PHYSICAL REVIEW D 68, 056004 (2003

R-parity violation in a supersymmetric GUT model and radiative neutrino masses
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Within the framework of an S(5) SUSY GUT model, a mechanism which effectively inducféparity-
violating terms below the unification energy scaliy is proposed. The model has matter fleld§(+5
+10 -y and Higgs fieldsH_, and H(+) in addition to the ordinary Higgs fieldsl ,, and H( y Which
contribute to the Yukawa interactions, where)( denote the transformation propertles under a discrete sym-
metry Z,. The Z, symmetry is only broken by thg term H(HH( y softly, so that the £ @)HH(+)HH( )
mixing appears aj<msg, and R-parity violating terms 55,10, are effectively induced from the Yukawa
mteractlonsH( )SL(+)1OL( y; i-e., the effective coupling constants;, of v ;e jeg, and VLIdRJde are pro-
portional to the mass matriceM( ) and (Md)Jk , respectively. The parameter regions which are harmless for
the proton decay are investigated. Possible forms of the radiatively induced neutrino mass matrix are also

investigated.
DOI: 10.1103/PhysRevD.68.056004 PACS nuni®er11.30.Er, 11.30.Hv, 12.60.Jv, 14.60.Pq
. INTRODUCTION and two types of SU5) 5-plet and 5plet Higgs fieldsH .

Th iain of . ion is still . and ﬁ(i), where (£) denote the transformation properties
e origin of neutrino mass generation is still a mysteri- | 1"~ giscrete symmeti@, (we will call it * Z,-parity”

ous problem in t.he unified understanding of quarks gnd !ephereafte}. The superpotential in the present model is given
tons. As the origin, from the standpoint of a grand unificationy

theory (GUT), currently, the idea of the so-call seesaw
mechanisni 1] is influential. On the other hand, an alterna- W=Wy +Wy+ Wiy, (1.1
tive idea that the neutrino masses are radiatively induced is
still attractive. As an example of such a model, the ZeewhereW, denotes Yukawa interactions
model[2] is well known. Regrettably, the original Zee model
is not on the framework of GUT. A possible idea to embed _
the Zee model into GUT is to identify the Zee scaltdr as Wy=2, ( wiHH 1010,
the sleptoneg in an R-parity-violating supersymmetric
(SUSY) model [3]. However, usually, it is accepted that +>, (yd)ijﬁ(_)a(ﬂilq(_)j_ (1.2
SUSY models withR-parity violation are incompatible with i
a GUT scenario, because tReparity-violating interactions
induce proton deca,5]. By the way, there is another prob- Under the discrete symmetr¥,, R-parity violating terms
lem in a GUT scenario: i.e., how to give doublet-triplet split- 5 (+)5.(+)10,-) are exactly forbidden. The discrete symme-
ting in SU5) 5-plet Higgs fields, There are many ideas totry Z, is softly violated only by the following. terms:
solve this problenj6]. Although these mechanisms are very _ _
attractive, in the present paper, we will take another choice, Wy=H(m,+g,®)H)+Hy(m_+g_P)H
that is, fine-tuning the parameters: we consider a possibility _
that a mechanism which provides the doublet-triplet splitting +mggH()H(-y, 1.3
gives a suppression of thB-parity violating terms with . . , .
baryon number violation while it gives visible contributions Whered>_|s an SU5) 24-plet H|gg§ field with the vacuum
of the doublet component to the low energy phenomeng)q:’ect":ltlon yaluéVEV) '<(I>>=u24d|ag(2,2,2,— 3~ 3.)’ and :
(neutrino masses, lepton flavor processes, and $643nin it has been introduced in order to give doublet-triplet split-
the present paper, we will try to give an example of such dings in the SW5) 5- and ‘5plets Higgs fields at an energy
scenario. scale u<My [My is an SU5) unification scal¢ The
In the present paper, in order to suppress the proton deca¥,-parity is violated only by the termHyH_y. Note that
a discrete symmetr¥, is introduced. The essential idea is as
follows: we consider matter fields g, )+ 10 () of SU(5)
The z, symmetry can be softly violated not only by the term
H(HH( y» but also by termsi( yH(+) and 5_(+)1H( ) - However,
*Email address: koide@u-shizuoka-ken.ac.jp in the present scenario, the eX|sten094@L)H( y is essential. The
TEmail address: joe@phy.saitama-u.ac.jp details are discussed in Appendix A.
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Hy and H(,, in the mggterm do not contribute to the
Yukawa interaction(1.2) directly, so that proton decay via
the dimension-5 operator is suppressed in the limithgg
—0. (A similar idea, but withoutZ, symmetry, has been
proposed by Babu and B4T].) The termsW,,;x have been

introduced in order to bring thg(+)<—>5(+) mixing:
Wmix=2i 5 (+yi(bims+Cigs®)H 4, (1.9

where;|b;|?=2|c;|>=1. At the energy scalg<My, the
termsW, + W, are effectively given by

V\/H"—V\/mix
:a:Ezsm(f) Hgi))cosa(a)JFEi di5(Ps yisina® [H{)

+ 3 mOHPHE tms S HOHE), @
where=;|d;|>=1, the index(a) denotes that the fields with
(2) and (3) are doublet and triplet components of SU(5)

—SU(2)X SU(3), respectively, and

mPcosa?=m, -39, vy,

m®cosa®=m, +29, v, (1.6
m@sina®d;=mgb; — 3950 24Ci ,
m®sina®)d;=mgb; + 2950 24Ci , (1.7

mP=m_-3g_v,, mP=m_+2g_v,. (1.9

Therefore, thangg-term together with then, sina-term in-
duces_thg-l(,y—»S,_H) mixing, so that theR-parity violating

terms 55,10 are generated from the Yukawa interactions

H(-)5.(+)10 (~). The coupling constants; of 55,10,

will be proportional to the charged lepton mass matrix

(M%) or down-quark mass matrix\,{g)jk. (The details are
discussed in Sec. IAs we demonstrate in Sec. I, we can
show that the mixing g+« H_) is negligibly small for the
colored sector, while it is sizable for the 8)-doublet sec-
tor.

The parameters in the present model need fine-tuning. For

example, we will find that a large value ofsg is not accept-
able, because for such a large valuergfz the proton decay

due to the dimension five operator becomes visible. On the

other hand, we will find that a smaller value g leads to
a small bottom quark mass, so that a small valuengg is
not acceptable. We will takengg~ 10 GeV. In Sec. lIl, we

will investigate the parameter regions which are harmless fo
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tributions M5 from VEVs (7;) of the sneutrinos to the neu-
trino mass matrixM . In Sec. V, a possible form o#,
=M>+M"3 is discussed from the phenomenological point
of view. Finally, Sec. VI will be devoted to the summary.

Il. H(~)-5(+) MIXING
In order to suppress the proton decay, we want to take
m@~M,y with a sizablea®, but m?~My with a negli-

gibly small«®®). However, from the relationd..6) and(1.7),
we obtain the relation

Msb; + 2950 24C;

dtana®=
I My +209.v24

m@sina®d; + 5950 4Ci

. (2.1
m®@cosa'®+5g, vy,

The requiremenia®|<M,,/My leads to the constraint
|gs| =M /My for|g,|~1. We do not like to introduce such
a small dimensionless parametgy. Therefore, for simplic-
ity, we will put g5s=0 hereafter. Then, without loss of gen-
erality, we can put

§L<+>1=Zi bi5L(+), (2.2

where_Ei(+)l does not mean the observed first generation
particle. (Hereafter, for convenience, we denotg 5; sim-

ply as 5§ (41.) The effective parameters’® , m® and (@

are given as follows:

m@=\(m, -39, v,)°+ mg,

m(f): \/(m++29+024)2+ mﬁ,

the proton decay. In Sec. IV, we will investigate a possible

form of the radiatively induced neutrino mass matrix due to

the R-parity violation term 55, 10, . The radiatively induced
neutrino mass matrif "2 will be expressed by the sum of

two rank-1 matrices. On the other hand, we also have con-

mP=m_—3g_ vy, mP=m_+29_v,, (23
m m
tana(?= > = 2
m+_3g+024 m(+)
mg Mg
tan (3): = .
@ m++29+v24 m(+3)
YWe will take
mS_Z)NMW, m(f)~Mx,
m(,2)~M| ) I’n(jg)wMX! 24
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Mg Mg
tana@~ —  tana®~ =,
My My

where M, ~ 10" GeV andm;~10' GeV as we state later.

The mass matrix in the basis oH{_),H),5.(+)1) and
(H(+y,H(-)) is given by

0 m_

M=| M, COS« mSB

(2.9

m,sina 0

Here and hereafter, for simplicity, we drop the inde.(
The mass matrix2.5) is diagonalized as

m; O
uMu=D=| 0 m, |, (2.9
0 0

where U and U are unitary operators which diagonalize

M™™M andMMT as
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The mixing matrixU is easily obtained from the diago-
nalization of

[m., |? MggM* cosa

MTM=< ). (2.9

mgm, cosa | mggl?+|m._[2

For realm;, mgg andm.., we obtain

cosf, sinég, 01

| —sing, cosé,)’ (210
2mggm, COS«

tan Zﬁuzm, (2.11
st M= —m

m2=1(m2 +m2+m2)—£Q (2.12

1 2 SB + — 2 .

1 1

m%zz(m§5+mi+m2,)+ 5Q. (2.13

where
it mi 0
u'M'MU= 0 m 2.7 Q=(m3g— M2 +m?)cos 26,+ 2mggm,, cosa Sin 26, .
2 (2.14
and When we define
m> 0 0 2 2 2
o o 1 A=mgg—mi+m<, B=2mggm,cosa, (2.19
utMmfu=| 0 m2 0], (2.9
0O 0 O . B
cos 20,= , sSin20,=———, (2.1
_ N A 210
respectively. Note that the matter field,5is still massless,
and also note that it is not in the eigenstate of Zheparity.  the quantityQ is given by
|
Q= AZ+B?=\[m3g+(m, —m_)?][mig+ (m, +m_)%]—4m3m? sirfa. (2.1
The rotationU is also obtained from the diagonalization of
m? MgpM_ 0
MMT=| mggm_ mg+micofa m’cosasina (2.19
0 m? cosa sina m? sirfa
The mixing matrix elements);; are easily obtain as follows:
1 _
U13:_mSBS|nC¥, (219
N3
— 1 .
Uy,z=— —m_sina, (2.20
N3
— 1
U33=N—m_c05a, (2.2)

3

where
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NZ=—m? + m3sirfa.
Other matrix elements are obtained as follows: We express the mixing rRBtE

C13C12 C13512 S13
U=| —C23812752€12513 CoxC127 5238128513 SpCi3 |,
S238127C23C12S13  —S23C127 C23515813  C2xC13

wheres;; =sin g; andc;;=cos#; . Then, by comparing Eq2.23 with Egs.(2.19—(2.21), we obtain

W MgeSina 1

Sis=Ujg=—————, 3= ,

e JmZ + mZ sirfa B 1+ (meg/m_)sira
U,

3 .
523:_: — SN, C23: COS«.
C13

By using the relation ™M) ;= UnUll(mi)2+ Ulzﬁlz(mg)% the mixing angled,, is obtained as follows:

2
m
— 2 2 | — 2 2 2 2 o
COS 21,= ——— | m{+my—2—— —6(mSB+m+—m_—2mSBsm2a)
m;—my Ci3

m? — m3cos 2« — m>

Jm? +2(m2—m?)m? +mi+2m2m2 cos 2v+ m*

Note that cos & ,~—1 for m? > mSB,mJr , SO thatf,,= /2.
Since the physical f|eld§-(l,H2 5,_1,5,_2,5|_3) are given by

He) Uy Up Uy 00 Hy
Hes Uy Up Uy 00 H,
g'-(ﬂl —| Usy Ugp Uy 0 0 50 )
BL(+)2 o o o 1 oflls,
§L(+)3 0 0 0O 0 1 5/4

the Yukawa interactiong(,)a(ﬂlq(,) lead to the effective Yukawa interactions at a low energy scale
(Yg)ijH[ 811(U1U33— U13U30) 505+ U14(855( 5+ 8,35[ 5) 110,y .
and the inducedR-parity violating terms

(Ya)ijU1a5[ 1( 81U 1+ 855( 5+ 3:35( )10 ()

where we have assumed thaty|<|m,|, i.e. the Higgs field surviving at a low energy scale is Hgt butH.

The effective Yukawa interaction®.28 give the fermion mass matrices

(U(z)U(z) U(z) (2))(Yd)|,vd—U22 (Yg)ijuog fori=

U@(Ya)ijvg fori=2,3,
(U(2)U(3)_U(3) (2))(Yd)”vd for i=1
fy
(Ma)i; = UB(Yg)ijug for i=2,3,
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wherevy=(H,), and, in Eq.(2.30, we have used the gen-
eral formulaU; U — U U =g&ijmeunUnm, for an arbitrary
3X3 unitary matrixU. Note that in the present model, the
relationM 4=M_ does not hold.

From theR-parity violating termg2.29, we obtain coef-

ficientsA {32, N&Y, A§:2 and A (¥, which are the coeffi-
cients of the interactionsy( ;e ;—e 1v;)eg;, (v 1drdy;
eleRlué (d(l?:{leLiuLj_d(l?:uVLidLj)a and
Eapy R], respectively, as follows:
NGP=0, NEP=k(ME)jjlvg (=29, (2.32
K(M{)1 lvg
(2,3)_ J (2,3)_ t -
1= =ay Mip = k(Mgijlvg (1=2.3),
1- UV
(2.33
k(M) /vg .
NGP= W, NGP=Ek(ME)ii v (i=23),
1 71U
(2.39
ANGP=0, ABI=ek(Mb)lvg (=29, (2.35
where
U@ u®
K==, f==r. (2.36
Ull U13

Note that the proton decay due to the exchange of squkrks
is forbidden in the limit of¢—0, while the radiatively in-
duced neutrino masses do not become zero evén-id.

IIl. HOW TO SUPPRESS THE PROTON DECAY

First, we discuss the parameters in the doublet sector. We

assume
(M?)2>m2 > (mP)2, (3.1)

Then, we obtain the following approximate relations:

(m<12>)2:(m<f>)2( 1- %)zco&y(?) (3.2)
(m$P)?=(m?)?+mgg~M?, (3.3
tan 202 = 2msgm(Pcosa?
(M®)2+ m3g—(m@)2
= ZT;?—Z;;E)COSQ(Z), (3.4

PHYSICAL REVIEW D 68, 056004 (2003

i 2
=T = ree
V(MmP)2 4+ mZ sirfa?)
ms
~ 5B (2)
Bsina (3.5
m®
s@=—sina®, c@=cosa?, (3.6
2
1/m
(21— _SB @)
siy=1 cogal?,
2 2\ m®
SB
(9= —5cosa® 3.7

Since the up-quark mass matrMu is given by M,)j
=cP(Yy)ijvy, where c?=cos¢? and v,=vsing @
=174 GeV), the constralr[t8] tanB>1.5 (sinB>0.83) in
the conventional model from the perturbative calculability
corresponds to the constraint

cPsing>0.83, (3.9

which is reasonably satisfied because the valug(p¥ is

given by
cP= \/ 1—(

On the other hand, since the down-quark mass madtjx
is given by Mg)ij=UYgjva(i =2,3), wherevy=v cosp
and

megm@cosa®|”
W =1, (3.9)

(3.10

U= c@c <2>~m—c05a<2>
m®

the constrain{8] tang<60 (i.e. cos3>0.017) in the con-
ventional model puts a constraintmgg/m®)cosa®
>0.017/co$B, which leads to

m
—3B 0sa®>0.031, (3.11)
m®

where we have used the lower limit of tBntanB=1.5. A

mass value oH, smaller thanm{?~ 10" GeV cannot be

accepted because such a small value spoils the coincidence

of the gauge coupling constants @t=My. From the rela-

tion (3.3), we must consider
mP=mP=10" GeV. (3.12

Therefore, a too-small value ofigg is not acceptable in the
present model,
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Msg

1
Mgp= ——= X 3X 101? GeV. (3.13 cos 203 = I (3.23

cosa®

The parameter values in the triplet sector are sensitive to

m Mgg M
the proton decay. For example, the proton decay due to the s~ —(Se,?sina(s)z %‘ %Nlo—lgl (3.24)
exchange of squar# is proportional to m- m=* my
2
m m
(23)) (3.3) b 2 3)_ _ 5 -
}\1ij )‘1k| f COS,B) |Vub| ’ (3-14) ( ) —sma(3)——m~—lo 15- (3-25)

which must be smaller thanMsysy/My)2~10 26, Since
(my /v cosB)?>~10"3, |Vp/?~10"° and

m 1
s mPsina® M, mg/My . K=————-~—10"%—. (3.26

(3.19 In order to suppress the proton decay due to the dimension-5

where we have used the relatiof&s3) and the valuesn® operator, it is better to take the value g as low as pos-
- sible.

~M. ~ 104 (3)~ ~ 1016 i . . . .
=M, ~10" GeV and m>'=My~10'® GeV, we can esti For example, the numerical values without approximation
mate the value of Eq3.14 as are as follows: for the input values

2,3 3,3 2 — 24
NEIG~ kP x 1072 (3.16 Meg=4X 1022 GeV, my=2x10" GeV,

Since the parametex is given b
P 9 Y mP=2x10% GeV, m®P=1x10" GeV,

U (2 tan 0(2)

2 _ & 3 tana @ % (3.17) m®=5x10 Gev, m®=5x10! GeV,
U Ci7 mZ (3.27
if we supposens~10 GeV(i.e. k~10"1), the proton decay sina®=0.1, sina®=4x10"15,

due to the exchange ofl 5 can barely be suppressed. _
On the other hand, the proton dec§9] due to the we obtain

dimension-5 operator is proportional to a factor
P prop m{P=-2x107 GeV, mP=1.0x10"* GeV,

3.2
(= LU 0D, @an 328
m{® m5”) o 1 7.9<10" % 529
U= o )
The value ofK takes a minimum am®=m{ . Therefore, —7.9x10 1
we investigate the case
0.040 0.999 0.00
(m)2=(m®)2>m3g, (3.19 U@=| —0994 0040 —0.100|, (3.30
which have already been assumed in the derivation of Eq. —0.100 0.%10°'® 0.995

(3.15. Then, we can get the following approximate relations: 5 s
m{¥=-5.0x10" Gev, m{)=5.0x10" GeV,

(M) 2= (m?)2—mggm?, (333
(32— (m(3)2 3 0.707 0.70
m; my>’)“+ mggmyy 3.2
(m5¥)?=(m{?)%+mgpg (3.20 UG = , (3.32
. —~0.707 0.70
m m
@) (3) _SB _
tan 20u ZmSB, l.e. COS 29u Zm(f)’ (32:D B 0.707 0.707 3.210 20
U= —0.707 0.707 —4.0x10 16
c® JRE) I 16 16
12 12 13 —-2.8x10 2.8x10 1.000
go-| —s2 @ | g (3:33
stysy —siely 1 U@=0.040, K=-3.2x10 %My,
where k=0.10, £=0.8x10 7 (3.34
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Therefore, these parameter values are harmless for the prot¢w Lad)ij . Since, as usual, we assume that the structure of

decay. M2, is proportional to that oM., we obtain
e —
IV. RADIATIVELY INDUCED NEUTRINO MASS MATRIX (M3)ij =N 1imh 1ji(Me) 11(Me)1m
In a SUSY GUT scenario, there are many origins of the + 6101 ik 1n1(Me)ii(Me) nm
i i . F le, th i
neutrino mass generatiops0]. For examp e, the sneutrinos — Sh g scr(Me) (Mo
v;. can have VEVSv)#0, and the neutrinog; thereby
acquire their massg41]. In the present model, there is an = 0j1h 1N 1km(Me) 1m(M ek - 4.3

R-parity violating bilinear term_ﬁ(ﬂH(ﬂ, while there is no ) e _\(22) i )
H_)H+) term (the so-calledu term). In the physical field Since Ay =Ajj”= (1~ 11)(Me);; from the expression
basis[the basis on which the mass matf&5) is diagonal, (2.32, we obtain the contribution from the charged lepton

— . — loop:
the so-calledu term, myH;H,, appears, while the %, P
term is absent. Therefor~e, in the present model, the~sneutr|— ME=HTS;Ho— S;HHo— HIHTS, + S, Tr(HcHo),
nos cannot have VEVér;) at tree level. The VEVYv;) (4.4)
#0 will appear only through the renormalization group

equation(RGE effect. The contribution highly depends on \yhere we have dropped the common factgrand the Her-

an explicit model of the SUSY symmetry breaking. Since themjtian matrixH, and the rank-1 matri§, are defined by
purpose of the present paper is to investigate a general struc-

ture of the radiative neutrino masses, for the moment, we _ t

. . . . . He_ M eM e (4'5)
confine ourselves to discussing possible forms of the radia-
tive neutrino mass matrix .

The radiative neutrino mass mattit'2? is given by 100
S=(0 0 0]. (4.6)
M'ad=pMe+ M9, (4.0 0 00

Similarly, we can obtain the contributions from the down-

_ . _ - quark loop. From the expressiof2.33, we denote)\‘fij
where M$ is generated by the interactions e ef and  —)(23) g5

VLELeCR (i.e. by the charged lepton IobandM‘i is generated H

by v, d%d, and v d&d, (i.e. by the down-quark logp We M= xlpdu+(1=8)1MY;;, 4.7

assume that the contributions from Zee-type diagrams due to

H*<eL mixing is negligibly small because the term Where

HH10 must be notH;H,10 , but H,;H,10 (recall that

only the fieldﬁl has the VEV in the present modlel p= 1 ~1
We consider the radiative diagram with,);— (eg), 1-&ecUPIU)

+ (%), and )+ (€5)m— (¥F); (see Fig. 1 The contribu-

tions (M$);; from the charged lepton loop are, except for theThen, we obtain

common factors, given as follows:

4.9

MA=HySH— SiHIH = HyHS + S Tr(HgHy),

(4.9
(M%)ij = (N 1kmbi1— M 1imSk1) (A 1j1 Sn1— N1ni 6j1)

X(Mo)(M2, R amt (1), (4.9 Where

Hy=MIMy. (4.10
whereM, andl\~/I§LRare charged-lepton and charged-slepton-
LR mass matrices, respectively. Here and hereafter, we wilNote that the resuit4.9) is independent of the value pf
drop the common factor inM’Vad)ij, because we have an  The field § (), defined in Eq.(2.2) does not mean the
interest only in the relative structure of the matrix elementsobserved first-generation fieldd{,v,e), (and its SUSY

My

FIG. 1. Radiative generation
of neutrino Majorana mass.

—_—— —— —— —

drn My do

056004-7



Y. KOIDE AND J. SATO PHYSICAL REVIEW D68, 056004 (2003

partney. The forms ofM¢ and M‘i on the general basis are whereSis an arbitrary rank-1 matriSzUESlus, which is

given by given by the rebasing;5-5/ = (U.5); .
MS$=H{SH— SHH—HHIS+STr(HH,), It is convenient to investigate the forM"® on the basis
(4.1)  on which the charged lepton mass mathik, is diagonal:
M9=HSH]— SHIHT — HgHS+STr(HgHy), He=Dg=diag(m¢; ,mg; ,mg;) =diagm,m;,,m3).  Then,

(4.12  the matrixMs is given by

4 4 4 2 2 4 2 2
Si(Mg+meg)  Spa(Mgg+MgMg,)  Spa(Mgp+ Mg Meg)
4 2 2 4 4 4 2 2
MS=| Sou(Mgz+MgiMgy)  Sp(MgztMgy)  Spa(Megy +MeMegg) | . (4.13
4 2 2 4 ) 4 4
Sai(Mgp+ Mgy Mgz) S Mgy +MguMgg)  Saa(Mgg +Mgy)

On the basis wittH,=D?2, since the matrixH4 can be expressed #&=UD3UT, whereU=US, the contributionM? is
expressed as

Mi=uU(m9)uT, (4.14
(M$)’'=D3S'Dj~S'Dg—DgS' —S'TrDg, (4.15
s'=u'su. (4.16

Here, (M,‘i)’ is again given by an expression similar to £4.13),
4 4 4 2 2 4 2 2
Si(Mg+Mgz)  SpMgg+ Mg Mg,)  Sig(Mgy+ MG M)
4 2 2 4 4 4 2 2
(M9 = So(mgz+mgmg,)  Si(Mgg+mg)  Sp(Mgy+MgMgs) | (4.17)

4 2 2 4 2 2 4 4
Sai(Mgo+ mgimgs)  Sio( Mgy + Mg,Mg3) Sz3(Mgy + Mg,)

The mass ratiosm2/mj=7.02<10* and m’/m?=3.43 U'SU*, andU(PUTSU*P)U" are also rank-1 matrices. In
X103 at u=My are negligibly small compared with other words, the radiative neutrino mass malslfixad has the
Am?,,./Am2,.~10 2, so that when we neglect the terms form which is described by two rank-1 matrices:

with m2,/m2,;, m2,/m2;, m3,/m3, andm3,/m3,, we can ap-

proximate Eqs(4.13 and(4.17 as 97 99, O
Su S 0 M9=mo| G201 97 O
e_ 4 _ 4 0 0 O
Mé=m?| S S O|=m‘PSP
0 0 0 f% fify fifs
o« +mok| fofi  f3 fofs | (4.20)
Sy S, 0 ° 2
dy s 4 ’ ’ 4 , f3](1 f31:2 f3
(M)'=my| S;1 S O|=mgPS'P, (418
0O 0 O So far, we have not discussed the absolute magnitude of

the neutrino mass matrikl'®®. When we assumen®(eg)
=m?(ers) =M*(Erp) =M?(€g;) and m*(e)=m?(e )
P=diag1,1,0). (419  =m?(e ,)=m?(e ;) and the rank-1 matri§ is normalized
as Tr(SS)=1, the coefficientn, in the expressioi.20 is
Therefore, we can express the neutrino mass meﬁ{’ in given by
the following form:

whereP is defined as

1. mPm? - -
Mi29=mo(PSP+kU-PUTSU*P-UT),  (4.20 mozl%z,g —F(M?(er).m3(3), (422
v

wherek is given byk=(m,/m.)2 andm, will be given later
[in Eq. (4.22)]. The matrixSis a rank-1 matrix, so th&SP, where
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m2 masses, i.e. in Eq4.24). In the present paper, we are inter-
F(m%,mf)=ﬁln—§. (423  ested only in the form of the neutrino mass mathik, .
mg—mg  mg Therefore, we do not discuss the explicit symmetry breaking

mechanism and the absolute magnitude§:gf.

Since the form of the flavor symmetry breaking in the
present model is described by the rank-1 magik is likely
that the structure of the rank-1 math4; is also given by the

If E(m?(er),m?(e,))=F(m?(dg),m2(d,)), the factork is
given byk=(m,/m,)*=8.6. However, in the present paper,
we regardk as a free parameter. By using 1#%-6.33

—3 2)__ 2N
X107, mP=m(HP)=2x 10" GeV, MAMz)  matrix S i.e. M7;=morS, where the factor denotes a rela-
=1.75 GeV,v=174 GeV and tapp=1.5, we obtain tive ratio ofM; to M. Then, the neutrino mass matii,
Mo=1.9¢2F eV, (4.24 is expressed as

~ ~ M,=my(rS+PSP+kU-PUTSU*P-UT), (5.4
whereF is the value ofF (m?(eg),m?(e.)) in the unit of v= Mol ) 69

TeV. If the neutrino mass matriM, is dominated by the and
radiative mass terms'2® and we wish that the largest one

2
of m,; is of the order of\AmZ,,=0.05 eV, the valuex g1(1+r)  9192(1+r) g103r
2
V. POSSIBLE FORM OF M, 9391r 929sf 9sf
2
The neutrino mass matrix in the present model is given by fi Tafa fifs

fofy 5 fof
MV: MLad+ M';, (51) +m0k 211 2 2'3 (55)
fof, faf, 3
The contributionM, from (7;)#0 is estimated as follows.

~ ingl h iof#s2 4.2 -
Since the mass matrix forv(,v,,v3,WP) (except for the correspondingly to the expressios20 and(4.21, respec

e T tively.
radiative massess given by It is interesting to consider a case that the neutrino mass

1 matrix M, is dominated by the radiative massd&$??. Or,

0 0 0 —=gu; we are also interested in a case wihwhich satisfies the
2 relationP SP=S[a case withlg;=0 in the expressiofb.5)].
1 Then, since the neutrino mass matki, is still given by the

0 0 0 S92 form (4.20 [(4.21)], i.e. by the sum of two rank-1 matrices,

, (5.2 it gives detM ,=0, so that one of the eigenvalues Mf, is

0 0 0 1 zero. Therefore, we can consider the following two cases:

2 gus

1 1 1 m,;=0, M,;=mMge, M,z=mg, (5.6
- = - Ma
29V F9v2 50vs w for a normal hierarchy model, and

where, for simplicity, we have dropped the elementsB6y m —Em (1—&2)
vl 0 ’

we obtain 2
U1 1
1 - m,,==Mmg(1+¢?),
M3=— 76| v2 | (M@) (v vz v3) 2= 3 Mol1+e)
. m,s=0, (5.7
Ui U1V U1U3
9° ) for an inverse hierarchy model, where
rYe iUy U U3 |, (5.3
W\ vws vws 03 e=1|R|, (5.9
under the seesaw approximation. Note that the matrjxis B AmZ,,.,
a rank-1 matrix. R= A (5.9
As noted in Sec. IV, the sneutrinos in the present model atm

cannot have nonzero VEVs at the tree level. The VEVSthe inverse hierarchy case with the eigenvalues =

(74)9&0 can appear only through the RGE effect. Therefore— (1/2)my(1—¢2), m,,=(1/2)my(1+¢2) and m,3=0 is

the magnitudes of;=(7;) are highly dependent on a model ruled out in the present model, because the case gives
of the SUSY breaking and the RGE effect. In the previousS;m,;=mge?, while the mass matrix4.2) gives TrM,,
section, we have estimate the magnitudes of the radiative- mo(2;g7+k=;f?), so thatk must be negative to give a
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small value of TM,. However, it is unlikely that the con- induces the proton decay due to the exchange of satiark

tributionsM® andM¢ have opposite signs to each other.  We have takerms~10' GeV. Those parameter values can
In Appendix B, we will show that the fornt4.20 can give a reasonable magnitude of the neutrino mass. However,

always contain parameter values which lead to a nearly bithe choice of such a smaths gives a small mixing between

maximal mixing H(,) and §,y, so that the case give§2=U{? and

URUR-UuPUP=UuRUuF-UBUP . Therefore, the
Cion/1— g2 Sion1—g? e 11¥33 13 ~'31 11¥337 Y13 ¥31 e
1NIT 813 SN e 18 case with|a(®|<1 cannot give a sizable deviation from
S12—C12813 C1otS12€13 V1-— 8%3 Mg= M. However, this is critical for each parameter value.
- - The details are dependent on the explicit model, i.e. on the
U - 2 2 2 . p
v ' choice of the formsS and U=Ug. A further careful study
S1o+ C10€13 C1o—S12813 \/1—8213 based on an explicit model will be required.
N 2 2 2 Anyhow, if the present scenario is working, the proton

decay will be observed in the near future, because possible
(5.10 parameter values are in critical ranges for the proton decay in
order to explain the quark and leptgoharged lepton and
where c¢,~S;3 and s§2<1, and to the ratio R  neutring masses and mixings.
EAmgl/Am§2~1o—2_ However, even if we assume the  The present model leads to a radiatively induced neutrino
dominance ofM ;ad in M, since the expressiof#.20 has mass matrixv rfd which is given by the sum of two rank-1
many free parameters, we cannot give any predictions for thenatrices as shown in E¢4.20. The “two” is originated in
neutrino phenomenology unless we put a further ansatz fahe two contributions from charged lepton loop and down-
the flavor symmetry. quark loop. The reason that each contribution takes a rank-1
In Appendix C, we demonstrate a simple exampleSof matrix form is because the mixing of the matter fields
which satisfies the relatioRSP=S. The model canleadtoa 5 ) (i=1,2,3) with the Higgs fieldd _, takes place only
successful description of the observed neutrino masses afgy a linear combinatior=b;5, ;. The contributionM5
m|X|r|1gs [1hz_14]' Howgv?r, th'sh'? mﬁrely Ol.m.a fOf . gx' from (74)7&0 is also expressed by a rank-1 matrix. Then, the
amp es_.blT ﬁsystematlca sea_rlfb or tf € exp 'C'L dman general form ofM , is given by the expressiofb.4) [(5.5)].
a possible flavor symmetry will be a future task. We have investigated an interesting case that the form of
M- is given by a rank-1 matris, especially, the case with
VI. SUMMARY PSP=P. Then, the neutrino mass matii%, is given by the
form (4.20. Since the two rank-1 matrix model generally
gives deM,=0, one of the eigenvalues has to be zero, so
that we can consider two types of the mass hierarchy: the
normal hierarchy withD ,=mgdiag(0g,1), and the inverse

In conclusion, within the framework of an $& SUSY
GUT model, we have proposed a mechanism which effec
tively inducesR-parity-violating terms atu<<mgg. In our
model, those terms with lepton number violation are large . : :
enough to generate neutrino Majorana masses while tho erarzchy W'tth”:(1/2)m°d'ag(l_82.’1+82’0)Z wheres* .
with baryon number violation are strongly suppressed so tha?Amsolar/Am_atm' ;I'he Cfse of the inverse hierarchy with
the experimental bound of proton decay is evaded. This i®»= (}/2)mediag(e”—1,°+1,0) is ruled out. However,

related with doublet-triplet splitting. We have matter fields€Ven if we assume that the observed neutrino masses and
5 1+10,,_, and wo types of Higgs fields andH. mixings are dominantly degcrlbed by the radiative neutrino
er%;ge ) (a()anote the transformation bro (i.) d(i)’ gisMass matrix(4.20 (or S satisfiesPSP=S), we cannot yet
= ) ) properties under a ISgive an explicit predictions unless we assume a further an-

crete symmetryZ,. The Higgs fieldsH ) andH ) couple  satz for the flavor symmetry, because we have many free
to 1 ()10, () and § (4,10, (-, respectively, to make the parameters in the rank-1 matri&and the unitary matriy
Yukawa interactions. Th&, symmetry is only broken by the =Ug&. For a flavor symmetry in the neutrino mass matrix
w term, mggH ) H(_,, so that theH _,~5.,, mixing is M,, we have known that a<23 permutation symmetry is
effectively induced aju<mgg. Because of the heaviness of promising[15]. For example, a successful example given in
the color triplet components of the Higgs fields, the mixing isAppendix C satisfies the«<23 symmetry. Moreover, a pos-
sizable in theSU(2), doublet sector, while it is negligibly sibility that the 2-3 symmetry can be applicable to the
small in theSU(3), triplet sector. unified description of quark and charged lepton mass matri-

Whether the model is harmless or not for proton decay ises has been pointed dui6]. However, since the purpose of
highly sensitive to the choice of the parameter values, espdhe present paper is to give &iparity violation mechanism
cially, msg and ms. A smaller value ofmsg gives a lighter [and the radiative neutrino mass matia’® within the
mass for the massive Higgs fielts, (another oneH,, cor-  framework of an SIb) SUSY GUT without any concern for
responds to the Higgs field in the conventional mpdsb  proton decay, we have not discussed the details further. It
that the case spoils the unification of the gauge couplingvill be our next task to determine what flavor symmetry is
constants att=My . On the other hand, a large valuem§z  reasonable.
induces the proton decay due to the dimension-5 operator. Nevertheless, the present model will be worth noticing. In
We have takermgg~10'* GeV. Also, a large value ofns  the present model, the coupling constantg of vLieLje&k
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and vLidgjde are proportional to the mass matricéd J) i
and (Mg)jk, respectively. The model will give fruitful phe-
nomenology in flavor violating processes.
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APPENDIX A: GENERAL FORM
OF THE MASS MATRIX M

The Z, symmetry can softly be violated not only by the
terms H;)H,, but also by termsH_,H., and
§L(+)iH(_). The mass matri given in Eq.(2.5) is gener-
ally represented by

-+

M , (A1)

e
m,c, MggCph
+_
m,s, MggSg
wheres,=sina, c,=c0sa, and so on.
When we define a rotation

1 0
0 ¢4

0

0 sg

we obtain

Msg m_
RiM=| m.coga—pB) mgg
m, sin(a— B) 0

Therefore, the general for®1) can always be reduced into
the form withM ;,=0. Of course, the mixing angle between

He and?>(+)_1in the model withM 3,=0 is modified by the

parameter of g yH_y. However, it is not essential in the
present model.
On the other hand, it is essential whether Ziesymmetry

is broken byH,)H(_, or H_yH,,. First, let us see the
case where the symmetry is broken onlyHy jH .,

(A3)

Mgg M-
M=| myc, O (A4)
m;s, O
When we define
1 0 0
Ry=[ 0 G« ~Sel, (A5)
0 s c

R

we obtain
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Mgg M_
RIM=( m. 0 (AB)
0 o0

The mixing matrixU among (7(,) ,ﬁ(ﬂ 5(+)1) is given by

Cy Sy 0

R R0: —SaSg CoaCy —Su ,
_Sa50 SaC0 Cc

(A7)

a

where

Cop Sy

0

c, O
0 1

(A8)

with
(A9)

because of

RIMMTR,=

As we have shown in Eq¥2.32—(2.35), the coefficients
A 4;; of the R-parity viola_tingt_erms £151i10 (-); are propor-
tional to the factorc=U{3/U{%. As seen in Eq(A7), the
case(A4) leads toU;3=0, so that we cannot obtain the
effective R-parity violating terms 55,10 ).

Of course, although we can obtain the effectReparity
violating terms in the general case wiN;#0 and M,
#0, the essential_term to derivg the effectiveparity vio-
lating term is notH_yH,,, butH)H . In the present
paper, in order to make the essential line of the scenario
clear, we have confined ourselves to investigating only the
case withM,,#0. Also note that the case without the

H(-)H s term leads td7;)=0 at tree level.
APPENDIX B: TWO RANK-1 MATRIX MODEL AND
NEARLY BIMAXIMAL MIXING

In this appendix, we investigate the constraint on the two
rank-1 matrix model with the form

f% fif, fif5 gi 919, O

) fofs 15 fofg +| 9291 g5 O

fofy faf, 2 0 0 0
(BY)
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which leads to a nearly bimaximal mixing

C12\/1_8§3 512\/1_853

€13
_ S127C12€13 CioFS1z€13 V1-eis
S T B
_ S121C12813  C12~ S12613 \/1_8%3
V2 V2 V2

(B2)

First, we investigate a general form ldf, which gives the
neutrino mixing(B2) as follows:

a d2 d3
M,=U,D,uT=[ 92 D2 ¢ | (B3)
d; ¢ bs

whereD ,=diag(m, ,m,,,m,.), and

2 2 2 2 2
a=ci(l—efgm, +si(1—ejzMm,,+&73m,3, (B4)

1 2
bzzi[(slz_ C12813) M,

+(Cyo+ S1819) %M+ (1—e2)m,z], (B5)
1 2
b3:§[(312+C12813) m,q
+(C1o—S12819°M,+ (1—e5)M,z], (B6)
o= E[(Sz _2e2
=5l 12613 My1
+(ch-sielgmo—(1-efgmgl,  (B7)
1 7
dy=— —=V1-e7d C1AS1o—C1oe139M,
J2
+515(C12F S12813) Mo+ 813N, 3], (B8)
1 2
d3=— —=V1—eld C1oS1ot Cie199M,y
J2
+ 812 C12—S12813)M, 2+ £13M,3]. (B9)

Next, we rewrite the expressiqB3) into the expression
(B1):

o ) d3 a—«a d2_5 0
M= 6 B c |, [ d2=d by=B O ,
ds ¢ b 0 0 o0

(B10)

wherea, B and § must satisfy the relations

PHYSICAL REVIEW D68, 056004 (2003

c? d3

Y +cd3
by’

5=_b—3,

(B11)

since the first term of EqB10) is a rank-1 matrix. In order
that the second term is a rank-1 matrix, the following relation
must be satisfied:

(dy—8)?=(a—a)(b,—B), (B12)
which leads to the constraint
0=a(b,bs—c?) — (byd3+ bsd5—2cd,ds)
=m,;m,,m, gl Sto1-2¢7,)], (B13

for the cases= +cdz/bs. In the two rank-1 matrix model,
since m,;m,,m,3=0, the constrain{B13) [therefore, Eq.
(B12)] is always satisfied. This means that the two rank-1
matrix model(B1) always has the parameter values which
give the nearly bimaximal mixingB2).

APPENDIX C: AN EXAMPLE OF M,

We demonstrate an example of the mass m&rix0). We
take a simple form of the rank-1 matri® which satisfies
PSP=P,

: (CD

o O O
o O O

1
S=|0
0

and assume the following form of the neutrino mass matrix
M,:

10 0 a’ a a
M,=me| 0 0 O|+km| a 1 1]. (c2
0O 0O O a 1 1

The mass matrixC2) gives the maximal mixing

SiP26,;=4U2,U%.=1 (C3

and

U »13— 0. (C4)

Fork=1/2 anda®=0, the mass matri¢C2) leads to a nearly
bimaximal mixing

c S 0
1 1 1

u-| Y2 N2 2 e
1 1 1
V2o 20 2

wheres=sin# andc=cosf. When we put
1

k= §(1+x), (C6)

we obtain
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m =Em(4+2x+a2+a2x
vl 4 0

—J4x?+8a%+ 12a°x+a*+ 4a’x®+ 2a*x+a*x?),

m =1m(4+2x+a2+a2x
v2 4 0

+V4x%+8a’+ 12a°x+a*+ 4a’x®+ 2a*x+a*x?),

mv3:01 (C?)
1

Amz 2| 1+ EX VX°+2a

R=——at=— (C8
- Amz B 1 1 '
32 1+ §X+ E\/X +2a
U12/12 \/W—X

tarf Osorar= 2 (C9

U2, V2aZ+x®+x

The valuesa/x=1, 2, 3 and 2 give taf¥s,,=0.27,

0.38, 0.45 and 0.56,,5,=27°, 32°, 34° and 35°), respec-

tively. In order to fit the observed valié2-14

6.9x107° eV?

= =276x10°2
2.5x 103 eV?

(C10

obs

For example, for the casa/x=2, by taking a=2x
=0.0092, we obtain the following numerical results:

m,,1=0.9954n0, m,,2=l.0092n0, m,,3=O, (Cll)

PHYSICAL REVIEW D 68, 056004 (2003

—0.8152 0.5791 0

u,—| 04095 05765 -0.7071
0.4095 0.5765 0.707
_2 1
V6 3
1 1 1
-l % B c12
1 1 1
V6 3 2
tarf fo,5,= 0.505, (C13

together withR=0.0272 and sif26,,,=1.

A simple example of the mixing matrikJEU‘Fi which
leads to the second term of the expressi@2) from the
form (C1) is, for example, given by

0 S, C,
1 1 1
- = __CCY _Sﬂ/
u=| 2 272 : (C14
1 1 1
= ——=C, =S,
V2 V2 2
which lead to
0
2
UTsU= Sa SaCa | (C15
Saca Ci
so that
U-PUTSUP-UT
0O 0 O
2
—y.| 9 s Of yr
0O 0 O
2s2 —2s,c, —2s,C,
2
:S_a - Zsaca Ci Ci
2\ 25,C, c? c?
(C10
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