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We investigate constraints on neutrino mass ordering and degeneracy
by considering the first cosmological result based on the Planck measure-
ments of the cosmic microwave background. It is shown that the result
at 95% C.L. rejects a neutrino mass degeneracy larger than 85% (82.5%)
for the normal (inverted) hierarchical case. We can also find some regions
where the neutrino mass ordering will be able to be distinguished by com-
bining a value of sum of the neutrino masses with an effective neutrino mass
determined by neutrino-less double beta decay experiments. The results
are obtained from the latest data of neutrino oscillation, cosmic microwave
background, and the neutrino-less double beta decay experiments. These
have significance in the discrimination of the neutrino mass ordering.
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1. Introduction

Neutrino oscillation experiments have established that neutrinos have
tiny masses compared to other Standard Model (SM) fermion masses. Fur-
ther, recent precision measurements of mixing angles in the Pontecorvo—
Maki-Nakagawa—Sakata (PMNS) matrix [1] have clarified that there are
two large (A12 and f93) and one small (f;3) mixing angles [2-4|. Regard-
ing the neutrino masses, only two mass squared differences are determined.
Therefore, one can consider a normal mass hierarchy (NH: m; < mg < mg)
or an inverted one (IH: mg < m; < mg), where m; are mass eigenvalues of
the three light neutrinos. A determination of the neutrino mass ordering is
one of important tasks in neutrino physics.

* Funded by SCOAP? under Creative Commons License, CC-BY 3.0.
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Recently, an important result has just been reported by the Planck mea-
surements of the cosmic microwave background (CMB) [5], which is

> “my, < 0.230 ¢V (Planck+WP+highL+BAO) (1)

for the sum of the three light neutrino masses with an assumption of three
species of degenerate neutrinos. An upper limit for the sum of the neutrino
masses is important to determine the neutrino mass ordering and constrain
a degeneracy among the neutrino masses. In this letter, we investigate the
first cosmological result based on the Planck CMB measurement for the
neutrino mass ordering and the neutrino mass degeneracy.

Regarding the neutrino mass ordering, values of an effective neutrino
mass for the neutrino-less double beta decay (0vf33) are differently pre-
dicted in the NH and IH cases. Therefore, it is also important to distinguish
the neutrino mass ordering if the neutrinos are Majorana particles. We will
consider the latest result for an effective neutrino mass from a Ov3s5 ex-
periment and an expected reach for the mass by future Ov35 experiments
with the cosmological constraint on the sum of the neutrino masses for the
discrimination of the neutrino mass ordering. Our results will be obtained
from the latest data of neutrino oscillation, CMB, and Ov38 experiments.

2. Constraints on neutrino mass ordering from the Planck
and neutrino-less double beta decay

The neutrino oscillation experiments determine only two mass squared
differences of neutrinos, Am3, and Am3; (or Am3,) defined as

Am%l = mg - ’I?’L% ) (2)
Am?%, = mi —m? for the NH, (3)
Am2, = m2 —m3 for the IH. (4)

Therefore, the neutrino mass spectrum can be described by the two mass
squared differences and a remaining mass as

(m1,mg, m3) = (mh \/Am§1 + m%, \/Am§1 + m%)

or (yfm = vy /oy — Ay ) )

for the NH, and

(ma, ma, m3) = (mla \/Am§1 +mi, \/Am§2 + Am3; + m%)

or (y/md = vty = Ay fnd — B ma) (0
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for the IH. The values of the neutrino mass squared differences are deter-
mined as

Am3, = 7.507030 x 107° eV?, (7)
Am3, = 2477032 x 1073 V2, (8)
Am3, = —2.43%039 x 1073 eV? (9)

at the 3o level [4].

On the other hand, the first cosmological result based on the Planck
measurements of the CMB [5] have presented an upper bound on the sum
of the neutrino masses assuming no extra relics with a WMAP polarization
low-multipole likelihood at ¢ < 23 (WP) [6, 7], high-resolution (highL)) CMB
data, and baryon acoustic oscillation (BAO) surveys as

> “my, < 0.230 eV (Planck+WP+highL+BAO) (10)

at 95% C.L. We show this upper limit in Figs. 1 and 2, in which the horizontal
axes are Mpin OF Mmax 10 Fig. 1 (see also [8] for a plot in (Mmin,y . my)
plane with old data), and ¢ in Fig. 2.  mypin and mpax stand for minimal
and maximal values among three neutrino mass eigenvalues, respectively.
Therefore, these are defined as

Mmin = M1, Mmax = M3 for the NH, (11)
Mmin = M3, Mmax = Mo for the IH, (12)

respectively. With these definitions, the sum of the neutrino masses is de-

scribed by

S m, = { Mmin + \/Am%1 +mi, + \/Am§1 + M, (13)
\/mr%’lax - Am%l + \/m12nax - Am?’)l + Am%l + Mmax

for the NH, and

Z my, = { \/mﬁlil’l - Am?ﬁ - Am%l + \/m?nin - Am%Q + Mmin (14)

/ 2 2
mr2nax - Ale + Mmax + m%nax + ATn’32

for the IH in Fig 1. ¢§ indicates a magnitude degeneracy of the neutrino
masses defined by

S Mmax — Mmin . (15)

Mmax
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Fig. 1. The sum of the neutrino masses in functions of My, and Mmmyayx, and cosmo-
logical bounds on the sum of the neutrino mass from the Planck with other data.
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Fig.2. The sum of the neutrino masses in function of the neutrino mass degener-
acy ¢, and cosmological bounds on the sum of the neutrino mass from the Planck
with other data.
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Therefore, the limit of mpyin — 0 (Mmax) means 0% (100%) of degeneracy
among the neutrino masses, respectively. In Figs. 1 and 2, thick curves for
both the NH and the IH are the sum of the neutrino masses with the best fit
values for two mass squared differences. The lower and upper curves from
the thick curve are also given by using values of two mass squared differences
in 30 range (7)-(9). In Fig. 1 (a), (¢) and Fig. 2 (a), the upper limit (10)
is shown by (grey) shaded region. In Fig. 1 (b), (d) and Fig. 2 (d), other
limits at 95% C.L. as

0.247 eV (Planck+WP+BAO)
> m, < 06636V (Planck+WP+highL) (16)
0.933 ¢V (Planck+WP)

are also shown by (light grey/light red, dark grey/magenta, and medium
grey/green) shaded regions, respectively. One can easily find from all
figures that if cosmologically observed value of the sum of the neutrino
masses is smaller than a minimal value of the sum in the IH, Y m, <
min(» | my|ms=0] = 0.0987 €V within 30 range, the IH of the neutrino mass
spectrum can be ruled out.

One can also note that if the sum of the neutrino masses could be
determined within a region of min[>  my|ms—0] ~ 0.0987 eV < >~ m, <
0.23 €V in future, a value of Mmmuyin Or Mmax can determine the neutrino
mass ordering. For instance, » m, = 0.2 eV limits mpy;, and mpyax to
0.060 eVS mpin < 0.062 €V, 0.078 eVS mpax < 0.080 eV for the NH and

~ ~

0.052 eVS Mpin < 0.056 €V, 0.072 eVS mpmax < 0.074 €V for the TH, respec-
tively. An experiment using atoms or molecules with an atomic process of
radiative emission of neutrino pair (RENP) for neutrino spectroscopy might
give a constraint on the absolute neutrino mass and/or mass ordering, or
might independently determine them [9].

Figure 2 shows the sum of the neutrino masses in function of the neutrino
mass degeneracy 4, and cosmological bounds on the sum of the neutrino
mass from the Planck with other data. The meanings of curves and shaded
regions are the same as in Fig. 1. One can replace muyi, Or mMpax in the sum
of the neutrino masses by 0 defined in (15). We find that a magnitude of
degeneracy § < 0.15 (0.175) is ruled out at 95% C.L. for the NH (IH). This
means that a degeneracy larger than about 85 (82.5)% is rejected for the
NH (IH).

Finally, in Fig. 3, we compare the cosmological constraint on the sum of
the neutrino mass from the Planck with a result from the Ov33 experiment,
which constrain an effective neutrino mass defined as (e.g., see [10])

2
E Usm;
i

2

_ 2 9 2 2ia | .2 2
|Mee| = = ‘0126137711 + s79ci3moe™® + sismase B , (17)
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with s;; = sin 6;; and ¢;; = cos 0;5, where U is the PMNS matrix, 6;; are the
mixing angles in the PMNS matrix, « is one of the Majorana phases, and
is a re-defined CP phase by the Dirac CP phase (dp) and another Majorana
one (B') as B = B — dp (see also [11] for a plot in (3. m,,|mee|) plane
with old data). The combined result from the EXO-200 and KamLAND-
Zen experiments is |mee| < (120-250) meV at 90% C.L. [12]'. It is shown
by the horizontal grey/orange shaded region in Fig. 3. We also present an

0.200
0.100
CUORE, KamLAND-Zen !

| ton scale

0.10 0.15 0.20
Zm, [eV]

Fig.3. The cosmological constraint on the sum of the neutrino mass from the
Planck with a result from the neutrino-less double beta decay (0v33) experiment.

expected value of 65 meV (sensitivity of the CUORE [14] and KamLAND-
Zen experiments at 90% C.L. after a 5 years exposures [15]) and 20 meV (ton
scale experiment), which are described by thick horizontal lines in addition to
the Planck limit in the vertical direction (the sum of the neutrino masses).
It is known that minimal and maximal values of |me.| for both the NH
and IH cases are determined by differences of relative signs among each
term in (17), which depend on Majorana phases (see e.g. [17]). The upper
(maximal) and lower (minimal) boundaries of the region for both the NH
and IH in particular correspond to

’m | B {‘c%chgml +s%20%3m2+s%3m3‘ for the upper boundary in the NH and IH
ee| =

|C%2C%3m1 —8%26%37712 —8%37713‘ for the lower boundary in the NH and TH
(18)

! See also [13] for the correlated uncertainties associated to the nuclear matrix elements
of OvBf within the quasiparticle random phase approximation.
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We also take mixing angles and two mass squared differences as

(0.34,0.030,7.00x107° eV ,2.27x 1073 €V)
(0.34,0.030,7.00x107° eV, 2.69x 102 V)

(19)

2 2 2 2
(3127313,Am217Am31)—{

for the upper and lower boundaries in the NH, respectively, and

(0.34,0.016,7.00x107° eV, —2.65x 1073 eV)
(0.34,0.030,7.00x107° eV, —2.65x 1072 V)

(20)

2 2 2 2
(51273137A’m217Am31)—{

for the upper and lower boundaries in the IH, respectively. These values
are marginal at the 30 level [4]. The relative signs are obtained by taking
the corresponding CP phase as 0 or 7/2, respectively. It can be seen from
Fig. 3 that expected value by the CUORE and KamLAND-Zen experiment
|Mee] = 65 meV cannot rule out the IH. However, if one combines a result
for a value of |me.| with one of > m,, there are some regions in which
one can distinguish between the NH and the IH. For instance, on the line

of |mee|] = 20 meV, which may be reached by a ton-scale experiment as
discussed in [16], with 0.19 eV< > m,, < 0.23 €V (or > m, < 0.0987 eV),

the IH can be rejected. In a region of 0.023 eVS |me| < 0.080 €V and
0.0987 eV < > m,, < 0.23 €V, there exists a region in which the only TH
can be allowed. Since both the Ovf3S experiments and cosmological CMB
observation will come to an interesting region, a combining analysis will also
become important to distinguish the neutrino mass ordering.

3. Summary

We studied constraints on the neutrino mass ordering and neutrino mass
degeneracy by considering the first cosmological result based on the Planck
measurements of the CMB. First, we shown the sum of the neutrino masses
in functions of My, and Mmmax, and cosmological bounds on the sum of
the neutrino mass from the Planck with other data. It was found that if
cosmologically observed value of the sum of the neutrino masses is smaller
than a minimal value of the sum for the IH case, > m, < min[}_ my|ms=0] =~
0.0987 eV within 30 range, the IH of the neutrino mass spectrum can be
ruled out. We could also found that if the sum of the neutrino masses
could be determined within a region of 0.0987 eV < Y m, < 0.23 €V in
future, a determination of value of My, or mmyax can clarify the neutrino
mass spectrum. For instance, Y m, = 0.2 €V limits muyi, and Mpax to
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0.060 eVS mpin S 0.062 €V, 0.078 eVS mpax < 0.080 eV for the NH
and 0.052 eVS mpin < 0.056 eV, 0.072 eVS mpax S 0.074 eV for the IH,
respectively.

Next, we showed the sum of the neutrino masses in function of the neu-
trino mass degeneracy ¢, and cosmological bounds on the sum of the neutrino
mass from the Planck with other data. It was found that a magnitude of
degeneracy 6 < 0.15 (0.175) is ruled out at 95% C.L. for the NH (IH). This
means that a degeneracy larger than about 85 (82.5)% is rejected for the
NH (IH).

Finally, we compared the cosmological constraint on the sum of the neu-
trino mass from the Planck with a result from the Ov 35 experiment, which
constrains an effective neutrino mass. It was found that if one combines
a result for a value of |me.| with one of > m,, there are some regions in
which one can distinguish the NH and IH cases. For instance, on the line
of |mee| = 20 meV with 0.19 eV > m, < 0.23 eV (or Y m, < 0.0987 eV),
the IH can be rejected. In a region of 0.023 eVS |mee| < 0.080 eV and
0.0987 eV < > - m,, < 0.023 €V, there exists a region in which the only TH
can be allowed.

Our results were obtained from the latest data of the neutrino oscilla-
tion, CMB, and Ov3f3 experiments. Since both the Ovf3S experiments and
cosmological CMB observation will come to an interesting region, a com-
bining analysis will also become important to distinguish the neutrino mass
ordering.
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