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Abstract: We emphasize that it is extremely important for future neutrinoless double-beta (0vB8) decay experiments
to reach the sensitivity to the effective neutrino mass |mgg| ~ 1 meV. With such a sensitivity, it is highly possible to
discover the signals of 0vBB decays. If no signal is observed at this sensitivity level, then either neutrinos are Dirac
particles or stringent constraints can be placed on their Majorana masses. In this paper, assuming the sensitivity of
lmggl ~ 1 meV for future 0vBB decay experiments and the precisions on neutrino oscillation parameters after the
JUNO experiment, we fully explore the constrained regions of the lightest neutrino mass m; and two Majorana-type
CP-violating phases {p,c}. Several important conclusions in the case of normal neutrino mass ordering can be made.
First, the lightest neutrino mass is severely constrained to a narrow range m; € [0.7,8] meV, which together with the
precision measurements of neutrino mass-squared differences from oscillation experiments completely determines the
neutrino mass spectrum my € [8.6,11.7] meV and m3 € [50.3,50.9] meV. Second, one of the two Majorana CP-violat-
ing phases is limited to p € [130°,230°], which cannot be obtained from any other realistic experiments. Third, the
sum of three neutrino masses is found to be X = my +my +m3 € [59.2,72.6] meV, while the effective neutrino mass
for beta decays turns out to be mg = (|Uei m? +|Ue?m3 +|Us?m3)!/? € [8.9,12.6] meV. These observations clearly

set up the roadmap for future non-oscillation neutrino experiments aiming to solve the fundamental problems in neut-

rino physics.
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1 Introduction

Neutrino oscillation experiments have firmly estab-
lished that neutrinos are massive particles and lepton fla-
vors are significantly mixed [1]. As expected in a class of
seesaw models for neutrino mass generation [2], massive
neutrinos are Majorana particles and they may provide a
natural and elegant explanation for the observed matter-
antimatter asymmetry in our Universe [3]. If this is in-
deed the case, it will be a great challenge to determine
two associated Majorana-type CP-violating phases, which
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are measurable only in the lepton-number-violating pro-
cesses. Currently, the experimental search for neutrino-
less double-beta (0v38) decays 4N — 4 ,N +2e~ of some
heavy nuclei éN , which possess an even atomic number
7 and an even mass number 4, is the most promising way
to demonstrate the Majorana nature of massive neutrinos
and to prove the existence of lepton number violation in
nature [4]. Assuming that three light Majorana neutrinos
are responsible for the 0vB8 decays of an even-even nuc-
lear isotope, we can find the half-life [5]
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where Gy, denotes the relevant phase-space factor, My, is
the nuclear matrix element (NME), and m, = 0.511 MeV
is the electron mass. In the standard parametrization of
lepton flavor mixing matrix, the effective neutrino mass
Imggl| for OvBB decays appearing in Eq. (1) reads

Imggl = |m1 cos’ 013 cos? 012e” + my cos? B3 sin” 612
+ms3sin’ ;3¢ , )

where m; (for i = 1,2,3) stand for the absolute masses of
three ordinary neutrinos. Out of three neutrino mixing
angles only two {6,013} are involved in the effective
neutrino mass in Eq. (2), where {p,o} are two Majorana
CP phases. The other neutrino mixing angle 6,3 and the
Dirac-type CP-violating phase ¢ are irrelevant for OvS3
decays.

The main purpose of the present study is to explore
the physics potential of pinning down the fundamental
parameters in future OvBB decay experiments, in particu-
lar the absolute neutrino masses and two Majorana phases
that are not accessible at all in neutrino oscillation experi-
ments. Our motivation is three-fold:

e Neutrino oscillation experiments have measured
with reasonably good precisions the relevant two neut-
rino mixing angles {62,603}, and two independent neut-
rino mass-squared differences Am3, =m3-m? and
|Am3,| = [m3 —m?3|[1]. In the near future, the JUNO experi-
ment [6,7] will be able to offer an unambiguous answer to
whether neutrino mass ordering is normal m; <m; < mj
(NO) or inverted ms < m; <m; (I0), and to improve the
precisions of three parameters {sin”6,, Am3, ,Am3,} to the
level below one percent. In addition, the ultimate preci-
sion on sin® 6,3 from the Daya Bay experiment will be 3%
[8,9]. According to neutrino oscillation data, at least two
neutrino masses should be above the meV level, e.g.,
msz > my = \/m%+Am§] > \/Am%1 ~8.6meV (for NO).
Given oscillation parameters, the observation of 0v38 de-
cays will be extremely important in the determination of
the lightest neutrino mass m; (for NO) or mj (for 10) and
two Majorana CP phases {p,o}. It should be noticed that
the latest global-fit analysis of neutrino oscillation data
already hints at a 20 preference for the NO [10], when
the atomspheric neutrino data from Super-Kamiokande
are not taken into account. The hints for the NO have also
been found by other independent analyses [11,12]. The
neutrino mass ordering will be unambiguously clarified
by future neutrino oscillation experiments with a much
higher statistical significance [13].

e The upper bound on the absolute scale of neutrino
masses extracted from the trittum beta decays is
mg <2.3eV (Mainz [14]) and mg <2.2eV (Troitsk [15])
at the 95% confidence level, where the effective neutrino
mass my for beta decays is defined as my= (m%|U61|2+

m3|Ues* +m3|U.3 |2)1/2 with the moduli of the matrix eleme-
nts of lepton flavor mixing matrix being |U,|=
cos013¢c08012, |Uyp| = cosBi3sinbip and |U,z| = sinéy3. The
first measurement of tritium beta decays by the KATRIN
experiment has improved the limit to mg < 1.1eV at the
90% confidence level [16,17]. In future, the full opera-
tion of the KATRIN [18,19] and Project 8 [20] experi-
ments will be capable of bringing the upper limit down to

<200 meV and mg < 40 meV, respectively. On the oth-
er hand the cosmological observations of cosmic mi-
crowave background by the Planck satellite gives the
most restrictive bound on the sum of three neutrino
masses X =mj+my+m3<120meV [21,22]. However,
there is still a long way to go until the neutrino mass re-
gion of a few meV is accessed.

e Future large and ultra-low background liquid scin-
tillator (LS) detectors, such as JUNO, have great poten-
tial of searching for 0vBB decays by dissolving the Ov8B-
decaying 1sotope *Te or "*Xe into LS. This concept has
been discussed in Ref. [23], where the Xe-loaded LS is
taken as a target. It has been demonstrated that a sensitiv-
ity (at the 90% confidence level) to Tl/ 20f 1.8x 1028 yr is
achievable with 50 tons of fiducial ' Xe and 5 years of
exposure, while the corresponding sensitivity to the ef-
fective neutrino mass |mgg| could reach (5---12) meV de-
pendmg on the NME value. It has also been pointed out
that "’Te may be an advantageous candidate due to its
high natural abundance. If the nuclear 1sot0pe *Te with
a maximum fraction of 4% is loaded, a total target mass
of 400 tons could be obtained, leading to an improve-
ment on the sensitivity by a factor of (400/50)!/4 ~ 1.68,
namely, [mgg| = (2.3---6.0) meV for the same background
index.’ Moreover, if the nominal value of the back-
ground index in Ref. [23] is further significantly reduced,
e.g., by two orders of magnitude, the ultimate sensitivity
will hopefully be close to [mgs| =~ 1 meV. See, e.g., Ref.
[24], for an earlier discussion about the sensitivity of fu-
ture 0vBB decay experiments. While it is not clear that
1 meV sensitivity could be practically achieved, it at least
points towards a direction for experimental development
that could extend sensitivity beyond the currently planned
next generation of instruments into the NO region.

In the literature, it has been noticed [25-29] that
Imggl ~ 1 meV could be set as a target value and useful in-

1) Note that the sensitivity to [mgg| depends on the relevant NME value, given the experimental setups with the same target mass, exposure and background index.
Here the NME values of the Ov38 decays of "*Te have been taken from the same references for those of **Xe such that both NME values are calculated i in the same the-

oretical nuclear model. In all the relevant theoretical models, the NME values for

"Te are larger than those for **Xe, which is another advantage of the

*Te option. If

the target mass )/ is increased, we estimate the improved sensitivity to |mgg| by following the scaling law |mgg| oc M 174,
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formation on the absolute neutrino masses and the Major-
ana CP phases can be obtained. We emphasize that with
the sensitivity of |mgs| ~ 1 meV in future Ov3B decay ex-
periments, it is likely to observe the signal events. Even if
this is not the case, a stringent constraint on or even a pre-
cise determination of the absolute neutrino masses can be
achieved. The present study differs from previous works
in two aspects. First, we concentrate on the effective
neutrino mass |mgg| in the NO case and update its value
with both the latest global-fit results of all the relevant
neutrino oscillation parameters and the future measure-
ments from neutrino oscillation experiments. These in-
puts help better define how much the effective mass
Imgsl ~ 1 meV can tell us the information about the light-
est neutrino mass m; and the Majorana phases {p,0}.
Second, we further explore the implications for the neut-
rino mass spectrum, the effective mass my for beta de-
cays and the sum of three neutrino masses ¥, and stress
that the determination of the lightest neutrino mass from
the 0vBB decay experiment with a sensitivity of
Imgsl ~ 1 meV sets up a challenging goal for future beta-
decay experiments and cosmological observations. As it
is unclear whether the sensitivity at the level of
Imgsl ~ 1 meV can be ultimately accomplished in a realist-
ic OyBB decay experiment, we take this sensitivity as a
working scenario and investigate its phenomenological
implications. Our main conclusions are summarized as
follows.

e With the help of precision measurements of two
neutrino mass-squared differences from oscillation exper-
iments, we can completely determine the neutrino mass
spectrum, namely, m; € [0.7,8] meV, m; € [8.6,11.7] meV
and mj3 € [50.3,50.9] meV.

e One of the two Majorana CP-violating phases is
limited to p € [130°,230°], which cannot be obtained from
any other realistic experiments. Unfortunately, the other
Majorana CP phase o is essentially unconstrained, and
the observations of different lepton-number-violating pro-
cesses are necessary to fix both phases in the far future.

e The sum of three neutrino masses is found to be
¥ €[59.2,72.6] meV, while the effective neutrino mass for
beta decays turns out to be mg € [8.9,12.6] meV. It will be
a challenging task for future cosmological observations
and beta-decay experiments to achieve these values.

The remaining part of this paper is organized as fol-
lows. In Sec. 2, the three-dimensional description of the
effective neutrino mass |mgg| as a function of the lightest
neutrino mass m; and the Majorana CP phase p is given,
where the future precision on neutrino oscillation para-
meters is implemented and the latest global-fit results
from Ref. [10] are also considered for comparison. Fur-
thermore, the implications for the neutrino mass spec-
trum, the effective neutrino mass my in beta decays and
the sum of three neutrino masses from cosmological ob-

servations are discussed in Sec. 3. Finally, we give some
further remarks and summarize our main conclusions in
Sec. 4.

2 Neutrino masses and Majorana CP phases
2.1 Two-dimensional description

The conventional way of graphically showing the
possible range of |mgg| is to plot it as a function of the
lightest neutrino mass (m; for the NO case or mj3 for the
IO case) by varying p and o in the whole range of
[0,360°), as first suggested in Ref. [30]. In Fig. 1, the al-
lowed range of |mgg| in the NO case is shown as the gray
region. The boundaries of the allowed range are denoted
by the dashed curves, which are obtained by using the
best-fit values of {612,613} and {Am3,,Am3, } from the latest
global-fit analysis of neutrino oscillation data in Ref.
[10]. In the left panel, the red bands along the dashed
curves are caused by the 1o uncertainties of the oscilla-
tion parameters from the global-fit analysis, while those
in the right panel are due to the 1o~ uncertainties after the
JUNO measurements [7]. In each panel, the horizontal
dashed line corresponds to |mgs| = 1 meV and the allowed
range of m; is indicated by two vertical dashed lines.
More explicitly, we quote the best-fit values and current
uncertainties of the relevant oscillation parameters from
Ref. [10] in the NO case as below
sin?61, =0.310%09013,  Am3, =7.39%05)x 1077 eV?;
sin? 013 =0.02241700006¢ | Am3, =2.523*0032x 1073 eV? .

)

For the future measurements of these parameters, we
assume that the best-fit values are the same, but the preci-
sion on sin®6y,, Am3, and Am3, will be improved after the
JUNO experiment to 0.54%, 0.24% and 0.27%, respect-
ively. It is worth mentioning that the ultimate precision of
3% on sin’f3 from the Daya Bay experiment will be ad-
opted, which is comparable to that in Eq. (3).

In order to clarify the dependence of |mgg| on the os-
cillation parameters, we consider its upper ("U") and
lower ("L") boundaries that are derived by varying the
Majorana CP phase o, namely,

Imgglu L = [Im12] + ms sin® 03] 4)

where the sign "+" (or "-") corresponds to "U" (or "L"),
and 7115 = my cos? 013 cos? 01,e¥ +my cos? @13 sin’ 6y, is the
sum of the first two terms in mygg defined in Eq. (2). No-
tice that the phase o has been properly chosen to match
exactly (or differ by +rn from) the phase of mj, to draw
the upper (lower) boundary. Some comments on the up-
per and lower boundaries of |mgg| in Fig. 1 are in order.

In the NO case, given two neutrino mass-squared dif-
ferences Am3, ~7.39x1075 eV? and Am3, ~2.523x1073 eV?,

we have m3 = ([mj+Am3, and my = \Jm? + Am3, . The up-
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(color online) The effective neutrino mass |mgg| is shown as a function of the lightest neutrino mass m; in the NO case, where

the gray region is allowed and the dashed curves refer to its boundaries. In the left panel, the boundaries are obtained by using the
best-fit values of {612,613} and {Am2,,Am3,} from the latest global-fit analysis of neutrino oscillation parameters in Ref. [10] and the
red region is caused by the 1o uncertainties of these parameters. In the right panel, the future precisions on those oscillation paramet-
ers after the JUNO measurements [7] are implemented. In each panel, the horizontal dashed line corresponds to |mgg| = 1 meV and the

allowed range of m; is indicated by two vertical dashed lines.

per boundary is determined by

[mggly =cos’ 013 (ml cos? 012+ sin’ 012 + /Am%l + m%)
+ sin 913 ,/Amn +m?,
implying [mggly — sin 912005 013 + /Am21 +sin? 013 A /Am

in the limit of m; — 0. In this limit, the first term
sin’ @y, cos? ;5 Am%1

than the second term sin’6);3 /Am%l ~ 1.1 meV, where
sin*61> ~0.310 and sin?6;3 ~0.02241 have been used.
Hence the uncertainties from sin”6;, and Am%l dominate
over those from sin?6;; and Amgl. This can be clearly
seen by comparing the uncertainty of the upper boundary
in the left panel of Fig. 1 with that in the right panel, as
the JUNO measurements improve the precisions on
sin® 6, and Am%l. When the lightest neutrino mass m; in-
~ 8.6 meV, we ob-
tain m; ~my and the first term on the right-hand side of
Eq. (5) is approximately given by m cos®6;s, indicating
that the dependence on the sin@;, and Am%1 becomes
very weak. On the other hand, the lower boundary in the
limit of m; — 0 reads

|mﬁ'3|L = COS2 913 sin2 912 ‘[Amgl - Sil’l2 913 ‘[Amgl 5

which is estimated to be |mggl, ~ 1.5 meV for the best-fit
values of neutrino mixing angles and mass-squared dif-

~2.6meV 1is about twice larger

creases, in particular for m; > Am%1

ferences in Eq. (3). Since the first term on the right-hand
side of Eq. (6) is about twice larger than the second term,
the dominant uncertainty on the lower boundary comes

Am%1 ~ 8.6 meV
and thus mj=~my, we obtain |mggly = cos®63co0s26),

\JAm2, +m? —sin® 613 \|Am2, +m?, so the uncertainty from

sin” 0}, continues to be dominant as clearly shown in Fig. 1.
In the region of 2 meV < m; <7 meV, the destructive can-
cellation appears in |mgg| due to the Majorana CP phases,
leading to a "well"-like structure, which will be ex-
amined more carefully in the next subsection.

We have observed that the boundaries of the allowed
range of |mgg| in the NO case depend crucially on the pre-
cision of sin’6;, and Am%l. After the JUNO measure-
ments, as illustrated in the right panel of Fig. 1, the uncer-
tainties from neutrino mixing angles and mass-squared
differences could be safely ignored. It will be helpful to
quantitatively assess the impact of the uncertainties of
neutrino oscillation parameters. If the 1o uncertainties of
neutrino mixing parameters from current neutrino oscilla-
tion data are taken, the value of |mgs| =1 meV will be
reached in the range of m; € [0.42,9.6] meV. With the im-
provement by the JUNO measurements, we obtain
my €[0.62,9.0lmeV for |mgg| =1 meV, where the lower
bound of m; has been modified significantly.

from sin?6), and Am3, [31]. For m; 2

2.2 Three-dimensional description

As we have mentioned, in the so-called Vissani graph

031001-4



Chinese Physics C Vol. 44, No. 3 (2020) 031001

[30] in Fig. 1, there is a “well”-like structure of |mgg| in
the region of 2 meV gm; <7 meV for the NO case. In-
side the well, |mgg| takes tiny values, where a significant
cancellation among three components of mgg occurs. The
bottom of the well signifies the extreme case of |mgs| — 0,
where a complete cancellation takes place. In Ref. [25],
the three-dimensional graph, where |mgg] is plotted against
both the lightest neutrino mass m; and the Majorana CP
phase p, has been suggested and shown to be extremely
useful in revealing the fine structure inside the well
[26,27].

In Fig. 2, we reproduce the three-dimensional graph
of |mgg| in the NO case from Refs. [26,27] and zoom in
the region of 1072 meV < |mgg| < 1.1 meV, where the best-
fit values of neutrino mixing angles and mass-squared
differences from Ref. [10] have been used. As we have
explained, the upper (or lower) boundary of the allowed
range of |mgg| can be obtained by properly choosing the
Majorana CP phase o such that it matches (or differs by
+r from) the phase of mj,. More explicitly, the values of
o are determined by

my sinp

sino- =+
2 2 29 2 49
my + minip tan 1gcosp+m2tan 12

’

2
mj cosp + myptan- 0,
coso =+ P .

\/m% +2mim;y tan2 61, cosp + m% tan4 6,

With the help of Eq. (4), one finds that the bottom of the

well  (ie., |mggl=0) would be reached for
1074
=
o,
— 1074}
1075 L et '—L\;_n
10
"y fey) 1072
Fig. 2.

12| = m3 sin®6y3. Then it is straightforward to verify that
lmggl =0 holds only in the narrow region of
2meV smy <7meV and 155° < p <205°. The other Ma-
jorana CP phase o is fixed via Eq. (7) by choosing the
minus sign.

As shown in Fig. 2, three contour surfaces corres-
ponding to |mgg|l = 1.1 meV, 0.3 meV and 0.1 meV appear
above the “bullet”-like structure. The surface of this bul-
let is described by

Imggly, = m3 sin® 613 — [mya| ®)

whose maximum |mggl. = m3 sin?6;3 appears at 7 =0
that in turn requires p = 180° and m;/my = tan®6y, [26].
Numerically, for the best-fit values of oscillation para-
meters in Eq. (3), the tip of the bullet is located at
(m1 e |m,8ﬁ|*) ~ (4 meV,180°,1.1 meV). Note that the re-
gion covered by the bullet surface is actually hollowed
out, so the allowed parameter space for small values of
Imgg| decreases rapidly, which becomes clear by compar-
ing among three contour surfaces in Fig. 2. For the fol-
lowing two reasons, |mggl. = 1.1 meV can be taken as a
threshold value in some sense. On the one hand, as one
has already seen, the parameter space for |mgg| < [mggls to
hold is very small as compared with the whole parameter
space. On the other hand, although it is obviously chal-
lenging for the future OvBB decay experiments to reach
the sensitivity of |mgsl ~ 1 meV, this goal is hopefully
achievable by further optimizing and improving the ex-
perimental setup considered in Ref. [23]. If such a sensit-
ivity is ultimately reached, one can probe the absolute

(color online) The zoomed-in three-dimensional graph of |mgg| as a function m; and p for the NO case, where the best-fit val-

ues Am2, =7.39x107° eV2, Am3, =2.523x 1073 eV2, sin? 015 = 0.310 and sin? ;3 = 0.02241 have been taken [10]. The blue filled volume
stands for the allowed range of |mggl|, while three contour surfaces corresponding to |mggl = 1.1 meV, 0.3 meV and 0.1 meV are shown

and the “bullet”-like region is hollowed out.
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neutrino masses to an unprecedented precision at the
meV level and draw a restrictive constraint on the Major-
ana CP phases.

Now let us assume that the sensitivity of
lmgsl = 1 meV or even below can be reached in the future
0vBB decay experiments. In this case, the allowed para-

300 |

meter space of (my,p,0) is given in Fig. 3. For comparis-
on, we have shown the results for |mgg| = 1 meV, 0.3 meV
and 0 meV in the upper panel. In the lower panel, the pro-
jections of the parameter space into the (my,p)-, (m,o)-
and (p,o0)-plane have also been presented. Some com-
ments on the numerical results are helpful.

200 |
® 100
360 ; ; ; 360 ; ; ; 360 : :
— [mggl =1 meV
lmggl = 0.3 meV
270 F = Imgg| =0meV 270 1 270 ]
180 1 =180} 1 =180} ]
Q (<) &)
90 [ ] 90 | ] 90 | ]
0 - - - 0 - - - 0 s s
10=* 1073 1072 107! 10=* 1073 1072 107! 0 90 180 270 360
my [eV] my [eV] p[°]

Fig. 3.

(color online) The allowed parameter space of mj, p and o for |mgg| < 1 meV, |mggl < 0.3 meV and |mgg| = 0, where the same best-

fit values of Am2,, Am3,, sin?6y, and sin? 613 as in Fig. 2 have been used. In the lower panel, the projections of the allowed parameter

space into the (m;,p)-, (m1,0)- and (p,o)-plane have also been shown.
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e In our calculations, the best-fit values of neutrino
mixing angles and mass-squared differences in Eq. (3)
have been adopted. After taking account of the JUNO
measurements, the uncertainties of those parameters will
be negligible. In fact, we have also numerically checked
that this is indeed true.

o If the sensitivity of |mgs|=1meV is eventually
achieved, the allowed ranges of three fundamental para-
meters m;, p and o can be read off from the red shaded
areas in the two-dimensional plots in the lower panel of
Fig. 3. More explicitly, we have m; €[0.7,8] meV,
p €[130°,230°] and o € [0,360°). Note that there is a tiny
blank region in the center of the red area in the (my,p)-
plane. This is due to the fact that the tip of the bullet is
located at |mgg| = [mggl. ~ 1.1 meV, which is slightly above
the contour surface of |mgs| = 1 meV.

e When the sensitivity is further improved to
Imggl = 0.3 meV, only the green bands in the two-dimen-
sional plots are allowed. As a consequence, the paramet-
er space turns out to be more strictly constrained, namely,
my €[1,77meV and p € [150°,210°]. However, the whole
range of o is still allowed. In the extreme case of
Imggl = 0 meV, the parameter space is represented by the
blue curves. Given the lightest neutrino mass m;, one can
completely pin down the values of the Majorana CP
phases p and o-. Even in this case, depending on the exact
value of m;, any value of o~ within [0,360°) can be taken.

To quantitatively explain the constraining power of
the 0vBB decay experiments, we introduce the probability
P(Imgg| < Imggl.) as a function of the lightest neutrino mass
m1. For a given value of m, this probability is calculated
as the ratio of the required ranges of p and o (for
[mggl < [mpggl. = 1.1 meV to be satisfied) to the whole range
of 360° x360°. In Fig. 4, P(lmgg| < |mggl.) has been plot-
ted as the red solid curve. One can observe that this frac-
tion is always below 10% for any viable value of m;.
Based on the above calculations, we conclude that the

£ 01F .
% L i
E L 4
ar L i
00, % . RS & L
1073 1072
my [eV]
Fig. 4. (color online) The ratio of the region of (p,0) for

lmgg| < Imggl. to hold to the whole region 360° x360° for any
given value of m;, where the best-fit values of Am2,, AmZ,,
sin® 6}, and sin® 63 have been input as in Fig. 2.

fulfillment of |mgg| < [mggl. =~ 1.1 meV requires significant
cancellation among three terms in mgg, and the possibil-
ity for such a case to come true is really small [26,27] un-
less there is some underlying symmetry leading to such a
cancellation. In other words, future 0vBB experiments
with a sensitivity of |mgs| ~ 1 meV will be able to determ-
ine the lightest neutrino mass with a high precision and
even to probe the Majorana CP phases.

3 Implications for beta decays and cosmology

Since the lightest neutrino mass m; canbe con-
strained to a narrow range of [0.7,8] meV for
Imgg| < 1 meV, it is interesting in the first place to see how
well the full neutrino mass spectrum can be determined.
In Fig. 5, the absolute neutrino masses m; (for i =1,2,3)
have been plotted as three red curves against the lightest
neutrino mass m; [32]. The requirement for |mgg| < 1 meV
leads to

m; €[0.7,8] meV, mpe[8.6,11.7] meV,
m3 € [50.3,50.9] meV , 9

where the precisions on neutrino oscillation parameters
after the JUNO measurements are used. The allowed
range of the lightest neutrino mass m; € [0.7,8] meV is ly-
ing between two vertical dashed lines in Fig. 5, where
one can accordingly find out the allowed ranges of m;
and m3 on the vertical axis by following the intersecting
points between the red curves and the dashed lines. From
Eq. (9), one immediately observes that ms is already de-
termined with an excellent precision, while the uncertain-

1071 ! !
o i
10 a |
my i
= i i
2. 1 i
¢ s i
107 ¢
my i i
1074 R Y R Y L
1074 1073 102 101
m, [eV]
Fig. 5. (color online) Illustration for the absolute neutrino

masses m; (for i=1,2,3) as implied by the sensitivity of
Imggl ~ 1 meV for future 0vB38 decay experiments, where the
allowed range of m; €[0.7,8] meV is lying between two ver-
tical dashed lines.
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ties on my and m; are also acceptable. It is worthwhile to
stress that the complete determination of neutrino mass
spectrum will be very suggestive for the model building
of neutrino masses.

Then we explore the implications for the effective
neutrino mass mg in beta decays and the sum of three
neutrino masses Y. For this purpose, we have depicted the
allowed regions of three observables |mgg| from 0v38 de-
cays, mg from beta decays, and ¥ from cosmological ob-
servations in Fig. 6. For three plots in the left column, the
global-fit results of neutrino oscillation parameters in Eq.
(3) have been input, while for those in right column we
have considered the projected precisions after the JUNO
measurements. The dashed curves as the boundaries of
the gray shaded areas have been obtained by using the
best-fit values, and the red bands are caused by the 1o~ un-
certainties of the input parameters. The improvements
after the JUNO measurements can be observed, but the
quantitative changes in the upper bounds on ms and ¥ are
at the level of 0.1 meV. For |mgg| = 1 meV, which has been
shown as the horizontal dashed line in the plots in the
first two rows of Fig. 6, one can immediately extract the
corresponding ranges of mg and 3. For instance, assum-
ing the 1o~ uncertainties of neutrino oscillation paramet-
ers after the JUNO experiment, we can obtain

8.9meV <mg <12.6 meV,
59.2meV<X<72.6meV, (10)

which is respectively below the forecasted sensitivity
mg <40meV of the forthcoming beta-decay experiment
[20] and that ¥ <80 meV of future observations of cos-
mic microwave background [33].

As the Majorana CP phases are only involved in the
0vBB decays, it is impossible to completely pin down all
three unknown parameters m, p and o from such a single
type of observations. If the effective neutrino mass mg
can be precisely measured in beta-decay experiments, one
will be able to solve the lightest neutrino mass m; with
the help of neutrino oscillation data, namely,

m% = mé - Am%l cos? 013 sin® 612 — Amg1 sin? 013,

(11)

and then to predict X =m+ \/m%+Am§1+\/m%+Am§1.

Moreover, inserting the determined neutrino masses m,

my = Jm}+Am3, and mz = \fm?+Am3, into the effect-

ive neutrino mass |mgg|, we can have a good opportunity
to probe the Majorana CP phases p and o~ by improving
the sensitivity of 0vBB8 decay experiments to
Imggl ~ 1 meV . But this seems to be not the case.

For this reason, we take a different strategy to pin
down neutrino masses in the assumption that both |mggl
and ¥ can be better measured in the foreseeable future.
Given the information on the Majorana CP phases, it is
straightforward to establish the following relations

Re(U%) Re(U%) Re(U%) ) ( m Re ()
Im(U%) Im(U%) Im(U%) || m2 =] Im(mg) |
1 1 1 ms b

(12)

where the flavor mixing matrix elements are given by
U, = cosf3coslpe?’?, U, = cosb3sinb, and
U. =sinf3¢'/% in accordance with the parametrization
adopted in Eq. (2). After directly solving Eq. (12) for
neutrino masses, one arrives at

_Im [(mﬁﬁ X U?z)* ) (ng - Uezs)]
e Im[(U2 - U2 - (U2 - U3)]
e3 el el e2
_Im [(mﬁﬁ -z UZ3)* ) (U33 - Uezl)]
T [~ 2y (U2 — 12
m ( e3 el) ( el 62)
Im[(mgs -3 U2 (U3 - UD)]
- 2 2\« 2 2
Im[(Ue3_Uel) .(Uel _UeZ)]

: (13)

from which we can easily verify that m; +my+m3; =X
holds as it should do. Notice that the denominator
Im[(Uj3 -U%) - (U% - Uezz)] is supposed to be nonzero in
Eq. (13). If it is zero for some specific values of p and o,
then we can extract neutrino masses just from the effect-
ive mass |mgg| and neutrino oscillation parameters.

As an application of Eq. (13), let us consider the spe-
cial scenario in which |mgg| = 0 is realized. In this particu-
lar case, both p and o will be fixed for the complete can-
cellation in |mgg| to happen [26]. Then, we can find three
neutrino masses

+2 - U |\Us2 sino

my = 077 22 < 277 2 < 277 Reaing
|Uea|*|Ue3)* sino + U1 |*|U 3= sin(o — ) = U1 |*|U 2 |* sinp
+2'|Uel|2|U63|2Sin(p_O—)
My = o A2 21 2 27 ang’
|Uaa|*|Ue3)" sino + U1 |*|U 3= sin(o — ) = U1 |*|U2|* sinp
_2'|U61|2|Ue2|25inp
m3

where one can observe that neutrino masses are evidently
proportional to ¥. Certainly, the same results can also be

[Ue2P|U e3P sino +|Ue1 PUes * sin(p = ) = [U1 PUeaf? sinp

(14)

obtained by requiring the real and imaginary parts of mggs
to be vanishing and then deriving two independent neut-
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Fig. 6.

tion data have been used for three plots in the left column while the JUNO measurements are taken into account for those in the right
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rino mass ratios [34,35].
4 Concluding remarks

In the present work, we have explained why it is im-
portant for the future 0vB8 decay experiments to reach the
sensitivity of |mgg| ~ 1 meV. With such a high sensitivity,
it is likely to observe the signal events of OvBB decays.
Even if there is a null signal, one can place restrictive
constraints on the lightest neutrino mass 0.7 meV < m; <
8 meV and one of the Majorana CP phases 130° < p < 230°.
Interestingly, these constraints further imply that the
whole neutrino mass spectrum is almost fixed, namely,
my; €[0.7,8] meV, my€[8.6,11.7]meV and m3 € [50.3,
50.9] meV, the effective neutrino mass for beta decays
should be lylng in the range 8.9 meV <mg < 12.6 meV and
the sum of three neutrino masses must be
59.2meV <X <72.6meV. These limits are lying below
the forecasted sensitivities from the next-generation beta-
decay experiments [19,20] and the future cosmological
observations [33]. In this work we have exclusively fo-
cused on the Majorana nature of massive neutrinos. If
massive neutrinos were the Dirac particles, the lepton-
number-violating 0vB8 decays would certainly not take
place. In this case we would have no chance to observe
any signal of the 0vBB decays. But it should be kept in
mind that a null result of the 0vB8 decays does not mean
that massive neutrinos must be of the Dirac nature,
simply because our analysis has clearly shown that there
is always a small parameter space for |mgs| — 0 even
though no other exotic new physics is introduced. That is
why one should do everything in one’s power to go bey-
ond the 0vBB decays and explore some other presumably
promising lepton-number-violating processes, although
this is no doubt much more challenging if not impossible.

Among all the current 0vB8 decay experiments in op-
eration [36-42], the KamLAND-Zen collaboration has re-

ported the best sensitivity |mgg| < (61 165) meV depend-
ing on the NME for the 0v38 decays of "*Xe. The next-
generation experiments aim for |mgg| ~ 10 meV, which has
been set up as it is the lower boundary of |mgg| in the 10
case [4,5]. Therefore, an urgent question is whether it is
realistic to reach |mgs|~1meV in the near future. The
studies in Ref. [23] have demonstrated that if the JUNO-
LS detector is upgraded with "*Xe- loading in future, a
sensitivity of |mgg| ~ 5 meV is achievable when the most
optimistic value of the NME is taken. In order to im-
prove the sensitivity to |mgs| ~ 1 meV, one has to remark-
ably increase the target mass and reduce the backgrounds.
Although the radioactive and cosmogenic backgrounds
can be rejected by severe radiopurity control and perfect
muon veto strategies, the irreducible backgrounds arising
from recoﬂed electrons due to their elastic scattering with
solar *B neutrinos and the two-neutrino- -emitting double-
beta decays could be a serious problem. Nevertheless, in-
spired by the work in Ref. [23], 1t 1s promising to achieve
Imggl ~ 1 meV by developing the "**Te-loaded LS to reach
a sufficiently large target mass and advancing the power-
ful techniques for background reduction.

Strictly speaking, one should perform a statistical
analysis of the experimental sensitivities to neutrino
masses and the Majorana CP phases [43-46]. However,
we have found that the final results are quite consistent
with the simple analysis in the present paper. We believe
that our analysis is very suggestive for setting up the fu-
ture program for OvBB decay experiments. If the sensmv—
ity of |mggl ~ 1 meV is ultimately realized [47] ' the de-
termination of absolute neutrino masses and the con-
straints on one of two Majorana CP phases are possible,
which cannot be accessible in other types of feasible
neutrino experiments. To achieve this goal, it is compuls-
ory to make great efforts in increasing the target mass and
reducing the background by two orders of magnitude
compared to the present design of next-generation OvS3
decay experiments.
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