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Abstract: The fact that neutrinos are massive has been the most crucial evidence of physics beyond
the Standard Model of elementary particles. To date, we still do not know how neutrinos get mass and
why their mass is much smaller than that of their charged fermion cousins. The precise determination
of the neutrino mass spectrum has become one of the central tasks of neutrino physics, providing
critical input for understanding the nature of neutrino mass and extending our model. The present
landscape of the neutrino mass spectrum is reviewed and explored in this article using data from the
neutrino oscillation, cosmology, and beta decay. In addition, we discuss the possibility of relevant
programs elucidating the neutrino mass spectrum in the coming decades.

Keywords: neutrino oscillation; neutrino mass; accelerator-based neutrino experiment; reactor-based
neutrino experiment

1. The Neutrino: An Elusive Misfit

We live in a matrix of neutrinos, which is the most abundant and possibly the most
elusive of all the known massive particles. The neutrinos’ interactions dictate how the
Sun shines, how the Sun evolves, and the dynamics of dying stars. In 1930, the existence
of the neutrino was proposed by W. Pauli [1] as a desperate way out of interpreting the
continuity of the beta particle’s energy spectrum in the beta decay. However, it took
25 years for physicists to discover the neutrino fingerprint [2]. The Standard Model (SM)
of the elementary particle, our remarkably successful model for unifying three known
interactions (electromagnetism, weak and strong interactions) predicts that neutrinos have
a zero mass because all neutrinos are found to be left-handed [3], as illustrated in Figure 1.
However, the well-established neutrino oscillation [4] indicates that neutrinos are massive
and the leptons are mixed. As a result, neutrinos provide compelling evidence of physics
beyond the SM.

Figure 1. The handiness of the neutrino compared to other massive particles A right-handed neutrino
has not been found, and the neutrino is thought to be massless in the Standard Model.
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Although physicists place neutrinos in a special position on their study agenda,
neutrinos remain among the most mysterious of all known particles to this day. In fact,
we do not know yet how neutrinos gain mass or whether they are Dirac or Majorana
particles. It is well-established that the neutrino mass is extraordinarily small [4], but what
the absolute mass of neutrinos is and whether the neutrino mass spectrum underpins a
specific hierarchy or fair-minded anarchy are unanswered questions. We do not know for
certain if the leptonic CP violation exists in neutrino oscillations and how this violation,
if discovered, relates to the baryon asymmetry in the Universe. Furthermore, physicists
are ecstatic at the prospect of neutrinos breaking a fundamental law of nature, such as the
Lorentz or CPT symmetry, because neutrinos never cease to amaze us.

The article provides an observation on the neutrino mass spectrum. Section 2 provides
a summary of what we know about the neutrino mass spectrum from various sources,
including neutrino oscillation, beta decay, undiscovered neutrino-less double beta decay,
and cosmology. Section 3 investigates the possibility of elucidating the neutrino mass spec-
trum in the coming decades. Before concluding, we discuss the hierarchical or anarchical
textures underlying the neutrino mass matrix in Section 4.

2. Present Landscape of the Neutrino Mass Spectrum

Figure 2 depicts the mass spectrum of all fermions in the Standard Model. The mass
spectrum of charged fermions (which include quarks and charged leptons) appears to
be hierarchical.
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Figure 2. Mass spectrum of all fermions. The quark and charged lepton mass are taken from
PDG-2020 [4]. For the neutrino mass, constraints from the neutrino oscillation experiments, the
cosmological constraint, and the effective electron neutrino mass from the beta decay are used.
Neutrino mass is five orders of magnitude smaller than the electron mass.

One can read the mass texture via the dimensionless Yukawa coupling parameters

up-type quarks: yu ∼ 10−5, yc ∼ 10−2; yt ∼ 1;

down-type quarks: yd ∼ 10−4, ys ∼ 10−3, yb ∼ 10−2;

charged lepton: ye ∼ 10−6, yµ ∼ 10−3; yτ ∼ 10−2.
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The mass spectrum of charged fermions spans roughly six orders of magnitude.
If neutrinos are included, the mass spectrum expands to more than eleven orders of
magnitude. This extreme range of the fermion masses is one of the most perplexing aspects
of the elementary particle world.

The fermion mass spectrum clearly shows that neutrinos stand apart from others. The
neutrino mass is roughly five orders of magnitude less than that of the smallest charged
fermion particle, electron. Needless to say, weighing such an extraordinarily small mass as
a neutrino is a difficult task. However, as the result of the tremendous efforts of numerous
experiments over the last few decades, the neutrino mass spectrum is now more visible
than ever, as seen in References [4,5]. Our understanding of the neutrino mass spectrum is
based on four major sources: (i) neutrino oscillation data, (ii) distortion of the beta-particle
energy spectrum in the beta decay, (iii) cosmology data, and (iv) the search for the neutrino-
less double beta decay. While the well-known neutrino oscillation phenomenon is direct
evidence of neutrino massiveness, the data collected can only tell us about the absolute
scale of the neutrino mass and is only sensitive to the mass square difference. To advance
our knowledge of the neutrino mass, we must explore all the above-mentioned sources
from a synergistic point of view.

2.1. Neutrino Mass from the Neutrino Oscillation

Neutrino oscillation is a phenomenon where neutrino can change its flavor when
given time to propagate. Neutrino oscillations necessitate the existence of neutrino mass
spectrum, i.e., mass eigenstates νi with definite mass mi (where i is 1, 2, 3 at least). (Although
the presently collected neutrino data samples support the three-flavor neutrino framework,
it is still possible that there could be more than three mass eigenstates.) It requires flavor
eigenstates with definite flavor, να, where α are e, µ, τ, must be superposition of the mass
eigenstates, a fundamental quantum mechanic phenomenon. The relation between mass
eigenstate νi and flavor eigenstates να is expressed as

|να〉 = ∑
i

U∗PMNS,αi|νi〉, (1)

where UPMNS is a 3 × 3 unitary matrix. The matrix can be parameterized with three
mixing angles θ12, θ13, θ23 and one irreducible Dirac CP-violation phase δCP, formulated in
a standard representation in Equation (2). If the neutrino is a Majorana particle, there are
two additional CP-violation phases ρ1, ρ2, which play no role in neutrino oscillations.

UPMNS =

 c12c13 s12c13 s13e−iδCP

−s12c23 − c12s13s23eiδCP c12c23 − s12s13s23eiδCP c13s23
s12s23 − c12s13c23eiδCP −c12s23 − s12s13c23eiδCP c13c23

Diag(eiρ1 , eiρ2 , 0) (2)

where cij = cos θij and sij = sin θij. Neutrino oscillation is typically measured by comparing
the flux of produced α-flavor neutrinos with the flux of β-flavor neutrinos observed in a
detector placed some distance from the production source. The probability for an α-flavor to
oscillate into β-flavor, P(να→νβ)

, depends on three mixing angles (θ12, θ13, θ23), CP-violating

phase δCP, two mass-squared splittings (∆m2
21, ∆m2

31) where ∆m2
ij = m2

i −m2
j , its energy

Eν, propagation distance L, and the density of matter passed through by the neutrino ρ,
given by

P(να→νβ)
= δαβ − 4 ∑

i>j
Re(U∗αiUβiUαjU∗βj) sin2

(
∆m2

ij
L

4E

)
± 2 ∑

i>j
Im(U∗αiUβiUαjU∗βj) sin

(
∆m2

ij
L

2E

)
(3)

where ∆m2
ij = m2

i − m2
j . The ± stands for neutrino and anti-neutrino, respectively. By

measuring the oscillation pattern/probability—typically as function of neutrino energy—it
enables us to unravel the neutrino mass-square differences ∆m2

21 = m2
2 −m2

1 and ∆m2
31 =

m2
3−m2

1, and determine the parameters of the leptonic mixing matrix. The global analysis of
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neutrino oscillation data is available, e.g., in References [6,7], which is briefly summarized
in Table 1.

Table 1. Global constraint of oscillation parameters with normal neutrino mass ordering assumed,
taken from References [6,8]. Here we assume c = 1.

Parameter sin2 θ12 sin2 θ13(×10−2) sin2 θ23 δCP(
◦) ∆m2

21(10−5eV2) ∆m2
31(10−3eV2)

Best fit ±1σ 0.310+0.013
−0.012 2.241+0.067

−0.066 0.558+0.020
−0.033 222+38

−28 7.39+0.21
−0.20 2.523+0.032

−0.030

Regarding the order of the neutrino mass eigenvalues, we know that m2 > m1
thank to the sizable effect of the interaction between neutrino and the Sun’s material—
Mikheyev–Smirnov–Wolfenstein (MSW) effect [9–11]—on the survival of solar neutri-
nos [12] observed in the neutrino experiments. With data from the solar neutrino exper-
iments and KamLAND [6,7], we now know that ∆m2

21 = 2.74+0.21
−0.20 × 10−5×10−3 eV2/c4

with a precision of 2.7%. Evidently, m2 ≤ 0.005 eV/c2, but we do not know the absolute
scale of m1.

To get a full picture of the neutrino mass ordering, ∆m2
31 needs to be measured

precisely. In fact, thank to many experiments with the accelerator-based long-baseline
neutrinos, atmospheric neutrinos, and reactor-based short-baseline neutrinos, we now
know the amplitude of |∆m2

31| ∼ 2.5 × 10−3×10−3 eV2/c4 up to 1% precision. Since
∆m2

21/|∆m2
31| ≈ 1%, practically we can assume |∆m2

31| ≈ |∆m2
32| � m2

21. However,
the up-to-date neutrino data from these experiments cannot tell conclusively whether
m3 > m2 > m1—known as the normal mass ordering (MO)—or m2 > m1 > m3—known as
the inverted MO. Although T2K [13], NOνA [14] and Super-Kamiokande [15] experiments
report individually that their data favor mildly the normal neutrino MO, some studies,
such as Reference [16], show no favor in that indication with the combined data from
the experiments. This ambiguity in determining the neutrino MO is worthy of further
investigation. Measurement of |∆m2

31| is carried on in three main chain channels: (i)
νµ → νµ (or ν̄µ → ν̄µ) with accelerator-based long-baseline (A-LBL) neutrino experiments
and atmospheric neutrino experiments; (ii) νµ → νe (or ν̄µ → ν̄e ) with A-LBL neutrino
experiment; and (iii) ν̄e → ν̄e with the reactor-based short-baseline (R-SBL) neutrino
experiments. The probabilities for the two cases, normal and inverted neutrino MO, as
function of the neutrino energies for the first two channels are shown in Figure 3. We use
the three-flavor oscillation probabilities adopted from Reference [17] for this study.
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Figure 3. Neutrino oscillation probabilities for νµ → νµ (or ν̄µ → ν̄µ) disappearance (left) and νµ → νe

appearance (right) for the T2K and NOνA experiments. For each experiment, two possible neutrino
MO are considered.
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It is deduced from Figure 3 that the sensitivity to the neutrino MO is marginal in the
νµ → νµ (or ν̄µ → ν̄µ) disappearance channels. The effect of the neutrino MO, on the other
hand, is much stronger in the νµ → νe (or ν̄µ → ν̄e) appearance channels. The relatively
large modification of the oscillation probabilities in this channel is due to the coherent
scattering of electron (anti-) neutrinos on the electrons present in the matter—the MSW
effect. However, one must consider the fact that the νµ → νe (or ν̄µ → ν̄e) appearance
probability is just a few percentage, limiting the statistics of the collected data sample.
Moreover, extracting the neutrino MO effect from the appearance probabilities is non-trivial
since the sign of ∆m2

31 is tangled severely with δCP and the mixing angle θ23 (it also depends
on the mixing angle θ13, which we know with 3% precision), which have been measured
with relatively large uncertainty. In addition, it is important to note that the modification
of the νµ → νe and ν̄µ → ν̄e appearance probabilities due to matter effect is not the same.
The left of Figure 4 shows the bi-probability of the νµ → νe oscillation and ν̄µ → ν̄e
oscillation with T2K and NOνA experiments. The plots are obtained at the best-fit value of
the mixing angle θ23 and for two possible neutrino MO. The bi-probability plot shows a
better distinction between normal and inverted neutrino MO with NOνAthan with T2K. It is
primarily due to the difference in the experimental baseline. The longer the experimental
baseline is the larger the effect on the νµ → νe and ν̄µ → ν̄e appearance probabilities. The
sensitivity of the A-LBL experiments like T2K and NOνA to δCP and neutrino MO can
be conceivable via the following expression of the so-called CP asymmetry [18], which
presents a relative difference between P(νµ→νe) and P(ν̄µ→ν̄e) near the oscillation maximum,

which corresponds to |∆m2
31|L

4Eν
≈ π/2.

ACP ≡
P(νµ→νe) − P(ν̄µ→ν̄e)

P(νµ→νe) + P(ν̄µ→ν̄e)

∣∣∣∣∣ |∆m2
31 |L

4Eν
≈π/2

∼ − π sin 2θ12

tan θ23 sin 2θ13

∆m2
21

|∆m2
31|

sin δCP ±
L

2800 km
, (4)

where +(−) sign is taken for the normal (inverted) MO, respectively. With values listed in

Table 1, π sin 2θ12
tan θ23 sin 2θ13

∆m2
21

|∆m2
31|
∼ 0.256, which means the CP violation effect can be observed

somewhat between −25.6% and +25.6%. The experimental baseline, L, is typically op-

timized for having the maximal mixing |∆m2
31|L

4Eν
≈ π/2, which in turn depends on the

energy of neutrinos. For a 295 km baseline of the T2K experiment [19], the MO effect is
subdominant with ∼10.5%. This effect is approximately 28.9% with 810 km baseline of the
NOνA experiment [20]. This is illustrated on the right of Figure 4.
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Figure 4. For the T2K and NOνA experiments, the bi-probability of (νµ → νe) and (ν̄µ → ν̄e)

oscillation probabilities is shown on the left. The ACP quantity as function of δCP is shown on the
right. The left graph is plotted at a single value of the mixing angle θ23, whereas the right takes the
uncertainty of θ23 into account and is presented by the solid band in each graph.
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Due to the mutual dependence of the considering parameters manifested in the
neutrino oscillation probabilities, determining the neutrino MO will apparently enhance the
sensitivity of the CP-violation search and vice versa. As a result, the program to elucidate
the neutrino MO and the search for CP violation in the A-LBL neutrino experiments are
inextricably linked.

So far, in the case of the reactor-based neutrino experiments, we have investigated
with detectors placed relatively close to the reactor core, a few hundred meters to a few
kilometers from the neutrino source. As shown on the left side of Figure 5, the sensitivity to
the neutrino MO is marginal. However, a brand-new reactor-based experiment, JUNO [21],
with a medium-baseline of 50 km, can improve the sensitivity to the neutrino MO thanks
to the interference between two oscillation terms [22], which are driven by ∆m2

21 and ∆m2
31,

respectively.
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Figure 5. The ν̄e → ν̄e oscillation probabilities in the reactor-based neutrino experiment with short
(left) and medium (right) experimental baselines.

For JUNO and the like, the most challenging thing is to achieve an excellent resolution
of the reconstructed neutrino energy for unravelling the neutrino MO effect from the
detector response effect. The recent progress [23] on the JUNO calibration demonstrates
that this unprecedented achievement in energy resolution is viable. In addition, it is
important to note that, unlike when measuring the neutrino MO with an A-LBL experiment,
the sensitivity to the neutrino MO in the R-MBL neutrino experiments is independent
of the value of δCP. Thus, resolving the neutrino MO with A-LBL and R-MBL neutrino
experiments is complementary [24].

2.2. Neutrino Mass Constraint from Beta Decay and Cosmology

As pointed out in Reference [25], the shape of the β-particle energy spectrum near its
upper limit in the beta-decay process is extremely sensitive to the remaining mass of the
neutrinos. The decay is

(A, Z)→ (A, Z + 1) + e− + ν̄i, where i = 1, 2, or 3.

The three processes with three ν̄i respectively contribute incoherently to the total
decay rate. As a consequence, the modification of the β-particle energy spectrum can be
characterized by an effective neutrino mass given as

〈mβ
νe〉 =

√
|Ue1|2m2

ν1
+ |Ue2|2m2

ν2
+ |Ue3|2m2

ν3
. (5)

Since the neutrino is extremely tiny, essential elements for this kind of measurement
are a very high-resolution spectrometer—at the level of the eV to sub-eV resolution—
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and a highly statistical data sample. Recently, the KATRIN experiment [26] reported the
measurement with sub-eV sensitivity and found that

〈mβ
νe〉 < 0.8 eV/c at 90% C.L.

Another possibility to examine the absolute neutrino mass scale comes from the search
for the so-called neutrino-less double beta (ββ0ν) decay. The process is similar to the double
beta decay (ββ2ν) except that the former process has no neutrino produced in the final state,

Double beta decay ββ2ν: (A, Z)→ (A, Z + 2) + 2e + 2ν̄e,

Neutrinoless double beta decay ββ0ν: (A, Z)→ (A, Z + 2) + 2e.

If the neutrino is a Majorana particle, the eigenstates of the neutrino and anti-neutrino
have no quantum number to distinguish them and can annihilate each other when they
meet. This annihilation can be applicable to two neutrinos produced virtually in the
double beta decay. A definite discovery of the ββ0ν will confirm the Majorana nature of
the neutrino and reveal that the lepton number conservation is violated. The rate of this
exotic ββ0ν decay is proportional to the so-called effective Majorana neutrino mass quantity,
written as

〈mββ
0ν 〉 = ∑

i
U2

eimνi = |mν1 cos2 θ13 cos2 θ12 + mν2 cos2 θ13 sin2 θ12eiρ1 + mν3 sin2 θ13eiρ2 |, (6)

where ρ1, ρ2 are two Majorana phases, and it can take from 0 to π as argued in Refer-
ence [27].

The recent constraint on the effective Majorana mass 〈m0ν
ββ〉 comes from the Kamland–

Zen experiment [28]. The data established the upper limit for the effective Majorana mass
to be

〈mββ
0ν 〉 < 61− 165 meV/c at 90% C.L.

Another probe for determining the absolute mass scale of neutrinos comes from
cosmology. Since neutrinos are the second most abundant particles in the universe, the ag-
gregated neutrino mass leads to sizable impacts on the cosmic microwave background and
the large-scale structure [29]. Recent results from Planck and Baryon Acoustics Oscillation
(BAO) [30] yield a striking constraint on the sum of the neutrino mass,

∑
Nν

mνi = mν1 + mν2 + mν3 < 0.12 eV/c at 90% C.L. (7)

Neutrino mass is one of the great examples of using cosmology to explore particle
physics.

From the neutrino oscillation data, one can use constraints on the neutrino mass-square
splittings ∆m2

21 ∆m2
31 and the leptonic mixing parameters to compute the distribution of

the observable quantities of the absolute neutrino mass scales, including ∑Nν
mνi , effective

〈mνβ
〉, and effective Majorana mass 〈m0ν

ββ〉. Technically, ten millions of random sets of

four oscillation parameters (∆m2
31, ∆m2

21, sin2 θ12, sin2 θ13) are generated from parameter
constraints shown in Table 1. In addition, for each parameter set, the lightest neutrino
mass (m1(m3) if the neutrino MO is normal (inverted)) is arbitrary selected between 0.001 eV
and 0.06 eV, and the Majorana CP phases are between 0 and π. We then calculate the
observables (〈m

ν
β
e
〉, 〈mββ

0ν 〉, ∑Nν
mνi ) based on Equations (5)–(7). The results presenting

the correlation of the effective mβ
νe mass and effective Majorana mββ

0ν mass with the total
neutrino mass are shown in Figure 6. We also highlight the present and future constraints
on these three observables in this figure.
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Figure 6. Regions of ∑Nν
mνi , effective 〈mνβ 〉, and effective Majorana mass 〈m0ν

ββ〉 computed from
the latest global constraint [8] of the neutrino mass-square difference obtained from the neutrino
oscillation data. The present and future constraints from the beta-decay, the search for the neutrino-
less double beta decay, and cosmology are included.

It is noteworthy that the present constraints on the absolute neutrino mass scale do
not allow us to determine definitively the neutrino MO.

2.3. A Reconstructive Neutrino Mass Matrix

As pointed out in Reference [31], working out the neutrino mass matrix from what
we have actually observed is model-dependent, i.e., the leptonic mixing matrix. There is
one case where we can have a direct connection between the PMNS leptonic mixing matrix
and the neutrino mass matrix: when the neutrinos are Majorana particles, and we assume
them to work on a weak-state basis, where the charged lepton mass matrix is diagonal.
The scenario is in fact exciting since the smallness of neutrino mass can then be explained
naturally by the seesaw mechanism [31–33] which is summarized in [34]. In this case, the
Majorana mass matrix MMajorana

ν is related to the leptonic mixing matrix UPMNS via

MMajorana
ν ≡

mee meµ meτ

mµe mµµ mµτ

mτe mτµ mττ

 = U∗PMNSDiag(m1, m2, m3)U†
PMNS (8)

Apparently MMajorana
ν is a symmetric 3× 3 matrix. To compute the neutrino mass

matrix elements, we randomly generate 106 sets of oscillation parameters based on the
global constraints shown in Table 1. In addition, we arbitrarily select the mass of the
lightest neutrino (m1(m3) in case of normal (inverted) MO, respectively) between 0 and
0.12 eV. To compute the matrix elements based on Equation (8), only parameter sets
that meet the predefined cosmological and beta decay constraints are selected. Figure 7
shows the distribution of the neutrino mass elements’ amplitude with current limination
on the leptonic mixing and the constraint from cosmology for the sum of neutrino mass,
∑Nν

mνi < 0.12 eV, and effective electron neutrino mass, 〈mνβ
〉 < 0.8 eV, from KATRIN

experiment with the beta decay. The neutrino mass spectra are calculated for two cases:
normal and inverted neutrino MO. The constraint of δCP is taken from the global analysis [8].

One can observe from Figure 7 that for the scenario where the neutrino mass ordering
is normal, the texture of the matrix is unclear. All matrix elements are at the O(1) level.
If the neutrino mass ordering is inverted and if we take care of the sub-O(1) level, the
Majorana neutrino mass displays some discrete patterns such as

∣∣∣MMajorana
ν,Normal MO

∣∣∣ =
0.47± 0.18 0.17± 0.05 0.18± 0.05

0.17± 0.05 1.17± 0.09 0.57± 0.18
0.19± 0.05 0.57± 0.18 1.

;
∣∣∣MMajorana

ν,Inverted MO

∣∣∣ =
 1 0.12± 0.01 0.11± 0.01

0.12± 0.01 0.52± 0.06 0.44± 0.04
0.11± 0.01 0.44± 0.04 0.65± 0.04

 (9)
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For both cases of the neutrino MO, the largest ratio among the matrix elements is
within O(1). Although the estimation is with a constraint of δCP from the global fit, it is
found that the pattern in Equation (9) stays almost the same at different fixed values of δCP.
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Figure 7. Distributions of the elements’ amplitude of the Majorana neutrino mass matrix MMajorana
ν

attained from the leptonic mixing matrix UPMNS via Equation (8). The present constraint of ∑Nν
mνi <

0.12 eV from cosmology and the effective neutrino mass 〈mνβ 〉 < 0.8 eV from the KATRIN experiment
of the beta decay are used to limit the allowed phase space of the parameters. All elements are
normalized to the mττ amplitude, i.e., mττ ≡ 1 in the case of normal MO and mee amplitude, i.e.,
mee ≡ 1 in the case of inverted MO. The left is with normal neutrino MO, and the right is with inverted
neutrino MO. The δCP constraint is derived from the global analysis [8].

3. Prospect of Neutrino Mass Ordering Determination

On the absolute neutrino mass scale, the KATRIN experiment aims to achieve an
ultimate upper threshold of 0.2 eV [26] for the effective electron neutrino mass 〈mνβ

〉. The
Project 8 [35] aims to reach a sensitivity of 〈mνβ

〉 to 0.04 eV. The future of KamLAND2–
Zen [36] can reach to the level of 0.02 eV for effective Majorana mass 〈m0ν

ββ〉. The next

generation of the experiments aims to provide a 0.01 eV sensitivity of 〈m0ν
ββ〉, with a

maximum reach of 0.001 eV [37]. The future cosmological constraint on ∑Nν
mνi can reach

0.06 eV [38], assuming the lightest mass is zero and the total mass is about
√

∆m2
31 +

√
∆m2

21.
These future prospects are very encouraging, since as implied in Figure 6, the inverted
neutrino mass ordering will be significantly ruled out if the future constraints reveal one of
the following scenarios:

• Cosmology constraint will support ∑Nν
mνi < 0.1 eV;

• The effective neutrino mass from the beta-decay will be found to be 〈mνβ
〉 < 0.04 eV;

• The ββ0νprocess will be experimentally observed, and the effective Majorana neutrino
mass will be found to be 〈m0ν

ββ〉 < 0.09 eV.

Regarding the neutrino mass information attained from the neutrino oscillation ex-
periment, the prospect of resolving the neutrino mass ordering in the upcoming decades
is bright. JUNO [21] can achieve solely 3–4σ confidence level (C.L.) on the neutrino MO
resolving without any dependence on the δCP phase. In addition, the ongoing A-LBL
experiments T2K and NOνA can provide significant sensitivity to resolve the neutrino MO
by extending their operational run to collect more valuable data until the beginning of the
next generation of neutrino experiments—DUNE and Hyper-Kamiokande. A joint analysis
study in Reference [24] concludes that the combination of JUNO, T2K-II, and NOνA-II
will determine distinctly the neutrino MO—more than 6σ C.L. In addition, the DUNE
experiment by itself can reach the answer conclusively—more than 6σ C.L.—and the Tokai
to Hyper-Kamiokande (T2HK) experiment by itself can provide a significant solution (3–6σ
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C.L. depending on the true value of δCP) to the neutrino mass ordering. For this study, we
use the DUNE detector simulation configuration [39], our simulation to match the physics
potential of the Hyper-Kamiokande [40], and a study of combined on-going A-LBL neu-
trino experiments, T2K-II and NOνA-II, and the R-MBL neutrino experiment—JUNO—in
Reference [24]. χ2 statistics are used to calculate the difference in the neutrino energy
spectra at the true and test oscillation parameters. For a given hypothesis of neutrino MO
(either normal or inverted) and at each true value of δCP, we find the minimum values of
χ2, labeled χ2, incorrect MO

min. (or χ2, correct MO
min. ), in the oscillation parameter space where the

test neutrino MO is chosen incorrectly (or correctly). Then, the statistical significance√
∆χ2, where ∆χ2 = χ2, incorrect MO

min. − χ2, correct MO
min. , for mass ordering resolving sensitivity

is computed. A full-encompassing picture of the neutrino MO resolving sensitivity of the
above-mentioned experiments is shown in Figure 8. The study concludes that the neutrino
MO will be definitely established by an extension of the on-going neutrino programs or
by the next generation of neutrino experiments. Although the MO resolving sensitivity
depends on the true values of δCP, our study shows that the MO sensitivity is large enough
to reveal the neutrino MO nature at any value of δCP.
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Figure 8. Neutrino MO sensitivity as a function of the true δCP for two possible MO hypotheses with
a joint analysis of T2K-II, NOνA-II, and JUNO, with DUNE, and with joint T2HK and short-baseline
(SBL) reactor experiments.

As mentioned above, the future constraint on cosmology and beta decay can rule out
the inverted neutrino MO hypothesis if ∑Nν

mνi < 0.1 eV or 〈mνβ
〉 < 0.04 eV. If this is the

case, it is observed that the value of δCPwill have a strong impact on the observable pattern
of the neutrino mass matrix elements. In Figure 9, we provide the patterns of the neutrino
mass matrix elements for the two extreme cases δCP = 0 and δCP = −π/2. The patterns are
obtained using the same method as for getting Figure 7 but with hypothetically tightened
constraints from the cosmology and beta decay.
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Figure 9. Distributions of the elements’ amplitude of the Majorana neutrino mass matrix MMajorana
ν

attained from the leptonic mixing matrix UPMNS via Equation (8). The future constraint of ∑Nν
mνi <

0.06 eV from cosmology and the effective neutrino mass 〈mνβ 〉 < 0.04 eV from the beta decay are
used to limit the allowed phase space of the parameters. The mττ element is used to normalize all
elements, i.e., mττ ≡ 1. The left has δCP = 0, and the right has δCP = −π/2. Inverted MO will be
ruled out in this hypothesis of the cosmological and beta-decay observations, and only normal MO
will remain for investigation.

As shown in Figure 9, all elements are in the O(1) level. If one cares about the sub-
O(1) level, a notable difference in the pattern of the neutrino mass matrix can be observed
with different truth values of δCP. The rough estimation for the Majorana neutrino mass
matrix pattern provides

∣∣∣MMajorana
ν,Normal MO

∣∣∣
δCP=0

=

0.16± 0.01 0.30± 0.02 0.07± 0.02
0.30± 0.02 1.20± 0.09 0.85± 0.03
0.07± 0.02 0.85± 0.03 1

;

∣∣∣MMajorana
ν,Normal MO

∣∣∣
δCP=−π/2

=

0.08± 0.01 0.26± 0.02 0.24± 0.02
0.26± 0.02 1.25± 0.09 0.86± 0.03
0.24± 0.02 0.86± 0.03 1

; (10)

For both cases of the neutrino MO, the largest ratio among the matrix elements is
within O(10). If the underlying neutrino mass pattern is manifested by an unknown flavor
symmetry, we find it interesting and encouraging to not only search for the CPV in the
leptonic mixing matrix but also measure the δCP with high precision.

4. Discussion

The Froggatt–Nielsen mechanism [41] is among the earliest and most interesting at-
tempts to explain the smallness and hierarchy of the charged fermion mass. By introducing
an approximate U(1)FN to provide various charges to the fermion, the mass matrix for
up-type quarks and down-type quarks [42] can be read as

Yu−type =

ε4
FN ε3

FN ε2
FN

ε3
FN ε2

FN εFN
ε2

FN εFN 1

, Yd−type = YT
e =

ε2
FN ε2

FN ε2
FN

εFN εFN εFN
1 1 1

, (11)

where εFN ∼ sin2 θCabbio ∼ 0.05. However, indirect observation of the neutrino mass
matrix seems to not exhibit any of the above-mentioned patterns. No matter what neutrino
MO can be, we find that mν2/mν3 > 0.17, which is much larger than the counterparts of
the charged fermion, giving mµ/mτ = 0.06, for up-type quarks mc-quark/mt-quark = 0.01,
down-type quarks ms-quark/mb-quark = 0.02. Moreover, in a special case where we can
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obtain the neutrino mass matrix directly from the leptonic mixing matrix, the patterns
displayed in Equations (9) and (10) fairly differentiate them from the charged fermion
pattern in Equation (11).

In addition, it is observed that the quark CKM mixing matrices and the leptonic PMNS
mixing matrices are sizably different. While the former is close to the identity, almost all
elements of the latter are sizeable, as shown in Figure 10.

Figure 10. The pictorial representation of the leptonic PMNS mixing matrix (left) vs. the quark CKM
mixing matrix (right). The dot area is proportional to the matrix element’s amplitude. The quark
mixing parameters are taken from Reference [4]. The leptonic mixing parameters are the same as in
Table 1.

One interesting idea to explain the leptonic PMNS mixing matrix is the manifestation
of the neutrino mass anarchy proposed in Reference [43–45]. Central to the approach is
that there is no special texture in the neutrino mass matrix, meaning that all elements of
the matrix are of the same order of magnitude and can be drawn randomly. The present
data as well as the reconstructed neutrino mass matrices under particular assumption in
Equation (9) show good agreement with the anarchy hypothesis. Furthermore, even if the
future constraint on the mass observables leads to the neutrino mass pattern displayed
in Equation (10), we cannot falsify the anarchy hypothesis. If this hypothesis is true, the
anarchy-like neutrino mass spectrum distinguished from the hierarchy of the charged
fermion mass can be interpreted as the difference in the mass generation mechanism.
Neutrino mass may not come from the Yukawa interaction with the SM Higgs boson but
from others, such as the seesaw mechanism.

For the two undetermined parameters in the neutrino oscillations—neutrino MO and
value of δCP—one may need to reconsider the anarchy approach if δCP is found to be close
to zero, i.e., no significant CP violation is found since there is no reason for CP symmetry
to be conserved in this approach. Whether neutrino MO is normal or inverted cannot help
us select the hierarchy or anarchy approach as Nature’s favor unless some clearer texture
of the neutrino mass matrix is unraveled in the future.

5. Conclusions

The determination of the neutrino mass spectrum is critical not only for completing
the landscape of leptonic mixing but also for providing an important input for extending
the Standard Model. We have reviewed and made some observations about the neutrino
mass spectrum using the current neutrino oscillation data, cosmology, and beta-decay
constraints. At the moment, it is not clear whether neutrino mass ordering is normal
or inverted. For illustration, we reconstruct the neutrino mass matrix under a specific
assumption about neutrinos’ characteristics and find that it is consistent with the neutrino
mass anarchy hypothesis. We also calculate the sensitivity of the on-going and future
neutrino experiments to determine the neutrino mass ordering. The conclusion is that this
unknown will be distinctly elucidated by an extension of the current neutrino programs or
by the next generation of neutrino experiments. Furthermore, our research contributes to
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future programs that precisely measure the δCP phase, allowing us to better establish the
neutrino mass spectrum and shed light on the underlying neutrino mass generation model.
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FN Froggatt–Nielsen (mechanism)
MO Mass ordering
MSW Mikheyev–Smirnov–Wolfenstein (effect)
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