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Abstract: The flavour puzzle is one of the greatest mysteries in particle physics. A ‘flavour
deconstruction’ of the electroweak gauge symmetry, by promoting at least part of it to the
product of a third family factor (under which the Higgs is charged) times a light family
factor, allows one to address the flavour puzzle at a low scale due to accidentally realised
U(2)5 flavour symmetries. The unavoidable consequence is new heavy gauge bosons with
direct couplings to the Higgs, threatening the stability of the electroweak scale. In this
work, we propose a UV complete model of flavour based on deconstructing only hypercharge.
We find that the model satisfies finite naturalness criteria, benefiting from the smallness
of the hypercharge gauge coupling in controlling radiative Higgs mass corrections and
passing phenomenological bounds. Our setup allows one to begin explaining flavour at the
TeV scale, while dynamics solving the large hierarchy problem can lie at a higher scale
up to around 10 TeV — without worsening the unavoidable little hierarchy problem. The
low-energy phenomenology of the model is dominated by a single Z ′ gauge boson with chiral
and flavour non-universal couplings, with mass as light as a few TeV thanks to the U(2)5

symmetry. The natural parameter space of the model will be probed by the HL-LHC and
unavoidably leads to large positive shifts in the W -boson mass, as well as an enhancement
in B(Bs,d → µ+µ−). Finally, we show that a future electroweak precision machine such as
FCC-ee easily has the reach to fully exclude the model.
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1 Introduction

Flavour is a rich source of structure in the Standard Model (SM). The huge hierarchies
in quark and charged lepton masses, which span six orders of magnitude, together with
the hierarchy of quark mixing angles, go unexplained in the SM. This constitutes the SM

flavour puzzle, which begs for an explanation in the form of dynamics beyond the SM (BSM).
On the flip side of the coin, flavour has a crucial impact on the search for BSM physics

— whether or not the BSM particles explain the SM flavour puzzle — in two general ways.
Firstly, as has long been known, indirect bounds on flavour-changing neutral currents
(FCNC) push the scale of flavour anarchic new physics (NP) well above the PeV scale [1, 2].
The fact that flavour points to the PeV scale, while there are compelling arguments to
expect BSM physics much closer to the electroweak scale, is often referred to as the BSM
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flavour puzzle. It follows that any NP within direct reach of current or near future particle
experiments must have a very particular flavour structure in order to pass these bounds. A
key example of such flavour protection is the Minimal Flavour Violation (MFV) paradigm [3],
which lowers the scale of NP with tree-level FCNC to the 10 TeV ballpark. To reach the
TeV scale, one generally requires additional suppression, e.g. via loops. Secondly, past and
present particle colliders have used beams composed (predominantly) of first generation
fermions, namely (anti-) electrons and (anti-) protons, meaning that NP coupled dominantly
to the heavy flavours is much less constrained by collider bounds — see e.g. [4, 5] for recent
studies. The current state of play is that direct collider searches at high-pT exclude most
NP models based on flavour-universal U(3)n symmetries up to scales also O(10) TeV, due
to their couplings to valence quarks.1 However, there remains plenty of wiggle room to
discover TeV scale NP particles if they couple mostly to the third generation.

Such a dominant coupling of NP to the third vs. light generations can be described
via approximate U(2)5 ≡ U(2)q × U(2)u × U(2)d × U(2)ℓ × U(2)e global flavour symmetries
(a subgroup of the U(3)5 symmetry mentioned above) under which the light generations
transform as doublets and the third generation as singlets. Via minimal breaking patterns,
these same U(2)5 symmetries can efficiently account for the observed fermion mass and
mixing hierarchies, while simultaneously suppressing flavour violation in the light families [9–
13] at least as well as in MFV, as is needed to also pass the stringent flavour bounds.
Appropriately broken U(2)5 flavour symmetries therefore allow for phenomenologically
viable NP particles with masses ∼ 1 TeV, where the improvement over U(3)n comes from
the freedom to suppress NP couplings to the light generations. Putting things together,
BSM dynamics with accidental approximate U(2) symmetries can offer solutions to the
SM flavour puzzle without introducing a BSM flavour puzzle, all while being as light as a
few TeV.

These U(2)5 symmetries can themselves be realised accidentally via flavour non-universal
gauge symmetries. This idea originated with the study of completely ‘horizontal’ non-
universal gauge symmetries [14], i.e. those that commute with the SM gauge symmetry,
which were typically (but not always [15]) imagined to be broken at a very high scale. The
idea has been re-invigorated in recent years [16–24] through a more intricate setup in which
one ‘flavour deconstructs’ various factors of the SM gauge symmetry, by promoting that
factor to the product of a light generation part and a third generation part, thereby delivering
U(2)5 accidental symmetry. We emphasize that here (in contrast to the horizontal case)
the flavour non-universality is intrinsic in the UV embedding of the SM gauge interactions
themselves, with universality emerging as a low-energy accident.

The various options for deconstructing the SM gauge symmetry were explored recently
in ref. [25]. For example, by deconstructing only colour, namely SU(3)c → SU(3)3 ×SU(3)12,
one obtains U(2)3 quark flavour symmetries that can explain the smallness of the CKM
elements |Vcb,ub| ≪ 1. However, one cannot explain the mass hierarchies m2 ≪ m3, simply
because the Higgs is colourless. To simultaneously explain the smallness of |Vcb,ub| and

1Other low-energy experiments, including neutrino scattering measurements as well as probes of atomic

parity violation (APV), provide complementary constraints on U(3)-invariant new physics, with the bounds

being driven by the large couplings to the first generation. See ref. [6] (also [7, 8]) for a comprehensive

analysis of U(3)-invariant NP including these datasets.
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m2 ≪ m3, one must deconstruct at least part of the electroweak (EW) gauge symmetry
SU(2)L × U(1)Y , and charge the Higgs under the third family factor. The Higgs vacuum
expectation value (VEV) then picks out a particular direction in flavour space, giving mass
only to the third family at leading order. In the present work we examine in detail what we
consider to be the most minimal option from the bottom-up, namely to deconstruct SM
hypercharge, which delivers the full U(2)5 symmetry while extending the SM gauge sector
by only a single extra gauge boson.2

In all such models with a flavour-deconstructed EW symmetry, there are new heavy
gauge bosons that couple directly to the Higgs. This unavoidably leads to tree-level NP
corrections to electroweak precision observables (EWPO), as well as 1-loop contributions to
the Higgs mass-squared parameter δm2

h, which threatens to destabilize the EW scale [26].
However, radiative Higgs mass corrections are minimized when the gauge boson masses are
as low as is phenomenologically viable — which recall is not much more than 1 TeV when
invoking U(2)n flavour symmetries. In this way, we see that solving the flavour puzzle at a
low scale is closely linked to the (in)stability of the EW scale in this intermediate energy
régime [25], where it appears to be a fact of life that supersymmetry (or compositeness of
the Higgs, or whatever else solves the ‘large hierarchy problem’) does not yet operate to
protect m2

h. If we are fortunate enough that the flavour puzzle is resolved at low scales,
and if we do not want to give up hope on m2

h being fundamentally calculable (and not
fine-tuned beyond the first few digits), then it is important to identify which viable options
are most natural.

A particularly promising direction is the deconstructed hypercharge (DH) option, where
one benefits from gY being the smallest SM gauge coupling, both in suppressing tree-level
corrections to EWPO ∝ g2

Y /m
2
X as well as radiative Higgs mass corrections from the gauge

sector scaling as δm2
h ∝ g2

Ym
2
X/(4π)2. As could already be anticipated, the reciprocal scaling

of these corrections with mX prefers the gauge field to have an intermediate mass of a few
TeV, where both constraints (as well as high-pT bounds) can be simultaneously satisfied.

In this paper we develop a fully renormalizable model of flavour based on the DH gauge
symmetry, using naturalness as a guiding principle. In particular, following the philosophy
of ‘finite naturalness’ [26], we demand that the calculable finite loop corrections to m2

h are
not greater than (1 TeV)2, which is the scale of the little hierarchy problem indicated by
current experimental data. The low-energy phenomenology of our DH model is dominated
by a single Z ′ gauge boson, which has highly chiral and flavour non-universal couplings to
the SM fermions. We remark that the symmetry breaking structure is in fact equivalent
to that of the “third family hypercharge (Y3) model”, introduced by Allanach and one of
us in [27] and developed in [28–33], up to a linear field redefinition and a compensating
(large) shift of the kinetic mixing angle [34].3 The origin of the light Yukawas in these

2Deconstructing only SU(2)L can also explain why m2 ≪ m3. Although this structure would in principle

allow the full third row of the Yukawa matrices to be populated, right-handed rotations remain unphysical in

this model (as in the SM) as the flavour symmetry without Yukawas is U(2)q ×U(2)l ×U(3)u ×U(3)d ×U(3)e.
3The Y3 model was originally introduced as a possible Z′ explanation of the LFUV observed in the

b → sℓℓ system, for which the evidence has gone away with recent LHCb data [35] (even though discrepancies

in b → sµµ transitions remain). Various other Z′ models with U(2)n accidental symmetries have also been

studied, based on different charge assignments, for example in refs. [36–38].
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phenomenological Z ′ models was never studied, and for the purposes of explaining flavour
the DH “basis choice” (with zero kinetic mixing) is more natural.

To build towards a UV complete model, we envisage that the first layer of NP, namely
the Z ′ associated with the deconstructed gauge symmetry as well as the scalar sector that
breaks it to the SM, lies at a low scale f ≈ TeV. This is required by finite naturalness, to
avoid a finely-tuned electroweak scale irrespective of what BSM dynamics resides at even
heavier scales. The light Yukawas are realised as higher-dimensional operators at this scale,
which come from integrating out heavier states at a scale 4πf ≈ 10 TeV. At this second
threshold, we also envisage a solution to the large hierarchy problem such as supersymmetry
(SUSY) or compositeness, which protects the scale f from radiative corrections. While we
do not commit to any particular UV dynamics at the scale 4πf in this paper (meaning we
do not explicitly specify how the large hierarchy problem is solved), we do take care to
consider the impact of such a sector on sensitive flavour observables via a model-independent
spurion analysis. As we will show, achieving consistency with flavour bounds in the case
where the UV theory is strongly coupled severely restricts how the U(2)5 flavour symmetry
may be broken. Indeed, without having to specify an explicit solution to the large hierarchy
problem, we are already pointed to a very specific UV completion of the Yukawa sector of
the DH model via generic spurion arguments. In particular, the CKM elements Vcb and Vub
arise from integrating out a heavy vector-like quark doublet, while the light fermion masses
and Cabibbo mixing angle originate instead from a heavy Higgs doublet — with both of
these new states residing at the second threshold ∼ 4πf . We emphasize that f should be
taken as low as is phenomenologically viable in order to minimize the unavoidable ‘little
hierarchy problem’, i.e. the ‘tree-level’ v2/f2 sized fine-tuning one must swallow such that
the Higgs mass resides at the EW scale rather than its natural scale f .

The natural parameter space of the DH model has a rich and predictive phenomenology
that is being probed at the LHC and in precision flavour experiments. For example:

• If the model fully explains the hierarchy mc/mt via a ratio of scales, given also our
naturalness constraints, then the Z ′ is predicted to be rather light. Since it couples
directly to the Higgs, one cannot avoid large effects in EWPOs, the largest being a
positive shift in the W -boson mass and corrections of the SM Z-boson couplings to
right-handed charged leptons. The present status of MW measurements accommodates
such a sizeable positive shift, such that the model improves the EW fit if the Z ′

is relatively light, with Z → eR eR (e = e, µ, τ) providing the dominant constraint.
Finally, we show that the FCC-ee will easily have enough reach to probe the entire
(natural) parameter space of our DH model.

• ATLAS and CMS searches at high-pT , in all di-lepton final states (possibly with b-
tagging), are probing the natural parameter space of the model. Additionally, we give
a projection for how the high-luminosity LHC is expected to improve these bounds.

• Naturalness together with flavour constraints require that the CKM matrix originates
mainly from the down-quark sector. This leads to important effects in b → sℓℓ

transitions, either via direct couplings to light leptons or large Z − Z ′ mixing, that
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Field SU(3)c SU(2)L U(1)3 U(1)12

qiL 3 2 0 1/6

uiR 3 1 0 2/3

diR 3 1 0 -1/3

ℓiL 1 2 0 -1/2

eiR 1 1 0 -1

q3
L 3 2 1/6 0

tR 3 1 2/3 0

bR 3 1 -1/3 0

ℓ3L 1 2 -1/2 0

τR 1 1 -1 0

H3 1 2 1/2 0

ΦH 1 1 -1/2 1/2

Φq 1 1 -1/6 1/6

Table 1. Matter content of the model in GDH-symmetric phase. The flavour index i = 1, 2 runs
over the 1st and 2nd family fermions.

cannot be decoupled in the natural parameter space of the model. These effects
are flavour universal in e vs µ, and in the case of large Z − Z ′ mixing they yield
|Cµ,e10 | ≫ |Cµ,e9 |, resulting in a significant enhancement of B(Bs,d → µ+µ−).

This paper is organized as follows. In section 2 we introduce the basics of the deconstructed
hypercharge model, as a TeV scale effective field theory (EFT) that delivers a U(2)5 flavour
symmetry. In section 3 we set out a UV completion of the model that we suggest is most
natural. We quantify the fine-tuning of m2

h in section 4. We analyse the phenomenology of
the model in section 5, before concluding.

Note added. We note that while finalising this manuscript, ref. [39] was published on the
arXiv presenting a ‘tri-hypercharge’ model that has some overlap with the present work.

2 Model basics and EFT

2.1 Gauge sector and symmetry breaking

We consider a model of flavour based on the deconstructed hypercharge (DH) gauge group,

GDH = SU(3)c × SU(2)L × U(1)3 × U(1)12 , (2.1)

with gauge couplings gs, gL, g3 and g12, respectively. The light family fermions are charged
under the light family hypercharge group U(1)12 while the third family and H3 are charged
under the third family hypercharge factor U(1)3 as shown in table 1. Since anomaly
cancellation occurs family-by-family within the SM, this setup is manifestly free of gauge
anomalies (nor are there non-perturbative gauge anomalies [40]). The GDH gauge symmetry

– 5 –
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allows only the third family Yukawa couplings with H3, realizing an accidental U(2)5 =

U(2)q × U(2)u × U(2)d × U(2)ℓ × U(2)e global flavour symmetry.
The U(1)3 ×U(1)12 part of GDH is spontaneously broken to the diagonal SM hypercharge

group U(1)Y by the VEVs of two complex scalar fields ⟨ΦH,q⟩, whose charges are recorded
in table 1. While one scalar is sufficient to realise the symmetry breaking pattern, we posit
a second scalar that plays a key role in generating the light SM fermion Yukawa couplings
in this model — see section 2.2 and 3. We assume that there is negligible kinetic mixing
between the two U(1) factors at the energy scales of relevance, as would be the case, for
example, if they emerged from some semi-simple gauge symmetry at a higher energy scale.4

One linear combination of the original gauge fields remains massless and is identified
with the SM hypercharge gauge boson Bµ, while the orthogonal combination is a massive
Z ′
µ vector boson. Its mass squared is

M2
Z′ =

2g2
Y

sin2 2θ

[

⟨ΦH⟩2 +
1

9
⟨Φq⟩2

]

, (2.2)

where

tan θ := g12/g3 (2.3)

is the gauge mixing angle, analogous to the Weinberg angle of the electroweak theory. Since
we must identify the unbroken U(1) with (flavour-universal) SM hypercharge, with gauge
coupling gY , the original two gauge couplings g12 and g3 may be traded for gY and the
mixing angle:

gY = g3 sin θ = g12 cos θ . (2.4)

On the other hand, the Z ′ couplings are flavour non-universal. In the fermion gauge
eigenbasis, its couplings are L ⊃ gijZ′Xψψiγ

µZ ′
µψj , where the matrix gijZ′ is defined as

gijZ′ = gY diag(− tan θ,− tan θ, cot θ) , (2.5)

and where Xψ denotes the hypercharge of a SM fermion species ψ ∈ {qL, uR, dR, ℓL, eR}.

2.2 EFT for light Yukawas

Given the field content in table 1, the only renormalisable Yukawa couplings admitted are
those for the third family:

LYuk = −y3
uq̄

3
LH̃3tR − y3

d q̄
3
LH3bR − y3

e ℓ̄
3
LH3τR , (2.6)

as in the Y3 model of [27] and we define H̃3 = iσ2H
∗
3 . One can write down higher-dimensional

effective operators that would match onto Yukawa couplings for the light generations after

4The kinetic mixing parameter ϵ, defined via L ⊃ 1
2
ϵF µν

12 F3,µν , is generated at 1-loop due to the scalar

link fields ΦH,q that are charged under both U(1) groups. We have dϵ/d log µ = −g12g3(X2
H + X2

q )/12π2

(see e.g. [34]), where XH(q) denotes the SM hypercharge of the Higgs (left-handed quark doublet). If ϵ is

zero at some high unification scale ΛGUT, then it runs slowly; for illustration, we numerically find that ϵ

remains at the few percent level even running from a scale ΛGUT ∼ 1013 TeV down to 10 TeV.
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ΦH,q condense. At dimension-5, one expects left-handed mixing between light and heavy
quarks to be generated:

Ld=5 ⊃ Cit
Λq
q̄iLΦqH̃3tR +

Cib
Λq
q̄iLΦqH3bR , (2.7)

which will generate the CKM mixing angle Vcb with a naïve suppression by a factor ⟨Φq⟩/Λq.
Similarly, one can have charged-lepton mixing via ΦH

Ld=5 ⊃ Ciτ
Λℓ
ℓ̄iLΦ∗

HH3τR . (2.8)

The right-handed mixing, on the other hand, is generated at dimension-6 via the operators:

Ld=6 ⊃ κiu
ΛqΛH

q̄3
LΦ∗

qΦ
∗
HH̃3u

i
R +

κid
ΛqΛH

q̄3
LΦ∗

qΦHH3d
i
R , (2.9)

and so is naturally suppressed with respect to the left-handed mixing — as is phemenologi-
cally required for a low-scale model.

The ‘light-light’ Yukawa couplings, for both types of quarks and for charged leptons,
are also expected to be generated at dimension-5:

Ld=5 ⊃ Ciju
ΛH

q̄iLΦ∗
HH̃3u

j
R +

Cijd
ΛH

q̄iLΦHH3d
j
R +

Cije
ΛH

ℓ̄iLΦHH3e
j
R . (2.10)

Thus, at the naïve level of counting operator dimensions, we expect the Yukawa matrices
to have the hierarchical structures, which we write in ‘2+1’ block form:

yu,d ∼




⟨ΦH⟩
ΛH

⟨Φq⟩
Λq

⟨ΦH⟩⟨Φq⟩
ΛHΛq

1



 , ye ∼
( ⟨ΦH⟩

ΛH

⟨ΦH⟩
Λℓ

⟨ΦH⟩⟨Φq⟩
ΛHΛℓ

1

)

. (2.11)

These U(2)-based textures offer a promising starting point for explaining the fermion mass
and mixing angle hierarchies with TeV scale NP (see e.g. [12]).

One can also write down higher-dimensional Weinberg operators in our DH EFT, which
give mass to the light neutrinos. These operators could have a different UV origin to that
of the light Yukawas (which will be discussed in section 3), and so can be suppressed by
a priori independent effective NP scales. See appendix A for a discussion of one possible
mechanism for neutrino mass generation in our model.

3 UV completing the Yukawa sector

In this section we aim to explicitly UV complete the deconstructed hypercharge model, at
least from the point of view of its flavour structure. In other words, we will suggest the
best-motivated origin for the effective operators detailed in section 2.2, taking into account
both flavour physics constraints and requirements of naturalness. Essentially, one needs
extra fields that connect the symmetry breaking scalars Φq,H to the H3 Higgs field and
the (light) SM fermions. The most obvious options are for the extra fields to be either
vector-like fermions (VLFs) or extra scalars with Higgs-like quantum numbers.

– 7 –
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Field SU(3)c SU(2)L U(1)3 U(1)12 Generates:

H12 1 2 0 1/2 yc,s,µ,u,d,e, Vus
QL,R 3 2 1/6 0 Vcb, Vub

Table 2. Additional fields required to UV-complete the flavour sector of the deconstructed
hypercharge model, and the mass or mixing observables they are responsible for generating.

The model that we focus on features two extra states (one VLF, QL,R, and one scalar,
H12), whose quantum numbers are written in table 2. This choice effectively delivers the
minimal U(2)5 breaking pattern studied in ref. [12], where U(2)5 is broken only via spurions
in the same representations as those needed to generate Yukawas within the SM. This
makes it a particularly safe choice for passing flavour bounds [9–11].

When discussing aspects of the UV completion, we have in mind a setup where NP states
reside at two scales, separated by a mild hierarchy corresponding to a loop factor. The first
NP threshold is f ≈ TeV, where the Z ′ resides, while at a higher scale ΛUV ≤ 4πf ≈ 12 TeV
we assume there are new dynamics that

(a) Gives rise to the effective Yukawa operators for the light fermions (namely Q and
H12), and

(b) Solves the large hierarchy problem.

Therefore, the scalar sector at the scale f is technically natural, since it would receive
radiative corrections from the high scale of size [41]

δf2 ≈ Λ2
UV

16π2
≤ f2. (3.1)

In this section, we will actually be led to a scenario whereby GDH is spontaneously broken
both at ΛUV, via ⟨Φq⟩, and at f via ⟨ΦH⟩. Since the contribution of Φq to the Z ′ mass is
screened by the LH quark hypercharge Xq (see eq. (2.2)), both VEVs give comparable TeV
scale contributions to the Z ′ mass.

3.1 Light-heavy mixing via a vector-like quark

In order to generate the operators in eq. (2.7), which are responsible for Vcb and Vub, we add
a vector-like quark with the same quantum numbers as q3

L, namely QL,R ∼ (3,2, 1/6, 0).
The relevant part of the renormalisable Lagrangian is

LVLF = −mQQ̄LQR − λiq q̄
i
LΦqQR − y+Q̄LH̃3tR − y−Q̄LH3bR , (3.2)

where we have chosen the basis where the mass mixing with q3
L has been rotated away

and mQ is real. The other parameters are generally complex. The 2-vector of couplings
λiq breaks the U(2)q flavour symmetry, and should therefore be of O(Vcb) if one wants to
preserve the approximate U(2)q symmetry of the model.

Integrating out Q yields

Ld=5 ⊃
λiq
mQ

(

y+q̄
i
LΦqH̃3tR + y−q̄

i
LΦqH3bR

)

, (3.3)

– 8 –
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matching onto the effective Lagrangian eq. (2.7). If the parameters y+ and y− are of similar
size, then the down sector dominates the CKM mixing due to an enhancement by the ratio
yt/yb. The matching condition is then

y−λ
i
q⟨Φq⟩/mQ = ybVib. (3.4)

In fact, if we take mQ ∼ 4πf in line with our general assumptions above, we will see
later (section 4.3) that a combination of flavour constraints and naturalness arguments
suggests we consider this pure ‘up-aligned’ scenario for 2–3 quark mixing. Therefore, we will
consider the scenario where the CKM comes dominantly from the down-sector whenever it
is phenomelogically relevant.

We remark that an alternative option for generating the heavy-light mixing would be
to add VLQs which have the same quantum numbers as tR and/or bR after DH symmetry
breaking. However, with that choice, one also generates contributions to the light fermion
Yukawas via couplings to ΦH . This would generate the light Yukawas via the product of
two linear spurions Ciju,d ∼ λiLλ

j
u,d à la partial compositeness, where λiL,u,d break the global

U(2)q and U(2)u,d symmetries. This non-minimal breaking of the U(2)5 symmetry via
the non-SM-like spurions λu,d leads in general to the generation of dangerous FCNCs via
scalar operators and dipoles that push the NP to higher scales [42], spoiling the degree of
naturalness we will ultimately achieve with our setup. For this reason, we stick with the
QL,R VLQ option, which breaks only U(2)q.

Note also that since the leptonic mixing matrix may come entirely from the neutrino
sector, there is no need to include the corresponding vector-like lepton (VLL); thus, in
our UV completion, one does not in fact generate the light-heavy charged lepton mixing
expected in eq. (2.8).5

3.2 Light-heavy flavour violation constraints

Recall that our envisaged UV physics allows for a complicated NP sector at the higher
threshold scale 4πf , such as strong dynamics or SUSY, to protect the Higgs and the scale f
from UV physics > 4πf . Even without specifying this sector explicitly, one can nonetheless
use a spurion analysis to estimate the size of flavour-violating effects it can induce, given
the source of flavour violation we have just introduced to explain Vcb,ub.

As already mentioned, the 2-vector of couplings λiq is a doublet of U(2)q flavour
symmetry, and so λiq = V i

q acts as our flavour-breaking spurion. With this, one can
construct the following relevant invariants

q̄iLV
i
q γµq

3
L , q̄iLV

i
q σµνbRH . (3.5)

As we will see, both operators give relevant constraints.

5If one wishes to eventually embed GDH in a semi-simple gauge group by, say, unifying quarks and leptons

via SU(4) colour, then the VLL comes along with the VLQ, and one expects order-Vcb sized mixing of

left-handed muons and taus. The main phenomenological consequence of this is a tree-level contribution to

the lepton-flavour-violating (LFV) τ → 3µ decay. The current bound [43] would even then give only a weak

constraint on our model; we find MZ′ ≳ 0.45 TeV/ cos θ.
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Bs(d) meson mixing. We start with vector operators of the first type that mediate
purely left-handed Bs,d − B̄s,d mixing via the effective lagrangian

Ld=6 ⊃ cB
2Λ2

B

(q̄iLV
i
q γµq

3
L)2 → C1

Bi
(d̄iLγµbL)2 , C1

Bi
≈ cB

2Λ2
B

(V i
q )2 . (3.6)

The bounds we need to respect are |C1
Bs

| ≲ 10−5 TeV−2 and |C1
Bd

| ≲ 10−6 TeV−2 at 95%
CL [44–46]. Assuming cB ∼ 1, as one would expect in a strongly-coupled UV theory (for
example, one in which the Higgs is composite6), and ΛB ∼ 4π(1 TeV) ∼ 12 TeV, we require

λiq = V i
q ≲ |Vti| (strongly-coupled UV) . (3.7)

On the other hand, for a weakly-coupled UV completion (for example, one with SUSY), it
is reasonable for meson mixing amplitudes to be loop suppressed. Taking cB ∼ (16π2)−1

and ΛB ∼ 12 TeV, we find only that

λiq = V i
q ≲ 4π|Vti| (weakly-coupled UV) , (3.8)

which would allow for a much larger breaking of the U(2)q symmetry.

B → Xsγ decays. We now turn to the tensor structure q̄iLV
i
q σµνbRH, which when

contracted with the SM gauge field strengths mediates B → Xsγ decays. Considering first
the contributions from the lightest layer of BSM ingredients that we have explicitly specified
in the model (tables 1 and 2), such dipole operators are radiatively generated via a diagram
with the Z ′ and VLQ in the loop. This contribution is proportional to y−V

2
q /(4π)2 — doubly

suppressed by both a loop factor and by small couplings, making it easily compatible with
the experimental bounds. To go further, we should also address whether the unspecified layer
of new physics at the high scale 4πf might give larger contributions to these observables,
which we next discuss for generic classes of UV completion.

In general, there are three relevant structures

LSMEFT ⊃ CdG OdG + CdW OdW + CdB OdB , (3.9)

where OdG, OdW , and OdB are defined as

OdG = (q̄2
Lσ

µνT abR)HGaµν , OdW = (q̄2
Lσ

µντ IbR)HW I
µν , OdB = (q̄2

Lσ
µνbR)HBµν .

(3.10)
Because these operators all mix into the photon dipole under RGE, a precise analysis
requires computing these Wilson coefficients in a particular model. To obtain a rough
estimate, we assume all operators are generated at the high scale ΛB ∼ 12 TeV with the

6To be clear, when we refer to ‘strongly-coupled’ and ‘weakly-coupled’ UV completions, we are referring

to models with a dynamical solution to the hierarchy problem in which FCNCs arise at tree-level or are

loop-suppressed, respectively. We have in mind a composite Higgs model as indicative of the former

scenario, and some weakly-coupled supersymmetric theory as an example of the latter, but this is not a

sharp correspondence; for example, a SUSY model could feature tree-level flavour violation if not R-parity

symmetric, in which case it would fall into our ‘strongly-coupled’ class.
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vEW
<latexit sha1_base64="eyrcywyXx6+ISsIVWRWd18DEUDo=">AAAB8XicbVDLSgNBEOz1GeMrKnjxMhgET2FXFD2GiOAxAfPAZAmzk9lkyMzsMjMbCEv+wosHRbyKf+EXePPitzh5HDSxoKGo6qa7K4g508Z1v5yl5ZXVtfXMRnZza3tnN7e3X9NRogitkohHqhFgTTmTtGqY4bQRK4pFwGk96F+P/fqAKs0ieWeGMfUF7koWMoKNle4H7bSlBLqpj9q5vFtwJ0CLxJuRfPGw8s3eSx/ldu6z1YlIIqg0hGOtm54bGz/FyjDC6SjbSjSNMenjLm1aKrGg2k8nF4/QiVU6KIyULWnQRP09kWKh9VAEtlNg09Pz3lj8z2smJrzyUybjxFBJpovChCMTofH7qMMUJYYPLcFEMXsrIj2sMDE2pKwNwZt/eZHUzgreeeGiYtMowRQZOIJjOAUPLqEIt1CGKhCQ8ABP8Oxo59F5cV6nrUvObOYA/sB5+wElMJRH</latexit>

f ≈ 1 TeV
<latexit sha1_base64="5Dsa2JXO1nlLVX9mQSEEiCYZem8=">AAAB/3icbVDJSgNBEO1xN26jghdFGoPgKcyIokfRi0eFbJAMoadTo409C901kjBG8OCPePGgiMf4G978Bn/CznLQxAcFj/eqqKrnJ1JodJwva2Jyanpmdm4+t7C4tLxir66VdZwqDiUey1hVfaZBighKKFBCNVHAQl9Cxb856/mVW1BaxFER2wl4IbuKRCA4QyM17I2A1lmSqLhF3fs6QguzIpQ7DTvvFJw+6DhxhyR/stW9/H7c7l407M96M+ZpCBFyybSuuU6CXsYUCi6hk6unGhLGb9gV1AyNWAjay/r3d+iuUZo0iJWpCGlf/T2RsVDrduibzpDhtR71euJ/Xi3F4NjLRJSkCBEfLApSSTGmvTBoUyjgKNuGMK6EuZXya6YYRxNZzoTgjr48Tsr7BfegcHhp0jglA8yRTbJD9ohLjsgJOScXpEQ4uSNP5IW8Wg/Ws/VmvQ9aJ6zhzDr5A+vjB8Ugmak=</latexit>

4πf ≈ 12 TeV
<latexit sha1_base64="EDwoCDah2t6uU0DZkfnsoHvqwdA=">AAACBXicbVDLSgNBEJyNrxhfUY+KDIrgKeyGiB6DXjxGMFHIhjA76dUhs7vDTK8kLPEgiL/ixYMi4s1/8OY3+BNOEg++ChqKqm66uwIlhUHXfXdyE5NT0zP52cLc/MLiUnF5pWGSVHOo80Qm+ixgBqSIoY4CJZwpDSwKJJwG3cOhf3oJ2ogkPsG+glbEzmMRCs7QSu3iesVXgobUZ0rppEe98pWP0MPsBBqDdnHLLbkj0L/E+yJb1fWX44+bjZdau/jmdxKeRhAjl8yYpucqbGVMo+ASBgU/NaAY77JzaFoaswhMKxt9MaDbVunQMNG2YqQj9ftExiJj+lFgOyOGF+a3NxT/85ophvutTMQqRYj5eFGYSooJHUZCO0IDR9m3hHEt7K2UXzDNONrgCjYE7/fLf0mjXPIqpd1jm8YBGSNP1sgm2SEe2SNVckRqpE44uSZ35IE8OrfOvfPkPI9bc87XzCr5Aef1E3Bjm6A=</latexit>

E
<latexit sha1_base64="00K0LoXzlZjZtzO9ibTfXz5qqDU=">AAAB6HicbZDLSsNAFIZP6q3GW9Wlm2ARXJVEFN2IRRFctmAv0IYymZ60YyeTMDMRSukTuHGhiFt9GPduxLdxello6w8DH/9/DnPOCRLOlHbdbyuzsLi0vJJdtdfWNza3cts7VRWnkmKFxjyW9YAo5ExgRTPNsZ5IJFHAsRb0rkZ57R6lYrG41f0E/Yh0BAsZJdpY5etWLu8W3LGcefCmkL/4sM+T9y+71Mp9NtsxTSMUmnKiVMNzE+0PiNSMchzazVRhQmiPdLBhUJAIlT8YDzp0DozTdsJYmie0M3Z/dwxIpFQ/CkxlRHRXzWYj87+skerwzB8wkaQaBZ18FKbc0bEz2tppM4lU874BQiUzszq0SySh2tzGNkfwZleeh+pRwTsunJTdfPESJsrCHuzDIXhwCkW4gRJUgALCAzzBs3VnPVov1uukNGNNe3bhj6y3H/sMkA4=</latexit>

hΦHi
<latexit sha1_base64="mEwR6PBPH4QJWEY+Ju6w4jue28o=">AAAB/3icbVDLSgMxFM3UV62vquDGTWgRBKHMiKLLopsuK9gHdIYhk962oZnMkGSEYezCf/AL3LhQxK2/4a5/Y/pYaOuBCyfn3EvuPUHMmdK2PbZyK6tr6xv5zcLW9s7uXnH/oKmiRFJo0IhHsh0QBZwJaGimObRjCSQMOLSC4e3Ebz2AVCwS9zqNwQtJX7Aeo0QbyS8euZyIPgfs1gfMr2FXTp9+sWxX7CnwMnHmpFwtuWfP42pa94vfbjeiSQhCU06U6jh2rL2MSM0oh1HBTRTEhA5JHzqGChKC8rLp/iN8YpQu7kXSlNB4qv6eyEioVBoGpjMkeqAWvYn4n9dJdO/ay5iIEw2Czj7qJRzrCE/CwF0mgWqeGkKoZGZXTAdEEqpNZAUTgrN48jJpnleci8rlnUnjBs2QR8eohE6Rg65QFdVQHTUQRY/oBb2hd+vJerU+rM9Za86azxyiP7C+fgBPnJii</latexit>

hΦqi, m12, mQ
<latexit sha1_base64="qpaYLc6aYgHP93Ee8RQJCgppI/4=">AAACE3icbZC7TsMwFIYdrqXlEmBksShICFVVUoFgrGBhbCV6kZoocly3teo4wXYqVVHfgYVX6cIAAlYWNh4EZtymA7T8kqXP/zlH9vn9iFGpLOvTWFpeWV1bz2xkc5tb2zvm7l5dhrHApIZDFoqmjyRhlJOaooqRZiQICnxGGn7/elJvDIiQNOS3ahgRN0BdTjsUI6Utzzx1GOJdRqBT6VHvDjoivRagU4CBl9il0Qyrnpm3itZUcBHsGeTLR1/j10Huu+KZH047xHFAuMIMSdmyrUi5CRKKYkZGWSeWJEK4j7qkpZGjgEg3me40gsfaacNOKPThCk7d3xMJCqQcBr7uDJDqyfnaxPyv1opV59JNKI9iRThOH+rEDKoQTgKCbSoIVmyoAWFB9V8h7iGBsNIxZnUI9vzKi1AvFe2z4nlVp3EFUmXAATgEJ8AGF6AMbkAF1AAG92AMnsCz8WA8Gi/GW9q6ZMxm9sEfGe8/+WegGQ==</latexit>

MZ0
<latexit sha1_base64="6GioUq/XsV+dLS3GlRbYjV2w7iU=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrcKuKFqG2NgICZgHJkuYnUySMbMzy8ysEJb8g42FIrZW/oVfYGfjtzh5FJp44MLhnHu5954g4kwb1/1yUguLS8sr6dXM2vrG5lZ2e6eqZawIrRDJpaoHWFPOBK0YZjitR4riMOC0FvQvR37tnirNpLgxg4j6Ie4K1mEEGytVr1vJ7dGwlc25eXcMNE+8KckV9srf7L34UWplP5ttSeKQCkM41rrhuZHxE6wMI5wOM81Y0wiTPu7ShqUCh1T7yfjaITq0Sht1pLIlDBqrvycSHGo9CAPbGWLT07PeSPzPa8Smc+EnTESxoYJMFnVijoxEo9dRmylKDB9Ygoli9lZEelhhYmxAGRuCN/vyPKme5L3T/FnZplGECdKwDwdwDB6cQwGuoAQVIHAHD/AEz450Hp0X53XSmnKmM7vwB87bDw+6koA=</latexit>

Figure 1. Diagram showing the distribution of scales in our setup. In particular ⟨ΦH⟩ lies near the
scale f ≈ 1 TeV, while ⟨Φq⟩, m12, and mQ lie at the high scale 4πf . The Z ′ mass comes from the
combination MZ′ ∝

√

⟨ΦH⟩2 + ⟨Φq⟩2/9, and therefore lies somewhere in between f and 4πf .

same Wilson coefficients (up to gauge couplings, which must appear differently in each
case). Specifically, we take

CdG = gs
cB
Λ2
B

V 2
q , CdW = gL

cB
Λ2
B

V 2
q , CdB = gY

cB
Λ2
B

V 2
q , (3.11)

and follow the analysis in ref. [47] for the RGE and computation of the corresponding
photon dipole at the EW scale. Using the theory expressions given in [48] for B → Xsγ,
we find a bound of ΛB ≳

√

cBV 2
q × 150 TeV at 95% CL. If we instead demand ΛB ∼

4π(1 TeV) ∼ 12 TeV, this translates into following bounds on V 2
q

λ2
q = V 2

q ≲ 0.007 , (strongly-coupled UV) , (3.12)

λ2
q = V 2

q ≲ 1 , (weakly-coupled UV) . (3.13)

The takeaway from this analysis is that as long as these dipoles are loop-generated, B → Xsγ

does not provide any significant constraint on the model.
However, in the case of a strongly-coupled UV (which could generate cB = 1), V 2

q should
be smaller than Vts to be fully safe in the absence of additional suppression. That said,
it is not unreasonable to expect the coupling between bR and the Higgs to be suppressed
even in strongly-coupled UV completions. For example, we could take our cue from the
partial compositeness paradigm, wherein the smallness of the bottom Yukawa is explained
due to a (mostly) elementary bR field, which results in a small Yukawa coupling to the
Higgs that lives in the composite sector. Such scenarios also lead to yb-sized suppression in
dipoles involving bR (which have the same structure as the Yukawas), bringing B → Xsγ

well under control. Still, we note that B → Xsγ provides a condition on strongly-coupled
UV completions, namely that there should be an additional suppression factor of around 6
to allow for V 2

q ∼ Vts.

3.3 Light Yukawas via a heavy Higgs

To generate the light fermion Yukawa couplings in eq. (2.10), we extend the theory by a
second SU(2)L-doublet complex scalar field, charged under U(1)12 rather than U(1)3 (see
table 2). This allows renormalisable Yukawa couplings to be written down for the light
fermions, but involving the H12 state rather than H3. Together, we have

LYuk = − y3
uq̄

3
LH̃3tR − y3

d q̄
3
LH3bR − y3

e ℓ̄
3
LH3τR

− q̄LŶuH̃12uR − q̄LO12ŶdH12dR − ℓ̄LŶeH12eR , (3.14)
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where without loss of generality we have chosen a physical basis where y3
u,d,e are real numbers,

Ŷu,d,e = diag(y1
u,d,e, y

2
u,d,e) are 2 × 2 real diagonal matrices, and O12 is an orthogonal 2 × 2

matrix parameterized by an angle θ12. The fact that the couplings of the heavy Higgs H̃12

to light quarks and leptons can be taken to be purely real is an important phenomenological
feature of the model; it means that these couplings do not introduce new physical sources
of CP -violation in the light fermion sector — as we explore further below.7

The two Higgs fields H12 and H3 mix via interactions in the scalar potential. The key
interaction, as we see in more detail in section 4.1, is a cubic interaction V ⊃ −fH†

12ΦHH3.
The physical mass eigenstates Hh and Hl are then linear combinations of H12 and H3,
rotated by a small mixing angle tan δH ≈ f⟨ΦH⟩/m2

12 ≪ 1, where m12 is the mass of H12.
The component Hl, which is mostly H3, is identified with the physical Higgs boson whose
mass squared emerges as the result of a percent level tuning (see section 4.1). Indeed,
this can also be seen by integrating out the heavy Higgs H12. Keeping operators up to
dimension-5, we obtain

Ld≤5 ⊃ f

m2
12

(

f |ΦH |2|H3|2−q̄LŶuΦ∗
HH̃3uR−q̄LO12ŶdΦHH3dR−ℓ̄LŶeΦHH3eR

)

, (3.15)

where H3 = Hl in this limit. Therefore, we see that the renormalisable interactions written
in the second line of eq. (3.14) are effectively dimension-5 suppressed interactions with the
physical Higgs Hl (where the relevant heavy scale is here ΛH = m2

12/f ≈ 16π2f).8 From
eqs. (3.14) and (3.15), we see that the effective charm Yukawa satisfies

yc
yt

=
y2
u

y3
u

tan δH ≈ y2
u

y3
u

f⟨ΦH⟩
m2

12

, (3.16)

and at 1 TeV we have [49]:
(

yc
yt

)

µ=1 TeV

= (3.5 ± 0.5) × 10−3 , (3.17)

so we see that the hierarchy between yt and yc can be explained for fundamental Yukawa
couplings y2

u ≈ y3
u ≈ 1 if ⟨ΦH⟩ ∼ f and m12 ∼ 4πf . This indirectly leads to a constraint on

the Z ′ boson mass, and both symmetry breaking scales ⟨Φq,H⟩, as follows.
Since we want f around 1 TeV to minimize the little hierarchy problem, we see that the

relation ⟨ΦH⟩ ≈ f , together with the Z ′ mass formula in eq. (2.2) would lead to a Z ′ that
is too light unless it receives a significant contribution to its mass from ⟨Φq⟩. Therefore, we
are pointed to a régime where

⟨ΦH⟩ ≈ f, ⟨Φq⟩ ≈ m12 ≈ 4πf, (3.18)

7In the model as written, any dipoles involving light leptons must be proportional to Ŷe, as it is the only

source of U(2)ℓ × U(2)e symmetry breaking — as emphasized above, we do not add a VLL (along with the

VLQ), that would provide an additional spurion transforming in the doublet of U(2)l. Since Ŷe can always

be taken real and diagonal, the model predicts no charged lepton flavor violation or electric dipole moments

involving the light leptons.
8The first term in eq. (3.15) corrects the mass of Hl after DH symmetry breaking and will be discussed

in detail along with all other Higgs mass corrections in section 4.1.
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such that we explain yc/yt ≈ (16π2)−1 while also having a Z ′ with a (phenomenologically
viable) mass of a few TeV. In practice, given the freedom to adjust m12 by an O(1) factor,
we will consider ⟨ΦH⟩/f ∈ [1, 4] which we consider to provide a satisfactory explanation of
yc/yt without placing a strong requirement on the size of |ΦH |2|H3|2 cross-quartics. The
distribution of the various scales in our model is summarised graphically in figure 1.

3.4 Light family flavour violation constraints

Given our spurion content, there are two important structures that control light family
flavour violation. The first can be built from the 2 × 2 light family Yukawa couplings
YuY

†
u , where Yu = OT12Ŷu in the light-quark down basis such that YuY †

u is purely real. The
typical expectation is that flavor violation from YuY

†
u is suppressed by the charm Yukawa.

However, it is important to emphasize that this is not the case in our setup, where YuY †
u

is instead proportional to y2
u, which we would like to be an O(1) parameter in order to

explain mc/mt via a hierarchy of scales. The relevant second structure is VqV †
q , which in

general is complex and indeed must be so in order to generate the CKM phase. Thus, even
though the expected size of VqV †

q is parameterically smaller than YuY
†
u , its phases lead to

competitive bounds from CP-violating observables such as ϵK .

Kaon mixing (real part). Let us first analyze YuY †
u , where we can construct MFV-like

operators in the EFT with two relevant FCNC structures

q̄iL[YuY
†
u ]ijγµq

j
L , q̄iL[YuY

†
u Ŷd]ijσµνd

j
R . (3.19)

The tensor operator generates flavour-violating dipoles mediating s → dγ which are less
constrained than vector operators of the first type that mediate purely real and left-handed
K − K̄ mixing

Ld=6 ⊃ cK
2Λ2

K

(q̄1
L[YuY

†
u ]12γµq

2
L)2 −→ C1

K(d̄LγµsL)2 , C1
K ≈ cK

2Λ2
K

c2
12s

2
12(y2

u)4 ,

(3.20)

where e.g. s12 = sin θ12. The bound we need to respect is |Re(C1
K)| ≲ 10−6 TeV−2 at 95%

CL [44–46]. Again, one would interpret this bound a little differently depending on the
class of UV completion; strong dynamics suggests cK ∼ 1, while weak dynamics would be
consistent with a 1-loop suppresion, cK ∼ (16π2)−1. As before, taking ΛK ∼ 4π(1 TeV) ∼
12 TeV we obtain

y2
u ≲ 0.3 , (strongly-coupled UV) , (3.21)

y2
u ≲ 1 , (weakly-coupled UV) , (3.22)

and so order-1 values for y2
u can be well-accommodated.

CP violation in kaon mixing. Moving now to the VqV †
q structure, again we can build

operators such as

Ld=6 ⊃ cK
2Λ2

K

(q̄1
L[VqV

†
q ]12γµq

2
L)2 −→ C1

K(d̄LγµsL)2 , C1
K ≈ cK

2Λ2
K

([VqV
†
q ]12)2 ,

(3.23)
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that give a complex NP contribution to kaon mixing. The constraining observable in this
case is therefore ϵK , which gives a bound of |Im(C1

K)| ≲ 10−9 TeV−2 at 95% CL [44–46].
As before, looking at cK = 1 and (16π2)−1 and taking ΛK ∼ 4π(1 TeV) ∼ 12 TeV we obtain

|Im([VqV
†
q ]12)| ≲ 6 × 10−4 , (strongly-coupled UV) , (3.24)

|Im([VqV
†
q ]12)| ≲ 7 × 10−3 , (weakly-coupled UV) , (3.25)

where for reference we have |Im(V ∗
tdVts)| ≈ 10−4. We therefore require Im([VqV

†
q ]12) to be

“CKM-like” within a factor of 6 in the case of a strongly-coupled UV (where cK could be
unsuppressed), while in the weakly coupled case we can gain an extra factor of 4π in the
size of the product (or perhaps

√
4π in V i

q themselves). Note that this is more restrictive
than the bound in eq. (3.8), due to the quartic scaling of kaon mixing with V i

q .

K+
→ π+νν̄ decays. It is not only 4-quark operators that give relevant flavour bounds

here. One can also build the semi-leptonic operator

Ld=6 ⊃ cα
Λ2
Kπ

(q̄iL[YuY
†
u ]ijγµq

j
L)(ℓ̄αLγ

µℓαL) −→ Cνα(d̄LγµsL)(ν̄αLγ
µναL) , (3.26)

for any lepton flavour α = 1, 2, 3. This would mediate K+ → π+νν̄ transitions with only
one power of the Cabibbo angle for suppression.9 Namely, we have

Cνα ≈ − cα
Λ2
Kπ

c12s12(y2
u)2 . (3.27)

Assuming a lepton universal contribution (Cνe = Cνµ = Cντ ), the bound we need to pass is
|Cνα| ≲ 10−4 TeV−2 [50]. Taking Λ2

Kπ ∼ 12 TeV, we find the same numerical bounds as from
K − K̄ mixing, namely y2

u ≲ 0.3(1.0) for strong (weak) UV, but now without the ambiguity
from long-distance effects present in ∆MK .

4 Naturalness and constraints

So far, we have set out an economical model of flavour in which a deconstructed hypercharge
gauge symmetry delivers U(2)5 accidental symmetries, which are minimally broken by a
VLQ Q and a second Higgs doublet H12 in order to generate the light Yukawa couplings.
The model entails a small number of BSM states that couple to the SM Higgs with various
strengths, leading to radiative corrections to the Higgs mass. In this section, we estimate
the extent to which our setup is natural, finding a reasonable parameter space in which the
tuning in m2

h is no worse than the unavoidable ‘little hierarchy’ corresponding to the fact
that mh ∼ 100 GeV rather than its natural scale of mh ∼ f ∼ 1 TeV.

4.1 Scalar potential and ‘tree-level’ tuning

The scalar sector of our model consists of the electroweakly-charged Higgs doublets H3 and
H12, together with two SU(2)L singlet scalars ΦH and Φq whose VEVs together contribute

9Contributions from VqV †
q are also possible, but are sub-leading in size compared to YuY †

u since K+ →

π+νν̄ is sensitive to the real part of these objects.
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to the breaking U(1)12 × U(1)3 → U(1)Y . The most general renormalisable scalar potential
involving these four fields is

V ⊃ −m2
3|H3|2 + λ3|H3|4 − fH†

12ΦHH3 +m2
12|H12|2 + λ12|H12|4 + λ123|H12|2|H3|2

+ κH
[

|ΦH |2 − ⟨ΦH⟩2]2 + κq
[

|Φq|2 − ⟨Φq⟩2]2 + κHq|ΦH |2|Φq|2 − κHqqq Φ∗
HΦ3

q

+
(

κ3H |ΦH |2 + κ3q|Φq|2
)

|H3|2 +
(

ξ12H |ΦH |2 + ξ12q|Φq|2
)

|H12|2 + h.c. , (4.1)

where one can always re-phase ΦH,q to make the couplings f and κHqqq real. Generically in
a scenario where two scalar fields together break a single gauged U(1), there is naïvely a
massless Goldstone mode φA that goes uneaten.10 However, DH gauge invariance allows
for the quartic coupling κHqqq that breaks the global symmetry associated to the massless
mode. This explicit breaking leads to a mass for φA of

M2
A = 2κHqqq

⟨ΦH⟩2

cos2 β

⟨Φq⟩3

⟨ΦH⟩3
, (4.2)

where tan β = 3⟨ΦH⟩/⟨Φq⟩. Because the quartic coupling κHqqq is a symmetry breaking
parameter, it is technically natural for it to be small; we assume it is such that κHqqq ≤
(4π)−3, in order to not destabilize the VEV hierarchy ⟨ΦH⟩ ≈ f ≈ 1 TeV ≪ ⟨Φq⟩ ≈ 4πf ,
following eq. (3.18). This gives MA ≈

√
2⟨ΦH⟩, so this value for κHqqq does not result in a

very light state. We also assume a hierarchy in the mass scales m12 ≈ 4πf ≫ m3 ≈ O(f).
Finally, concerning the other quartics in eq. (4.1), all can be O(1) except for κ3q and κHq,
which we assume to be generated only radiatively in order not to give large corrections
to the H3 mass (in the case of κ3q) or to destabilize ⟨Φq⟩/⟨ΦH⟩ ≈ 4π (in the case of κHq).
One possible way to justify these hierarchies could be if ΦH and H3 are realised as pseudo
Nambu-Goldstone bosons, which could point towards a strongly-coupled theory at the high
scale 4πf . Here, we take an agnostic approach where we simply note that these choices are
technically natural in the sense that they are radiatively stable.

After SSB of GDH to the SM, a mass mixing is induced between H3 and H12. Diagonal-
izing the system, they are related to the mass eigenstates Hh and Hl by

H3 = Hl cos δH −Hh sin δH , (4.3)

H12 = Hh cos δH +Hl sin δH , (4.4)

where the mixing angle is tan δH ≈ f⟨ΦH⟩/m2
12 and Hl is identified as the SM Higgs doublet.

For small δH , the tree-level mass eigenvalues are

M2
Hl

≈ κ3H⟨ΦH⟩2 + κ3q⟨Φq⟩2 − δ2
Hm

2
12 −m2

3 , (4.5)

M2
Hh

≈ ξ12H⟨ΦH⟩2 + ξ12q⟨Φq⟩2 + (1 + δ2
H)m2

12 , (4.6)

so we see that we need to fine tune m2
3 such that M2

Hl
≈ −(100 GeV)2 instead of its natural

value of O(f2). This means we can also allow for quantum corrections to M2
Hl

that do not
exceed f2. This is the irreducible little hierarchy problem corresponding to an order 1%

fine tuning. Once this is done, only Hl has a tachyonic mass and acquires a non-zero VEV.
10Specifically, defining Φa = ρaeiφa/⟨Φa⟩, the Goldstone modes are φZ′ = φq cos β + φH sin β and

φA = φH cos β − φq sin β, where the state φZ′ is the Goldstone eaten by the Z′.
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4.2 Radiative corrections

Our DH model of flavour features an extra Z ′ gauge boson, a VLQ, and heavy scalar fields
H12,ΦH ,Φq. All these states are heavier than the SM Higgs and therefore contribute loop
corrections to M2

Hl
which are quadratically divergent, with the naive cutoff expected to

be given by the particle mass squared. Along these lines, we follow the ‘finite naturalness’
paradigm [26], by which we ignore incalculable divergences and seek to control the finite and
log-divergent δM2

Hl
contributions ∝ M2

NP. Specifically, we require δM2
Hl
< f2 in order to

not to worsen the tree-level little hierarchy problem defined in the previous section. As we
have already emphasized, the idea is that unspecified dynamics solving the large hierarchy
problem at the high scale 4πf will shield M2

Hl
from NP in the deep UV, resulting only in

finite contributions δM2
Hl

≲ f2, i.e. of the same size as the ones we will compute here.
We now compute 1-loop radiative corrections to the Higgs mass MHl

from all heavy
states in our model. We calculate all loops in the SM symmetric but GDH broken phase,
using the MS renormalization scheme. This means all fields should first be rotated to their
mass eigenstates after GDH symmetry breaking before computing loops. All results here
were computed using PackageX [51] cross-checked by the Machete [52] 1-loop matching
software.

Gauge boson Higgs mass corrections. The 1-loop Higgs mass correction from the
Z ′ reads

δM2
Hl

(Z ′) =
g2
YX

2
H

16π2

M2
Z′

tan2 θ

[

1 + 3 log
µ2

M2
Z′

]

, (4.7)

where recall XH is the SM hypercharge of the Higgs. One should take µ2 ∼ Λ2
UV = (4πf)2

inside the argument of the logarithm in order to capture the leading-log renormalisation
group evolution (RGE) of M2

Hl
from the cutoff of the theory at 4πf down to MZ′ (where the

Z ′ is no longer a light degree of freedom and can be integrated out). As anticipated in the
introduction, one benefits from a suppression by the hypercharge prefactor gYXH ∼ 0.15,
in addition to the 1-loop suppression, which allows the deconstructed hypercharge gauge
boson to be naturally heavier than corresponding gauge bosons that would come from
deconstructing SU(2)L. The constraint on the DH model parameter space resulting from
the Z ′ radiative Higgs mass correction is shown in section 5.4.

VLF Higgs mass corrections. Any coloured VL fermion with a direct Higgs Yukawa
coupling involving also one massless SM fermion gives a 1-loop Higgs mass correction with
the following structure

δM2
Hl

(VLF) = − Nc

8π2
|yHψ|2M2

ψ

[

1 + log
µ2

M2
ψ

]

, (4.8)

where yHψ is the coupling between the VLF and the SM Higgs in the VLF mass basis.
Taking Mψ = 4πf = µ and requiring |δM2

Hl
(VLF)| ≤ f2, we find the following simple bound

|yHψ| ≤ 1√
2Nc

≈ 0.4 . (4.9)
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This naturalness bound, combined with λ2
q ≲ Vcb from the spurion analysis (and taking

⟨Φq⟩ = 4πf), tells us that the CKM cannot come dominantly from the up-quark sector (See
the discussion in section 3.1).

Scalar Higgs mass corrections. The most dangerous scalar Higgs mass corrections are
quadratically divergent diagrams coming from cross-quartics with Hl involving the heaviest
fields, such as |Hh|2|Hl|2 and |Hl|2|Φq|2.11 In practice, since |Hl|2|Φq|2 contributes to the
Hl mass already at tree-level via ⟨Φq⟩ (see eq. (4.5)), only λhl|Hh|2|Hl|2 gives potentially
important loop corrections. We find

δM2
Hl

(λhl) = − λhl
8π2

M2
Hh

[

1 + log
µ2

M2
Hh

]

. (4.10)

Taking µ ≈ MHh
≈ 4πf , there is no log-enhancement and we only need to require a weak

bound on the coupling λhl ≲ 0.5.

4.3 Justification for up-alignment

Finally, armed with these naturalness conditions, we can justify the assumption of ‘up-
alignment’ (whereby the mixing angles between light and third family quarks originates
from the down-type Yukawa), that we anticipated in section 3.1.

Recall that the light-heavy mixing in the Yukawa sector comes in our model from
dimension-5 operators in eq. (3.3), which are induced by integrating out the VLQ field Q.
Using (i) the assumption mQ ∼ 4πf ; (ii) the naturalness upper bound y± ≲ 0.4 on the
couplings of the VLFs (see section 4.2); (iii) that flavour constraints imply λ2

q ≲ |Vcb|, at
least, if the UV is strongly-coupled (see section 3.2); and (iv) that stability of the scalar
potential means ⟨Φq⟩ ≲ 4πf (see section 4.1), we deduce that the contribution of the
up-quark sector to the 2–3 CKM mixing is bounded as

y+

yt

λ2
q⟨Φq⟩
mQ

≲ (0.4/yt)Vts ,

meaning that one cannot explain the size of CKM mixing with pure down-alignment.
It follows that light-heavy CKM mixing must receive a dominant contribution from the
down-quark sector. Therefore, it is a convenient (and natural) approximation to assume
pure up-alignment. This will also simplify our phenomenological analysis in section 5, to
which we now turn.

5 Results and phenomenology

Naturalness pushes our model of flavour towards parameter space regions where the masses
of new particles are near the TeV scale. As a result, there are relevant phenomenological
consequences in high pT searches at the LHC, precision electroweak observables, and
precision flavour observables, which we analyse in this section.

11There are also scalar cubics which generate only logarithmically divergent Higgs mass corrections

proportional to either f2, ⟨Φq⟩2, or ⟨ΦH⟩2. These are never important compared to the tree-level Higgs

mass corrections already induced by the same couplings, see eq. (4.5) for more details.
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5.1 Tree-level SMEFT matching

As emphasized throughout the paper, there is a well-defined (and natural) limit of the model
in which the Z ′ boson dominates the low-energy phenomenology, with the other states (the
VLQ and heavy Higgs) being decoupled to the high scale 4πf .12 The mass and couplings of
the Z ′ are given in eqs. (2.2) and (2.5). As justified above, we assume the ‘up-alignment’
scenario for CKM mixing, i.e. that the up-quark Yukawa matrix is diagonal in the gauge
interaction eigenbasis. It is then convenient to define the left-handed quark doublets as
qiL = (uiL, Vijd

j
L), which means there is no flavour violation at the level of SMEFT operators.

The non-zero operators obtained by integrating out the Z ′ at Λ = MZ′ and matching
onto the SMEFT at dimension-6 are as follows, in the Warsaw basis [58]. (As before, Xψ

denotes the SM hypercharge quantum number of fermion species ψ, in a normalisation
where Xq = 1/6.) First, the non-zero Wilson coefficients (WCs) for four-quark operators are

(

C(1)
qq , Cuu, Cdd, C

(1)
ud , C

(1)
qu , C

(1)
qd

)ααββ
= −

(

X2
q , X

2
u, X

2
d , 2XuXd, 2XqXu, 2XqXd

) gααZ′ g
ββ
Z′

2M2
Z′

,

(5.1)

where α, β ∈ {1, 2, 3} are flavour indices. All the four-lepton operator WCs are

(Cll, Cee, Cle)
ααββ = −

(

X2
l , X

2
e , 2XlXe

) gααZ′ g
ββ
Z′

2M2
Z′

, (5.2)

while the non-zero semi-leptonic operators are

(

C
(1)
lq , Ceu, Ced, Clu, Cld, Cqe

)ααββ
= − (XlXq, XeXu, XeXd, XlXu, XlXd, XqXe)

gααZ′ g
ββ
Z′

M2
Z′

.

(5.3)

Next, we have the Higgs-bifermion operators:
(

C
(1)
Hl , CHe, C

(1)
Hq, CHu, CHd

)αα
= −XH cot θ (Xl, Xe, Xq, Xu, Xd)

gααZ′

M2
Z′

. (5.4)

Lastly, the purely bosonic operators are:

CHD = 4CH□ = −2X2
H cot2 θ

g2
Y

M2
Z′

. (5.5)

Note that the 4-fermion operators involving one light generation and one third generation
fermion are independent of the gauge mixing angle θ, as are the Higgs-bifermion operators
that couple to light fermions (the Higgs is essentially a third family particle).

5.2 Flavour-conserving constraints

Here we analyse flavour-conserving constraints, which come dominantly from high-pT
searches at ATLAS and CMS, as well as from electroweak precision tests, due to the direct
NP couplings to the Higgs present in our DH model.

12For a phenomenological overview of two Higgs doublet models with approximate U(2)5 flavour symmetries,

see e.g. [53–57].
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High-pT constraints. Due to the U(2)5 flavour symmetry of the DH gauge sector, LHC
searches for the Z ′ gauge boson must focus not only on di-electron and di-muon final states,
i.e. pp → ℓℓ (with ℓ = e, µ), but also di-tau final states pp → ττ . While light leptons
generally give the strongest bounds, di-tau searches can be important for small values of
the gauge mixing angle tan θ, where the Z ′ couples mostly to third-family fermions and is
therefore produced mainly through the process bb → Z ′ → ττ (perhaps also with an initial
state b-jet from gluon splitting).

In light of this, we use the HighPT package [59] to fully implement our model and
compute both the σ(pp → ee+ µµ) total cross section, as well as σ(pp → ττ). The HighPT

package allows us to have analytic results for the cross section, up to a requirement of
specifying numerical values of the Z ′ mass and decay width in order to perform phase
space integrals. Nevertheless, for a given value of MZ′ , we can obtain results for the cross
section which are analytic in tan θ. Our strategy to obtain high-pT limits on the model is to
compare our DH model prediction for a given cross section to the bounds given in [60] (for
ee+ µµ) or [61] (for ττ) to obtain the limit on tan θ for each value of MZ′ . Note that while
both searches have the same center of mass energy

√
s = 13 TeV, the ATLAS ττ search

has only 36 fb−1 compared to 140 fb−1 for the CMS ℓℓ search. We therefore perform a
naïve rescaling of the bound on the ττ cross section by

√

36/140, to estimate the bound
one would obtain with 140 fb−1 of integrated luminosity.

Electroweak precision tests. The Higgs-bifermion and fully bosonic operators generated
after integrating out the Z ′ at tree-level are constrained mainly by electroweak precision
obervables (EWPOs). Since the Higgs-bifermion operators involving the light families
(see eq. (5.4)) are independent of tan θ, decreasing the gauge mixing angle only results in
larger contributions to EWPOs via third-family fermions and the fully bosonic operators
in eq. (5.5). All these effects scale as cot2 θ, so avoiding high-pT bounds via new physics
dominantly coupled to the third family inevitably leads to large corrections in EWPOs.

On the fully bosonic side, the custodial symmetry breaking operator CHD ∝ −X2
H cot2 θ

is of particular interest, since it has a fixed sign that leads to a large positive shift in the
W -boson mass. Even before the recent CDF II measurement of MW [62], the EW fit could
be improved by a non-zero (negative) value of CHD, mainly due to a mild 2σ tension between
the experimental determination of Mold

W = 80.379(12) GeV and the SM theory prediction [63].
A combination of MW measurements cannot now be done in a straightforward manner,
due to the statistical incompatibility of CDF II with the others. Since work towards an
official combination is still underway [64], in the interim we apply the PDG approach where
we penalize all measurements ‘democratically’. Specifically, we inflate all errors equally
until the χ2 per degree of freedom is equal to one, yielding Mnew

W = 80.410(15) GeV. To
be conservative, we use Mold

W when obtaining exclusion limits from the EW fit, but we
also show that this does not exclude the region preferred by Mnew

W . This is due to the
fact that EW exclusion limit is dominantly determined by Z → eR eR (tan θ ≈ 1) and
Z → τR τR (tan θ < 1) vertex corrections, due to right-handed charged leptons having the
largest hypercharge. Indeed, as we will see, the EW fit prefers a non-decoupling behaviour
for NP when using Mnew

W , since it calls for a large negative CHD contribution that is not
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excluded by the rest of the EW fit. We emphasize that, in this model, one cannot turn
on CHD without turning on all the other relevant operators (such as CHe), because the
ratios between the WCs are always ratios of hypercharges which are fixed. This results in a
correlated set of NP effects that cannot be disentangled by tuning parameters.

We take constraints from EWPO into account by performing the full EW fit using
the same (GF , α,mZ) input scheme, observables, SM theory predictions, and likelihood
as in [63], which was previously validated and found to give accurate results in [65]. We
also include leading-log running in yt, gL, and gY of all operators generated by the Z ′ at
tree-level that mix via RGE into operators relevant for the EW fit. However, we find that
the effect of including RGE is very small, which is due in large part to a cancellation of the
dominant yt running for the most important operators; namely, we have that [66]

ĊHe,Hl,Hd,HD ∝ y2
t (Xq −Xu +XH) , (5.6)

which vanishes by gauge invariance of the top Yukawa. We expect this cancellation occurs
in any U(1)X extension of the SM that permits the top Yukawa.

One interesting consequence of this is that, in such U(1)X extensions of the SM, a
tree-level coupling to the Higgs is needed to obtain a sizeable shift in MW , since large
CHD will not be generated by RGE alone. This means the Higgs must be charged under
U(1)X , and therefore U(1)X must be chiral (at least, q3

L and tR are charged differently), as
is the case for the Z ′ models studied in e.g. [32, 33]. On the other hand, we do not expect
vector-like extensions (e.g. from gauging X = Bi − Lj) to give sizeable corrections to MW

from the gauge sector.

5.3 Flavour-violating constraints

As discussed in section 3.1, flavour constraints combined with naturalness require that the
CKM matrix comes dominantly from the down-quark sector. In the limit of up-alignment,
the low-energy impact of the U(2)5 breaking is completely fixed by the fermion masses and
the CKM. In particular, flavour violation is present only in the left-handed down-quark
sector and is completely determined by the CKM, such that we are effectively working in
the MFV limit. As we will see, this leads to highly predictive phenomenology in B- and
K-meson mixing, as well as in B-decays.

Meson mixing. The low-energy effective Lagrangian describing meson mixing in the
down-quark sector is

L∆F=2 = −C1
Bs

(s̄LγµbL)2 − C1
Bd

(d̄LγµbL)2 − C1
K(d̄LγµsL)2 . (5.7)

We have the MFV-like prediction where all the Wilson coefficients can be written in terms
of C1

Bs
,

C1
Bs

=
X2
q

2M2
Z′

(V ∗
is g

ij
Z′Vjb)

2 , C1
Bd

=

(

V ∗
td

V ∗
ts

)2

C1
Bs
, C1

K =

(

V ∗
tdVts
V ∗
tsVtb

)2

C1
Bs
, (5.8)

such that all current bounds are automatically passed if the bound on |CBs | is satisfied [1, 2].
As emphasized in [42], this relation between Bs, Bd, and kaon mixing could be tested
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Figure 2. DH model predictions for ∆Cµ,e
9,10 and their ratio as a function of the gauge mixing angle,

for MZ′ = 5 TeV. The WCs scale as M−2
Z′ , so the results can be easily rescaled to other Z ′ mass

values. The blue region gives the ∆Cµ
10 region preferred at 2σ by B(Bs,d → µ+µ−), which the blue

curve must lie within, allowing one to also read off the corresponding prediction for ∆Cµ,e
9 .

experimentally in the future. Performing the sum and using CKM unitarity, we find the
following exact expression

C1
Bs

=
2X2

q g
2
Y

M2
Z′

(V ∗
tsVtb)

2

sin2 2θ
= 1.2 × 10−5 TeV−2

(

1 TeV

MZ′ sin 2θ

)2

, (5.9)

which should be compared to the bound |C1
Bs

| < 2 × 10−5 TeV−2. We anticipated in the
introduction that the bound on FCNC generated at tree-level but protected by MFV should
be order 10 TeV without an additional suppression mechanism at work. While meson mixing
is indeed induced at tree-level in the DH model, the suppression mechanism here comes
from the smallness of both gY and the quark doublet hypercharge Xq, leading to only a
weak bound of MZ′ sin 2θ ≳ 1 TeV. Thus, minimally broken U(2) (which allows only fully
left-handed FCNC as in the SM) accidentally provides a higher degree of flavour protection
in the DH model due to the chiral nature of the Z ′ and the smallness of Xq, as was found
in the ‘Y3-like’ models of [27, 28, 30], which we find to be a particularly beautiful feature.13

b → sℓℓ transitions. New physics effects in the b → sℓℓ system can be parameterized in
the weak effective theory (WET), via the Lagrangian

Lb→sℓℓ =
4GF√

2
VtbV

∗
ts

∑

i

(CSM
i + ∆Ci)Oi , (5.10)

13For comparison, in a model based on deconstructing SU(2)L, one expects Bs,d mixing to give a bound

on the scale which is |gLT 3
d /(gY Xq)| ≈ 5.4 times stronger, forcing the model to less natural parameter space.
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where ∆Ci denotes the NP contribution to the WC for the operator Oi. Of particular
interest here are the operators

Oℓ
9 =

α

4π
(sγµPLb)(ℓγ

µℓ) , ℓ ∈ {e, µ} , (5.11)

Oℓ
10 =

α

4π
(sγµPLb)(ℓγ

µγ5ℓ) , (5.12)

where 4πα = e2. We find the following expressions for the NP contributions that come from
integrating out our Z ′ at tree-level:

∆Cµ,e9 =
πv2

α

V ∗
isVjb
V ∗
tsVtb

[C
(1)
lq ]22ij

(

1 +
Xe

Xl

+
XH

Xl

ζ

tan2 θ

)

, (5.13)

∆Cµ,e10 =
πv2

α

V ∗
isVjb
V ∗
tsVtb

[C
(1)
lq ]22ij

(

−1 +
Xe

Xl

− XH

Xl

1

tan2 θ

)

, (5.14)

where ζ = 1 − 4s2
W . The terms proportional to 1, Xe, and XH take into account the

contributions to ∆Cµ,e9,10 from [C
(1)
lq ]22ij , [Cqe]ij22, and [C

(1)
Hq]ij respectively, where the SMEFT

coefficients are given by the formulae in eq. (5.3). For the ratio of WCs, we find

∆Cµ,e9

∆Cµ,e10

=
Xe +Xl + ζ XH cot2 θ

Xe −Xl −XH cot2 θ
. (5.15)

We plot the results for ∆Cµ,e9 , ∆Cµ,e10 , and their ratio in figure 2 as a function of tan θ, for
MZ′ = 5 TeV.

As the WCs are proportional to M−2
Z′ , rescaling the result to other values of the Z ′

mass is straightfoward. Because of e− µ universality, there is no NP contribution to the
LFUV ratios RK(∗) (in accordance with the recent measurements from LHCb [35]). There
is, on the other hand, a significant NP effect in the Bs,d → µ+µ− branching ratio, due to a
large ∆C10 contribution that increases as tan θ decreases, as can be seen in eq. (5.14) and
figure 2. This is due to the fact that, while the direct coupling of the Z ′ to muons is reduced,
the mixing with the SM Z increases, captured in the SMEFT by [C

(1)
Hq]23 ∝ XH cot2 θ. This

Z −Z ′ mixing causes the Z ′ to inherit the accidentally small vector coupling ζ of the SM Z

to charged leptons, resulting in an almost pure C10 contribution. The theoretical expression
for B(Bi → µ+µ−) reads

B(Bi → µ+µ−)

B(Bi → µ+µ−)SM
=

∣

∣

∣

∣

1 +
[∆Cµ10]i

CSM
10

∣

∣

∣

∣

2

, (5.16)

where [∆Cµ10]s = ∆Cµ10, [∆Cµ10]d = ∆Cµ10(s → d), and CSM
10 = −4.2. Since B(Bs,d → µ+µ−)

are correlated observables, we take these constraints into account using the combined
likelihood given in ref. [5], which also includes an up-to-date average of all the experimental
measurements. We use this likelihood to obtain the 2σ preferred region for B(Bs,d → µ+µ−)

shown in figure 2, which the blue curve must lie within.
As a final comment, we note that our DH model predicts ∆Cµ,eL,ν = ∆Cµ,e10 (see e.g. [67, 68]

for the definition of CL,ν) which means that the bound from B(Bs → µ+µ−) prevents any
large enhancement (beyond a few percent) to B(B → Kνν̄). The crucial point, which is
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Figure 3. Blue gives the 1σ region preferred by the EW fit using mnew
W , while the solid black line

gives the 2σ exclusion from the EW fit using mold
W average (section 5.2). The green band is the

region where a satisfactory explanation of the mc/mt mass hierarchy is achieved (section 3.3). The
dashed black line gives the region excluded by pp → ee, µµ, ττ searches for the Z ′ at high-pT . The
dashed gray line gives the region excluded by Bs,d → µ+µ−, while dot-dashed gray line gives the
region excluded by meson mixing. Finally, the region below the solid red line is where radiative
Higgs mass corrections from the Z ′ exceed δM2

Hl
> f2. The left plot shows current constraints,

while the right plot shows projections for the future including 1) a HL-LHC projection with 3 ab−1

(black dashed), 2) a projection for Bs,d → µµ from LHCb, and 3) an FCC-ee projection for the
region excluded by EWPO (solid black). See section 5.4 for further details.

worth re-emphasizing, is that the Z − Z ′ mixing does not allow one to decouple effects in
the light leptons by going to the small gauge mixing angle limit. Furthermore, considering
third-generation leptons specifically, the model predicts ∆CτL,ν = ∆Cτ10 = 0. Explicitly,
we find

∆CτL,ν = ∆Cτ10 ∝ XH −Xl +Xe = 0 , (5.17)

which means that our model gives no contribution to B(Bs → τ+τ−) or B(B → Kνν̄)

involving τ -neutrinos. We note that the relation between charges giving the cancellation
follows from the gauge invariance of the tau Yukawa coupling in our model.

5.4 Combined results and future projections

Having discussed all flavour conserving, flavour violating, and naturalness constraints,
we are now ready to see how the tan θ vs MZ′ parameter space of the DH model is
globally constrained. To this end, the left panel of figure 3 summarizes the current 95%

CL constraints in the tan θ vs MZ′ plane, for f = 1.5 TeV. In particular, we plot the
flavour-conserving constraints from high-pT (black dashed) and EWPOs (black) and flavour-
violating constraints from meson mixing (gray dot-dashed) and Bs,d → µ+µ− (gray dashed).
The red shaded region below the solid red line gives the region excluded by finite naturalness,
i.e. the region where δM2

Hl
> f2 due to radiative Higgs mass corrections from the Z ′. The
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change in behavior of the high-pT bound around (MZ′ = 3.5 TeV, tan θ = 0.25) is where
the bound from the pp → ττ ATLAS search becomes stronger than the pp → ℓℓ search
from CMS. We see that the parameter space is dominantly constrained by the flavour-
conserving bounds: a combination of high-pT searches and EWPO require MZ′ ≳ 4.5 TeV.
Therefore, the viable parameter space of the model does not depend on the choice of up- or
down-alignment. We use MZ′ ≳ 4.5 TeV to obtain a lower bound on the overall scale of the
model f ≳ 1.3 TeV for ⟨ΦH⟩ = f , ⟨Φq⟩ = 4πf , and tan θ = 0.4. As a final point we note
that naturalness together with EW bounds require tan θ ≳ 0.2. Using the 2-loop running
available in the RGBeta package [69], we find this translates into the Landau pole for U(1)3

appearing at a scale Λg3=4π ≳ 104 × f .

Next, we discuss the parameter space preferred by the model. In particular, the shaded
blue gives the 1σ region preferred by the EW fit using Mnew

W = 80.410(15) GeV. As discussed
in detail in (section 5.2), this region is not excluded by the EW fit using the old value
of Mold

W = 80.379(12) GeV (solid black line). This is because the EW exclusion bound is
dominated by Z → eR eR for tan θ ≈ 1, where it requires MZ′ ≳ 2 TeV, becoming stronger
as tan θ decreases, where the bound comes mainly from Z → τR τR. The overall conclusion
is that CHD, which is directly related to the EW ρ-parameter, does not ever provide the
dominant constraint from EWPO. Therefore, some NP effect in CHD is preferred for
Mnew
W , asking the model to live in the blue-shaded region where the Z ′ is relatively light.

Interestingly, this region has a strong overlap with the shaded green region where the mass
hierarchy mc ≪ mt is naturally explained (see section 3.3 for details). This is one key result
of our analysis in this work: the natural parameter space of the DH model (given by the

green band) necessarily implies positive large shifts in MW as well as sizeable enhancements

to B(Bs,d → µ+µ−).

The right panel of figure 3 gives projections for how constraints on the DH model
parameter space are expected to improve in the future, with more data from LHCb, HL-LHC,
and a potential future EW precision machine such as FCC-ee. In particular, the changes
with respect to the left panel are:

1. An HL-LHC projection for the pp → ℓℓ/ττ search constraints at high-pT , which we
calculate assuming an integrated luminosity of 3 ab−1 and that the bound on the
cross section improves as

√
L (black dashed);

2. A future projection for the bound coming from B(Bs,d → µ+µ−), where we assume
LHCb measures the central value of the SM theory predictions with uncertainties
given in [70] (gray dashed);

3. An FCC-ee projection for the constraint coming from the electroweak fit; we assume
the statistical error on all EW precision observables is reduced by a factor 10, while
the central values are given by the SM theory predictions (solid black). We also
assume that we are not limited by systematic or theory uncertainties. This precision
should be achieved for 2 × 1011 Z-bosons (104 more than LEP) out of the planned
5 × 1012 Z-bosons, or 1/25 of the total Z events, which should occur in the first 3
months of data taking [71].
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In summary, we see that FCC-ee is the best machine to probe the DH model, as it easily
has the reach to fully exclude the entire natural parameter space. We expect that this is
a generic conclusion for flavour models that explain both fermion masses and mixings at
a low scale and/or models solving the EW hierarchy problem, due to the requirement of
direct Higgs couplings leading to large effects in EWPO.

6 Concluding remarks

As the LHC program continues to mature, it remains strongly motivated to thoroughly
explore the landscape of viable low-scale (i.e. TeV) flavour models, and to constrain them
via the two-pronged strategy of high-pT searches at the LHC and increasingly precise
measurements of rare heavy-flavoured decays that test the accidental approximate U(2)5

symmetry of the SM. In this paper we have introduced an economical (but complete)
low-scale flavour model, based on deconstructing the SM hypercharge gauge symmetry, and
elucidated its phenomenology for colliders, EW precision, and flavour observables. Like any
such flavour-deconstructed gauge model seeking to explain fermion masses and mixings,
there are heavy gauge bosons (here a Z ′) that couple directly to the Higgs. This introduces
an interesting interplay where high-pT bounds can be avoided by reducing the coupling to
light fermions, but only at the expense of increased couplings to the third family and the
Higgs, leading to conflict with EW precision data. We find that the combination of EWPO
together with high-pT searches require MZ′ ≳ 4.5 TeV in our DH model. By computing
1-loop Higgs mass corrections, we find the model is nonetheless natural up to an inevitable
fine-tuning of v2/f2 ∼ 1%, corresponding to the usual little hierarchy problem- now an
experimentally established fact. However, the remaining large hierarchy problem can still
be resolved by embedding our model in a supersymmetric or composite theory at a higher
scale 4πf ∼ 12 TeV.

We now comment on possibilities for further NP at yet higher scales ≳ 4πf . Three
puzzles that could be explained deeper in the UV are (1) the quantization of hypercharge,
(2) the origin of the light-family mass hierarchy m1 ≪ m2, and (3) the origin of neutrino
masses. Puzzle (1) could be solved by embedding DH inside a semi-simple gauge group,
which interestingly requires flavour non-universal quark-lepton unification. If we discount
options that violate B − L, there are essentially two options that preserve universal
SU(2)L symmetry. Both take the form SU(2)L × [K]12 × [SU(4) × SU(2)R]3, where either
[K]12 = [SU(4) × Sp(4)R]12, unifying flavour with SU(2)R, or [K]12 = [SU(8) × SU(2)R]12,
unifying flavour with colour. To also explain puzzle (2), the former of these options is
preferred, offering a purely-RH version of ‘electroweak flavour unification’ [20, 23], which, in
the 1–2 sector, predicts m1 ≪ m2 and an order-1 Cabibbo angle [25]. If one only explains
puzzle (2) and postpones the quantization of hypercharge, then the obvious UV completion
is via hypercharge cubed symmetry [39]. Puzzle (3), the origin of neutrino masses, could
be solved in the deep UV via a multi-scale form of the usual see-saw mechanism (See
appendix A for some discussion.) The crucial point is that the electroweak and f scales are
protected against all of these ‘deep UV’ layers of NP if there is SUSY or compositeness at
the scale 4πf .
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A particularly compelling scenario (in which all of the above can be implemented) is
where the minimally broken U(2)5 symmetry studied here emerges dynamically from a
multi-scale theory of flavour [16, 18, 21, 42], with one family of SM fermions and a Higgs
field for each scale (or site). Minimally-broken U(2) is then realized if the left-handed
fermions and Higgs fields mix between sites, while right-handed fermions are fully localised.
In this picture, the third-family scale where H3 is localised should lie as low as possible to
minimise fine-tuning. This prefers scenarios such as our DH model which can be realized
safely at the TeV scale, even when including third-family quark-lepton unification [17, 65].14

We emphasize that this multi-scale setup is an inversion of the prevailing view before the
LHC, which focused on first solving the large hierarchy problem at the TeV scale, while
postponing a solution to the flavour puzzle to higher scales.

Following this logic, we have proposed a scenario where the flavour puzzle is first
partially solved at a low scale of f ∼ 1 TeV, by particular gauge dynamics (deconstructed
hypercharge) that (i) remains phenomenologically viable at this low scale, and (ii) gives
at most TeV scale radiative contributions to the Higgs mass, thereby not worsening the
little hierarchy problem. We then entertain the possibility that the large hierarchy problem
is resolved at a higher scale of 4πf ∼ 12 TeV, consistent with taking current experimental
bounds at face value. The leading low-energy phenomenology, due to a single Z ′ gauge
boson, includes large positive shifts in the W -boson mass, as well as an enhancement in
B(Bs,d → µ+µ−).

Our DH Z ′ gauge boson can be searched for at the LHC, where we have emphasized
that a combined strategy involving all di-lepton final states is necessary, due to the U(2)5

symmetry of the gauge sector. In particular, searches in di-tau final states should also
include a b-tag category, since the Z ′ is dominantly produced via bb → ττ in the small
mixing angle limit. To help facilitate such searches, we have uploaded a UFO model file
to the arXiv which implements the DH model for use in experimental studies. We hope
that this model serves as a benchmark study for the more general idea of U(2) based NP
searches, which in particular allow for the well-motivated option of NP coupled dominantly
to the third family that is less constrained by current search strategies.

Finally, as we have demonstrated here (and echoing the pre-LHC message advocated
in ref. [73]), a future electroweak precision machine like the FCC-ee is the best way to
probe NP with sizeable couplings to the Higgs, as always occurs in low-scale flavour models
and/or models solving the EW hierarchy problem. We therefore conclude by stating our
belief that the next European strategy meeting should finalize a plan to build FCC-ee.
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A EFT for neutrino masses

For completeness, we here sketch a possible setup for realising neutrino masses in our model,
which we phrase in terms of an EFT description including both H3 and H12 Higgs fields.
We note that ref. [39] suggests a more detailed account, using a variety of auxiliary fields,
of the origin of specific PMNS matrix elements in the related ‘tri-hypercharge’ model. We
begin by observing that the DH EFT allows for Weinberg operators of the type

Ld=5 ⊃ C33
R

ΛR,h
(ℓ̄3LH̃3)(H̃T

3 ℓ
c3
L )+

Ci3R
ΛR,hl

(ℓ̄iLH̃12)(H̃T
3 ℓ

c3
L )+

CijR
ΛR,l

(ℓ̄iLH̃12)(H̃T
12ℓ

cj
L )+h.c.

(A.1)

Assuming O(1) WCs for these operators, the rough condition for an anarchic neutrino mass
matrix is then

y2
cv

2

ΛR,l
∼ ycv

2

ΛR,hl
∼ v2

ΛR,h
∼ 0.05 eV , (A.2)

which points to a scale hierarchy of (ΛR,l,ΛR,hl,ΛR,h) ∼ (1011, 1013, 1015) GeV. Thus, the
neutrino mass puzzle should be solved inversely, i.e. for the light generations first at the
scale ΛR,l ∼ 1011 GeV (107 GeV if we interpolate to the first family) and finally for the third
generation at the GUT scale ΛR,h ∼ 1015 GeV. A simple UV origin for these scales would
be to extend the model by three RH neutrinos, which are SM singlets, and where the scales
ΛR,l, ΛR,hl and ΛR,h appear in front of (effective) Majorana mass terms. We re-iterate that,
if supersymmetry or compositeness were manifest at the scale 4πf ≪ 107 GeV, then the
Higgs mass parameter would not receive loop corrections scaling quadratically with these
high scales (but could depend on them logarithmically).

In our conclusions, we discuss the possibility of third-family quark-lepton unification
via SU(4)3 (in order to explain, for example, the quantization of hypercharge). By putting
the ν3

R field in the same multiplet as tR, a Majorana mass is not permitted in the SU(4)3

invariant phase and so the scale ΛR,h would then be tied to the scale of SU(4)3 breaking. In
this scenario, the high scale seesaw scheme proposed above is only consistent when SU(4)3

is broken above the GUT scale. For a lower scale SU(4)3 breaking, one has to implement
the inverse seesaw (ISS) mechanism, which would give effective dimension-5 Weinberg
operators scaling as µ/Λ2

R,h, where µ is a (technically natural) small lepton number breaking
parameter. This works even for the SU(4)3 breaking scale as low as ∼ TeV, as shown
in [17, 18].
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any medium, provided the original author(s) and source are credited.

– 27 –

https://creativecommons.org/licenses/by/4.0/


J
H
E
P
1
1
(
2
0
2
3
)
1
0
0

References

[1] L. Silvestrini and M. Valli, Model-independent Bounds on the Standard Model Effective Theory

from Flavour Physics, Phys. Lett. B 799 (2019) 135062 [arXiv:1812.10913] [INSPIRE].

[2] R.K. Ellis et al., Physics Briefing Book: Input for the European Strategy for Particle Physics

Update 2020, arXiv:1910.11775 [INSPIRE].

[3] G. D’Ambrosio, G.F. Giudice, G. Isidori and A. Strumia, Minimal flavor violation: An

effective field theory approach, Nucl. Phys. B 645 (2002) 155 [hep-ph/0207036] [INSPIRE].

[4] L. Allwicher et al., Drell-Yan tails beyond the Standard Model, JHEP 03 (2023) 064
[arXiv:2207.10714] [INSPIRE].

[5] A. Greljo, J. Salko, A. Smolkovič and P. Stangl, Rare b decays meet high-mass Drell-Yan,
JHEP 05 (2023) 087 [arXiv:2212.10497] [INSPIRE].

[6] A. Greljo and A. Palavrić, Leading directions in the SMEFT, JHEP 09 (2023) 009
[arXiv:2305.08898] [INSPIRE].

[7] A. Falkowski, M. González-Alonso and K. Mimouni, Compilation of low-energy constraints on

4-fermion operators in the SMEFT, JHEP 08 (2017) 123 [arXiv:1706.03783] [INSPIRE].

[8] V. Bresó-Pla, A. Falkowski, M. González-Alonso and K. Monsálvez-Pozo, EFT analysis of New

Physics at COHERENT, JHEP 05 (2023) 074 [arXiv:2301.07036] [INSPIRE].

[9] R. Barbieri et al., U(2) and Minimal Flavour Violation in Supersymmetry, Eur. Phys. J. C 71

(2011) 1725 [arXiv:1105.2296] [INSPIRE].

[10] G. Isidori and D.M. Straub, Minimal Flavour Violation and Beyond, Eur. Phys. J. C 72

(2012) 2103 [arXiv:1202.0464] [INSPIRE].

[11] R. Barbieri, D. Buttazzo, F. Sala and D.M. Straub, Flavour physics from an approximate

U(2)3 symmetry, JHEP 07 (2012) 181 [arXiv:1203.4218] [INSPIRE].

[12] J. Fuentes-Martín, G. Isidori, J. Pagès and K. Yamamoto, With or without U(2)? Probing

non-standard flavor and helicity structures in semileptonic B decays, Phys. Lett. B 800 (2020)
135080 [arXiv:1909.02519] [INSPIRE].

[13] A.L. Kagan, G. Perez, T. Volansky and J. Zupan, General Minimal Flavor Violation, Phys.

Rev. D 80 (2009) 076002 [arXiv:0903.1794] [INSPIRE].

[14] C.D. Froggatt and H.B. Nielsen, Hierarchy of Quark Masses, Cabibbo Angles and CP

Violation, Nucl. Phys. B 147 (1979) 277 [INSPIRE].

[15] B. Grinstein, M. Redi and G. Villadoro, Low Scale Flavor Gauge Symmetries, JHEP 11 (2010)
067 [arXiv:1009.2049] [INSPIRE].

[16] M. Bordone, C. Cornella, J. Fuentes-Martín and G. Isidori, A three-site gauge model for flavor

hierarchies and flavor anomalies, Phys. Lett. B 779 (2018) 317 [arXiv:1712.01368] [INSPIRE].

[17] A. Greljo and B.A. Stefanek, Third family quark-lepton unification at the TeV scale, Phys.

Lett. B 782 (2018) 131 [arXiv:1802.04274] [INSPIRE].

[18] J. Fuentes-Martín, G. Isidori, J. Pagès and B.A. Stefanek, Flavor non-universal Pati-Salam

unification and neutrino masses, Phys. Lett. B 820 (2021) 136484 [arXiv:2012.10492]
[INSPIRE].

[19] J. Fuentes-Martín and P. Stangl, Third-family quark-lepton unification with a fundamental

composite Higgs, Phys. Lett. B 811 (2020) 135953 [arXiv:2004.11376] [INSPIRE].

– 28 –

https://doi.org/10.1016/j.physletb.2019.135062
https://arxiv.org/abs/1812.10913
https://inspirehep.net/literature/1711696
https://arxiv.org/abs/1910.11775
https://inspirehep.net/literature/1761133
https://doi.org/10.1016/S0550-3213(02)00836-2
https://arxiv.org/abs/hep-ph/0207036
https://inspirehep.net/literature/589708
https://doi.org/10.1007/JHEP03(2023)064
https://arxiv.org/abs/2207.10714
https://inspirehep.net/literature/2121116
https://doi.org/10.1007/JHEP05(2023)087
https://arxiv.org/abs/2212.10497
https://inspirehep.net/literature/2616316
https://doi.org/10.1007/JHEP09(2023)009
https://arxiv.org/abs/2305.08898
https://inspirehep.net/literature/2660225
https://doi.org/10.1007/JHEP08(2017)123
https://arxiv.org/abs/1706.03783
https://inspirehep.net/literature/1604898
https://doi.org/10.1007/JHEP05(2023)074
https://arxiv.org/abs/2301.07036
https://inspirehep.net/literature/2623820
https://doi.org/10.1140/epjc/s10052-011-1725-z
https://doi.org/10.1140/epjc/s10052-011-1725-z
https://arxiv.org/abs/1105.2296
https://inspirehep.net/literature/899189
https://doi.org/10.1140/epjc/s10052-012-2103-1
https://doi.org/10.1140/epjc/s10052-012-2103-1
https://arxiv.org/abs/1202.0464
https://inspirehep.net/literature/1087277
https://doi.org/10.1007/JHEP07(2012)181
https://arxiv.org/abs/1203.4218
https://inspirehep.net/literature/1094195
https://doi.org/10.1016/j.physletb.2019.135080
https://doi.org/10.1016/j.physletb.2019.135080
https://arxiv.org/abs/1909.02519
https://inspirehep.net/literature/1752773
https://doi.org/10.1103/PhysRevD.80.076002
https://doi.org/10.1103/PhysRevD.80.076002
https://arxiv.org/abs/0903.1794
https://inspirehep.net/literature/815111
https://doi.org/10.1016/0550-3213(79)90316-X
https://inspirehep.net/literature/131306
https://doi.org/10.1007/JHEP11(2010)067
https://doi.org/10.1007/JHEP11(2010)067
https://arxiv.org/abs/1009.2049
https://inspirehep.net/literature/867621
https://doi.org/10.1016/j.physletb.2018.02.011
https://arxiv.org/abs/1712.01368
https://inspirehep.net/literature/1641092
https://doi.org/10.1016/j.physletb.2018.05.033
https://doi.org/10.1016/j.physletb.2018.05.033
https://arxiv.org/abs/1802.04274
https://inspirehep.net/literature/1654805
https://doi.org/10.1016/j.physletb.2021.136484
https://arxiv.org/abs/2012.10492
https://inspirehep.net/literature/1837619
https://doi.org/10.1016/j.physletb.2020.135953
https://arxiv.org/abs/2004.11376
https://inspirehep.net/literature/1792760


J
H
E
P
1
1
(
2
0
2
3
)
1
0
0

[20] J. Davighi and J. Tooby-Smith, Electroweak flavour unification, JHEP 09 (2022) 193
[arXiv:2201.07245] [INSPIRE].

[21] J. Fuentes-Martín et al., Flavor hierarchies, flavor anomalies, and Higgs mass from a warped

extra dimension, Phys. Lett. B 834 (2022) 137382 [arXiv:2203.01952] [INSPIRE].

[22] M. Fernández Navarro and S.F. King, B-anomalies in a twin Pati-Salam theory of flavour

including the 2022 LHCb RK(∗) analysis, JHEP 02 (2023) 188 [arXiv:2209.00276] [INSPIRE].

[23] J. Davighi, G. Isidori and M. Pesut, Electroweak-flavour and quark-lepton unification: a family

non-universal path, JHEP 04 (2023) 030 [arXiv:2212.06163] [INSPIRE].

[24] B.A. Stefanek, Multi-Scale 5D Models for Flavor Hierarchies and Anomalies, in the
proceedings of the 35th Recontres de Physique de la Vallée d’Aoste, La Thuile, Italy, March
6–12 March (2022) [arXiv:2206.03096] [INSPIRE].

[25] J. Davighi and G. Isidori, Non-universal gauge interactions addressing the inescapable link

between Higgs and flavour, JHEP 07 (2023) 147 [arXiv:2303.01520] [INSPIRE].

[26] M. Farina, D. Pappadopulo and A. Strumia, A modified naturalness principle and its

experimental tests, JHEP 08 (2013) 022 [arXiv:1303.7244] [INSPIRE].

[27] B.C. Allanach and J. Davighi, Third family hypercharge model for RK(∗) and aspects of the

fermion mass problem, JHEP 12 (2018) 075 [arXiv:1809.01158] [INSPIRE].

[28] B.C. Allanach and J. Davighi, Naturalising the third family hypercharge model for neutral

current B-anomalies, Eur. Phys. J. C 79 (2019) 908 [arXiv:1905.10327] [INSPIRE].

[29] B.C. Allanach and H. Banks, Hide and seek with the third family hypercharge model’s Z ′ at the

large hadron collider, Eur. Phys. J. C 82 (2022) 279 [arXiv:2111.06691] [INSPIRE].

[30] J. Davighi, Anomalous Z’ bosons for anomalous B decays, JHEP 08 (2021) 101
[arXiv:2105.06918] [INSPIRE].

[31] B.C. Allanach, J.M. Butterworth and T. Corbett, Large hadron collider constraints on some

simple Z ′ models for b → sµ+µ− anomalies, Eur. Phys. J. C 81 (2021) 1126
[arXiv:2110.13518] [INSPIRE].

[32] B.C. Allanach, J.E. Camargo-Molina and J. Davighi, Global fits of third family hypercharge

models to neutral current B-anomalies and electroweak precision observables, Eur. Phys. J. C

81 (2021) 721 [arXiv:2103.12056] [INSPIRE].

[33] B. Allanach and J. Davighi, MW helps select Z ′ models for b → sℓℓ anomalies, Eur. Phys. J.

C 82 (2022) 745 [arXiv:2205.12252] [INSPIRE].

[34] A. Greljo et al., Muonic force behind flavor anomalies, JHEP 04 (2022) 151
[arXiv:2107.07518] [INSPIRE].

[35] LHCb collaboration, Test of lepton universality in b → sℓ+ℓ− decays, Phys. Rev. Lett. 131

(2023) 051803 [arXiv:2212.09152] [INSPIRE].

[36] A. Falkowski, M. Nardecchia and R. Ziegler, Lepton Flavor Non-Universality in B-meson

Decays from a U(2) Flavor Model, JHEP 11 (2015) 173 [arXiv:1509.01249] [INSPIRE].

[37] L. Calibbi et al., Z ′ models with less-minimal flavour violation, Phys. Rev. D 101 (2020)
095003 [arXiv:1910.00014] [INSPIRE].

[38] M. Algueró, J. Matias, A. Crivellin and C.A. Manzari, Unified explanation of the anomalies in

semileptonic B decays and the W mass, Phys. Rev. D 106 (2022) 033005 [arXiv:2201.08170]
[INSPIRE].

– 29 –

https://doi.org/10.1007/JHEP09(2022)193
https://arxiv.org/abs/2201.07245
https://inspirehep.net/literature/2012991
https://doi.org/10.1016/j.physletb.2022.137382
https://arxiv.org/abs/2203.01952
https://inspirehep.net/literature/2046399
https://doi.org/10.1007/JHEP02(2023)188
https://arxiv.org/abs/2209.00276
https://inspirehep.net/literature/2145353
https://doi.org/10.1007/JHEP04(2023)030
https://arxiv.org/abs/2212.06163
https://inspirehep.net/literature/2613878
https://arxiv.org/abs/2206.03096
https://inspirehep.net/literature/2092632
https://doi.org/10.1007/JHEP07(2023)147
https://arxiv.org/abs/2303.01520
https://inspirehep.net/literature/2638362
https://doi.org/10.1007/JHEP08(2013)022
https://arxiv.org/abs/1303.7244
https://inspirehep.net/literature/1225886
https://doi.org/10.1007/JHEP12(2018)075
https://arxiv.org/abs/1809.01158
https://inspirehep.net/literature/1692773
https://doi.org/10.1140/epjc/s10052-019-7414-z
https://arxiv.org/abs/1905.10327
https://inspirehep.net/literature/1736728
https://doi.org/10.1140/epjc/s10052-022-10191-6
https://arxiv.org/abs/2111.06691
https://inspirehep.net/literature/1967211
https://doi.org/10.1007/JHEP08(2021)101
https://arxiv.org/abs/2105.06918
https://inspirehep.net/literature/1863352
https://doi.org/10.1140/epjc/s10052-021-09919-7
https://arxiv.org/abs/2110.13518
https://inspirehep.net/literature/1952239
https://doi.org/10.1140/epjc/s10052-021-09377-1
https://doi.org/10.1140/epjc/s10052-021-09377-1
https://arxiv.org/abs/2103.12056
https://inspirehep.net/literature/1852836
https://doi.org/10.1140/epjc/s10052-022-10693-3
https://doi.org/10.1140/epjc/s10052-022-10693-3
https://arxiv.org/abs/2205.12252
https://inspirehep.net/literature/2087132
https://doi.org/10.1007/JHEP04(2022)151
https://arxiv.org/abs/2107.07518
https://inspirehep.net/literature/1886397
https://doi.org/10.1103/PhysRevLett.131.051803
https://doi.org/10.1103/PhysRevLett.131.051803
https://arxiv.org/abs/2212.09152
https://inspirehep.net/literature/2615983
https://doi.org/10.1007/JHEP11(2015)173
https://arxiv.org/abs/1509.01249
https://inspirehep.net/literature/1391805
https://doi.org/10.1103/PhysRevD.101.095003
https://doi.org/10.1103/PhysRevD.101.095003
https://arxiv.org/abs/1910.00014
https://inspirehep.net/literature/1757011
https://doi.org/10.1103/PhysRevD.106.033005
https://arxiv.org/abs/2201.08170
https://inspirehep.net/literature/2014092


J
H
E
P
1
1
(
2
0
2
3
)
1
0
0

[39] M. Fernández Navarro and S.F. King, Tri-hypercharge: a separate gauged weak hypercharge for

each fermion family as the origin of flavour, JHEP 08 (2023) 020 [arXiv:2305.07690]
[INSPIRE].

[40] J. Davighi, B. Gripaios and N. Lohitsiri, Global anomalies in the Standard Model(s) and

Beyond, JHEP 07 (2020) 232 [arXiv:1910.11277] [INSPIRE].

[41] L. Allwicher, G. Isidori and A.E. Thomsen, Stability of the Higgs Sector in a Flavor-Inspired

Multi-Scale Model, JHEP 01 (2021) 191 [arXiv:2011.01946] [INSPIRE].

[42] G. Panico and A. Pomarol, Flavor hierarchies from dynamical scales, JHEP 07 (2016) 097
[arXiv:1603.06609] [INSPIRE].

[43] Particle Data Group collaboration, Review of Particle Physics, PTEP 2022 (2022) 083C01
[INSPIRE].

[44] V. Gherardi, D. Marzocca and E. Venturini, Low-energy phenomenology of scalar leptoquarks

at one-loop accuracy, JHEP 01 (2021) 138 [arXiv:2008.09548] [INSPIRE].

[45] UTfit collaboration, Model-independent constraints on ∆F = 2 operators and the scale of

new physics, JHEP 03 (2008) 049 [arXiv:0707.0636] [INSPIRE].

[46] UTfit collaboration, Latest results from UTfit, http://www.utfit.org/.

[47] J.M. Lizana, J. Matias and B.A. Stefanek, Explaining the Bd,s → K(∗)K̄(∗) non-leptonic

puzzle and charged-current B-anomalies via scalar leptoquarks, JHEP 09 (2023) 114
[arXiv:2306.09178] [INSPIRE].

[48] M. Misiak, A. Rehman and M. Steinhauser, Towards B̄ → Xsγ at the NNLO in QCD without

interpolation in mc, JHEP 06 (2020) 175 [arXiv:2002.01548] [INSPIRE].

[49] Z.-Z. Xing, H. Zhang and S. Zhou, Updated Values of Running Quark and Lepton Masses,
Phys. Rev. D 77 (2008) 113016 [arXiv:0712.1419] [INSPIRE].

[50] Ò.L. Crosas et al., Flavor non-universal vector leptoquark imprints in K → πνν̄ and ∆F = 2

transitions, Phys. Lett. B 835 (2022) 137525 [arXiv:2207.00018] [INSPIRE].

[51] H.H. Patel, Package-X: A Mathematica package for the analytic calculation of one-loop

integrals, Comput. Phys. Commun. 197 (2015) 276 [arXiv:1503.01469] [INSPIRE].

[52] J. Fuentes-Martín et al., A proof of concept for matchete: an automated tool for matching

effective theories, Eur. Phys. J. C 83 (2023) 662 [arXiv:2212.04510] [INSPIRE].

[53] W. Altmannshofer and B. Maddock, Flavorful Two Higgs Doublet Models with a Twist, Phys.

Rev. D 98 (2018) 075005 [arXiv:1805.08659] [INSPIRE].

[54] F.J. Botella, G.C. Branco, M.N. Rebelo and J.I. Silva-Marcos, What if the masses of the first

two quark families are not generated by the standard model Higgs boson?, Phys. Rev. D 94

(2016) 115031 [arXiv:1602.08011] [INSPIRE].

[55] W. Altmannshofer et al., Uncovering Mass Generation Through Higgs Flavor Violation, Phys.

Rev. D 93 (2016) 031301 [arXiv:1507.07927] [INSPIRE].

[56] A.E. Blechman, A.A. Petrov and G. Yeghiyan, The flavor puzzle in multi-Higgs models, JHEP

11 (2010) 075 [arXiv:1009.1612] [INSPIRE].

[57] W. Altmannshofer, S. Gori and G.D. Kribs, A Minimal Flavor Violating 2HDM at the LHC,
Phys. Rev. D 86 (2012) 115009 [arXiv:1210.2465] [INSPIRE].

– 30 –

https://doi.org/10.1007/JHEP08(2023)020
https://arxiv.org/abs/2305.07690
https://inspirehep.net/literature/2659705
https://doi.org/10.1007/JHEP07(2020)232
https://arxiv.org/abs/1910.11277
https://inspirehep.net/literature/1760751
https://doi.org/10.1007/JHEP01(2021)191
https://arxiv.org/abs/2011.01946
https://inspirehep.net/literature/1828163
https://doi.org/10.1007/JHEP07(2016)097
https://arxiv.org/abs/1603.06609
https://inspirehep.net/literature/1431991
https://doi.org/10.1093/ptep/ptac097
https://inspirehep.net/literature/2106994
https://doi.org/10.1007/JHEP01(2021)138
https://arxiv.org/abs/2008.09548
https://inspirehep.net/literature/1812768
https://doi.org/10.1088/1126-6708/2008/03/049
https://arxiv.org/abs/0707.0636
https://inspirehep.net/literature/755026
http://www.utfit.org/
https://doi.org/10.1007/JHEP09(2023)114
https://arxiv.org/abs/2306.09178
https://inspirehep.net/literature/2668889
https://doi.org/10.1007/JHEP06(2020)175
https://arxiv.org/abs/2002.01548
https://inspirehep.net/literature/1778760
https://doi.org/10.1103/PhysRevD.77.113016
https://arxiv.org/abs/0712.1419
https://inspirehep.net/literature/770047
https://doi.org/10.1016/j.physletb.2022.137525
https://arxiv.org/abs/2207.00018
https://inspirehep.net/literature/2104700
https://doi.org/10.1016/j.cpc.2015.08.017
https://arxiv.org/abs/1503.01469
https://inspirehep.net/literature/1347391
https://doi.org/10.1140/epjc/s10052-023-11726-1
https://arxiv.org/abs/2212.04510
https://inspirehep.net/literature/2612681
https://doi.org/10.1103/PhysRevD.98.075005
https://doi.org/10.1103/PhysRevD.98.075005
https://arxiv.org/abs/1805.08659
https://inspirehep.net/literature/1674354
https://doi.org/10.1103/PhysRevD.94.115031
https://doi.org/10.1103/PhysRevD.94.115031
https://arxiv.org/abs/1602.08011
https://inspirehep.net/literature/1424273
https://doi.org/10.1103/PhysRevD.93.031301
https://doi.org/10.1103/PhysRevD.93.031301
https://arxiv.org/abs/1507.07927
https://inspirehep.net/literature/1385596
https://doi.org/10.1007/JHEP11(2010)075
https://doi.org/10.1007/JHEP11(2010)075
https://arxiv.org/abs/1009.1612
https://inspirehep.net/literature/867987
https://doi.org/10.1103/PhysRevD.86.115009
https://arxiv.org/abs/1210.2465
https://inspirehep.net/literature/1190002


J
H
E
P
1
1
(
2
0
2
3
)
1
0
0

[58] B. Grzadkowski, M. Iskrzynski, M. Misiak and J. Rosiek, Dimension-Six Terms in the

Standard Model Lagrangian, JHEP 10 (2010) 085 [arXiv:1008.4884] [INSPIRE].

[59] L. Allwicher et al., HighPT: A tool for high-pT Drell-Yan tails beyond the standard model,
Comput. Phys. Commun. 289 (2023) 108749 [arXiv:2207.10756] [INSPIRE].

[60] CMS collaboration, Search for resonant and nonresonant new phenomena in high-mass

dilepton final states at
√
s = 13 TeV, JHEP 07 (2021) 208 [arXiv:2103.02708] [INSPIRE].

[61] ATLAS collaboration, Search for additional heavy neutral Higgs and gauge bosons in the ditau

final state produced in 36 fb−1 of pp collisions at
√
s = 13 TeV with the ATLAS detector, JHEP

01 (2018) 055 [arXiv:1709.07242] [INSPIRE].

[62] CDF collaboration, High-precision measurement of the W boson mass with the CDF II

detector, Science 376 (2022) 170 [INSPIRE].

[63] V. Bresó-Pla, A. Falkowski and M. González-Alonso, AF B in the SMEFT: precision Z physics

at the LHC, JHEP 08 (2021) 021 [arXiv:2103.12074] [INSPIRE].

[64] LHC-TeVatron W-boson mass combination working group collaboration, Towards a

combination of LHC and TeVatron W-boson mass measurements, CERN-LPCC-2022-06 (2022)
[DOI:10.2172/1882580].

[65] L. Allwicher et al., Third-family quark-lepton Unification and electroweak precision tests,
JHEP 05 (2023) 179 [arXiv:2302.11584] [INSPIRE].

[66] E.E. Jenkins, A.V. Manohar and M. Trott, Renormalization Group Evolution of the Standard

Model Dimension Six Operators II: Yukawa Dependence, JHEP 01 (2014) 035
[arXiv:1310.4838] [INSPIRE].

[67] W. Altmannshofer, A.J. Buras, D.M. Straub and M. Wick, New strategies for New Physics

search in B → K∗νν̄, B → Kνν̄ and B → Xsνν̄ decays, JHEP 04 (2009) 022
[arXiv:0902.0160] [INSPIRE].

[68] Belle-II collaboration, The Belle II Physics Book, PTEP 2019 (2019) 123C01 [Erratum ibid.

2020 (2020) 029201] [arXiv:1808.10567] [INSPIRE].

[69] A.E. Thomsen, Introducing RGBeta: a Mathematica package for the evaluation of

renormalization group β-functions, Eur. Phys. J. C 81 (2021) 408 [arXiv:2101.08265]
[INSPIRE].

[70] LHCb collaboration, Physics case for an LHCb Upgrade II — Opportunities in flavour physics,

and beyond, in the HL-LHC era, arXiv:1808.08865 [INSPIRE].

[71] G. Bernardi et al., The Future Circular Collider: a Summary for the US 2021 Snowmass

Process, arXiv:2203.06520 [INSPIRE].

[72] J. Aebischer et al., Confronting the vector leptoquark hypothesis with new low- and high-energy

data, Eur. Phys. J. C 83 (2023) 153 [arXiv:2210.13422] [INSPIRE].

[73] R. Barbieri and A. Strumia, The ‘LEP paradox’, in the proceedings of the 4th Rencontres du

Vietnam: Physics at Extreme Energies (Particle Physics and Astrophysics), Hanoi Vietnam,
July 19–25 (2000) [hep-ph/0007265] [INSPIRE].

– 31 –

https://doi.org/10.1007/JHEP10(2010)085
https://arxiv.org/abs/1008.4884
https://inspirehep.net/literature/866649
https://doi.org/10.1016/j.cpc.2023.108749
https://arxiv.org/abs/2207.10756
https://inspirehep.net/literature/2121076
https://doi.org/10.1007/JHEP07(2021)208
https://arxiv.org/abs/2103.02708
https://inspirehep.net/literature/1849964
https://doi.org/10.1007/JHEP01(2018)055
https://doi.org/10.1007/JHEP01(2018)055
https://arxiv.org/abs/1709.07242
https://inspirehep.net/literature/1624690
https://doi.org/10.1126/science.abk1781
https://inspirehep.net/literature/2064224
https://doi.org/10.1007/JHEP08(2021)021
https://arxiv.org/abs/2103.12074
https://inspirehep.net/literature/1853020
https://doi.org/10.2172/1882580
https://doi.org/10.1007/JHEP05(2023)179
https://arxiv.org/abs/2302.11584
https://inspirehep.net/literature/2635795
https://doi.org/10.1007/JHEP01(2014)035
https://arxiv.org/abs/1310.4838
https://inspirehep.net/literature/1261282
https://doi.org/10.1088/1126-6708/2009/04/022
https://arxiv.org/abs/0902.0160
https://inspirehep.net/literature/812305
https://doi.org/10.1093/ptep/ptz106
https://arxiv.org/abs/1808.10567
https://inspirehep.net/literature/1692393
https://doi.org/10.1140/epjc/s10052-021-09142-4
https://arxiv.org/abs/2101.08265
https://inspirehep.net/literature/1842139
https://arxiv.org/abs/1808.08865
https://inspirehep.net/literature/1691586
https://arxiv.org/abs/2203.06520
https://inspirehep.net/literature/2051032
https://doi.org/10.1140/epjc/s10052-023-11304-5
https://arxiv.org/abs/2210.13422
https://inspirehep.net/literature/2169665
https://arxiv.org/abs/hep-ph/0007265
https://inspirehep.net/literature/530815

	Introduction
	Model basics and EFT
	Gauge sector and symmetry breaking
	EFT for light Yukawas

	UV completing the Yukawa sector
	Light-heavy mixing via a vector-like quark
	Light-heavy flavour violation constraints
	Light Yukawas via a heavy Higgs
	Light family flavour violation constraints

	Naturalness and constraints
	Scalar potential and `tree-level' tuning
	Radiative corrections
	Justification for up-alignment

	Results and phenomenology
	Tree-level SMEFT matching
	Flavour-conserving constraints
	Flavour-violating constraints
	Combined results and future projections

	Concluding remarks
	EFT for neutrino masses

