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Summary. — So-called 4321 gauge models at the TeV scale with hierarchical
couplings reminiscent of the Standard Model Yukawas offer a coherent combined
explanation of the recent B-meson anomalies. In these proceedings, based on
arXiv:2203.01952, we discuss how such models could arise from a multi-scale theory
of flavor, based on a warped fifth dimension with three branes. This higher dimen-
sional construction provides a natural description of flavor hierarchies, addresses
the electroweak hierarchy problem, and allows for the Higgs to be identified as a
pseudo-Nambu-Goldstone boson emerging from the same dynamics responsible for
the breaking of 4321 gauge symmetry.

1. – Introduction

In recent years a series of anomalies hinting at beyond the Standard Model (SM)
lepton flavor universality violation in B-meson decays have emerged, both in charged and
neutral currents. Interestingly, these B anomalies can be coherently explained by new
flavor non-universal interactions at the TeV scale, with a coupling structure reminiscent
of the SM Yukawas, strongly suggesting a connection between the new physics sector
and the SM flavor puzzle. One of the most promising explanations are new flavor non-
universal gauge interactions, best exemplified in the context of “4321” gauge models,
where the SM gauge symmetry is extended by an SU(4) factor under which only the
third family is charged. These models provide third-family quark-lepton unification,
a natural CKM structure, and a UV completion at the TeV scale for the Pati-Salam
vector leptoquark (LQ) (typically denoted as U1). The latter offers what is to date the
most coherent combined explanation for the B-meson anomalies. Interestingly, since
third-family quark-lepton unification occurs at the TeV scale in order to address the B
anomalies, it is plausible that the same new physics sector plays a role in the resolution of
the electroweak (EW) hierarchy problem. Such non-universal 4321 models could simply
be the low-energy limit of a multi-scale theory of flavor, where quarks and leptons of
different families are unified at sequentially higher energy scales. A compelling possibility
is to connect these models to a full theory of flavor and the EW hierarchy problem in
terms of a warped extra dimension with three defects (or branes) where each SM family
is quasi-localized [1]. This novel 5-dimensional (5D) construction unifies all families of
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quark and leptons in a flavor non-universal manner, provides a natural description of the
SM fermion masses and mixings, and solves the large hierarchy problem à la Randall-
Sundrum (RS) [2]. In stark contrast to the usual RS flavor anarchy paradigm, this
multi-brane construction provides a novel explanation of the flavor hierarchies in terms
of a hierarchy of scales. It also provides unique new experimental signatures, both at low
energy as well as in cosmological observables.

2. – 4321 models

We begin with a brief overview of 4321 models [3-6], as they provide a compelling
UV completion for the U1 vector leptoquark that is known to provide a good combined
explanation of the B-anomalies [7-14]. They are based on the the extended gauge group

(1) G4321 = SU(4)h × SU(3)l × SU(2)L × U(1)X ,

where the SM color group is embedded as SU(3)c = [SU(3)h × SU(3)l]diag and SM
hypercharge as U(1)Y = [U(1)h × U(1)X ]diag, where SU(3)h × U(1)h ⊂ SU(4)h. The
4321 gauge group is spontaneously broken to the SM at the TeV scale by the VEVs of
the Ω1,3,15 fields, resulting in 15 massive gauge bosons transforming as U1 ∼ (3,1, 2/3),
Z ′ ∼ (1,1, 0), and G′ ∼ (8,1, 0) under the SM gauge group. The field G′ is a heavy gluon
that we call the coloron. Defining the gauge fields of the 4321 group as Hα

μ , g
′a
μ ,W i

μ, Xμ

and gauge couplings g4, g3, g2, g1, the massive U1, Z
′, G′ gauge bosons are

U1,2,3
μ =

1√
2

(
H9,11,13

μ − iH10,12,14
μ

)
,

Z ′
μ = H15

μ cos θ1 −Xμ sin θ1 ,

G′a
μ = Ha

μ cos θ3 − g′aμ sin θ3 ,(2)

Table I. – Field content of the 4321 model.

Field SU(4)h SU(3)l SU(2)L U(1)X

qiL 1 3 2 1/6
ui
R 1 3 1 2/3

diR 1 3 1 −1/3
�iL 1 1 2 −1/2
eiR 1 1 1 −1
ψL 4 1 2 0
ψ±

R 4 1 1 ±1/2
χL,R 4 1 2 0

H 1 1 2 1/2
Ω1 4̄ 1 1 −1/2
Ω3 4̄ 3 1 1/6
Ω15 15 1 1 0
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with tan2 θ3 = g23/g
2
4 and tan2 θ1 = 2g21/3g

2
4 . In terms of these mixing angles, the gauge

boson masses are

M2
U =

g24f
2
U

4
, M2

Z′,G′ =
M2

U

cos2 θ1,3

f2
Z′,G′

f2
U

,(3)

with f2
U = v21 + v23 + 4v215/3, f2

Z′ = 3v21/2 + v23/2, and f2
G′ = 2v23 . In the limit

fU = fZ′ = fG′ (corresponding to v1 = v3 and v15 = 0) there is an unbroken SU(4)D
custodial symmetry which defines a ρ-parameter-like relation between the 4321 gauge
boson masses, M2

U/M
2
Z′,G′ = cos2 θ1,3. As promised, the linear combinations orthogonal

to G′a
μ and Z ′

μ remain massless and correspond to the SU(3)c × U(1)Y part of the SM
gauge group.

As suggested by the labels “h” and “l” on the color SU(4)h×SU(3)l part of the 4321
group, it is attractive to charge the (heavy) third family SM fermions under the SU(4)h
factor, while keeping the light families SM-like by charging them under SU(3)l, as shown
in table I. This leads to quark-lepton unification à la Pati-Salam in the third family, while
also realizing an accidental approximate U(2)5 ≡ U(2)q ×U(2)�×U(2)u×U(2)d×U(2)e
flavor symmetry as a consequence of the gauge charge assignment. Furthermore, in the
limit where g4 � g1,3, the new heavy vectors U1, Z

′, G′ come mostly from SU(4)h and are
therefore dominantly coupled to the third family, as required to address the B-anomalies
while avoiding direct search bounds from colliders. Indeed, with this charge assignment
one is only allowed to write Yukawa couplings for the 3rd family as well as amongst
the light families (mixing between the 3rd and light families is forbidden by 4321 gauge
symmetry). Heavy-light mixing is generated by the following Lagrangian

−L ⊃ q̄LλqΩ3χR + �̄Lλ� Ω1χR + y+χ̄LH̃ψ+
R + y−χ̄LHψ−

R +Mχχ̄LχR + h.c. ,(4)

after the 4321 gauge symmetry is spontaneously broken. Note that because of the quan-
tum numbers of the VL fermion, mixing is only generated between the light family LH
doublets qL, �L and χL, corresponding to a leading breaking of the U(2)5 symmetry only
in the left-handed (LH) sector. This leads to a natural suppression of dangerous FCNC
operators involving light family right-handed (RH) fields (such as scalar operators and
dipoles), as the corresponding rotations are suppressed by the light family Yukawas which
are the only source of U(2)u × U(2)d × U(2)e breaking.

3. – A multi-scale paradigm for flavor in warped extra dimensions

Warped extra dimensions represent one of the most natural frameworks in which
solutions to the EW hierarchy problem as well as the flavor puzzle can be consistently
combined. In the usual Randall-Sundrum setup, large hierarchies between the scales of
the ultraviolet (UV) brane and the infrared (IR) brane can be naturally stabilized due to
a gravitational redshift factor arising from the warped (AdS5) geometry. Parametrically,
this results in an IR scale ΛIR = ke−kL, where k is the 5D curvature constant (and
also the typical scale of the UV brane) and L is the total length of the extra dimension.
Exponentially large hierarchies are therefore generated for modest values of the volume
factor kL, and such a setup can be used to solve the large electroweak hierarchy problem
if the Higgs is localized in the IR. Similarly, the observed hierarchy of fermion masses and
mixings can be explained if the heavy fermions (such as the top quark) are localized in the
IR while the lighter fermions are localized in the UV. Yukawa couplings must be generated
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Fig. 1. – Sketch of a multi-scale warped 5D model including fermion and scalar profiles.

at the IR scale (where the Higgs is localized), resulting in hierarchical values due to the
exponential behavior of the fermion zero mode profiles. This mechanism of obtaining
effective 4D Yukawa couplings with exponential hierarchies even when the original 5D
Yukawas exhibit no such structure is known as the flavor anarchy paradigm. However,
the flavor anarchy setup is not entirely satisfactory since both the left- and right-handed
fields must reach the IR in order to generate the Yukawa couplings, corresponding to a
breaking of U(2)5 in both the left- and right-handed sectors. In general, this leads to
dangerous operators involving the light family RH fields being generated at the IR scale,
such as the electron EDM or charged lepton flavor violating processes such as μ → eγ.
In order to avoid the bounds on such processes, one is forced to take ΛIR > 50 − 100
TeV, see, e.g., ref. [15]. This can be done, but the price to pay is a large fine tuning of
the EW scale.

The situation can be improved by extending the Higgs profile into the bulk and
moving to a multi-brane construction, with one brane per family, as shown in fig. 1 (with
the role of the Higgs played by Σ). In order from UV to IR, we now have three scales
Λ1,Λ2,ΛIR. The major improvement comes from the fact that the RH fields can now
be taken to be highly localized in their respective branes, resulting in the generation of
the light family Yukawas at the UV scales Λ1,2, with their smallness now explained by
the exponentially falling Higgs profile. Since the Higgs profile falls according to the ratio
of scales, this setup can be viewed equivalently as understanding the hierarchies in the
Yukawa couplings as arising from a hierarchy of scales y1,2 ∼ ΛIR/Λ1,2. Interestingly, this
fixes the total volume of the extra dimension kL ≈ log(mt/mu) ≈ 10 in order to provide
the correct fermion mass hierarchy. Similarly, dangerous operators involving the light
family RH fields such as the aforementioned dipoles must now be generated at (and are
therefore suppressed by) the UV scales, allowing for a lower IR scale ΛIR ∼ TeV. Fermion
mixing is explained via the quasi-localization of the LH fields in their respective branes,
resulting in a nearest-neighbor-style mixing structure and corresponding to a breaking
of U(2)5 only in the LH sector (as in the 4D 4321 model). For fixed values of the LH
fermion profiles, fermion mixing fixes the distances between branes, e.g., Cabibbo mixing
fixes the distance between the 1st and 2nd family branes as k� ≈ 4.
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4. – A multi-scale warped 5D model

We now want to construct a warped 5D model based on the following key features:

1) 4321 gauge symmetry at the TeV scale.

2) Flavor hierarchies from a 3-brane structure in the fifth dimension.

3) SM Higgs as a pNGB from the same dynamics breaking 4321 gauge symmetry.

Since the benefits of the first two points have already been discussed above, we turn now
to discussion regarding the third point. According to the duality between warped 5D
theories and strongly-coupled 4D composite theories, a reduction of the 5D bulk gauge
symmetry on the IR brane Gbulk → GIR corresponds to a spontaneous breaking (SSB) of
the global symmetry of the 4D composite sector due to the formation of a condensate
in the IR, resulting in Nambu-Goldstone bosons in the coset Gbulk/GIR. If a subgroup
Ggauge of the global symmetry is gauged, it is also possible for the condensate to break
part of the gauge symmetry, giving mass to elementary gauge bosons à la technicolor
models. The surviving unbroken gauge symmetry is G0 = Ggauge ∩ GIR. In order to
realize point 3, we would like to build a model where Ggauge ⊃ G4321, G0 = GSM, and the
SM Higgs field is realized as pNGB living in the coset Gbulk/GIR. Since we have a gauge
rather than global symmetry in the warped 5D description, realizing the Higgs a pNGB
corresponds to gauge-Higgs unification [16], which can be achieved by extending the EW
part of the bulk gauge symmetry. Since our multi-scale model actually has two bulks,
this will be dual to a strongly-coupled theory that undergoes two SSBs, while Ggauge

will be the gauge symmetry in the most UV brane. A simple and minimal option is to
consider

G23
bulk ≡ SU(4)h × SU(3)l × U(1)l × SO(5) ,

GIR ≡ SU(3)c × U(1)B−L × SO(4) ,
(5)

where the 23 bulk most IR bulk (see fig. 1). There are 15 NGBs coming from the breaking
pattern SU(4)h × SU(3)l × U(1)l → SU(3)c × U(1)B−L. These 15 NGBs are eaten by
the 4321 gauge bosons U1, G

′, Z ′, which acquire masses of M15 ≈ MKK/
√
2kL, with

MKK ≈ 2ΛIR, so there is a natural mass gap between the mass scale of the 4321 gauge
bosons and that of the Kaluza-Klein (KK) resonances. A benchmark value providing a
good explanation of the B-anomalies is M15 ≈ 3.5 TeV, which results in ΛIR ≈ 8 TeV
and MKK ≈ 16 TeV. The leading deviations from typical 4321 phenomenology come from
EW KK-induced modification of the SM Z boson coupling to τL, which simply require
MKK � 6 TeV. Note that an explanation of the B-anomalies would be incompatible
with the Z → τLτL bound if M15 ≈ MKK, so models where the U1 LQ is realized as a
composite (KK) resonance face challenges with EW precision data.

The breaking SO(5) → SO(4) ≡ SU(2)L×SU(2)R was chosen in order to realize the
minimal composite Higgs scenario [17], where the fifth components of the gauge fields
associated to the SO(5)/SO(4) coset correspond to four pNGB zero modes transforming
as a 4 of SO(4) that we identify with the SM Higgs field. The Higgs is a pNGB as it
receives a potential at tree-level from SO(5)-breaking scalars, as well as at the loop level.
These contributions are finite and fully calculable within the 5D model, and no double
tuning is required- the Higgs quartic naturally comes out at the right size. Only the
Higgs VEV must be fine-tuned at the per mille level, corresponding to the usual little
hierarchy problem.
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Table II. – Matter content: The upper (lower) block refers to fermions (scalars).

Field SU(4)h SU(4)l SO(5) U(1)Ψ U(1)S

Ψ3,Ψ3
d,X (′) 4 1 4 1 0

Ψj ,Ψj
u,d 1 4 4 1 0

Si 1 1 1 0 1

Σ 1 1 5 0 0

Ω 1 4 4 1 −1

Φ 1 1 1 0 2

Moving deeper into the UV, it is attractive to choose

G12
bulk ≡ SU(4)h × SU(4)l × SO(5) ,(6)

GUV ≡ SU(4)h × SU(3)l × U(1)l × SU(2)L × U(1)R ,

where GUV is the gauge symmetry in the most UV brane which contains G4321 as a
subgroup. The middle brane in the chosen setup corresponds to a discontinuity inducing
the breaking SU(4)l → SU(3)l × U(1)l, or a phase transition where light-family quark-
lepton unification is broken. This phase transition, as well as the breaking of third-family
quark-lepton unification at the IR scale, could potentially be observable as a multi-peaked
stochastic gravitational wave signal [18].

4
.
1. Matter content . – The fermions and scalars of the model and their representations

under SU(4)h × SU(4)l × SO(5) are given in table II. The UV localized scalars Φ and
Ω are necessary along with the singlet fermions Si to give mass to neutrinos via an
inverse-seesaw mechansism [19]. The VEV of Ω also breaks GUV → G4321. The scalar
Σ is IR localized and plays a crucial role in generating the light family Yukawas, as
we will see below. The zero modes of the fermion fields correspond to the fermionic
content of the 4321 model. The fermions are all in the spinorial 4 representation of
SO(5), which decomposes as one SU(2)L doublet and one SU(2)R doublet under the
IR brane symmetry. The boundary conditions for the fermions are taken to be SU(4)
symmetric, but SO(5) breaking in the UV (Ψ3 also breaks SO(5) in the IR). In terms
of SU(2)L doublet and SU(2)R up- and down-type components (as required by the UV
brane symmetry), the boundary conditions for the fermions are

Ψ3 =

⎡
⎢⎣
ψ3 (+,+)

ψ3
u (−,−)

ψ̃3
d (+,−)

⎤
⎥⎦ , Ψ3

d =

⎡
⎢⎣
ψ̃3 (+,−)

ψ̃3
u (+,−)

ψ3
d (−,−)

⎤
⎥⎦ , X (′) =

⎡
⎢⎣
χ(′)(±,±)

χ
(′)
u (∓,±)

χ
(′)
d (∓,±)

⎤
⎥⎦ ,

Ψj =

⎡
⎢⎣
ψj (+,+)

ψ̃j
u (−,+)

ψ̃j
d (−,+)

⎤
⎥⎦ , Ψj

u =

⎡
⎢⎣
ψ̃j (+,−)

ψj
u (−,−)

ψ̂j
d (+,−)

⎤
⎥⎦ , Ψj

d =

⎡
⎢⎣
ψ̂j (+,−)

ψ̂j
u (+,−)

ψj
d (−,−)

⎤
⎥⎦ .(7)

The + (−) notation indicates that that RH (LH) chirality is zero at the given boundary,
so massless zero modes only occur for (+,+) (LH) or (−,−) (RH) boundary conditions.
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4
.
2. Yukawa couplings . – Due to the gauge origin of the Higgs, the generation of

Yukawa couplings requires the breaking of SO(5) on both boundaries. Keeping this in
mind, Yukawa couplings in the model are generated via three distinct mechanisms:

• Top Yukawa. The top Yukawa is special as Ψ3 is the only field containing both a
left (ψ3

L) and right handed (ψ3
uR) zero mode, with boundary conditions that break

SO(5) in both the UV and IR. This allows the top Yukawa to be generated directly
in the bulk, without requiring any boundary masses. Via holographic or spectral
function methods, one finds yt ≤ g∗/2

√
2, so we infer a lower bound on the SO(5)

KK coupling g∗ ≥ 2
√
2 yt(ΛIR) ≈ 2.2.

• Bottom Yukawa and Light-Heavy Mixing. The bottom and tau Yukawas, as well as
the leading mixing between the light families and the fields charged under SU(4)h
(such as the 3rd gen.), can only be induced after IR mixing between the 5D fields
containing the relevant zero modes. The required IR masses, written in terms of
SU(2)L(R) components in order to respect the SO(4) symmetry of the IR brane,
are

LIR ⊃ Ψ̄3
LM̃

L
ΨdPLΨ

3
dR + Ψ̄j

Lm̃
R
ΨjPRΨ

3
R + X̄LM̃

R
χuPRΨ

3
R

+ Ψ̄j
L(m̃

L
djPL + m̃R

djPR)Ψ
3
dR + X̄L(M̃

L
χdPL + M̃R

χdPR)Ψ
3
dR ,(8)

which yield Yukawa couplings between the zero modes of two 5D fermions f1 and
f2 of the form

yf1f2 =
g∗

2
√
2
(M̃L

12 − M̃R
12)P

(
{c(n)f1

}, {c(n)f2
}
)
,(9)

where M̃
L(R)
12 is a dimensionless IR brane mass between their SU(2)L(R) com-

ponents and P is a profile function given in ref. [1]. These Yukawas vanish if
M̃L

12 = M̃R
12, which is the SO(5)-symmetric limit.

• Light-family Yukawas. Since the RH light family fields are taken to be strongly
localized in their respective branes, light-family Yukawas must be generated in the
UV. This requires the introduction of an IR-localized scalar field Σ transforming
as a 5 of SO(5) whose singlet component takes a VEV, propagating the breaking
of SO(5) into the bulk. One can then write Yukawa couplings of the form

L5D ⊃ −Y ij
u,d Ψ̄

i Σa Γa PRΨ
j
u,d ,(10)

leading to the generation of light-family Yukawas suppressed by the Σ VEV profile.
In the case where Σ has a bulk mass close to the Breitenlohner-Freedman stability
bound, the light family Yukawas take the following form

yiju,d ≈ g∗

2
√
2
Ỹ ij
u,d

〈ΣIR〉
ΛIR

e−k(L−�j)e−k(c
(1)
i − 1

2 )|yi−�j | ek(c
(1)
j + 1

2 )|yj−�j | ,(11)

where the notation is explained in ref. [1]. Importantly, we see that the light
family Yukawas are suppressed by the hierarchy of scales ΛIR/Λ1,2 = e−k(L−�1,2)

as expected.
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4
.
3. Vector-like fermion mass and mixing . – The 4321 VL fermion χL,R comes from

the 5D fields X and X ′, whose zero modes get a mass in the IR brane. The following IR
mass terms

LIR ⊃
(
X̄LM̃χ + Ψ̄3

LM̃Ψ + Ψ̄j
Lm̃

j
ψ

)
PLX ′

R ,(12)

generate the VL fermion mass and mix all the left-handed components of the zero modes.
The vector-like masses thus induced read

L ⊃ −Mf f̄Lχ
′
R , Mf = ΛIR M̃f P

(
{c(n)f }, {c(n)X ′ }

)
.(13)

5. – Effective 4D Yukawa couplings

Applying the rules above, one can write down the effective 4D Yukawa Lagrangian in
the 4321 broken phase. For the benchmark point given in [1], it reads

−L4D ⊃ g∗

2
√
2

[
ψ̄3
L − χ̄LM̃

R
χu − cj e

− kzj
2 ψ̄j

Lm̃
R
Ψj

]
H̃ψ3

uR + yiju ψ̄i
LH̃ψj

uR ++yijd ψ̄i
LHψj

dR

+
g∗

2
√
2
c2 e

− kz2
2

[
ψ̄3
LM̃

L
Ψd + χ̄L(M̃

L
χd − M̃R

χd) + cj e
− kzj

2 ψ̄j
L(m̃

L
dj − m̃R

dj)
]
Hψ3

dR

+
ΛIR√
kL

[
ψ̄3
LM̃Ψ + χ̄LM̃χ + cj e

− kzj
2 ψ̄j

Lm̃
j
ψ

]
χ′
R + h.c. ,

where i, j = 1, 2 and z1 = L, z2 = L − �, c1 = 1, and c2 = 1/
√
2 and there there is

a suppressed index which allows the IR masses and light Yukawas to be different for
quarks and leptons. This Lagrangian can then be matched to the parameters of the 4321
model, e.g., one can identify the 4321 VL fermion mass as Mχ = M̃χΛIR/

√
kL ≈ 2 TeV.

In the up sector, we find unsuppressed Yukawas, namely yt = g∗/2
√
2 and y+ = ytM̃

R
χu,

while in the down sector one sees that there is an overall exponential suppression factor
explaining the smallness of the bottom and tau Yukawas, coming from the localization of
Ψ3

d in the 2nd family brane. There are also new sources of U(2)q,�-breaking not present in
the 4321 model, induced by integrating out the heavy KK partners inside the 5D fermion
multiplets. Interestingly, in the near SO(5) symmetric limit where all M̃L ≈ M̃R, we
achieve approximate down alignment for light-heavy mixing, which is phenomenologically
required to pass the bounds on coloron-induced Bs,d − B̄s,d meson mixing.

6. – Conclusions

We discussed a multi-scale model for flavor hierarchies based on a warped extra
dimension with 3 branes where each SM family is quasi-localized. In particular, the
right-handed fields are taken to be highly localized in their respective branes, resulting
in a U(2)5 flavor symmetry broken dominantly in the left-handed sector. This improves
upon the flavor anarchy scenario, as dangerous operators involving the light-family right-
handed fields are suppressed by the UV scales. The SM Higgs field emerges a pNGB from
the same IR symmetry breaking that gives mass to the 4321 gauge bosons, including the
U1 vector leptoquark that is known to provide a good explanation of the B-anomalies.
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