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Operator analysis of neutrinoless double beta decay
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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.
DOI: 10.1103/PhysRevD.66.093007 PACS nuni®erl14.60.Pq, 12.60.Cn
. INTRODUCTION SMA: 5.0x10°° eV?, 2.4x10 3
The neutrinoless double beta decg93,,) provides a LOW: 1.0x10 7 eV?, 0.96,

very sensitive probe of lepton-numbg) violating interac-
tions. The most commonly quoted origin B8, is theee VAC: 8.6x10 1% eV?, 0.96, (4)
component of Majorana neutrino mass matrix in the charged o
|ept0n mass eigenbasis] which is given by where LMA, SMA, LOW, and VAC mean the Iarge mixing

angle Mikheyev-Smirnov-WolfensteitMSW), small mixing
L 5 angle MSW, low mass, and vacuum oscillation solutions, re-
(m )GE_Z Ueim, spectively, and the numbers in each solution represent the
best-fit values. There exists also a constraingnfrom the
=c2,c2.eim; +82,c2.e'2m,+s2.e3m;, (1)  CHOOZ reactor experimeiis]

where m;(i=1,2,3) are the neutrino mass eigenvalues, sinf,3<0.2. (5
6 (i#]) anda; denote the mixing angles ai@P phases in ) ) ) . ]
the 3x3 neutrino mixing matrixU, and c;;=cosé;, s If the neutrino mass eigenvalues are in normal hierarchy, i.e.,

=sin g, . Recently there has been a report to clgify, with mg>m,>m;y, which is one of the plausible scenarios, the
a half-life of 7,,~10% yr [1]. Though the claim is still de- @bove information org;; andm; imply
batable[2], some implications of this observation have al- s
ready been discussed in many papg8§ If the origin of (2=5)x107% eV (LMA),
BBo, were due to n”).., the data suggest (). 10°° ev— Max(ml,si3m3) (SMA),
M”)ed = _
|(M")od=0.1-0.6 eV. ) ] 107" ev-siymg  (LOW),

10°° eV—-sZm; (VAC),

(6)

When combined with the information from atmospheric and
solar neutrino data, this value ofn().. severely constrains \here
the possible form of neutrino mass matrix. In particular, it

does not allow the neutrino mass eigenvalues in normal hi- 2,
erarchy. As is well known, the atmospheric neutrino data s2my=2x10"2 — ev=2x103 eVv. (7
imply [4] *10

AmZ, =|m3—mj|~3x10° eV (3)  Obviously, these values ofi(")¢e are too small to induce

BBo, With 71,,~10?° yr. So if the claimed3,, turns out to
As for the solar neutrino anomaly, the following four solu- be correct, we would have eith@pproximately degenerate

tions are possiblg5]: neutrino masses or the observ@g,, is notdue to ") e,
but due to some othér-violating interactions. This would be
AmZ =|m3—m?|sir26,,, true as long as,,<10? yr which can be tested in future
experimentg 7].
LMA: 3.2x10°° eV?, 0.75, The possibility that 88,, is dominantly induced by

L-violating interaction®ther than(m”) . has been discussed
before in the context of specific moddB—14], and also a

*Email address: kchoi@muon.kaist.ac.kr brief operator analysis g83,, has been made in ReflL5].
"Email address: ksjeong@muon.kaist.ac.kr In this paper, we wish to provide a more detailed operator
*Email address: wysong@muon.kaist.ac.kr analysis of3 8, by studying generit.-violating but baryon-
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number(B) conserving higher-dimensional operators of the ¢ u d - u d u
standard mode(SM) fields which may induce3s,,. The W . <H>><"" , .

main focus will be given to the possibility that,»(880,) (Mm")ee g
~10?° yr though ") . is in the range of Eq6). Our result } e ¢

can also be easily matched to the previous studies on specifiy : u d 3 “ d u
models in whichB8,, is induced by perturbative renormal- (a) ®) ©

izable interactions. It can be applied to models in which

BBo, is induced by either a strong dynamics or quantum FIG. 1. Feynman diagrams fq83,,. (8) corresponds to the

gravity effects at energy scales near the TeV scale. conventional 88y, induced by (").e. (b) representsBfy, in-
The organization of this paper is as follows. In Sec. I, weduced by the combined effects ofds=7, AL=2 operator(dark

classify thel_-violating operators of the SM fields which can blob) and the SM charged current weak interaction, widerep-

trigger 835, . In Sec. Ill, we tabulate the contraint on those resentssg,, induced by ad=9 or 11,AL=2 operator.

AL=2 operators from the condition;(8/3,,)=10? yr,

and also estimatent”) . which would be radiatively induced _ (h*,h%=(1,2), andH is its Hermitian conjugate. We

by the operators triggering o, . In Sec. IV, we consider ihan have the following\L =2 lepton bilinears:
two specific models, i.e., a left-right symmetric model

[16,11] and a model with scalar diquark and dilep{d7,13,
which can giver; ;) 880,) =~ 107 yr, while having (n”). in (€)= (L1, (£10)r=—(01eh,
the range of Eq(6). We match our results to the previous
analysis on these models. Section V is the conclusion.
(€'e)y, (e%€)s, 9
Il. L-VIOLATING OPERATORS

In this section, we classify thelL-violating but wherei,j are SU(2)-doublet indices.
B-conserving operators of the SM fields which would trigger There is a uniqueAL=2, dimensiond)=5 operator
BBo, - Acomplete analysis kL =2 operators which would [18]
induce a nonzero Majorana neutrino mass can be found in
Ref. [15]. The AL=288, process may be induced by a
double insertion oAL=1 interactions or a single insertion
of AL=2 interaction. However with the SM fields alone,
there is no way to construct B-conserving operator with
AL=1. SinceBB,, occurs at energy scales far below the
weak scale, the effects of quark-flavor-changing SM interacwhere A denotes the mass scale loWviolating new physics
tions on BBy, are suppressed by the small Fermi constantvhich is assumed to exceed the weak scale, and the dimen-
and also the small quark-mixing angles. Also there is ncsionlessé represents the strength of the couplings and/or the
renormalizable lepton-flavor-changing interaction in the SM.possible loop suppression factor involved in the mechanism
With these observations, we can ignore the effects of0 generate the abovi=>5 operator. After the electroweak
fermion-flavor violation, so limit the analysis to thel =2 symmetry breaking bK(H>=(0,v/\/§) with v =246 GeV, it
operators containing only the first generation of quarks angives theee component of the 33 Majorana neutrino mass
leptons. We also limit our study only to the operators withoutmatrix:
spacetime derivative or gauge field.

We use a notation in which all fermions are two- )
component Weyl spinors, i.ey is a left-handed spinor and (m?) :fi_ (11)
¢ is its right-handed Hermitian conjugate. Generic fermion A
bilinear can be a Lorentz scalar, vector, or tensor:

Ed:5=—§(€i€j)SHkHleik6J|+|H.C., (10)

— — This neutrino mass is bounded to be less than 1 e By, .

Wx)s=Wx),  (Ix)Iv=(Po"x),  (Px)r= (" x), Such a small neutrino mass can be a consequence of a very
large value ofA [19,20, e.g.,é~1 andA~10* GeV. Al-
where UW:(UM;V— O-V;/Jv)/4' Left-handed fermions rel- ternatively,A can be of order TeV, bun” is small becausé

evant forB8,, are is small due to small couplings in the underlying dynamics
which may be a consequence of some flavor symmetries
=(1,2 1o =111, 9=(3,2ye, [21], e.g.,é~10 M andA~1 TeV. At any rate, when com-

bined with the double insertion of the charged-current weak
_ _ interaction, this Majorana neutrino mass leadg,, as in
u=(3,1) p3, d°=(3,1)ys, ®  Fig. 1a).
It is rather easy to see that there is Beconservingd
whereSU(3)c X SU(2),. X U(1)y quantum numbers are in- =6, AL=2 operator. As fod=7, AL=2 operators which
dicated in parentheses. The SM Higgs doublet is denoted bwould trigger 88,,, we have
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TABLE I. Numerical values ofb) obtained using the results of AQ_ =1 quark-antiquark bilinears®, =J,J/, where the

Ref. [22]. quark-antiquark bilinears, ,J; can be either color-singlet or
color-octet. The hadronic matrix element 88y, can be
M A As N As approximated as(Z+2|0,|Z){p|J;|n}(p|J{|n) for the
6.9x10°10 29x10°8 6.9x10°1° 20x107 1.7x10°%  neutron statén) and the proton statg), and thenO, with

color octetJ, can be ignored in the operator analysis of
BBo,- The most general=9 operators containing two
color-singlet quark-antiquark bilinears together with two
electrons are given by

1 st i kqc |
£d=7:F[)\1’ €ikej (€€ s 1(qd%) s tH

+ N e (€€ 7(q %) rH! .
N Ly-o=——[x7 eie(£'0)5(q"d%)s 7('d®)
A5 Te (€105 (iU H! GO AsL SRR TS T ST ST
+ 13T (AU ) s 7(qjU) s 7

+ k3T € (010 5(g*d®) s 1(qiu) s 7

+ Ky € (10 5(g¥g))v(d°u®)y

+ N g€ (€10 1(aue) TH+ N 5(£7€%)(duC) Hl €]

+H.c., (12
where again\ is the mass scale at which the above operators
are generated. After the electroweak symmetry breaking,
thesed=7 operators yield the following 4-fermion opera-

+ i3 € (£7€%)(d°U)(g'd)s 7

tors:
1 T (') (AU (i U®) 5 7
v __ _ _
=[N (ve®)s(ud)st Ay (vee)r(udd)y +rg(e%e%)s(dU)(du®)y] +H.c., (15
V2A
Tc TC
s (ve@)s(dU)st Ay (ve€)r(du)r where all quark bilinears in the parentheses are color- singlet.
+ s (Vegc)v(dcic)v“ H.c., (13) Thgsed=9 ope_rators give thg folllowing 6-fermion operators
which would triggerB8,, as in Fig. 1c):
where
A=A}, A2=A3—\], A3=A3, As=Ai—Aj.

1 ST c C ST q,.C q7.C
E[Kl’ (eg)s(ud”)gr(ud®)srt+ k3 (ee)g(du®)gr(du®)sr

When combined with a single insertion of the standard

charged current weak interaction, the abave=2 four-
fermi interactions lead t@g3,, as in Fig. 1b).

As for the operators witll=8, we are interested in the
operators which can indugeg,, withoutinvolving the SM

weak interaction. Such operators should contain two elec-

trons, so they can be written as

La=g= (') O+ (%), 0) + (%9505, (14)

where 0,={07,
quarks and Higgs fields. In order to BeQ.,,=2, O, must

contain at least 4 quarks, so we nee9. Any AQg,=2

+ k5T (e8)s(ud) g 7(dUS) s 1+ K¥(€6) s Ud)y(Usd®)y
+ 15T (e€f)y(d°u)(ud)s T
+xk2T(e€f)y(d°u)y(du®)s T

+ kg(€%€%)g(d°u®),(d°u’)y ]+ H.c. (16)

As for the next higher dimensional=11 operators, we

(f)i\/,@S} are the operators made of the are interested in the operators which cet be obtained by

multiplying the gauge-invariant Higgs biIine&ﬂiﬁi to d
=9 operators in Eq(15). Among such operators, the follow-

four-quark operator can be written as a product of twoing ones are relevant fg8 3, :

TABLE Il. Numerical values ofCI)Ki and(b,il obtained using the results of R¢R2).

s (S T T
K1,2,3: 7567 K123 7567 Kg1 11,2

s _s TOT
K3, 77 Kas:7M3,4 K45:73,4

6.2x10° 13 1.4x10°8 3.5x10° 1

5.6x10°1° 1.4x 1012 1.4x 10710

093007-3



CHOI, JEONG, AND SONG PHYSICAL REVIEW D56, 093007 (2002

1 o — _ o _ _
['d=11:F[ 71 €kmein(€€) s(a*a)v(a'd)) v H™H"+ 77 e en(€'€)) s(0*a )y (a o) yH™H"

+ 77 €ik€im( €€ (A V(M) yHH+ 7,(€€) (d°UC)(d°UC)yHiH

+ 7' 3761 €m( €' (AT v(Ad%) s TH'H™+ 75 T €1 i €€) (Al i) v(g'd®) s tHHH™
+77"3 T i1 €mi( €€ (Al v(0'd%) s TH™H + 7' 3765 (7€) (a1 gy (iU s TH*H'

+77"5 T € (€€ (A v(au®) s THH + 773 € (£1€%)y (al )y (giu®) s TH'HX

+ 775 Teikeji (€°€)5(0'd) 5 1(q/d) g TH¥H'+ 75 T(°€) (0 U) s 1(0u°) s TH'H?

+ 77 T e (€%€%) o(9'd) s 1(q;u) s THIH + 777 €3 (€%€9) (' ) (dCUC) JHIHK]. (17)

After the EWSB, thesel=11 operators give the following evolution effects, hadronic uncertainties in the nuclear matrix

6-fermion operators leading {63,, as in Fig. 1c): elements, and also possible interference effects, however,
still it can be used to constralnviolating interactions with a

v2 - — — reasonable accuracy.

m[771(el?)s(lld)v(Ud)wL 72(€€)g(d°u®)y(d°u®)y If BBo, is induced dominantly byrt").., one finds[1]

2

. o _ _ 2
+ 757 (e€)y(ud)y(ud’)sr+ 73 T (e€)y(ud)y TA=1.1x 1013(”—) |2 yrt=74

1€ S, T/ ACaC c c Ame
X (du®)s 1+ 75 (e%e%)s(ud)s r(ud®)s T ’
(M")ee

X103 —————
4x10°° eV

+ ﬂg’T(gcg:)s(d_lJC)s,T(d_lJc)s,T+ ﬂ?’T(gcgc)s yr L. (20)

X (ud®)s r(du®)s t+ 77(e°€®)s(ud)y(du®)y]+H.c.,
In the case wher@p,, is dominated by one ad=7 opera-
18 tors in Sec. Il, the resultingy} can be written asryt
=|€|2® . wheree contains the operator coefficient, while,
contains the phase space factors and nuclear matrix elements
=i+ i+l depending on the Lorentz structure of the cqrresponding op-
erator. Using the results of R¢R2], the numerical values of
®_ can be obtained as summarized in Tables | and II. For
d=7 operators of Eq(12) giving the 4-fermion operators
, . ” (13), , occurs as in Fig. (b). We then find the corre-
mal= 3T T (19) sponé?fg haltiife tme

where

ST_ ST nS,T mS,T
ny =3 Ty tng,

l)3

Ill. CONSTRAINTS FROM B8, 1 2
’ 2= 128! 73| (L8 1adtNadFIPy vt (2D)
127108 A3 1,35 1[A2, N oY

To determine the88,, rate induced by the operators pre-
sented in Sec. Il, one needs to compute the nuclear matrix

elements of the involved multi-quark operatdrs this pa-  \here the numerical values df, are listed in Table I. The
per, we will use the results of 'Relfzz] for the necessary upperbound on\’s resulting from the condition
nuclear matrix elements. We will also assume tB#&,, is = 1075 yr are summarized in Table I

dominated by one of the operatorg(ir0),(12), (15 and(17), It is also straightforward to compute;,, for 8Bg, In-
so ignore possible interference between the contributiong "0 7 o7 S T L L El/2s(15) anc?l()17)
from different operators. The resulting;,, have several For d— 9yo erators. we fin dp as: '
sources of uncertainties, e.g., the renormalization gtRX®) P '

TABLE Ill. Upper bounds on the coefficient af=7 operators

from 7,,,=10%° yr. Here Aroy=A/TeV.
Yn fact, since the\L =2 operators are assumed to be generated at 12 Y Tev

scaleA, one also needs to compute the renormalization group evo- 3 3 3 3 3

N /A Ao /A N3/A NalA Ns/A
lution of the operators over the scales fromto Agcp~1 GeV. LTy 2 Tev 8 Tev 4Tev 5TV
Taking into account the effects of such renormalization group evo-2.3x10°% 1.4x10°% 2.3x10% 53x10 7 1.4x10*
lution is beyond the scope of this paper, so will be ignored.
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TABLE IV. Upper bounds on the coefficients d=9 operators.

Kiz,s//\?ev KIz,slA?ev K\sllA?ev K4S,JA15'eV KI,JA%V Keg /A?ev
2.3x10°! 6.2<10°3 7.7x10°°3 1.5x10°* 3.1x10°?2 3.1x10°?
4\ 2 wherey, is the electron Yukawa coupling. As a resuf,&

-1_
T12=

8A5) [:|-6|K1234512 16|K\3/| 4|’<45|2

X|K124% 16 k6|1, yr T, (22)
and ford=11 operators
6\ 2
mpv
T = 16 1
12~ 16A7) [ |77127| 6773456%
X4|77g’4J2,|7]-£‘6’7|2](Dm yr, (23)

wherem,, is the proton mass and the numerical value$f

from otherd 7 operators are negligibly small compared to
5\ from A7 13-

Similarly, the d=9 operators with coefflmenti;'123 in
Eq. (15 generate thel=5 operator for ("), at two-loop
order[Fig. 200)]:

(Y3.Ya.YaVo) <

(1672)2 K123 (26)

O~

where again the cutoff of the loop momenta is chosen to be
A. Otherd=9 operators and also tree=11 operators can

generateé, however, the corresponding diagrams involve
more loops and/or more insertions of small Yukawa cou-

and®, are listed in Table II. The resulting constraints on Plings. For instance, thé=9 operator with coefficieni

K'S and 7’s for 1,=10%° yr are summarized in Tables IV
and V.
The above equation21), (22), and(23) summarizing the

BBy, rate of d=7,9,11 operators and the resulting con-

straints on the operator coefficiel’s, «’s, and#’s listed in

generateg through the 4-loop diagram of Fig(®, yielding

y2yay?

(16m%)*

5K§ Kg, (27)

Tables Ill, 1V, V are the main results of this paper. Still one which is absolutely negligible even whety saturates the

of our major concern is the possibility tha{3,, is induced
dominantly by one of the&l=7 operators, not by thd=5

bound frompBa,, .
Combining Egs.(20), (21), and(22) with Egs.(24) and

operator for ") ... This would occur, for instance, if some (26), one easily finds

of the\’s or «'s saturate their bounds fro@g3,, , while ¢ is
small enough to given”)..<1 eV. In fact, the condition
(m")¢e<1 eV constrains the coefficients d&=7 operators
also since those operators can generat§ {. through loops.
For instance, thel=7 operator with coefﬁmentiss3 in Eq.
(12) generate thel=5 operator for (n”) . through the one-
loop diagram of Fig. @), yielding

Yd,u S

21,31

1672 4

O\é~

where we have taken the cutoff of the loop momenta td.be
andyy , is the dowrtup)-quark Yukawa couplings. Othet

7'1/2 13) (TeV>4
X103 —| ,
T12(8\&) A
7'1/2 123) (Tev)s
X 10" —| , (28
T172(8,€) A

implying that if the scaleA of L-violating interactions is
about 1 TeV, it is quite possible th@B,, is dominantly
induced by one oAL=2, d=7, ord=9 operators. In par-
ticular, one ofd=7 or d=9 operators can give,,(380,)
~10% yr even when ").. is in the range of Eq(6) as
suggested by the atmospheric and solar neutrino oscillation

=7 operators can generagealso, however, it involves more data in normal neutrino mass hierarchy.
loops and/or more insertions of small Yukawa couplings. For

instance, the operator with coefficiexi in Eq. (12) gener-
ates¢ through the 2-loop diagram of Fig(1®, yielding

YuYdYe

o\E~ (25

TABLE V. Upper bounds on the coefficients of 11 operators.

71, 2/ATeV 7734/A Tev 7734/ATev 77567/ATev 77567IAT6V 777/ATev
1.0 5.1 1.0 7.6 0.2 0.3

IV. APPLICATIONS TO SOME MODELS

Our results in the previous section can be applied to vari-
ous kinds of models providing-violating interactions for
BBy, and/or neutrino mass. In this section, we consider
some specific models @ B,, which have been discussed in
the literaturg/ 11,13 and use our results to rederive the con-
straints on L-violating couplings from the condition
71 BBo,) =107 yr.

Let us first consider a model in which=7 operators can
be a dominant source @f3,, . An example of such model is
the left-right symmetric mode]16,11] with gauge group

093007-5
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H H
: Sy
dc “‘\‘H
uC \‘
14 14 £ P L
: . =
' H
H
(a) () FIG. 2. Feynman diagrams for
the d=5 operator for (n")e ra-
diatively induced byd=7 or d

=9 operators.

dc
4 14 4 . L
e
H
(0) (d)
SU(3)cXSU(2) XSU(2)gXU(1)g_. . The Higgs sector u AT
of the model contains a bidoublét and also triplets\; and QL=< ) =(2,1)y3, Qg= (_> =(1,2)13.
Ar whoseSU(2), X SU(2)gX U(1)g_, quantum numbers d d°
are given by

Yukawa interactions of the 1st generation are given by

Ly=ht| plt+ Nl oyd* oo0r+N2Q pQr+h°Q $Qx

stz 8t
A|_:(3’l)2: 50 —6+/\/§ ]
L L

+f0iopA €+ flio,ALlr+H.c. (29)
SiIN2  sht . .
Ar=(1,3),= . w T q d .
r=(1,3) 53 _ 5;/\/5 ] q <
14
H Ay
d’g Cbir H Ag
$=(220=| .= ol S A a
b, P Acs, ¢
A )
where the subscripts are thé#(1)g_, charges. The model :
contains also the left- and right-handed lepton doublets ¢ ' ¢ d e
_ (@) ©®
v N¢
L= =2,)_4, {€r=|—|=(1,2_4, FIG. 3. (a) Feynman diagram for the=7 operator with coef-
€ e’ ficien’[s)\i3 in the left-right symmetric mode{b) Feynman diagram
for the d=9 operator with coefficienkg induced by the exchange
as well as the quark doublets of scalar diquarks and dilepton.
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Parameters in the Higgs potential can be chosen to yield the Ke — o .
Higgs vacuum expectation vaIue{sSE’R>=vL,R and (o) —5(e°e°)s(dcuc)v(d°u°)v, (35
=diag(k,x’) with the scale hierarchywg> x> k'>uv, . A

Then the fermion masses of the model are givenny
~hk, m'=h%%, mi=h®« for k~180 GeV, and the neu-
trino mass Ke _ mhyhghe
AS 8mi mimg

where

(36)
(hK)2_4fZU|_UR

2fUR (30)

(M")ge~
If hyge~1, my , ~1TeV, andu~250 GeV, the result-
The model can generate also tthe: 7 operators of Eq(12)  ing ks/A°~3x 10 ?/(TeV)°® saturates the bgund in Table
(with coefficients\$,) through the diagram of Fig.(®, IV, so the model leads o, with 7,,~10°° yr. On the

yielding other hand, "), induced by theL-violating interaction
S e (34) is 4-Ioop_suppresseo_l and involves 6 powers of small
M _yef[ b h Yukawa couplings as in Fig.(@):
A mi \mi omi )
) _ Yoyaye hyhgheu(H)? @7
N3 ywef [ BQ h© ° (1672)* md
NTm \m ) G | .
41 b2 This (m”).. is absolutely negligible, i”).e~10 " eV,

h is th ffici f th foA-o™ in th even whenkg/A® saturates its bound. So one needs addi-
where y is the coefficient of the term | #Ar¢") in the  iona) | violating interactions to generate neutrino masses

Higgs potential. Then there exists a parameter range of ¢ hich would explain the atmospheric and solar neutrino os-
model in whichB8,, is dominated by thesé=7 operators.  jjation data in the hierarchical neutrino mass scenario.
For instance, iffug~m, ~10° GeV, m,~2X10” GeV,
and y~10"1, the resulting\? y A3~ 10 %/(TeV)? saturates V. CONCLUSION
the bound listed in Table Ill, so lead t8Bq, with 71,
~10® yr. Though not very natural, still the parameters of Motivated by the recent claim of observingg,, with
the model can be tuned to yielth() .= O(103) eV, while  T12~10% yr, we studied the effectivdL=2 operators of
keeping)\falA3~1076/(TeV)3_ So the model can accomo- the SM fields which would generawﬂov. We classified
date 71, 880,) ~ 10°° yr together with the atmospheric and Such operators up to mass dimensi 11, and find the
solar neutrino oscillation data in the hierarchical neutrinoUPPer bound on each operator coefficient resulting from the
mass scenario. condition 7,,=10°°yr. Our results are summarized in
As an examp|e of the model in whiadh=9 Operators of Tables I”, |V, V. We also examined the pOSS|b|l|ty theht
Eq. (15) can be a dominant source {3, , let us consider =7 or 9 operators are a dominant source@go, in the
a model containing scalar diquarks and a scalar dilepto§ontext of generic operator analysis, particularly the possi-
[17,13 with the following SU(3). X SU(2), X U(1)y quan-  bility that 71,4(8B,,)~10%° yr, while (m")ee=0(10"%) eV
tum numbers: as suggested by the atmospheric and solar neutrino oscilla-
tion data in hierarchical neutrino mass scenario. As we have
A=(6,D45, Ag=(6,1) 545, A=(1D _,. (32 demonstrated in Sec. IV, our results can be easily matched to
) ) the previous analysis on specific models in whighy, is
The Yukawa couplings of the model are assumed to includg,quced by perturbative renormalizable interactions. They
can be also applied to models in whi@B,, is induced by

Cc,,C CAHC CAC
NLAUTUTH hghgd d™ + heAceTe (33 either a strong dynamics or quantum gravity effects at scales
and also the Higgs potential contains near the TeV scale.
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