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We apply the universal two-zero texture (UTZT) to all quark and lepton mass matrices in the SO(10)
grand unified framework. With charged fermion masses fixed at their best-fit values, this texture contains
only seven free parameters to account for nine flavor observables, rendering it highly predictive. Motivated
by the recent JUNO indication in favor of the normal ordering of light neutrino masses, we perform an
updated analysis of the UTZT in SO(10). The texture remains fully compatible with all current flavor data.
The Dirac phase is predicted mainly in two regions, one of which matches very well with current data. A
meV-scale mββ is predicted, beyond the sensitivity bound of future neutrinoless double beta decay
measurements. We further explore the origin of the UTZT from noninvertible symmetries, without
introducing additional low-energy degrees of freedom. We show that the UTZT can be realized through
noninvertible selection rules arising from the Z3 gauging of ZN , with a minimal realization corresponding
to N ¼ 7.
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I. INTRODUCTION

The texture-zero approach, after its proposal [1–3],
remains an enduring solution to the flavor puzzle in particle
physics. It assumes a few vanishing entries in the fermion
mass matrices, which enforce correlations between fermion
masses and mixing, and the number of free parameters in
the flavor space is efficiently reduced. A widely discussed
example is a type of two-zero texture where a fermion mass
matrix takes the form

Mf ∼

0
B@

0 × 0

× × ×

0 × ×

1
CA; ð1Þ

in which “×” denotes a nonvanishing arbitrary value. The
two-zeros correspond to the vanishing (1, 1) and (1, 3)
entries in the matrix, and the (3, 1) entry is usually not
considered to be independent based on the requirement of

matrix hermiticity or symmetry in specific models. It is
extended from the three-zero Fritzsch texture [4,5], where
Mf is Hermitian and (2, 2) entry vanishes. A prominent
textured ansatz is the four-zero texture [6–8], wherein both
the up- and down-type quark mass matrices are assumed to
be Hermitian and take the above form. It takes advantage of
its analytical simplicity [9,10] and solving the strong CP
problem [11,12].
The two-zero texture is applied to the neutrino mass

matrix Mν in the basis where charged lepton mass matrix
Ml is first considered as diagonal [13–15]—see [16–18] for
discussions on how well this fits to new data. However, a
leptonic version of four-zero texture, that both Ml and Mν

have two-zero textures, is proposed in [19], which allows
the generalization to universal two-zero textures (UTZTs)
for all lepton mass matrices, including Dirac and Majorana
mass matrices for right-handed neutrinos (RHNs), in the
seesaw framework. The UTZT includes enough parameter
space to fit data and has been continuously studied in light
of updated data from neutrino measurements [20–25].
Motivated by its phenomenological success, the UTZT

for all quark and lepton masses has been embedded into
SO(10) grand unified theories (GUTs) [26]. Below, we
denote it as UTZT-SO(10). An important advantage of the
GUT version is the substantial reduction of the dimension-
ality of the flavor parameter space. Since all quarks and
leptons, includingRHNs, are unified into the 16-dimensional
spinorial representation, nontrivial correlations among
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fermion masses and mixing parameters naturally emerge.
With the steadily improving precision of neutrino oscil-
lation measurements, such quark-lepton correlations have
become increasingly powerful probes of GUT scenarios.
Extensive numerical analyses have shown a preference for
the normal ordering (NO) for light neutrino masses in
several compelling and realistic GUT scenarios [27–34],
although inverted ordering is not fully ruled out [35–37].
This is further confirmed by a recent multidimensional
numerical scan [38] taking account of JUNO’s first
physical results [39]. This finding is in good agreement
with the latest JUNO data on the indication of NO at
2.3σ [40].
Texture zeros can be realized in the discrete flavor

symmetries, either via Abelian [41] or non-Abelian sym-
metries [42], however, both at the price of extra copies of
Higgses. This approach is applied to the UTZT by employ-
ing a Z6 symmetry in the seesaw framework [20]. Applying
Abelian discrete symmetries to mass textures in the GUT
framework has also been studied in [43–46]. A UTZT-
SO(10) model is constructed in [26], where the contribution
of extra Higgses must be carefully treated to avoid the
Landau pole in the gauge coupling renormalization group
running and to satisfy constraints from proton decay
experiments. Modular symmetries provide an alternative
possibility to realize texture zeros if the theory is super-
symmetric [47,48].
Noninvertible symmetries (NISs) were implemented in

particle physics in recent years [49–53]. A bottom-up
approach of applying NIS to flavor model building has
been proposed in [54]. In particular, the nearest-neighbor
interaction texture [55], an asymmetric extension of the
Fritzsch texture, is realized in the Z2 gauging of ZN . The
NIS provides the most economical approach to texture
zeros, as it requires no new particles to be introduced at low
energies. A systematic study of texture zeros in the neutrino
sector via the Z2 gauging of ZN in the minimal seesaw
framework is performed in [56]. Textures in both charged
lepton and neutrino sectors are further explored in the same
symmetries in [57]. Three-zero textures for the down-quark
masses are proposed in the GUT framework based on the
symmetries [58]. In the charged lepton flavor basis, all two-
zero textures for neutrino masses are achieved in the Z3

gauging of ZN [59].
In this work, we will discuss the up-to-date fitting of the

UTZT-SO(10) and its realization in NISs. Compared with
former works, the main novelties of this paper are
addressed below:

(i) The UTZT-SO(10) framework remains compatible
with the new data of precision neutrino mea-
surements.

(ii) We adopt the numerical strategy of Ref. [38] to
perform a more extensive scan of the parameter
space. This scan reveals additional disconnected
viable branches in the allowed ranges of δl, including

regions close to maximal leptonic CP violation and
regions of mββ, which were not discovered
in Ref. [26].

(iii) Since no new particles are introduced at low energies
in the NIS framework, this approach automatically
avoids the problems of gauge coupling renormali-
zation group (RG) running and experimental con-
straints of proton decay.

The rest of this paper is organized as follows. In Sec. II,
we review the fermion masses and mixing of the UTZT-SO
(10), where the quark-lepton correlation induced by GUT is
emphasized. The numerical analysis of the fermion masses
and mixing fitting to the most recent JUNO data is
performed in Sec. III. We consider only the NO case for
neutrino masses, since NO is supported by recent JUNO
results and no viable points in the inverted ordering case are
found in former fits [26]. In Sec. IV, we discuss how the
UTZT is realized via noninvertible selection rules. An
explicit model based on the Z3 gauging of ZN will be
presented, while realizations in other NISs will also be
discussed. We conclude in Sec. V.

II. FERMION MASSES AND MIXING
IN UTZT-SO(10)

In this section, we briefly revisit the UTZT-SO(10),
where light neutrino masses are generated via the Type-I+
II seesaw mechanism after spontaneous symmetry break-
ing. We follow the discussion in Ref. [26], where detailed
derivations of flavor mixing in two-zero textures and a
parametrization of quark-lepton correlations are provided.
New contents of the present work include the updated fit
and the more comprehensive parameter scan in Sec. III and
the realization of the UTZT from noninvertible selection
rules in Sec. IV.
We assume the following breaking chain of gauge

symmetries in the nonsupersymmetric framework:

SOð10Þ →
MGUT

54
GC

422 ¼ SUð4Þc × SUð2ÞL × SUð2ÞR ×ZC
2

→
M2

45
G3221 ¼ SUð3Þc × SUð2ÞL × SUð2ÞR ×Uð1ÞX

→
M1

126
GSM ¼ SUð3Þc × SUð2ÞL ×Uð1ÞY; ð2Þ

where MGUT and M1;2 denote breaking scales of GUT and
intermediate gauge symmetries, respectively, with the
responsible Higgs multiplet indicated in the subscript.
ZC
2 is the parity symmetry that relates left-handed particles

to their right-handed charge-conjugate partners. This chain
has been well studied in [60,61] and denoted as II3 in [61].
The CP symmetry is also imposed above the GUT scale,
essential for the achievement of Hermitian Yukawa matri-
ces at low energies [26]. Assuming the existence of the
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UTZT at the GUT scale, we then discuss its analytical
properties and reparametrize the fermion Yukawa matrices.

A. Quark-lepton correlation in SO(10) GUTs

In SO(10) GUTs, each generation of SM fermions,
including RHNs, is embedded in a single 16-dimensional
spinor representation. The Higgs sector contains 10H,
126H, 120H, 54H, and 45H. The multiplets 10H, 126H,
and 120H couple to the fermion bilinear 16 × 16 and
generate SO(10)-invariant Yukawa interactions. The 45H
and 54H fields are introduced for gauge symmetry break-
ing, as presented in Eq. (2), while 126H also breaks B − L
and gives Majorana masses to RHNs. The Yukawa cou-
plings of fermions are given by

−LY ¼ ðAÞαβ16αF16βF10H þ ðBÞαβ16αF16βF126H
þ ðCÞαβ16αF16βF120H þ H:c:; ð3Þ

assuming 10H, 126H, and 120H are all complex fields.
There are additional terms

ðA0Þαβ16αF16βF10�H þ ðC0Þαβ16αF16βF120�H þ H:c:; ð4Þ

which can be forbidden by imposing a Peccei-Quinn Uð1Þ
symmetry.
The decomposition of 16 × 16 into 10S, 126S, and 120A

indicates that the Yukawa coupling matrices generated by
10H and 126H, i.e., ðAÞαβ and ðBÞαβ, are symmetric, while
ðCÞαβ is antisymmetric. The structure of Yukawa couplings
can be further constrained by additional symmetries. We
impose the CP symmetry above the GUT breaking scale,
leading to real coupling matrices A, B, and C [62]. In order
to obtain CP violation in the mixing matrix, we consider
spontaneous CP violation, as originally proposed in [63]. It
is achieved by assuming real vacuum expectation values
(VEVs) of 10H and 126H and a purely imaginary VEV
of 120H.
The resulting Yukawa couplings of up-type quarks,

down-type quarks, charged leptons, and neutrinos are
expressed as [64–67]

Yu ¼ H þ r2F þ ir3G;

Yd ¼ r1ðH þ F þ iGÞ;
Yν ¼ H − 3r2F þ icνG;

Ye ¼ r1ðH − 3F þ iceGÞ; ð5Þ

where H, F, and G are 3 × 3 real matrices proportional to
the coupling matrices A, B, and C, respectively, and the
parameters r1, r2, r3, cν, and ce are all real free parameters
parametrizing the Higgs VEV contributions. Consequently,
the Yukawa coupling matrices remain Hermitian. The light
neutrino mass matrix is generated by the Type-(Iþ II)

seesaw mechanism, given by

Mν ¼ mLF −mRYνF−1YT
ν ; ð6Þ

wheremL andmR are generated by VEVs of triplet Higgses
of SUð2ÞL and SUð2ÞR, respectively, both decomposed
from 126H of SO(10). The RHN mass matrix is given by

MR ¼ v2

2mR
F; ð7Þ

where v is the VEV of the SM Higgs doublet.

B. Fermion masses and mixing with UTZT-SO(10)

A characteristic feature of GUT theory is that all fermion
mass matrices are correlated with each other, which
efficiently reduces the number of free parameters in the
model. The UTZT for all fermion mass matrices can further
reduce the number of free parameters. The UTZT-SO(10)
has been shown to be compatible with current experimental
data, while providing predictions for neutrino Majorana
masses that can be tested in future experiments. To illustrate
the correlations between fermion masses and mixing,
Yukawa matrices of charged leptons and neutrinos, as well
as the parametrized matrix F, are expressed in terms of
those of quarks as

Ye ¼ −
4r1

r2 − 1
ReYu þ

r2 þ 3

r2 − 1
ReYd þ ice ImYd;

Yν ¼ −
3r2 þ 1

r2 − 1
ReYu þ

4r2
r1ðr2 − 1ÞReYd þ i

cν
r1

ImYd;

F ¼ ReYu

r2 − 1
−

ReYd

r1ðr2 − 1Þ : ð8Þ

From Eqs. (6) and (7), the light neutrino mass matrix Mν

and the RHNmass matrixMR also depend on Yu, Yd, r1, r2,
and cν. Assuming that the Yukawa couplings matrices A, B,
and C have the two-zero texture, it is straightforward to
show that all Yukawa coupling matrices Yf, as well as Mν,
have the same two-zero texture, i.e., the UTZT is realized in
this model.
To reduce the number of free parameters, the Yukawa

coupling matrices are assumed to be Hermitian, i.e.,

Yf ¼ ζf

0
B@

0 Cf 0

C�
f B̃f Bf

0 B�
f Af

1
CA; ð9Þ

where f ¼ u, d, ν, e, the entries Af and B̃f are real, while
Bf and Cf are complex, Af > 0, and ζf ¼ �1. Yu can be
reparametrized in terms of the up-type quark Yukawa
eigenvalues yu, yc, and yt. ζu is set to þ1 by a phase
redefinition of 16αF. The Hermitian Yukawa matrix Yu is
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transformed into a real and symmetric matrix by a phase
rotation Pu ¼ diagð1; eiϕu ; eiϕ

0
uÞ, i.e.,

Yu ≡ PuYuP�
u ¼

0
B@

0 jCuj 0

jCuj B̃u jBuj
0 jBuj Au

1
CA; ð10Þ

where Au > 0 and B̃u can be either positive or negative. Ȳu
can be diagonalized by a real orthogonal matrix Ou,

Yu ¼ OuŶuOT
u ; ð11Þ

with Ŷu ¼ diagð−ηuyu; ηuyc; ytÞ, where ηu ¼ �1 is an
undetermined sign. We claim that the (3,3) entry of the
texture is always smaller than the largest eigenvalue, i.e.,
Au < yt. This is proven below. Starting from the identity

detðYu − AuIÞ ¼ AujBuj2 ¼ detðŶu − AuIÞ
¼ ð−ηuyu − AuÞðηuyc − AuÞðyt − AuÞ > 0;

a direct analysis gives yc < Au < yt for ηu ¼ þ1, and yu <
Au < yt for ηu ¼ −1. Ou can be explicitly expressed in
terms of Au and yu, yc, and yt as [9,12]

Ou ¼

0
BBBBB@

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ycytðAuþηuyuÞ

AuðyuþycÞðηuyuþytÞ
q

ηu

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
yuytðAu−ηuycÞ

AuðyuþycÞðyt−ηuycÞ
q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

yuycðyt−AuÞ
AuðηuyuþytÞðyt−ηuycÞ

q

−ηu
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

yuðAuþηuyuÞ
ðyuþycÞðηuyuþytÞ

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ycðAu−ηuycÞ

ðyuþycÞðyt−ηuycÞ
q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ytðyt−AuÞ
ðηuyuþytÞðyt−ηuycÞ

q

ηu

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
yuðyt−AuÞðAu−ηuycÞ
AuðyuþycÞðηuyuþytÞ

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ycðyt−AuÞðAuþηuyuÞ
AuðyuþycÞðyt−ηuycÞ

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ytðAuþηuyuÞðAu−ηuycÞ
AuðηuyuþytÞðyt−ηuycÞ

q

1
CCCCCA
: ð12Þ

Then, we get the relations

B̃u ¼ −ηuyu þ ηuyc þ yt − Au;

jBuj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðAu þ ηuyuÞðAu − ηuycÞðyt − AuÞ=Au

p
;

jCuj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
yuycyt=Au

p
: ð13Þ

The reparametrization of Yd and Ye follows the same
procedure as that of Yu, except for the sign ambiguity of ζd
and ζe, i.e.,

Yd ¼ ζdP�
dOdŶdOT

dPd; Ye ¼ ζeP�
eOeŶeOT

ePe; ð14Þ

where fŶd; Od; Pdg and fŶe; Oe; Peg have the same
structure as fŶu; Ou; Pug, under the substitution of
u → d; c → s; t → b and u → e; c → μ; t → τ, respec-
tively. The Cabibbo–Kobayashi–Maskawa (CKM) matrix
is represented as

VCKM ¼ OT
uPqOd; ð15Þ

where Pq ¼ PuP�
d ¼ diagð1; eiϕ1 ; eiϕ2Þ with ϕ1 ¼ ϕu − ϕd

and ϕ2 ¼ ϕ0
u − ϕ0

d. We refer to [26] for an analytical
approximation of the mixing angles in terms of quark
masses, Au, Ad, phases ϕ1;2, and signs ηu;d, which will not
be repeated here.
In brief, there are four free parameters in the quark

sector, fAu; Ad;ϕ1;ϕ2g, with the ambiguity of
signs fζd; ηu; ηdg.
In the lepton sector, the first relation of Eq. (8) provides

four constraints on Ye. Combining these with

B̃e ¼ −ηeye þ ηeyμ þ yτ − Ae;

jBej ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðAe þ ηeyeÞðAe − ηeyμÞðyτ − AeÞ=Ae

q
;

jCej ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
yeyμyτ=Ae

q
; ð16Þ

we can solve for four parameters, Ae; ce; r1, and r2, as well
as the sign ζe, given ηe, eigenvalues of the charged lepton
Yukawas and parameters in the quark sector. The remaining
free parameters in the lepton sector are cν, mL, and mR,
which will be further used to determine Mν. The sign ζν
cancels out in Eq. (6) and thus does not represent a free
parameter.
Given that F and Yν follow the two-zero textures, it has

been proven thatMν via the Type-I+II seesaw formula also
takes the two-zero texture [19], however, it is not Hermitian
but complex symmetric. Phases of nonvanishing entries of
Mν cannot be fully rotated away via phase rotation. In this
case, one has to diagonalize this matrix numerically.
Suppose Mν has been diagonalized by a unitary matrix
Uν, i.e., Mν ¼ Uνdiagfm1; m2; m3gUT

ν . Here, bothMν and
Uν are determined by fmL;mR; cνg. The Pontecorvo–
Maki–Nakagawa–Sakata (PMNS) matrix is then given by

UPMNS ¼ OT
ePeUν: ð17Þ

To end this section, we summarize that, apart from the
fermion Yukawa eigenvalues, there are seven free param-
eters in the model,

fAu; Ad;ϕ1;ϕ2; mL;mR; cνg; ð18Þ

with the sign ambiguities fηu; ηd; ηe; ζdg.
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III. PARAMETER FITTING

Assuming the UTZT at the GUT scale, we perform a
numerical analysis of fermion masses and flavor mixing,
taking into account recent JUNO data. To reduce the

dimensionality of the parameter space, we fix the eigen-
values of the Hermitian fermion Yukawa matrices to their
best-fit values at MGUT ¼ 2 × 1016 GeV, as provided
in Ref. [28],

ybfu ¼ 2.54 × 10−6; ybfc ¼ 1.37 × 10−3; ybft ¼ 0.428;

ybfd ¼ 6.56 × 10−6; ybfs ¼ 1.24 × 10−4; ybfb ¼ 5.7 × 10−3;

ybfe ¼ 2.70341 × 10−6; ybfμ ¼ 5.70705 × 10−4; ybfτ ¼ 9.7020 × 10−3: ð19Þ

The best-fit values and 1σ uncertainties of the CKMmixing
angles and the quark CP-violating phase are

θq12 ¼ 13.028°� 0.034°; θq23 ¼ 2.783°� 0.034°;

θq13 ¼ 0.2408°� 0.0074°; δq ¼ 69.16°� 3.09°: ð20Þ

In the neutrino sector, as indicated by JUNO’s most recent
result [40], we will consider only NO for light neutrino
masses and use the following three latest inputs:

Δm2
21 ¼ ð7.388� 0.078Þ × 10−5 eV2;

Δm2
31 ¼ ð2.509þ0.027

−0.025Þ × 10−3 eV2;

sin2θl12 ¼ 0.3036� 0.0064: ð21Þ

Inputs for the remaining oscillation parameters are taken
from NuFIT 6.1 in NO for the IC23 fit without Super-
Kamiokande atmospheric data [68],

sin2 θl23 ¼ 0.470þ0.017
−0.014 ; sin2 θl13 ¼ 0.02249� 0.00057:

ð22Þ

The numerical fit is performed in two stages. For both
quark and lepton sectors, we define

χ2α ¼
Xnobs
i¼1

�
Oi −Obf

i

σOi

�
2

; α ¼ q; l; ð23Þ

where Oi, Obf
i , and σOi

denote the theoretical prediction,
experimental best-fit value, and 1σ uncertainty of the ith
observable, respectively. The minimization of the χ2α
function is carried out with a differential evolution algo-
rithm, following the setup tested in Ref. [38]. The fitting
procedure is summarized as follows:

(1) In the quark sector, the eigenvalues of Yu and Yd are
fixed. For each point in the parameter space of
Table I, the values of Au and Ad (Au < yt and
Ad < yb, as proven in the last section) determine
Ou and Od through Eq. (12) up to the signs
ηu; ηd ¼ �1. Together with the phase differences
ϕ1 ¼ ϕu − ϕd and ϕ2 ¼ ϕ0

u − ϕ0
d, the CKM matrix

is obtained from Eq. (15). For each choice of
ηu; ηd ¼ �1, the four parameters fAu; Ad;ϕ1;ϕ2g
are varied to fit fθq12; θq13; θq23; δqg. Points satisfying
χ2q < 10 are retained for the subsequent lepton
sector fit.

(2) In the lepton sector, as presented in the previous
section, Ae, r1, r2, and ce are determined via
Eqs. (16) and (8) after signs ηe and ζd, eigenval-
ues of the charged lepton Yukawas, and param-
eters in quark sector are given. Once these
parameters are fixed, Yν is only determined by
cν via the second equation of Eq. (8). Conse-
quently, Mν is determined by three parameters
fmL;mR; cνg via the Type-I+II seesaw formula in
Eq. (5). We vary these parameters and minimize
χ2l by fitting fθl12; θl13; θl23;Δm2

21;Δm2
31g.

(3) The final results are selected by requir-
ing χ2tot ¼ χ2q þ χ2l < 10.

In summary, we randomly scan seven free model
parameters, fAu; Ad;ϕ1;ϕ2; mL;mR; cνg, together with
the four independent undetermined signs, fηu; ηd; ηe; ζdg.
The fit is performed using nine independent observables,

obs∈ fθq12; θq13; θq23; δq; θl12; θl13; θl23;Δm2
21;Δm2

31g; ð24Þ

which contribute to the computation of χ2tot.
Numerical results satisfying χ2tot < 10 are shown in

Figs. 1 and 2. Points and crosses denote the scan points
with ηd ¼ þ1 and ηd ¼ −1, respectively. In the present
fit, all viable points have ηe ¼ −1 while no solutions with
ηe ¼ þ1 are found.
In the upper panels of Fig. 1, the allowed values of cν

span a wide range, cν ∈ ð0.016; 15Þ. Most solutions prefer a
large-cν region. The viable points of the quark sector

TABLE I. Model parameter counting.

7 free parameters

Quarks∶ Au=yt; Ad=yb ∈ ð0; 1Þ;ϕ1;ϕ2 ∈ ð0; 2πÞ;
Leptons∶ cν ∈ ð10−2; 15Þ;mL;mR ∈ ð10−1; 102Þ eV

UNIVERSAL TWO-ZERO TEXTURE IN SO(10): … PHYS. REV. D 114, 055035 (2026)

055035-5



FIG. 1. Scan of model parameters with χ2 ≤ 10. Points and crosses denote the scan points with ηd ¼ þ1 and ηd ¼ −1, respectively.

FIG. 2. The effective neutrino mass prediction (top left panel) and two-dimensional correlations between predicted observables. Points
and crosses denote the scan points with ηd ¼ þ1 and ηd ¼ −1, respectively.
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parameters Au and Ad form two narrow and approximately
linear branches, centered around fAu; Adg ∼ ð0.18; 2.3 ×
10−3Þ and ð0.36; 4.7 × 10−3Þ, respectively. The linear
behavior can be understood from the parametrizations
Au ¼ ytðrþ ϵÞ and Ad ¼ ybðr − ϵÞ. Since the CKM con-
straints require jϵj ≪ jrj, both Au=yt and Ad=yb are
primarily controlled by the same parameter r, leading to
the observed linear correlation. In the lower panels of
Fig. 1, most viable points are found near mL ≃ ð12; 33Þ eV
and mR ≃ ð0.45; 0.95Þ eV. We have not found any viable
points with either mL or mR vanishing. Thus, both Type-I
and Type-II seesaw are crucial to fit data in UTZT-SO(10).
The parameters r1 and r2 are approximately linearly
correlated, compatible with results in Ref. [26]. For the
dominant ηd ¼ þ1 branch, the two signs of r1 correspond
to the two assignments ζd ¼ �1. In addition, a few
ηd ¼ −1 points appear in a separate region with
r2 ≃ −1.38, which represents a new region of parameter
space found in this paper. The viable points satisfy

Ad ≪ Au; mR ≪ mL; jr1j ≪ jr2j: ð25Þ

The predicted observables are shown in Fig. 2. The
effective mass of neutrinoless double beta decay is
predicted to fall into two narrow bands, mββ ∈
ð0.80; 0.93Þ meV and (1.14, 1.34) meV, well beyond the
current KamLAND-Zen bound and the future JUNO-50T
sensitivity. The lightest neutrino mass is predicted in the
range mlightest ∈ ð0.16; 3.7Þ meV.
We explain why mββ is confined to narrow bands and

is insensitive to mlightest. Firstly, we consider the con-
straints from the two-zero texture of Mν, which is
diagonalized by Uν,

Uν ¼ UeUPMNS ¼ PeOePunVPMNSPMaj ≡ PLνVνPRν;

Mν ¼ Uνdiagðm1; m2; m3ÞUT
ν ≡ PLνMνPLν; ð26Þ

where Pun ¼ diagðeiðϕn1þϕn3Þ; eiðϕn2þϕn3Þ; eiϕn3Þ contains
the unphysical phases of the PMNS matrix, PMaj ¼
diagðeiρ; eiσ; 1Þ contains the Majorana phases, and the
last equality indicates that Uν is parametrized in the same
way as the PMNS matrix. Due to the nontrivial complex
diagonal matrix Pun, PLν depends on Ae, the phases
contained in Pe, ϕn1, ϕn2, ϕn3, δl, and the observables of
the lepton sector, while VνPRν depends on Ae, ϕn1, ϕn2,
δl, ρ, σ, and the observables. Given that the Hermitian Yν

and the real symmetric F take the two-zero textures,
Eq. (6) implies that

Mν ¼

0
B@

0 M12 0

M12 M22eiðϕν1þ2ϕν2Þ M23eiϕν2

0 M23eiϕν2 M33

1
CA

¼ PLν

0
B@

0 M12 0

M12 M22eiϕν1 M23

0 M23 M33

1
CAPLν; ð27Þ

where M12, M22, M23, and M33 are real and
PLν ¼ diagðe−iϕν2 ; eiϕν2 ; 1Þ. The two constraints on PLν
imply that ϕn1 and ϕn2 can be expressed in terms of ϕn3,
δl, Ae, Pe, and the observables. The two vanishing
elements, ðMνÞ11 and ðMνÞ13, provide four constraints
on the parameters m1, δl, ρ, σ, ϕn1, ϕn2, Ae, and the
lepton mixing observables. The parameters m1; δl; ρ, and
σ can be solved in terms of Ae; Pe;ϕn3, and the
observables. Applying these conditions to the expression
mββ ¼ jm1U2

e1 þm2U2
e2 þm3U2

e3j, we find that mββ

depends on Ae, Pe, and the observables in the lepton
sector (note that ϕn3 is the overall phase of UPMNS and
thus has no effect on mββ). As shown in Eq. (8), Ae and
Pe are directly constrained by the quark sector and must
be restricted to a narrow range. Compared with Ae and
Pe, mlightest is influenced by three additional free param-
eters from the lepton sector, fmL;mR; cνg, and thus mββ

is insensitive to mlightest.
The RHN masses are predicted to lie in narrow regions

with hierarchy. The lightest one MN1
∈ ð0.3; 2.0Þ ×

1010 GeV and the heaviest one MN3
∈ ð0.9; 3.6Þ×

1012 GeV. These mass scales are potentially compatible
with hierarchical thermal leptogenesis, for which success-
ful N1-dominated leptogenesis typically satisfies the
Davidson-Ibarra bound, MN1

≳ 109 GeV [69,70]. The
lower panels of Fig. 2 show a multibranch distribution
of δl. For the dominant ηd ¼ þ1 solutions, the main branch
lies around δl ≃ ð120°; 235°Þ and gives the uppermββ band.
A smaller branch around δl ≃ ð40°; 85°Þ gives the lower
mββ band, which is not favored by global-fit data in the 3σ
region. In addition, a few ηd ¼ −1 points, absent from
Ref. [26], appear around δl ≃ ð320°; 330°Þ and MN1

≃
ð0.6; 0.7Þ × 1010 GeV. However, their χ2 values are rela-
tively large. These points are shown only for completeness
and should be regarded as marginal solutions. The Jarlskog
invariant can reach the percent level, with jJ j≲ 3.5%.
As a stability check, we further check the parameter

space by imposing a tighter cut χ2tot < 4. The effective mass
is restricted to two separated narrow intervals,
mββ ∈ ð0.84; 0.87Þ meV and (1.16, 1.29) meV. The allowed
RHN mass ranges become MN1

∈ ð0.4; 2.0Þ × 1010 GeV
and MN3

∈ ð1.0; 3.2Þ × 1012 GeV. The allowed ranges of
the CP phase are δl ∈ ð54°; 80°Þ and δl ∈ ð142°; 218°Þ. The
second interval remains allowed, but fewer points survive
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the tighter cut. Compared with the χ2tot < 10 case, the
dominant ηd ¼ þ1 regions remain stable with only mod-
erate narrowing, whereas the marginal solutions associated
with the ηd ¼ −1 branch disappear.
For comparison, Ref. [26], using NuFIT 5.3 inputs,

found cν ≲ 1.7, a connected region δl ∈ ð90°; 230°Þ, a
single band mββ ∈ ð1.15; 1.28Þ meV, and a single
fAu; Adg branch around ð0.37; 4.8 × 10−3Þ. The present
analysis differs from there in both updating the experi-
mental inputs and applying the numerical search strategy.
The more comprehensive scan retains the previous
fAu; Adg branch and reveals an additional lower branch
around ð0.18; 2.3 × 10−3Þ, together with solutions in the
ζd ¼ þ1 branch and a small number of marginal ηd ¼ −1
solutions. In the resulting viable parameter space, the
allowed range extends to cν ∈ ð0.016; 15Þ, while δl

becomes disconnected into two main intervals, ð40°; 85°Þ
and ð120°; 235°Þ. Here, the additional branch at δl ∈
ð40°; 85°Þ was found in a more extensive parameter scan
using the improved numerical algorithm and is not solely a
result of the updated JUNO inputs. Correspondingly, the
original mββ band is retained and slightly broadened to
(1.14, 1.34) meV, while an additional lower band emerges
at (0.80, 0.93) meV.

IV. UTZT FROM NONINVERTIBLE SYMMETRIES

Having discussed the phenomenological implications of
the UTZT in the previous section, we now turn to its
realization. Texture zeros realized in the canonical
approach via either Abelian or non-Abelian discrete sym-
metries require more than one generation of Higgs fields
[41,42]. These fields introduce a lot of new physical
degrees of freedom above the electroweak scale and may
greatly affect the RG running to the GUT scale. A detailed
numerical analysis of the RG running and the consequent
prediction of proton decay can be found in [26], where the
influence of the repetition number of Higgs fields
10H; 126H, and 120H is discussed in particular.
Texture zeros realized in NISs do not introduce any new

particles below the GUT scale. In this work, we take the
economical assumption that only one generation of Higgs
fields is introduced, corresponding to the same breaking
chain and same particle content as those appearing in the
scenario S1 in [26] with Higgs repetition number nH ¼ 1.
Therefore, the same RG behavior and prediction on the
proton decay are expected and we do not repeat them here.
We further note that the same breaking chain was discussed
earlier in [60,61].1 Although the particle contents at
intermediate scales in these works are not exactly the
same, the GUT scales are all predicted to roughly lie in the
similar range from 1015 GeV to 1016 GeV. As mentioned

in the introduction, the simplest way to realize the UTZT is
to impose a noninvertible selection rule of the Z3 gauging
of Z7. In this section, we will first discuss the multiplication
rules for conjugacy classes in ZN ⋊ Z3 and then the model
building in the Z3 gauging of Z7. We will also introduce the
generalized CP symmetry and its implications for the
Yukawa couplings. Since NIS is a type of discrete sym-
metry, its spontaneous breaking does not generate addi-
tional light states and thus does not affect the RG running.

A. Noninvertible selection rules on Z3 gauging of ZN

In this subsection, we assume N is prime. Any nonprime
N can be expressed as a product of prime factors, i.e.,
ZN ≃ ZN1

× ZN2
× � � �, which we will comment on at the

end of this section. The generators of ZN ⋊ Z3 are denoted
as a and b, with the following relations:

aN ¼ e; b3 ¼ e; b−1ab ¼ am; ð28Þ

where e is the identity element. Evidently, Z3 is an outer
automorphism of ZN with the mapping a → am. The last
relation, ab ¼ bam, implies that

ab3 ¼ b3aðm3Þ ⇒ a ¼ aðm3Þ: ð29Þ

It gives a strong constraint on m and N [59,71],

ðm3 − 1Þ ¼ ðm − 1Þðm2 þmþ 1Þ ¼ 0 ðmod NÞ: ð30Þ

Except for the trivial case m ¼ 1, the above relation is
satisfied by m2 þmþ 1 ¼ 0ðmod NÞ. The possible com-
binations of N and m are

N ¼ 7; m ¼ 2; 4;

N ¼ 13; m ¼ 3; 9… ð31Þ
Using the relation ab ¼ bam and the condition
m3 ≡ 1 mod N, the conjugacy classes of ZN ⋊ Z3 are
given by

C1¼feg;
C1
3¼fa;am¼b−1ab;am

2¼b−2ab2g;
Ck
3¼fak;akm;akm2g;

Cð1;0Þ
3 ¼fb;bam−1¼aba−1;…;bajðm−1Þ¼ajba−j;…g;

Cð1;kÞ
3 ¼fbak;…;bajðm−1Þþk;…g;

Cð2;0Þ
3 ¼fb2;b2a2m−1¼ab2a−1;…;b2ajð2m−1Þ¼ajb2a−j;…g;

Cð2;kÞ
3 ¼fb2ak;…;b2ajð2m−1Þþk;…g: ð32Þ

The normal subgroup ZN generated by a is decomposed
into a few conjugacy classes, C1 and Ck

3 for
k ¼ 1; 2;…; N−1

3
, whose fusion rules will be used in the

1The breaking chain in Eq. (2) is denoted as III in [60] and II3
in [61], respectively.
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following. The multiplication rules of conjugacy classes are
given by

Ck
3C

l
3 ¼ Cl

3C
k
3 ¼ Ckþl

3 þ Ckþml
3 þ Ckþm2l

3 : ð33Þ

In the following, we will treat NISs as a bottom-up
approach to the texture zeros in the Yukawa coupling. Each
field ϕk is assigned a conjugacy class Ck

3 of ZN ⋊ Z3. A
Yukawa coupling ϕ1ϕ2ϕ3 is allowed if the fusion product
of the corresponding conjugacy classes contains the iden-
tity class C1, i.e., Cϕ1

Cϕ2
Cϕ3

⊃ C1.
For consistency with the kinetic terms, the conjugate

field ϕ�
k is labeled by the conjugacy class ½a−k�≡ CN−k

3 .
There is an additional Z2 outer automorphism of the group
ZN ⋊ Z3 with the mapping a → a−1, corresponding to the
charge conjugation. Its transformation on the conjugacy
classes of a group G is defined as

½gi� → XCP
ij ½g−1j �; ð34Þ

where XCP is a unitary matrix. In the case of the Z2

gauging, a and a−1 belong to the same conjugacy class,
making this a trivial case with respect to the generalized CP
symmetry. Combining the parity transformation with the
charge conjugation, we can define the generalized CP
transformation on a field as [72]

ϕðxÞ → XCPϕðxPÞ�; ð35Þ

with x ¼ ðt; xÞ and xP ¼ ðt;−xÞ. If there is a global discrete
symmetry Gf, an additional consistency condition should
be satisfied. The generalized CP transformation reduces to
the canonical CP transformation discussed in Sec. II
if XCP ¼ I.
We conclude this subsection with an example of the Z3

gauging of Z7 with m ¼ 2. The conjugacy classes are

C1 ¼ feg;
C1
3 ¼ fa; a2; a4g;

C2
3 ¼ fa3; a6; a5g;

whose multiplication rules are listed in Table II. Under the
generalized CP transformation, conjugacy classes trans-
form as C1 ↔ C1 and C1

3 ↔ C2
3.

B. Model building under noninvertible selection rules

To realize the UTZT, we assign different conjugacy
classes of Z7 ⋊ Z3 to the Higgs fields and three generations
of fermions, as shown in Table III. Given the fusion rules in
Table II, it is straightforward to see that the three Yukawa
matrices in Eq. (3) share the same two-zero texture. For
example, the (1,3) element of A is zero because the fusion
product of the corresponding conjugacy classes, C1C2

3C
2
3,

does not contain the identity class C1. The same argument
applies to the other elements in the Yukawa matrices. In the
Yukawa sector, the class assignment for fermions and for
10H; 120H, and 126H in Table III is unique up to the trivial
interchange of C1

3 and C2
3.

For completeness, we have also considered an example
of the class assignments for the Higgs fields 54H and 45H,
which are responsible for the spontaneous breaking of SO
(10) to GC

422 and GC
422 to G3221, respectively. Table II

implies that arbitrary couplings involving three or more
Higgs fields are not forbidden by the selection rules,
provided all fields are assigned either C1

3 or C2
3.

Quadratic terms formed by fields with their conjugation,
such as ð54H54�HÞ, ð45H45�HÞ, and ð126H126�HÞ, are
allowed regardless of class assignments. The class assign-
ments for 54H and 45H are not unique, but this does not
affect the UTZT in flavor space, and we, therefore, do not
discuss them in detail.
The same two-zero texture of the neutrino mass matrix

was realized in an earlier work [59], where the authors
assumed that neutrino masses are generated by either the
Weinberg operator or Type-I seesaw mechanism without
considering the origin of B − L breaking. Since no charge
can be assigned to coefficients of the Weinberg operator or
Majorana mass parameters, they concluded that the Z3

gauging of Z13 is the minimal symmetry that realizes the
same two-zero texture, which differs from our hypotheses
and results. As an example, consider the realization of

texture zeros in the RHN mass term, 1
2
ðMNÞαβνCRανRβ. In

our model, MN arises from the VEVof a Higgs that carries
both the B − L and NIS charges. After this Higgs acquires a

TABLE II. Multiplication rules for the conjugacy classes in the
Z3 gauging of Z7.

C1 C1
3 C2

3

C1 C1 C1
3 C2

3

C1
3 C1

3 C1
3 þ 2C2

3 3C1 þ C1
3 þ C2

3

C2
3 C2

3 3C1 þ C1
3 þ C2

3 2C1
3 þ C2

3

TABLE III. Particle content of SO(10) with the Z3 gauging of
Z7. Here, the superscript i labels three fermion generations, i ¼ 1,
2, 3.

Particles in SO(10)
Class assignment in Z3

gauged Z7

Fermions 16iF ðC1; C1
3; C

2
3Þ

Higgses

10H; 120H C2
3

126H C2
3

54H C2
3

45H C2
3
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VEV, both the B − L symmetry and the NIS are sponta-
neously broken. By contrast, the mass matrix MN in
Ref. [59] carries no NIS charge and breaks B − L explicitly,
consequently, the NIS remains unbroken in their
construction.
Finally, we briefly discuss alternative ways to realize the

UTZT. In the case of one generation of Higgs fields, it is
impossible to realize the UTZTwith either ZN ⋊ Z2 (a brief
notation for the Z2 gauging of ZN), Z13 ⋊ Z3,
ðZ2 × Z0

2 × Z00
2Þ ⋊ Z3, or ðZ3 × Z0

3Þ ⋊ Z3. However, the
Z2 gauging of ZN (N ¼ 6; 7; 8;…) can realize the UTZT
if two generations of Higgs fields are included. For
example, in the case of the Z2 gauging of Z6, one option
is to label the first generation of Higgs fields with ½a2�, the
second with ½a3�, and the three generations of fermions with
½e�; ½a2�; ½a�, where a is the generator of Z6 and e is the
identity element. We will not discuss the details of these
alternative realizations due to the enormous freedom
introduced by the additional Higgs generation.

V. CONCLUSIONS

Texture zeros remain one of the most enduring
approaches to the flavor puzzle in particle physics. A
particularly predictive pattern is the UTZT, in which all
fermion mass matrices possess two vanishing (1, 1) and
(1, 3) entries. The UTZT provides a compelling description
of fermion masses and mixing due to its remarkable
consistency with current experimental data. Embedding
it into SO(10) GUT further enhances its predictive power
by exploiting the quark-lepton correlation of GUT. In this
work, we presented a state-of-the-art analysis of the UTZT-
SO(10). We took into account the new data released from
the JUNO reactor neutrino experiment where the normal
ordering of light neutrino masses are indicated in 2.3σ. We
showed that the UTZT-SO(10) fits very well with the
precision data. In addition, we investigated the possible
origin of the UTZT from noninvertible symmetries and
discussed explicit symmetry realizations of the texture
structure.
Fixing the Yukawa eigenvalues of six quarks and three

charged leptons at their best-fit values reduces the number

of independent free parameters to seven. These parameters
are then used to fit nine observables, namely, the four CKM
mixing parameters, the three leptonic mixing angles, and
the two neutrino mass-squared differences. Our numerical
analysis demonstrates that the UTZT within the SO(10)
framework provides an excellent description of the latest
experimental data. The Dirac CP-violating phase, regarded
as a prediction of the fitting, is restricted mainly in two
regimes, δl ≃ ð120°; 235°Þ and ð40°; 85°Þ. The former
region is in very good agreement with current global-fit
results, whereas the latter is disfavored at the 3σ level. The
effective Majorana mass governing neutrinoless double
beta decay is predicted in very narrow bands, mββ ≃
ð0.80; 0.93Þ meV and (1.14, 1.34) meV, associated with
the two disconnected δl regions. The RHN mass spectrum
is also strongly constrained. The lightest one is roughly
around 109 GeV and the heaviest one is of order 1012 GeV.
Although texture zeros can be generated through conven-

tional Abelian or non-Abelian flavor symmetries, realizing
them via noninvertible symmetries offers a unique advan-
tage: no additional low-energy degrees of freedom are
required. We demonstrated the UTZT via noninvertible
selection rules on the Z3 gauging of ZN . In particular, we
presented explicit class assignment based on the Z3

gauging of Z7, which, so far, is the minimal symmetry
to generate this type of two-zero texture. We further
comment that the UTZT can also be realized in the Z2

gauging of ZN if more than one generation of Higgses are
included in the model.
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