﬁ + (% - ei)mg_;L - 26im2_12Lm2_32L] , (3.31)
BR(T — ppue) x TTi <1 — ei + 262 — 46362 + ieﬁ) mgf34L, (3.32)
BR(T — pee) < 7- [egeimgé + é (1 - 2€i + 66563 + g€i> m[;L} , (3.33)

1 3 _ 9
BR(T — pep) < 7r [g <1 — 42 + 66363 - Zeﬁ) m234L + 26§eimgl2ngg2L} , (3.34)

where the common factor is not shown explicitly.

4. Conclusion

We have considered the properties of R-parity violating operators in a SUSY model with
non-Abelian discrete Qg family symmetry. The family symmetry can reduce the number

8From the conditions to suppress ju — e + « process from the scalar mass terms, slepton masses are
required to be degenerated with mass differences of order 10~* [E, E]
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Figure 3: The photon penguin contributions to the decays ¢, — £ E;E;: - These contributions
can be negligible compared to the tree level processes induced by the coupling .

of parameters in the Yukawa sector, and explain the fermion masses and mixings between
generations. It can also reduce the number of R-parity violating couplings and determine
the form of those. Only three trilinear couplings are allowed, and the baryon number vio-
lating operators are forbidden by the symmetry in our model. We derived upper bounds on
these couplings: A < O(1072), 12 < O(107%), and obtained the predictions on the ratios
of the LFV decays ¢, — f;ﬂ;f; which do not depend unknown parameters. The results
reflect the properties of the family symmetry because these predictions contain the mixing
matrices of the charged lepton sector which is written by masses of the charged leptons.
Our predictions can be testable at future experiments because the superB factory [[] or
LHC [ will have the sensitivity BR ~ 10~ 59 for LFV 7 decays.
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