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We present a minimal viable gauge-Higgs grand unification scenario in warped space based on
a SUð6Þ bulk symmetry—unifying the gauge symmetries of the Standard Model and their breaking sector.
We show how the issue of light exotic new states is eliminated by appropriately breaking the gauge
symmetry on the UVand IR boundaries by either brane scalars or gauge boundary conditions. The Standard
Model fermion spectrum is naturally reproduced including Dirac neutrinos and we compute the
Higgs potential at one loop, finding easily solutions with a realistic mh ∼ 125 GeV. The problem of
proton decay is addressed by showing that baryon number is a hidden symmetry of the model. Among
the phenomenological consequences, we highlight the presence of a scalar leptoquark and a scalar singlet.
The usual X, Y gauge bosons from SUð5Þ grand unified theories are found at collider accessible masses.
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I. INTRODUCTION

Unifying the basic interactions of nature in a single
symmetry group of a “grand unified theory” (GUT) [1,2] is
a big dream in fundamental physics, which however comes
with various challenges. Besides fast proton decay and the
generic expectation of the Higgs doublet being degenerate
with its color-triplet partner, there is the severe problem of
keeping the electroweak (EW) scale separated from the
large unification scale (or the Planck scale) in the presence
of quantum corrections—the persistent hierarchy problem
(HP) of GUTs.
Models of gauge-Higgs unification (GHU) [3–6] can

solve the HP by embedding the Higgs as the fifth
component of a 5D gauge field. This idea is in particular
attractive in a warped extra dimensional setting [7,8], where
the large hierarchy between the Planck and the TeV scale is
explained by a geometric, exponential “warp factor,”1

see [10] for a realistic application to the EW theory.
These models can be formulated via the AdS=CFT

correspondence in 4D [11],2 with the Higgs being a
composite pseudo-Nambu-Goldstone boson (PNGB) of a
spontaneously broken global symmetry, addressing the
remaining little hierarchy between the Higgs mass and
the compositeness scale.
In this paper, we propose a new economical setup that

extends the GHU scenario to incorporate the grand uni-
fication of the EW and strong interactions in what is called
gauge-Higgs grand unified theory (GHGUT), achieving an
additional step of unification. Employing a novel symmetry
breaking pattern, our model solves the HP, the doublet-
triplet splitting problem, and the issue of proton decay,
while allowing for collider-accessible GUT bosons and
a realistic Standard Model (SM) mass spectrum from the
5D theory—thereby overcoming the difficulties of earlier
proposals.
Recent related work used the gauge group SOð11Þ

[13–15], requiring however another extra dimension [16,17]
to avoid problematic light exotic states.3 Moreover, SUð6Þ
GHGUTs have been considered in flat extra dimensions in
both a SUSY [23–25] and a non-SUSY context [26], where
only recently the issue of massless down-type quarks and
charged leptons was tackled, yet at the price of abandoning
5D embeddings of the SM fermions [27,28]. Moreover, a
large number of additional (mirror) fermions was required
to obtain viable EW symmetry breaking (EWSB).
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1GHU in flat extra dimensions has also been considered [9],
although suffering generally from wrong top and Higgs masses.

2See also [12] for a recent assessment of the holographic
approach.

3See also [18–20] for 4D composite Higgs GUTs and [21,22]
for confining UV completions with partial unification.
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Here, we put forward a full minimal bulk SUð6Þ
GHGUT in 5D warped space, preserving many properties
of canonical composite Higgs models and showing how
appropriately chosen fermion embeddings and boundary
terms allow us to naturally reproduce the complete SM
spectrum from 5D bulk fields. Beyond that, viable EWSB
and the correct Higgs mass emerge without additional
complications. Our model thereby extends related Randall-
Sundrum GUTs [29–31], by promoting the SUð5Þ gauge
group to SUð6Þ, changing the fundamental nature of the
Higgs boson.

II. MODEL

We envisage a G ¼ SUð6Þ bulk gauge symmetry in a
slice of AdS5 (anti–de Sitter) space, employing a warped
background with the metric

ds2 ¼
�
R
z

�
2

ðημνdxμdxν − dz2Þ; ð1Þ

where z ∈ ½R;R0� and R ∼ 1=MPL (R0 ∼ 1=TeV) is the
position of the UV (IR) brane, addressing the hierarchy

problem. To obtain the SM structure at low energies, the
SUð6Þ bulk symmetry is broken to subgroups on the
UV (H0) and the IR (H1) branes by gauge boundary
conditions (BCs), following

SUð6Þ → SUð5Þ ×Uð1ÞX ≡H0;

SUð6Þ → SUð2ÞL × SUð4Þ × Uð1ÞA ≡H1; ð2Þ

with the SM gauge group GSM contained in the intersection
of the unbroken subgroups,GSM⊂H≡H0 ∩H1¼SUð2ÞL×
SUð3Þc×Uð1ÞY×Uð1ÞX. The additional Abelian group
Uð1ÞX remains initially unbroken by the gauge structure.
This pattern of symmetry breaking is the starting point of
previous SU(6) GHGUTs as it can be elegantly obtained
from orbifold breaking and minimally produces the SM
gauge group. The presence of the unbrokenUð1ÞX however
already indicates that this pattern will have to be modified to
some extent. We will come back to this point later.
These symmetry breaking patterns are reflected by the

BCs of the components of the SUð6Þ gauge field
Aμ ¼ Aa

μTa, with Ta the SU(6) generators

Aμ ¼

0
BBBBBBBBBB@

ðþþÞ ðþþÞ ðþ−Þ ðþ−Þ ðþ−Þ ð−−Þ
ðþþÞ ðþþÞ ðþ−Þ ðþ−Þ ðþ−Þ ð−−Þ
ðþ−Þ ðþ−Þ ðþþÞ ðþþÞ ðþþÞ ð−þÞ
ðþ−Þ ðþ−Þ ðþþÞ ðþþÞ ðþþÞ ð−þÞ
ðþ−Þ ðþ−Þ ðþþÞ ðþþÞ ðþþÞ ð−þÞ
ð−−Þ ð−−Þ ð−þÞ ð−þÞ ð−þÞ ðþþÞ

1
CCCCCCCCCCA
; ð3Þ

where þð−Þ denotes a Neumann (Dirichlet) BC on the
corresponding (UV, IR) branes. The BCs for the scalars A5

can be retrieved simply by flipping signs. Only those
components with (þþ) BCs feature a massless zero mode,
which corresponds just to the generators of the unbroken
gauge group H in the 4D vector-boson sector (Aμ) as well
as four degrees of freedom in the 4D scalar sector (A5),
which can be identified with an EWHiggs doublet. Thus all
gauge bosons as well as the Higgs sector are unified in a
single gauge field.

A. Scalar and fermion content

Once the gauge structure is specified, one can introduce
fermion SUð6Þ representations in the bulk. Because 5D
fermion representations are vectorial one needs to make use
of the BCs to get chiral SM modes, respecting the gauge
symmetries on the respective branes. For the quark sector
one needs minimally a 20 and a 15 representation of SUð6Þ
for the up-type and down-type quarks, respectively (the ucR
in the 15 does not interact with the A5 Higgs).

Since the right handed (RH) up and down quark are in
different bulk representations, they connect to different left
handed (LH) doublets within their multiplets. In conse-
quence, the 15 and 20 have to be connected to form one
light LH doublet eigenstate, which we will realize by brane
masses on the AdS boundaries. On the UV brane, the
masses have to respect the SUð5Þ ×Uð1ÞX symmetry,
which only leaves the option to add UV Yukawa terms
between the SUð5Þ subrepresentations of the bulk fields. In
order to respect the Uð1ÞX gauge symmetry one needs to
introduce a charged scalar ΦX on the UV brane that obtains
a vacuum expectation value (VEV). The resulting sponta-
neous Uð1ÞX breaking will lead to a radial mode and one
Goldstone boson associated to the breaking, see below.
Although one can give masses to all the SM fermions by

this mechanism, these SUð5Þ symmetric UV interactions
are still too constrained to avoid the appearance of light
non-SM modes, a generic problem in GHGUT [13–15]. As
we will demonstrate in the following, the additional light
states from the large tensor representations can be pushed
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beyond LHC reach by introducing further symmetry
breaking.
Here we choose to add additional brane interactions on

the IR boundary. The minimal option is employing a SUð4Þ
fundamental ΦA, charged under Uð1ÞA, that will reduce the
former to SUð3Þc with the full breaking pattern reading
SUð4Þ ×Uð1ÞA → SUð3Þc × Uð1ÞY . In turn, the remaining
symmetry on the IR boundary is just GSM. Yukawa
couplings between SUð2ÞL × SUð4Þ representations and
the SUð4Þ scalar become brane masses once the scalar gets
a VEV and such terms will also allow us to lift the
degeneracy between the down and charge lepton masses,
see below. Similarly as on the UV brane, a radial mode and
now seven Goldstone bosons emerge, which decompose as
ð3; 1Þ−1=3 ⊕ ð1; 1Þ0 under GSM.
In the zero gauge coupling limit, these IR brane

Goldstones do not see the UV interactions and the
SUð4Þ symmetry is intact, making them massless. On
the UV brane, in the same limit, the ð1; 1Þ0 Goldstone
associated to the breaking of Uð1ÞX is also massless. When
the bulk coupling is turned on, the branes talk and, as a
result, one linear combination of the ð1; 1Þ0 Goldstones is
absorbed by the Uð1ÞX gauge vector while the remaining
linear combination becomes a physical, massive PNGB. In
warped space it turns out that the UV Goldstone can to very
good approximation be identified with the true Goldstone
that gets eaten [8]. The remaining ð3; 1Þ−1=3 Goldstones
similarly become massive at the one-loop level due to
SUð4Þ breaking on the UV brane.
In the rest of this paper we consider a convenient limit

simplifying the calculation of the scalar potential. For the
IR brane VEV being large vA ≫ 1=R0, one expects that the
PNGB states can be treated as A5 components [8,32]: the IR
Neumann BCs for the Aμ in the last column of (3)
effectively become Dirichlet. With a similar limit for the
UV brane VEV, the breaking of the UVand IR symmetry is
achieved by gauge BCs instead of spontaneous breaking by
brane scalars, modifying the pattern from (2) to

SUð6Þ → SUð5Þ≡H0
0;

SUð6Þ → SUð2ÞL × SUð3Þc × Uð1ÞY ≡H0
1; ð4Þ

with the unbroken gauge group being exactlyGSM ¼ H0
1 ¼

H0
0 ∩ H0

1 ¼ SUð2ÞL × SUð3Þc × Uð1ÞY and no massless
Uð1ÞX vector remaining. All the PNGBs are described
as A5 modes and the radial modes decouple. Moreover the
fermion embedding will be considerably simplified as the
fermionic IR BCs only have to respect GSM as opposed to
the larger SUð2ÞL × SUð4Þ ×Uð1ÞA. We note however that
one can formulate a viable extended model respecting the
latter symmetry, spontaneously broken by a finite vA, with
similar properties.
Finally, we note that the symmetry reduction on the

branes, Eq. (4), corresponds to a 4D CFT (conformal field

theory) possessing a global SUð6Þ symmetry spontane-
ously broken to GSM in the infrared, with the SUð5Þ ⊃ GSM
subgroup of SUð6Þ being weakly gauged.

B. Fermion embedding

The freedom in BCs due to the IR-brane symmetry being
maximally broken to GSM allows us to consider the
minimal embedding of a 20, 15, 6, and a 1 bulk fermion
per generation that reproduces the full SM spectrum
without light exotics. Denoting the components of the
5D fields by the canonical symbols of the SM-like zero
modes they host, the first two decompositions for the LH
modes read

20L →ð3; 2Þ−;þ1=6 ⊕ ð3�; 1Þ−;þ−2=3 ⊕ ð1; 1Þ−;þ1

ð3�; 2Þ−;þ−1=6 ⊕ uRð3; 1Þ−;−2=3 ⊕ ð1; 1Þ−;þ−1 ; ð5Þ

15L → qLð3; 2Þþ;þ
1=6 ⊕ ð3�; 1Þþ;−

−2=3 ⊕ ecRð1; 1Þþ;þ
1

⊕ ð3; 1Þ−;þ−1=3 ⊕ ð1; 2Þ−;þ1=2 ; ð6Þ

while those for the RH modes can be obtained by flipping
the BCs.
Ultimately what allows the model to get rid of extra light

states is that the breaking on the IR allows us to have a
Neumannn BC for the ð1; 1Þ−;þ1 in the 20, which would in a
SUð2ÞL × SUð4Þ ×Uð1ÞA symmetric theory have to be
aligned with the uR resulting in a RH electronlike zero
mode with the wrong hypercharge. In turn the charge-
conjugated RH electron can reside in the ð1; 1Þþ;þ

1 of the
15, and no superfluous light states remain. In the model
with enhanced IR symmetry one can remedy this by
introducing a second 15 to lift the problematic states while
allowing for a RH electron.
Even though the 15 could in principle host the dR and the

lepton doublet, too, without further ingredients they would
be mass degenerate. This can be solved by including a

6L → dRð3; 1Þ−;−−1=3 ⊕ lcLð1; 2Þ−;−1=2 ⊕ νcRð1; 1Þþ;þ
0 ; ð7Þ

coupled to the 15 on the IR brane, see below, with the dR
and lcL finally ending up residing mostly in the 6.
Conveniently the 6 also allows for a RH neutrino to
generate neutrino masses. With an additional bulk singlet

1L → ð1; 1Þþ;−
0 ; ð8Þ

one can obtain light (<1 eV) Dirac neutrinos in a natural
way, i.e., with Oð1Þ parameters, by connecting it to νcR
through an IR brane mass (see Appendix A).
So far, all other SM fermions are still massless, which

can be changed by adding the mentioned boundary
Lagrangians. Since under SUð5Þ, the 20 of SUð6Þ decom-
poses into a 10 ⊕ 10� and the 15 into a 10 ⊕ 5, as grouped
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together in Eqs. (5) and (6), one can connect them on the
UV brane via their common 10,

SUV ¼
Z

d4xðMuψ20;10χ15;10 þ H:c:Þ; ð9Þ

where χα;r;s (ψ̄ _α
r;s) denote LH (RH) spinors in representation

r of SUð6Þ and s of the unbroken group at the respective
boundary and we omit flavor indices.
Similarly, on the IR brane we can connect fermions of

the same GSM representations as

SIR¼
Z

d4x
�
R
R0

�
4

ðMũψ15;ð3�;1Þχ20;ð3�;1Þ þMdχ15;ð3;1Þψ6;ð3;1Þ

þMlχ15;ð1;2Þψ6;ð1;2Þ þMνχ6;1ψ1þH:c:Þ; ð10Þ

corresponding, as Eq. (9), to the most general nonvanishing
gauge invariant mass mixings, given the fermionic BCs.
With these ingredients, it turns out that our model can

successfully accommodate all the different fermion masses
of the three SM-like generations and all fermionic excita-
tions can reside safely above current LHC limits. Among
the latter, the ð3�; 1Þ−2=3 sector, linked via the Mu and Mũ
brane masses, is particularly interesting since for non-
vanishing Mũ its spectrum depends on the Higgs VEV,
meaning it will contribute to the Higgs potential. Therefore,
every brane term has its own crucial role: Mu connects the
15 and the 20, providing a mass for the up-type quarks,Mũ
is relevant for EWSB, Md and Ml lift the degeneracy
between the down-type quarks and the charged leptons, and
Mν allows for light neutrinos (see, e.g., [33] on how to
compute the spectrum with brane localized mass terms).

III. POTENTIAL FOR THE PNGBs

We now proceed to calculate the three-dimensional
scalar potential in field space, depending on three real
VEVs: the Higgs VEV v, the leptoquark VEV c and the
singlet VEV s, see Appendix B for more details on the
PNGB degrees of freedom. Using the Coleman-Weinberg
formula [34], we obtain for the different contributions

Vrðv; c; sÞ ¼
Nr

ð4πÞ2
Z

∞

0

dpp3 logðρrð−p2; v; c; sÞÞ; ð11Þ

where Nr ¼ −4Nc for quarks, Nr ¼ 3 for gauge bosons,
and ρr denotes the corresponding spectral functions, whose
roots at −p2 ¼ m2

n;r; n ∈ N encode the physical spectra.
Along the s ¼ c ¼ 0 direction, the potential depends on

a limited number of parameters. In terms of spectral
functions, the dominant contributions come from the top
quark, the W and Z bosons and the discussed third
generation up-type exotic sector. The latter contribution
to the Higgs potential is crucial for successful EWSB, since
the top quark tends to destabilize the potential which the

gauge bosons alone cannot offset [10]. We focus on the
parameter space where the impact of lighter generations can
be safely discarded, requiring slightly suppressed Md;l for
those generations. In consequence, neglecting the bottom
and tau sectors (whose contributions become similarly
small for small Md;l), the EW sector of the potential
depends on four parameters: c15, c20, Mu, and Mũ, where
ci ≡miR, with mi the Dirac bulk masses of the 5D
fermions.
We will now check the EWSB structure in the warped

SUð6Þ framework by evaluating the potential along the
Higgs direction. To evade collider constraints (see below)
we take the IR scale sufficiently large at 1=R0 ¼ 10 TeV. In
turn, the correct W boson mass is obtained for a dimen-
sionful SUð6Þ gauge coupling g5 ¼ g�R1=2 ∼ 3.8R1=2. For
our numerical evaluation, we scan the third generation
brane masses in 0.1 < Mu;ũ < 3, with ci ∼Oð1Þ, always
requiring that the resulting fermion masses reside in a
window close to their extracted values at μ ∼ fπ , where
fπ ¼ 2

ffiffiffiffi
R

p
=g5R0 is the PNGB decay constant. We also filter

the points such that no too light excitations appear and
that v ≈ 246 GeV.
In Fig. 1 we present the resulting Higgs mass correlated

with the mass of the top quark. Remarkably, after fixing the
VEV and the correct mtðμ ¼ fπÞ ∼ 140 GeV, the model
predicts a light Higgs in excellent agreement with
observation.
After achieving a realistic Higgs sector, we keep the

viable parameter points and scan over the remaining para-
meters c1; c6;Md;Ml, and Mν, with 0.1 < Md;l;ν < 3, to
reproduce the full fermion spectrum. Evaluating the
Coleman-Weinberg potential (11) along the leptoquark
direction c, we calculate its mass mLQ and make sure that
no VEV is generated, finding a large set of points.
Furthermore mLQ is uncorrelated to mh due to its depend-
ence on all of the models parameters, allowing for a broad
range of leptoquark masses.

FIG. 1. mh versus mt (at μ ∼ fπ), with the blue stripe high-
lighting the correct Higgs mass mh ∈ ½90; 110� [35].
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Finally, we evaluate Eq. (11) along the singlet direction
s. The resulting singlet mass mS versus mLQ is plotted in
Fig. 2. Interestingly the triplet is in the right range at several
TeV to explain the charged-current B anomalies [36].4 We
also note that the singlet, with typical mass within (300–
600) GeV, may develop a VEV which could play a role in
enhancing the first order phase transition and thereby allow
for baryogenesis—which we however do not consider for
the present analysis.

IV. GHGUT PHENOMENOLOGY

Since the hypercharge Uð1ÞY is contained in the upper-
left 5 × 5 block of (3), the EW gauge structure of SUð6Þ
GHGUT follows ordinary Georgi-Glashow SUð5Þ with a
Weinberg angle of sin2 θW ¼ 3=8, which implies at the
classical level MZ ¼ ffiffiffiffiffiffiffiffi

8=5
p

MW , while the running of the
gauge couplings has been shown to remain logarithmic in
warped extra dimensions [29,39–41].
A notable feature of our GHGUT setup is the presence of

ðþ;−Þ vector bosons with a distinct mass relation

mðþ;−Þ ¼
2

R0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 logðR0

RÞ − 1

q ∼ 0.25=R0; ð12Þ

in contrast to non-GUT GHU based on SOð5Þ ×Uð1Þ,
which only contain exotic ð−;þÞ gauge bosons that have a
higher mass of ∼2.4=R0. These ðþ;−Þmodes correspond to
the X, Y bosons from 4D GUTs, however their much lower
mass opens up the exciting possibility of direct observation
of these colored GUT states.
The profiles of the X, Y gauge bosons are similar to

gauge boson zero modes and thus feature unsuppressed
couplings to first generation fermions, reading

gLQðX†
μÞiðyQi

Lγ
μec†L þy0ϵijðLc†

R ÞjγμdRÞ=
ffiffiffi
2

p
þH:c:; ð13Þ

where ðX†
μÞi ¼ ðYμ; XμÞ, ϵij is the antisymmetric SUð2Þ

tensor, and yð0Þ parametrize the overlap between the gauge
bosons and the fermionic zero modes in the extra dimen-
sion. We find y0 ≃ 1 and 0.5≲ y≲ 1. In general this leads
to tight constraints from nonresonant dilepton searches
where the leptoquarks are exchanged in the t channel [42].
The exact computation of gLQ at low scales depends on
renormalization group equation and is beyond the scope
of this paper. For gLQ ≲ 1 the benchmark point of mX;Y∼
0.25=R0¼2.5TeV remains within experimental constraints.
Because SUð6Þ is not endowed with custodial symmetry,

the deformations of the W- and Z-boson wave functions in
the IR could lead to a sizable tree level correction to the EW
T parameter [43–46], which for our benchmark point
of 1=R0 ¼ 10 TeV means a modest shift of ΔT ≈ 0.04.
Interestingly, the lack of custodial symmetry is thus not an
issue but is in line with the ðþ;−Þ vector leptoquark
collider limits (as well as with flavor bounds in GHU [47],
which we will explore in a separate work, together with
different scenarios of unification).
Regarding the fermionic resonance spectrum, the model

predicts a rather large range of excitations between around
0.1=R0 and 2.5=R0. While there is a significant spread in the
masses of the first resonances of the τ, ν, and the b, there is
a clear prediction for the toplike exotic sector featuring a
light state, mT̃ ≈ 0.3=R0 ≈ 3 TeV, which furnishes a prom-
ising target for future collider searches.
Finally, in generic GUTs the light X, Y bosons would

mediate fast proton decay. In 5D we are however saved
since qL and uR reside in separate SUð5Þ multiplets, which
prohibits the dangerous B − L conserving interactions
between qL, uR and X, Y inducing p → π0 þ eþ decay.
More generally, the model features a hidden baryon
symmetry, which becomes transparent in the SUð2ÞL ×
SUð4Þ ×Uð1ÞA symmetric IR limit (see Appendix C).

V. CONCLUSIONS

We presented a minimal viable GHGUT model in
warped space based on a SUð6Þ bulk symmetry, unifying
the gauge interactions of the SM and their breaking sector
in a simple gauge group. The full SM fermion spectrum can
naturally be reproduced from bulk fields and no light
excitations plague the setup. Key to achieve this is the new
symmetry breaking pattern on the IR brane. This results in
two additional PNGBs aside from the Higgs: a leptoquark
and a singlet. The three-dimensional field potential was
calculated revealing a large viable parameter space with the
correct Higgs mass. Moreover, a global baryon number
prohibits perturbative proton decay. A striking signature of
this model would be the presence of low-scale X, Y vector
leptoquarks.
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APPENDIX A: NEUTRINO MASSES

In this Appendix, we provide more details on how light
neutrinos appear with the addition of an extra bulk singlet
fermion. Without this extra singlet, the neutrino sector
resides solely in the 6

6L → dRð3; 1Þ−;−−1=3 ⊕ lcLð1; 2Þ−;−1=2 ⊕ νcRð1; 1Þþ;þ
0 ; ðA1Þ

with the exception of a negligible 15 component for the
left-handed neutrino. The 5D profiles for the right-handed
neutrino and left-handed doublet are

χνc ¼
1ffiffiffiffiffi
R0p

�
z
R

�
2
�
z
R0

�
−c6

fðc6Þ;

ψ lc ¼
1ffiffiffiffiffi
R0p

�
z
R

�
2
�
z
R0

�
c6
fð−c6Þ; ðA2Þ

with fðcÞ defined as [48,49]

fðcÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 2c

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ðRR0Þ2c−1

q : ðA3Þ

Computing the overlap between these fermionic profiles
and the Higgs, we obtain

mν ¼
g�v
2

ffiffiffi
2

p fðc6Þfð−c6Þ: ðA4Þ

As we can see, a small neutrino mass requires either the
left-handed or the right-handed neutrino to be very UV
localized, corresponding to one of the fð�c6Þ becoming
tiny. However, since c6 also determines the charged lepton
and down-type quark masses, this option is not viable and
the neutrino would reside at that mass scale.
The solution we envisage here is the addition of a singlet

bulk fermion

1L → ð1; 1Þþ;−
0 ; ðA5Þ

connected on the IR brane to the bulk 6 via the boundary
mass Mν, which leads to a splitting of the right-handed
neutrino in two bulk multiplets. Actually, it turns out that
the right-handed neutrino will end up living mostly in the
bulk singlet 1, suppressing its mass, which is induced from
the interactions of the bulk 6. Taking this mixing into
account, the mass of the neutrinos (A4) will be modified to

mν ¼
g�v
2

ffiffiffi
2

p fðc6Þfð−c6Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ fðc6Þ2

fðc1Þ2 M
2
ν

q : ðA6Þ

Although fðc6Þ ∼ 1 in order to reproduce the observed
charged lepton and down quark masses, we can see that for
c1 > 0.5 neutrino masses are suppressed by fðc1Þ ≪ 1,
reflecting the small mixing with the 6 and resulting in
naturally light neutrinos.

APPENDIX B: THE GOLDSTONE MATRIX

We specify here the scalar content of the 4D effective
theory in terms of the PNGB degrees of freedom hâ

associated to the SUð6Þ → SUð2ÞL × SUð3Þc ×Uð1ÞY
broken generators Tâ

Π ¼ hâTâ ¼ 1ffiffiffi
2

p

0
BBB@

12×2
Sffiffiffiffi
30

p 0 H2×1

0 13×3
Sffiffiffiffi
30

p C3×1

H†
1×2 C†

1×3 −S
ffiffi
5
6

q

1
CCCA; ðB1Þ

where H denotes the SM-like Higgs doublet, C the
leptoquark in the ð3; 1Þ−1=3 representation of the SM gauge
group, and S the SM singlet. The generators are normalized
such that TrðTâTb̂Þ ¼ 1

2
δâ b̂. The Goldstone matrix Σ is

obtained as usual by the exponentiation of the matrix Π
divided by the common PNGB decay constant fπ

Σ≡ exp

� ffiffiffi
2

p

fπ
Π
�
; fπ ¼

2
ffiffiffiffi
R

p

g5R0 : ðB2Þ

APPENDIX C: PROTON DECAY

Our model features a natural protection against proton
decay in the form of a conserved baryon number B. In the
limit where the UV (IR) brane symmetries are broken to
SUð5Þ [SUð2ÞL × SUð3Þc × Uð1ÞY] by the gauge BCs, this
can explicitly be checked by charging all the SM fermionic
content under their usual baryon number and extending B
to the exotic fermions and vector and scalar leptoquarks. It
turns out this can be done without breaking B at any vertex.
However, here we opt for a more transparent and general

demonstration in which the brane gauge symmetries are
broken by a UV and IR brane scalar ΦX and ΦA,
respectively. The former breaks the SUð5Þ ×Uð1ÞX UV
brane symmetry to SUð5Þ by charging it under X and
inducing a VEV via

SUV ¼
Z

d4x
Z

R0

R
dzδðz−RÞððDμΦXÞ†ðDμΦXÞ−VðΦ2

XÞÞ:

ðC1Þ

Along the same lines, the scalar ΦA, which is an SUð4Þ
fundamental and charged under Uð1ÞA, breaks SUð2ÞL ×
SUð4Þ ×Uð1ÞA to GSM, by similarly acquiring a VEV via
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SIR ¼
Z

d4x
Z

R0

R
dzδðz − R0Þ

�
R
z

�
4

× ððDμΦAÞ†ðDμΦAÞ − VðΦ2
AÞÞ: ðC2Þ

In this approach the brane masses become Yukawa
couplings between different bulk fermions and the brane
scalars. Without these terms, the model would enjoy a
particularly large global symmetry, under which each bulk
fermion can be rotated independently as

Ψ20;15;6 → eiαjΨ20;15;6: ðC3Þ

Even though the brane Yukawas break this large symmetry,
a residual symmetry remains if one charges the brane
scalars, too, following

Ψ20 → e3iαΨ20; Ψ15 → e2iαΨ15;

Ψ6 → eiαΨ6; ΦX;A → eiαΦX;A: ðC4Þ

Indeed under this symmetry, which we call C, the
brane Lagrangians, containing Yukawa terms such as
ΦX;Aψ20χ15, remain invariant. Although this symmetry is
not traceless [it is the Uð1Þ extension of SUð6Þ to Uð6Þ], it
is convenient to represent it as a generator, namely

TC ¼ diagð1; 1; 1; 1; 1; 1Þ. One can check that such a
generator induces the above charge assignments for the
bulk fermions. After the brane scalars obtain VEVs,
hΦX;Ai ¼ ð0; 0; 0; 0; 0; vX;AÞT in our notation, the remain-
ing unbroken generator is TC0 ¼ diagð1; 1; 1; 1; 1; 0Þ.
However, since furthermore SUð2ÞL is broken at the
one-loop level by the Higgs VEV, the actual remaining
symmetry is TB ¼ diagð0; 0; 1; 1; 1; 0Þ.
Remarkably, when one acts with TB=3 on the fermion

representations, one obtains exactly baryon number for the
SM particles (and exotic baryonic charges for the non-SM
fermions). Thus the C symmetry, although spontaneously
broken, leaves a generator invariant in the vacuum which
can be identified with baryon number [note that this is
similar to how B − L symmetry arises in SUð5Þ [50] ].
Therefore the proton, being the lightest baryon, is stable to
all orders in perturbation theory. The symmetry is anoma-
lous which can lead to proton decay nonperturbatively,
although we expect these effects to be suppressed. As
mentioned above, the introduced C symmetry is exactly the
Uð1Þ extension of SUð6Þ to Uð6Þ, allowing for the
possibility to gauge it and have proton decay with-
stand quantum gravity (which has a low cutoff on the
IR brane).
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