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ABSTRACT: We study an effective theory of flavour in which the SU(2), interaction is ‘flavour-
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three generations of left-handed fermions via an Sp(6)7 symmetry. Flavour-universality of
the electroweak force emerges accidentally (but naturally) from breaking the H?:1 SU(2)
gauge group to its diagonal subgroup, delivering hierarchical fermion masses and left-handed
mixing angles in the process. The heavy gauge bosons transform as two SU(2);, triplets
that mediate new flavour non-universal forces. The lighter of these couples universally to
the light generations, allowing consistency with flavour bounds even for a TeV scale mass.
Constraints from flavour, high mass LHC searches, and electroweak precision are then highly
complementary, excluding masses below 9 TeV. The heavier triplet must instead be hundreds
of TeV to be consistent with meson mixing constraints. Because only the lighter triplet couples
to the Higgs, we find radiative Higgs mass corrections of a few hundred GeV, meaning this
model of flavour is arguably natural. The natural region will, however, be almost completely
covered by the planned electroweak programme at FCC-ee. On shorter timescales, significant
parameter space will be explored by the High-Luminosity LHC measurements at high-pr,
and upcoming lepton flavour violation experiments, principally Mu3e.
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Introduction

The matrices of Yukawa couplings in the Standard Model (SM), that govern the interactions

between the Higgs field H and three generations of quarks and charged leptons, are highly non-

generic. The eigenvalues of these matrices are extremely hierarchical, with e.g. vy, /y; ~ 1075,

and the mixing angles needed to diagonalise the quark Yukawa matrices are small and also

hierarchical, with 1 » [Vis| » |Vip| » |Vup|. The origin of these hierarchies constitutes the



SM flavour puzzle. While small Yukawa couplings are technically natural, being protected by
chiral symmetries, this rich structure likely finds its explanation via new dynamics beyond
the SM (BSM). A BSM solution to the flavour puzzle will typically feature new particles
that interact differently with the different generations.

Symmetries, in this case the approximate global symmetries of the SM, provide important
clues that should guide our attempts to solve the flavour puzzle. Each 3-by-3 complex Yukawa
matrix Y, Yy, and Y, is, to zeroth order, dominated by a single large entry responsible for
setting the size of vy, yp, and y,. Ignoring all other entries, such a matrix is symmetric
under U(2)y x U(2)p rotations acting on the first and second (henceforth ‘light’) generation
left- and right-handed fermions. The unequal light generation masses, and the observed
mixings between left-handed quarks, provide small breaking of these U(2)y x U(2)r global
symmetries [1-4], rendering them only approximate.

If there is light BSM physics with sizeable couplings to the SM, where ‘light’ indicates a
scale of order TeV that could be probed at colliders, then the new physics couplings to the
SM must also exhibit U(2) flavour symmetries — whether that BSM is invoked to explain the
SM flavour puzzle or not. This flavour symmetry is required because of precise measurements
in the flavour sector that agree well with the SM predictions, particularly concerning kaon
mixing, which constrains the effective scale Ayy appearing in certain 4-quark operators
~ (3d)%/A%, to be at least 10576 TeV. The need to reconcile these stringent flavour bounds
with light BSM is often termed the BSM flavour puzzle. If we remain optimistic that BSM
physics could be light, then it is tempting to hypothesize that the global U(2) symmetries
appearing in both the SM Yukawa sector and in the BSM sector have a common dynamical
origin, for example emerging as accidental symmetries arising from a gauge symmetry that
is intrinsically flavour non-universal (acting differently on the third generation), broken
somewhere near the TeV scale.

It is not just optimism that favours the BSM physics being light. If it were heavy,
then the Higgs mass squared parameter would receive large radiative corrections, scaling
quadratically with the heavy mass scale, that would render the Higgs mass fine-tuned —
irrespective of what dynamics reside at even higher scales. These finite Higgs mass corrections
will typically be generated at low loop order (1- or 2-loop) in BSM theories of flavour,
since these typically couple to at least the Higgs or the top quark. This notion of ‘finite
naturalness’ [5] is an important consideration guiding low-scale model building, that we
take seriously in the present work.

There are many different symmetries one might gauge that would deliver U(2) global
symmetries as accidental. The most direct is to gauge anomaly-free combinations of the
U(2) flavour symmetries themselves. To give a few examples, low-scale models have been
proposed for gauged SU(2)? with one factor for each type of quark field [6], for choices of U(2)
compatible with SU(5) grand unification [7], and recently for gauged SU(2),, +¢, that acts
only on left-handed fermions [8] (see also [9]). In all these options the gauged symmetry is
horizontal, meaning it commutes with the SM gauge symmetry. The BSM forces responsible
for explaining flavour are therefore totally decoupled from the SM interactions which are
flavour-universal. The new force has a gauge coupling that is a free parameter which can
be very small, decoupling its phenomenological effects even if the mass scale is low. The



first example of such a horizontal gauge model of flavour, due to Froggatt and Nielsen [10],
was not based on SU(2) symmetries but on gauging a non-universal U(1)r. Charges can be
chosen to engineer realistic Yukawa structures, which are generated (typically by integrating
out chains of extra fermions) upon breaking U(1)p.

An alternative approach to generating accidental U(2) flavour symmetries, which is
the one we explore in this paper, is instead to ‘deconstruct’ [11] the SM gauge interactions
according to flavour (see e.g. [12-15]). That is, we entertain a symmetry breaking pattern

3~ TeV
G1+2 X G3 u) G1+2+3, (1.1)

where G denotes some part of the SM gauge symmetry. If the Higgs is charged under the G3
factor only, the Yukawa couplings will inherit exact U(2) flavour symmetries accidentally,
which are then approximately realised in the symmetry-broken SM phase. This option, in
comparison with the horizontal approach described above, has several appealing features:

e The ultraviolet (UV) embedding of the SM gauge interactions themselves is intrinsically
non-universal; the flavour puzzle is not ‘factorised’ from the known SM forces, as in
the horizontal approach. The new gauge couplings cannot be arbitrarily small; each
of the gi12 and g3 gauge couplings must be at least as large as the SM gauge coupling
onto which they match. This means the extra gauge bosons cannot be decoupled
phenomenologically when their mass is low, unlike for a horizontal gauge extension.

e The choice of symmetry, by which we mean the groups involved and the representations
in which the SM fields transform, is entirely dictated by the SM gauge structure; there
are, as such, no ad hoc choices to make concerning e.g. the assignment of U(1)r charges.
Moreover, anomaly cancellation is automatically inherited from the SM.

o It is easy to find semi-simple UV completions of a deconstructed gauge model, through
which one can also explain the quantisation of hypercharge, and perhaps even identify
a model with asymptotically free gauge couplings (see e.g. [16, §7]). At the very least,
one can replicate the known semi-simple embeddings of the flavour-universal SM, i.e.
via SU(5), Spin(10), or the Pati-Salam embedding [17], for each generation. This
is the approach taken in the ‘Pati-Salam cubed’ model of [18], and recently in an
SU(5)? model of ‘tri-unification’ [19]. Models like this could in turn be realised in a
5d setup, e.g. [20]. There are also other intrinsically flavoured options, sticking to 4d,
as categorised in ref. [21], in which the generations are further ‘re-unified’ in the UV
via some ‘gauge-flavour-unification’ symmetry [22]. For example, given N, generations
one can embed SU(2)z, into Sp(2Ny)r, = Sp(6)r, as used in the electroweak flavour
unification model of [23]. In contrast, most horizontal Ggy x U(1)r gauge theories,
even those that are anomaly-free, have no semi-simple completion [24].

o At least when the symmetry group G is semi-simple, the breaking pattern (1.1), by
which two copies of the same group G are broken to their diagonal (which in this
context means ‘flavour-universal’) subgroup, is generic. It is independent of both the
initial gauge coupling strengths, and of the representation of the scalar condensate
(provided, of course, it is not a singlet under either copy of G). This follows from



Goursat’s lemma [25, 26] concerning the subgroups of a direct product group, as was
recently shown in the context of clockwork theories [27] in ref. [28].

Thus, the U(2) flavour symmetries which help us to reconcile both the SM and BSM flavour
puzzles, together with the flavour-universality of SM gauge interactions, emerge accidentally
but naturally in a model with deconstructed gauge symmetry.

Interest in this class of flavour models was recently revived thanks to the intriguing
hints of BSM in B-meson decays, principally the evidence of tau wvs. light-lepton flavour
universality violation in charged current b — ¢fv decays (according to the latest HFLAV fit the
significance of the discrepancy in the R« observables is about 3.30 [29]). So-called ‘4-3-2-1
models’ [18, 20, 30-36], which feature an SU(3);42 x SU(4)3 deconstruction of colour along
with quark-lepton unification in the third family, predict a flavoured U; leptoquark with mass
a few TeV, that can explain this and other long-standing anomalies in B-meson decays (such
as in b — spp processes). In this paper we step back from the B-anomalies (which motivate
the U; leptoquark), and consider only flavour. Then it is electroweak deconstruction that is
essential, while deconstructing colour is not, simply because the Higgs is colourless.! The
option of deconstructing hypercharge only was investigated in refs. [37, 38] (see also [39-41]).
Here we consider the other electroweak factor to be the origin of the SM flavour hierarchies,
and deconstruct the SU(2) interaction.

We study in detail the symmetry breaking pattern

v12 ~ 0(100 TCV)
— e e =

SU(Q)LJ X SU(Q)L,Q X SU(Q)L73 SU(?)L,1+2 X SU(Q)L;), (1.2)

22s > QU TN, SU2) 114243, (1.3)

with the Higgs being a doublet of SU(2)r, 3. We study this as an effective field theory (EFT) of
flavour, not specifying the particular UV dynamics above the high scale v that we presume
generates the Yukawa structure; our purpose is rather to elucidate the phenomenology of
the gauge sector associated with (1.1). One possible UV completion is via the Sp(6), [23]
electroweak flavour unification group described above. The EFT we study captures the
dominant low-energy phenomenology associated with the breaking of Sp(6)z in that model,
which is an important motivation for the present paper.

The idea of a deconstructed SU(2)r, is not new, but goes back to work of Ma and
collaborators [12, 42—-46] in the 1980s — predating the discovery of the complete third
generation and the full CKM mixing pattern, which now forms a cornerstone of our motivation.
The model was in part motivated by a then-anomalous measurement of the lifetime of the
not-long-discovered tau lepton at SLAC, and predicted signatures in B-meson mixing and
myy. This selection of observables are indicative of some of the important phenomenology
that we study in this paper. While the gauge group considered there was the same, the setup
of the model at low energies was different, with Higgs doublets coupled to each generation
(compared to only one light Higgs coupled to SU(2)y, 3 in our case) and three sets of link field

!That said, if we seek a more detailed low-scale deconstructed flavour model in which the spurions generating
Ver and y2/ys are disentangled, and we further postulate that the gauge model has a semi-simple completion
without adding further fermions, then the viable models do also feature a deconstructed colour group, and in
particular an SU(4)3 force, as shown in [16].



(rather than two). And needless to say, the motivations, the experimental and theoretical
context, and the relevant phenomenology, are significantly different now.

The symmetry breaking (1.1) gives six heavy gauge bosons: (i) a heavy SU(2), triplet
W12 with mass ~ vya, that mediates flavour violation in the 1-2 sector, and (ii) a lighter
SU(2) 1, triplet Was at ~ ve3, which couples differently to the third generation but universally
to the light generations. As anticipated, the Wags triplet gives unavoidable 1-loop corrections
to the Higgs mass squared, that scale like g%,,v3;/(1672) where ggps is the SU(2),, SM gauge
coupling. But thanks to the U(2) protection of its couplings to the light generations, this
triplet is phenomenologically viable close to the TeV scale. The electroweak scale can therefore
be natural in this deconstructed SU(2)y framework, despite the proliferation of electroweak
gauge bosons. The stability of the electroweak scale in a toy model with deconstructed
SU(2)r, symmetry was scrutinised in ref. [47].

All these features motivate a comprehensive phenomenological study of the deconstructed
SU(2);, gauge model, which we undertake in this paper. We elucidate the interplay of
current experimental bounds in constraining the natural parameter space, finding excellent
complementarity between flavour, electroweak precision observables, and high pr LHC
searches in leptonic final states. This resonates with the model-independent analysis of [48],
and also with the findings of [37, 38] which explored the deconstructed hypercharge case.
There are nevertheless important phenomenological differences with that scenario, due to
the presence of charged currents, the left-handed chiral structure, and the preservation of
custodial symmetry. We examine flavour observables of interest, such as Bg-mixing, Bs — uu,
B — K™y, tau physics, and lepton flavour violating (LFV) processes. Finally, we explore
how the landscape of such a flavour model will evolve in the medium-term future, thanks to
the huge leap forward brought by FCC-ee, but also due to significant shorter-term advances
from the High-Luminosity LHC, Belle II, and Mu3e.

The structure of the paper is as follows. In section 2 we set out the model, including
the symmetry breaking pattern and corresponding gauge boson spectrum. In section 3 we
consider the Higgs mass stability. In section 4 we match onto the Wilson coefficients of the SM
effective field theory (SMEFT), and then in §section 5 and 6 we derive the phenomenological
constraints on the heavy and light SU(2); gauge boson triplets respectively. In section 7
we discuss the prospects at future experiments, before concluding.

2 The Model

2.1 Flavour deconstruction for flavour hierarchies

We study a simplified, effective model of flavour based on a deconstructed II?_,SU(2)y; gauge
symmetry, that is spontaneously broken to the flavour-universal SU(2);, of the Standard Model:

SU(2)L’1 X SU(Q)LQ X SU(Q)L73 i SU(2)L,SM- (2.1)

The i*P-generation of left-handed SM fermions is charged in the doublet representation of
SU(2)r,;. We take the SM Higgs to be charged only under SU(2)y, 3. For simplicity, we leave
SU(3) colour and U(1)y hypercharge flavour-universal, as they are in the SM.? The symmetry

2Going deeper into the UV, one might wish to unify quarks and leptons via an SU(4) colour group & la
Pati and Salam, either flavour universally or non-universally, and/or flavour deconstruct hypercharge also.



breaking (2.1) to the SM occurs due to the condensing of two scalar bi-fundamental link
fields ¢'2 ~ (2,2,1) and ¢?* ~ (1,2,2) which take the vevs:

<¢£a2> = V12 €ajay> <¢Z§a3> = V23 €agas> (2'2)

where a; is an index labelling C? vectors acted on by the fundamental representation of
SU(2)r,;. The field content of the model is summarised in table 1. We derive the spectrum
of associated heavy gauge bosons in section 2.3. Here, we begin by describing the Yukawa
sector in such a deconstructed SU(2);, model.

Because the Higgs field is charged under the third family part of the gauge group,
renormalisable Yukawa couplings are permitted by the gauge symmetry only for the third
family left-handed fields. Using a convention in which H has hypercharge —1/2, we have

—L oy, qrazHur; + vh qr3HdR; + yilr3Hr,, (2.3)

where H® = iooH™, and where each of yg’b,T is a 3-component complex vector. With
these couplings alone, the 3-by-3 complex Yukawa matrices YL;” e defined such that £ o
Yu"qu,iH upR,; etc, have non-zero entries only in the third row. Each of these Yukawa matrices
is of course rank-1, with the non-zero eigenvalues being the components yzbﬁ. The matrices
are moreover diagonalised (so that only the Y33 entries are non-vanishing) via unitary
rotations only of the right-handed fields, which remain unphysical as in the SM (because all
forces acting on RH particles are flavour-universal and neutral-current).

The UV theory must contain additional heavy dynamics,? such as extra Higgs-like scalars
or vector-like fermions, which has already been integrated out at higher scales Ajs and Ao
to generate the remaining Yukawa couplings (responsible for the first and second generation
masses and the CKM mixing) via higher-dimensional operators. Without specifying this UV
dynamics explicitly (though we review one option in section 2.2), one can write down these
higher-dimensional operators in the effective field theory (EFT) description:

¢ o o _
—L > A723 (Cé qL’QHuR,i +C} qL’zHcdRi + CL €L72HC€R¢) (2.4)
¢12¢23 ) ) o
(C& qulHuR,i + C&@LJHCdR’i + Cé eL,cheRﬂ') s
A12Mo3
where C};’s%u’d’e are six more complex 3-vectors, this time containing Wilson coefficients

determined by the matching from the (unspecified) UV theory. Defining the pair of small
parameters

€= <L, ije{12,23}, (2.5)

One UV setup that combines these elements utilises the gauge group SU(4) x Sp(6)r x Sp(6)r, as in ref. [23].
We comment on this option in section 2.2, but our primary focus is on the phenomenology of deconstructed
SU2)z.

3The new dynamics does not strictly have to be hierarchically heavy; another option is for it to contribute
to the effective Yukawa operators only via loop-suppressed diagrams (as in e.g. [8]), with the extra suppression
translating to a higher effective scale.



Field(s) | SU(3) x U)y | SU2)z1 SU@2)r2 SU(@2)Ls
YL X 2 1 1
YL X 1 2 1
Yr3 X 1 1 2
YR, X 1 1 1
H X 1 1 2
o2 (1,0) 2 2 1
¢%3 (1,0) 1 2 2

Table 1. Representations of SM fields under the deconstructed SU(2)z, gauge symmetry. Here, 1, (r)
denotes a quark or lepton left- (right-) handed fermion multiplet. The Higgs is charged under the
SU(2) 1,3 factor. In the second column, x denotes that the corresponding field is charged as in the SM
under SU(3) x U(1)y, which is true for all fields in this model. The BSM scalar fields ¢* in the final
two rows are required to break the deconstructed SU(2);, down to the SM, and in so doing generate
the hierarchical structure for the SM Yukawa couplings.

we expect the following textures for the effective Yukawa matrices after the symmetry
breaking (2.1) has occurred:

€12€23 €12€23 €12€23
Yude~ | €3 €3 €3 |, (2.6)
1 1 1
up to factors of the order-1 Yukawa couplings and Wilson coefficients.
Yukawa matrices with this structure would be diagonalised by order-1 rotations on

the right-handed fields, i.e. with large mixing angles, while the left-handed rotations are
hierarchial with the following structure

1 €12 €12€23
Vide~ |- 1 €3 |, (2.7)
1
up to order-1 coefficients that depend on the details of the UV dynamics that give rise to the

EFT operators in (2.4). The CKM matrix, which governs the flavour-changing interactions
of the SM W= bosons, is V = VUVJ as usual, and so we expect

€12 ~ A, €23 ~ |Vip| ~ A2, (2.8)

where A ~ 0.2 is the Cabibbo angle. One then expects that |Vys| ~ e12€23 ~ A3, in line
with the measured value. In the phenomenological analysis that follows, it is useful to
define two limiting cases, in which the CKM mixing comes entirely from either the up- or
down-quark sector:

e Up-alignment: V,, =1, Vy = VT

e Down-alignment: V, =V, 6 V; =1



These two benchmarks allow us to study the phenomenology in two extreme cases; for example,
there is maximal down-type (up-type) meson mixing in the up-alignment (down-alignment)
scenario — see section 5.1 and 6.1.2.

Lastly, the structure (2.6) also implies the fermion mass eigenvalues follow a similar
hierarchy to the CKM angles, with y;/y2 ~ €12 and y2/ys ~ €23. This predicted hierarchy
offers a good starting point for explaining the observed mass and mixing hierarchies, although
some of the Wilson coefficients have to be O(0.1) in order to fit the measured values (for
example, to get light enough m, 4,, which are suppressed with respect to m, s . by more
than just a Cabibbo factor, and to get my » which are significantly smaller than m;). This
is equally the case for the horizontal SU(2) gauge model recently proposed in [8] which, by
acting non-universally only on the left-handed fields, also predicts Yukawa textures like (2.6);
in both cases, the huge hierarchies of O(107%) present in the SM Yukawa sector have been
traded for acceptable factors of 0(0.1). If desired, further ingredients can be included to
‘break’ this link between the mass and mixing hierarchies, for example deconstructing also
the right-handed interactions; we refer the reader to e.g. [18, 20, 23, 36] for more complete
flavour model-building efforts in this direction.

2.2 Unification in the UV

One possible UV origin for the symmetry breaking pattern (2.1) that we explore in this
work, and which is an important motivation for our study, is an Sp(6)z gauge symmetry that
unifies all three generations of left-handed doublets into one fundamental field:

Y1 ®@Yro®yYr3— 6 of Sp(6)r, (2.9)

realising electroweak flavour unification [23] (see also [49]). The high-scale symmetry breaking
Sp(6)r, — [T>_, SU(2) L, is triggered by the vev of a real scalar field Sy, in the 14-dimensional
antisymmetric 2-index irrep of Sp(6)y, [23], while the fields ¢'? and ¢?? (table 1) that trigger
the lower-scale breaking fit inside a second real 14-plet ®;. The physical Higgs field H of
the deconstructed SU(2);, model, as listed in table 1, is also embedded in the 6 of Sp(6)y,
alongside other flavoured copies that are presumed to be heavier. It was shown in [23] that
integrating out these heavy Higgs components at scales ~ A1z 93 also offers an explicit UV
origin for the EFT operators in (2.4) that generate the hierarchial Yukawa structure.

In this paper we keep in mind the Sp(6); UV scenario as a ‘benchmark’ when exploring
the low-energy phenomenology, which is determined by the low-scale symmetry breaking
chain (2.1). The important thing from our low-energy point of view is that Sp(6), unification
gives a matching condition on the SU(2)r; gauge couplings, which is that

g1 =92=93 [Sp(6), matching condition)] (2.10)

at the matching scale. Going to low energies (relevant to the experimental bounds we will
compute), this matching condition is only slightly corrected by RG running. This of course
depends on the precise mass scales at which each heavy scalar field is integrated out, but to
get a handle on this effect we can compute the 1-loop S-functions in the EFT of table 1:

A g _ 35
 Olnp 16720 =

34
Y2=73= <71, (211)

Bi: Fa 6



meaning that if we start at g = mz and ‘run up’, g; runs slightly faster than go and g3. More
correctly, if we start from the matching condition (2.10) at the Sp(6)-breaking scale, which
we might take to be 10* TeV or so, then upon running to the low-energy model we will obtain
g1 > g2,3 at 1t ~ mz. But the departure from equal couplings is, numerically, a very small
effect despite the large logarithm coming from running over five orders of magnitude in scale;
for instance, if we assume all the extra fields are integrating out at j = 10* TeV and we run
down to u = myz assuming the field content of table 1, we find g; is bigger than g2 3 by less
than 1%. We are therefore happy to take (2.10) as our approximate condition for embedding
the EFT inside the Sp(6); model at any relevant phenomenological scale.

Interestingly, when we account for all the current experimental bounds, we will find
in section 6 that this scenario for the gauge couplings allows for the lightest viable mass
scale for the heavy gauge bosons.

2.3 Gauge boson spectrum and couplings

We now derive the spectrum of heavy gauge bosons coming from the symmetry breaking
pattern (2.1) and their couplings to SM fields, which determine the phenomenology we
wish to study.

Gauge boson masses. The gauge boson masses come from the kinetic terms for the
scalar bifundamental fields ¢'? and ¢?3 that condense to break the [, SU(2),; symmetry,
via the vevs (2.2). These kinetic terms are

Liin = Tr [(D,¢'?) D "] + Tr [(D,9*) D"¢*¥] (2.12)

where the covariant derivatives are, making the distinct SU(2)r,; indices (a;) explicit,

12 12 . I _I 12 : I I 12
(Duﬁb Jaraz = au(lsal@ - Zgl(Wl,ﬂ' )a1b1¢b1a2 - ZQZ(WQMT )a2b2¢a1bga (2.13)
23 23 . I I 23 . I I 23
(Du¢ Jazas = au¢a2a3 - Z92(VV2M7' )a2b2¢b2a3 - Zgi’)(‘/vs;ﬂ' )asbs asbz* (2.14)
Here 7/ = o!/2 where o! are the Pauli matrices, g, go and g3 are the respective gauge

couplings for SU(2)r, 1, SU(2),2 and SU(2)r, 3, and Wl[u’ WQIM and ngu are the corresponding
gauge fields in the unbroken | [, SU(2)r ;-symmetric phase. Expanding eq. (2.12) about the
vevs (2.2) yields the gauge boson mass terms

2 2
v > _, v - -
[Lxinlg - sy = %2!91W1 — goWal® + %\sz — g3Ws|?, (2.15)

where we have now written each gauge boson triplet as a 3-vector in SU(2)r,; space, and
where |A]2 denotes the usual Euclidean length squared of such a vector A.

Defining a small parameter z = (v23/v12)? « 1, the Lagrangian can be written as a
9-by-9 quadratic form (see also [47]):

9 97 —9192 0 Wi
v 5 o o -
[»ckin]¢—><¢> = % (W1 W2 Wg) —3gi192 g%(l + 1’) —3g2g3x W2 . (2.16)
0  —gugsz g3 W3



As expected, this matrix has vanishing determinant and so there is a zero eigenvalue,
corresponding to the gauge boson combination that remains massless thanks to SU(2)p-
universal remaining unbroken. The eigenstates of the mass matrix (2.16) are

. 1w 1o 1.
Wamoc —Wq + —Wo + —W3 (massless eigenstate) , (2.17)
91 92 g3
. 1 - 1 -
W12 aoC —Wl — 7W2 s (2.18)
92 g1
Was o — g1g3W1 — 9192 W2 + (9793 + g393) Wa. (2.19)

In terms of the UV gauge couplings and the vevs, the masses of the two heavy gauge
boson triplets are

2.2, 2.2 929
[5 o + +
miz = vi2a/ g2 + g2, Mg — Vs 9193 29293 ; 9193 (2.20)
91+ 93

Having derived the masses, we next derive the couplings of these gauge fields.

Before doing so, we remark that there are also non-vanishing 3- and 4-point vertices
coupling the heavy gauge triplets to the massless SM triplet, that come (from the UV
perspective) from expanding out the gauge field kinetic terms in terms of the mass eigenstates.
These interactions can be repackaged, from the low-energy perspective, into the kinetic terms
for the massive triplets, viewed as transforming in the adjoint representation of the unbroken
flavour-universal SU(2);, gauge symmetry. Accordingly, when matching onto SMEFT in
section 4 the effects of these gauge-gauge interactions are automatically incorporated.

Gauge coupling matching condition and parametrisation. As we mentioned in the
Introduction, it is a group theoretic fact that a product [ [; G; of multiple copies of the same
simple group will, under generic conditions, always break down to its diagonal subgroup [25, 26].
A precise version of this statement was made in the context of the clockwork mechanism [27]
in ref. [28], but here we see its relevance for models of flavour-deconstructed gauge symmetries:
regardless of the values of the gauge couplings g;, the unbroken gauge group will always be
the diagonal subgroup.? Equivalently, the massless gauge bosons, which we identify with the
SM SU(2);, gauge bosons, necessarily couple flavour-universally, as they must.

In the broken phase, the gauge coupling of the unbroken diagonal group ggiag, to which
the massless gauge boson combination couples, is given in terms of the gauge couplings g;
of the individual factors G; by [12, 28]

ngz%. (2.21)

In our case, we therefore have that the SM electroweak coupling ggas is given in terms
of g1, g2, g3 by

1 1 1\ 2 919293
gsmMm =\ 3+ 5+ 5 T /292, 29 232 (2.22)
9@ ¢ g V9393 + gig3 + 9393

“We could have also played with scalar link fields ¢ in other representations of SU(2)r,:, with the same

effect. Choosing the link fields to transform as bidoublets under pairs of SU(2)r,; factors, as we do, is simply
the minimal choice.
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The fact that ggas is an observed quantity means that gi, go and g3 are not independent,
but are constrained by the matching condition (2.21). In particular, eq. (2.21) immediately
implies that each gauge coupling satisfies ¢g; 2 gsar, meaning that none of the UV groups
SU(2)r,; can be ‘weakly coupled’ to the SM fields.

The constraint (2.21) simply parametrizes a 2-sphere in 3d Cartesian coordinates z; = g; L
of radius ggjm It is therefore convenient to enforce this constraint by using polar coordinates
(0,¢). We choose coordinates such that

gsm = g3cosf = gosinf cosp = gy sinfsin ¢, (2.23)

which allow us to eliminate the couplings g1 23 in terms of two physical mixing angles

0 = tan~! ( 93 + > , — tan ™! . 2.24
9192 ’\/91 92 ¢ (92/91) ( )

Without loss of generality, we restrict to the region 6, ¢ € [0, 7] such that g1, g2,93 > 0. In
these coordinates, the gauge boson masses in eq. (2.20) become

2v1295M 202395 M

_SU1295M - 2.2
sin26 s’ BT sin2g (2.25)

mi2 =

The hierarchy between the gauge boson masses therefore depends on the values of 8 and
¢, as well as on the ratio between vi3 and ve3. This dependence is illustrated in the left
plot in figure 1. On the right, regions of large couplings are shown on the same ¢ — 6 plane.
By comparing the two plots, it is clear that the regions with the highest m12/ma3 hierarchy
are also the regions with large g1 or go. This interplay is important when exploring the
phenomenology of these gauge bosons, as we will see in later sections. The black dots in
figure 1 are the points at which g1 = g2 = g3 = v/3gsa, as expected in models where the
I1?_,SU(2); group itself arises from the breaking of an Sp(6), group at a higher scale [23],
as outlined in section 2.2.

Couplings to SM fermions. By inverting and normalising egs. (2.17)—(2.19), the UV
‘gauge eigenstate’ fields Wl, Wg, and Wj can be written in terms of the mass eigenstates:

Wl = sin ¢ sin 6 WSM + COS¢W12 + sin ¢ cos 6 ng, (2.26)
Wg = cos ¢sinf WSM —sin ¢ ng + cos ¢ cos 6 ng, (2.27)
W3 = cos 0 Weps — sin 6 Wogs. (2.28)

These expressions allow us to find the couplings of the heavy gauge bosons to the SM
fermions and Higgs. First, we substitute into the fermionic Lagrangian to get the couplings to
fermions. Note that, because we are flavour-deconstructing the SU(2), interaction, we only
have couplings to the left-handed SM fermions. For the left-handed quark doublets we have

quarks Z g’L WNI/VM ! /z) (229)
1 & QSM
= g5 Wiy D, (@’ i) + W (cotd (@0 ¢ff) — tan ¢ (@7 af)

i=1

I _ _
+ gsm Wi (cot 0 (q’Ll’yuTI q’Ll) + cot 6 (q’LZ’yMTI q7) — tand (g} ’y,ﬂ'l q’L?’)) (2.30)
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Figure 1. Variation of the masses and couplings of the heavy gauge bosons with the angles § and
¢, as defined in eq. (2.23). Left: regions corresponding to different ratios of the gauge boson masses
mi2/mas. Right: regions with large values of the couplings ¢, (blue), g2 (green) or g3 (red). The black
dots in both plots correspond to the points g, = g2 = g3 = V3gsMm-

where the prime on ¢} here recognises the fact that the gauge-flavour eigenstate fermion
fields are in general not aligned with the fermion mass eigenstates (which will henceforth be
denoted without primes, e.g. ¢1,); as usual the mass eigenstates are obtained by diagonalising
the Yukawa interactions to the Higgs. We see that the SM part is flavour-universal in this
basis. Flavour violation in the SM currents is induced only in the charged current interactions
due to the rotation to the fermion mass basis. The leptonic Lagrangian is exactly analogous.

We now rotate to the mass basis for the left-handed fermions, via
qr = Vadr,, Il =V, (2.31)
where V,, and V; are 3-by-3 unitary matrices, and where we have taken the quark doublets to

be defined as qr = (ur,Vd L)T where uy, and dy, are the mass eigenstate fields, and where V'
is the CKM matrix.” The overall quark Lagrangian can be written in matrix form as

L . L .
Lavarks = 9smWhn (@t ap) + (99) oy Wis (@07 ab)
L .
+ (g%y) 231:; Wi (@’ @) (2.32)

where summation over repeated indices is implied and the Hermitian coupling matrices
(gy)pz) and (gyy)[23 are

g 00 20 0
gsm gsm
(gwhnoy = 5 2 Vu | 0 =550 Vie e = oVl 00 0 |V (233)
0 00 00 —s}

5We could equivalently make the choice qr = (VTuL7 dL)T7 and qr = Vaq}, since VquJr =V.
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where s, := sinx and ¢, := cosz. The leptonic couplings (g{,\,)[lg] and (g{,v)[zg] are analogous
to their quark counterparts, with the substitution V,, — V;:

ci 0 0 cg 0 O
9sM gsM
(glw)[m] = 800¢8¢Vl 0 —si 0 ‘/lTa (9%/\/)[23] = Secevl 0c2 0 VZT- (2.34)
0 0 0 00 —s2

Finally, we derive the couplings to the Higgs. The SM Higgs is charged only under
SU(2)r,3, as recorded in table 1, in order to explain the hierarchical heaviness of the third

generation (section 2.1). Its covariant derivative therefore contains the pieces

DMH > 0"H — igsWi'+TH (2.35)
=0'H — igsMWg]]WTIH + igsn tan @ WQ’EITIH (2.36)

Including also the coupling to the hypercharge gauge boson, which is untouched in the

model, we have
DMH = DY H + igsy tan 0 Wi 7T H. (2.37)
The W45 couplings to the Higgs are then found by expanding out the Higgs kinetic term:
Ly = |DFH|? o —gsy tan @ Wiy Hir1iDE H + hec.. (2.38)
For future convenience, we hence define a coupling

(930)128) = —gsar tan 0. (2.39)

The W, gauge triplet, on the other hand, does not couple to third generation fields, hence
it has no interactions with the Higgs.

Finally, we emphasize that none of the couplings of the Wa3 triplet have any dependence
on the mixing angle ¢, which measures flavour violation in the 1-2 sector. Thus, when
exploring the phenomenology of the Was triplet (which is light and hence provides the
dominant contributions to most low-energy phenomenology), we can parametrise all effects
and observables by considering only the (mag3, 0) two-dimensional parameter space.

3 Flavour deconstruction vs. naturalness

The presence of heavy new particles coupled to the Higgs in our multi-scale model of flavour
follows inevitably from deconstructing the electroweak symmetry — which is itself necessary
in order to explain the Yukawa hierarchies in this framework. In this case, the particles in
question are the Was triplet of gauge bosons, which have direct couplings to the Higgs.

In this section we consider the stability of the Higgs mass squared parameter in the
presence of this heavy layer of new physics, by computing the finite Higgs mass corrections
arising from loops of these particles. Following the principle of ‘finite naturalness’ [5], which
stipulates that these calculable radiative contributions to m?% should not be excessively
fine-tuned against eachother, we place constraints on the model parameter space that favour
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the Was triplet being as light as is viable. We find numerically similar constraints to those
that were found for flavour-deconstructing the hypercharge interaction in [38]. We also
consider the impact of the scalar link fields ¢1223 that condense to break the symmetry
down to the SM, which, like any BSM scalar field that gets a vev, also give a tree-level
shift of the Higgs mass squared.

3.1 Tree-level Higgs mass

Given any extension of the SM scalar sector, one can always write down renormalisable
cross-quartic interactions between any pair of scalar fields; when the extra scalars get vevs,
as is the case here, then these cross-quartics give tree-level contributions to the Higgs mass
squared. The tree-level scalar potential contains terms

V o mZ | H|? + Aas|das |2 H|? + Aia|ra]2|H|? . (3.1)

So, the ‘cross-quartic’ interactions here give tree-level contributions to the Higgs mass-squared
parameter (here written in the electroweak-unbroken phase) after the link fields ¢12 23 get
their vevs:

[m%{](o) = m%{ + )\231133 + )\12va . (3.2)

If the couplings A1223 are order-1, then these tree-level contributions must be fine-tuned
against eachother, to deliver a physical [m%I](O) ~ —(100 GeV)? in the low-energy theory.
For the Ag3 coupling this would be a tuning at the percent level, since vy3 ~ O(TeV), which
is the familiar ‘little hierarchy’ tuning in the presence of TeV scale new physics coupled
to the Higgs. But if A\jo ~ 1, this would imply a huge tuning in the tree-level Higgs mass
squared parameter, because meson mixing requires vi2 ~ O(100 TeV), as we will see in
section 5. One might simply accept this tuning between the tree-level parameters of the
theory; it is, at least, not signalling any particular instability in the model parameter space.
More appealingly, however, this fine-tuning can be avoided if the cross-quartic couplings,
in particular \is, are suitably small.

We should then ask if tuning A;; close to zero is itself radiatively stable. Even if we set
the coupling A23 to zero at some scale, it will be radiatively generated at 1-loop thanks to the
WBI gauge bosons, which couple to both ¢93 and H at tree-level, running in a box diagram
(see figure 2). So, a radiatively stable estimate for the size of this coupling is®

tan* @
Ism PN Uy B 1078, (3.3)

assuming the logarithm is not too large. Under this assumption, the Higgs mass shift in (3.2)
due to v3 can even be in the O(100 GeV) ballpark.

What about the contribution coming from the vev of the ¢15 scalar? While the con-
tribution from wvio is naively more severe because vis » vo3, the quartic coupling Aqo is not
generated at 1-loop order because the Higgs is neutral under SU(2)z; x SU(2)r 2, and so

SA similar argument was used to estimate quartic couplings in a scalar leptoquark model addressing the
B-anomalies in ref. [50].
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Figure 2. One-loop contribution to the cross-quartic coupling Aoz between H and ¢o3 (left), and
the induced tree-level shift in the Higgs mass squared upon ¢s3 acquiring its symmetry-breaking vev
(right).

Figure 3. One-loop contributions to the Higgs propagator generated by the gauge triplet Wag (left
two diagrams), and by the scalar ¢o3 given the cross-quartic coupling Aoz (w) which itself is radiatively
generated as in figure 2. The heavier W15 gauge bosons only give 2-loop Higgs mass corrections that
are further suppressed by light fermion Yukawa couplings.

H and ¢12 do not talk to the same gauge bosons at tree-level. So, naively accounting for at
least one extra loop factor in suppression, we expect a value Aj2 ~ 1079 to be radiatively
stable. In such a scenario, i.e. if we assume the cross-quartics are mostly radiatively generated,
the fine-tuning of the contributions (3.2) to m? need be no worse than the ten percent
level. This kind of mechanism, whereby the Higgs is ‘shielded’ from the higher scales in
the theory associated with the 1-2 flavour violation (but without the need for e.g. SUSY
or compositeness at low-scale), echoes the findings of refs. [16, 47] that such a multi-scale

setup can be radiatively stable.

3.2 Radiative corrections to the Higgs mass

Having dealt with the tree-level Higgs mass corrections coming from the scalar cross-quartics,
we should then ask about additional loop contributions to the Higgs mass squared parameter,
and thus complete our discussion of its radiative stability. There are 1-loop contributions
to the Higgs 2-point function coming from both the scalar field ¢93 and from the gauge
bosons Ws3 running in the loop.

1-loop scalar correction. The former contribution (right-most diagram of figure 3) takes
the form

A23
[6m%{](1) ~ 1672 mézs : (34)

We expect this contribution to always be sub-leading compared to the tree-level cross-quartic
contribution (3.1) we have already discussed: this is true as long as mg,, is not a whole
factor 47 heavier than wve3, which would itself imply a non-perturbatively large quartic
|p23|* interaction. So, we can ignore this contribution, and focus instead on the gauge boson
contributions to the Higgs propagator, which are parametrically different and are, importantly,
more directly tied to the phenomenology of our flavour model.
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1-loop gauge correction. First and foremost, there are 1-loop corrections to m%{ coming
from the Whas triplet of gauge bosons. This 1-loop gauge contribution is the most important,
being quadratically sensitive to the heavy mass scale (in this case mas3, the mass of the gauge
triplet) determining the low-energy phenomenology of the model. It is also a numerically large
contribution in the viable regions of parameter space. We therefore compute this contribution
precisely (in contrast to our estimates above), to formulate a naturalness ‘constraint’ on
our model.

We find the finite contribution to the Higgs mass squared by computing the 1-loop
contributions to the Higgs propagator with the heavy gauge triplet Ws3 running in the loop
(left two diagrams of figure 3), and evaluating at zero momentum. Using Package-X [51]
to do the loop integrals, we obtain

3tan’ 0 2

mas3

Unlike the contributions from the scalar sector that we already discussed, which all depend
on the otherwise undetermined cross-quartic couplings A;;, this contribution from the gauge
sector scales like the gauge coupling which cannot be assumed small, but is rather matched
onto the measured SU(2),, gauge coupling. So this gauge boson contribution to m?%; cannot
be decoupled, and is moreover a calculable, finite function of our model parameters (mas, 6).
If we take the RG scale p = mag, cancelling the contribution from the log, then we can
turn (3.5) into a naturalness ‘constraint’ on our parameter space by demanding:

)R~ 23 (dmp )™ (3.6)

| tan ] ma3 (Omp

8
$ -
\/§ 9gsm

maxX is the largest correction to mpy that we deem tolerable. Allowing for a

where (0myr)
greater or lesser degree of tuning, we infer naturalness bounds:

(3.7)

[ tan ) - {2.8 TeV (no fine-tuning tuning)
ant|mas S

23 TeV (per-cent tuning in m%).

For the ‘no tuning’ benchmark we require dm?% < (125 GeV)?2, while for the looser bound we
allow tuning dm?%; < (TeV)?, consistent with the usual ‘little hierarchy’ between my and the
TeV. We will find (section 6.5, figure 10) that the former ‘no tuning’ benchmark is completely
excluded by current experimental bounds on the Was triplet (consistent with the inference of
a ‘little hierarchy’, as is the case for most models), while there is plenty of viable parameter
space consistent with the little hierarchy of O(TeV) tuning in |mg|.

2-loop gauge correction. We should also consider sensitivity of the Higgs mass to the
even higher energy scale mig, the mass of the Wiy triplet of gauge bosons. Because the Higgs
is not charged under Wis, there is no 1-loop correction. The leading order correction is a
2-loop diagram, with a light-generation fermion running in the loop that emits a virtual
Wis. Parametrically, this 2-loop diagram scales as

1 2g2 tan? ¢
il ~ (oms ) PR . (35
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where 75 is a second-generation Yukawa coupling, the largest of which is y. = 2 x 1073
(evaluated at an RG scale of order 103 TeV [8], of order mis). If we compare this correction
to the 1-loop correction from Whog, the extra loop factor plus the Yukawa suppression is more
than enough to compensate the large ratio of masses mia/ma3 = 10172, and so we take the
W1io contributions to be subleading. Again, this is a manifestation of how the Higgs mass can
be protected from the high scales associated with generating the 1-2 Yukawa sector [16, 47],
because the Higgs talks directly only to the third generation sector.

UV dependent corrections. Finally, in any UV complete model that matches onto our
deconstructed SU(2);, EFT of flavour, there will of course be other contributions to the Higgs
mass parameter coming from the UV dynamics that we assume generates the light Yukawa
couplings. One possible origin for these couplings is to integrate out vector-like fermions;
the consequences for naturalness due to such states, in similar-spirited deconstructed flavour
models, have been discussed in refs. [16, 38]. An alternative extra ingredient might be extra
Higgses, which can generate the light fermion masses via small mixing in the scalar sector —
additional loop corrections to the Higgs mass, and the stability of the scalar hierarchies in
this scenario, were considered in e.g. [47]. Sticking with our EFT description, the naturalness
estimate and constraint (3.7) that we take here thus quantifies the ‘minimal tuning’ coming
unavoidably from the deconstructed gauge sector alone.

4 SMEFT Matching

To analyse the phenomenology of the heavy gauge bosons, it is convenient to first match their
effects onto the coefficients of SMEFT operators. We use the Warsaw basis for dimension-6
SMEFT operators, introduced in ref. [52]. Using the tree-level dictionary in ref. [53], we find
tree level contributions to the Wilson coefficients of 4-fermion, Higgs-fermion, and 4-Higgs
operators. Both heavy new gauge bosons, Wio and Was, match onto to 4-fermion operators,
while only W53 induces contributions to operators involving Higgs doublets.

Four-fermion operators. The contributions from both gauge boson SU(2), triplets to
each of Cy, 05,2), and C’l(; ) are, at tree level:

(Cu)iji = ﬁ ((9{/\})[23]kj(g€/\/)[23]z‘l + ;(9{/\/)?23%1(9%)[23]@) +{[23] = [12]}, (4.1)
23
(Cég))ijkl _ (QW)[23ékl(2gW)[23]ij +{[23] = [12]}, (4.2)
M3
q \* l .
(Cl(j))ijkl _ (9w) syt (99 (23035 4+ {[23] — [12]} (4.3)

4m%3
The couplings gi}g are given in egs. (2.33) and (2.34), and {1, 7, k, [} label flavour indices.

Higgs-fermion operators. Only the lighter Was triplet of gauge bosons matches to
Higgs-fermion operators, since Wis has no tree-level coupling to the Higgs boson. The
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matching results are:

(gﬁv) [23] (9{/\/) [23]i5

(Chy == (4.4)
H q
3 (91231 () 123145
(Clighi == (4.5)

where the coupling (g%)[%] is defined in eq. (2.39).

Higgs operators. Lastly, we generate operators involving only Higgs doublets, again from
integrating out the Was triplet. The non-zero Wilson coeflicients generated at tree-level are:

A gH 2
cm:fiigﬁﬂ, (4.6)
ma3
3(95\1)%23]
Cog=——5— 4.7

where Ap is the SM Higgs quartic coupling. Notice that the operator C'irp is not generated
at tree-level.

5 Phenomenology of the high mass Wi, triplet

To reproduce the observed Yukawa structure we expect a hierarchical ratio of vevs v12/veg » 1,
meaning that in general we expect the Wis triplet to be significantly heavier than the Was
triplet (see eq. (2.20) and figure 1). Nevertheless, the phenomenology of the W9 triplet can
still lead to meaningful constraints on the model coming from flavour, because it can have
significant flavour non-universal and/or flavour changing interactions within the first two
fermion generations, which probe much higher scales than those directly explored by e.g.
direct searches at the LHC. In this section we explore the implications of these.

5.1 Kaon and D meson mixing

The neutral component of the Wiy triplet will induce unavoidable effects in at least one
of neutral K- and D-meson mixing. The effective Lagrangian below the electroweak scale
relevant for these mixing processes is:

Leg D —CF (JLv“sL)z —CP (agyter)?. (5.1)

In general, Wi will induce contributions to the Wilson coefficients (ignoring RG effects):

1 92 )
Cft = 52 32%2 (Valua[Valtach — [Valor[Valsasd) (5.2)
12 909

2

192
cp - M (ValhiValorc) — [ValfalValozs?)

- 5.3
8m%2 sgcisi (5-3)

The relative strength of the K- vs. D-mixing bounds depends strongly on our particular
alignment assumption. We explore the limiting cases of up-alignment (V,, = I, Vg = VT)
and down-alignment (Vg = I, V, = V), as introduced in section 2.1. A realistic scenario
is expected to lie between these two limits.
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Up-aligned scenario. In this case, C = 0, while

2
Kuw 1 g5y 2 232
Cl "= 8m%2 Szcisé (Vu*dvusc¢ - VCZVCSS(ﬁ) : (5.4)

In the Wolfenstein parameterisation [54] of the CKM matrix this becomes

1 g2 2
CK,up _ SM 2 2123201 _ )2 O(\6 5.5
1 8m2, Sgci‘si (Cqb + qu) ( ) +O(\), (5.5)

1 géy o 2 6
= AT (1= A O(A 5.6
8m?, sgcisi ( )+ O, (5.6)

where A ~ 0.23 is the Cabibbo angle.

Down-aligned scenario. In this case, ClK = 0, but

2
D,down __ 1 9sm 2 242
N EE (ViaVeacs = ViisVess) (5.7)

Again using the Wolfenstein parameterisation of the CKM matrix, we here obtain

1 92
opao = SMA2(1— %)+ O(\9), 5.8
1 8m%2 33035335 ( ) ( ) ( )

P Notice that both the contributions to K- and D-meson mixing

. K
i.e. the same as C]
observables are minimised when ¢ is 7/4, corresponding to parameter space points where

the gauge couplings g7 and go are equal.

Experimental constraints. The real and imaginary parts of C{* and C{ are bounded by
measurements of K- and D-meson mixing. In both the up- (5.6) and down-aligned (5.8) cases,
it is clear by inspection that the induced Wilson coefficients are entirely real. For general
Vg (or V) there can be additional phases, but these will only induce observable imaginary
parts of Wilson coefficients as factors in invariants suppressed by small Yukawas and CKM
elements [55, 56], and are unlikely to lead to important constraints on the model.

The real parts of the Wilson coefficients are bounded as [57]

ReCK € [-6.8,7.7] x 10713 GeV 2, (5.9)
ReCP e [-2.5,3.1] x 10713 GeV 2, (5.10)

at 95% C.L. These lead to constraints as shown in figure 4, for both up- and down-alignment,
which we plot for two benchmark values of 6, namely § = 7/8 and 6 = 7/4. While it can
be seen from eqs. (5.6) and (5.8) that the meson mixing contributions are minimised for
sz = 1 and hence = 7/2, since this is where g; and go are minimised (see eq. (2.23)), at
this point g3 diverges so it is not a physically relevant regions of parameter space. Instead,
0 = 7/4 is an optimal benchmark point for the phenomenology of the Was gauge bosons,
as we will see in the next section.
We infer from figure 4 that the mass of the Wiy triplet must satisfy

mi2 Z 160 TeV, (5.11)
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Figure 4. Bounds (at 95% C.L.) on mi2 and ¢ from K- and D-meson mixing (section 5.1), and
from the branching ratio of the rare kaon decay Kt — 7wt ov (section 5.2). In the up-alignment
(down-alignment) scenario, the gauge eigenbasis of the Wia couplings are aligned with the up (down)
quark mass eigenstates.

at least for the benchmark 6 = 7/4 (for the § = 7/8 benchmark the bounds are strictly
stronger), which we read off from the kaon mixing bound in the up-aligned scenario. Note
that this bound is saturated at ¢ = m/4, corresponding to the case where g; = g2, and we
will see that this kaon mixing bound provides the strongest constraint on the Wi parameter
space. So, we learn that the bounds on Wiy are weakest for equal UV gauge couplings g;
and g2, as predicted for example by the Sp(6);, completion (section 2.2).

52 KT > antov

If Wio has off-diagonal couplings to down-type quarks, it can also mediate Kt — wtov

decays at tree level. The effective Lagrangian to which both the SM and the Wi, matches is

B AGp €2
V2 16723,

From [48, 58], the branching ratio is

L ViVisCh (dv" Prs) (T (1 — v5)v) - (5.12)

BR(K* —»ntov) 1 Z
BR(K+ — ntov)sy 3| Asar|?

E,M,T

AC] + Asu| (5.13)

where AC’E is the new physics contribution to the C’Z coefficient, and

|Vaus || Vs

P, 5.14
ViV (5.14)

Asm = Cpgu +

is the full SM amplitude for the decay. This includes the short-distance SM piece Cr, sy =
—1.48 £ 0.01 [59] and the long-distance part P, = 0.404 + 0.024.
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The SM prediction is BR(K™ — 77 ov)sy = (9.11 £ 0.72) x 10711 [58], while the
experimental measurement from NA62 is BR(K T — 7 1)ezp = (10.6 £+ 3.8) x 107 [60].
In terms of the model parameters, we have

c? (i =e),
i 47TU25%/V gg’M * 2 ¥ 2 ¢ 2 .
ACY = 2V 520252 ([Vd]ll[vd]lchs - [Vd]Ql[Vd]225¢) XN 8% (i =p), (5.15)
tdVts 59Cp54 0 (i )
1=T).

If we are in the down-aligned scenario (such that Vy = 1), AC’Z = (0, and we have no effects

+

in K* — 7+ov. In the up-aligned scenario (V; = V1), eq. (5.15) becomes

‘ TV Sw _9sm 2 ,
AC}/ = W326282 )\ (1 — 5)\ ) X —83) (Z = /j/)’ (516)
tdVts 29%¢°¢ 0 (i )
1=T),

where ) is the Wolfenstein parameter, and this equation is valid up to O(\%).

The resulting constraints on the parameter space of the Wis in the up-aligned scenario
are shown in grey in figure 4, where it can be seen that these are subdominant to the K mixing
constraints under the same assumptions. However, the SM prediction for the K™ — 7+ ov
branching ratio is very theoretically clean, whereas the prediction of the real parts of the
K and D mixing include long-distance contributions whose errors are difficult to quantify.
The proposed HIKE experiment [61] at CERN stands to measure the K+ — 7+ v branching
ratio with a factor x3 improvement in precision over NA62, to obtain 5% precision (after its
first operation phase). However, up to the caveats already mentioned concerning SM theory
uncertainties due to long-distance effects, we find that even with the HIKE improvements
the constraints from meson mixing remain the leading constraint on the Wi, parameter

space, giving the constraint in eq. (5.11).

5.3 p— 3e

Charged lepton flavour violation is not obligatory, since the rotation matrix V; in eq. (2.34)
is arbitrary, so the W5 interactions could be exactly aligned to the mass eigenstates of the
charged leptons. However, it is informative to understand how far we can stray from this
alignment limit before encountering strong constraints.

We can parameterise the V; matrix as a rotation in three angles «, § and ~:

cosa —sina 0 cosfS 0 sinf 1 0 0
Vi=|sina cosa 0 0 1 0 0 cosy —sin~y |, (5.17)
0 0 1 —sinf 0 cosfB/) \0 siny cosvy
1—a?/2—2%/2 By — a B+ ary
~ « 1—a?/2—92/2 af —vy ; (5.18)
-8 v 1-5%/2—~%/2
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where the second line is an approximation up to second order in small angles. In general,
the matrix is unitary rather than orthogonal, but since the branching ratios that constrain
lepton flavour violation are insensitive to phases, we approximate it as real.

If the angle o # 0, the Wiy will mediate p — 3e decays at tree level through the
four-lepton interaction eq. (4.1). Using formulae from [62], and the SMEFT coefficient (4.1),
this branching ratio is (up to second order in the small mixing angles «, 3, 7):

ms gh o
BR(u — 3e) = . SM— 5.19
(1= 3¢) = 1515227, sin’ Osin (5.19)

If we generically expect the V; matrix to be CKM-like, by analogy to the V,, 4 matrices, then
we would expect the angle o to be similar in size to the Cabibbo angle, i.e. sina ~ 0.2.

Currently, the best limit on the branching ratio of u — 3e is BR(u — 3e) < 10712
at 90% C.L from the SINDRUM experiment [63]. This limit is shown in figure 5, for two
different values of «, and taking § = 7/4.” It can be seen that with a CKM-like value of
a = 0.2, current limits on p© — 3e do not impose strong constraints on the model when
compared with the constraints from quark flavour found earlier in this section. On this
plot we also show projected limits from the future Mu3e experiment, which are projected
to reach a branching ratio of 10716 [64]. This will increase the limits on m2 by one order
of magnitude. Nevertheless, these projected constraints will still allow a CKM-like mixing
between the first two generations in the lepton sector of our model, for parameter choices
that are not in tension with K and D mixing constraints.

The Wis can additionally induce the LFV decay u — ey, via two loop running into the
relevant dipole operators [65]. However, we find the numerical size of this effect is so small that
the resulting constraints are unimportant compared to those from the tree-level u — 3e decay.

6 Phenomenology of the low mass Wa3 triplet

The Was triplet has a richer phenomenology than Wia, not only due to its lower mass, but also
due to its couplings to Higgs bosons. These arise because the W3 contains a component of
the W3, which is the only gauge boson triplet in our model which couples to the Higgs. These
couplings in turn modify the interactions of the Standard Model W and Z to fermions, via the
SMEFT operators Ogl) and Og; (egs. (4.4) and (4.5)). This makes electroweak constraints
important, such as from Z pole observables measured at LEP, see section 6.3 below.

The accidental U(2) symmetry of the Wa3’s coupling to the first two fermion generations
ensures that there are no large effects in K and D flavour observables.® Instead, the
most pertinent quark flavour observables involve b quarks, as discussed in the following
subsection 6.1. Among lepton flavour observables, lepton flavour non-universality in 7 decays
is an important observable, as is y — 3e, which overcomes its U(2) suppression due to being
extremely well measured compared to LE'V 7 decays. Leptonic observables are discussed
in section 6.2.

"This value of # has been chosen to be favourable for the phenomenology of the Wa3, as we will see in the
next section.

8We remark that the phenomenology of heavy SU(2), triplet vector bosons with accidental U(2) flavour
symmetries has been studied, in the context of flavour anomalies, in [66, 67].
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Figure 5. Regions of Wi parameter space excluded (at 95% C.L.) by the branching ratio of u — 3e,
for two different values of the u — e mixing angle a. All these regions were calculated taking 6 = /4.
Dotted lines show projected limits from the future Mu3e experiment.

Additionally, the Ws3 can produce deviations in Drell-Yan processes at the LHC, due to
its O(1) couplings to first generation quarks. This is studied in section 6.4.

The Was provides a target for many upcoming measurements and experiments, including
electroweak precision on the Z pole at FCC-ee, new searches for u — 3e at Mu3e, quark
flavour experiments and Drell-Yan at colliders. These are discussed in section 7.

6.1 Quark flavour observables
6.1.1 Rare (semi-)leptonic B, decays

The effective Lagrangian for leptonic and semileptonic B and By decays involving a b — s
transition? can be written as

4G
cdf:4<z§§§caoa. (6.1)

The operators to which Was contributes at tree level are:

2
[ _ —
Oy = VisVas 75— (57" Pb) (i) (6.2)
2
e B _
Oly = VitVivge—s (57"“Pud) (nasl) (6.3)
2
O} = VitVan 13 (% PLb) (77" (1 = 15)10), (6.4)

9Similar expressions hold for b — d transitions, up to appropriate relabelling.
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where [ = {e, u, 7}, and here we are focussing on lepton flavour conserving operators and
assuming that V; ~ 1 (we discuss departures from this assumption in the section on lepton
flavour violation below).

Matching onto our model via the SMEFT, we find the BSM parts of the corresponding
Wilson coefficients [68, 69]:

2,2

1 92
ce—ct— 7Y SM. 1%, [Viglse (1 — 4sPy s2 6.5
9 9 2V Vit mgg Sgcg [Val5s[Valsa( S1159)s (6.5)

2,2 o2 2
CAmTvTsy 1 ogoy

Ccy = V2 [V, 6.6

9 VgV mly 2 [Val3s[Vals2, (6.6)
2,2 1 g2

oo = — Y SM Iy 1%V, 6.7

10 10 egvtbv;;; mgg 8303 [ d]33[ d]32v ( )
72?1 g2

CYe = (O = — SNy 1%, [V 6.9

I ViVt mE, 522 [Val3s[Vals2, (6.9)

crr =0, (6.10)

where s%,[, ~ (.22 is the squared sine of the Weinberg angle, and we have used the unitarity
of the Vi matrix, >, [Vi]5[Valie = 0. It is striking that C], and C]” are both equal to
zero, while their counterparts involving first and second generation leptons are not. This is
due to the equality C’l(; Jrrbs _ C’S;bs, which ultimately derives from the fact that the Higgs
is treated as a third generation field, so has the same gauge coupling to the Was as the
third generation leptons. The same cancellation occurs for the ‘deconstructed hypercharge’
models of refs. [37, 38].

Note also that all of these Wilson coefficients depend on the choice for Vj: if we choose to
take the ‘down-aligned’ case in which V; = I, then [V]32 = 0, and all of the Wilson coefficients
are zero (and the model does not generate down-type FCNCs, as expected). On the other
hand, in the ‘up-aligned’ case with V; = VT, the V; elements will cancel with the CKM
elements in the denominator, and the Wilson coefficients will be independent of the CKM.

B; — pp. An important constraint on the model comes from the branching ratio of
Bs — pup, which is sensitive to the Wilson coefficient C{j,. We take the combined measured
value from [70] (which combines the measurements of [71-73] following the methods of [74, 75],
and profiles over By — pup):

BR(Bs — ppu™) = (3.32703%) x 1079, (6.11)

whereas the SM prediction is [75]
BR(Bs — p 7 )sar = (3.67 £0.15) x 1077, (6.12)
The prediction for the branching ratio including the effects of BSM physics can be written

as (e.g. [48])

2

Clo + O (6.13)

BR(Bs — N+M_)NP = BR(B; — M+M_)SM‘ CSM
10
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where C{ (up) = —4.193 + 0.033 [76]. The constraint on the NP part of the Wilson
coefficient is then

Cly € [-0.20,0.53] (20). (6.14)

The resulting constraints on the model are shown in figure 6, for two different values of
[Va]s2: the bounds shaded in lighter orange correspond to the up-aligned scenario in which
[Vil52 = Vep, while the darker orange region is for an intermediate rotation with [Vy]5, = Vip/2.
In the down-aligned scenario (where [Vy]35, = 0), there are no bounds at all.

B — K®py. The Belle II collaboration has recently measured a significant excess in the
branching ratio of B — Kivwv, with respect to the SM prediction:

RYes <2.7@90% C.L. [77], (6.15)
v —2.8+0.8 [78, 79], (6.16)

where the RY% result is a combination of the new Belle II result with previous experimental
limits [8]. The branching ratios are [80, 81]

14

K® = BRB — K®Wiw)sy

_ , 6.17
3052 (6.17)

7
where C?M = —6.37(4) [81, 82]. Since our model contributes only to the C, Wilson coefficient,
it produces the same relative shift in R} and R%-. This is not the case for models that
induce operators involving right-handed quarks [80, 81, 83, 84].

As an indication of the favoured parameter space, in figure 6 we show in green regions
which lie within the 1o range of (6.16), while still in agreement with the 90% C.L. bounds
of (6.15). It is seen that in our model this favoured parameter space is always in conflict
with bounds from B; — pup and Bg mixing. This can be understood from the fact that
we have zero contribution to C, involving third generation leptons, so we cannot enhance
b — svv without also enhancing b — supu.

6.1.2 B; meson mixing

The Wos can also contribute to Bs mixing at tree level. The effective Lagrangian for this

process is:
L s (bpytsy)?
eff = _Cl (bL’y SL) . (618)
where in the SM:
B GEmi 2
Cilsn = = (VitVig)*Sol),  Solwe) ~ 2.37, (6.19)
while the Ws3 contribution is
c = LT (v vl (6.20)
1 8m§3 sgcg 827 ’
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The measured value of AM; and the weighted average of its theory predictions are respectively:

AM, = (17.7656 + 0.0057) ps ! [85], (6.21)
AMZM — (184707 ps™t [86], (6.22)

from which the NP contribution to AMZM is then bounded to be

AM, — AMSM
S(AM;) = AMST € [-0.11,0.095] (95%), (6.23)
where
Bs
1,NP
S(AM;) = |1+ —p=—| - 1. (6.24)
1,SM

In the down-aligned scenario, this imposes no bounds on the model. The bounds for fully
up-aligned, and for an intermediate situation in which [Vy]3, = Vi5/2, are shown in figure 6.
The shapes of the By — pu bounds and the Bs mixing bounds are similar, because of the
identical parametric dependence of the Wilson coefficients in egs. (6.20) and (6.7). However,
the By — pp constraints are systematically stronger in the scenarios considered. If the
Vg rotation were very large (such that [Vy]3 » V) then the B, mixing constraints would
eventually become dominant, due to the quadratic dependence of C{B * on [Vy]3e, whereas
C!, has only a linear dependence.

6.1.3 Comments on charged currents and R(;)

The charged components of Wa3, being heavy flavour non-universal counterparts of the W=
bosons, will induce effects in charged current decays such as B — puv. But we find these
observables to be much less sensitive than others we consider: if we are not in the down-
aligned case, then the Zss-induced FCNCs are much more important, since the competing
SM processes are loop- and GIM-suppressed. Meanwhile, even if we are in the down-aligned
case, then electroweak or leptonic observables are more sensitive (see following subsections).

Since Was couples lepton non-universally, one might expect it to produce sizeable effects
in Rg), which currently show a 3.30 deviation from SM predictions [29]. However, unlike
models that successfully explain this deviation via couplings which are broadly aligned to
the third generation of quarks and leptons, Wa3 instead has couplings to first and second
generation leptons which are strictly greater than ggs. This inability to decouple from the
light generations also pushes the model to higher mass than is needed to fit the anomaly
in Rg): as we will see in the combination plot figure 10, mog must be at least 9 TeV given
current measurements. This already exceeds the perturbative unitarity bound for vector

states explaining the Rg‘) anomaly [87].

6.2 Lepton flavour observables

We now consider the constraints coming from the lepton sector. In general these are weaker
than the constraints coming from quark flavour observables — unless of course the mixing
angles that give rise to charged lepton flavour violation (cLFV) are large, which is not
expected to be the case in our flavour model. We begin in section 6.2.1 with ‘flavour-
conserving’ constraints that probe lepton flavour universality violation (LFUV) in tau decays.
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Figure 6. Constraints (95% C.L.) on the parameter space of the Wa3 gauge triplet from By mixing
and Bs; — pp branching ratio. For each bound we show both the up-alignment scenario — with CKM
misalignment between the down-quark mass basis and the gauge eigenbasis of the Ws3 couplings
— and half-alignment, with [V4]%, = Vi/2. Also shown are favoured regions that fit the observed
deviation in B — Kvv at Belle II (6.16) (see text for how this region is defined). In our model this
region is always well ruled out by other b — s constraints.

This is essentially independent of the lepton mixing matrix, and can be computed to good
approximation just using the ‘gauge eigenbasis’ leptonic couplings of the Was triplet. Of
course, the cLFV bounds that we compute in section 6.2.2 depend on the mixing angles,
which we parametrize via a real rotation.

6.2.1 LFUYV tests in tau decays

We consider the following set of observables that probe LFUV (tau wvs light leptons) in
leptonic and hadronic tau decays:

gr  BR(T — lvv)/BR(T — vv)sm

7= — —~ , le{e,u}, 6.25

g¢ BR(p— evv)/BR(pu — evv)sm te. (6.25)
gr BR(t — Hv)/BR(T — Hv)gm
IT| ~ — He{r K}. 6.26
grly BR(H — pv)/BR(H — pv)sm { } (6.26)

These observables are constructed such that they equal unity in the SM. The experimental
measurements (coming from Belle,'” amongst others) probe these observables to part-per-mille

10Recently, the Belle II collaboration announced a new measurement of the gu/ge LFUV ratio in tau
decays [88], using 362 fb~! of data. This is the most precise single measurement of p vs. e LFUV in tau decays,
but since the Wa3 triplet of our model couples universally to electrons and muons this does not provide an
important constraint on our flavour model. The contributions from the Wiz are at too high a scale to give any
relevant deviation.
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precision, and are consistent with unity at the 20 level — see the HFLAV combinations
(including correlations) in ref. [29], which we use here.

In the presence of LEUV new physics, such as is generated by integrating out the Wag
triplet in our model (which couples differently to tau wvs light leptons), these observables
will deviate from unity and so be constrained — for example, ref. [89] explored how these
observables constrain leptoquark models designed to explain anomalies in B-meson decays.
We use the SMEFT expressions for these observables given in [48, appendix A.1]. In terms
of our model parameters, we have

2.2
g _9r _q_ UdsM (6.27)
ge  Gu dmizsycy

for the purely leptonic ratios, and

9l - I (o). (6.28)
9t lr 4m3355Cy

2 9
gr VUV gsnm 5
11— —222=(1+0(X 6.29
9tk 4m%33503 ( ( >) ( )

for the hadronic observables, where A is the Cabibbo angle. We notice that the model
predicts a universal shift in all the tau LFUV ratio observables, up to small non-universal
corrections suppressed by quark mixing angles in the case of the hadronic observables. By
computing the Ayx? statistic as a function of our model parameters (ms3, @), we obtain the
95% C.L. contours plotted in figure 7.

6.2.2 Charged lepton flavour violation

To investigate the charged lepton flavour violation that can be induced by W3, we can again
use the parameterisation of the V; mixing matrix given in eq. (5.18). To second order in the
mixing angles, this results in a leptonic coupling matrix of the form

g—pB* By B
1 _ 9sm 2 _ .2 _ 6.30
923 = e By cg—n v : (6.30)
B = sy

Recall from section 5.3 that, while the charged lepton mixing matrix is in general unitary
rather than orthogonal, because the branching ratios that constrain lepton flavour violation
are insensitive to phases we can approximate the mixing as real. Notice that (due to the U(2)
symmetry of the Wa3 couplings) the off-diagonal couplings involving a 7 are induced at linear
order in the angles v and 3, while the off-diagonal couplings in the first two generations are
proportional to 5. Nevertheless, the much higher precision on the experimental bounds of
w — e processes compared to 7 — (u, €) processes can overcome this suppression to impose
important constraints on Ws3 parameter space, as we shall see in the following.
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We use the formulae of [62] for the branching ratios in terms of the SMEFT coefficients
(section 4), to find:

Y9sm 4 4 2 2
BR(T — 3 8 2(1 -2 6.31
(T w) = 30727r3F <4m230959> ( swsg + (cp +2(1 siy) 39 ) (6.31)
59 ? 2
SM 4 4
BR(T — 3¢) = 307%% ( 2,22 > (83W59 + (c§ +2(1 — 2s3)s7) ) (6.32)
2
Y9s5m
BR(T — pee) = 61447r3FT ( 4mggcgsg) (163W89 + (c§ +2(1 — 2s3)s3) > (6.33)
BIsm ? 4 4 2 2 y.2\2
BR 16 2(1 -2 6.34
(1 — epp) = 61447r3F <4m230980 SwSg + (Ce +2( SW)Se) ) (6.34)
mu 75951\4 2 2 \.2)2
BR(j1 — 3e) = 507207T, \ 2,352 8syysg + (g +2(1 —2s)s5)” ). (6.35)

The most natural expectation within the model, which treats quarks and leptons democrati-
cally, is for the lepton mixing matrix V; to be ‘CKM-like’, i.e. with similar size mixing angles
to the V,, 4 matrices. In this scenario we expect 8 ~ 0.01, v ~ 0.05. We use these values to
calculate the bounds in figure 7, where the experimental bounds on 7 decays are from the
Belle experiment [90], and the bound on BR(u — 3e) is from the SINDRUM experiment [63].

1 since the

The constraint from p — 3e is stronger than that from any 7 decay process,
suppression due to the U(2) flavour symmetry is compensated for by the higher precision
on the measurement. Nevertheless, the cLFV bounds are much less constraining than the
LFUV bounds discussed in the previous subsection, meaning that CKM-like mixing angles

are allowed in the model given other constraints.

6.3 Electroweak observables

Due to its coupling to Higgs doublets, the Wa3 induces significant effects in electroweak
(EW) precision observables such as those measured on the Z pole at LEP. In particular, the
Og)l) and OS’; SMEFT operators, whose Wilson coefficients are given in eqs. (4.4) and (4.5),
modify SM gauge boson couplings to leptons and quarks respectively.

There are also important indirect effects due to SMEFT operators that modify muon
decay and therefore shift the extracted value of Gp: in our model the non-zero operators are
(On)1221, (Ogl))u and (Ogl))gg. Following [91], we take as a set of input parameters the Z pole
mass, Fermi constant and electromagnetic fine structure constant, i.e. the triple {mz, Gp, ae},
meaning that the operators entering this shifted value of G propagate indirectly into every
electroweak precision observable.

In the following subsections we discuss some important observables for our model, and
then present a fit to a full set of electroweak precision constraints.

M As was the case for the Wio discussed previously in section 5.3, the Wa3 can additionally induce the decay
W — ey via two loop running into the relevant dipole operators [65]. Again, the numerical size of this effect is
so small that the resulting constraints are unimportant compared to the tree-level decays above.
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Figure 7. Constraints (95% C.L.) from measurements of lepton flavour violating and lepton flavour
non-universal 7 and p decays on the parameter space of Wa3, for CKM-like charged lepton mixing
angles v = 0.05, 5 = 0.01.

6.3.1 W mass

In the presence of dimension 6 operators the deviation of the predicted value of the W
pole mass is given by [92]

smiy = (miy)sm — (Miy )sMEFT (6.36)

= (m¥y)sm A [4 Crws + Z—ZCHD + 2%(0}?}“ + B2 ,1,221)} . (6.37)

with A = 202G pew sw /(¢}y, — s), where sy (cy) is the sine (cosine) of the Weinberg angle.
In the EFT of the Wa3, the Wilson coefficients that are non-zero at tree level are Cg’l) 11, C’g’l) 22
and Cy. When written in terms of the model parameters (neglecting the small contributions

from the charged lepton mixing angles 5 and ) the shift in the W mass is given as

) 2
omiy = (mi)sm A %ggM (;%%Ze) . (6.38)
Notice that (6.38) is strictly positive and as a result the predicted value from the EFT of the
W pole mass is always less than the SM prediction: (m#,)smerr < (M )sm-

Recent experimental determinations of the W mass have found a central value greater
than the SM prediction. In particular, prior to the recent CDF 2022 determination [93], the
PDG average was myy = 80.377 + 0.012 GeV [94], which is mainly determined by Tevatron
2013 [95] and ATLAS 2017 [96] measurements. This shows a nearly 20 deviation with
respect to the SM prediction [97]. Since the contribution of the W3 only reduces the mass
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and therefore increases the tension, the W mass provides a strong constraint on the model
parameters. We do not use the newer CDF 2022 measurement in our analysis here, since it is
in disagreement both with the SM and with other myy measurements. Including it in the
fit would increase the tension both with the SM and with our model.

6.3.2 Z-pole fermion asymmetries: A, and A%B

The parity structure of the Z boson couplings to fermions was measured precisely at SLD
and LEP through the fermion asymmetry observables A; and A? g 98], which are defined as
.- 20094 _ (91)*— (gf)

(G2 +(gh)?  (91)*+ (gh)
In the SMEFT, the vectorial and axial couplings g‘fﬂ 4 of the Z to fermions f receive corrections

g‘fé 4= g‘];:iM + (59{2 4 [99] For both down-type quarks and charged leptons, the contribution

2
3
= A%:z&w. (6.39)

S

of Wa3 produces positive contributions to both the vectorial and axial shifts. Explicitly, the
shifts in the couplings to electrons and b quarks are given by

o9y = 16ﬁclipm%3 %fﬂf 9%) (49’2/ i %(Q%M +3gy) cot” 0) ’ (040
dg% = MQ%M cot? 6, (6.41)
5gb = Wg%M <6 tan? 0 + (SgéM(g_é;g%gj%—; 99v) (2+ cot? 9)) , (6.42)
ogh = MQ%M <2 tan? 0 + ;m (2 + cot? 9)> ) (6.43)

where gy is the hypercharge gauge coupling. These shifts are always positive, for any value
of 0, and the magnitude of the vectorial shift is always larger than that of the corresponding
axial shift. To leading order in 1/m3;, the contributions to A., A, and A%B are given in
terms of these as:

1695 (950 — 9v)

0Ae = — G20 (695 — 69%) + g% (0g% + 369%)) , 6.44
e s (ohar (Gl — 00) + 63 0t + 34900) (6:41)

A8g5-(9%as + 9%) (Bg%0 + 9%) (4 2 b b 2 b b
0Ap = — 395, (dgy —0g4) + 9y (309y +dg%) ), (6.45
(99% 7 + 692,02 + 5g) ( sn(0gy A) + gy (3dgv, A)) (6.45)
3

5ﬂm=1M?”%+A?”&% (6.46)
Given that 5g‘c}b > 6gi{b and Af’é\/[ > 0, it can be seen that the shifts §A., §4, and §A4%
are each megative in our model.

The asymmetry A, was measured at SLD and LEP [98], and the combination has a
small tension with respect to the SM in the positive direction. Since W3 reduces A, with
respect to the SM, it can only increase the tension and this observable therefore places quite
a strong constraint on the model.

The forward-backward asymmetry in the production of b quark pairs, A% p also shows a
tension between the SM prediction and its measured value [98]. In this case, the deviation
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requires a reduction in the prediction for A%B, so the contribution from mse3 moves the
prediction in the preferred direction. But to achieve the experimental central value, the
parameters of the model must be within a region already well ruled out in the overall fit,
requiring a mass of the order of 2TeV for § ~ /4.

6.3.3 Fit to electroweak precision observables

The results of a full fit to electroweak precision observables is shown in figure 8. The fit uses
the likelihood of ref. [100], which includes Z and W pole observables from LEP, SLD and
the Tevatron, as well as W branching fractions as Drell-Yan forward-backward asymmetries
at the Z peak from the LHC. We also performed a fit using the smelli [101-103] package
as a cross-check, finding good agreement.

The orange region in figure 8 shows the 20 excluded region from the fit excluding the
my observable, while in dark red is the excluded region including my (using Tevatron
2013 [95] and ATLAS 2017 [96] measurements). As discussed in section 6.3.1 above, the W
mass observable provides a strong constraint on the Ws3 parameter space (nearly doubling
the excluded values of mas), since it is already close to 20 in tension with the SM, and
the contribution of the Ws3 can only increase the tension. We do not include the most
recent CDF measurement [93] of myy in our analysis,'? which would increase the tension
both with the SM and with our model.

In later combination fits, we show the EW constraint including the myy(2017) measure-
ments, however it should be kept in mind that new and future measurements of my, can
change the exclusions significantly.

6.4 High pr Drell-Yan observables

For the Was triplet of gauge bosons, which do not cause flavour violation in the 1-2 sector and
so are permitted (by flavour constraints) to be relatively light, there are relevant constraints
coming from high-mass searches at the LHC. We here compute the constraints from high-pr
Drell-Yan tails using the HighPT Mathematica package [105, 106], from ATLAS and CMS
searches in pp — #¢ and pp — (v channels, for all three lepton flavours.

The important sector of SMEFT operators for these observables is those 4-fermion
operators (4.3) with two quark and two lepton fields. For high-pr bounds, in contrast to
flavour bounds, we can approximate the flavour structure as being diagonal (because the
flavour off-diagonal elements are small), and essentially set V;, ~ 1 ~ V; when computing the
bounds in this subsection. The relevant Wilson coefficient contributions coming from the
Whas triplet are then simple functions of the model parameters (mas, 6):

2 t2 0
c®) wBl = _Ysm cov v 6.47
(8 acss =~ (6.47)
2
3 3 g
(Cl(q))aa33 = (Cl(q))33aa = 4:1]\%437 (648)
2 2
gs)s tan” 0
a 4771%3

2Nor do we include the LHCb 2021 measurement [104] of the W mass, which (for now) has significantly
larger uncertainty than the measurements we include.
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Figure 8. Constraints (at 95% C.L.) on meog and 6 from EW observables. The dark red region is
excluded by a fit including electroweak precision observables on the Z and W poles, and the measured
value of my, from ATLAS 2017 [96] and Tevatron 2013 [95]. The orange region is excluded by the
same fit without the inclusion of the my observable.

where a, 8 = 1, 2 denote light family indices. Note that, as always, these Wss-induced
Wilson coefficients are independent of the second angular parameter ¢ = tan~!(g2/g1), which
measures the 1-2 flavour universality breaking effects (coming only from the Wiy triplet, that
is responsible for resolving the 1-2 flavour structure at higher scales).

We use the HighPT package [105] to compute the likelihood function of our model
parameters, x2(mas, #), given all the relevant ATLAS and CMS searches in both £/ [107, 108]
and £v [109, 110] channels — a total of six searches, all of which use 139 fb™! or thereabouts.
We use HighPT in its ‘SMEFT mode’, which means that the expected yield in each bin is
calculated in the model assuming 4-point contact SMEFT interactions, rather than explicitly
modelling the kinematic effects of the mediators. We do this for practical reasons, since the
mediator mode is not yet implemented for W’ and Z’ gauge boson mediators; we nonetheless
expect this to be a decent approximation, because the searches constrain us to mass regimes
larger than 4-5TeV which is near (or beyond) the tail of the search, and so even for the
s-channel Z’ the SMEFT approximation should not be too bad. From this likelihood we obtain
95% C.L. constraints on our 2-parameter plane by plotting Ax? = x% — x2,;, = 5.99 contours.

From the combination of all channels (the light blue region in figure 9), we find the
current limit on the mass is

Moz = 4.4 TeV. (6.50)

This lightest permissible mass is achieved for 6 values roughly in the range [1.35,1.45],
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white region is currently preferred at 95% CL.

ie. 4 < —%2 _ < 8 That is, the current direct search bound is weakest for new physics
states that are coupled more strongly to the third family than the light families. This
is typically what one would expect from any direct search bound coming from hadronic
colliders, since production is usually driven by the light-quark interactions for which the
PDFs are enhanced in pp collisions.

Let us understand why this parameter space is preferred, physically, in a little more
detail. For 6 close-ish to 7/2, we minimize couplings to the light generations and so avoid
the strong bound from the single muon channel. But one cannot live in parameter space too
close to /2, for which g3 is blowing up, because then the mono-tau and di-tau production
accordingly diverges (the orange bands in figure 9). More precisely, this divergence is driven
by bb production via the (C’l(q3 ))3333 Wilson coefficient, for which the divergent parton-level
cross-section eventually overcomes the PDF suppression. Note that these mono-tau and
di-tau searches exclude the ‘non-perturbative’ region described above, which is indicated by
the dark grey band, where the gauge coupling g3 = gsar/cos exceeds 47.'2 Also notice
that the tau constraints do not decouple in the converse limit where 8 — 0. This is because
there is a cancellation of the #-dependence in the mixed heavy-light flavour semi-leptonic
WCs (6.48), so that the contact interaction involving two tau-flavoured leptons plus two
valence quarks is actually independent of 6.

13The point § = 7/2 corresponds to the limit g1 2/g3 — 0. Recalling g12 > gsn, this clearly violates
perturbativity. We can estimate a perturbative limit by requiring

g3 <4 = |0 — /2| = | arccos(gsnm/4m)| ~ 0.05, (6.51)

using gsm = 0.64. This translates to requiring gs/+/g? + g2 < 20 or so.
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Three further important conclusions we can draw from figure 9 are:

o The di- and mono-tau searches are the most important in setting the lower-bound (6.50)
on the mass mas of the SU(2), triplet Wa3. Without these tau flavoured LHC searches,
ma3 is not even ruled out at 1 TeV (for large g3) by high-energy observables.

o On the other hand, the muon searches (blue) dictate the #-dependence of the bounds
at large masses (2 5TeV); in particular, the muon searches rule out parameter space
with large g12/g3 (regions with 6 approaching 0).

o For muonic channels (and for tau, away from the g3 » ggas limit), the single lepton
channels give stronger constraints than the di-lepton, for our SU(2)-based models in
which couplings to v pairs are the same as couplings to ¢/ by SU(2);, symmetry. This
traces back to the strength of the experimental searches, which is higher for lv. We
refer the reader to [108, figure 4] (for {l) vs. [109, figure 2] (for lv) for the experimental
plots corresponding to the data used in our HighPT computation. This difference is
largely because the background is simpler for the charged-current v channels, which is
dominated by Drell-Yan production of W bosons (for the Il channels there are more
backgrounds, including photon-induced processes as well as Z and Higgs).

When high-pr LHC data is taken in isolation, we have learnt that searches in 7 final states are
important in setting the allowed mass range for the Wa3 triplet. But the low-mass parameter
space region allowed by high-py — around 5 TeV, and for angles within about (90 +15)° — is
excluded at 95% CL by EWPOs, as in figure 8. So, when collider and electroweak constraints
are taken together (see section 6.5), it is actually the single muon LHC search constraint that
cuts important parameter space otherwise permitted by electroweak precision. See section 6.5
for a discussion of the parameter space accounting for all the complementary constraints.
Lastly, for completeness we record that one can also compute similar high-p7 bounds on
the Wi triplet. We find a quantitatively similar bound on the mass of mis = 4.5 TeV or so,
this time driven by the mono-muon (followed by mono-electron) searches. Because the flavour
bounds, particularly from meson mixing (figure 4) already constrain the Wiy states to be
much heavier than this (100s of TeV), we conclude that high-pr does not provide a relevant
constraint on these high-mass states; high-pr observables are only relevant for the Wss bosons.

6.5 Combination of constraints

We have learnt that there are important and complementary constraints on the parameter
space of the light Was triplet, that arises from deconstructing the electroweak SU(2); gauge
symmetry into SU(2)z, 142 x SU(2)r, 3. We now put things together to delineate the viable
parameter space of the model.

In flavour, the strongest constraints come from B-physics. The fact that the best
constrained observables probing b — ¢ quark-flavour violating transitions, namely By
meson mixing and BR(Bs — puu), are here all dependent on the same combination of model
parameters, means we can readily infer what is the strongest bound — which turns out to be
BR(Bs — pu). We note that there are also strong constraints in the lepton sector, coming
from LFUV measurements in tau decays (see figure 7), but these are several TeV weaker
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Figure 10. Summary plot showing the current most important constraints on the (ma3, 8) param-
eter space of the Was triplet that arises in the flavour-deconstructed SU(2); model. We see the
constraints coming from colliders, electroweak precision observables (EWPOs), and flavour are highly
complementary. The most constraining flavour observable is BR(Bs — p* ), which we plot here
under two different flavour alignment scenarios (orange). The stronger version of the flavour bound,
corresponding to V., coming purely from the down-type mixing, is still weaker than the bound from
EWPOs (dark blue), which excludes mog lighter than 9.4 TeV. The collider bounds (green), which
come from Drell-Yan pp — ££(v) for all possible final state lepton flavours, exclude a complementary
parameter space with large couplings to the light generations (6 approaching 0). We also plot a finite
naturalness ‘bound’ in grey, for which the finite m,% corrections exceed TeV?; there remains plenty of
experimentally viable parameter space that is natural, corresponding to the white region.

than the quark flavour constraints (assuming that the by < sp mixing angle isn’t tuned to
be « |V to artificially ease the bounds from b — s observables). So, for readability, we here
show only the By — pp bound in the summary plot of figure 10. On the electroweak side, we
include the bound coming from our global fit to Z-pole plus myy measurements (section 6.3).
For high-pr data, we similarly present the result of our combination of Drell-Yan observables
measured at the LHC in all final state lepton flavour combinations (section 6.4). The interplay
of these different constraints, together with the naturalness contours given in eq. (3.7), that
correspond to order-1 and per-cent level tuning on m%, are shown in figure 10.

Taking all constraints into account, we read off the following lower bound on the mass
of the Was triplet,

This bound is saturated for values of the angular parameter around 6 ~ /4, corresponding to
91,2 = g3. This value of # is not tuned or unnatural; for instance it is quite close to the value
predicted in the Sp(6); UV model discussed in section 2.2, which predicts § = arctan(y/2).
(We indicate this value of 6 by a dotted purple line in figure 10 to guide the eye).

— 36 —



The precise bound on (mg3,6) at this minimum point is driven by the EWPOs, and
so LEP data still plays a decisive role in constraining this model (and similar models of
this kind). That said, as one goes to slightly larger values of g1 9, e.g. 8 < 7/(4.5), the
bounds from LHC Drell-Yan observables take over. In this region of the parameter space,
these high-pr LHC constraints are driven by searches in muonic channels, specifically the
ATLAS single muon search (at least of the searches currently implemented in HighPT, that we
use). Thus, currently there is great complementarity between the bounds coming from LEP
electroweak precision and LHC high pr Drell-Yan observables. There is also complementarity
with flavour, in particular By — pu branching ratios (as measured precisely by LHCb and
CMS, in particular), but this bound is more ‘model-dependent’, varying strongly with the
degree of up- or down-alignment.

Finally, let us comment more generally on the preferred parameter space of the decon-
structed SU(2)7 model as a whole, taking into account both the Wiy and Wag triplets. We
have just seen how the bound on the mass of the Was triplet is saturated for values of 6 close
to 7/4, and that the Sp(6) point # = arctan(+/2) lies close to this minimal bound. Recall
also from our discussion in section 5 that, for 6 ~ 7/4, the weakest bounds on the heavier
Wi triplet are obtained for ¢ = tan~!(g2/g1) also being close to 7/4. In summary, the
Sp(6) -derived scenario whereby all the deconstructed gauge couplings are equal, that is
gi = V/3gsar Vi, gives a scenario close to the lightest permissible mg3 and mis given current
bounds, with lower bounds on the masses of order 10 TeV and 160 TeV respectively.

Lastly, it remains to check the consistency of this parameter space point, given that m;;
are determined as functions of the underlying vevs (v;;) but also as functions of angles 6 and
¢. From eq. (2.20) and figure 1 we see that the Sp(6);, point entails mia/ma3 = 2/v/3 v12/va3.
To obtain masses that saturate the experimental bounds therefore implies v12/v93 ~ 14, which
is an O(1) multiple of the ratio of CKM angles |Vys|/|Ve| & 5. This means this parameter
space point is indeed consistent with order-1 numbers appearing in the formula (2.7) for
the left-handed quark mixing in our flavour model, ensuring it is a consistent model of
the SM flavour structure.

7 Prospects at Future Experiments

7.1 Improvements in Drell-Yan and flavour from High Luminosity LHC

By the end of the planned high-luminosity LHC (HL-LHC) phase, a target of 3 ab™! integrated
luminosity of pp collisions is expected to be accumulated. This order-of-magnitude increase in
luminosity will significantly bring down the statistical uncertainty on LHC measurements. We
here calculate the expected gain in sensitivity after HL-LHC in both the high pr Drell-Yan
observables of section 6.4, and also for the By — pu branching ratio, which is the most
constraining flavour observable (at least given current analyses) for our model.

For the Drell-Yan projections, we use the in-built ChiSquareLHC function of the HighPT
package to rescale the pp integrated luminosity up to 3 ab™!. This assumes the pure SM
background rate is measured in all bins of the high-pr distributions, and that the statistical
uncertainty on the measured event rates goes down with the square root of the gain in
luminosity. As we did to obtain the current LHC bounds, we include all final state lepton
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channels in our computation of the projected likelihood function of the model parameters
(0, ma3). The expected 95% C.L. contour is then plotted in teal in figure 11.

The branching ratio of By — pu is the most important current flavour constraint on Wag
(see figure 6). At HL-LHC, the sensitivity is expected to improve (see [111] table 29). For the
projections, we have used the LHCDb expected precision of 4.4% on the branching ratio with
400 fb~! integrated luminosity.!* The resulting regions are shown in salmon in figure 11.

7.2 Electroweak precision at FCC-ee

The planned Z pole run at FCC-ee will be sensitive to a significant unexplored area of our
parameter space, as shown by the dark blue area in figure 11. This region has been found
using the projected constraints on Z couplings in table 36 of ref. [112], which we have taken
to be uncorrelated, as well as the projected precision on my from table 3 of ref. [112]. The
paler blue region includes also the constraints on 4-fermion operators from table 36 of the
same reference, which are found from a fit including current measurements of low-energy
observables as well as projected ete™ — ff cross-section measurements off the Z pole at
FCC-ee. In all cases we take the projected central value to be the SM prediction. Evidently
from figure 11, the unprecedented precision of FCC-ee measurements both on and off the
Z pole has the power to cover much of the natural region of the general model, and could
rule out that of the Sp(6)-completed model.

FCC-ee will also be uniquely sensitive to many rare flavour processes and observables,
in particular involving third generation quarks and leptons. In appendix A we consider a
selection of such observables, for which dedicated sensitivity studies are available — however,
it so happens that the particular observables (in b — s77 decays, and flavour-changing top
decays) receive accidentally very small BSM contributions in our model, deeming them not
especially relevant despite the capabilities of FCC-ee.

7.3 LFV and LFUYV in lepton decays at Mu3e, Belle II, and FCC-ee

FCC-ee also promises to provide new insights into the nature of 7 leptons, due to the enormous
sample of 7 pairs produced at a Z pole run [113, 114]. As shown in figure 12, we expect
improvements in the LFUV ratios g,/gs, defined in egs. (6.25) and (6.26). Our projection
has been found assuming a reduction in the total uncertainty on the measurements of a
factor of 13, which is an estimate based on the total statistical plus systematic uncertainty
projections on the leptonic tau branching ratios from refs. [113, 115]. The initial estimates of
systematic uncertainty dominate in these projections, so if this can be reduced to the level
of the statistical uncertainties, the sensitive region could expand significantly.

On this plot we also show projected future limits on cLFV 7 decays from the Belle
IT experiment [116], and on p — 3e from the Mu3e experiment [64]. Given the expected
improvement in sensitivity at Mu3e, this experiment has the best potential to observe cLFV
due to the Wag states, or to constrain the leptonic mixing angles to be smaller than CKM-like.

M The projected exclusion could improve further if CMS achieves better than the expected precision of 7%
with 3 ab™! [111], which seems plausible given the current precision on their branching ratio is 11% with
140fb~* [73].
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~ = 0.05, 8 = 0.01.
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7.4 Summary of Future Prospects

The status of projected searches for the Wss gauge bosons after FCC-ee is summarised in
figure 11. Many different future experiments and measurements will probe new regions of
parameter space. Most important are the great improvements anticipated in measuring
Bs; — pp and Drell-Yan observables at HL-LHC, and ¢ — 3e at Mu3e, as well as electroweak
precision observables at the FCC-ee.

Together, these measurements will exclude nearly the entire natural parameter space of
the model, which is indicated by the region outside the grey exclusion in figure 11 where
|0mp| > TeV. The teal Drell-Yan regions are most sensitive where the coupling to light
generations is largest, i.e. g1, g2 » 1, meaning regions where § — 0. This gives these high-pr
bounds a different 8 dependence from the electroweak precision constraints, which also
diverge when g3 does since g3 dictates the Wa3 coupling to Higgs doublets (or equivalently
the Zss — Z mixing). These observables therefore provide good complementarity to exclude
the natural region of the model.

The quark and lepton flavour projected constraints depend on assumptions on the flavour
rotation matrices of the model V,, and V;, which here we have taken to be CKM-like, as
motivated by the explanation of the SM flavour puzzle (see section 2.1). But these are only
determined up to order 1 factors in the absence of a UV completion, meaning the sensitivity
of these flavour measurements in the mos — 6 plane is dependent on these factors, and so
any discrepancies in these observables can impart extra experimental information about
the flavour structure of the model.

8 Conclusion

We explore the possibility that the SU(2); gauge interaction emerges accidentally from
three separate SU(2)z,; forces that manifest at shorter distances, one for each family of SM
fermions. This idea of deconstructing forces by flavour, which was originally conceived by
Ma and collaborators in the 1980s [12, 42-46] and has been recently revived in part because
of anomalies in B-physics, offers an elegant explanation for the fermion mass hierarchies and
CKM mixing pattern if the SM Higgs is charged only under SU(2), 3.

The product gauge symmetry [ [, SU(2)z,; will always break to its diagonal subgroup,
as follows from elementary group theory arguments [25, 26, 28], meaning flavour universal
forces emerge as almost inevitable accidents at low-energy in this setup. Going in the other
direction (towards the UV), the deconstructed electroweak symmetry would follow from
electroweak flavour unification deeper in the ultraviolet, whereby all three generations of
left-handed fermions are unified via an Sp(6); fundamental gauge symmetry [23].

In this work we comprehensively analyse the phenomenology of a family-deconstructed
SU(2)1 gauge interaction. In doing so, we also uncover the leading phenomenological effects
of the Sp(6) -unifying model. The symmetry breaking pattern yields two SU(2), triplets of
heavy gauge bosons, Wio and Was. The former Wis triplet is tied to the generation of y;/yo
Yukawa hierarchies and the generation of the Cabibbo angle, and mediates flavour-violation
between the light families; it must therefore be very heavy, with mass = 160 TeV in order to
evade light meson mixing constraints. The latter Wag triplet is tied to the generation of ya/ys3
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Yukawa hierarchies and the mixing between light and third generation quarks. Its couplings
are universal in the first two generations (but non-universal in the third generation), which
enables it to be relatively light without contravening flavour bounds. Indeed, because the
Was also couples directly to the SM Higgs, it gives 1-loop corrections to mg; by computing
these corrections and requiring they be smaller than hundreds of GeV, we delineate the
parameter space of this flavour model in which the electroweak scale is natural, which roughly
requires the Wa3 not be heavier than tens of TeV.

This Was state enjoys a rich phenomenology visible across a range of experiments, with
strong bounds from colliders, electroweak precision and flavour being highly complementary.
In colliders, effects in Drell-Yan pp — ¢(¢,v) cannot be evaded (for any lepton flavour)
because each of the deconstructed gauge couplings satisfies g; = gsas ~ 0.64, so couplings to
valence quarks cannot be made small despite the U(2) global symmetry of the model. The
electroweak fit to LEP, SLD and LHC data gives strong constraints because the Ws3 talks
directly to the Higgs and electroweak gauge bosons, as well as all left-handed fermions; the
W mass is particularly sensitive because the model predicts a negative shift in myy, while
experiments currently measure my;” > m%lvvl (even prior to the recent CDF II measurement).
In flavour, we find the most constraining observable to be the B; — ™ p~ branching ratio,
which is measured with excellent precision by the LHC experiments and for which SM theory
uncertainties are under good control.

Taking all these constraints into account, we find the bound mo3 = 9.4 TeV on the mass of
the Was triplet (figure 10); interestingly, this lightest-allowed-mass corresponds roughly to a
deconstructed [ [; SU(2)r; with equal gauge couplings gi2 = g3, as is predicted by the Sp(6),,
UV model. We conclude with a detailed study of the prospects for probing the parameter
space of the deconstructed SU(2)r; model at future experiments (figure 11). Impressive
amounts of the natural parameter space will be probed by approved experiments like the
High-Luminosity LHC and Mu3e. A precision EW machine like FCC-ee would, if built,
explore nearly the whole natural parameter space of this model.
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A Third generation quark flavour observables at FCC-ee

b — sT7. A novelty of the FCC-ee flavour programme is the possibility of studying b — s77
decays. Many models motivated by the flavour puzzle or B anomalies predict large effects
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Figure 13. Branching ratios for B — K77 and B — K*771 decays, as a function of the Ws3 mass,
for two different values of 6. The coloured bands represent the SM+Ws3 prediction within 1o theory
errors, while the horizontal lines show the 1o boundaries of the SM-only predictions. The grey regions
are excluded by current measurements of the branching ratio of By — ppu.

here (see e.g. [48, 117-119]). However, in our model the predicted change to these branching
ratios are very modest, and likely unobservable even at FCC-ee. This can be seen in figure 13,
where we show the branching ratios of B — K®*)77 as a function of mas, for two different
values of 6 and assuming up-alignment in the quark couplings. The branching ratios and
their errors have been calculated using the formulae in ref. [117], and the Wilson coefficients
in egs. (6.6) and (6.8). To guide the eye, we indicate the SM-only predictions for these
BRs by the horizontal lines in figure 13. We can thus see that the parameter space regions
with large deviations from the SM predictions, which are in the low mass (mg3 < 3TeV
or so) region, are already ruled out even by current By — pp measurements (cf. figure 6).
We see that in the allowed region, the model in fact predicts only a tiny decrease in these
B — K®) 77 branching ratios. These decays are therefore not promising places for the Was
to show up, especially in light of FCC-ee’s projected precision on these 77 branching ratios:
~ (0.5—1)x 1077 [118]. Other decay modes such as B, — ¢77 are even less promising, and our
predicted NP contribution in By — 77 is exactly zero at tree level since we have C], = 0 (6.8).

Top FCNCs. If the model’s quark couplings are down-aligned, then down-type FCNCs
will not be present, but up-type FCNCs are unavoidable, so FCC-ee tests of e.g. t — ¢Z
could shed light on the model in the down-aligned limit. The sensitivity on the branching
ratios of ¢ — ¢Z and t — uZ decays is projected to improve to 1076 at FCC-ee [120]. In
our model, these decays are induced by the OS()] SMEFT operator (4.5), and the projected
constraints are shown in figure 14, for the fully down-aligned case. Also shown is the
projected constraint after HL-LHC from LHCb’s measurement of the branching ratio of
Bs — pp [111] in the up-aligned scenario, assuming that the measured central value remains
as it is. Clearly, the top FCNCs are not projected to be very sensitive, and even if the model
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of By — up at LHCb at HL-LHC, and from the branching ratio of t — ¢Z from a tt run at FCC-ee.

is fully down-aligned, the interesting region here is already ruled out by flavour-diagonal
constraints such as electroweak precision.
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