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Grand unified theories (GUTs) unify quarks and leptons into same representations and predict
correlations between their masses and mixing. We perform numerical scans in SO(10) GUTs to explore
the flavor space with new data of JUNO taken into account. The quark-lepton correlation shows the
preference of normal ordering for light neutrino masses, predicts favored region of the CP-violating phase
in neutrino oscillations, and classifies GUT models based on their testability in neutrinoless double beta
decay experiments. The quark-lepton correlation predicts mass spectrum of right-handed neutrinos,
pointing to the energy scale of baryon and lepton number violation and providing sources for baryogenesis.
We emphasize that, as high precision measurements of neutrino physics are coming, the quark-lepton
correlation will provide increasingly important role in the testability of GUTs, complementary to proton
decay measurements.
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I. INTRODUCTION

Grand unified theories (GUTs) do not just unify three
gauge interactions of the Standard Model (SM), but also
unify Yukawa interactions of quarks and leptons. Of
particular interest are the SOð10Þ GUTs [1] where all
SM matter fields are arranged in 16-plets of SOð10Þ and, as
a consequence, all fermion masses and mixing are corre-
lated [2–4]. While the proton decay provides a smoking
gun signature of GUTs [5–11], the quark-lepton correlation
of masses and mixing might verify the unification of
matters via the Yukawa sector. Furthermore, as right-
handed neutrinos (RHNs) are embedded into 16-plets, their
mass spectrum and Yukawa couplings are predicted by the
quark-lepton correlation, and successful leptogenesis
becomes testable in the seesaw framework.
The historical intertwining between neutrino measure-

ments and GUTs dates back to the early 1980s, when the
first generation experiments represented by IMB and
KamiokaNDE were operated (see in review [12]).
Current best limits on proton decay are set by the second
generation singularly comprised of Super-Kamiokande

[13,14]. The latter is most famous for its observation of
atmospheric neutrino oscillation in 1998 [15].
JUNO [16], Hyper-K [17], andDUNE [18] are threemain

large-scale neutrino oscillation measurements in this stage.
They will continue on proton decay measurements to test
GUTs and push sensitivities by one order of magnitude. In
the meantime, the most important goals are the determi-
nation of the neutrino mass ordering (normalm1<m2<m3

or inverted m3 < m1 < m2) and measurement of the Dirac-
type CP-violating phase δ. The octant of θ23 (1st octant
0 < θ23 < 45°) and (2nd octant 45° < θ23 < 90°) will be
confirmed andmeasurements of other oscillation parameters
with precision up to subpercent level will be carried out.
JUNO released the first data on the measurement of

sin2 θ12 and Δm2
21 after two months of running, with

precision improved by a factor of 1.6 relative to the
combination of all previous measurements [19]. In the
stage of high-precision neutrino data, the quark-lepton
correlation provides a tool of increasing significance to
test GUTs complementary to proton decay. We will use the
quark-lepton correlation in SOð10Þ GUTs as a criterion to
explore the preferred distribution of unresolved physical
observables, including neutrino mass ordering, the favored
range of the Dirac CP-violating phase, and effective mass
in neutrinoless double beta (0νββ) decay. These quantities
will all be tested in the precision era of neutrino physics. In
addition, the quark-lepton correlation predicts right-handed
neutrino mass spectrum, which touches to the B − L
breaking scale and provides sources for baryon-antibaryon
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asymmetry in the observed Universe. The rest of this paper
is organized as follows. Section II gives an overview on
Yukawa couplings in SOð10Þ GUTs. Numerical analysis
based on quark-lepton correlation is performed in Sec. III.
We summarize and discuss our results in Sec. IV.

II. OVERVIEW ON YUKAWAS

In SOð10Þ GUTs, all matter fields, including SM fer-
mions (quarks, charged leptons, and the left-handed neu-
trinos) and right-handed neutrinos, of the same generation
are arranged into a single 16-dim chiral representation 16F.
Following the decomposition 16 × 16 ¼ 10þ 120þ 126, a
“full” Higgs content for Yukawa couplings could be 10H,
120H, and 126H. Yukawa interactions in SOð10Þ GUTs are
generically given by

16F
�
Y1010H þ Y126126H þ Y120120H

�
16F þ H:c: ð1Þ

where Y10, Y126, and Y120 are 3 × 3 matrices in the flavor
space with absolute values for each entries≲Oð1Þ to ensure
the perturbativity. Here, 10H, 120H can be either real or
complex, which will be denoted with superscripts R and C,
respectively, and 126H is always complex following its
representation property. Their roles in fitting fermion data
are summarised in Table I. Complexifying theHiggs induces
couplings with the conjugates ð10CHÞ� and ð120CHÞ�. They
can be forbidden by imposing the global Peccei-Quinn (PQ)
symmetry Uð1ÞPQ [20,21], which gives a compelling
explanation of the strong CP problem [22]. Fermions and
Higgses under Uð1ÞPQ transform as

16F → eiα16F; 10CH → e−2iα10CH;

126CH → e−2iα126CH; 120CH → e−2iα120CH: ð2Þ

Accounting for 3 flavors of fermions, all Yukawa couplings
are 3 × 3matrices, and in particular,Y10,Y126 are symmetric
and Y120 is antisymmetric in the flavor basis.
Following the symmetry breaking from GUTs to the SM,

these Higgs fields are eventually decomposed to eight
electroweak doublets in total,

hi ¼
�
h̃u10; h

d
10; h̃

u
126

; hd
126

; h̃u1201 ; h
d
1201

; h̃u12015 ; h
d
12015

�
; ð3Þ

where h̃u10 ¼ iσ2ðhu10Þ� [23]. These field decompositions
introduce particles beyond the SM spectrum and the SM
Higgs is regarded as the lightest and massless one of their
eigenstates. Below the GUT scale, it is convenient to write
out Yukawa coupling matrices for quarks and leptons

Yu ¼ cu10Y10 þ cu126Y126 þ ðcu1201 þ cu12015ÞY120;

Yd ¼ cd10Y10 þ cd126Y126 þ ðcd1201 þ cd12015ÞY120;

Ye ¼ cd10Y10 − 3cd126Y126 þ ðcd1201 − 3cd12015ÞY120;

Yν ¼ cu10Y10 − 3cu126Y126 þ ðcu1201 − 3cu12015ÞY120: ð4Þ

And mass matrices for quarks and leptons as well as the
Dirac mass matrix for neutrinos are generated after the
electroweak symmetry breaking,Mf ¼ Yfv with f ¼ u, d,
e, ν and v ¼ 174 GeV. The 126H Higgs contains scalars of
the charge B − L ¼ 2. They are essential to generate light
neutrino masses via seesaw mechanism,

MR ¼ vSY126;

Mν ¼ −YνM−1
R YT

ν v2; ð5Þ

where vS is the scalar VEV and we have assumed type-I
seesaw dominance. Since all SM fermion mass matrices
Mu, Md, Me, and Mν are correlated, it is obvious that
masses of quarks and leptons, and the consequent flavor
mixing (i.e., Cabibbo-Kobayashi-Maskawa (CKM) and
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing), are
all correlated via the above formulas.
While the general Yukawa couplings in Eq. (1) leave

plenty of room to fit data of fermion masses and mixing,
economical models have been considered to reduce the
number of free parameters. We discuss the economical and
realistic Higgs content to be included in this work. First,
one single Higgs multiplet (either 10H, 126H or 120H) is
not enough, since it fails to generate fermion masses and no
flavor mixing in either quark or lepton sector. To explain
tiny masses for light neutrinos, 126H must be included
since it is the only Higgs involving a SM singlet with
charge B − L ¼ 2, which is necessary to generate
Majorana masses for neutrinos via seesaw mechanism.
The minimal extension is by adding a real 10RH into the
theory. However, it cannot explain the large hierarchy

TABLE I. A complete list of possible combinations of Higgs
content in renormalizable SOð10Þ GUTs with all fermions
arranged in 16F.

Higgs content Whether realistic in fitting fermion data

Only one Higgs No, no flavor mixing
10R;CH ; 120R;CH

No, massless light neutrinos

10RH; 126
C
H No, small hierarchy between mb and mt

120R;CH ; 126CH No, inconsistent with mixing data

10CH; 126
C
H Yes, imposing Uð1ÞPQ leads to M1

10RH; 126
C
H; 120

R
H Yes, assuming SCPV leads to M2

10CH; 126
C
H; 120

C
H

Yes, imposing Uð1ÞPQ × ZP
2 leads to M3

TABLE II. Representative models to be used in fitting fermion
data, their main features, and number of free parameters.

Model Main features npara

M1 Only Y10, Y126 19
M2 Real Y10, Y126, Y120 19
M3 Hermitian Yu, Yd, Ye, Yν 18
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betweenmb andmt [21]. On the other hand, the model with
ð126H; 120HÞ is found to be unable to fit all the fermion
masses and mixing angles in the three generation case
[24,25]. Then, we are left with a few realistic choices for
fitting data, either the minimal Higgs content ð10CH; 126CHÞ
or a complete list ð10H; 126H; 120HÞ. Among them, we will
focus on three compelling models, which are summarised
in Table II.

(i) M1—ð10CH; 126CHÞ with Uð1ÞPQ.
This one introduces the minimal Higgs contents

among the realistic models [20]. Imposing Uð1ÞPQ
forbids terms with ð10CHÞ� and thus only Y10 and
Y126 are present [26–29]. Without loss of generality,
we rotate the flavor basis to keep Y126 always real
and diagonal. There are 6 × 2þ 3 real parameters in
Y10 and Y126. Additional free parameters includes
the relative size and phases among cu;d10;126. In total,
we have 19 free parameters in the Yukawa sector.

(ii) M2—ð10RH; 126CH; 120RHÞ with SCPV.
Complex Yukawas Y10, Y126, and Y120 leave

enough room to fit data. Imposing CP symmetry
at high scale reduces the number of free parameters
[30–33]. In the basis of diagonal Y126, there are
6þ 3þ 3 real parameters in Y10, Y126, Y120. The
Higgses gain complex VEVs and induce sponta-
neous CP violation (SCPV). This model introduce
also 19 free parameters in the Yukawa sector
competitive to M1.

(iii) M3—ð10CH; 126CH; 120CHÞ with Uð1ÞPQ × ZP
2 .

This model includes a full list of Higgs multiplets
[23–25]. Uð1ÞPQ forbids couplings to the complex
conjugate of 10CH or 120CH. Z

P
2 represents the left-

right parity symmetry ψL ↔ ψR, which results in
Hermitian Yukawa matrices Yu, Yd, Ye, Yν [34].
This symmetry is achieved via a CP parity sym-
metry at high scale, to guarantee real Y10, Y126, and
Y120. Combining the CP parity with the internal
matter parity, i.e., the D parity [35], ψL ↔ ψC

R, of
SOð10Þ gives rise to ZP

2 . A maximal CP violation is
achieved spontaneously if the VEV of 120CH is
orthogonal to the other two Higgs VEVs in the
complex plane, but ZP

2 is left unbroken [36].
We refer to Appendix A for detailed parametrizations of
these models.

III. NUMERICAL ANALYSIS

We explore the parameter space allowed by current
experiments and discuss their physical predictions for
the above three models. The χ2 function is defined as

χ2 ¼
Xnobs
i¼1

�
Oi −Obf

i

σOi

�
2

; ð6Þ

where Oi is the ith theoretical prediction, and Obf
i is the

corresponding ith experimental best-fit (bf) value, and the

σOi
is the 1σ uncertainty. We take nobs ¼ 18 observables

into fitting, including 9 charged fermion masses, 3 angles
and 1 phase in the CKM mixing matrix, 2 mass-squared
differences and 3 angles in the PMNS mixing matrix. All
data are listed in Appendix A. In the neutrino sector, we
take NuFIT 6.0 [37] but replace data of Δm2

21 and sin2 θ12
(best-fits �1σ) with the most recent JUNO data,

Δm2
21 ¼ ð7.50� 0.12Þ × 10−5 eV2;

sin2θl12 ¼ 0.3092� 0.0087: ð7Þ

NuFIT provides four versions of global data, which we list
in Appendix A and denote as N1, N2, I1, and I2,
depending on which mass ordering is assumed and whether
SK atmospheric data is included. Namely, N1 and N2
represent global fits with and without SK atmospheric data
in the normal ordering, and I1 and I2 are those in the
inverted ordering. The up-to-date experimental constraint
on the Dirac CP-violating phase δ is still weak, and thus is
not included in the χ2. Instead, we treat δ as a prediction of
the model, together with other predictions including the
lightest neutrino mass mlightest, the effective masses appear-
ing in β decay mβ, 0νββ decay mββ, and right-handed
neutrino masses M1, M2, M3 (from lightest to heaviest).
We perform numerical scan for all three models M1, M2,

M3 with four versions of data respectively accounted. Same
procedures of scan are performed in all cases. All viable
points for χ2=nobs < 10 in these models are presented in
Appendix A, in Figs. 3 and 4 for normal and inverted
ordering, respectively. Representative benchmarks in these
models are presented in Appendix B.
We first report results on the prediction of neutrino mass

ordering. In model M1, no viable points in the inverted
ordering are found to fit data in our scan. In models M2 and
M3, although both normal and inverted ordering can fit
data, the former case is highly favored due to its efficiency
in the scan. Scan efficiencies of models in fitting both mass
ordering are compared in Fig. 1.
Below we will mainly focus on the normal mass order-

ing. Note that data N1 and N2 prefer θ23 in the 1st octant
(θ23 < 45°) and 2nd octant (θ23 > 45°), respectively. Thus,
we can further check the preference of the θ23 octant in

0.001

0.010

0.100

1

FIG. 1. Viable points (p) per core hour (ch) obtained in M1, M2,
and M3 with χ2=nobs < 10 in each scan.
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models. Given points in Fig. 3, we count points in certain
intervals normalized by the corresponding weight e−χ

2=2

and obtain the preferred regimes of observables in models.
General results on predictions of θ23, δ and RHN masses
are shown in Fig. 2 and summarized as follows. By taking
data of θ23 in both octants, we find a slight preference on
the 1st octant in M2, but no significant preference of the
octant in M1 and M3. Distributions of δ are different in three
models. δ is mainly distributed in the region ½−70°;þ70°� in
M2, extended to ½−90°;þ90°� in M3 and spanned into most
of the parameter space in M1.
We discuss the predictions of RHN mass spectrum and

potentially consequent phenomenon. These models predict
very different mass spectrums for RHNs. We have con-
firmed the large hierarchy of RHN masses in M2 which has
been studied in [32], where the lightest one can be as small
as 104 GeV and the heaviest one can reach 1015 GeV.
However, more points show the lightest mass M1 span in
the interval ½4×104;3×107�GeV. This regime has not been
discovered before. Both M1 and M3 show much smaller
hierarchies. M1 gives a clear prediction on M1 around

½109; 1010� GeV and the highest oneM3∼ ½1012;1013�GeV,
where most points give M1=M3 ∼ 10−3. Predictions in
M3 are more diverse, although a lot of them gives M1 ∼
1010 GeV and M3 ∼ 1013 GeV. This result is consistent
with former results [23], but we have found more para-
meter space.
A clear prediction of RHN mass spectrum serves as the

basis for numerous interesting research avenues. We briefly
address them below. RHNs provide an explanation of
baryon-antibaryon asymmetry via the mechanism of lepto-
genesis. This is quantitatively calculated via the quark-
lepton correlation in SOð10Þ GUTs. A successful thermal
leptogenesis requiresM1 heavier than 109 GeV [38], which
applies for most points in M1 and M3. However, this
condition is not satisfied in M2, and inspires alternative
scenarios, e.g., N2 leptogenesis [39], that might succeed in
some parameter space [33]. In a perturbative theory,
all RHN masses should not be heavier than the B − L
energy scale. That means this scale should be heavier than
M3 ∼ 1013 GeV for most points in M1 and M3. In M2, the
heaviest RHN can be as heavy as 1015 GeV. A B − L scale

FIG. 2. Predicted distributions of some observables of models M1, M2, and M3 in the normal order in fitting data N1 and N2 in the
normal ordering. RHN masses M1, M2 and M3 are marked in red, green and blue, respectively in the bottom panel.
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above this value requires special RG effects to be included
in the gauge unification.

IV. CONCLUSION AND DISCUSSIONS

GUTs unify quarks and leptons and predict correlation
between their masses and mixing. We emphasize that the
quark-lepton correlation can play increasingly important
role to test GUTs with the help of high-precision neutrino
measurements in the coming decade.
We begin with a brief review on the fermion masses and

mixing in SOð10Þ GUTs. Then we take three representative
GUT models as examples to explore the flavor space
consistent with experimental data. In particular, the most
recent JUNO data has been taken into account. The quark-
lepton correlation shows the preferred distribution of
unresolved physical observables. We argue that inverted
ordering for neutrino masses are disfavored in SOð10Þ
GUTs. The Dirac CP-violating phase is predicted differ-
ently in these models. Forthcoming measurements will be
able to classify GUT models. These quantities will all be
tested in the precision era of neutrino physics. The quark-
lepton correlation further predicts right-handed neutrino
masses. Different hierarchies of their mass scales point to
different scenarios of leptogenesis in explanation of matter-
antimatter asymmetry in our observed Universe. The
restrictions on the B − L scale touches to the gauge
unification in GUTs. We suggest to use the quark-lepton

correlation as a tool to evaluate GUTs in the precision era of
neutrino physics.
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APPENDIX A: DETAILS OF FITTING
PROCEDURE

After GUT symmetry breaking, 10H; 126H; 120H are
decomposed to a series of electroweak doublets of the SM
gauge symmetry, denoted in Eq. (3). They mix and the
lightest massless one matches to the SM Higgs. After the
SM Higgs gains the VEV v, triggering the electroweak
symmetry breaking, the SM fermions obtain masses. We
parametrize VEVs of electroweak doublets as

�hhu10i; hhd10i; hhu1201i; hhd1201i
� ¼ �

cu10; c
d
10; c

u
1201

; cd1201
�
×

vffiffiffi
2

p ;

�hhu126i; hhd126i; hhu12015i; hhd12015i
� ¼ �

cu126; c
d
126; c

u
12015

; cd12015
�
×

ffiffiffi
3

2

r
v; ðA1Þ

where all cu;drep are dimensionless and complex parameters satisfying the normalization

1

2

	jcu10j2 þ jcd10j2 þ jcu1201 j2 þ jcd1201 j2

þ 3

2

	jcu126j2 þ jcd126j2 þ jcu12015 j2 þ jcd12015 j2

 ¼ 1; ðA2Þ

and overall factors in front of v are induced by representation decomposition in group theory, which are irrelevant to our fit.
We further parametrize cu;drep by removing unphysical parameters. Without loss of generality, cu126 can be rotated to be real,
and remaining coefficients are generally complex. Concretely we write

cu10 ¼ jcu10jeiα; cd10 ¼ jcd10jeiβ;
cu126 ¼ jcu126j; cd126 ¼ jcd126jeiω; vS ¼ jvSj;
cu1201 þ cu12015 ¼ jcu1201 þ cu12015 jeiλ;
cd1201 þ cd12015 ¼ jcd1201 þ cd12015 jeiρ;
cu1201 − 3cu12015 ¼ jcu1201 − 3cu12015 jeiγ;
cd1201 − 3cd12015 ¼ jcd1201 − 3cd12015 jeiη; ðA3Þ

Moreover, the SM singlet scalar VEV vS can also taken to be real. Therefore, Yukawa matrices and parameters are written as
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D ¼ jcu126jY126; S ¼ jcu10jY10; A ¼ jcu1201 þ cu12015 jY120;

vR ¼ jvSj
jcu126j

; r1 ¼
jcd126j
jcu126j

; r2 ¼
jcd10j
jcu10j

; r3 ¼
jcd1201 þ cd12015 j
jcu1201 þ cu12015 j

;

r4 ¼
jcd1201 − 3cd12015 j
jcu1201 þ cu12015 j

; r5 ¼
jcu1201 − 3cu12015 j
jcu1201 þ cu12015 j

: ðA4Þ

With the above preparation, three models in this paper can
be reparametrized, as below.

(i) [M1,] 10CH þ 126CH with Uð1ÞPQ

Yu ¼ SþD;

Yd ¼ r2Sþ eiωr1D;

Ye ¼ r2S − 3eiωr1D;

Yν ¼ S − 3D;

MR ¼ vRD; ðA5Þ

where the phase of cu10, can be absorbed into S
and an overall phase between S terms andD terms in
Yd is unphysical and has been ignored. Here we
follow the convention in Ref. [41], with a basis
where the symmetric matrix D is real and diagonal,
whence S becomes a general complex symmetric
matrix. r1; r2; vR are real parameters and ω is
a phase.

(ii) [M2,] 10RH þ 126CH þ 120RH with SCPV.
As 10H; 120H are real fields, VEVs of Higgs

doublets in these two fields have relations
cd10¼cu�10;c

d
1201

þcd12015¼cu�1201þcu�12015 ;c
d
1201

−3cd12015¼
cu�1201−3c

u�
12015

. Next, we follow the convention in
Ref. [33], the Dirac mass matrices of fermions can
be reparametrized as

Yu ¼ eiαSþDþ eiλA;

Yd ¼ e−iαSþ eiωr1Dþ e−iλA;

Ye ¼ e−iαS − 3eiωr1Dþ e−iγr4A;

Yν ¼ eiαS − 3Dþ eiγr4A;

MR ¼ vRD: ðA6Þ

Due to the CP symmetry, Y10, Y126, Y120 are all real,
equivalently S, D, A are real matrices and MR is a
real symmetric matrix. Here, we work in a basis
whereD is diagonal and positive. S is real symmetric
and A is real antisymmetric. r1; r4; vR are real
parameters and α, λ, γ, ω are phases.

(iii) [M3,] 10CH þ 126CH þ 120CH with Uð1ÞPQ × ZP
2 .

The Dirac mass matrices of fermions are repar-
ametrized as

Yu ¼ SþDþ iA;

Yd ¼ r2Sþ r1Dþ ir3A;

Ye ¼ r2S − 3r1Dþ ir4A;

Yν ¼ S − 3Dþ ir5A;

MR ¼ vRD: ðA7Þ

We follow the convention in Ref. [23], as CP
invariance above the GUT scale and SCPV below
the GUT scale, S,D, A are real matrices, resulting Yu,
Yd, Ye, Yν are Hermitian matrices and MR is a real
symmetric matrix. Consistent with previous models,
we still choose a basis where D is diagonal and
positive, S is real symmetric and A is real antisym-
metric. r1; r2; r3; r4; r5; vR are real parameters.

Parameters of these models are summarized in Table III.
Data (bf � 1σ) for quark Yukawas and mixing param-

eters, as well as charged lepton Yukawas, are listed below,
taken from [30] with RG effect running up to
MGUT ¼ 2 × 1016 GeV.

yu¼ð2.54�0.86Þ×10−6; yd¼ð6.56�0.65Þ×10−6;

yc¼ð1.37�0.04Þ×10−3; ys¼ð1.24�0.06Þ×10−4;

yt¼ð0.428�0.003Þ; yb¼ð5.7�0.005Þ×10−3;

θq12¼ð0.227�0.0006Þ; θq13¼ð4.202�0.13Þ×10−3;

θq23¼ð4.858�0.06Þ×10−2; δq¼ð1.207�0.054Þ;
ðA8Þ

ye¼ð2.703�0.027Þ×10−6; yμ¼ð5.707�0.057Þ×10−4;

yτ¼ð9.702�0.0097Þ×10−3; ðA9Þ
For charged lepton Yukawas, we have quoted the error to be
1% uncertainty in their masses to relax the difficulty
induced by the tiny experimental errors of charged lepton
masses [32]. Oscillation data except Δm2

21 and sin2 θ12 in
the normal ordering are taken from NuFIT 6.0 [37]. We
apply following four versions of data: normal ordering for
IC24 with SK atmospheric data (denoted as N1),

sin2θ23¼0.470�0.015; sin2θ13¼0.02215�0.00057

Δm2
31¼ð2.513�0.020Þ×10−3 eV2; ðA10Þ

normal ordering for IC19 without SK atmospheric
data (N2),
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sin2θ23¼0.561�0.014; sin2θ13¼0.02195�0.00056;

Δm2
31¼ð2.534�0.024Þ×10−3 eV2; ðA11Þ

inverted ordering with SK atmospheric data (I1),

sin2θ23¼0.550�0.014; sin2θ13¼0.02231�0.00056

Δm2
32¼ð−2.484�0.020Þ×10−3 eV2; ðA12Þ

and inverted ordering without SK atmospheric data (I2),

sin2θ23¼0.562�0.014; sin2θ13¼0.02224�0.00057

Δm2
32¼ð−2.510�0.025Þ×10−3 eV2: ðA13Þ

In the inverted ordering, both I1 and I2 support θ23 in the
2nd octant. NuFIT data of sin2 θ12 and Δm2

21 in inverted
ordering keep the same,

sin2θ12 ¼ 0.308� 0.012;

Δm2
21 ¼ ð7.49� 0.19Þ × 10−5 eV2; ðA14Þ

In all of our scans, the same procedure is performed
as below.
(1) First, we begin with 15000 randomly generated

points whose parameters x0i (where i runs over all
free parameters of each model) are sampled within
their defined region shown in Table III. From these
parameters, we obtain light neutrino mass matrix via
seesaw formula and Dirac mass matrices. The initial
value of χ2 is usually very large, of order 108.

(2) Then, we minimize χ2 using the differential
evolution (DE) algorithm from the SciPy library.
The DE algorithm optimizes all points simultane-
ously. The configuration uses 15,000 independent
chains running in parallel via MPI, with each chain
maintaining a population of 15 points. The best1-
bin mutation strategy (F ¼ 0.7) is applied for up to
50000 generations.

(3) Finally, we truncate points with χ2=nobs < 10 for
each model.

Our scan is performed on the HIAS cluster with 3000
CPU cores available. Code and derived points of all three
models are released in GitHub. We further show these
points in Fig. 3 in the normal ordering and Fig. 4 in the
inverted ordering. We guarantee that all these points are in
the perturbative region, e.g., jY10j; jY126j; jY120j≲Oð1Þ,
which is checked via the following way. Once D, S, A, and
ri are obtained in the scan, one can set appropriate values
for free parameters jcu10j and jcu126j to guarantee the
perturbativity of Yukawa couplings Y10 ¼ S=jcu10j and
Y126 ¼ D=jcu126j. Finally, Y120 ¼ A=jcu1201 þ cu12015 j is
determined by applying normalization condition of
cu;d10;126;120 and correlations between ri and cu;d10;126;120 and
further one can check the perturbativity of Y120.
In the normal ordering of light neutrino masses, using

model M1 to fit data N1 (M1N1) or M1 to fit N2 (M1N2)
complete their scan using 1500 CPU cores in 28 hours and
minimize the χ2 value to χ2min=nobs ¼ 1.54, 1.71. M2N1 and
M2N2 complete scans with 1500 CPU cores in 13 hours and
get χ2min=nobs ¼ 3.34 × 10−6; 7.60 × 10−6. M3N1 and
M3N2 complete scans using 3000 CPU cores in 27 hours
and get final χ2min=nobs ¼ 3.41 × 10−7; 3.19 × 10−7.
In the inverted ordering, we fit I1 and I2 in model M1

with 1500 CPU cores in 24 hours, and obtain χ2min=nobs ¼
147.41 and 147.64, respectively, thus, no viable point for
model M1 found in the inverted ordering. In model M2,
M2I1, and M2I2 complete scans with 1500 CPU cores in
12 hours and obtain χ2min=nobs ¼ 0.205 and 0.00721,
respectively. M3I1 and M3I2 complete scans using
1500 CPU cores in 26 hours and obtain χ2min=nobs ¼
0.0680 and 0.598, respectively.
We comment on the prediction of light neutrino masses

which are not discussed in the main text. In the normal
ordering, the lightest neutrinomassm1 is predicted around the
region [0.002, 0.01] eVinM1, (0, 0.015] eVinM2 andmainly
distributed in (0, 0.02] eV in M3.mββ is predicted in a narrow

TABLE III. Parameters counting in three models.

Label Free parameters

M1 fr1; r2g∈ ð−10; 10Þ; m0 ∈ ð0; 1Þ eV;ω∈ ½0; 2πÞ;
D∶fD11; D22; D33g∈ ð0; 1Þ;

S∶fS11eis1 ; S12eis2 ; S13eis3 ; S22eis4 ; S23eis5 ; S33eis6g∈ ð0; 1Þei½0;2πÞ
ðnpara ¼ 19Þ

M2 fr1; r4g∈ ð−10; 10Þ; m0 ∈ ð0; 1Þ eV; fα; λ; γ;ωg∈ ½0; 2πÞ;
D∶fD11; D22; D33g∈ ð0; 1Þ;

S∶fS11; S12; S13; S22; S23; S33g∈ ð−1; 1Þ;
A∶fA12; A13; A23g∈ ð−1; 1Þ

ðnpara ¼ 19Þ

M3 fr1; r2; r3; r4; r5g∈ ð−10; 10Þ; m0 ∈ ð0; 1Þ eV;
D∶fD11; D22; D33g∈ ð0; 1Þ;

S∶fS11; S12; S13; S22; S23; S33g∈ ð−1; 1Þ;
A∶fA12; A13; A23g∈ ð−1; 1Þ

ðnpara ¼ 18Þ
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FIG. 3. Predictions of models M1, M2, and M3 for χ2=nobs < 10 in fitting data N1 and N2 in the normal ordering.
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regime less than 0.001 eVinM1 andmostly less than 0.003 eV
in M2, both of which are below the future sensitivity bound.
The predicted region inM3 spans in awider area, part ofwhich
will be tested in JUNO-50T. In the inverted ordering, the
lightest neutrino mass m3 is smaller than 0.04 eV in M2 and
smaller than 0.15 eV in M3. Some red points predictmββ less
than 0.01 eV due to the prediction of a large θ12 > 40°. These
points should have already been excluded by JUNO since θ12
is far beyond the 3σ region. However, they are kept in the plot
since χ2=nobs < 10 is still satisfied.

APPENDIX B: BENCHMARK STUDIES

We show benchmark points of M1, M2, and M3 in Tab. IV
and V with four versions of data N1, N2, I1, and N2 all

taken into account. In models M2 and M3, as diverse
mass hierarchies for RHNs are predicted, we show a
few distinguishable benchmarks in these models. For
example, very large hierarchy ðM1;M2;M3Þ ¼
ð9.95 × 104; 2.14 × 1012; 7.51 × 1014Þ GeV is predicted
in M2N1B1, which is consistent with the Ansätze assumed
in [32], and relatively smaller hierarchy ðM1;M2;M3Þ ¼
ð7.36 × 106; 6.96 × 1010; 2.29 × 1013Þ GeV is also found
in M2N1B2 in our scan. We further check the perturbativity
of these benchmarks in Table VI. By setting special values
of cu10 and cu126, we guarantee that absolute values of all
entries of Y10, Y126, and Y120, with the largest entries
denoted as maxðY10Þ, maxðY126Þ and maxðY120Þ, are less
than 1.

FIG. 4. Predictions of models M2 and M3 for χ2=nobs < 10 in fitting data I1 and I2 in the inverted ordering. M1 is not shown since no
viable points are found in the inverted ordering.
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