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We examine some patterns of the Majorana neutrino mass matrix which are compatible with the phenom-
enological lepton flavor mixing matrix and non-observation of neutrinoless double beta decay. Imposing
(M,)ee=0 for the Majorana neutrino mass matrix in the leading order, we obtain a relationship between the
solar mixing angle and the neutrino massgsandm,. Additional possible texture zeros are assigned to the
mass matrix so as for the nonvanishiég to be predictable in terms of neutrino masses. We also show how
three neutrino masses can be predicted from the solar mixing angle and the experimental re&quﬁ§ afd
Am?,, in this framework, and we discuss the naturality of the forms of the mass matrix found in our work.
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Although the lepton flavor mixing matrix can be con-  (c) Moreover, the CHOOZ experimental results can con-
structed based on the neutrino oscillation experimental restrain v,— », oscillation with AmZ, =102 eV? [7] but
sults, the origin of lepton flavor mixing, the neutrino massesgives no limit for Am3,,<10 2 eV?, and the recent Palo
and their hierarchical patterns are yet to be understood. As avierde reactor experiment also indicates no atmospheyic
attempt toward the understanding of the neutrino masses andvx oscillation for A,,m?=1.12<10"° and for sif26
flavor mixing patterns, the mass matrix ansatz has been studgz0-21 (for large Am?) [8]. From those reactor experiments,
ied by many authorgl]. In this approach, the flavor mixing We can obtain a constraint on the magnitud&Jgf, which is
elements are not independent parameters but are presentedned out to be small, i.elU g5 <0.22.
terms of mass eigenvalues. The special patterns of the flavor (d) _For the Liquid Scmt|ll_at|on Neutrino De_tect()l:_SN_D)
mixing and masses can be achieved by imposing some flavgrcperiment at LANL[4], evidence for &, — v, oscillation

. : : with Am?~0.3—1 eV has been reported. However,
symmetry or taking texture zeros in the mass matrix as mUCU/e note that three different mass-squared splittings fuid
as possible.

> species of neutrino are required in order to accommodate

As is well known, current data from the atmosphd@¢  {he | SND result as well as both the solar and atmospheric
and solar neutrino experimenit8] provide convincing evi- anomalies by neutrino oscillation. In addition, experimental
dence that neutrinos may have nonzero masses and oscillagita from KARMEN [5] failed to corroborate the LSND
and terrestrial neutrino experimerits-8| also lead to mean- observation, although KARMEN has not excluded the
ingful constraints on neutrino masses and mixing. whole LSND region. Thus, we adopt a conservative ap-

(a) The atmospheric neutrino experimental data indicateproach by not taking into account the LSND data in our
the near maximal mixing between, and v, SirP26,m analysist

=0.8, with a mass squared differencemZ,~=(0.5~6) (e) Now we assume that there are only three active neu-
X103 eV? at 90% C.L.[2]. The best fit occurs at trinos with Majorana masses. For c_:onvenier)ce, let us gdopt
(SirP20,m=1.0AM2,,=2.2X 1072 e\?). the following convention. The heaviest neutrino mass eigen-

(b) The solar neutrino anomaly can be explained througrftate responsible for the atmospherlc_: neutrino anomaly is

: S 2 aken to bev;, whereas those responsible for the solar neu-
mattieg e”Qa”CEd ngutnno oscillatit@ if 7A2m50'2(0'4~ 1) trino problem arev; andv,. Then, the mass squared differ-
x107° eV? and S|r?_2030|:(0.1~1)><_10 [small angzjle ences between two atmospheric neutrinos and two solar neu-
(SMA) Mikheyev-Smirnov-WolfensteifMSW)], or Amg,;  trinos becomeAmgtm:AmgzzAmil and Amgolemgly
=(1.5~10)xX10"° eV?, sirf26,,=0.6 (large angle(LMA)  respectively.
MSW), AmZ,~107 eV?,sirf26,,~1.0 [low probability,
low mass(LOW) solution|] [10] and through long-distance

2

vacuum  oscillation(VO) if Amg,=10"""eV7, szzgso' IHowever, we note that it is possible to generalize our approach of

=0.7. imposing texture zeros to the neutrino mass matrix in the case of
four-neutrino scheme. Taking the four-neutrino mixing matrix
given in Ref.[6], one can obtain the four-neutrino mass matrix with
*Electronic address: skkang@kias.re.kr three texture zeros, i.e., vanishin!()¢e,(M,)s,, and M,) s (s
"Electronic address: kim@kimcs.yonsei.ac.kr stands for sterilg in the leading order.
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Using the above experimental constraints on the neutrindained in this work can be achieved from the mass matrices
masses and mixing angles, one can construct the phenorderived in grand unified theofGUT) scale, we will exam-
enological lepton flavor mixing matrix, as follows: ine this question.

(i) Since the best fitted value of the Super-Kamiokande A strong constraint on some element of Majorana neu-
data for the atmospheric neutrino mixing angle correspond&ino mass matrix can come from the experimental results of
to the maximal mixing, we také#,;= /4. However, since neutrinoless double beta decay, whose nonobservation might
there are two possibilities for the solar neutrino mixing angleserve as a texture zero for the leading order mass matrix. If
0., as shown in the above, we present corresponding elenassive neutrinos are Majorana particles, the matrix element
ments of the mixing matrix in terms af,=6. of the neutrinoless double beta decay is proportional to the

(i) As for the mixing anglef;; which is related tdJ.;,  effective Majorana mass
there is only upper bound on its value as presented above. As
shown in Ref[11], the fitted values for the oscillation am-
plitude for solar neutrinos are not greatly affected by the 2
particular value ofs,5 in this case, thus we take sih,=¢ [(m,)[= Z miUgi
and co¥;5~1 in the leading order.

Then in general the lepton mixing matrix in the standard
parametrization has the form in the leading orgkZ]

: )

whereU is the lepton mixing matrix that connects the flavor
neutrino eigenstates,, (e¢=e,u, ) to the mass eigenstates

C13C12 C13512 S13 v;. (i=1,2,3) through the relation
U=| —C235127S13523C12  C23C127 513523512  C13Sp3
S235127513C23C12 T S23C127 513023812 C13Co3
VaL:Ei UoziViL' (3)
c s €
1 1 1 . . . .
——=(stce) —=(c—se) —= This effective Majorana mass is equal to the absolute value
= V2 V2 V2 |, (1) of the element §1,).e Of the mass matrix in the charged
1 1 1 lepton flavor basis, i.e., the mass matrix for the charged lep-
——=(s—ce) ——=(ct+se) — tons in its diagonal basis. The current experimental upper
V2 V2 V2 bound on|{m,}| is given by[15]

wherec=cos#6,,,5=sin 6;,, and the neutrino flavor basis is
(ve,v,,v,). Here, we assume that there is @® violation (m,)|<0.2 eV (90% C.L). 4
in the lepton sector.

In this paper, we will examine some patterns of Majorana
neutrino mass matrix which is compatible with the aboveThe GENIUS experiment is expected to be sensitive to
lepton mixing matrix determined from the low-energy neu-|{m,})| as low as 0.01 eV or even 0.001 ¢16,17]. Thus, the
trino experiment and reflects the predictable framework ofmagnitude of the elementM,).. might be strongly con-
neutrino masses. Recently, there has been much work sugtrained by the experimental results of neutrinoless double
gesting various textures of neutrino masses by using someeta decay. Although it is not yet proved, it is possible to
phenomenological ansafz3] or some symmetry arguments enforce (M,)..=0 for some special pattern of neutrino mix-
[14], such asSO(10),S0(3),U(2),U(1), etc. Here we will ing [18]. In this paper, we requireM,)..=0 in the leading
take the approach to require texture zeros at the low-energyrder, from which the solar mixing angle is simply related to
scale from the appropriate experimental observations. Th#he neutrino mass ration;/m,. We note that although
general form of mass matrix presented in terms of three neuM,)..=0 in the leading order, there is nonvanishing very
trino mass eigenvalues will be provided with the help of thesmall next leading contribution td\,).. due to nonzera
lepton mixing matrix. Motivated by nonobservation of neu- parameter whose magnitude is proportionakto
trinoless double beta decay, we impodé ,j..=0 for the The Majorana neutrino mass matrix in the charged lepton
Majorana neutrino mass matrir the leading orderwhich  flavor basis can be given iyl,=UDUT. The diagonal ma-
in turn makes the solar mixing angle simply related totrix D can be written as digg,e'®,m,e'# m;], where
the ratio my/m,. This is consistent as long ag* m(i=1,2,3) is positive definite. For th€P conserving
<m,sirfé;,/m;. Additional possible texture zeros will be case, the phasesand g are taken to be either or 0. Thus,
assigned to the mass matrix so as for the mixing paraneeterwe can consider the possible three cases
to be predictable in terms of neutrino mass eigenvalues. We Case(1): M,=U diad —m;,m,,m;]JUT, case(2): M,
will also show that three neutrino mass eigenvalues can be U diagm;,—m,,m3]U", case (3): M,=U diad =m,,
calculated from the relation for the solar mixing angle and+m,,m;JU".
the experimental results aimZ, and AmZ,,. Since it is Case(1) Keeping thee? order, the neutrino mass matrix is
natural to ask whether specific textures at low energy obpresented by
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Wy %[e(m3—wl)+m+cs] %[e(m3—wl)—m+cs]
1 1
M,= E[e(mg—wl)+m+cs] E(m3+wz—2m+c56) E(m3_W2)
1 1
E[e(ms—wl)—ercs] §(m3—w2) E(m3+w2+2m+c36)
cs cs
M3—W;y —m”h m”ﬁ
+ € _Em+ =5 (mg—wy) E(ms_W1) : 6)

2.2 2 2

cs

mm _E(mS_Wl) E(ms_Wl)

where w;=—m;c?+m,s?,w,=—m;s’>+m,c?> and m,
=m;+m,. From the condition{1,)..= 0 in the leading or-
der, the following relation comes out:

the charged lepton basis presented in terms of the three neu-
trino mass eigenvalues

tanf,,=tanfso= \/ ﬂ (6) 0 V2 0
my Jze 1 n mz—ml) 1(1 mz—ml)
Thus, in this ansatz, the solar neutrino mixing pattern is at- M»=Ms 2 My 2 My
tributed to the ratian, /m,. For the hierarchym; ,m,<ms, 1 m,—my| 1 my—my
the natural choice for two additional texture zeros of the 0 5(1_ ms ) 5|1t ms )
mass matrix in the leading order would peM ,)¢,,(M,) el
elements, which lead to the following relation: +0(€%). 9

o= MMz (7)
ms

From the CHOOZ experimental results,.; can be con-
strained and we obtain

Vmym,

3

|Ugs|= €= <0.22. (8)

We note that this form of mass matrix is similar pattern of
the neutrino mass matrix presented in Ré4M]. From Eq.

(8), we see that only the hierarchy; ,m,<m; is relevant

for this form of mass matrix to be consistent with the experi-
mental results. In this ansatz, the maximal mixing of solar
neutrino oscillation is attributed to almost degenenatend

v,, While the small mixing is achieved by the hierarchy of
m, andm,. For the inverted hierarchy,~m,>m; one can
have another form of mass matrix with three texture zeros by

Then, we are led to the leading order neutrino mass matrix itaking mg=m,—m;:

1 1
0 E(Em3+ vmymy) E(éms_ Vmim,)
1
M, = E(emyi— ymym,) mz— eym;m, 0 +0O(€?). (10)
1
E(Emg_ \/mlmz) 0 m3_ €\ mlmz
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However, in this case, the value efis not predicted. If the magnitude efis taken to be negligibly small, the form of mass
matrix indicates nearly pseudo-Dirac neutrinos.
Case(2): Keeping only toO(e), we have

1 1
w —[e(mg—w;)—m,cs] —=[e(Mmz—w;)+m,cs
1 \/E[ 3 1 + ] \/E[ 3 1 + ]
1 1 1 )
M,= E[e(m3—wl)—m+cs] E(m3+wz+2m+056) §(m3_W2) +O(€), 11
1 1 1
E[e(m3—wl)+m+cs] E(m3—w2) E(m3+w2—2m+CSe)
|
where w;=m;c’—m,s?,w,=m;s*—m,c?, and m,=m; (my,m,,ms)=[(0.5~8)x10"€,
+m,. The next leading order contributidB(e?) is similar
to the Casd1). We are also led to the relation E@) from s
the condition of no neutrinoless double beta decay in the (2~3)x10°%  0.05] eV,
leading order. The natural choice for two additional texture (13

zeros in this case is to takéM, )¢, ,(M,) .| elements to be
zero which lead to the same relation as Eg. Then, this

form of mass matrix become triangular type of mass matriX'From these results, we can obtais (0.7~3)x 10", which
9 yp is consistent with the CHOOZ and Palo Verde experimental

results.

(b) Large mixing angle solutiong-or large mixing of the

0 0 V2e solar neutrinos, Eq6) leads tom;=m,. We note that the
1 m,—m;| 1 m,—m, exact maximal mixing for the solar neutrino oscillation is not
M,=m, 0 E( - My ) 5( 1+ Ms ) realistic for this approach. Taking some value in the allowed
v region of sif26,, except 1, one can determine three neutrino

J2e 1 1+ m; ml) 1(1_ mZ_ml) mass eigenvalues in the same way as the SMA case. For
2 ms 2 ms example, if
+0(€?). (12

(sin22 ‘9sola Améolv Amgtm)

As one can see, cas®) leads to the nonzero effective

Majorana mass in the leading order. This is incompatibleare taken to be

with our ansatz of no neutrinoless double beta decay in

the leading order. Thus, we do not consider this case any [0.9, 10 (10719 eV?, 0.0022 eV],
more.

Now, let us demonstrate how neutrino masses can be de-
termined from the above results. The numerical values of the . .

; 2 2 . respectively, for LMA(VO), the allowed neutrino masses are
mass squared differencésm;; and Am3, can be obtained then given by
from the experimental results &fm2,, and Am2,.,, respec-
tively. Since the mixing angle st@é,,, is related to the mass
eigenvaluesn; andm, through the relatior{6), combining 6X10°° 1x10°2 0.05 (LAM)
this with the numerical value ahm3,, one can first deter- (my,mz,mg) = 6x10°% 1x10°° 0.05 (VO) ev.
mine the numerical values of; and m,. Then, the mass (14)
eigenvaluem; is determined fromAm2,,=Am3,. In this
way, one can get possible ranges of three neutrino masses.
However, since there are two possibilities for the mixingThe prediction ofe is 0.17 and X 10~ for LMA and VO,
angle 6, corresponding to two types of the solar neutrinorespectively. Those results are also consistent with the ex-
mixing, we have to consider two cases. perimental bounds.

(@ Small mixing angle solutionFrom sirf26,,~=10 2, Based on the above numerical results, we can estimate the
we obtain the mass ratim; /m,=0.01 which implies that possible effective Majorana mass arising in the next leading
the mass hierarchy, <m, is required. Combining this with order. From Eq.(5), it is given by emz; and numerically
the experimental results faxmZ, and Am2,,,, we obtain (0.2~5)x10 " eV for SMA and 1.510 3(2x107%) eV
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for LMA (VO) with sir’26,,=0.9. Those values are far obtained through the seesaw relatibh,=m{Mg'my, by
below the current experimental bound given by E4). In  taking the following forms of the right-handed Majorana
particular, a new Heidelberg experimental propo€@E- mass matrix:
NIUS) will allow to increase the sensitivity for Majorana
neutrino masses from the present level of 0.1 eV down to aM’ bM’ 0 M 0 aM
0.01 or even 0.001 eV. In an extended experiment using 10 / /
tons of "°Ge, a sensitivity of 0.001 eV could be reactjéd]. Mg=| bM" cM" 0 |, Mg={ 0 0 DbM
Thus, we expect that the test of the prediction of the possible 0 0 M aM bM cM
effective Majorana mass for LMA would be accessible in 17
near future.

Now, let us take into account the limit @=0. Requiring ~ Where the former corresponds to E8) and the latter to Eq.

no neutrinoless double beta decay, the mass matrix takes ti&2). In order for the GUT scenario to be consistent with the
form for the mass eigenvalues-fm; ,m,,ms) observed bottom-tau mass ratio, it is required that the right-

handed Majorana mass of the third generation must be
heavier than at least ¥GeV [21,23. Using the previous
M numerical results for the three neutrino masses, one can es-
" timate the ranges of the parameteasty,c) and M,M") and
then check whether the scalglsandM’ are compatible with

the GUT scenario. While the consistent case for the former
0 o [Mam2 /MM happens at the vacuum angle solution which giwds
2 2
1 1

~10'° GeV, M’ ~10" GeV, the consistent cases for the lat-

ter happen at the small mixing and large mixing angle MSW
m;my ; . : 0-11 pg 7 5-16
= - 5 S(Mgtmi=my)  S(mg—my+my) | . solutions which provide M~ 10111, M’ ~ 1016 GeV.
Here, the magnitude ai,b,c are determined to be of order
mm, 1 1 O(1), and thescaleM’ is given by the order of GUT scale.
> p(Mg=mitmy) S (Mg+m—m,) Since an intermediate scale '#0'* GeV is also naturally
viable in the GUT scenario, we may say that the above so-
(15 lutions, which we found, are quite natural. On the other

hand, while the form given by Eq10) cannot be obtained in
such a natural way through the canonical seesaw mechanism,
Since the solar mixing angle is given in termsnof andm, it can be achieved within the type Il seesaw model with the
by Eq. (6), the maximal mixing of solar neutrinos implies approximatel -L ,-L , symmetry, as shown in Reff24].
m;=m,. However, it is not easy to naturally generAtm§0|. To justify above ansatz that leads to the proposed form of
For almost bimaximal mixing casf20] which is due to neutrino mass matrix with three texture zeros and neutrino
nearly maximal solar mixing, similar to the#0 case, neu- spectrum, the precise determinationf; element as well
trino mass spectrum is predicted providing®8if,, is fixed  as the precise experiment for neutrinoless double beta decay
so that the tiny mass splitting between andm, naturally ~ will may be essential, which requires several oscillation
comes out. channels to be probed at the same time. From the fact that
At this stage, we address whether or not the above typethe v, — v, disappearance channel is sensitive onltklgg,l2
of neutrino mass matrices can be obtained from some naturahd thev,— v, appearance channel is sensitive to the prod-
models of lepton masses and mixings. We will, first of all,uct |U ,3/?-|Ug/?, one can determingU;| by combining
show that the forms of the mass matrices given by E9js. the regions to be probed in both channels. K2&] will be
(12) can be naturally generated from some class of GUTexpected to perform this, but it does not, at present, sensitiv-
models through a seesaw mechanj@ty. As shown in Refs. ity in the v,— v, appearance channel to probe the region of
[21,22, the relevant form of the Dirac neutrino mass matrix|U3|? allowed by Super-Kamiokande, CHOOZ, and Palo
is given in a parallel way with the up-type quark mass matrixVerde[26].
in the GUT framework In summary, we have examined some patterns of Majo-
rana neutrino mass matrix which is compatible with the phe-
nomenological lepton flavor mixing matrix and nonobserva-

0O 0 r tion of neutrinoless double beta decay. We constructed the
lepton mixing matrix by takingd,s= /4 which corresponds
my=m{ 0 r 0], (16) . = . !
0 1 to the maximal mixing of the atmospheric neutrinég,
r

=0, and allowing nonvanishing very small mixing angle
613. Imposing M ,)..=0 for the Majorana neutrino mass
matrix in the leading ordera relationship between the solar
wherer is a small parameter of order (1/100-1/300) mixing angle and the ratio of the first two neutrino mass
~m./m; and the scalen~m/3 where the factor 3 repre- eigenvalueamn;/m, has been obtained. Additional possible
sents the effect of renormalization group equation. Then, théexture zeros have been assigned to the mass matrix so as for
forms of the mass matrix given by Eqg), (12) can be the nonvanishingl,; to be predictable in terms of neutrino
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masses. We have showed how three neutrino mass eigenvakt 95% C.L., whereas SMA and VO are disfavored. If it will

ues can be estimated from the relation for the solar mixindgpe conformed in the future, only the part of LMA in our

angle and the experimental results dmZ, and Am2,,in ~ Wwork is relevant.

this framework. We have also discussed how some forms of

the mass matrix found in this paper can be achieved in any ACKNOWLEDGMENTS
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