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1 Introduction

The flavour sector of the Standard Model (SM) seems ad-hoc; quarks and charged lepton
masses as well as the CKM matrix elements display a strong hierarchy. Many dynamical
explanations have been proposed to explain these features, e.g. based on adding new horizontal
symmetries such as Froggatt-Nielsen models [1] or gauged flavour symmetries [2, 3], or new
strong dynamics such as anarchic partial compositeness [4-6]. However, stringent bounds
from flavour physics, in particular kaon and D° — D° mixing or electric dipole moments [7, 8],
typically impose stringent lower limits on the scale of new physics (NP) that realises these
mechanisms. A very interesting possibility is that the SM flavour structure is generated at
different scales [9-12], that could happen due to strongly coupled sectors developing several
condensates [8], or, as we consider here, because the SM gauge group is extended to a non-
universal larger group. In this setup, an approximate global U(2) flavour symmetry minimally
broken can emerge, weakening these stringent flavour bounds [13-18]. Then, the lowest scale
can be as low as a few TeV, providing interesting phenomenological connections between low-
energy precision experiments and LHC searches as well as possible relations with solutions to
the Higgs hierarchy problem. For models establishing this relation, see for instance [8, 19, 20].

Beyond the SM theories containing a product of identical gauge groups, sometimes referred
to as moose or quiver structures, have a long history [21, 22]. An additional motivation for
them emerged with the idea of deconstructing (latticising) extra spacial dimensions which
leads to dual four-dimensional gauge theories [23, 24], referred to as multi-site models. In
such models the SM fermions can be assigned to different sites [25], in analogy with their
localisations in the extra dimension, such that the flavour universality is in general broken.

There have been many proposals to address flavour hierarchies following these ideas
based on the deconstruction of the SM gauge group or its UV completions: deconstructions of
SU(3). [26, 27], including quark-lepton unification of the third family [28-30], theories with a
deconstructed Pati-Salam gauge symmetry (totally or partially) [31-33], deconstructions of
hypercharge [34, 35], SU(5) GUT [36] or U(1) SM extensions [37].

On the other hand, it has been suggested that the U(2), flavour-symmetry for the light
left-handed (LH) quark doublets is sufficient to explain partially the flavour hierarchies of
the quark sector [38] as it only allows for third-family-quark Yukawas and forbids light-
family Yukawas and light-heavy CKM mixing angles. We propose a model that realises
this symmetry as an accidental one due to a moose gauge structure: a two-site model for
SU(2)r, (i-e. SU(2)1 x SU(2)2 — SU(2)1), with first and second family quarks on one site, and
third-family quarks on the other site. While similar extensions of the SM gauge group have
been proposed and studied [39-45], we put our emphasis on the use of this gauge symmetry to
(partially) address flavour hierarchies while having interesting phenomenological consequences
at the same time. By charging the Higgs under the same SU(2) group as the third-family
quarks, only third-generation quark Yukawa couplings are allowed at the renormalisable
level. Heavier NP, well above the TeV scale, can generate the remaining light-quark Yukawa
couplings and mixing angles in a suppressed way. This explains (partially) the hierarchy
in the quark sector.

However, the flavour pattern in the lepton sector, in particular the PMNS matrix, is not
that well addressed by the analogous U(2), symmetry [46]. Therefore, we consider several



models with different arrangements for the leptons on the two sites: we compare the model
that realises U(2), with models that preserve the full U(3), symmetry, without addressing
flavour hierarchies in the lepton sector (whose explanation is relegated to higher scales).
This is achieved by situating all leptons in the same site. Possible gauge anomalies can be
cancelled by adding new fermionic degrees of freedom.

The breaking of SU(2); x SU(2)2 — SU(2), results in a heavy SU(2), triplet vector field
containing a Z’ and W'* bosons [47, 48]. As we will see, their masses can be as low as a few
TeV, even though they have non-universal couplings to LH SM fermions which introduce new
sources of flavour breaking. The resulting rich phenomenology includes Flavour Changing
Neutral Currents (FCNC) processes such as b — s¢T¢~ transitions or meson mixing. Notice
that these FCNCs are restricted to the LH sector, as within the SM ones, which allows to
keep them under control. Still, they already appear at the tree-level, compensating for the
mass suppression w.r.t. the SM contribution. The Higgs, which is charged under one of
the SU(2) factors, interacts with the massive triplet generating a mixing between the SM
electroweak (EW) gauge bosons and the Z’, W’ that affects the EW precision observables
(EWPO), featuring a nice complementarity between flavour, electroweak, and collider physics.

During the completion of the first version of this manuscript, ref. [49] appeared on the
arXiv where a full deconstruction of SU(2)r, to SU(2); x SU(2)2 x SU(2)s, with one factor
for each family was proposed. One of the models discussed in our work corresponds to the
infrared limit of ref. [49]. We have checked that the phenomenological results we obtain for
this model are quantitatively similar to the ones of ref. [49].

The details of the proposed models are presented in section 2. section 3 is devoted
to the phenomenology in the U(2) conserving limit, i.e. without FCNCs. In section 4 we
include in our study the relevant flavour observables sensitive to the U(2) breaking, with
b — s transitions being the most important ones, and discuss the current status of the
B anomalies [50] in the context of our models. section 5 is dedicated to discussing the
prospects of future measurements which can further explore the relevant parameter space.
Finally, we conclude in section 6.

2 2-site model

We consider the gauge group SU(3). x SU(2); x SU(2)2 x U(1)y, where SU(2); x SU(2)3 is
broken at the (multi-)TeV scale to SU(2);. The gauge couplings correspondng to SU(2);
and SU(2)y are g1 and go respectively. For the breaking SU(2); x SU(2)2 — SU(2)r we
introduce the link field ®;;, a doublet under SU(2); and SU(2), i.e. & — U1<I>U§, with Uy 2
being rotations in SU(2); 2 space. This link field could be an elementary scalar, but also a
condensate originating from strong dynamics of a composite sector [19]. In any case, if it
develops a vacuum expectation value (VEV), ®;; = Ad;;, it generates a gauge boson mass
matrix, which in the (Wﬁ, Wﬁ) basis is given by

A2 2 o
M3 == 9 T (2.1)
4 \-g192 95

The massless eigenstate corresponds to the SM gauge boson W}SO), with a universal coupling

9192 (2.2>

gL = ——2—,
Vi + g3

-3 -



to SM SU(2)1 doublets, independently if they are doublets of SU(2); or SU(2)2 prior to
the breaking.! In addition there is a massive SU(2), triplet W;:(O) ~ (1, 8)p, with squared
mass M3, = ATZ(Q% + g3) and couplings

2
/ g
9/1 = - g% - Q%a 9’2 = ﬁv (2-3>
V91 — 9L

where 91(2) is the coupling to fields located in the first (second) site prior to the breaking.
As a convention, we fix the sign of the coupling of g5 to be positive, which fixes g] to be
negative. Interestingly, ¢{gh = —g7, making impossible to decouple the massive triplet
simultaneously from both sites.

The interactions between the massive vector triplet and the SM fields can be parametrised
by the Lagrangian

1 . | i} _ | PR

LD D) [gq Z T 0aq), + 9i5ai v oadl + Z gl oty + g Hloyi DM H W;L(O)a,
i=1,2 i=1,2,3

(2.4)

where o, are the Pauli matrices and we have assumed a U(2), flavour symmetry for the light
LH quarks to evade the stringent flavour bounds in the light families. The different couplings
depend on how we arrange the families among the two sites that we discuss next.

2.1 Quark sector

To realise the desired U(2), symmetry for the light-family quarks, which avoids dangerously
large effects in kaon and D° — D° physics and, at the same time, explains (part of) the
hierarchical structures of the quark masses, we localise the first two quark generations on
one site (which we choose to be site 1, the “light-quark site”) and the third generation on
the other site (site 2 or “top site”). This means that the first two generations are charged
under SU(2); and the third generation under SU(2),. This setup endows the model with a
U(2)q x U(3), x U(3)4 accidental symmetry. If we charge the Higgs doublet under SU(2),
one can only write third generation Yukawa couplings®

—£ 2 yP @ Houly + 4P Hdl. (2.5)

Here we can use the freedom to perform rotations between the right-handed (RH) quarks,
i(t) i(b)dé;i — ypbr. We will thus work in the interaction

i.e. redefining y u’é — yitr, and y

basis where u?j% =t and d?j% = bg. Note that these Yukawa couplings have further broken
the U(3), 4 flavour symmetries to U(2), 4. This fixes the quark and Higgs couplings of the
vector triplet in eq. (2.4) to be

«_ 91 ,

g?=-2L gl =g" =gl (2.6)
D)

'To get fermions which are doublets of SU(2) ., they must be charged under only one of the two SU(2);
before the breaking.

2While this model does not address the top-bottom or charm-strange hierarchy (as we discuss below), one
could think of UV completions with some approximate (effective) Zo symmetry under which d% are odd,
which suppresses any Yukawa term in the Lagrangian involving RH down quarks.



Higher dimension operators can generate the complete Yukawa couplings of light families
and CKM mixing after the SU(2); x SU(2)2 — SU(2)1, breaking:

1 | o
Lo S (Y eH )+ goHd,) (2.7)
i=1,2
o153

where A’ is some NP scale above A. After breaking SU(2); x SU(2)y to the SM gauge
symmetry, these terms generate Yukawa couplings suppressed by the ratio A/A’. The flavour
hierarchies between third and light-family quarks, therefore, emerge due to the existence of
separated scales with A < A’. Dynamical explanations of flavour hierarchies between first
and second families can be postponed to scales ~ A’ and above. The largest breaking of
U(2)4 corresponds to the CKM mixing angle between second and third-generation quarks,

ie. Vipts. Assuming yég) ~ 1y and yé?

~ 1, this implies that a first layer of NP beyond
our model should appear at A" ~ A/Vy.

Several UV completions could generate these effective operators:

(1) Extra Higgses: we may add a scalar doublet of SU(2);, with hypercharge 1/2, H;.
We can write in the Lagrangian terms like,

L
—L Smy, |HE |+ pH[OHy + Y (5 qp Huly +y @ Hidy), (28)
i=1,2
j=1,2,3

where now Hs = H is the Higgs located in the top-site used before. When Hj is
integrated out, the effective Yukawa couplings of eq. (2.7) with A’ ~ m%l /p are
generated.?

(2) Vector-like fermions: by adding heavy vector-like quarks, @ r with the same
quantum numbers as q?L’ and mass mg, we can then write the terms

-L> ) (yj(u)QLHCU‘E +y§d’QLHdﬂg) + > Aidi®Qr. (2.9)
Jj=123 i=1,2

Integrating out @1, r generates the effective Yukawa couplings of eq. (2.7) with A’ ~ mq.

Thus, the SM Yukawa couplings can be written as

A, €V, Ag &V,
Y, = )y, = q 2.1
%(O 1>, g %(0 1>, (2.10)

where we fix ¢, — ¢, = 1 and V; and A, 4 are naturally suppressed by A/A’ 4 Tt is convenient
to write the rotation matrices which transform the interaction basis to the mass eigenbasis,
i.e. which diagonalize the up-quark or down-quark Yukawa matrices:

Y.=Li ViR, Yi=L\YiRy, (2.11)

3This UV completion corresponds to a two-Higgs doublet model in the limit of large mass for H; and small
mixing angle [51], so the SM Higgs is mostly the top-site Higgs H>.

“For simplicity we assume that V; is the same in the up and down sector and that €;; are real. This, in
fact, is the case if ygéd are generated by one extra vector-like quark.



where fﬁhd are diagonal matrices. Using the freedom of the accidental U(2) flavour symmetries,
we choose the interaction basis to be aligned with the down basis for the light LH quarks and
identical to the mass basis for the light right-handed (RH) quarks. Then, V, = (V;5, V%)
and the rotation matrices are

Vud Vs 6tVub
Li=| Va Ve aVa |+0(Vh), (2.12)
€tVia €Vis 1

1 0 —aVy
La=| 0 1 —gVi|+0Ws), (2.13)
erVia €,Vis 1

1 0 Gt%vub
Ry ~ 0 1 eV, |, (2.14)
€t Vay —€tmsVa 1
1 0 —eb% o
Ri~| 0 R (2.15)
miVia e Vis 1

2.2 Lepton sector

To ensure anomaly freedom with minimal particle content, we have to locate two families of
leptons in the first site, and the third one in the second site. This implements an accidental
symmetry U(2), x U(3),, which can explain the hierarchy of the charged lepton masses.
Because y, ~ yp, and y,, ~ ys, the natural way to split leptons is choosing s; = {¢1, 2} and
s2 = {{3}, where we denote sy the set of lepton fields in site 1 (2) and the indices of /; are
ordered accordingly to the mass of the corresponding charge lepton. The hierarchies between
the 7 and light lepton Yukawa couplings is explained in the same way as the hierarchy
between third-family and light-family quark Yukawas:

_ 1 0= ,
~LOyliHTR+ 5 Y (vt oHeL) (2.16)
i=1,2
§j=1,2,3

where we have chosen a basis for eﬁ}% such that e?j% = 7R is the only RH charged lepton
appearing in the first term. The dimension-5 terms of eq. (2.16) can be generated by the same
extra Higgs considered before, or by vector-like leptons with the same quantum numbers as £3 .
We will call to this arrangement model 0. Other anomaly free assignments of the leptons to
the sites are strongly constrained by lepton flavour universality (LFU) tests between electrons
and muons and can generate potentially dangerous p — e flavour violation.

Naive expectations within model 0 however suggest also a hierarchical PMNS matrix,
contrary to observations [38, 46]. Indeed, assuming we do not include more degrees of freedom
at the TeV scale, the neutrino sector is described by the effective operators

1 c c 1 v c ic 1 i c ic

*ﬁDA* Yus (CLH )(HW%)JFN Z ys; (( H )(HT(I)TEL)JFF yiy (6,9 H )(HTTE)|.
v i=1,2 1,7=1,2

(2.17)



Model 0 Model 1 Model 2

Field || SU3). | U(1)y || SU(2); | SU(2)2 || SU(2); | SU(2)2 || SU(2); | SU(2)2
qp”° 3 1/6 2 1 2 1 2 1
q 3 1/6 1 2 1 2 1 2
0> 1 ~1/2 2 1 2 1 1 2
o 1 —~1/2 1 2 2 1 1 2
s 1 ~1/2 - - 1 2 2 1
. 1 —1/2 - — 2 1 1 2
H 1 1/2 1 2 1 2 1 2
P 1 0 2 2 2 2 2 2

Table 1. Representations of the fermion and scalar fields under the extended gauge group for the
three models. The index 7 runs over the number of will-be vector-like leptons Ly, g, which is 0, 1 and
2 for models 0, 1 and 2 respectively. Beyond-the-SM fields are shown in grey. We only show the fields
charged under SU(2); 5. Fields not shown have the same charge assignments as in the SM.

Denoting by m,, the masses of the neutrinos, and 6¢;; the mixing angle between i-th and
j-th family of neutrinos in the PMNS matrix, this suggests a hierarchy my, /m,, < 623 < 1,
which is not observed in nature (in particular, 6;; ~ O(1)). Still, it is interesting to consider
this model at the TeV because particular UV completions may present mechanisms that
undo this hierarchy (see for instance refs. [38, 52]).

However, an orthogonal possibility is to preserve the U(3), x U(3). and postpone a
dynamical explanation capable to address simultaneously the charged lepton and neutrino
hierarchies to a higher scale. For instance, it has been suggested that a U(2), symmetry helps
to explain the charge-lepton mass hierarchies while allowing large PMNS angles [46]. UV
completions realising this symmetry while preserving U(3), would be interesting to explore.
Therefore, we will also consider the possibility of locating all leptons on the same site. The
resulting gauge anomalies can be cancelled introducing new degrees of freedom, or, in case
the breaking to the SM group is triggered by the condensate of a composite sector, via this
sector [53]. Here, for concreteness, we introduce heavy leptons L and Lg, doublets of one
SU(2); with hypercharge —1/2, which are chiral under SU(2); x SU(2)3 but vector-like under
the SM group after breaking of SU(2); x SU(2)2 — SU(2). There are two possible models:

o Model 1: all SM leptons are in the light-quark site. We have s; = {¢;, Lr} and
so = {Lp}. The mass of the vector-like lepton is generated via the term

—L DAL ® Lp. (2.18)

All the lepton Yukawa couplings originate from effective operators, which explains their
overall suppression compared to the top quark. Notice that vy, ~ y..



« Model 2: all SM leptons are in the top site. We have s; = {L;*} and sy = {£%, L}f}.
The mass of the vector-like lepton is generated from the term

—L D (A\p)rsLL®LS,. (2.19)
All lepton Yukawas are allowed at the renormalisable level in this case.

In both cases, we need to assume a suppression of mass terms coupling ¢; to Lg, for which
we choose a Zy parity under which the fields L r are odd.

The three models are defined by table 1, and the couplings of the simplified Lagrangian
of eq. (2.4) are given by eq. (2.6) together with

e Model 0:
; V4 g% V4
!
911 = Y922 = ——>» 933 = 92- (2.20)
9s
e Model 1:
¢ ¢ ¢ 9%
911 = 922 = 933 = — > (2.21)
9s
e Model 2:
gh = 95 = gh3 = gh- (2.22)

Integrating out the vector triplet at tree level generates the Wilson coefficients in the SM
effective field theory (SMEFT) written in appendix A.

In models 1 and 2, for large enough values of the Yukawa couplings A7, of egs. (2.18)
and (2.19), the phenomenology of the triplet vector boson can be studied independently
of the vector-like leptons, as we do in the following. We thus leave open the possibility of
other UV completions that can fix the gauge anomalies. In any case, for completeness, the
phenomenology of the vector-like leptons is briefly discussed in appendix B.

2.3 Z — Z' and W — W’ mixing

Once the SM Higgs acquires a VEV, the EW symmetry is broken. The coupling between the
massive-vector triplet and the Higgs current in eq. (2.4) generates a mass mixing between
the SM gauge bosons and the W’ and Z’ bosons. The mass eigenstates are thus given by

WE = cos ayy W OF + sin ayyy W OF,
W'E = cos aww W OF — sin ayy WO, (2.23)
Z = cos Oézzlz(o) + sin O[ZZ/Wé(O)’

Z' = cos ozZZ/Wé(O) —sinayz 2O, (2.24)

where Z(©) = CWW3(0) + sw B and the mixing angles are

H 2
. g My
sin ayypw = —=— , 2.25
sin « /
sinayy = — VW' (2.26)
cw



where myy = grv/2. These mixings will lead to corrections of the couplings of the SM Z and
W to fermions, affecting the EWPO. When the triplet is integrated out, these corrections
are described in the SMEFT by the Wilson coefficients CS; and C’S’z (see appendix A).

3 Phenomenology: U(2)-preserving observables

We first analyse the phenomenology of the three models without taking into account observ-
ables related to the breaking of the U(2) flavour symmetries. In particular, U(2),-breaking
observables are sensitive to the misalignment between the interaction and the mass basis,
parametrised by €3 in the quark sector. Excluding them for now, we can analyse the
phenomenology of the other observables as functions of only two parameters: g5 and Myy.

3.1 LHC constraints

CMS and ATLAS searched for sequential Z’ and W’ bosons, massive vector bosons with the
same couplings as the SM ones. We rescale the branching fractions and production cross
sections, taking into account the LHC luminosities that we obtain from ManeParse [54], to
obtain the limits on My, in our model. The total widths for the branching fractions are
calculated taking into account both fermionic and bosonic decays [48].> We use pp — W', Z'
with W/ — v [55], Z' — (T4~ [56], W' — 7v [57], Z' — bb [58], and Z' — 777~ [59)
searches, with integrated luminosities of 139 — 140 fb~!, except the last one which uses 36 fb—1.
To correct for this difference in luminosities, we do a naive rescaling of 1/36/140 to the cross-
section limits to estimate the limit at 140fb~'. We then show the strongest limit we obtain
out of these different channels. Limits on the new bosons in these searches are only given for
masses up to 4 — 7TeV. For heavier masses, we use non-resonant di-lepton and mono-lepton
searches to further constrain the parameter space. For this, we implemented a x? as a function
of the dimension-6 semileptonic Wilson coefficients (see appendix A) using HighPT [60]. For
large triplet masses, we also include di-jet+photon searches using 79.8 fb~! [61] to constrain
four-quark operators of light families, taking the limit of the Wilson coefficient from [62],

~(5.3TeV) 2 < C{3) < (4.3TeV) ™%, (95% C.L.). (3.1)

3.2 Electroweak precision observables

For the electroweak fit, we employ the {agar, mz, Gr} input scheme and implement the y?
function provided in ref. [63] into our analysis. In ref. [63], the x? for the EWPO is given as a
function of the parameters {dg,}, defined in appendix C, which parametrise the modification
of the fermion couplings to EW bosons. In appendix C we also provide the relation between
these parameters and the SMEFT Wilson coefficients. The fit is dominated by the tree-level
effect in appendix A, but we also include the leading logarithms due to the running from
the matching scale A (~ 10TeV) to the EW scale. Regarding the W mass, the PDG average

5Here, for the models 1 and 2, we assume that the vector-like leptons L L,r are heavy enough to forbid the
decay of the massive vector triplet into them. Notice that if this were not the case, the branching fractions of
the triplet to SM fields would decrease, weakening the bounds from direct searches.

5Both signal and background scales linearly in the luminosity L. Since statistical relative fluctuations
decrease like 1/+/L, the limits on the NP signal cross section typically scale like v/L.



myp® = (80377 + 12) MeV [64] and the CDF-II result of mi® = (80434 + 9) MeV [65]
are not well compatible.” Both results imply an enhancement w.r.t. the SM prediction,
mip! = (80361 4 7) MeV [67]. However, while the first result is compatible within errors, the
second one displays a 7o tension. Instead of combining both values, we choose to perform
the EW fit excluding the W mass as an EW observable, and show instead contours with
the predicted change in my,. We have checked that for models 0 and 1, that predict a
negative shift in myy, including the CDF experimental value of my, can make the EW limit
~ 2 — 3TeV stronger in the region dominated by the EW fit.

3.3 LEP-II ete~ — ¢T¢~ data

Four-leptons operators can be constrained by ete™ — 7/~ data of LEP-II obtained with
center-of-mass energies above the Z-pole. Note that the Wilson coefficients of the Higgs-lepton
operators Ogy also enter in these observables, but are much better constrained by the EW
fit. We build our own x? function using the Wilson coefficients of appendix A and following
the procedure of ref. [68] using the formulas of ref. [69], and the data published in ref. [70].
Similar methods have been used in ref. [71].

3.4 Lepton flavour universality tests

LFU is only violated in model 0 for 7 versus light leptons. There, the ratios involving 7 — fvv
and 7 — K(m)v of egs. (D.2)—(D.4) of appendix D potentially constrain the parameter space.
egs. (D.2)—(D.4) show the contribution from the Wilson coefficients of the SMEFT evaluated
at the EW scale. In our fit, we include the leading log running from the matching to the
EW scale, which is small because there is no QCD running, and the potential contribution
from 4, to the running of the relevant Wilson coefficients,

d
u@[cﬁ’z]u o y2 (9% — ™), (3.2)

cancel out due to the arrangement of the third-family-quark doublet and Higgs field on
the sites.

3.5 CKM elements

Our vector triplet, with the couplings given in eq. (2.4), potentially yields NP contributions
at the tree level to beta, pion and kaon decays, affecting the extraction of the involved
CKM elements [72, 73]:

Vo = | ”Vedgz]”“ = V(1 + 0Vaa), (3.3)
[Coe™ 1221
oVLL
o= Gty sy (3.4)
[Cue ]1221
Here V,4 and V,; are the actual CKM elements within our model, and C’l‘//eguL , CVEL are
the Wilson coefficients of the LEFT operators
Oyt = (per)(dpy'ur), (3.5)
Oy = (wpyuvn) (Enter). (3.6)

"There is also a new result by ATLAS not included in the PDG average (80360 & 16) MeV [66].
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Figure 1. Exclusion limits for models 0, 1 and 2 (from left to right) as discussed in section 3. We
include LHC searches (grey solid line), EWPO (blue dashed line) and LEP-II eTe™ — £7¢~ bounds
(green solid line). For model 0 (7) LFU tests are affected (grey dotted line). Coloured regions are
excluded at the 95% C.L. for 2 d.o.f., except for LFU tests that we use 1 d.o.f. because its x? only
depends on one particular combination of the parameters (see egs. (D.2)—(D.4)). The red dashed
contour lines corresponding to Amy,/MeV = (my — midt)/MeV.

Neglecting V;s and Vi suppressed contributions, we get

6Vud = 5Vus
1
=v? [CS);]M - [Cé;’)]llii - [C}?Z]m + 5[@4]1221
_ (¢" —g11) (g8 — 9%) miy
- 2 M2’ (37)
91, w

with ¢ = 1,2 and we have neglected the small effects from the running of the Wilson coefficients.
We can see that for the three models considered here, the various contributions cancel such
that 6V,q = 6V,s = 0. Possible extensions of the model to address experimental deviations
of unitarity in the first row of the CKM matrix, known as the Cabibbo Angle Anomaly
(CAA), are discussed in appendix E.

3.6 Results

We show the 95% C.L. exclusion regions of the relevant bounds for our three models in
figure 1. For small g5, the most relevant bound comes from LHC searches, because a small
g5 implies large couplings to valence quarks, g7 = g} = —g% /45, and thus large production
cross sections for the triplet at LHC. The leading constraint comes from pp — fv searches,
and, for model 2 and very small g5, di-jet searches. It is remarkable that for model 2 most
LHC limits are approximately independent of g5. The reason for this is that pp — W' — (v
and pp — Z' — T/~ have cross sections o gqgfi = —g%, so that the dependence on the
coupling cancels out.
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For large gh,® the most relevant bound comes from EWPO, although for model 0, also
7-LFU tests are relevant, and for model 2, EWPO only become stronger than LHC searches
for very large g5. The key to understanding the EW fit in this region of the parameter
space is the NP effect on the very constrained modifications of Z couplings to leptons and
by, which at tree level read

H_{ 2
9" gi; My 0GR
6g7¢ = 20 3.8
ILi = 52y T g ogn ) (3:8)
H _4q 2 3 — 482
5 zd 9 933 My w §G 3.9
ILs8 = g2 M2, T 12(1-253) 0 (3.9)
2
st 0GR
8gat. = —dmy = —V "2 (3.10)
i 2(1 — 2s3,)
where the precise definition of dz is given in appendix C and
5Gp = 91195 — 9" (911 + 5o) miy (3.11)

9t M,

For model 0, the EW fit is dominated, in the region with sizeable g5, by the constraints on
the Z — 171, and Z — bpby, corrections. This is why within model 1 the limit from EWPO
is weaker: the tension in Z — 77,77, observed in model 0 is removed while the Z — by,b;, one
remains, weakening the limit. Interestingly, contrary to the naive expectation, model 2 further
weakens the EW limit. This is because of an accidental approximate cancellation in Z — €% et
between the universal contribution from §Gr and the one proportional to gfi occurs, due to the
Weinberg angle being close to 7/6, sy ~ 1/2. Also, Z — brbr, becomes smaller. The leading
bound originates from Z — efely, which is affected by the universal contribution from 6Gp.

Contours of Ampy = my — 77115,[1,\/I show how in models 0 and 1 the W mass is reduced
by at most ~ 10 MeV, originating from the shift in Gp (see eq. (3.10)). It is interesting
that for model 2, we get an enhancement that can be of about Amy, ~ 30 MeV, going in
the direction preferred by the W mass measurements.

4 Phenomenology: U(2)-breaking observables

Our models necessarily violates quark flavour since U(2), is broken (to generate light-heavy
CKM elements) through the V; spurion. This breaking generates FCNCs, in particular, B s— B,
mixing and b — s transitions play an important role. Concerning the latter, it is interesting
to see if the observed anomalies in b — s£T¢~ data and other B decays can be explained in
our setup. We also study possible violations of U(2), that appear naturally in model 0.

4.1 AF = 2 observables

Meson oscillations are one of the most constraining flavour observables. Integrating out our
vector triplet at tree-level gives contributions to the four-quark operators in LEFT

Lierr O — Cp, (50v:b1)% — Cp,(drvubr)? — Cr(drvust)® — Cp(tryucr)?. (4.1)

8Large values of g can lead to fast proton decay through non-perturbative effects in this model [74, 75].
However, as pointed out in ref. [74], these calculations assume small quartic coupling of the link field ®.
Models with large quartic coupling or realising ® as a condensate of a composite sector may avoid this bound.
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The leading NP contribution to these Wilson coefficients is

(1 - Et)2
Ch. = Vt%Vt?W(ggg - 977, (4.2)
W/
(1 — Et)2
Ch, = VaVid' ~gy (98 — 9", (4.3)
W/
(1 — Et)4
Ok = ViVl ~gy (95 = 90)%, (4.4)
W/
4
€
OB = Vi Vi (9% — 94)*. (4.5)
ub¥eb a2z d

For B s — des mixing, assuming that the phases originate only from the CKM elements,
we obtain the 95% C.L. limits (see appendix F for details)

CNP

—(27.7TeV) 2 < 2 < (8.4TeV) 2, (4.6)
tbvts
CNP

— (131 TeV) 2 < P4 < (7.5TeV) 2. (4.7)
VisVia

For kaon and D° — D mixing, we take the 95% C.L. limits from refs. [76, 77]:

—(2.89 x 10* TeV) ™2 < ImCRY < (2.04 x 10* TeV) 2, (4.8)
— (1.03 x 10* TeV) ™2 < ImCRF < (1.06 x 10* TeV)~2.

These observables only depend on the couplings of the new states to the quark sector and
are thus the same for the three models, being a test of the main idea behind: a dynamical
explanation of the quark hierarchies, without relying on any assumption made for the leptons.

4.2 b — sttet data

Our class of models naturally gives contributions to b — s¢™/¢~ transitions via the effective
operators 06710,

2 _ ..« )
L2 SViVa 3 CL0y, (4.10)
a,i

where a = 9,10, ¢ = 1,2,3, and

Oy = (517yubr) (6iy"63), (4.11)
Ot = (5r7ubr) (6ir*7°4s). (4.12)

These Wilson coefficients do not renormalise under QCD, and the QED running (or the one
due to other SM couplings) is negligible. The structure of the NP effect is more clearly seen
in the basis given by Z(©) and Wé(o), with flavour diagonal couplings. The tree-level exchange

/(0) (0)

O gives contri utions proportional to g;; wnile (] — mixing, wit
£ Wi g tributi tional to g5 while the Z(® — Wi mixi ith W,
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coupled to the bs vertex, give universal contributions proportional to ¢*':

NP _ w1 =€) (995 — 9D)lgh — (1 — 4s3y)g"] miy (4.13)
? QEM 9% MI%V/’
ctne _ (1 =€) (953 — 9)(9is — 9™) miy ny
0 = ) M2 (4-14)
QEM gL, w

It is interesting to note that Cff)’NP vanishes if ¢; is located in the same site as the Higgs
/(0)

because the Wé(o) contribution cancels the one from the Z(®) — W5 mixing.”
Among the b — s{T¢~ observables, B, — puTpu~ is very constraining due to its precise

SM prediction [78, 79]. It receives contributions from C’{BNP:

B(Bs — pp)su CheSM '
where C{‘dSM = 4.188 and we take [80, 81]
BBy — ji* 7 Jmep = (3524033) x 107°, (4.16)
B(Bs — ptp)sm = (3.67 £0.15) x 107, (4.17)

After the latest measurement of Ry (., by LHCb [82, 83], b — s¢T¢~ data do not show
indications of lepton flavour universality violation between electrons and muons and are thus
compatible with CJF = })\LP =CY and C}\f = C%IZ = C}). A global fit of b — s¢*t¢~ data
within the NP scenario (Cy,CY) yields [84, 85]

Cy = —1.187513, Cf) = 0.1050 14, (4.18)

where C’H) is mainly constrained by Bs — p*p~, which we discuss above, and C’g shows a
sizeable negative shift of ~ 25% w.r.t. its SM prediction. This effect primarily arises from
persistent tensions observed in the angular distribution of B+ — K*O+4) 1+~ [84], with
particular emphasis in two anomalous bins of the so-called P! observable [86]. Additionally,
we have recently seen the exacerbation of the deviations in the branching ratio of BO1) —
K©+) T~ channels, as a consequence of the increased precision in theoretical predictions
due to newly available lattice determinations for the relevant form factors across the entire
q? region [84, 87]. Other collaborations involved in b — s¢T¢~ global fits obtain different
results depending on the experimental data input considered and theoretical assumptions
regarding the non-perturbative effects that enter into the calculations [88-90]. However,
all analyses that employ available theoretical calculations, based on light-cone sum rules
(LCSRs) [91, 92], for the determination of the relevant non-perturbative form factors, coincide
in finding a C§ ~ —1 and Cfj, ~ 0.

9We have checked that the cancellation of Cff)’NP is a general property of Z’ models when the Z’ is associated
to a U(1)’ that charges the chiralities of the leptons and the down component of the Higgs such that the £;-
Yukawa term can be written at the renormalisable level (see appendix G). In our case, U(1)" C SU(2)1 x SU(2)2
and it is generated by the combination of the generators (T3)1 and (T3)2 associated to Wé 9,
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4.3 B — KWyy and K — mvv

For the AF = 1 processes B — K® vy, K; — 7w and K+ — ntvw the relevant effective
Lagrangian is

2 N aw B w .
Lrprr 2 — ViV - > Cab,i(3ryubr) (77" V)
7

2 * [€%7,74 - i i
— 2 ViaVis o - Y Casildryuse) (Ppa"vy), (4.19)
i
with the NP contributions
$5 —90(g" —gf) v?

CONP _ 22(1 _ (933 — 9 ii 4.20
sb,i ™ ( Et) g% MI%V” ( )
Ch = (1—e) CYE, (4.21)
where the running is negligible. Notice that in our models, C‘gﬁ = —2éf6’Np, where C are the

Wilson coefficients including their respective normalization factors of egs. (4.10) and (4.19).
Likewise, the effect is vanishing if ¢; is located in the same site as the Higgs. Thus, only
models with leptons in the first site (models 0 and 1) will give a contribution. The resulting
branching fractions are [93, 94]:

2

BB — KWup) 13 NP
= - 14+ —= 4.22
BB = Kwnsy 321V X, | (4.22)
N 2

B(KL — 7T01/17) _ 1 i 1 Im( td%sc}j\g;) (4 23)

B(Kp — mvr)sm 3 P Im(VAVie) Xy | '
2

B(Kt = xtup) 1 CHF

B(Kt = mtvb)sy 3 2|t V&Re(%vcs) @\’ (424)
SM =1 Xt + T‘};PC

where X; = 1.48, PV = P® = 0.45 and P®) = 0.31.

We will see that model 0, and to a larger extent model 1, can give an enhancement of up
to ~ 10% w.r.t. the SM prediction, which is however still far from the current experimental
limit: among the three, B(K*T — 7tvv) is measured most precisely [95] but still with an
error of ~ 35%, to be increased to 15% by 2025 [96]. Potential future experiments [96]
can measure K+ — 7Tvi (HIKE) [97] with a 5% error of its SM value, and K — 7lvi
(KOTO-II) [98] with 20%. Similarly, Belle IT aims to measure B — K® v within 10% [99]
of its SM value. Note that the current excess observed in B — Kvv by Belle II [100] (2.20),
which combined with other measurements suggests an enhancement of about 180% with
respect to the SM, is not explainable within our model.'°

4.4 RD(*)
For completeness, we also discuss

B(B — DWrv)
B(B — D®iv)’

10The differential distributions measured by Belle II are better compatible with the assumption of light
NP [101].
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with ¢ representing light leptons, within our model. The current combined measurements
suggests an excess of 10 — 20% w.r.t the SM prediction (~ 3 ¢) [102]. Since these observables
are a measure of LFU violation, only model 0 can give a contribution. The relevant effective
Lagrangian is

2V o i (=
LigrFT O — v2b ZCgi(fL’yMVL)(CL’y“bL), (4.26)
i=1

resulting in

(953 — 95) (glser + g9(1 — &) — g™T) m,

:1+2 )
9i Mg,

(4.27)

with ¢ = 1,2, and the running is negligible. We observe that the effect in model 0, in the
region not excluded by other observables, is below 0.1%.

4.5 LFYV processes

Model 0 breaks the U(3), symmetry of the gauge sector of the SM to U(2); x U(1),. Then,
it is natural to check contributions to lepton flavour violating (LFV) decays triggered by a
possible breaking of U(2),. From eq. (2.16), we see that, after SU(2); x SU(2)2 — SU(2).
breaking, model 0 naturally has the Yukawa couplings

A
£5 Sy Gl (4.28)

with ¢ = 1,2. Assuming that yg) ~ yi(f ), they generate mixing angles between the interaction

and the diagonal Yukawa basis, 0,4, ~ myg, /m,, which induce LFV couplings of the Z’:

; mye; ¢ ¢ ? myMme , y i
giz ~ m (933 — 9ii)> Y12 ~ 7;:12 . (933 — 9ii)- (4.29)
T T

When the triplet is integrated out, these couplings generate the Wilson coefficients of the LEFT
operators in eqs. (H.10)—(H.14), giving rise to LFV processes with stringent experimental
bounds (see appendix H). Assuming that eq. (4.29) is exact, these bounds are dominated
by 77 — p ¢~ in egs. (H.3) and (H.4) and pu — e conversion in eq. (H.8). We use these
observables to build a x?-function.

Other LFV decays {, — {;~ receive contributions from the UV matching and from
[C’Sg]jk in the SMEFT-LEFT matching, both at one loop level. The first contribution
depends on the UV completion realising eq. (2.16), which we do not specify here. However,
it can be estimated from appendix A.1 of ref. [73]. We have checked that the bounds from
these processes are significantly weaker than the ones discussed above.

4.6 Results

All FCNC observables in the quark sector depend crucially on €. In the down-alignment limit
€; = 1, the effects in the down sector disappear and only D° — D° mixing survives. However,
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Figure 2. Exclusion limits for models 0, 1 and 2 (from left to right) for e; = 0, discussed in section 4.
We include the strongest U(2)-preserving limit from previous section (grey solid line), AF = 2
processes (green solid lines), By — pTp~ (blue dotted line), and LFV processes for model 0 assuming
eq. (4.29) is exact (grey dotted line). Coloured regions are excluded at the 95% C.L. for 2 d.o.f. except
for mesons mixing and B, — uu that we take 1 d.o.f. because their x? only depends on a particular
combination of the parameters, C}X* and C{LO’NP respectively. For model 0 and 1, red dashed contour
lines depict 6B(B — K*)vi). The same contour lines give §B(Kj, — n%v) for the same values (3%,
6%, 9% and 12%) and dB(K™ — ntvw) for an enhancement of 2%, 4%, 6% and 8% respectively. For
model 2, the blue dashed lines show contours of constant value of C§ .

the resulting limit is substantially weaker than the ones from U(2)-preserving observables,
in particular EWPO. In the following, we will therefore study the limit of alignment in the
up-quark sector, ¢; = 0, resulting in FCNC in the down sector. In figure 2 we show the 95%
C.L. exclusion regions of By — u*u~ and meson mixing for the three models, together with
the strongest bounds from the U(2)-preserving observables discussed in the previous section
and the limits from LFV decays for model 0 assuming eq. (4.29) is exact. We also show the
contours lines for C§' in model 2, and for 6B(B — K®uvp) in models 0 and 1, where

SB(A) = B(A)/B(A)su — 1. (4.30)

The same contour lines also predict the effect in K — 7%vv and K+ — 77 v (see caption
of figure 2). Note that B — K®vp, and K — nww is exactly 0 for model 2 (see egs. (4.20)
and (4.21)). Also, the value of C§' for models 0 and 1 is strictly positive and at most ~ 0.1
in the non-excluded region (see eq. (4.13)).

We see that among AF = 2 processes, By — By mixing is the most constraining one,
but that all three of them give similar bounds. This is a general property of models with
Minimal Flavour Violation (MFV) [103, 104] or minimally-broken U(2) [8, 18, 35, 105] as ours.
Interestingly, AF = 2 processes give same order-of-magnitude bounds as the other limits,
that, unlike meson mixing, depend on the assumptions made for the leptons in each model.

For the three models the strongest limit for small g} is again from the U(2) preserving
observables (in particular LHC searches) and AF = 2 processes for very small g5 for model
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2. For models 0 and 1, the strongest limit for large g5 is Bs — putu~. However, in model
2, Bs — pTp~ remains at its SM value due to the cancellation in the NP contribution to
Cli, observed in eq. (4.14). This opens the possibility of a large g5 coupling for a triplet
mass of 10 TeV-12 TeV allowing for a sizeable shift in C§ of about —0.6, in the line with the
b — sft¢~ fit. Still, the amount of Cy is limited by B — Bs-mixing and the U(2) preserving
bounds from EWPO, LHC and LEP-II data. This is similar to what is observed in models
with an LFU Z’ with bs couplings and vector couplings to leptons [88], which are limited by
Bs-mixing and LEP-II data. It is interesting to note that in the region where the contribution
to CY is large we also get an enhancement of the W mass of ~ 30 MeV (see figure 1).

5 Future prospects

It is interesting to discuss how future measurements and experiments can explore the parameter
space of our three models. For this, we estimate different future limits, assuming that no
deviations from the SM prediction are observed. We will comment on the expected sensitivity
of different experiments relevant to our models and build the corresponding x? functions to
set the projections of the limits in the parameters of the three models in section 5.4.

5.1 LFV: Mu3e, Belle II, COMET and Mu2e

In the coming years, we expect a significant improvement in limits on LE'V processes, affecting
the bounds for model 0. Phase-2 of the Mu3e experiment [106] aims to reach a sensitivity of
1071 at 90% C.L. in B(ut — eteet) in 2028. Belle II will improve the bounds on 7 LFV
decays. For an integrated luminosity of 50 ab™!, the projected limits are [99]

Br™ = p ptu”) <4.6x10710,
Bt~ = petem) <3.0x 10710,

at 90 % C.L.'' The COMET [108] and MuZ2e [109] experiments will test 4 — e conversion in
aluminium with an expected sensitivity of 10716 — 10717, Conservatively, we take B(u Al~ —
e Al) < 10716 at 90% C.L.

5.2 High-luminosity phase of LHC

We have seen in figure 1 that non-resonant searches currently result in the strongest bounds
in case of small values of g}. To estimate the limits from the high-luminosity phase of LHC
(HL-LHC), we use HighPT [60] to extract the projection for the y? for an integrated luminosity
of 3ab™! for pp — Z' — ¢~ and pp — W' — fv. We also include limits on the Wilson
coefficient 0(52) related to the light families from di-jets+photon searches [62]. Assuming
that the contribution of this operator to the cross section is dominated by its interference
with the SM (see table 1 of ref. [62]), we rescale the limits of eq. (3.1) by 1/79.8/3000, as
suggested in Footnote 6, to estimate the HL-LHC bound.

LHCb and CMS will also improve the measurement of B(Bs — pu) [110]. In particular,
the expected experimental error of LHCb is AB(Bs — up) = 0.16 x 10~ for an integrated
luminosity of 300fb~! [107]. The projected limit is then calculated assuming the theory
error in eq. (4.17) for the SM prediction.

YLHCD will also be able to probe branching ratios of O(107%) of 7 — 3u [107].
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5.3 Future circular collider

The Future Circular ete™ Collider (FCC-ee) [111, 112] and CEPC [113] have the potential to
improve the limits on the scale of NP coupled to the Higgs boson to several tens of TeV [71].
We focus here on the prospects for FCC-ee.

We build a x? with the EW observables of table 3 of ref. [114] (Z-pole observables and
W boson mass and width) using the {agyr, mz, Gr} input scheme. We add in quadrature
the statistical and systematic errors and neglect possible correlations. Table 30 of the
same reference also includes the estimated theory uncertainties for most of them. When
provided, we also include them, adding in quadrature intrinsic and parametric errors. Theory
uncertainties for the observables A, are extracted from Asin?fy,. We also neglect theory
correlations except in the cases of Ay and Ry, where only one theory error is provided for the
three observables associated with the different lepton families, so we assume a full correlation
between them. To calculate the contributions of the NP Wilson coefficients to the EW
observables, we use the expressions given in appendix C of ref. [30].

Table 27 of ref. [114] also shows the projected measurements of cross sections and forward-
backward asymmetries of e“et — (74" at two center-of-mass energies, s = (240 GeV)?
and s = (365GeV)2. Similarly to section 3.3, we use them to build a x? constraining
4-lepton operators.

Finally, FCC-ee would work as a 7 factory and significantly improve the accuracy of
7 decays [115], relevant for model 0. FCC-ee can reach a sensitivity of 10710 for the LFV
7 — 3p decay. However, regarding 7-physics, the limits for model 0 are dominated by
T — lvv, with ¢ = e, u, affecting the LFU tests (see appendix D):
T =]  AB(T — lvp)

} -~ 2B(t — tvi)’

where the expected error is AB(T — fvv) = 3 x 107° and we have neglected the error

AR [ (5.3)

n — evv

from B(p — evv).

5.4 Results

In figure 3 we show the 95% C.L. exclusion limits of the discussed projections for the three
models. Despite the expected improvement in sensitivity on LFV decays from Mu3de and
Belle 11, we see that for model 0, these bounds will still be weaker than the current U(2)-
preserving limits of figure 1. This is due to the strong suppression of the lepton mixing angles
of eq. (4.29).'? However, 1 — e conversion will be able to explore the parameter space beyond
the current experimental limits. We can also see that, for small g5, non-resonant searches at
HL-LHC can improve the limit on the triplet mass by roughly a factor ~ 2 for the three models.

FCC-ee will significantly enhance the limits on the triplet mass for moderate and large
values of g5. This is especially the case for models 0 and 2, where also 7 LFU tests and
ete™ — T4~ observables respectively impose similar or stronger constraints than those
coming from the Z-pole measurements.

6 Conclusions

A puzzling feature of the quark mass spectrum and the CKM elements is their hierarchy.
While the top Yukawa coupling is of order one, all other Yukawa couplings are much smaller.

120ur results for Mu3e are substantially weaker than the ones obtained in ref. [49]. The reason is that they
assume a CKM-like lepton mixing matrix which gives less suppressed mixing angles for electrons.
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Figure 3. Projections of the exclusion limits from different future experiments for models 0, 1 and 2
(from left to right). We include the LFV limits assuming that eq. (4.29) is exact in u+ — ete~e™
from Mu3e, p — e conversion from COMET and Mu2e (gray dashed lines) and 7 decays from Belle II
(grey solid line), non-resonant searches in HL-LHC (grey solid line), By — p*p~ limit from LHCb
assuming €; = 0, and EW observables (blue dashed line), ete™ — £7¢~ bounds (green solid line) and
7 LFU tests (grey solid line) from FCC-ee. Coloured regions are excluded at the 95% C.L. for 2 d.o.f.,
except for Mu3e, Belle 1I (1), u Al — e Al, By — puTp~ and 7 LFU tests that we use 1 d.o.f. because
their x2 functions only depend on one particular combination of the parameters.

An interesting possibility for understanding this pattern is that only the third-family quark
Yukawas are allowed at the renormalizable level while all other couplings are suppressed by
higher mass scales, realising a multi-scale explanation of the flavour hierarchies. We implement
this idea in a two-site deconstructed model for the SU(2);, gauge factor, i.e. SU(2); x SU(2)a
is broken to SU(2)r. The first two generations of quarks are charged under one SU(2)
factor while the third family transforms as a doublet under the second factor, together with
the Higgs doublet. This only allows third-family quark Yukawas at the tree-level while
higher dimensional operators can generate the remaining quark Yukawas in a suppressed
way. We discuss different possible UV completions to generate these effective operators, but
stay agnostic about the specific realisation. In any case, the model possesses an accidental
approximate U(2), flavour symmetry which protects FCNC processes from dangerously large
effects such that a TeV scale realisation is viable.

The lepton sector differs from the quark sector, in particular, the PMNS matrix is
qualitatively different from the CKM matrix. A straightforward extension of the quark
structure to the lepton sector predicts LFU violation and would require some particular UV
completion to account for the anarchic mixing angles of the PMNS matrix. Another option
considered in this paper is to assume that all leptons are charged under the same gauge factor,
i.e. localised on the same site and realising a U(3), symmetry. A dynamical explanation
of the lepton hierarchies is then postponed to higher energies. We have then explored the
phenomenology of three models with different distributions of the lepton doublets on the sites.

In the phenomenological analysis, we study the complementary bounds for EWPO, LHC
searches and FCNC processes. Interestingly, all those sectors give in general comparable
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limits on the couplings and masses of the heavy gauge bosons that appear in the models,
W’ and Z’, which are in the range of (5 — 20) TeV. We observed several total or partial
non-trivial cancellations in NP contributions that weaken or remove some limits, like the
limits coming from the determination V,4 and Vs, or the EWPO for model 2. A particularly
remarkable cancellation happens in Cfé’NP, if /; is located on the same site as the Higgs. This
allows a sizeable contribution to Cg as preferred by the current b — s/ fit, while avoiding
the bound from By — ptpu~. This reveals that, regarding Z’ bosons, not only those with
vector couplings to leptons are the natural candidates to address the deviations observed in
CY [69, 88], but more generally any Z’ where similar cancellations occur.!

Possible UV completions of our models to address the hierarchies between first and second
families at higher scales could be further deconstructions of the light-family gauge factor [49],
which in turn, could be UV-completed to models with gauge-flavour unification [116, 117],
or realisations of another kind of horizontal gauge symmetries charging the light families

and broken in a far UV.
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A Matching to SMEFT

We integrate out the heavy triplet at the tree level to match to dimension 6 SMEFT,
LD Z CnOp, (A.1)
n

and work in the Warsaw basis [118]. We have crosschecked our results with Matchete [119].
Neglecting all Yukawa couplings except the top one, and working in the interaction basis,
we get at the matching scale the following non-vanishing Wilson coefficients:
0 q
3 949
[Céq)]iikk = ——Ugkk (A.2)

- 2
4MW/(0)

(g5:)?
[Coeliiii = ——— (A.3)
SM2,,)

13We have checked this is the case for Z’ bosons with bs couplings and associated to a U(1)’ that allows for
the lepton Yukawas at the renormalisable level (see appendix G).
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[Coelizj = (A.4)

[Coelijji = (A.5)

(9i5)°
[CS s = —2—, (A.6)
M2,
95595

)] 4M5V,(0> Y
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99

[y = -l (A.8)
Hq 4M€V’(U)

€3]

aq

(A7)

¢ H
99
[CS%]H =5, (A.9)
4M3V,(0)
3(9")?
Cpo = ——2 A.10
8MZ,,) (.10)
. yi(g")?
4M3V,(0) ’
A(g")?

Tonr2
2M 0

[Cunlss = (A.11)

Cy = (A.12)

where i,k = 1,2,3; j = 2,3; i < j, repeated indices are not summed, and g}, = g4, = ¢7,
g4 and gfi are the couplings of the fermions to the extra triplet depending on the model
(see egs. (2.6) and (2.20)-(2.22)).

B Vector-like-lepton phenomenology

Models 1 and 2 with only the SM fermion fields require of some UV completion to fix their
gauge anomalies. One possibility is the inclusion of the vector-like leptons described in table 1.
Up to dimension 5 interactions, for model 1 we can write

—LONLL® Lg+ mils Ly +yF L Hel + hec., (B.1)
and for model 2:
—L D M6, Ly LS + my by L'y + yL L7 He'y + hec., (B.2)

where we assume we work in the basis that diagonalizes )\fs = A\-0rs. It is necessary to
assume a Zy parity charging Ly p that suppresses all terms except Ar. After the SU(2); x
SU(2)a — SU(2)r, breaking, we obtain for both models

—L D M85, L5 L + my by L'y + yL L7 Helsy + hec., (B.3)

where 7, s run over the number of vector-like leptons depending on the model, M, = A\,
and yf?i = y;,iLA/A' for model 2. Although suppressed by the Z, parity, the parameters
mye and erZ can trigger the decay of the vector-like leptons to SM fields through a small
mixing with SM leptons.
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Direct searches at LHC can put limits on the vector-like-lepton mass through double
production. Assuming prompt decay through mixing with the tau, these limits are at the
level of the TeV [120], still far from their expected mass ~ Myy.

Their low-energy impact could be more dangerous, even for small values of m;,. and
eri, mainly because of LFV processes (see appendix H). Here we derive the bounds these
couplings need to satisfy to be phenomenologically acceptable.

The mass terms m;, induce non-diagonal couplings of the Z’ boson,

14 m”m:j ( / g%)
95;=) —m |9+ (B.4)
-5 (4
They contribute to the LEFT Wilson coefficients given in eqs. (H.10)—(H.14) generating LEV
processes. In our models, the most constraining observables are 7 LFV decays, 7 — pff and
T — ell (see eqgs. (H.3)-(H.6)), and ;1 — e conversion (see eq. (H.8)). Varying the value of
value of gj € (g2/3,3), we obtain for models 1 and 2,

MVQVI > Tlm” <(0.2 - 2) x 107 TeV 2, (B.5)
M2 |Z ’“2””3 < (0.004 — 0.1) TeV 2, (B.6)
1mr3 _
M2 yz <(0.004 — 0.1) TeV—2 (B.7)
w’r or 1”

Furthermore, integrating out the vector-like leptons, the Yukawa terms y$' generate con-
tributions to the SMEFT Wilson coefficients

_ YyiYri
[CHe]ij— 4 27]\47? (B.S)

Flavour-diagonal Wilson coefficients are mostly constrained by EWPO [63]. For a detailed
analysis of the impact of vector-like leptons on the EWPO, see [121]. Off-diagonal ones
are constrained by the same LFV processes commented above (LFV 7 decays and p — e
conversion) through their contribution to the LEFT operators

(G Miije = (2% — D)[Crrel’™, (B.9)
[CYER 0k = 288 [Crel i, (B.10)
[Coe s = <1 - 2,13%4/> [Creljk, (B.11)
[CL ) jas = *%S%V[CHe]jk, (B.12)
[Cs“iin = <§5124/ - 1> [Creljk, (B.13)
(o7 i = g&%v[CHe]jka (B.14)
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where £ > j > i. We thus obtain

| y}‘\f;iy < (0.01 — 0.1) TeV~2, (B.15)
-

| y“yr2| <1077 Tev 2, (B.16)
T

SRV g 03 ey 2, (B.17)
r MT

> IR < 0.02Tev . (B.18)
T T

C Electroweak fit

We work in the {agyr, mz, Gr} input scheme where the relevant terms of the effective
Lagrangian for the EW fit are

LD-— \’}Wﬂ‘ [uL’yM (VZJ + 6gwq) &+ Ty, <5ij + 592/8) ei] +h.c.

== 28 fi (QL 9ij + 59Lz]> L+ Fr [QR 0ij + 591%@]] Th
ow
2.9 2
+ LY (1 4 S )W W, + gL;) VA (C.1)
4 8¢ty
where
gt =T} - s%Qp.  ai = -shQy. (C2)

The general relation between the parameters g and dmy with the SMEFT Wilson coefficients
in the Warsaw basis can be found in ref. [63] and, approximating Vognv = 1, is

)

697 = — 5 (ICHi — 1C1ls) +0V(1/2,0) 3, (C3)
sty = — 2 (Cy +C) +8°(<1/2.~1)s, ()
5955 = — f[oHe}ij +6Y(0, 1) 6y, (C.5)
sty === (ICH) =[O0 + 0V (1/2,2/3) 5, (o)
597l = — f[cHu]ij +6Y(0,2/3) 6, (C.7)
sty == (IS + O + 89 (=1/2,-1/3) 6 (©3)
3gps; = — U*Q[CHd]z'j +67(0,-1/3) 6y, (C.9)
Sgi =697 — 097, (C.10)
5g 5gL” 59ng , (C.11)
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Observable  Measurement

R[I=2Z) 1.0010 +0.0014
R[22 0.9958 +0.0026
R[32Ee] 0.9879 +0.0063
R[7=27]1.0029 +0.0014

Table 2. Measurements ratios testing LFU violation in 7 that appear in egs. (D.2)—-(D.4) from [122].
The correlations are given in the same reference.

2.2 2 2
V797, v gLgy 9y
omy = — ——=Cpyp — Cogwp — ——"——0Gp, (C.12)
4(91 — 9%) 9: — g% 2(971 — 9%)

where 6Y(T3,Q) is a family-universal contribution that is given by

U3 3 9% v’ 1 gLy 2
o (T°,Q)=—(T"+Q 2 3 ZCHD+§5GF — 5 5V Crwa, (C.13)

91, — 9y 91 — 9y
and 1
6GF = v* ([052]11 + [Cg’;]w - 2[@4]1221) (C.14)
is the NP contribution to Gp:
CY:ELY 991 1
GSP = —[ ve = 14+ 6GF), C.15
; S (14 3G) (©.15)

where CY;IL is the Wilson coefficient of the LEFT operator O),Lt = (vpvy,vp)(epyter).

D Lepton flavour universality violation in charge currents

In general, extensions of a vector-triplet with couplings like in eq. (2.4) will be constrained
by tests of LFU in 7 decays [122]. Defining

1
A B(A)/B(A)sm 2
o[- e
5|~ [BB)BB)s: -
we have that
T — evv
R [u o eyu}
1
=1+ ([052]33 — [Ci a2 + 5 ([Ceelizzn — [C££]1331))
¢ CHY( L ol 2
— 14 (911 — 9 )2933 922) ]\77;12/[/, (D.2)
91 w’
T — pvv
R [u — ew/}

1
=1+ ([052]33 — [ + 5 ([Ceelioz — [054]2332))
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(95 — 9™) (943 — gt1) my

=14+ , D.3
9z Mg, 3
R|:T—>KV:| :R|:T—>7['V:|
K — pv ™ — pv
=142 ([052]33 — [C&)1o2 + [Cg)]zm - [Cés)]%ii)
q _ Hy(,4 _ ¢ 2
14 (97 — 9" ) (g3 — 922) My (D.4)

2 M2 ’
9L, w
where ¢ = 1 or 2. We have included the NP contribution from SMEFT, which should be

evaluated at the EW scale, and their value at tree level neglecting running. table 2 shows
the experimental measurements.

E Cabibbo angle anomaly

The Cabibbo angle anomaly (CAA) (see ref. [123] for a review) is a deficit in the first-row
CKM unitarity [124]

WVaal” + [Vas|> + [Via|* = 0.9985(5). (E.1)

Here, Vs is most precisely determined from kaon, pion and 7 decays and V4 from beta
decays, in particular super allowed and mirrored beta decays. The impact of V,; and its
uncertainty its completely negligible. Explaining the CAA requires 6V, = —0.0075 4+ 0.0025.
The simplified model of eq. (2.4) give the NP contributions at the tree level given in eq. (3.7).
Assuming ¢g? < 952, which is fixed by the quark charge assignment, the only possibility to
achieve a sizable contribution with the right sign is g < g¢{,;. Putting the Higgs on the
first site and ¢; on the second site would achieve this, but lead to a suppressed top Yukawa.
Notice that more general realizations with two Higgs doublets, one in the first site and one in
the second site, would allow us to find a compromise between the large top Yukawa and an
explanation of the CAA. Indeed, the SM Higgs — the Higgs that gets a VEV v — could be a
combination of the two Higgses, with 6 the mixing angle. Then, ¢/’ = cos? g g +sin® 0y g1,
so an intermediate g7 < gH < g9 is possible. At the same time, the VEV of the second-site
Higgs would be (H2) = v cos 8y, which could allow for an O(1) top Yukawa. However, the
first-site Higgs would also develop an EW VEV for sizable mixing 0, (H1) = vsin 6y, that
would spoil the explanation of the flavour hierarchies in the quark sector that our models
have. As an example, we take model 2, and choose the triplet mass at the LHC searches limit
My ~ 10 TeV (see figure 1, and notice that LHC limits do not depend on g’), and a large
g5 ~ 4 to maximize the effect. Then, explaining the deficit of the CAA at one sigma would
imply sin 6 ~ 0.4 — 0.5, far from the suppression of V, and second family Yukawas.

F By, — Bd,s mixing

Our models generate the operators eq. (4.1), that at the matching scale receive the contribution
given in eq. (4.5). They contribute to By, mixing like

NP
Ade,s _ | + CBd,s (F 1)
SM SM | :
ATan,s CBd,s
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where, at the EW scale,

92
3297 29..2.2 2
SM 92
C (HEW) 397 90,92 92 02

and Sy ~ 2.49 [93, 125]. We have that [77, 126]

Citl(ppw) = (VisVii)*So,

(Vi Vis)?So, (F.2)

m%xp Am gxp
< =1.09 £+ 0.09, - =1.10£0.06. F.3
N T "

Including the running to the matching scale pyy ~ 10 TeV, Cgf(uEw) ~ 0.82 C’gf(MUV) [127],
and assuming that the only phases come from the CKM elements, we get the limits reported
in egs. (4.6) and (4.7).

G A protection for B, — £T£~

Let us assume a generic gauge extension of the SM giving a heavy Z’ associated to some
U(1)". Working in components of the SU(2);, doublets, we can write the couplings

LD -7, (g7 HjD"Hy + gls5.7"br + hec.

+ i ertel + gif ern’ien), (G.1)
where Hy is the down component of the Higgs getting the VEV, H = (H,, H;)", and the
couplings g are proportional to the U(1)-charge of each field. Note that the Higgs coupling
will generate a Z — Z' mixing when the Higgs gets a VEV Hy = v/y/2. When the Z’ is

integrated out, these couplings contribute to the Wilson coeflicients of the bsé¢ operators
defined in eqgs. (4.11) and (4.12),

L5 CHO§ + Cioh, (G2)
like
~0; NP 923 e, e 2\ H
O = g it oift = (1= s ™) (G-3)
CK NP _ 933 er _ oHa _ ery G4
2M%/ (gu g gZZ ) ( )

We see that C’f@Np, and therefore the contribution to B(Bs — £ £;) (see eq. (4.15)), generically
vanishes when the charges are such that the Yukawa €’ Hge’, can be written respecting U(1)".
This mechanism was also observed in the model presented in ref. [35].

H LFV processes
The LEFT operators

Lo > O exwex) (v i), (H.1)
=e,u,d
X{Y:L,R
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with non-diagonal flavour indices on the e field generate LFV processes. In particular Wilson
coefficients C>XY generate LFV three-body decays with branching fractions [128]:
B(ly, — ;00 M,

(b = £tits) 1536m3T, (1+0;)

2 2
X <‘[Ceve’LL]iijk‘ +‘[C¥’LR]J'W

+’[C¥LR]z'z'jk‘2+‘[Cé/e’RR]z‘z‘jk‘z)a (H.2)

where k > j > i. The experimental bounds on these decays at 90% C.L. are [122, 129]:

Birm = p ptuT) <1.1x1078, (H.3)
B(r™ — puete) < 1.1 x1078, (H.4)
B(r™ = e pTpuT) <1.6x 1078, (H.5)
B(r— —weetem) <1.4x 1078, (H.6)
B(p~ —eete”) <1.0x 10712 (H.7)

The Wilson coefficients CV:XY, C’;&XY generate p — e conversion processes [130]. To compute
their contribution, we use the formulas given in ref. [131]. The current most constraining
bound comes from SINDRUM II experiment with gold nuclei [132]:

B(uAu — eAu) < 7x 10713, (H.8)

at 90% C.L.
When a vector triplet with interaction terms of eq. (2.4) and LFV couplings,

LD W/ Zgz] 1’7 oql 7o (H9)
i#j

is integrated out, we get LF'V contributions to Cyy, Cés’) and Cg’z Wilson coeflicients in

SMEFT, that generate contributions to the LEFT Wilson coefficients

95 (gl + 97 (25, — 1))

[CYE i = — 0, ; (H.10)
[Co  ras = 935]?45?1/’ (H.11)
OV s = Iin(9? — 4}\2%// 45%{//3))7 (H.12)
[CLLL]jkii _ _gfk(gq + 94?5{23;/9?1//3 - 1))7 (H.13)
[CVE ] s = —2[C0 s = gfﬁ;jv, (H.14)

where k > j > i and we have neglected the running, which at one loop is only due to QED.
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