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Assuming that neutrinos are Majorana patrticles, 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 twG P violating Majorana phases, and how they can be accessed by future neutrinoless double
beta (wBB) 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 boundg, dhe lightest neutrino mass, that
can be inferred if the next generatiow 8B decay experiments can probe the effective Majorana nmagg (
down to~1 meV. In this context we conclude that in the case that neutrinos are Majorana pattcliés,
my=300 meV, i.e., within the range directly attainable by future laboratory experiments as well as astrophysi-
cal observations, them,.=30 meV must be observeth) if my;<300 meV, results from future k)38 decay
experiments combined with stringent bounds on the neutrino oscillation parameters, especially the solar ones,
will place much stronger limits on the allowed valuesnaf than these direct experiments. For instance, if a
positive signal is observed arouma,.=10 meV, we estimate 3my/meV=<65 at 95% C.L.; on the other
hand, if no signal is observed down itq,,= 10 meV, thenmy<55 meV at 95% C.L.

DOI: 10.1103/PhysRevD.66.093010 PACS nuni$erl4.60.Pq, 13.15.9, 14.60.St

I. INTRODUCTION mination of thesescillation parameters.
However, if neutrinos are of the Majorana type, there re-
During the last few years, a significant amount of infor- main three nonoscillation parameters, which cannot be ac-
mation on the size of the neutrino oscillation parameters hasessed by oscillation experiments. They are the absolute neu-
been gathered. Most of what we currently know about thes&ino mass scale, which can be taken as the lightest neutrino
parameters relies on evidence of neutrino flavor transformamass, and two extr@ P violating Majorana phas¢9—11]. It
tion that has been collected by experimental observations aé well known that neutrinoless double betav{®3) decay
solar[1] as well as of atmospheric neutrinf8|. The evi-  experiments can shed light on these nonoscillation param-
dence coming from solar neutrino data has been strengthenetkers.
by the recent neutral current measurement at the Sudbury OvBB decay is a process that can occur if and only if
Neutrino Observatory(SNO) [3] while that from atmo- neutrinos are Majorana particl¢$2]. A positive signal of
spheric neutrinos has also been strongly supported by theévsB decay always implies a nonzero electron neutrino
K2K accelerator based neutrino oscillation experimefit ~ masg13] even if it is not induced by the exchange of a light
Furthermore, the negative results of reactor experimjts neutrino but by some other mechanism such as the one in
also impose stringent limits on some oscillation parameterssupersymmetry models with brokeR parity [14]. In this
Assuming that only three active neutrinos participate inwork, we assume the simplest possibility to be true, that the
oscillations in nature, independent of whether neutrinos ar@y 83 decay process is induced only by the exchange of a
Dirac or Majorana particles, current and future neutrino osdight neutrino.
cillation experiments can determine at the most six out of the The relationship between the signals in®3 decay ex-
nine parameters which completely describe the neutrinperiments and oscillation phenomena has been abundantly
mass matrix: i.e., two mass-squared differencesliscussed in the literature; see, for example, Rid]. So far,
(Amfz, Am§3), three mixing anglesdy,, 613, 0,3), and one a large amount of effort has been made to constrain the os-
CP violating phase §), which parametrize the Maki- cillation parameters from the observation or nonobservation
Nakagawa-SakatéMNS) [6] leptonic mixing matrix. See, of OvB3 decay, as well as to predict the possible range of
for instance, Refd7,8] for recent discussions on the deter- the effective Majorana mass inv@3 decay experiments,
Mee, from the allowed range of oscillation parametgts].
In this paper, we take a different point of view. We exam-

*Electronic address: nunokawa@ift.unesp.br ine how well we can constrain the three nonoscillation pa-
"Electronic address: teves@charme.if.usp.br rameters by future 988 decay experiments, considering
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mined (or constrainegdby current and future oscillation ex- m, <2200 meV. 2
periments. We discuss the interplay among these parameters ¢

and the observable signal in future 88 decay experiments The proposed KATRIN experiment aims to stretch the cur-
for the normal as well as for the inverted ordering of therent sensitivity down to~340 meV[26]. We also take this
neutrino mass spectrum. In particular, presuming the oscillainto consideration in our discussion.

tion parameters to be in the range presently allowed by the This paper is organized as follows. In Sec. Il, we describe
atmospheric, solar, and reactor neutrino experiments, we exhe theoretical framework on which we base our work. We
amine what can be concluded about these parameters in tifiest discuss in Sec. Ill the dependence of thes@ signal on
case of either a positive or a negative signal obtained inhe lightest neutrino mass, and second in Sec. IV we discuss

future Ov3p decay experimentsl6]. how the dependence afi,. on m; is related to the tw& P
So far, no convincing signal of @38 decay has been phasesa; and a. In Sec. V we discuss hownly', the
observed, rather only an upper boundrog, minimum possible value of,,, depends omm, and 6;5.

Finally, in Sec. VI, we discuss how the upper as well as the
lower bounds omm, depend on the solar neutrino oscillation
which comes from the result of the Heidelberg-Moscow C0|_parqmeters. Section VIl is devoted to our discussion and con-
laboration[17], exists. Recently, an experimental indication CUSIONS.
of the occurrence of 988 decay has been announddd]
but since this result seems to be controveril we do not Il. THE FORMALISM
discuss it in this work. , In this section we discuss the theoretical framework we
There are many proposals for future /83 decay experi- | rely upon in this work.
ments to go beyond the bound given in Et); these include
GENIUS[20], CUORE[21], EXO [22], MAJORANA [23],
and NOON[24]. It is expected that in the initial phase of the _ o )
proposed GENIUS experimef0] the sensitivity tam,, can We consider mixing among three neutrino flavors as
be as low as~10 meV, going down to~2 meV if the 10
ton version of the experiment is implemented. In this work,
we will try to be optimistic and consider that future experi- vy |=U|l r2], 3
ments will eventually inspean,, down to~1 meV.
The absolute neutrino mass scale is also independently
constrained by tritium decay experiments, which can directlywhere v, (a=e,u,7) and v; (i=1,2,3) are the weak and
measure the electron neutrino mass, obtaining the uppenass eigenstates, respectively, &hés the MNS[6] mixing

Mee<<350 meV, (1)

A. Mixing and mass scheme

Ve V1

vV, V3

bound[25] matrix, which can be parametrized as
C12C13 S12C13 sie "0
—S1Co3— C125235138'°  C1C3—S12525518'°  SpsCis |, (4)

i5 i5
$15S23— C12C23514€' —C15S23— $12C23512€' C23C13

wheres;; andc;;, correspond to the sine and cosinef . while the various solar neutrino experiment results strongly

We define the neutrino mass-squared differenceﬁmﬁ suggest that the so-called large mixing andleMA)

Emjz_miz, WhereAméEAmiz is relevant for solutions to MikheyevTSmirnov-WoIfenstein(MSV\/) solution with pa-

the solar neutrino problem, ankim?,,=|Am2 ] =|Am?Z, is  rameters in the rangd.,3,27

e oo e o o s A ~(2-4010°* oV
tarf 6,,~0.2—-0.8, (7)

AmZ, =|Ami]=(2—4)x10"% eV? will prevail as the explanation to the solar neutrino problem.
SiMP26,,~0.9-1, (5) We will admit throughout this paper thqt t_he actual values of
these parameters will be confirmed within the above ranges

by future neutrino oscillation experiments. In addition to fur-

which combined with nuclear reactor resujl§§ imply ther constraining the oscillation parameters given in Egs.
(5)—(7), it is expected that these experiments can also probe

the CP violating phases and determine the neutrino mass

sinf6,5<0.02, (6)  spectrum(sign of Am3y) [7].
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m, ™ whereG%” denotes the exact calculable phase space integral,
' My, consists of the sum of the Gamow-Teller and the Fermi
nuclear matrix elements defined as in R&8], andm,, is

the effective Majorana mass defined in Etjl) below.
2 It is known that the evaluation of the nuclear matrix ele-
ments suffers from a large uncertainty depending on the
method used in the calculations. As we can see in Table Il of
Ref.[28], the evaluated half-lives for a given nucleus and a
FIG. 1. Mass ordering considered in this work. given value ofmg, typically vary within a factor of~ 10
comparing the largest and smallest predicted values. This
In this work, we denote the lightest neutrino massmy  implies a factor of~3 difference between the minimum and
Then, usingAm? and Amj,, as defined above, we can de- maximum values ofn,, when extracting it from the results
scribe the two possible mass spectra as follows: of Ov3B decay experiments, which in fact directly measure
(@) normal mass ordering: or constrain not,, but the value off}},. This is clear from
Eqg. (10). In Sec. VI, we will consider for our estimations a
somewhat optimistic uncertainty of a facter2 instead of 3,
assuming future improvements in the evaluation of the
m,=ymp+Amg, nuclear r%atrix eleme%ts.
The effective Majorana mass,, is given by

Normal Inverted

m;=mgp,

M= \m3+Am2 +AmZ,; (8)
2 2 2
. . Mee=|M;Ug; + MoUg, + maUgs|,
(b) inverted mass ordering: e~ MUey 2" M3V
=|myct,cle? 1+ mysTClgt mesie? 3, (11)

my=VmG— Am3 + Amg,
where we have chosen to attach 8@ violating phases to

M= JmZ+AmZ,, the first and third elements. Note thai and ez must be
understood as the relative phaseslWyf; and Uz with re-
mz=my. 9 spect to that ofJ,. The ranges of these phases are
In this mannerAmZ,=Am3 for both mass orderings and Osa;sm, Osassm. (12)

Am3,=+Am?, where thet+ (—) sign indicates normain- : .
verted mass ordering. In Fig. 1, a schematic picture of theAS is known, the value ofin, can be perceived as the norm

> (1 (2 >(3)
mass ordering we consider here is shown. of the sum of three vectore(, m(?, and_m(ee) in the
complex plane whose absolute values are given by
B. Effective Majorana mass and O~ -
_ ! . = ) = U2 my=macd ok,
Assuming that the 888 decay process occurs through

the exchange of a lightnf,<10 MeV) neutrino, the theo- Mm@ =|m@)|=|UZ,|m,=m,s?,c?
. . ov - . ee ee e2l!1i2 2°12%131
retically expected half-life of the @33 decay,T75, is given
by [28] méeé)z | rﬁ‘(egé” =|UZ|mg=mssi;. 13
[T =G Mo, |*me, (10) Explicitly, mg is expressed as

mZ=[m{Ycos 2, + M)+ mcos 2w;512+ [MYsin 2a; + m3sin 24512

=[mE P+ 12+ [ P12+ 2{m{Im{cos 20, + mPm{cos 2xa+ mimPeod 2(a; — )1

2.4 4 2.4 -4 2.4 2 2 A2 2 2 2 2 2 2
=M]C7,C1gT M5S],C1gt M5S 3T 2{M1M,CT.ST,CT5C0S 21 + MyM3ST,CT3574C0S 23+ MyM3CT,C1557:C09 2( w1 — ar3) |}

(14

We can clearly see from E@14) thatm., is invariant under which allows us to further restrict the range ok( a3),
the transformation without loss of generality, to

(aq,a3)—(T—aq,7— ag), (15 O<a;<m, O<az=m/2. (16)
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We note thate, and/ora; different from 0 andm/2 imply sin?Q,; = 0.0 sin’@,; = 0.02
< T A DAL B

CP violation. VT
The maximum possible value ofi,., denoted bymI>>, | (a)

is given by

max__ 1 2 3
Mee ™= mg}e)_’_ m(ee)+ mt(ee)

|DULION

_ 2 2.2 2
= (M, €1+ M,STH) Clat MsSTs, 17

which occurs fora;=a3=0. On the other hand, the mini-
mum possible value afhg, is zero only when the three vec-
torsnawge)3 (i=1,2,3) can form a triangle. This can occur when §£
the condition

« (eV)

papaAY]

mgg<; m{) (i=1,2,3 (18)

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

min__ (1) m(2) )
Mee' =2MaxMee ,Mee . Mee'} FIG. 2. Maximum and minimum possible values mof, as a
function of m, indicated by the thick solid curves for ;=0
(left panel$ and 0.02(right panel$ for normal (upper panelsas

- well as for invertedlower panels mass ordering. We have fixed the
The values of &;,a3) that lead to such a minimum are mixing parameters a8mZ,=5x 105 e\, tarfd;,=0.35,
(_al'a3)(:1)(77/2(’20))’(77/2’(735/2_)’ or (0m/2) when, respec- .4 |Am2]=3x10"3 eV2. The individual contributions ofn(Y,
tively, Mee', Mee, OF Meg is the largest contribution. m2, andm{) are also shown by dashed, dotted, and dash-dotted

curves, respectively.

—[m{+m&+m). (19

C. Some useful extreme limits
I1l. DEPENDENCE ON THE LIGHTEST NEUTRINO MASS

To help the comprehension of our discussion in the fol- _ _ _ _ _
lowing sections, let us review here the approximate expres- In this section we examine how the effective Majorana
sions form™ and m" for the two extreme cases of the Massme, depends on the lightest neutrino masg, and

: P (1) 2 (3) -
mo compared toyAmZ.. The neutrino oscillation param- Mee » Mee , andme’ (0 mee. We presentin Fig. 2 for normal

eters are assumed to lie in the ranges given in Efjs(7).  (UPper panelsas well as invertedower panels mass order-

(i) Vanishing m limit. For normal mass ordering we have INd the maximum and minimum values o, as a function
of m, for vanishingé,; (left panel$ and sirf,5=0.02 (right

min mi=m@xm) panel3. In the same plots we also show the individual con-
ibuti (1) (2) (3)
5 o _ — tributions of mg, mge, and mgy by dashed, dotted, and
= VAMG ST LT3+ VAM;,S13, (200 dash-dotted lines, respectively.
Let us first discuss the case of normal mass ordering. As

m

where the— (+) sign corresponds tongy” (M. we can see from the plots in the upper panels of Fig. 2, for
For inverted mass ordering we have smaller values ofm,, m{? is the dominant contribution,
. whereas for larger values ahy, m{Y) dominates over the
1 2 A2 2 L o ee P
mie'=m{d—m{Z)= JAmZ,cos 26,¢;, (21)  other contributions. For the typical values of the oscillation
parameters allowed by the solar, atmospheric neutrino, and
M7= mY)+m@ = JAm?Z, c2;. (22 reactor datam{®) is almost always the smallest contribution

to mge, being subdominant img., and it can only be im-

(ii) Large my (> \/Amaztm) limit. For normal as well as for portant when there is a large cancellation betweé’d and
inverted mass ordering, mZ).

It is clear that a strong cancellation in,, can occur if at

mig'=m&) —m&) —mE least two ofm(Y), m{?), andm{®) are comparable in magni-
_ 2 ) tude. Just by comparing their magnitudes in the plots in Fig.
=Mg(C14C0S X5~ S13), 23 2, we can easily see for which valuesrof a strong cancel-
lation in m,, can occur. For the case #f;3=0, m,, can be
max__ (1) (2) (3) _ ee i 13 1 Mee
Mee =Mge T Mgg + Mgg=Mg. (29) zero only at one particular value afy [see Fig. 2a)],
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FIG. 3. Isocontour plots ofn,, for sir?6,3=0 for normal mass

ordering in thea;-my plane. We have fixed the other relevant mix- 0‘1/7"
ing parameters as\(ms,, tarfd,,) =(2x 10 ° eV?, 0.2) in(a), (5
X 1075 eV?, 0.35) in (b), (5X10 °eV? 0.5), in (c), and (4
X 10"* eV?, 0.6) in(d).

FIG. 4. Same as Fig.(B) but for sirf6;3=0.01 (left panel$ and
0.02 (right panel$, for a3=0 (upper panels #/4 (middle panels
and 7/2 (lower panels The dashed vertical lines mark, /
whereas for the case #3570 mg, can be zero for some 0>
range ofm, [see Fig. B)]. See Sec. V for more detailed rpe ritical value ofn,, under which the contour is a closed
discussion of the dependencemf}y’ on my and 645. one is given by
In the case of inverted mass ordering, the situation
changes significantly. Her(d>m{d>m( and mg'+0 M= m@= JAmZs2,~(1-10 meV; (26)
always must satisfy the condition
_ this dependence is illustrated in Fig. 3. If a positive@B
Mie'= VAMZ,,C0S 201,~10 meV, (25  signal is not observed down to these values, this will imply
either thatm, as well as theC P phasex, are bounded to the
for any value ofmg for current allowed parameters from limited range within the closed contours shown in Fig. 3 or
solar and atmospheric neutrino data and no complete cancehat neutrinos are not Majorana type particles.
lation in mg. is expected as we can see clearly from the plots We show in Fig. 4 the same information as in Figb)3
in the lower panels of Fig. 2. Therefore, if no positive signalbut for sirf6;3=0.01 (left panel$ and 0.02(right panel$ for
of OvBp is observed down te-10 meV, inverted mass or- three different values ofv3=0,7/4, and /2 in the upper,
dering can be excluded as long as neutrinos are Majoranaiddle, and lower panels, respectively. As we can see from
particles. these plots the qualitative behaviors of the contours are very
similar to those in Fig. @). This is due to the fact thanl®),
IV. DEPENDENCE ON THE LIGHTEST NEUTRINO MASS which is the o.nly term t.hat carries the contributions of
AND CP PHASES sirfé,; and a3, is subdominant compared to the other two
elements im,.. The effect of a nonzeras is to cause some
Let us next discuss how the, dependence om, is  displacement of the position of the symmetry line of the
related to the twdC P phasesy; and ;. We present in Fig. plots from aroundx,/7=0.5 to somewhat smaller values.
3 isocontour plots ofng, in the my-a4 plane for vanishing Let us here mention the case wheng can be indepen-
0.3, for normal mass ordering, for some values of the soladently measured by another experiment such as the KATRIN
parameters taken within the allowed ranges given in(Bg.  [26] tritium decay one. In this case, it is possible to constrain
Note that, in this particular case, there is no dependence aine CP phasea; by comparing the measured valuesnaf,
the phaser; in our choice of parametrization, which is clear andmg provided thaimy=340 meV, the maximum sensitiv-
from Eq. (12). ity of KATRIN. If a 0 vBB decay experiment measureg,
First we note that in the plots isocontours are symmetricsignificantly smaller thamm, measured by KATRIN, this
with respect toa; /7=0.5. Second we note that ifi.. is  would imply a nonzercCP phasea;. This is because, for
smaller than a certain valueSy the isocontours are closed, themq values relevant for KATRINmMge~mg if a;=0, but
which means that the possible values of bothanda; are mg. can be as small as-0.1Xmg if ay~w/2 and if the
bounded to some limited range, which does not include zerdargest allowed value of;, from the current LMA allowed
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lower bound formg as long asmg,.=50 meV, and, more-
over,a is less constrained if compared to the case of normal
ordering, independently of the values of the other neutrino
oscillation parameters.

For the case of normal mass ordering, we have also in-
vestigated if the uncertainties in the determination of the
solar parameters as well as on, can wash out the deter-
mination of a nonzer&€ P phasea,, expected by the closed
contours in Figs. 3 and 4. For four different central values of
Mee, assuming 30% uncertainty in their determinatisee
Sec. VI for a detailed explanatipnwe have obtained the
region in the @mfz, tarf0,,) plane wherex; can be con-
strained to a nonzero value fdi) sirf6;;=0 and (i)
sinf#;3=0.02. This is shown in Fig. 6, where we also have
assumed for each point in thamiz, tarf,,) plane a 10%
uncertainty in the determination of these two parameters. In

o4/ this plot we have indicated by crosses the set of solar param-
eters used in Figs.(8-3(d).

FIG. 5. Same as Fig. 3 but for inverted mass ordering. Here we \We observe that for the case 6f;=0 [see Fig. @)],
have fixed the atmospheric mass scalé tz;= —~5x10 ®eV?in  determination of a nonzeiGP phasea; is possible as long
(@), to Amj;=—3%10"°eV? in (b) and (c), and toAm3;=—1.3  as one can reach the sensitivity,<5 meV for the param-
x10"° eVZin (d). eter set(d) and mye<1 meV for sets(b) and (c). On the

o ) ) other hand, in the case where &ip=0.02, as we can see
region is realizedsee Eqs(23) and(24)]. However, itwould  fom Fig. i), a better sensitivity im., is required to es-
still be difficult to say something definite about the value of;;ish a nonzerav, value for the same parameter set. This is
ay for 10<mo/meV: 340. : . because whem, 5 is nonzero the third elemem(3), which

Our plots in Figs. 3 and 4 are in agreement with the CON¢ontains anothe P phasexs, whose value is assumed to be

clusion presentgd in Ref29), that is, eif[her a positive or @ unknown, comes into play, and this could wash out more
negative result In a b deca_y experiment can constrain efficiently the determination of nonzew, when compared
my and a4 but, since the possible values of will always to the case wheré ;=0

include 77/2, a nonzero value ok, cannot be interpreted as
evidence ofCP violation, even if a positive signal ofi33

decay is observed. Unfortunately, to be able to say anything, hepENDENCE ON THE LIGHTEST NEUTRINO MASS

m, (eV)

0 0.2 040608 0 02040608 1

more definite on th€ P phase, independent precise informa- AND 6y
tion on my is unavoidable. Moreover, nothing can be con-
cluded about the value afs. In this and the next sections we focus on the relation

We show in Fig. 5 the same information as in Fig. 3 foramongm,,and some of the yet undetermined mixing param-
inverted mass ordering. Since there is no significant depereters. Let us start by discussing the dependenaalit on
dence onfd3 or on a5 in this case, we show only the curves my and #,3. Here we discuss only the case of normal order-
for vanishingé,3. We note from these plots that there is no ing since the dependence 6i; for the inverted case is quite

%, L8 — m,, = 1.0 meV
YR ‘s, -= m, = 2.0 meV

\ "»." ‘e, e m,, = 3.0 meV
K m,, = 5.0 meV

FIG. 6. Region in the £mZ,, tarf6,,) plane
wherea; can be constrained to a nonzero value,
indicated by an arrow, for given central values of
mee=1,2,3 meV, taking into account 30% uncer-
tainty in the determination ofn,. and 10% un-
certainty inAm3, as well as in taf¥;,. The set
of solar parameters used in FiggaB-3(d) are
indicated by crosses. The allowed region for the
LMA MSW solution at 1o;, 20;, and 35 are
shown by the shaded ardadapted from Ref.

®
(o) (ii) sin®0,; = 0.02 [30]).

(i) sin*9,5=0

0 . . . " . . . I . .
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

tan?0,,
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l O e e E e T We observe that itsf3 is smaller than the critical value

-1 Ami=5 X107 eV* Am=3 X107 eV

given in Eq. (28), the value ofmy can be strongly con-
strained to some limited range around the valuengfgiven
in Eq. (27), provided that future 98B experiments can
probe anm,, value as small as-AmZ s2, independent of
whether a positive or negative signal of 88 is observed.

)
>
10
° @tar'e,-05, Wr-"m‘e"’ “‘);",,';;,"’_1'?5,3"‘\;4"“’““’ VI. CONSTRAINING mg USING SOLAR NEUTRINO DATA
€ 10_1 AmE=3X10~ 4 smes1.3X107eV 3
;—____,—-—i, ,
2 ] — Finally, let us discuss how we can constraig using the
L) * % 3 N solar neutrino parameters. Let us first analyze the case where
10} § S, a positive signal of @3 is observed. The value o, has
L 1 = mijzgigm to be extracted from the experimentally measured half-life
s f— rmoopme : T9, of the decaying parent nucleus by comparison with the
10, el Sl il theoretical predictions which rely on nuclear matrix element
10" 10° 10° 10° 10° 10° 10 : : :
. 5 calculations. This means that the experimental valuengf
Sin“0y; has to be expressed as an interval obtained using the maxi-

mum and minimum matrix element predictions.

As mentioned in Sec. Il B, typically there is a factor of 3
ifference among the results of the matrix element evalua-
tions according to different model assumpti$@8]. In order
o ) . to take such large theoretical uncertainty into account in our
smaII We present in Fig. 7, the isocontour plotsndfg’ in estimations, we will first assume that the experimentally
the sZ;-m, plane for some different choices of the oscillation measured value ah,. will be extracted using the mean be-

FIG. 7. Isocontour plots ahl" in the s2,-m, plane for different
choices of the mixing parameters for normal mass orderlng We
note that in the region delimited by thin solid cur\mg‘

parameters. ) tween the minimum and maximum values of the matrix ele-
For vanlshlngel3, one can havaanm'n 0 if m(l)—mge), ment calculations, and then attach 30% uncertainty around
i.e., myc2,=m,s?,, which is equivalent to this value, which corresponds to a factor-e2 between the

smallest and the largest theoretically allowagl, values for

2 a given value of the observed half-life. This is a somewhat
mO:# Am3~3 meV, (27)  optimistic but reasonable assumption. Hopefully, improve-
V|cos 20, ments in the understanding of the underlying nuclear physics

effects can decrease this uncertainty even further.

where we have computed the numerical estimate using the In Fig. 8 we show the isocontours of uppen®) and
best fitted values of the parameters from the latest solar nelewer (mm'”) bounds onmg in units of meV in the
trino data[see Fig. 2a) and Fig. Tb)]. Within the current  tar?,,-AmZ, plane for the case where a positive signal of
allowed range given in Eq7), the possible values afi, for 0,38 is observed with central values,.= 10, 5, 3, and 1
which we can expect strong cancellation are in the rangeneV with a 30% uncertainty. In these plots we have used
mo=(0.9-12) meV, as we can confirm with the plots in Fig. Am2,=3x 1072 eV? and siff;3=0. We do not present
7. plots for mc>10 meV, since in these cases the upper and

For nonzero values oby3, as we can see clearly from jower bounds can be analytically estimated as we will see
Fig. 7,mI"" can be zero for some range w. We can also  pelow.
see that there is a critical value 6f; for which mI™" is zero Whenmg>/AmZ,, the upper bound om, does not de-
with vanishingm,. Such a value o®,; can be easily esti-  pend much omm? but essentially only o, [see Eq(23)
mated by solvingm,c?;s7,=mzsi; with my—0, which is  in Sec. 11 C; it is given by
equivalent to

mmax,\,& (29)
5 Am3 ) 0 cos2hy,’
5132 —2512"‘ 003 (28)
Amgm and the lower bounany™~m,,, independent of the solar

parameters in the region compatible with the LMA MSW
for the best fitted parameters from solar as well as atmosolution to the solar neutrino problem.
spheric neutrino data. We note that this is close to the current We observe that, as can be seen in Fig. 8ymas de-
upper bound omis allowed by the CHOOZ resu[5]. Let-  creases, the upper bound lines, which mainly depend on
ting AmZ, Am?,.,, andsi, take any value in the region tarf6;,, are shifted to larger values @f,, decreasingng™
consistent with the solar and atmospheric neutrino observder a given set of (ta?rﬁlz,Amfz). The lower bound lines, on
tions given in Eqs(5) and (7), the range ofs 13 for which  the other hand, depend more Arvnff2 and there are some
strong cancellation can occur 5§3—0.01 0.20, which is regions where no lower bound is obtained. For,,
again consistent with our results in Fig. 7. =10 meV ormg.<1 meV there is always a lower bound
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posmve OVPP signal, sin'6,,=0 Ui

i

=W SN

FIG. 8. Isocontour plots of uppen(™®, solid
J curves and lower ("™, dashed curvésounds
of my in units of meV in the taf¥;,-AmZ, plane
: for the case where a positive signal o#8g is
observed with central values,.=10 meV(a), 5
meV (b), 3 meV(c), and 1 meV(d). We assume
\ 30% uncertainty in the determination wt,.. We

< fix the other mixing parameters as&m3,=3
%X 1073 eV2 and sifd;53=0. The allowed region
for the LMA MSW solution is the same as in Fig.
3 6.

30
(a) m, _10 meV

i
T ]

0.1 0203040506070809012020304050607080910
tan'6,

found inside the currently allowed LMA MSW region, increase of the size of the no-lower-bound band, which can

whereas for £mg./meV=10 this is not true. The appear- in some cases stretch over the entire LMA allowed region;

ance of these no-lower-bound bands comes from the fact thatherwise the behavior of the upper and lower bound lines is

in these regions the solar mass scale alone is sufficient tqualitatively similar to the previous case.

explain the positive signal observed, even for vanishing Let us next consider the case where no positive signal is
In Fig. 9 we repeat the same exercise but for&in observed. In Fig. 10 we present the same information as in

=0.02. The most significant effect of a nonzerc’sigis the  Fig. 8 but for the case where no positive signal of3pB is

_{(b) m =5 meV

0 [~
h s \,,,\': il FIG. 9. Same as Fig. 8 but for

G, Sirfg,5=0.02.

A’ (V)

v 8 (12 15 20253040 100/ T
4 5 6 738 10121520 100 |
10° \llHl\‘ ATTRREL \.H
01020304050607080901020304050607080910
tane12
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- negative Ovpp signal, sin2913 =0 :Zmin
107 7 e :
F\(a) m, <10 meV
107 =
t
3 1 1 25 50 .
) 15 1 (l\’)r: i;‘:n;\f ¢ FIG. 10. Same as Fig. 8 but for the case
290 | et L | S L where no positive signal of €33 is observed
”g : \ AR 1o .ﬁee‘;m;v v N down tomg.= 10 meV(a), 5 meV(b), 3 meV(c),
> RN NS \ and 1 meV(d).
107 :
4 5 6 7 8 10 121417 ‘ 1 0. \ N
<3meV
10_5 \(‘.:)rlnfe. 1\m.e\1\. I\.\J\.\AI .l. | " .2\ A Y " .
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
2
tan'6,,

observed down tang.=10 meV(a), 5 meV(b), 3 meV(c), different for the trend of the lower bound curves. Compared
and 1 meV(d). It is assumed that, when no positive signal isto the case where positiver@g signal is obtained, it is
observed, for a given bound on the half-life time, the boundsnore difficult to put a lower bound omg. This can be easily
on mg, are extracted using the smallest nuclear matrix eleunderstood from Fig. @). We note that, unless we can con-
ment prediction which leads to the largest, value[see Eq.  strainm,, down to~3 meV, no lower bound om; is ob-
(10)]. We can see that the qualitative behavior of the isocontained. In Fig. 11 we present the same information as in Fig.
tours for the upper bound is similar to that in Fig. 8 but it is 10 but for sif6;3=0.02. Again, the qualitative behavior of

5 . . 2 -
5 negative OvBp signal, sin®,=0.02 ‘mn
10 \ ™4 ¥ EQ¢C ¥ ‘\ T\ U L \l\ T — 15 T "&1 °
(a) m,, < 10 meV 15 N X~ «
~

—
(o]
.
% 1517 20 Tb*? 10 15? 1?1/ P2
m me’ . .
107 || .\\, o | : \‘J»,’ff i | FIG. 11. Same as Fig. 10 but for $ih,
o BV NN ] =0.02.
g B ASRNR 1
< E \‘\\\\ N ~
AN N
<4 N\ 4 E
NIERNY N
4 -
10 I E
T 4 ]

rrr g4y

i

| ;
(© maa\< 3 meV \ ? (d) m,, < 1 meV \
|

= \.i\1i1\.\ \. L4l

0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 0.1 8.2 0.3 0.4 0.
tan'6,,

[6) 1 R o)

2
N
0.6 0.7 0.8 0.9 1.0
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the isocontours is similar to the case of’#ip=0. The dif-  Sec. Il J and cos 2,,=0.1 from the current allowed LMA
ference from the previous case presented in Fig. 10 is that thearameter region given in E7).
constraint onmy becomes somewhat weaker, leading to On the other hand, if these experiments do not observe
larger upper bounds and smaller lower bounds for a given seiny positive signal ofmy=300 meV, results from future
of (tanzelz,Amfz). OvBB decay experiments combined with more precise val-
Finally, let us also comment on the case of inverted orues of the neutrino oscillation parameters, especially the so-
dering. For this case, we can easily estimate the upper dar ones @mfz, tarf6,,), which can be precisely determined
well as the lower bound from the analytic expressions aspy the KamLAND experimenf8], will place more stringent
well as from the lower panels of Fig. 2. Let us look at Figs.bounds onm, for the Majorana case provided that a sensi-
2(c) and 2d). First of all, if inverted ordering is the case, the tivity of m.,.=<30 meV is achieved. To be more specific, if a
observed value afng in a Ov3B decay experiment must be positive signal is observed aroumd..=10 meV (assuming
larger than the value given in E(5), as already mentioned a 30% uncertainty on the determinationnof,), we estimate
in Sec. Ill. If the observedn,, is smaller than\/Amaztmcf3 3=my/meV=65 at 95% C.L.; on the other hand, if no sig-
[see Eq.{22)] then there is no lower bound an,, whereas nal is observed down tm,.=10 meV, thermy=<55 meV at
the upper bound is given by the same expression for the cag5% C.L. Allowing for a more optimistic sensitivity, a posi-
of normal ordering, by Eq29). If the observedn,.value is  tive signal observed arouna.,.=3 meV or no signal seen
larger thanJAm2,.c2;, then the upper as well as lower down to 3 meV would meam,=<25 meV at 95% C.L.
bounds are given by the same expression as in the case bhese bounds can be improved by a better determination of
normal ordering, which is already discussed in this section.tarf;,, Am?,, and sifé;; as can be clearly seen in Figs.
8-11, as well as by a reduction of the uncertainties in the
VII. DISCUSSION AND CONCLUSIONS theoretical calculations of the nuclear matrix elements.
) o ) We finally conclude that it is possible to constrain the
We haye studied how the nonoscillation neutrino paramyjplating phasea; to values aroundr/2 if (1) m, is large
eters, which cannot be extracted from the oscillation ana'Yenough to be detected by KATRIN or by astrophysical ob-
sis, the absolute neutrino mass scale and GW®violating  servations and future €88 decay experiments observe,
Majorana phases, can be accessed by the positive or negati¥gse to its minimum value @) future Ov BB decay experi-
signal of future QBB de_cay e>_<periments. We haye carried ments can achieve a sensitivity am,<5 meV, depending
this out by choosing various different sets of mixing param-p, the values of the solar parameters and on the uncertainty
eters which are varied within the_ parameter region cu_rrentl)bn Mee (Fig. 6), independently of whether a positive or a
allowed by the solar, atmospheric, and reactor neutrino expegative signal is observed. Unfortunately, nothing can be
periments. _ _ known aboutas.
~ Inthe future, the KATRIN experiment expects to directly  pegpite the fact that the parameter region inspected in this
inspectm, down to~340 meV[26], while there are several \york differs from the one considered in RERY], we have
proposed astrophysical measurements on the temperatui§nd, in agreement with this reference, that evidence for
perturbation in the early universe imprinted in the cosmicc p yiplation cannot be observed by future 83 decay ex-
microwave background radiation, such as the ones that C3riments, since the possible valuesagf whenever it can
be performed by MARmicrowave anisotropy probd31] e constrained to some nonzero value, always inchatfe

and Planck32], which can probem, down to ~300 meV  njessm, can be independently determined by some other
[33], where the expected sensitivity suffers from the uUncergyneriment.

tainty coming from cosmological parameters. It is expected
that future supernova neutrino measurements can prgpe
down to at most-(2-3) eV[34].

Our analysis permits us to conclude that, if these experi-
ments measureng=300 meV, then either a positive signal  We thank P. C. de Holanda for useful correspondence.
of OvBB decay compatible witlm,s=30 meV must be ob- This work was supported by Fundacde Amparo @esquisa
served in the near future or neutrinos are Dirac particlesdo Estado de @aPaulo(FAPESP and by Conselho Nacio-

This is simply becausenl"~mqcos ¥;, [see Eq.(23) in  nal de Ciecia e TecnologidCNPQ.
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