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Constraining the absolute neutrino mass scale and MajoranaCP violating phases
by future 0 nbb decay experiments
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Assuming that neutrinos are Majorana particles, in a three-generation framework, current and future neutrino
oscillation experiments can determine six out of the nine parameters which fully describe the structure of the
neutrino mass matrix. We try to clarify the interplay among the remaining parameters, the absolute neutrino
mass scale and twoCP violating Majorana phases, and how they can be accessed by future neutrinoless double
beta (0nbb) decay experiments, for the normal as well as for the inverted order of the neutrino mass spectrum.
Assuming the oscillation parameters to be in the range presently allowed by atmospheric, solar, reactor, and
accelerator neutrino experiments, we quantitatively estimate the bounds onm0, the lightest neutrino mass, that
can be inferred if the next generation 0nbb decay experiments can probe the effective Majorana mass (mee)
down to ;1 meV. In this context we conclude that in the case that neutrinos are Majorana particles,~a! if
m0*300 meV, i.e., within the range directly attainable by future laboratory experiments as well as astrophysi-
cal observations, thenmee*30 meV must be observed,~b! if m0,300 meV, results from future 0nbb decay
experiments combined with stringent bounds on the neutrino oscillation parameters, especially the solar ones,
will place much stronger limits on the allowed values ofm0 than these direct experiments. For instance, if a
positive signal is observed aroundmee510 meV, we estimate 3&m0 /meV&65 at 95% C.L.; on the other
hand, if no signal is observed down tomee510 meV, thenm0&55 meV at 95% C.L.

DOI: 10.1103/PhysRevD.66.093010 PACS number~s!: 14.60.Pq, 13.15.1g, 14.60.St
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I. INTRODUCTION

During the last few years, a significant amount of info
mation on the size of the neutrino oscillation parameters
been gathered. Most of what we currently know about th
parameters relies on evidence of neutrino flavor transfor
tion that has been collected by experimental observation
solar @1# as well as of atmospheric neutrinos@2#. The evi-
dence coming from solar neutrino data has been strength
by the recent neutral current measurement at the Sud
Neutrino Observatory~SNO! @3# while that from atmo-
spheric neutrinos has also been strongly supported by
K2K accelerator based neutrino oscillation experiment@4#.
Furthermore, the negative results of reactor experiments@5#
also impose stringent limits on some oscillation paramet

Assuming that only three active neutrinos participate
oscillations in nature, independent of whether neutrinos
Dirac or Majorana particles, current and future neutrino
cillation experiments can determine at the most six out of
nine parameters which completely describe the neut
mass matrix: i.e., two mass-squared differenc
(Dm12

2 , Dm23
2 ), three mixing angles (u12, u13, u23), and one

CP violating phase (d), which parametrize the Maki
Nakagawa-Sakata~MNS! @6# leptonic mixing matrix. See
for instance, Refs.@7,8# for recent discussions on the dete
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mination of theseoscillation parameters.
However, if neutrinos are of the Majorana type, there

main three nonoscillation parameters, which cannot be
cessed by oscillation experiments. They are the absolute
trino mass scale, which can be taken as the lightest neut
mass, and two extraCP violating Majorana phases@9–11#. It
is well known that neutrinoless double beta (0nbb) decay
experiments can shed light on these nonoscillation par
eters.

0nbb decay is a process that can occur if and only
neutrinos are Majorana particles@12#. A positive signal of
0nbb decay always implies a nonzero electron neutr
mass@13# even if it is not induced by the exchange of a lig
neutrino but by some other mechanism such as the on
supersymmetry models with brokenR parity @14#. In this
work, we assume the simplest possibility to be true, that
0nbb decay process is induced only by the exchange o
light neutrino.

The relationship between the signals in 0nbb decay ex-
periments and oscillation phenomena has been abunda
discussed in the literature; see, for example, Ref.@15#. So far,
a large amount of effort has been made to constrain the
cillation parameters from the observation or nonobserva
of 0nbb decay, as well as to predict the possible range
the effective Majorana mass in 0nbb decay experiments
mee, from the allowed range of oscillation parameters@15#.

In this paper, we take a different point of view. We exam
ine how well we can constrain the three nonoscillation p
rameters by future 0nbb decay experiments, considerin
that the oscillation parameters will soon be precisely de
©2002 The American Physical Society10-1
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mined ~or constrained! by current and future oscillation ex
periments. We discuss the interplay among these param
and the observable signal in future 0nbb decay experiments
for the normal as well as for the inverted ordering of t
neutrino mass spectrum. In particular, presuming the osc
tion parameters to be in the range presently allowed by
atmospheric, solar, and reactor neutrino experiments, we
amine what can be concluded about these parameters i
case of either a positive or a negative signal obtained
future 0nbb decay experiments@16#.

So far, no convincing signal of 0nbb decay has been
observed, rather only an upper bound onmee,

mee,350 meV, ~1!

which comes from the result of the Heidelberg-Moscow C
laboration@17#, exists. Recently, an experimental indicatio
of the occurrence of 0nbb decay has been announced@18#
but since this result seems to be controversial@19# we do not
discuss it in this work.

There are many proposals for future 0nbb decay experi-
ments to go beyond the bound given in Eq.~1!; these include
GENIUS @20#, CUORE@21#, EXO @22#, MAJORANA @23#,
and NOON@24#. It is expected that in the initial phase of th
proposed GENIUS experiment@20# the sensitivity tomee can
be as low as;10 meV, going down to;2 meV if the 10
ton version of the experiment is implemented. In this wo
we will try to be optimistic and consider that future expe
ments will eventually inspectmee down to;1 meV.

The absolute neutrino mass scale is also independe
constrained by tritium decay experiments, which can direc
measure the electron neutrino mass, obtaining the up
bound@25#
09301
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,2200 meV. ~2!

The proposed KATRIN experiment aims to stretch the c
rent sensitivity down to;340 meV@26#. We also take this
into consideration in our discussion.

This paper is organized as follows. In Sec. II, we descr
the theoretical framework on which we base our work. W
first discuss in Sec. III the dependence of the 0nbb signal on
the lightest neutrino mass, and second in Sec. IV we disc
how the dependence ofmee on m0 is related to the twoCP
phasesa1 and a3. In Sec. V we discuss howmee

min , the
minimum possible value ofmee, depends onm0 and u13.
Finally, in Sec. VI, we discuss how the upper as well as
lower bounds onm0 depend on the solar neutrino oscillatio
parameters. Section VII is devoted to our discussion and c
clusions.

II. THE FORMALISM

In this section we discuss the theoretical framework
will rely upon in this work.

A. Mixing and mass scheme

We consider mixing among three neutrino flavors as

F ne

nm

nt

G5UF n1

n2

n3

G , ~3!

where na (a5e,m,t) and n i ( i 51,2,3) are the weak and
mass eigenstates, respectively, andU is the MNS@6# mixing
matrix, which can be parametrized as
F c12c13 s12c13 s13e
2 id

2s12c232c12s23s13e
id c12c232s12s23s13e

id s23c13

s12s232c12c23s13e
id 2c12s232s12c23s13e

id c23c13

G , ~4!
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wheresi j andci j , correspond to the sine and cosine ofu i , j .
We define the neutrino mass-squared differences asDmi j

2

[mj
22mi

2 , whereDm(
2 [Dm12

2 is relevant for solutions to
the solar neutrino problem, andDmatm

2 [uDm23
2 u.uDm13

2 u is
relevant for atmospheric neutrino observations.

Current atmospheric neutrino data@2# indicate that

Dmatm
2 [uDm23

2 u.~224!31023 eV2,

sin22u23.0.9–1, ~5!

which combined with nuclear reactor results@5# imply

sin2u13&0.02, ~6!
while the various solar neutrino experiment results stron
suggest that the so-called large mixing angle~LMA !
Mikheyev-Smirnov-Wolfenstein~MSW! solution with pa-
rameters in the range@1,3,27#

Dm(
2 [Dm12

2 .~2 –40!31025 eV2,

tan2u12.0.2–0.8, ~7!

will prevail as the explanation to the solar neutrino proble
We will admit throughout this paper that the actual values
these parameters will be confirmed within the above ran
by future neutrino oscillation experiments. In addition to fu
ther constraining the oscillation parameters given in E
~5!–~7!, it is expected that these experiments can also pr
the CP violating phased and determine the neutrino mas
spectrum~sign of Dm23

2 ) @7#.
0-2
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CONSTRAINING THE ABSOLUTE NEUTRINO MASS . . . PHYSICAL REVIEW D 66, 093010 ~2002!
In this work, we denote the lightest neutrino mass bym0.
Then, usingDm(

2 and Dmatm
2 as defined above, we can d

scribe the two possible mass spectra as follows:
~a! normal mass ordering:

m1[m0 ,

m2[Am0
21Dm(

2 ,

m3[Am0
21Dm(

2 1Dmatm
2 ; ~8!

~b! inverted mass ordering:

m1[Am0
22Dm(

2 1Dmatm
2 ,

m2[Am0
21Dmatm

2 ,

m3[m0 . ~9!

In this mannerDm12
2 5Dm(

2 for both mass orderings an
Dm23

2 56Dmatm
2 where the1 (2) sign indicates normal~in-

verted! mass ordering. In Fig. 1, a schematic picture of t
mass ordering we consider here is shown.

B. Effective Majorana mass and 0nbb

Assuming that the 0nbb decay process occurs throug
the exchange of a light (mn,10 MeV) neutrino, the theo-
retically expected half-life of the 0nbb decay,T1/2

0n , is given
by @28#

@T1/2
0n #215G0nuM0nu2mee

2 , ~10!

FIG. 1. Mass ordering considered in this work.
09301
e

whereG0n denotes the exact calculable phase space integ
M0n consists of the sum of the Gamow-Teller and the Fe
nuclear matrix elements defined as in Ref.@28#, andmee is
the effective Majorana mass defined in Eq.~11! below.

It is known that the evaluation of the nuclear matrix e
ments suffers from a large uncertainty depending on
method used in the calculations. As we can see in Table I
Ref. @28#, the evaluated half-lives for a given nucleus and
given value ofmee typically vary within a factor of;10
comparing the largest and smallest predicted values. T
implies a factor of;3 difference between the minimum an
maximum values ofmee when extracting it from the result
of 0nbb decay experiments, which in fact directly measu
or constrain notmee but the value ofT1/2

0n . This is clear from
Eq. ~10!. In Sec. VI, we will consider for our estimations
somewhat optimistic uncertainty of a factor;2 instead of 3,
assuming future improvements in the evaluation of
nuclear matrix elements.

The effective Majorana massmee is given by

mee5um1Ue1
2 1m2Ue2

2 1m3Ue3
2 u,

5um1c12
2 c13

2 e2ia11m2s12
2 c13

2 1m3s13
2 e2ia3u, ~11!

where we have chosen to attach theCP violating phases to
the first and third elements. Note thata1 and a3 must be
understood as the relative phases ofUe1 and Ue3 with re-
spect to that ofUe2. The ranges of these phases are

0<a1<p, 0<a3<p. ~12!

As is known, the value ofmee can be perceived as the nor
of the sum of three vectorsmW ee

(1) , mW ee
(2) , and mW ee

(3) in the
complex plane whose absolute values are given by

mee
(1)[umW ee

(1)u[uUe1
2 um15m1c12

2 c13
2 ,

mee
(2)[umW ee

(2)u[uUe2
2 um25m2s12

2 c13
2 ,

mee
(3)[umW ee

(3)u[uUe3
2 um35m3s13

2 . ~13!

Explicitly, mee is expressed as
mee
2 5@mee

(1)cos 2a11mee
(2)1mee

(3)cos 2a3#21@mee
(1)sin 2a11mee

(3)sin 2a3#2

5@mee
(1)#21@mee

(2)#21@mee
(3)#212$mee

(1)mee
(2)cos 2a11mee

(2)mee
(3)cos 2a31mee

(1)mee
(3)cos@2~a12a3!#%

5m1
2c12

4 c13
4 1m2

2s12
4 c13

4 1m3
2s13

4 12$m1m2c12
2 s12

2 c13
2 cos 2a11m2m3s12

2 c13
2 s13

2 cos 2a31m1m3c12
2 c13

2 s13
2 cos@2~a12a3!#%.

~14!
We can clearly see from Eq.~14! that mee is invariant under
the transformation

~a1 ,a3!→~p2a1 ,p2a3!, ~15!
which allows us to further restrict the range of (a1 ,a3),
without loss of generality, to

0<a1<p, 0<a3<p/2. ~16!
0-3
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NUNOKAWA, TEVES, AND ZUKANOVICH FUNCHAL PHYSICAL REVIEW D 66, 093010 ~2002!
We note thata1 and/ora3 different from 0 andp/2 imply
CP violation.

The maximum possible value ofmee, denoted bymee
max,

is given by

mee
max5mee

(1)1mee
(2)1mee

(3)

5~m1c12
2 1m2s12

2 !c13
2 1m3s13

2 , ~17!

which occurs fora15a350. On the other hand, the min
mum possible value ofmee is zero only when the three vec
torsmW ee

( i ) ( i 51,2,3) can form a triangle. This can occur wh
the condition

mee
( i ),(

j Þ i
mee

( j ) ~ i 51,2,3! ~18!

is satisfied. When these three vectors cannot form a clo
triangle, which includes the case when one of them is n
the minimum value is given by twice the length of the larg
vector minus the sum of the norm of all three vectors,

mee
min52max$mee

(1) ,mee
(2) ,mee

(3)%

2@mee
(1)1mee

(2)1mee
(3)#. ~19!

The values of (a1 ,a3) that lead to such a minimum ar
(a1 ,a3)5(p/2,0),(p/2,p/2), or (0,p/2) when, respec-
tively, mee

(1) , mee
(2) , or mee

(3) is the largest contribution.

C. Some useful extreme limits

To help the comprehension of our discussion in the f
lowing sections, let us review here the approximate exp
sions for mee

max and mee
min for the two extreme cases of th

absolute neutrino mass scale: vanishingm0 and very large
m0 compared toADmatm

2 . The neutrino oscillation param
eters are assumed to lie in the ranges given in Eqs.~5!–~7!.

(i) Vanishing m0 limit. For normal mass ordering we hav

mee
min ,mee

max.mee
(2)7mee

(3)

.ADm(
2 s12

2 c13
2 7ADmatm

2 s13
2 , ~20!

where the2 (1) sign corresponds tomee
min (mee

max).
For inverted mass ordering we have

mee
min.mee

(1)2mee
(2).ADmatm

2 cos 2u12c13
2 , ~21!

mee
max.mee

(1)1mee
(2).ADmatm

2 c13
2 . ~22!

(ii) Large m0 (@ADmatm
2 ) limit. For normal as well as for

inverted mass ordering,

mee
min.mee

(1)2mee
(2)2mee

(3)

.m0~c13
2 cos 2u122s13

2 !, ~23!

mee
max.mee

(1)1mee
(2)1mee

(3).m0 . ~24!
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III. DEPENDENCE ON THE LIGHTEST NEUTRINO MASS

In this section we examine how the effective Majora
massmee depends on the lightest neutrino massm0, and
clarify the importance of each of the individual contributio
mee

(1) , mee
(2) , andmee

(3) to mee. We present in Fig. 2 for norma
~upper panels! as well as inverted~lower panels! mass order-
ing the maximum and minimum values ofmee as a function
of m0 for vanishingu13 ~left panels! and sin2u1350.02~right
panels!. In the same plots we also show the individual co
tributions of mee

(1) , mee
(2) , and mee

(3) by dashed, dotted, an
dash-dotted lines, respectively.

Let us first discuss the case of normal mass ordering.
we can see from the plots in the upper panels of Fig. 2,
smaller values ofm0 , mee

(2) is the dominant contribution
whereas for larger values ofm0 , mee

(1) dominates over the
other contributions. For the typical values of the oscillati
parameters allowed by the solar, atmospheric neutrino,
reactor data,mee

(3) is almost always the smallest contributio
to mee, being subdominant inmee, and it can only be im-
portant when there is a large cancellation betweenmee

(1) and
mee

(2) .
It is clear that a strong cancellation inmee can occur if at

least two ofmee
(1) , mee

(2) , andmee
(3) are comparable in magni

tude. Just by comparing their magnitudes in the plots in F
2, we can easily see for which values ofm0 a strong cancel-
lation in mee can occur. For the case ifu1350, mee can be
zero only at one particular value ofm0 @see Fig. 2~a!#,

FIG. 2. Maximum and minimum possible values ofmee as a
function of m0 indicated by the thick solid curves for sin2u1350
~left panels! and 0.02~right panels! for normal ~upper panels! as
well as for inverted~lower panels! mass ordering. We have fixed th
other mixing parameters asDm12

2 5531025 eV2, tan2u1250.35,
and uDm23

2 u5331023 eV2. The individual contributions ofmee
(1) ,

mee
(2) , andmee

(3) are also shown by dashed, dotted, and dash-do
curves, respectively.
0-4
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CONSTRAINING THE ABSOLUTE NEUTRINO MASS . . . PHYSICAL REVIEW D 66, 093010 ~2002!
whereas for the case ifu13Þ0 mee can be zero for some
range ofm0 @see Fig. 2~b!#. See Sec. V for more detaile
discussion of the dependence ofmee

min on m0 andu13.
In the case of inverted mass ordering, the situat

changes significantly. Heremee
(1).mee

(2)@mee
(3) and mee

minÞ0
always must satisfy the condition

mee
min*ADmatm

2 cos 2u12;10 meV, ~25!

for any value ofm0 for current allowed parameters from
solar and atmospheric neutrino data and no complete can
lation in mee is expected as we can see clearly from the pl
in the lower panels of Fig. 2. Therefore, if no positive sign
of 0nbb is observed down to;10 meV, inverted mass or
dering can be excluded as long as neutrinos are Majo
particles.

IV. DEPENDENCE ON THE LIGHTEST NEUTRINO MASS
AND CP PHASES

Let us next discuss how themee dependence onm0 is
related to the twoCP phasesa1 anda3. We present in Fig.
3 isocontour plots ofmee in the m0-a1 plane for vanishing
u13, for normal mass ordering, for some values of the so
parameters taken within the allowed ranges given in Eq.~7!.
Note that, in this particular case, there is no dependenc
the phasea3 in our choice of parametrization, which is cle
from Eq. ~11!.

First we note that in the plots isocontours are symme
with respect toa1 /p50.5. Second we note that ifmee is
smaller than a certain valuemee

crit the isocontours are closed
which means that the possible values of bothm0 anda1 are
bounded to some limited range, which does not include z

FIG. 3. Isocontour plots ofmee for sin2u1350 for normal mass
ordering in thea1-m0 plane. We have fixed the other relevant mi
ing parameters as (Dm12

2 , tan2u12)5(231025 eV2, 0.2) in ~a!, (5
31025 eV2, 0.35) in ~b!, (531025 eV2, 0.5), in ~c!, and (4
31024 eV2, 0.6) in ~d!.
09301
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The critical value ofmee under which the contour is a close
one is given by

mee
crit.mee

(2)5ADm(
2 s12

2 .~1 –10! meV; ~26!

this dependence is illustrated in Fig. 3. If a positive 0nbb
signal is not observed down to these values, this will imp
either thatm0 as well as theCP phasea1 are bounded to the
limited range within the closed contours shown in Fig. 3
that neutrinos are not Majorana type particles.

We show in Fig. 4 the same information as in Fig. 3~b!
but for sin2u1350.01 ~left panels! and 0.02~right panels! for
three different values ofa350,p/4, andp/2 in the upper,
middle, and lower panels, respectively. As we can see fr
these plots the qualitative behaviors of the contours are v
similar to those in Fig. 3~b!. This is due to the fact thatmee

(3) ,
which is the only term that carries the contributions
sin2u13 and a3, is subdominant compared to the other tw
elements inmee. The effect of a nonzeroa3 is to cause some
displacement of the position of the symmetry line of t
plots from arounda1 /p50.5 to somewhat smaller values.

Let us here mention the case wherem0 can be indepen-
dently measured by another experiment such as the KATR
@26# tritium decay one. In this case, it is possible to constr
the CP phasea1 by comparing the measured values ofmee
andm0 provided thatm0*340 meV, the maximum sensitiv
ity of KATRIN. If a 0 nbb decay experiment measuresmee
significantly smaller thanm0 measured by KATRIN, this
would imply a nonzeroCP phasea1. This is because, for
the m0 values relevant for KATRIN,mee;m0 if a1.0, but
mee can be as small as;0.13m0 if a1;p/2 and if the
largest allowed value ofu12 from the current LMA allowed

FIG. 4. Same as Fig. 3~b! but for sin2u1350.01~left panels! and
0.02 ~right panels!, for a350 ~upper panels!, p/4 ~middle panels!,
and p/2 ~lower panels!. The dashed vertical lines marka1 /p
50.5.
0-5
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region is realized@see Eqs.~23! and~24!#. However, it would
still be difficult to say something definite about the value
a1 for 10&m0 /meV&340.

Our plots in Figs. 3 and 4 are in agreement with the c
clusion presented in Ref.@29#, that is, either a positive or a
negative result in a 0nbb decay experiment can constra
m0 anda1 but, since the possible values ofa1 will always
includep/2, a nonzero value ofa1 cannot be interpreted a
evidence ofCP violation, even if a positive signal of 0nbb
decay is observed. Unfortunately, to be able to say anyth
more definite on theCP phase, independent precise inform
tion on m0 is unavoidable. Moreover, nothing can be co
cluded about the value ofa3.

We show in Fig. 5 the same information as in Fig. 3 f
inverted mass ordering. Since there is no significant dep
dence onu13 or ona3 in this case, we show only the curve
for vanishingu13. We note from these plots that there is n

FIG. 5. Same as Fig. 3 but for inverted mass ordering. Here
have fixed the atmospheric mass scale toDm23

2 52531023 eV2 in
~a!, to Dm23

2 52331023 eV2 in ~b! and ~c!, and toDm23
2 521.3

31023 eV2 in ~d!.
09301
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lower bound form0 as long asmee&50 meV, and, more-
over,a1 is less constrained if compared to the case of norm
ordering, independently of the values of the other neutr
oscillation parameters.

For the case of normal mass ordering, we have also
vestigated if the uncertainties in the determination of
solar parameters as well as onmee can wash out the deter
mination of a nonzeroCP phasea1, expected by the closed
contours in Figs. 3 and 4. For four different central values
mee, assuming 30% uncertainty in their determination~see
Sec. VI for a detailed explanation!, we have obtained the
region in the (Dm12

2 , tan2u12) plane wherea1 can be con-
strained to a nonzero value for~i! sin2u1350 and ~ii !
sin2u1350.02. This is shown in Fig. 6, where we also ha
assumed for each point in the (Dm12

2 , tan2u12) plane a 10%
uncertainty in the determination of these two parameters
this plot we have indicated by crosses the set of solar par
eters used in Figs. 3~a!–3~d!.

We observe that for the case ofu1350 @see Fig. 6~i!#,
determination of a nonzeroCP phasea1 is possible as long
as one can reach the sensitivitymee&5 meV for the param-
eter set~d! and mee&1 meV for sets~b! and ~c!. On the
other hand, in the case where sin2u1350.02, as we can se
from Fig. 6~ii !, a better sensitivity inmee is required to es-
tablish a nonzeroa1 value for the same parameter set. This
because whenu13 is nonzero the third elementmee

(3) , which
contains anotherCP phasea3, whose value is assumed to b
unknown, comes into play, and this could wash out m
efficiently the determination of nonzeroa1 when compared
to the case whereu1350.

V. DEPENDENCE ON THE LIGHTEST NEUTRINO MASS
AND u13

In this and the next sections we focus on the relat
amongmee and some of the yet undetermined mixing para
eters. Let us start by discussing the dependence ofmee

min on
m0 andu13. Here we discuss only the case of normal ord
ing since the dependence onu13 for the inverted case is quite

e

e,
of
r-

he
FIG. 6. Region in the (Dm12
2 , tan2u12) plane

wherea1 can be constrained to a nonzero valu
indicated by an arrow, for given central values
mee51,2,3 meV, taking into account 30% unce
tainty in the determination ofmee and 10% un-
certainty inDm12

2 as well as in tan2u12. The set
of solar parameters used in Figs. 3~a!–3~d! are
indicated by crosses. The allowed region for t
LMA MSW solution at 1s;, 2s;, and 3s are
shown by the shaded area~adapted from Ref.
@30#!.
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small. We present in Fig. 7, the isocontour plots ofmee
min in

thes13
2 -m0 plane for some different choices of the oscillatio

parameters.
For vanishingu13, one can havemee

min50 if mee
(1)5mee

(2) ,
i.e., m1c12

2 5m2s12
2 , which is equivalent to

m05
s12

2

Aucos 2u12u
ADm(

2 ;3 meV, ~27!

where we have computed the numerical estimate using
best fitted values of the parameters from the latest solar
trino data@see Fig. 2~a! and Fig. 7~b!#. Within the current
allowed range given in Eq.~7!, the possible values ofm0 for
which we can expect strong cancellation are in the ra
m0.(0.9–12) meV, as we can confirm with the plots in F
7.

For nonzero values ofu13, as we can see clearly from
Fig. 7, mee

min can be zero for some range ofm0. We can also
see that there is a critical value ofu13 for which mee

min is zero
with vanishingm0. Such a value ofu13 can be easily esti-
mated by solvingm2c13

2 s12
2 5m3s13

2 with m0→0, which is
equivalent to

s13
2 .A Dm(

2

Dmatm
2

s12
2 ;0.03 ~28!

for the best fitted parameters from solar as well as atm
spheric neutrino data. We note that this is close to the cur
upper bound ons13

2 allowed by the CHOOZ result@5#. Let-
ting Dm(

2 , Dmatm
2 , and s12

2 take any value in the region
consistent with the solar and atmospheric neutrino obse
tions given in Eqs.~5! and ~7!, the range ofs13

2 for which
strong cancellation can occur iss13

2 .0.01–0.20, which is
again consistent with our results in Fig. 7.

FIG. 7. Isocontour plots ofmee
min in thes13

2 -m0 plane for different
choices of the mixing parameters for normal mass ordering.
note that in the region delimited by thin solid curvesmee

min50.
09301
he
u-

e
.

-
nt

a-

We observe that ifs13
2 is smaller than the critical value

given in Eq. ~28!, the value ofm0 can be strongly con-
strained to some limited range around the value ofm0 given
in Eq. ~27!, provided that future 0nbb experiments can
probe anmee value as small as;ADm(

2 s12
2 independent of

whether a positive or negative signal of 0nbb is observed.

VI. CONSTRAINING m0 USING SOLAR NEUTRINO DATA

Finally, let us discuss how we can constrainm0 using the
solar neutrino parameters. Let us first analyze the case w
a positive signal of 0nbb is observed. The value ofmee has
to be extracted from the experimentally measured half-
T1/2

0n of the decaying parent nucleus by comparison with
theoretical predictions which rely on nuclear matrix eleme
calculations. This means that the experimental value ofmee
has to be expressed as an interval obtained using the m
mum and minimum matrix element predictions.

As mentioned in Sec. II B, typically there is a factor of
difference among the results of the matrix element eval
tions according to different model assumptions@28#. In order
to take such large theoretical uncertainty into account in
estimations, we will first assume that the experimenta
measured value ofmee will be extracted using the mean be
tween the minimum and maximum values of the matrix e
ment calculations, and then attach 30% uncertainty aro
this value, which corresponds to a factor of;2 between the
smallest and the largest theoretically allowedmee values for
a given value of the observed half-life. This is a somew
optimistic but reasonable assumption. Hopefully, improv
ments in the understanding of the underlying nuclear phy
effects can decrease this uncertainty even further.

In Fig. 8 we show the isocontours of upper (m0
max) and

lower (m0
min) bounds on m0 in units of meV in the

tan2u12-Dm12
2 plane for the case where a positive signal

0nbb is observed with central valuesmee510, 5, 3, and 1
meV with a 30% uncertainty. In these plots we have us
Dm23

2 5331023 eV2 and sin2u1350. We do not presen
plots for mee.10 meV, since in these cases the upper a
lower bounds can be analytically estimated as we will s
below.

Whenm0.ADmatm
2 the upper bound onm0 does not de-

pend much onDm(
2 but essentially only onu12 @see Eq.~23!

in Sec. II C#; it is given by

m0
max;

mee

cos 2u12
, ~29!

and the lower boundm0
min;mee, independent of the sola

parameters in the region compatible with the LMA MS
solution to the solar neutrino problem.

We observe that, as can be seen in Fig. 8, asmee de-
creases, the upper bound lines, which mainly depend
tan2u12, are shifted to larger values ofu12, decreasingm0

max

for a given set of (tan2u12,Dm12
2 ). The lower bound lines, on

the other hand, depend more onDm12
2 and there are some

regions where no lower bound is obtained. Formee
*10 meV or mee&1 meV there is always a lower boun

e
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FIG. 8. Isocontour plots of upper (m0
max, solid

curves! and lower (m0
min , dashed curves! bounds

of m0 in units of meV in the tan2u12-Dm12
2 plane

for the case where a positive signal of 0nbb is
observed with central valuesmee510 meV~a!, 5
meV ~b!, 3 meV ~c!, and 1 meV~d!. We assume
30% uncertainty in the determination ofmee. We
fix the other mixing parameters asDm23

2 53
31023 eV2 and sin2u1350. The allowed region
for the LMA MSW solution is the same as in Fig
6.
,
r-
th
t

can
on;
s is

l is
s in
found inside the currently allowed LMA MSW region
whereas for 1&mee/meV&10 this is not true. The appea
ance of these no-lower-bound bands comes from the fact
in these regions the solar mass scale alone is sufficien
explain the positive signal observed, even for vanishingm0.

In Fig. 9 we repeat the same exercise but for sin2u13
50.02. The most significant effect of a nonzero sin2u13 is the
09301
at
to

increase of the size of the no-lower-bound band, which
in some cases stretch over the entire LMA allowed regi
otherwise the behavior of the upper and lower bound line
qualitatively similar to the previous case.

Let us next consider the case where no positive signa
observed. In Fig. 10 we present the same information a
Fig. 8 but for the case where no positive signal of 0nbb is
r
FIG. 9. Same as Fig. 8 but fo
sin2u1350.02.
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FIG. 10. Same as Fig. 8 but for the cas
where no positive signal of 0nbb is observed
down tomee510 meV~a!, 5 meV~b!, 3 meV~c!,
and 1 meV~d!.
is
d
le

on
is

ed

n-

ig.
f

observed down tomee510 meV ~a!, 5 meV ~b!, 3 meV ~c!,
and 1 meV~d!. It is assumed that, when no positive signal
observed, for a given bound on the half-life time, the boun
on mee are extracted using the smallest nuclear matrix e
ment prediction which leads to the largestmee value@see Eq.
~10!#. We can see that the qualitative behavior of the isoc
tours for the upper bound is similar to that in Fig. 8 but it
09301
s
-

-

different for the trend of the lower bound curves. Compar
to the case where positive 0nbb signal is obtained, it is
more difficult to put a lower bound onm0. This can be easily
understood from Fig. 2~a!. We note that, unless we can co
strainmee down to;3 meV, no lower bound onm0 is ob-
tained. In Fig. 11 we present the same information as in F
10 but for sin2u1350.02. Again, the qualitative behavior o
FIG. 11. Same as Fig. 10 but for sin2u13

50.02.
0-9
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the isocontours is similar to the case of sin2u1350. The dif-
ference from the previous case presented in Fig. 10 is tha
constraint onm0 becomes somewhat weaker, leading
larger upper bounds and smaller lower bounds for a given
of (tan2u12,Dm12

2 ).
Finally, let us also comment on the case of inverted

dering. For this case, we can easily estimate the uppe
well as the lower bound from the analytic expressions
well as from the lower panels of Fig. 2. Let us look at Fig
2~c! and 2~d!. First of all, if inverted ordering is the case, th
observed value ofmee in a 0nbb decay experiment must b
larger than the value given in Eq.~25!, as already mentioned
in Sec. III. If the observedmee is smaller thanADmatm

2 c13
2

@see Eq.~22!# then there is no lower bound onm0, whereas
the upper bound is given by the same expression for the
of normal ordering, by Eq.~29!. If the observedmee value is
larger thanADmatm

2 c13
2 , then the upper as well as lowe

bounds are given by the same expression as in the cas
normal ordering, which is already discussed in this sectio

VII. DISCUSSION AND CONCLUSIONS

We have studied how the nonoscillation neutrino para
eters, which cannot be extracted from the oscillation ana
sis, the absolute neutrino mass scale and twoCP violating
Majorana phases, can be accessed by the positive or neg
signal of future 0nbb decay experiments. We have carrie
this out by choosing various different sets of mixing para
eters which are varied within the parameter region curre
allowed by the solar, atmospheric, and reactor neutrino
periments.

In the future, the KATRIN experiment expects to direct
inspectm0 down to;340 meV@26#, while there are severa
proposed astrophysical measurements on the temper
perturbation in the early universe imprinted in the cosm
microwave background radiation, such as the ones that
be performed by MAP~microwave anisotropy probe! @31#
and Planck@32#, which can probem0 down to ;300 meV
@33#, where the expected sensitivity suffers from the unc
tainty coming from cosmological parameters. It is expec
that future supernova neutrino measurements can probem0
down to at most;(2 –3) eV @34#.

Our analysis permits us to conclude that, if these exp
ments measurem0*300 meV, then either a positive sign
of 0nbb decay compatible withmee*30 meV must be ob-
served in the near future or neutrinos are Dirac partic
This is simply becausemee

min;m0cos 2u12 @see Eq.~23! in
da
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Sec. II C# and cos 2u12*0.1 from the current allowed LMA
parameter region given in Eq.~7!.

On the other hand, if these experiments do not obse
any positive signal ofm0*300 meV, results from future
0nbb decay experiments combined with more precise v
ues of the neutrino oscillation parameters, especially the
lar ones (Dm12

2 , tan2u12), which can be precisely determine
by the KamLAND experiment@8#, will place more stringent
bounds onm0 for the Majorana case provided that a sen
tivity of mee&30 meV is achieved. To be more specific, if
positive signal is observed aroundmee510 meV ~assuming
a 30% uncertainty on the determination ofmee), we estimate
3&m0 /meV&65 at 95% C.L.; on the other hand, if no sig
nal is observed down tomee510 meV, thenm0&55 meV at
95% C.L. Allowing for a more optimistic sensitivity, a pos
tive signal observed aroundmee53 meV or no signal seen
down to 3 meV would meanm0&25 meV at 95% C.L.
These bounds can be improved by a better determinatio
tan2u12, Dm12

2 , and sin2u13 as can be clearly seen in Fig
8–11, as well as by a reduction of the uncertainties in
theoretical calculations of the nuclear matrix elements.

We finally conclude that it is possible to constrain theCP
violating phasea1 to values aroundp/2 if ~1! m0 is large
enough to be detected by KATRIN or by astrophysical o
servations and future 0nbb decay experiments observemee
close to its minimum value or~2! future 0nbb decay experi-
ments can achieve a sensitivity onmee&5 meV, depending
on the values of the solar parameters and on the uncerta
on mee ~Fig. 6!, independently of whether a positive or
negative signal is observed. Unfortunately, nothing can
known abouta3.

Despite the fact that the parameter region inspected in
work differs from the one considered in Ref.@29#, we have
found, in agreement with this reference, that evidence
CP violation cannot be observed by future 0nbb decay ex-
periments, since the possible values ofa1, whenever it can
be constrained to some nonzero value, always includep/2,
unlessm0 can be independently determined by some ot
experiment.
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