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Operator analysis of neutrinoless double beta decay

Kiwoon Choi,* Kwang Sik Jeong,† and Wan Young Song‡
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We study the effective operators of the standard model fields which would yield an observable rate of
neutrinoless double beta decay. We particularly focus on the possibility that neutrinoless double beta decay is
dominantly induced by lepton-number-violating higher dimensional operators other than the Majorana neutrino
mass. Our analysis can be applied to models in which neutrinoless double beta decay is induced either by
strong dynamics or by quantum gravity effects at a fundamental scale near the TeV scale as well as the
conventional models in which neutrinoless double beta decay is induced by perturbative renormalizable inter-
actions.
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I. INTRODUCTION

The neutrinoless double beta decay (bb0n) provides a
very sensitive probe of lepton-number~L! violating interac-
tions. The most commonly quoted origin ofbb0n is theee
component of Majorana neutrino mass matrix in the char
lepton mass eigenbasis, which is given by

~mn!ee5(
i

Uei
2 mi

5c12
2 c13

2 eia1m11s12
2 c13

2 eia2m21s13
2 eia3m3 , ~1!

where mi( i 51,2,3) are the neutrino mass eigenvalu
u i j ( i 5” j ) anda i denote the mixing angles andCP phases in
the 333 neutrino mixing matrixU, and ci j 5cosuij , sij
5sinuij . Recently there has been a report to claimbb0n with
a half-life of t1/2'1025 yr @1#. Though the claim is still de-
batable@2#, some implications of this observation have a
ready been discussed in many papers@3#. If the origin of
bb0n were due to (mn)ee, the data suggest

u~mn!eeu50.120.6 eV. ~2!

When combined with the information from atmospheric a
solar neutrino data, this value of (mn)ee severely constrains
the possible form of neutrino mass matrix. In particular,
does not allow the neutrino mass eigenvalues in normal
erarchy. As is well known, the atmospheric neutrino d
imply @4#

Dmatm
2 [um3

22m2
2u'331023 eV2. ~3!

As for the solar neutrino anomaly, the following four sol
tions are possible@5#:

Dmsol
2 5um2

22m1
2usin22u12,

LMA: 3.231025 eV2, 0.75,
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a

SMA: 5.031026 eV2, 2.431023,

LOW: 1.031027 eV2, 0.96,

VAC: 8.6310210 eV2, 0.96, ~4!

where LMA, SMA, LOW, and VAC mean the large mixin
angle Mikheyev-Smirnov-Wolfenstein~MSW!, small mixing
angle MSW, low mass, and vacuum oscillation solutions,
spectively, and the numbers in each solution represent
best-fit values. There exists also a constraint onu13 from the
CHOOZ reactor experiment@6#

sinu13&0.2. ~5!

If the neutrino mass eigenvalues are in normal hierarchy,
m3@m2@m1, which is one of the plausible scenarios, t
above information onu i j andmi imply

u~mn!eeu55
~225!31023 eV ~LMA !,

1026 eV2Max~m1 ,s13
2 m3! ~SMA!,

1024 eV2s13
2 m3 ~LOW!,

1025 eV2s13
2 m3 ~VAC!,

~6!

where

s13
2 m35231023S s13

2

431022D eV&231023 eV. ~7!

Obviously, these values of (mn)ee are too small to induce
bb0n with t1/2'1025 yr. So if the claimedbb0n turns out to
be correct, we would have either~approximately! degenerate
neutrino masses or the observedbb0n is not due to (mn)ee,
but due to some otherL-violating interactions. This would be
true as long ast1/2!1029 yr which can be tested in future
experiments@7#.

The possibility that bb0n is dominantly induced by
L-violating interactionsother than(mn)ee has been discusse
before in the context of specific models@8–14#, and also a
brief operator analysis ofbb0n has been made in Ref.@15#.
In this paper, we wish to provide a more detailed opera
analysis ofbb0n by studying genericL-violating but baryon-
©2002 The American Physical Society07-1
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number~B! conserving higher-dimensional operators of t
standard model~SM! fields which may inducebb0n . The
main focus will be given to the possibility thatt1/2(bb0n)
'1025 yr though (mn)ee is in the range of Eq.~6!. Our result
can also be easily matched to the previous studies on spe
models in whichbb0n is induced by perturbative renorma
izable interactions. It can be applied to models in wh
bb0n is induced by either a strong dynamics or quant
gravity effects at energy scales near the TeV scale.

The organization of this paper is as follows. In Sec. II, w
classify theL-violating operators of the SM fields which ca
trigger bb0n . In Sec. III, we tabulate the contraint on tho
DL52 operators from the conditiont1/2(bb0n)*1025 yr,
and also estimate (mn)ee which would be radiatively induced
by the operators triggeringbb0n . In Sec. IV, we consider
two specific models, i.e., a left-right symmetric mod
@16,11# and a model with scalar diquark and dilepton@17,13#,
which can givet1/2(bb0n)'1025 yr, while having (mn)ee in
the range of Eq.~6!. We match our results to the previou
analysis on these models. Section V is the conclusion.

II. L-VIOLATING OPERATORS

In this section, we classify theL-violating but
B-conserving operators of the SM fields which would trigg
bb0n . A complete analysis ofDL52 operators which would
induce a nonzero Majorana neutrino mass can be foun
Ref. @15#. The DL52bb0n process may be induced by
double insertion ofDL51 interactions or a single insertio
of DL52 interaction. However with the SM fields alon
there is no way to construct aB-conserving operator with
DL51. Sincebb0n occurs at energy scales far below t
weak scale, the effects of quark-flavor-changing SM inter
tions onbb0n are suppressed by the small Fermi const
and also the small quark-mixing angles. Also there is
renormalizable lepton-flavor-changing interaction in the S
With these observations, we can ignore the effects
fermion-flavor violation, so limit the analysis to theDL52
operators containing only the first generation of quarks
leptons. We also limit our study only to the operators witho
spacetime derivative or gauge field.

We use a notation in which all fermions are tw
component Weyl spinors, i.e.,c is a left-handed spinor an
c̄ is its right-handed Hermitian conjugate. Generic fermi
bilinear can be a Lorentz scalar, vector, or tensor:

~cx!S5~cx!, ~cx̄!V5~csmx̄!, ~cx!T5~csmnx!,

where smn5(sms̄n2sns̄m)/4. Left-handed fermions rel
evant forbb0n are

,5~1,2!21/2, ec5~1,1!1 , q5~3,2!1/6,

uc5~ 3̄,1!22/3, dc5~ 3̄,1!1/3, ~8!

whereSU(3)C3SU(2)L3U(1)Y quantum numbers are in
dicated in parentheses. The SM Higgs doublet is denote
09300
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H5(h1,h0)5(1,2)1/2 andH̄ is its Hermitian conjugate. We
then have the followingDL52 lepton bilinears:

~, i, j !S5~, j, i !S , ~, i, j !T52~, j, i !T ,

~, i ēc!V , ~ ēcēc!S , ~9!

wherei , j areSU(2)-doublet indices.
There is a uniqueDL52, dimension(d)55 operator

@18#

Ld5552
j

L
~, i, j !SHkHle ike j l 1uH.c., ~10!

whereL denotes the mass scale ofL-violating new physics
which is assumed to exceed the weak scale, and the dim
sionlessj represents the strength of the couplings and/or
possible loop suppression factor involved in the mechan
to generate the aboved55 operator. After the electrowea
symmetry breaking bŷH&5(0,v/A2) with v5246 GeV, it
gives theeecomponent of the 333 Majorana neutrino mas
matrix:

~mn!ee5
jv2

L
. ~11!

This neutrino mass is bounded to be less than 1 eV bybb0n .
Such a small neutrino mass can be a consequence of a
large value ofL @19,20#, e.g.,j;1 andL;1014 GeV. Al-
ternatively,L can be of order TeV, butmn is small becausej
is small due to small couplings in the underlying dynam
which may be a consequence of some flavor symmet
@21#, e.g.,j;10211 andL;1 TeV. At any rate, when com
bined with the double insertion of the charged-current we
interaction, this Majorana neutrino mass leads tobb0n as in
Fig. 1~a!.

It is rather easy to see that there is noB-conservingd
56, DL52 operator. As ford57, DL52 operators which
would triggerbb0n , we have

FIG. 1. Feynman diagrams forbb0n . ~a! corresponds to the
conventionalbb0n induced by (mn)ee. ~b! representsbb0n in-
duced by the combined effects of ad57, DL52 operator~dark
blob! and the SM charged current weak interaction, while~c! rep-
resentsbb0n induced by ad59 or 11,DL52 operator.
7-2
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Ld575
1

L3
@l1

S,Te ike l j ~, i, j !S,T~qkdc!S,THl

1l2
Te i j ekl~, i, j !T~qkdc!THl

1l3
S,Te j l ~, i, j !S,T~ q̄i ū

c!S,THl

1l4
Te i j ~, i, j !T~ q̄kū

c!THk1l5~, i ēc!V~dcūc!VH je i j #

1H.c., ~12!

where againL is the mass scale at which the above opera
are generated. After the electroweak symmetry break
thesed57 operators yield the following 4-fermion opera
tors:

v

A2L3
@l1 ~nee!S~udc!S1l2 ~nee!T~udc!T

1l3 ~nee!S~ d̄ūc!S1l4 ~nee!T~ d̄ūc!T

1l5 ~neē
c!V~dcūc!V#1H.c., ~13!

where

l15l1
S, l25l2

T2l1
T , l35l3

S, l45l4
T2l3

T .

When combined with a single insertion of the standa
charged current weak interaction, the aboveDL52 four-
fermi interactions lead tobb0n as in Fig. 1~b!.

As for the operators withd>8, we are interested in th
operators which can inducebb0n without involving the SM
weak interaction. Such operators should contain two e
trons, so they can be written as

Ld>85~, i, j !SO i j
S1~ ēc, i !VO i

V1~ ēcēc!SO S, ~14!

where OI5$O i j
S ,O i

V ,O S% are the operators made of th
quarks and Higgs fields. In order to beDQem52, OI must
contain at least 4 quarks, so we needd>9. Any DQem52
four-quark operator can be written as a product of t

TABLE I. Numerical values ofFl i
obtained using the results o

Ref. @22#.

l1 l2 l3 l4 l5

6.9310210 2.931028 6.9310210 2.031027 1.7310213
09300
rs
g,

d

c-

DQem51 quark-antiquark bilinears.OI5JIJI8 , where the
quark-antiquark bilinearsJI ,JI8 can be either color-singlet o
color-octet. The hadronic matrix element forbb0n can be
approximated as^Z12uOI uZ&}^puJI un&^puJI8un& for the
neutron stateun& and the proton stateup&, and thenOI with
color octet JI can be ignored in the operator analysis
bb0n . The most generald59 operators containing two
color-singlet quark-antiquark bilinears together with tw
electrons are given by

Ld595
1

L5
@k1

S,Te ike j l ~, i, j !S~qkdc!S,T~qldc!S,T

1k2
S,T~, i, j !S~ q̄i ū

c!S,T~ q̄ j ū
c!S,T

1k3
S,Tek j~, i, j !S~qkdc!S,T~ q̄i ū

c!S,T

1k3
Veki~, i, j !S~qkq̄j !V~dcūc!V

1k4
S,Te j i ~, i ēc!V~dcūc!V~qjdc!S,T

1k5
S,T~, i ēc!V~dcūc!V~ q̄i ū

c!S,T

1k6~ ēcēc!S~dcūc!V~dcūc!V#1H.c., ~15!

where all quark bilinears in the parentheses are color- sing
Thesed59 operators give the following 6-fermion operato
which would triggerbb0n as in Fig. 1~c!:

1

L5
@k1

S,T~ee!S~udc!S,T~udc!S,T1k2
S,T~ee!S~ d̄ūc!S,T~ d̄ūc!S,T

1k3
S,T~ee!S~udc!S,T~ d̄ūc!S,T1k3

V~ee!S~ud̄!V~ ūcdc!V

1k4
S,T~eēc!V~dcūc!V~udc!S,T

1k5
S,T~eēc!V~dcūc!V~ d̄ūc!S,T

1k6~ ēcēc!S~dcūc!V~dcūc!V#1H.c. ~16!

As for the next higher dimensionald511 operators, we
are interested in the operators which cannot be obtained by
multiplying the gauge-invariant Higgs bilinearHiH̄i to d
59 operators in Eq.~15!. Among such operators, the follow
ing ones are relevant forbb0n :
TABLE II. Numerical values ofFk i
andFh i

obtained using the results of Ref.@22#.

k1,2,3
S ,h5,6,7

S k1,2,3
T ,h5,6,7

T k6 ,h1,2 k3 ,h7 k4,5
S ,h3,4

S k4,5
T ,h3,4

T

6.2310213 1.431028 3.5310211 5.6310210 1.4310212 1.4310210
7-3
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Ld5115
1

L7
@h18ekme ln~, i, j !S~qkq̄i !V~qlq̄j !VHmHn1h19ek je ln~, i, j !S~qkq̄i !V~qlq̄m!VHmHn

1h1-e ike jm~, i, j !S~qkq̄l !V~qmq̄n!VHlHn1h2~, i, j !S~dcūc!V~dcūc!VH̄iH̄ j

1h83
S,Te j l ekm~, i ēc!V~qj q̄i !V~qkdc!S,THlHm1h93

S,Te i j eml~, i ēc!V~qj q̄k!V~qldc!S,THkHm

1h-3
S,Te i l em j~, i ēc!V~qj q̄k!V~qldc!S,THmHk1h84

S,Te j l ~, i ēc!V~qj q̄i !V~ q̄kū
c!S,THkHl

1h94
S,Te j i ~, i ēc!V~qj q̄k!V~ q̄l ū

c!S,THlHk1h-4
S,Te j l ~, i ēc!V~qj q̄k!V~ q̄i ū

c!S,THlHk

1h5
S,Te ike j l ~ ēcēc!S~qidc!S,T~qjdc!S,THkHl1h6

S,T~ ēcēc!S~ q̄i ū
c!S,T~ q̄ j ū

c!S,THiH j

1h7
S,Te ik~ ēcēc!S~qidc!S,T~ q̄ j ū

c!S,TH jHk1h7e ik~ ēcēc!S~qi q̄j !V~dcūc!VH jHk#. ~17!
e-
at

on

trix
ver,

ents
op-
f
For

d
v

vo
After the EWSB, thesed511 operators give the following
6-fermion operators leading tobb0n as in Fig. 1~c!:

v2

2L7
@h1~ee!S~ud̄!V~ud̄!V1h2~ee!S~dcūc!V~dcūc!V

1h3
S,T~eēc!V~ud̄!V~udc!S,T1h4

S,T~eēc!V~ud̄!V

3~ d̄ūc!S,T1h5
S,T~ ēcēc!S~udc!S,T~udc!S,T

1h6
S,T~ ēcēc!S~ d̄ūc!S,T~ d̄ūc!S,T1h7

S,T~ ēcēc!S

3~udc!S,T~ d̄ūc!S,T1h7~ ēcēc!S~ud̄!V~dcūc!V#1H.c.,

~18!

where

h15h181h191h1- ,

h3
S,T5h83

S,T1h93
S,T1h-3

S,T ,

h4
S,T5h84

S,T1h94
S,T1h-4

S,T . ~19!

III. CONSTRAINTS FROM bb0n

To determine thebb0n rate induced by the operators pr
sented in Sec. II, one needs to compute the nuclear m
elements of the involved multi-quark operators.1 In this pa-
per, we will use the results of Ref.@22# for the necessary
nuclear matrix elements. We will also assume thatbb0n is
dominated by one of the operators in~10!,~12!, ~15! and~17!,
so ignore possible interference between the contributi
from different operators. The resultingt1/2 have several
sources of uncertainties, e.g., the renormalization group~RG!

1In fact, since theDL52 operators are assumed to be generate
scaleL, one also needs to compute the renormalization group e
lution of the operators over the scales fromL to LQCD;1 GeV.
Taking into account the effects of such renormalization group e
lution is beyond the scope of this paper, so will be ignored.
09300
rix

s

evolution effects, hadronic uncertainties in the nuclear ma
elements, and also possible interference effects, howe
still it can be used to constrainL-violating interactions with a
reasonable accuracy.

If bb0n is induced dominantly by (mn)ee, one finds@1#

t1/2
2151.1310213S v2

Lme
D 2

uju2 yr2157.4

310230S ~mn!ee

431023 eV
D 2

yr21. ~20!

In the case wherebb0n is dominated by one ofd>7 opera-
tors in Sec. II, the resultingt1/2

21 can be written ast1/2
21

5ueu2Fe wheree contains the operator coefficient, whileFe
contains the phase space factors and nuclear matrix elem
depending on the Lorentz structure of the corresponding
erator. Using the results of Ref.@22#, the numerical values o
Fe can be obtained as summarized in Tables I and II.
d57 operators of Eq.~12! giving the 4-fermion operators
~13!, bb0n occurs as in Fig. 1~b!. We then find the corre-
sponding half-life time

t1/2
215

1

128S v3

L3D 2

@16ul1,3,5u2,ul2,4u2#Fl i
yr21, ~21!

where the numerical values ofFl i
are listed in Table I. The

upperbound onl ’s resulting from the conditiont1/2
*1025 yr are summarized in Table III.

It is also straightforward to computet1/2 for bb0n in-
duced byd59 andd511 operators of Eqs.~15! and ~17!.
For d59 operators, we find

at
o-

-

TABLE III. Upper bounds on the coefficient ofd57 operators
from t1/2>1025 yr. HereLTeV5L/TeV.

l1 /LTeV
3 l2 /LTeV

3 l3 /LTeV
3 l4 /LTeV

3 l5 /LTeV
3

2.331026 1.431026 2.331026 5.331027 1.431024
7-4
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TABLE IV. Upper bounds on the coefficients ofd59 operators.

k1,2,3
S /LTeV

5 k1,2,3
T /LTeV

5 k3
V/LTeV

5 k4,5
S /LTeV

5 k4,5
T /LTeV

5 k6 /LTeV
5

2.331021 6.231023 7.731023 1.531021 3.131022 3.131022
n

n-

e

e

e

o

to

be

ve
u-

tion

ari-

er
in
n-
t1/2
215S mpv4

8L5 D 2

@16uk1,2,3,4,5
S u2,16uk3

Vu2,4uk4,5
T u2,

3uk1,2,3
T u2,16uk6u2#Fk i

yr21, ~22!

and ford511 operators

t1/2
215S mpv6

16L7D 2

@16uh1,2,7u2,16uh3,4,5,6,7
S u2,

34uh3,4
T u2,uh5,6,7

T u2#Fh i
yr21, ~23!

wheremp is the proton mass and the numerical values ofFk i

and Fh i
are listed in Table II. The resulting constraints o

k ’s and h ’s for t1/2*1025 yr are summarized in Tables IV
and V.

The above equations~21!, ~22!, and~23! summarizing the
bb0n rate of d57,9,11 operators and the resulting co
straints on the operator coefficientsl ’s, k ’s, andh ’s listed in
Tables III, IV, V are the main results of this paper. Still on
of our major concern is the possibility thatbb0n is induced
dominantly by one of thed>7 operators, not by thed55
operator for (mn)ee. This would occur, for instance, if som
of thel ’s or k ’s saturate their bounds frombb0n , while j is
small enough to give (mn)ee!1 eV. In fact, the condition
(mn)ee!1 eV constrains the coefficients ofd>7 operators
also since those operators can generate (mn)ee through loops.
For instance, thed57 operator with coefficientsl1,3

S in Eq.
~12! generate thed55 operator for (mn)ee through the one-
loop diagram of Fig. 2~a!, yielding

dlj;
yd,u

16p2
l1,3

S , ~24!

where we have taken the cutoff of the loop momenta to bL
and yd,u is the down~up!-quark Yukawa couplings. Otherd
57 operators can generatej also, however, it involves more
loops and/or more insertions of small Yukawa couplings. F
instance, the operator with coefficientl5 in Eq. ~12! gener-
atesj through the 2-loop diagram of Fig. 2~b!, yielding

dlj;
yuydye

~16p2!2
l5 , ~25!

TABLE V. Upper bounds on the coefficients ofd511 operators.

h1,2/LTeV
7 h3,4

S /LTeV
7 h3,4

T /LTeV
7 h5,6,7

S /LTeV
7 h5,6,7

T /LTeV
7 h7 /LTeV

7

1.0 5.1 1.0 7.6 0.2 0.3
09300
r

whereye is the electron Yukawa coupling. As a result,dlj
from otherd57 operators are negligibly small compared
dlj from l1,3

S .
Similarly, the d59 operators with coefficientsk1,2,3

S in
Eq. ~15! generate thed55 operator for (mn)ee at two-loop
order @Fig. 2~c!#:

dkj;
~yd

2 ,yu
2 ,ydyu!

~16p2!2
k1,2,3

S , ~26!

where again the cutoff of the loop momenta is chosen to
L. Other d59 operators and also thed511 operators can
generatej, however, the corresponding diagrams invol
more loops and/or more insertions of small Yukawa co
plings. For instance, thed59 operator with coefficientk6
generatesj through the 4-loop diagram of Fig. 2~d!, yielding

dkj;
yu

2yd
2ye

2

~16p2!4
k6 , ~27!

which is absolutely negligible even whenk6 saturates the
bound frombb0n .

Combining Eqs.~20!, ~21!, and ~22! with Eqs. ~24! and
~26!, one easily finds

t1/2
21~l1,3

S !

t1/2
21~dlj!

;33103S TeV

L D 4

,

t1/2
21~k1,2,3

S !

t1/2
21~dkj!

;33107S TeV

L D 8

, ~28!

implying that if the scaleL of L-violating interactions is
about 1 TeV, it is quite possible thatbb0n is dominantly
induced by one ofDL52, d57, or d59 operators. In par-
ticular, one ofd57 or d59 operators can givet1/2(bb0n)
'1025 yr even when (mn)ee is in the range of Eq.~6! as
suggested by the atmospheric and solar neutrino oscilla
data in normal neutrino mass hierarchy.

IV. APPLICATIONS TO SOME MODELS

Our results in the previous section can be applied to v
ous kinds of models providingL-violating interactions for
bb0n and/or neutrino mass. In this section, we consid
some specific models ofbb0n which have been discussed
the literature@11,13# and use our results to rederive the co
straints on L-violating couplings from the condition
t1/2(bb0n)*1025 yr.

Let us first consider a model in whichd57 operators can
be a dominant source ofbb0n . An example of such model is
the left-right symmetric model@16,11# with gauge group
7-5
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FIG. 2. Feynman diagrams fo
the d55 operator for (mn)ee ra-
diatively induced byd57 or d
59 operators.
l

SU(3)C3SU(2)L3SU(2)R3U(1)B2L . The Higgs sector
of the model contains a bidoubletf and also tripletsDL and
DR whoseSU(2)L3SU(2)R3U(1)B2L quantum numbers
are given by

DL5~3,1!25S dL
1/A2 dL

11

dL
0 2dL

1/A2
D ,

DR5~1,3!25S dR
1/A2 dR

11

dR
0 2dR

1/A2
D ,

f5~2,2!05S f1
0 f1

1

f2
2 f2

0 D ,

where the subscripts are theU(1)B2L charges. The mode
contains also the left- and right-handed lepton doublets

,L5S n

eD 5~2,1!21 , ,R5S N̄c

ēc D 5~1,2!21 ,

as well as the quark doublets
09300
QL5S u

dD 5~2,1!1/3, Q̄R5S ūc

d̄cD 5~1,2!1/3.

Yukawa interactions of the 1st generation are given by

LY5h,Lf,R1h̃,Ls2f* s2,R1hQQLfQR1h̃QQLf̃QR

1 f ,Lis2DL,L1 f ,Ris2DR
†,R1H.c. ~29!

FIG. 3. ~a! Feynman diagram for thed57 operator with coef-
ficientsl1,3

S in the left-right symmetric model.~b! Feynman diagram
for the d59 operator with coefficientk6 induced by the exchange
of scalar diquarks and dilepton.
7-6
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OPERATOR ANALYSIS OF NEUTRINOLESS DOUBLE . . . PHYSICAL REVIEW D 66, 093007 ~2002!
Parameters in the Higgs potential can be chosen to yield
Higgs vacuum expectation valueŝdL,R

0 &5vL,R and ^f&
5diag(k,k8) with the scale hierarchyvR@k@k8@vL .
Then the fermion masses of the model are given byme

'h̃k, mu'hQk, md'h̃Qk for k;180 GeV, and the neu
trino mass

~mn!ee'
~hk!224 f 2vLvR

2 f vR
. ~30!

The model can generate also thed57 operators of Eq.~12!
~with coefficientsl1,3

S ) through the diagram of Fig. 3~a!,
yielding

l1
S

L3
'

gvRf

mDL

2 S hQ

mf1

2
2

h̃Q

mf2

2 D ,

l3
S

L3
'

gvRf

mDL

2 S h̃Q

mf1

2
2

hQ

mf2

2 D , ~31!

whereg is the coefficient of the term tr(DL
†fDRf†) in the

Higgs potential. Then there exists a parameter range of
model in whichbb0n is dominated by thesed57 operators.
For instance, if f vR;mDL

;105 GeV, mf;23102 GeV,

andg;1021, the resultingl1,3
S /L3;1026/(TeV)3 saturates

the bound listed in Table III, so lead tobb0n with t1/2
;1025 yr. Though not very natural, still the parameters
the model can be tuned to yield (mn)ee5O(1023) eV, while
keepingl1,3

S /L3;1026/(TeV)3. So the model can accomo
datet1/2(bb0n);1025 yr together with the atmospheric an
solar neutrino oscillation data in the hierarchical neutr
mass scenario.

As an example of the model in whichd59 operators of
Eq. ~15! can be a dominant source ofbb0n , let us consider
a model containing scalar diquarks and a scalar dilep
@17,13# with the following SU(3)c3SU(2)L3U(1)Y quan-
tum numbers:

Du5~6,1!4/3, Dd5~6,1!22/3, De5~1,1!22 . ~32!

The Yukawa couplings of the model are assumed to incl

huDuucuc1hdDddcdc1heDee
cec ~33!

and also the Higgs potential contains

mDuDd
†De ~34!

which breaksL conservation.
With the above interactions, ad59 operator forbb0n is

generated at tree level as depicted in Fig. 3~b!. The resulting
operator corresponds to thek6 term of Eq.~15!:

@1# H. V. Klapdor-Kleingrothaus, A. Dietz, H. L. Harney, and I. V
Krivosheina, Mod. Phys. Lett. A16, 2409~2001!.

@2# F. Feruglio, A. Strumia, and F. Vissani, Nucl. Phys.B637, 345
~2002!; C. E. Aalsethet al., hep-ex/0202018; see, also, H.
09300
he

he

f

n

e

k6

L5
~ ēcēc!S~dcūc!V~dcūc!V , ~35!

where

k6

L5
5

mhuhdhe

8mDu

2 mDd

2 mDe

2
. ~36!

If hu,d,e;1, mDu,d,e
;1 TeV, andm;250 GeV, the result-

ing k6 /L5;331022/(TeV)5 saturates the bound in Tabl
IV, so the model leads tobb0n with t1/2;1025 yr. On the
other hand, (mn)ee induced by theL-violating interaction
~34! is 4-loop suppressed and involves 6 powers of sm
Yukawa couplings as in Fig. 2~d!:

~mn!ee;
yu

2yd
2ye

2

~16p2!4

huhdhem^H&2

mD
2

. ~37!

This (mn)ee is absolutely negligible, (mn)ee;10230 eV,
even whenk6 /L5 saturates its bound. So one needs ad
tional L-violating interactions to generate neutrino mass
which would explain the atmospheric and solar neutrino
cillation data in the hierarchical neutrino mass scenario.

V. CONCLUSION

Motivated by the recent claim of observingbb0n with
t1/2'1025 yr, we studied the effectiveDL52 operators of
the SM fields which would generatebb0n . We classified
such operators up to mass dimensiond511, and find the
upper bound on each operator coefficient resulting from
condition t1/2*1025 yr. Our results are summarized i
Tables III, IV, V. We also examined the possibility thatd
57 or 9 operators are a dominant source ofbb0n in the
context of generic operator analysis, particularly the pos
bility that t1/2(bb0n);1025 yr, while (mn)ee5O(1023) eV
as suggested by the atmospheric and solar neutrino osc
tion data in hierarchical neutrino mass scenario. As we h
demonstrated in Sec. IV, our results can be easily matche
the previous analysis on specific models in whichbb0n is
induced by perturbative renormalizable interactions. Th
can be also applied to models in whichbb0n is induced by
either a strong dynamics or quantum gravity effects at sc
near the TeV scale.
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