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The Randall-Sundrum model with the Higgs localized on the IR brane solves the gauge hierarchy
problem. However, the associated low cutoff (Λ ∼ 10 TeV) generically leads to unacceptably rapid nucleon
decay and excessively large Majorana neutrino masses. Achieving consistency while simultaneously
explaining the Yukawa hierarchy requires either a horizontal symmetry or a discrete gauged symmetry. We
demonstrate that eliminating all dangerous operators within a horizontal symmetry framework must come
with large and unattractive charge assignments, if possible at all. Hence, we consider an exact discrete
gauged ZN symmetry, with fermion mass hierarchies generated via wave function overlap. We employ this
to reproduce the current Cabibbo-Kobayashi-Maskawa and Pontecorvo-Maki-Nakagawa-Sakata struc-
tures. Assuming universal five-dimensional Yukawa couplings, generation-blind profile for right-handed
neutrinos, and flat profile for the third generation SM doublets, it predicts Dirac neutrinos with a total mass
∼66 meV. Since the ZN charges must be generation blind, flavor observables serve as key probes.
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I. INTRODUCTION

The naturalness problem associated with the Higgs mass
can be addressed in a low cutoff framework, concretely
realized via the Randall-Sundrum (RS) model [1]. The RS
model features one compactified extra dimension and
warped bulk geometry, bounded by two 3-branes (UV
and IR brane) that reside on the fixed points of the extra
dimension. The Standard Model (SM) Higgs is localized on
the IR brane. The five-dimensional (5D) fundamental scale
is close to the Planck scale, while all physical mass scales on
the IR brane are redshifted by the warped geometry. Thus,
the gauge hierarchy problem can be resolved by a stabilized
extra dimension of suitable size [2]. However, it simulta-
neously generates a low cutoff for higher-dimensional
operators in the IR, denoted as Λ.1

In the Standard Model effective field theory approach,
one should consider all possible Lorentz invariant oper-
ators that are allowed by the SM gauge symmetries

SUð3Þc × SUð2ÞL × Uð1ÞY and suppressed by appropriate
powers of Λ. This is problematic from the standpoint that a
low quantum gravity scale violates all global symmetries,
including the total baryon and lepton number. For exam-
ple, the operator QQQL=Λ2 induces proton and (bound)
neutron decay, where Q and L denote generic SM quark
and lepton fields, respectively. Constraints on nucleon
decay require Λ≳ 1016 GeV [7], which is hierarchically
larger than the IR scale. Furthermore, the Weinberg
operator lHlH=Λ [8] gives unacceptably large neutrino
masses after electroweak symmetry breaking, where l
denotes the SUð2ÞL doublet lepton, andH is the SMHiggs.
Therefore, one needs additional structure for achieving
consistency with observational constraints and to explain
the observed Yukawa hierarchy.
One can use a generation-dependent horizontal sym-

metry [9–11] of Froggatt-Nielsen (FN) type, whose
spontaneous symmetry breaking (SSB) modulates the
effective Yukawa couplings. The Yukawa hierarchy can
be explained by the proper choice of FN charges for the
SM fields [12], while one can hope to suppress all
dangerous nucleon decay operators concurrently.
However, we show in Appendix A that very large and
unattractive charge assignments are required to satisfy the
proton decay bounds from only the dimension-six (dim-6)
operators, while reproducing the correct Yukawa pattern.
It appears challenging to simultaneously suppress all
dangerous higher-dimensional baryon-number-violating
operators and address the Yukawa hierarchy within the
RS-FN framework with a given low cutoff Λ.
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1For stabilization of the extra dimension, including the back-
reaction effects, see Refs. [3,4]. The radion can be somewhat
lighter than Λ and can be the first signature in a collider [5,6].
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Another viable approach to suppress dangerous oper-
ators is to let SM fermions propagate in the bulk [13–19].
Their zero-mode profiles in the extra dimension are
controlled by the bulk mass parameters, and their overlap
with the Higgs on the IR brane could generate the observed
Yukawa hierarchy. This also raises the effective cutoff for
higher-dimensional operators via the fermion wave func-
tion correction. This corresponds to renormalization sup-
pression of the corresponding Wilson coefficients by large
anomalous dimensions in the dual 4D conformal field
theory [20]. However, sufficient suppression of nucleon
decay operators in this setup typically oversuppresses
Yukawa couplings, preventing a simultaneous explanation
of the hierarchy [13,14].
In this work, we consider a unified solution to the above-

mentioned problems in an RS-type low cutoff theory, which
uses an exact discrete gaugeZN symmetry [21–24] and bulk
fermion profile. Imposing the exact ZN with appropriate
charges eliminates dangerous nucleon decay operators
while allowing the Yukawa couplings. The Yukawa texture
is generated via modulation from the SM fermion bulk
profile, and we fit the observed quark and lepton mixing
patterns. It predicts the Dirac neutrino with total massP

i mi ≃ 66 meV under the assumptions of the universal 5D
Yukawa coupling, generation-blind profile for right-handed
neutrinos, and flat profile for the third generation SM
doublets. Higher-order operators that induce flavor-violat-
ing effects are allowed by the generation-blind ZN , and we
confront the theory with current constraints. Consistency
with experimental constraints on lepton flavor-changing
neutral current processes and electron electric dipole
moment (EDM) with Λ ∼Oð10Þ TeV in this framework
indicates additional flavor and CP structures. We outline
possible solutions. Since the discrete ZN is exact, there is no
associated domain wall problem in cosmology.

II. EXACT DISCRETE ZN

We consider a low cutoff RS model with Λ ∼
Oð10Þ TeV with an exact discrete gauge ZN . With this
choice of Λ, the mass of the lightest Kaluza-Klein (KK)
gluon ≃ð3=4ÞπΛ is compatible with the stringent bounds
from flavor-changing neutral currents, including the con-
straints from ϵK measurements [25], KK gauge boson
mediated μ → eγ [18], and electroweak precision observ-
ables [26]. For an exact ZN , to allow Yukawa couplings and
mixing, one has to assign generation-blind charges

niQ ¼ −njū ¼ −nk
d̄
¼ m; nil ¼ −njē ¼ n; ð1Þ

where m; n < N are integers. Q and l are the SUð2ÞL
doublet and fū; d̄; ēg are left-handed SUð2ÞL singlets. The
exact gauge ZN has to be anomaly-free, i.e., instantons of
the low-energy theory should not violate ZN . This is
sufficient, as the explicit UV completion of such ZN is

not considered here [27]. Note that Eq. (1) satisfies the
anomaly-free condition of ZN × ½SUð3Þc�2 trivially, while
the condition from ZN × ½SUð2ÞL�2 implies

3

2
ð3mþ nÞ mod N ¼ 0: ð2Þ

Imposing the exact discrete ZN on SM fermions can
completely discard dangerous operators inducing nucleon
decay. To discard dim-6 operators like QQQl, one may
assign ZN charges only to leptons. However, this will allow
dim-9 operators of the form Q3L3, consistent with the
anomaly cancellation condition in Eq. (2). So the quarks
also have to be charged under ZN.

2 To have neutrino mass,
one has to introduce right-handed neutrinos, whose charge
is fixed by the ZN × ½graviton�2 anomaly-free condition,
namely, nkν̄ ¼ −n. If 2nmodN ¼ 0, the Weinberg operator
lHlH is allowed, which is incompatible with simultane-
ously having the observed charged lepton mass hierarchy
and small neutrino masses. To avoid this, we require
2nmodN ≠ 0, which also forbids Majorana mass terms
for right-handed neutrinos. Thus, the simplest possibility is
to consider Dirac neutrinos.3

With Λ ∼Oð10Þ TeV, all baryon-number-violating oper-
ators having dimension less than 12 should be eliminated.
The minimal anomaly-free ZN symmetry satisfying the
above criteria, as well as forbidding the Weinberg operator,
is Z9. The set of charge assignments consistent with
anomaly cancellation and operator suppression is given
by ðm; nÞ ¼ ð1; 3Þ. The lowest-dimensional operator
allowed by this symmetry is Q3L5, which can mediate
exotic decay modes, such as invisible (bound) neutron
decay [28,29]. The resulting lifetime is consistent with
current bounds provided the effective cutoff scale is greater
than 1.5 TeV [30], and JUNO is expected to improve this
sensitivity to 2 TeV or more [31]. These can also mediate
p → lþ þ inv decay modes, where lþ ¼ eþ, μþ, and the
current experimental limit is satisfied for a cutoff scale
larger than 2 TeV [32].4

Even though an exact gauge ZN can prevent nucleon
decay, it cannot reproduce the Yukawa texture (hierarchy)
and still allows unsuppressed ΔF ¼ 2 flavor-changing
processes via higher-dimensional operators, namely,

2While wave function profiles somewhat raise the effective
cutoff, using the bulk profiles required for the fermion mass, we
find that this class of operators is not consistent with experimental
bounds and should be eliminated.

3See Ref. [24] for Majorana neutrino masses via Uð1ÞX
breaking on the Planck brane. Reference [23] considered sponta-
neous breaking of gauged ZN , although it faces cosmological
issues with domain walls and extra relativistic species.

4Our charge assignments also forbid n–n̄ oscillations. Unlike
split-fermion models, one cannot separate quarks and leptons
in the extra dimension to suppress nucleon decay in the RS
model [33,34].
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ðQ̄γμQÞ2; d̄QQ̄d; ūQQ̄u; ð3Þ

where the generation and SUð2Þ indices are suppressed.
Their cutoffs should be ≳100 TeV [35], which are not
consistent with Λ ∼Oð10Þ TeV.

III. WAVE FUNCTION CORRECTION

The Yukawa hierarchy and suppression of ΔF ¼ 2
processes can be addressed with SM fermion fields in
the bulk having a generation-dependent wave function
profile. By a proper choice of the bulk profiles, we can
reproduce the Yukawa texture and suppress ΔF ¼ 2
processes [36–38]. We present a quantitative study in the
following.
We consider the Higgs field locates on the IR brane. The

effective 4D Yukawa couplings for the zero modes after
integrating out the extra dimension receive corrections from
the fermion bulk wave function (profile) (detailed deriva-
tions are in Appendix C), which is

yij ¼ yijð5ÞqðciÞqðcjÞ; ð4Þ

where yijð5Þ ∼Oð1Þ are the 5D Yukawa couplings with an

anarchic distribution, and the wave function correction is

qðcÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1

4
−
c
2

��
1þ coth

��
1

2
− c

�
σ0

��s
: ð5Þ

Here c ∼Oð1Þ is the dimensionless fermion bulk mass
parameter, and σ0 describes the size of the extra dimension,
which in turn determines the 4D effective field theory
(EFT) cutoff

σ0 ¼ log
M�
Λ

: ð6Þ

Here M� is the fundamental 5D scale, which is close to the
reduced Planck scale, M� ≃ 2.4 × 1018 GeV.
Since the wave function corrections that contribute to the

effective 4D Yukawa couplings can be factorized (4), the
factor qðcjÞ is equivalent to the FN correction factor
(reviewed in Appendix A). One can easily find a set of
choices on cj that can reproduce the observed Yukawa
texture by utilizing the existing FN solutions. We solve the
equation qðcjÞ ¼ λnj , to obtain the proper bulk parameter cj

that gives the Yukawa texture for particle j, where λ and nj
are the corresponding FN parameter and FN charge that
reproduces the observations. Taking Ref. [12] as an exam-
ple, where λ ≃ 0.171, thewave function factors for the quark
sector should be

qðciQÞ ≃ ðλ3; λ2; 1Þ ≃ ð0.00500; 0.0292; 1.00Þ;
qðciuÞ ≃ ðλ4; λ1.5; 1Þ ≃ ð0.000855; 0.0707; 1.00Þ;
qðcidÞ ≃

mb

mt
ðλ; 1; 1Þ ≃ ð0.00294; 0.0172; 0.0172Þ: ð7Þ

There is an overall factor mb=mt for the down sector
compared to the up sector. We let d carry it. As indicated
in Ref. [12], Eq. (7) reproduces observed quark current
masses and the Cabibbo-Kobayashi-Maskawa (CKM)
matrix.
In our setup, neutrinos are Dirac. So the 4D

Yukawa couplings for the lepton sector are yllHe and
yνl H̃ ν, where yijl ∼ qðcilÞqðcjeÞ and yijν ∼ qðcilÞqðcjνÞ. We
diagonalize the charged lepton sector by l → Ull
and e → Wle, where U†

lylWl¼diagðme;mμ;mτÞ=v.
Decompose U†

νyνWν¼diagðm1;m2;m3Þ=v, where v ≃
175 GeV is the Higgs vacuum expectation value, and Wν

can be absorbed by ν → Wνν. Then, the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix is UPMNS ¼ U†

lUν.
The choices on fcl; ce; cνg determine matrix elements

of yl and yν up to an Oð1Þ constant. Since UPMNS is
formed by unitary matrices that mix the l, the qðcjlÞ sets
the order of mixing angles. Here we only consider normal
order, since it is preferred in approximate rank-one mass
matrices. From observation, we deduce that qðc1lÞ ≃ 0.207
and qðc2lÞ ≃ 0.942, setting qðc3lÞ ≃ 1.00 (details are in
Appendix B). Accordingly, the wave function correction
for ei can be obtained from qðcieÞ ≃me=mtqðcilÞ. All
correction factors are determined by the bulk mass
parameter through Eq. (5), summarized in Table I.
Here we consider the simplest generation-blind bulk

profiles for the right-handed neutrinos, ciν ¼ cν, which is
a free parameter.5 The 5D Yukawa couplings yijð5Þ are

randomly sampled with magnitudes drawn from a
Gaussian distribution centered at 1 with a 0.1 standard
deviation and phases uniformly distributed between 0 and

TABLE I. Bulk mass parameter c for all SM fermions except
right-handed neutrinos. Here we take Λ ¼ 10 TeV.

Generation i 1 2 3

cQ 0.629 0.566 −0.500
cu 0.688 0.529 −0.500
cd 0.648 0.586 0.586
cl 0.460 −0.387 −0.500
ce 0.821 0.697 0.604

5This degenerate choice of bulk mass can be protected by
symmetry. Here we use this simple choice to show that this
framework can be used to make predictions based on certain
assumptions.
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2π. This yields scattered predictions suitable for comparison
with experiments.
As indicated in the upper panel of Fig. 1, the neutrino

mass-square differences show a clear correlation between
the two observables, and cν ¼ 1.395 can provide a good fit
to the measurements. Meanwhile, the sum of neutrino mass
is also predicted and is shown in the lower panel. With the
above assumptions, we predict

X
i

mi ¼ 65.6� 3.1 meV; ð8Þ

where the uncertainty is from that of Δm2
21 and 5DYukawa

couplings. The error of predicted neutrino mass sum is
∼5%, which is smaller than the initial sampling of the yijð5Þ.
This is due to the cancellation between fluctuations of each
element during the matrix diagonalization. Since Yukawa
interactions are renormalizable, the specific choice of Λ
does not affect the prediction of the neutrino mass.

Let us calculate the effective suppression for operators
that induceΔF ¼ 2 processes (3). The effective cutoff scale
for four-Fermi operators ψ i

Iψ
j
Jψ

k
Kψ

l
L=ðΛijkl

IJKLÞ2 can be
expressed compactly as

Λijkl
IJKL ¼ Λ

q
�
ciIþcjJþckKþclL−3

2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qðciIÞqðcjJÞqðckKÞqðclLÞ

q ; ð9Þ

where the capital letters label fermion species and small
letters stand for generations. To compare with experiments,
we perform unitary rotations on all operators between
generations to a proper basis. So

1�
Λαβγρ
IJKL

�
2
¼

X
i;j;k;l

Uiα
I U

jβ
J U

kγ
K U

lρ
L

gijklIJKL�
Λijkl
IJKL

�
2
; ð10Þ

where gijklIJKL is the Wilson coefficient, and UJ labels the
unitary transformation of the fermion field J, determined
by Yukawa matrices. For the charge conjugate field I, the
corresponding U†

I is used.
To make predictions, we first sample Wilson coefficients

gijklIJKL in the same way as yijð5Þ. Then, we generate unitary

matrices for each fermion field using the bulk profile listed
in Table I and Eq. (5). Finally, with Eq. (10), we can predict
the effective cutoff scales, which are presented in Fig. 2. All
effective cutoffs for four-Fermi operators are consistent
with current experimental bounds.
Note that for operator ðs̄RdLÞðs̄LdRÞ, it is marginally

safe, which means that it can be probed or falsified in future
experiments. Apart from meson-antimeson oscillation, we
also present the bound from K → πν̄ν, μ → eγ and EDM.

IV. DIPOLE OPERATORS

Here we consider the dim-6 dipole operators, among
which the most constrained are operators inducing μ → eγ
and generating electron EDM. In the effective 4D theory,
these operators are

gBlHσμνeBμν; gWlHσμντ
aeWμνa; ð11Þ

where gB;W is the gauge coupling. To compare with
experiments, one should perform unitary transformations
according to Yukawa matrices and make a linear combi-
nation of the above operators according to electroweak
SSB. We express Oð1Þ 5D Wilson coefficients of above
dipole operators as yijl;ð5Þ þ Δij, which gives the effective

cutoff as

FIG. 1. Upper: the prediction of neutrino mass-square
differences under different choices of generation-blind cν. Here,
the normal ordering is considered. The horizontal and vertical
dashed lines, whose intersection is labeled by a green star, are
measured values adopted from Ref. [39]. Lower: the scattered
predictions on the neutrino mass sum in the normal order with
different choices of cν. The vertical dashed line is the measured
Δm2

21 ¼ 74.9þ1.9
−1.9 meV2 [39].
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ffiffiffiffiffiffiffi
2σ0

p

ðΛαβ
D Þ2 ¼

1

Λ2
ðU†

lÞiα
h
yijl þ ΔijqðcilÞqðcjeÞ

i
Wjβ

l

¼ mðαÞ
e δαβ
vΛ2

þ Δij

Λ2
ðU†

lÞiαqðcilÞqðcjeÞWjβ
l ; ð12Þ

where fUl;Wlg are unitary matrices used to diagonal
charged lepton Yukawa matrix yl. The summation over
fi; jg is understood.
There are two problems with a low cutoff theory

concerning dipole operators, as shown in Fig. 2.
(i) The lepton flavor violation (α ≠ β) is determined by

Δij. For μ → eγ, the vanishing branch ratio indicates
that Λ21

D ≳ 3 × 104 TeV [41]. Without additional
flavor structure, one should generically have
Δij ∼Oð1Þ. However, this cannot provide enough
suppression for the μ → eγ rate. Nevertheless, as
shown in Fig. 3, if we impose assumptions on Δij,
one gets higher Λ21

D for smaller hΔiji.
(ii) The electron EDM (α ¼ β ¼ 1) is determined by the

imaginary part of Δij. Generally, ImðΔijÞ ∼Oð1Þ
indicates that Λð11Þ

D ≳ 9 × 105 TeV [42]. This can be
avoided by a spontaneous CP violation model where
a hidden sector is localized toward the UV brane and
sourcesCP violation, which is mediated to the CKM
and PMNS matrices through SM light quarks and
right-handed neutrinos, which are peaked toward the
UV brane. As the dipole operator consists of the
Higgs, which is localized on the IR brane, this would
naturally suppress the electron EDM.

Therefore, the above problems can be resolved either by
raising the cutoff scale Λ or through additional structure on
lepton flavor and CP of 5D Wilson coefficients.6

V. SUMMARY AND DISCUSSION

In this work, we investigated a framework that explains
the Higgs and Yukawa hierarchy with a stable nucleon. The
naturalness of the Higgs scale is constructed by the warped
extra dimension, which leads to a low cutoff theory in the
effective 4D description. Our framework utilizes the exact
discrete gauge ZN symmetry to forbid dangerous nucleon
decay operators and predicts Dirac neutrinos. Here, the
right-handed neutrino is necessary for the ZN to be
anomaly-free. Yukawa Hierarchy is provided by the fer-
mion bulk profile. We provide a generation-blind choice of
right-handed neutrino bulk profile that is consistent with
current oscillation experiments and predicts the sum of
neutrino mass to be ∼66 meV assuming the universal 5D
Wilson coefficients and flat profile of the third generation
SM doublets.

FIG. 2. The prediction on the effective cutoffs of four-Fermi operators. The first eight operators from the left induce meson-antimeson
oscillations (3). The operator ðs̄LγμdLÞðν̄γμνÞ is responsible for the K → πν̄ν. The μ → eγ is described by eðμ̄LσαβeRÞFαβ. The last
operator corresponds to the electron EDM. The solid bars are the existing bounds adopted from Refs. [35,40–43]. The error bars of
predictions are 3σ range in the log scale. Here, all predictions are made by fixing gαβX ¼ gαβγρIJKL ¼ 1 and randomly sampling fgijX ; gijklIJKLg
under the cutoff scale Λ ¼ 10 TeV with bulk profiles in Table I.

FIG. 3. The prediction on effective cutoff scale on the tree level
operator that induce μ → eγ against assumptions on 5D Wilson
coefficient Δij. The red dashed line is the current bound. We
sample the Δij with a Gaussian distribution centered at hΔiji
whose standard deviation is 0.1 × hΔiji under the Λ ¼ 10 TeV.
The error bars are 3σ range in the log scale.

6See for example Ref. [44].
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Flavor observables can constrain this model further.
Higher-dimensional operators that induce ΔF ¼ 2 proc-
esses are allowed by exact ZN . We find that they are safe
under the current bounds and may be probed in the future.
However, dipole operators, which are also allowed by ZN,
that induce μ → eγ and electron EDM cannot escape
current bounds. One may either raise the cutoff or impose
additional flavor and CP structure to make it consistent. We
have outlined some of these possibilities.
Note that there exists a “little hierarchy” between the

cutoff Λ ∼ 10 TeV and the measured Higgs scale
∼100 GeV. The explanation of this 1% tuning is beyond
the scope of the current manuscript, since we are focusing
on the phenomenological consistency of a low cutoff
theory.
Different from broken ZN , this framework does not have

the domain wall problem in cosmology. Electroweak
baryogenesis or neutrinogenesis [45] can be easily syner-
gized into our framework to produce matter-antimatter
asymmetry without the need for heavy Majorana neutrinos.
The exact ZN can also provide absolute stability for a dark
matter candidate. More detailed cosmological aspects of
this framework, such as dark matter and dark energy, are
pending future study.
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APPENDIX A: FN SOLUTION
TO THE NUCLEON DECAY

The FN solution to the Yukawa hierarchy problem is one
possibility to suppress proton decay operators in a low
cutoff theory. In the FN framework, a spontaneously broken
(global or gauge) symmetry, continuous or discrete, is
introduced. Let us take Uð1ÞFN as an example. Each SM
fermion is assigned a charge under Uð1ÞFN, and one
introduces a scalar Φ having −1 charge. Therefore, only
certain operators that respect the FN symmetry are allowed.
For simplicity, here we consider the first generation only.

After the SSB of Uð1ÞFN by the vacuum expectation value
(VEV) hΦi, the effective Yukawa operators are given by

λuQ̄ H̃ u; λdQ̄Hd; λelHe; ðA1Þ

where λu ¼ λjnQþnūj, λd ¼ λjnQþnd̄j, and λe ¼ λjnlþnēj, where
nJ is the FN charge of particle J. Here, the FN parameter

λ ¼ hΦi=Λ < 1. To match the observation, one should
have λu;d;e ∼mu;d;e=v, where v ≃ 175 GeV is the Higgs
VEV, which indicates that

jnQ þ nūj ∼
logmu=v
log λ

;

jnQ þ nd̄j ∼
logmd=v
log λ

;

jnl þ nēj ∼
logme=v
log λ

: ðA2Þ

The order-one Wilson coefficient is neglected. The above
constraints reduce the degrees of freedom down to 2. We
take the independent charges to be nQ and nl.
The effective dimension-six operators that lead to proton

decay are

λn1QQQl; λn2QQue; λn3duQl; λn4duue; ðA3Þ

where nj depends on the FN charges as follows:

n1 ¼ j3nQ þ nlj;
n2 ¼ j2nQ − nū − nēj;
n3 ¼ j − nd̄ − nū þ nQ þ nlj;
n4 ¼ j − nd̄ − 2nū − nēj: ðA4Þ

The effective cutoffs are raised to Λλ−ni=2, where Λ is the
cutoff of the EFT. To suppress nucleon decay to safety, one
demands that ni > ni;c, where

ni;c ¼
2

log λ
log

Λ
Λi

; ðA5Þ

where Λi is the experimental bound on the cutoff for the ith
operator. Using Eq. (A2), which relates fnū; nd̄; nēg to
fnQ; nlg, the nucleon decay constraints translate to restric-
tions for charge assignments nQ and nl. As shown in Fig. 4,
one usually needs to take nQ;l ∼Oð20Þ to have a viable
solution, which is unappealing.
The above analysis only considers the first generation.

The SM consists of three generations, which means that
Yukawa matrices are 3 × 3 complex matrices. SinceQ is an
SUð2Þ doublet, one cannot simultaneously diagonalize the
weak basis and the mass basis. Thus, SM has CKM mixing
matrix, which is defined as VCKM ¼ U†

uUd, where Uu;d are
unitary matrices from the decomposition of quark Yukawa
matrices,

λu ¼ UuDuW
†
u; λd ¼ UdDdW

†
d; ðA6Þ

where Du;d are diagonal real matrices, and unitary matrices
Wu;d can be absorbed by redefinition of SUð2Þ singlets u
and d. Accordingly, the effective dimension-six operators
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that induce nucleon decay also involve different gener-
ations. For example, the effective Wilson coefficient of
QαQβQγlρ=Λ2 should be written as

λαβγσQQQl ∼
X
i;j;k;l

λn
i
QþnjQþnkQþnllUiα

u U
jβ
u U

kγ
u Ulσ

l ; ðA7Þ

where niQðlÞ is the FN charge of ith generation of QðlÞ and
Uu is from Eq. (A6). Ul is from the similar decomposition
of λe. The Greek letters label the basis that can be used to
compare with experiments. Meanwhile, i–l labels the flavor
basis where the FN charges are assigned. Here, Oð1Þ
Wilson coefficients are neglected for simplicity.
The complete theory has in total 15 FN charges to assign.

The effective Weinberg operator lHlH=Λ provides
Majorana neutrino mass,

mαβ
ν ∼ Uαi

l λ
nilþnjlUjβ

l
v2

Λ
; ðA8Þ

where the PMNS matrix is produced by diagonalizing mν.
The complete charge assignments that give the correct
experimental measurement on the Yukawa texture can be
obtained either through an analytical way [12] or a blanket
search [46–48]. Using Eq. (A7) to find a proper charge
assignment that satisfies the proton decay bound is com-
plicated, and one could expect that the resulting charges are
large, as indicated in Fig. 4. Further, these are only the
lowest-order dimension-six nucleon decay operators. To
achieve consistency with the cutoff Λ ∼ 10 TeV, one needs
to suppress nucleon decay operators up to dimension 12.

Therefore, we consider a different approach in the
main text.

APPENDIX B: THE cl AND PMNS MATRIX

The effective 4D Yukawa couplings for the lepton
sector are

yijl l
iHej; yijν liH̃νj; ðB1Þ

where yijl ¼ yijl;ð5ÞqðcilÞqðcjeÞ and yijν ¼ yijν;ð5ÞqðcilÞqðcjνÞ.
We decompose U†

lylWl ¼ diagðme;mμ; mτÞ=v and
U†

νyνWν ¼ diagðm1; m2; m3Þ=v. We diagonalize the
charged lepton sector by li → Uiα

l l
α and ej → Wjβ

l e
β,

where U†
lylWl ¼ diagðme;mμ; mτÞ=v. Then, the PMNS

matrix is defined as UPMNS ¼ U†
lUν, which connects the

basis where the charged lepton sector is diagonalized and
the neutrino mass eigenbasis jνfi ¼ UPMNSjνii.
The standard parametrization [49] of the PMNS matrix

(without Majorana phase) is

UPMNS ¼

0
B@

c12c13 s12c13 s13e−iδ

� � � � � � s23c13
� � � � � � c23c13

1
CA; ðB2Þ

where sij ¼ sin θij and cij ¼ cos θij. Meanwhile, in the

limit yijð5Þ → 1, we have

Ul∼Uν→

0
BBBB@
− q1q2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðq2
1
þq2

3
Þðq2

1
þq2

2
þq2

3
Þ

p − q3ffiffiffiffiffiffiffiffiffiffi
q2
1
þq2

3

p q1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2
1
þq2

2
þq2

3

p

��� � � � q2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2
1
þq2

2
þq2

3

p

��� � � � q3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2
1
þq2

2
þq2

3

p

1
CCCCA;

ðB3Þ

where qj ¼ qðcjlÞ. So one can estimate qðcjlÞ by using the
observed θij and comparing Eqs. (B2) and (B3), which
gives

tan θ23 ∼
qðc2lÞ
qðc3lÞ

; ðB4Þ

sin θ13 ∼
qðc1lÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

qðc1lÞ2 þ qðc2lÞ2 þ qðc3lÞ2
q : ðB5Þ

Taking global analysis from Ref. [39], IceCube/DeepCore
with Super-Kamiokande atmospheric data, we obtain
qðc1lÞ ≃ 0.207 and qðc2lÞ ≃ 0.942, setting qðc3lÞ ≃ 1.00.
As a cross-check, taking cν ¼ 1.395, one can obtain the

prediction of the PMNS matrix parameters, which is shown
in Fig. 5, and they are consistent with observations.

FIG. 4. The parameter space for charges nQ and nl under the
constraint from proton decay and Yukawa couplings (A2) for one
generation only. Here we take the FN parameter λ ¼ 0.17 [12]
and the cutoff Λ ¼ 10 TeV. Shaded regions are excluded by
proton decay, where Λi in ni;c (A5) are taken from Ref. [7].
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APPENDIX C: BULK FERMION
AND EFFECTIVE CUTOFF

The RS background describes a R4 ⊗ S1=Z2 slice of
AdS5, where the background metric is

ds2 ¼ e−2σðyÞημνdxμdxν þ dy2 ≡ gMNdxMdxN; ðC1Þ

where μ; ν ¼ 0;…; 3, while M, N denote a generic 5D
coordinate, y stands for the extra-dimensional direction,
ημν ¼ diagð−1;þ1;þ1;þ1Þ, σðyÞ ¼ kjyj, and k represents
the anti–de Sitter (AdS) curvature. The extra dimension is
bounded by two 3-branes at the fixed points y ¼ 0; r0,
denoted as the UV and IR branes, respectively. We denote
σðr0Þ as σ0. The extra dimension can be stabilized by the
Goldberger-Wise mechanism [2]. The four-dimensional
effective Planck scale MPl is related to the fundamental
five-dimensional Planck scale M� as

M2
Pl ¼

M3�
k

ð1 − e−2σ0Þ: ðC2Þ

Because of the nonfactorizable geometry, M� ∼MPl, while
all the physical mass scales on the IR brane are redshifted
by the warp factor Λ ¼ M�e−σ0. This can therefore address
the gauge hierarchy problem.
A general bulk five-dimensional Dirac fermion Ψðxμ; yÞ

has the action

SΨ¼−
Z

d5x
ffiffiffiffiffi
jgj

p
k½Ψ̄γNeMN ð∂MþωMÞΨþmΨΨ̄Ψ�; ðC3Þ

where g denotes the determinant of the metric, the vielbein
eMN ¼ diagðeσ; eσ; eσ; eσ; 1Þ, γM satisfies the 5D Dirac
algebra in Minkowski space, the spin connection
ωM ¼ ð− k

2
e−σγμγ5; 0Þ, and mΨ ¼ ck denotes the bulk

mass. The dimensionless parameter c determines the 5D
profile of the fermion. A factor of

ffiffiffi
k

p
has been extracted

such that Ψ carries mass dimension 3=2. Decomposing the
Dirac spinor Ψ ¼ Ψþ þ Ψ−, where Ψ� ¼∓ γ5Ψ�, and
performing the KK decomposition for each of the chiral
components

Ψ�ðxμ; yÞ ¼
X∞
p¼0

ψ ðpÞ
� ðxμÞfðpÞ� ðyÞ; ðC4Þ

and solving the equation of motion for the zero mode, one
obtains that one of the chiral modes is always eliminated by
the boundary condition, and

fð0Þ� ðyÞ ¼ dð0Þ� eð2∓cÞσðyÞ; ðC5Þ

where the normalization constant dð0Þ� is obtained by
canonically normalizing the zero-mode kinetic term. For
the left-handed zero mode

SΨ ⊃ −
Z

d4xðdð0Þþ Þ2IðcÞψ̄ ð0Þ
þ γμ∂μψ

ð0Þ
þ þ � � � ; ðC6Þ

where

IðcÞ ¼ 2

Z
σ0

0

dσeð1−2cÞσ ¼ 2ð1 − eð1−2cÞσ0Þ
2c − 1

; ðC7Þ

and the prefactor 2 is due to orbifolding. To canonically

normalize the kinetic term, dð0Þþ ¼ 1=
ffiffiffiffiffiffiffiffiffiffi
IðcÞp

. Notice, IðcÞ
is always positive. For c > 1=2 (c < 1=2), the zero mode is
localized toward the UV (IR) brane with respect to the 5D
flat metric. Similar results hold for the right-handed mode
when c → −c.
SM Weyl fermions of a given chirality ψ iþ (ψ i−) are

identified with the corresponding zero mode of a 5D Dirac

spinor ΨðLÞ
i (ΨðRÞ

i ) with appropriate choice of the boundary
conditions. Here i denotes generations. The SM Higgs field
is localized on the IR brane,

SH ⊃ −
Z

d5x
ffiffiffiffiffi
jgj

p
ðgμν∂μH†

∂νH þ � � �Þδðy − r0Þ

¼ −
Z

d4xðe−2σ0ημν∂μH†
∂νH þ � � �Þ; ðC8Þ

hence to canonically normalize its kinetic term one rede-
fines H → eσ0H. Therefore, the Yukawa interactions are of
the form

Z
d5x

ffiffiffiffiffi
jgj

p
yð5Þij

�
Ψ̄i

ðLÞΨðRÞ
j þ H:c:

�
Hδðy − r0Þ

→
Z

d4xyijψ̄
ð0Þ
iþψ ð0Þ

j−H þ H:c:þ � � � : ðC9Þ

Hence, the effective 4D Yukawa couplings are

FIG. 5. The scattered predictions on the PMNS mixing angles
and CP phase in the normal order and with cν ¼ 1.395. The
horizontal and vertical dashed lines are measured values adopted
from Ref. [39]. Note that the choice on cν does not affect the
PMNS parameters here much, since they are mostly determined
by cl.
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yij ¼ yð5Þij
eð1−ci−cjÞσ0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IðciÞIðcjÞ

p ¼ yð5Þij qðciÞqðcjÞ; ðC10Þ

where cðLÞi ¼ ci, c
ðRÞ
j ¼ −cj, and

qðcÞ≡ eκðcÞffiffiffiffiffiffiffiffiffiffi
IðcÞp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κðcÞ
2σ0

½1þ coth κðcÞ�
s

; ðC11Þ

where κðcÞ ¼ ð1=2 − cÞσ0. As the c coefficient for the
right-handed field can always be redefined as cR → −cR,
we can use the profile for ψ ð0Þ

þ for a given operator without
loss of generality.
The 4D effective dim-6 four-Fermi operators originate

from the corresponding 5D operators as

Sð4Þeff ⊃
Z

d5x
ffiffiffiffiffi
jgj

p
k
ΨiΨjΨkΨl

M2�
ðC12Þ

¼
Z

d4x
Z

σ0

0

dσ
2eð4−ci−cj−ck−clÞσffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

IðciÞIðcjÞIðckÞIðcIÞ
p

×
ψ ð0Þ
iþψ

ð0Þ
jþψ

ð0Þ
kþψ

ð0Þ
lþ

M2�
þ � � � ðC13Þ

¼
Z

d4x
ψ ð0Þ
iþψ

ð0Þ
jþψ

ð0Þ
kþψ

ð0Þ
lþ

Λ2
ijkl

þ � � � ; ðC14Þ

where Eq. (C5) is used. Therefore, the effective 4D cutoff in
the low-energy theory for the above four-Fermi interaction
Λijkl is�
M�
Λijkl

�
2

¼ 2

Z
σ0

0

dσ
eð4−ci−cj−ck−clÞσffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

IðciÞIðcjÞIðckÞIðclÞ
p : ðC15Þ

Using Eqs. (C7) and (C11), the above equation can be
expressed as a combination of wave function correction
factors as in Eq. (9) in the main text. Moreover, this can be
generalized for an effective operator involving p fermions,

SðpÞeff ⊃
Z

d5x
ffiffiffiffiffi
jgj

p
k
Ψ1Ψ2 � � �Ψp

Mð3p=2−4Þ
�

ðC16Þ

¼
Z

d4x
ψ ð0Þ
1þψ

ð0Þ
2þ � � �ψ ð0Þ

pþ
Λð3p=2−4Þ
p

þ � � � ; ðC17Þ

and the effective 4D cutoff scale Λp is evaluated to be

Λp ¼ Λ

"
qðð5−2pÞþ

P
p
i¼1

ci
2

ÞQp
i¼1

ffiffiffiffiffiffiffiffiffiffi
qðciÞ

p
# 4

3p−8

; ðC18Þ

where Λ ¼ M�e−σ0 is the IR cutoff scale. Equation (9) in
the main text is a special case of Eq. (C18) for p ¼ 4.
Let us also consider the effective cutoff for dipole

operators of the form

SðDÞ
eff ⊃

Z
d5x

ffiffiffiffiffi
jgj

p 1

M2�
Ψ̄iσ

MNΨjFMNHδðy − r0Þ

→
Z

d4x
1

Λ2
D;ij

ψ̄ ð0Þ
iþ σ

μνψ ð0Þ
j−F

ð0Þ
μν H þ � � � : ðC19Þ

Taking H → eσ0H rescaling, normalization of the zero-
mode gauge boson 1=

ffiffiffiffiffiffiffi
2σ0

p
, and the vielbein involved in

the σMN definition into account, we obtain the 4D effective
cutoff as

Λij
D ¼ Λ

�
qðciÞqðcjÞffiffiffiffiffiffiffi

2σ0
p

�−1=2
: ðC20Þ

Finally, let us note the cutoff for a nonrenormalizable
operator involving p fermions and s Higgs fields

SðpsÞeff ⊃
Z

d5x
ffiffiffiffiffi
jgj

p Ψ1Ψ2 � � �ΨpHs

Mð3p=2Þþs−4
�

δðy − r0Þ: ðC21Þ

The effective cutoff is found to be

ΛðpsÞ ¼ Λ

"Yp
i¼1

qðciÞ
# 2

3pþ2s−8

: ðC22Þ
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