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ABSTRACT: We study a non-universal flavor scenario at the level of the Standard Model Effective
Field Theory, according to which the matrix of Wilson coefficients ¢, of an up-type electroweak
quark dipole operator is aligned with the up-type Yukawa coupling. Such an alignment usually follows
from the assumption of Minimal Flavor Violation (MFV), away from which we step by allowing the
entries of ¢, to be sizable along the first quark generations. A particular example, which we refer to
as “inverse hierarchy MFV” | features Wilson coefficients inversely proportional to quark masses, and
arises from BSM models respecting MFV and containing heavy fields that replicate the mass hierarchy
of SM quarks. We then analyze the phenomenology driven by ¢, at colliders and at lower-energy
flavor experiments. We show that precision measurements of the process pp - Wh — yyfv at FCC-
hh could set an upper bound on |c,w| < O(1072)(A/TeV)?, with A the cutoff of the effective field
theory. This bound is an order of magnitude stronger than the existing LHC bounds. Moreover, we
estimate that Wh — bblv at HL-LHC could also give competitive bounds. In the low-energy regime,
we consider bounds arising from rare kaon decays, which turn out to be loose, |cli;,| < O(1)(A/TeV)2.
We finally demonstrate that our flavor and operator assumptions can be derived from a weakly-coupled
UV model, which we choose to simultaneously illustrate the UV origin of inverse hierarchy MFV.
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Introduction

New high-energy physics (NP), which is expected for several compelling, theoretical and observational

reasons, could manifest itself in a variety of ways. Under the assumption that it couples significantly

to the Standard Model (SM) degrees of freedom, two main scenarios have been considered: the new

particles are light enough to be produced at colliders, or they are too heavy. In the latter case, NP
models can be matched onto effective field theories (EFTs), which can often be taken to be the Standard
Model Effective Field Theory (SMEFT) [1-6] (see [7-9] for exceptions), whose cutoff corresponds to
the scale of NP.

Taken at face value, the SMEFT has, already at dimension-6 order, a great number of free pa-

rameters. Although one may consider all parts of this parameter space as equally probable up to



theoretical constraints on its physical region (see e.g., [10-16]), the properties of the SM and many
experimental measurements suggest that NP has a highly non-trivial structure. This is especially
true in the flavor sector, where the existence of three generations of matter, together with the very
hierarchical quark masses and mixings, suggest that a mechanism is at play at higher energies. Dif-
ferent foundational paradigms have been proposed in that direction, which require for instance new
family-dependent “horizontal” broken symmetries [17-19], extra dimensions of space [20-24] or SM
couplings to a strong sector that generate strongly hierarchical fermion kinetic terms [25, 26]. All
those constructions predict very strong hierarchies in the flavored coeflicients of the SMEFT [27-33]
which, for the physicist interested in producing the associated new particles in experiments, is very
fortunate: were the flavored SMEFT coefficients random, they would impose bounds on the scale of
NP (or, to be precise, on the scale of flavor violation) much beyond the reach of foreseeable collid-
ers [34-42]. This is mostly due to the natural suppression of flavor-changing neutral currents (FCNC)
in the SM [43], whose compatibility with observations sets strong bounds on the NP scale for arbitrary
flavored SMEFT coefficients. This conclusion is avoided in the aforementioned NP scenarios, which,
in IR model-independent language, set the flavored SMEFT coefficients to values that make FCNC
compatible with a cutoff at a couple of TeVs. One can also contemplate structures which prevent
large FCNC in NP models that do not address the origin of quark masses and mixing hierarchies.
For instance, symmetries have been invoked to avoid strong FCNC constraints in two-Higgs doublet
models (2HDM) [44].

The same suppression of FCNC can be obtained without reference to a specific NP scenario, upon
assuming the existence of suitable building blocks in the flavor sector appropriately distributed over
the flavored SMEFT coefficients. The most prominent assumption is that of Minimal Flavor Violation
(MFV) [36, 45-48], where it is assumed that only the SM Yukawa couplings break the U(3)> flavor
symmetry between all generations of matter. This implies a Cabibbo-Kobayashi-Maskawa (CKM)
and Yukawa suppression of flavor-violating processes (see [49, 50] for refinements accounting for the
large top Yukawa), and captures for instance the low-energy effects of flavor-blind NP. Less stringent
assumptions have also been explored, for instance that of an approximate U(2)? symmetry of the light
quark generations [51-53], on which the strongest flavor bounds apply. U(1)? symmetries have also
been discussed [54, 55|, while extensive studies of flavor symmetries and spurions in the SMEFT can
be found in [32, 33, 56, 57].

When the minimal number of spurions is considered, all those flavor assumptions generate flavored
SMEFT coefficients somewhat aligned with those of the SM Yukawas, i.e., reproducing in part the
mass and mixing hierarchies. However, this is not the only way of mitigating the strength of flavor
constraints on the NP scale. In this work, we are interested in flavor scenarios with very suppressed
FCNC, whose predictions nevertheless deviate significantly from the aforementioned scenarios, in
particular from MFV. In addition to FCNC, MFV suppresses chirality flips of the light generations by
their small Yukawas. Therefore, even without noticeable FCNC, violation of that scaling represents
an unambiguous signal that NP is not flavor blind; this is what we are after in this work.

A natural flavor setting which realizes the above is found in aligned scenarios,! where new flavor
spurions can be diagonalized in the same flavor basis as the up-quark (or down-quark) Yukawa. In
other words, they break the flavor group down to a subgroup larger or equal to the one that leaves
the up (or down) Yukawa invariant. In these setups, which have been studied earlier [60, 61], for
instance in 2HDM [62-68] or in connection with light scalars and naturalness [69, 70], chirality-flipping
transitions can be generated by new spurions instead of quark masses and therefore might be more

L Alternatively, strong misalignment has also been explored [58, 59].



likely. A drawback is that, although alignment ensures a CKM suppression of FCNC, it is much weaker
than MFV as it gives up the Yukawa suppression. As a result, the NP scale is generically bounded to
be well above the TeV scale. Another limitation is the naturalness of the up quark mass, to which the
new spurions contribute at loop level.

In this work, we scrutinize one scenario where the main previous criticism is absent, i.e., a flavor-
violating scenario in which the strongest constraint on the NP scale comes from measurements at
hadron colliders and involves large chirality-flipping processes for the light quark generations. This is
achieved upon considering an electroweak (EW) dipole operator in the up-quark sector of the SMEFT
at dimension six, under the assumption of flavor alignment in the same up-quark sector. The dipole
operators have a left-right structure, hence they allow one to explore the impact of chirality-flipping
NP. Moreover, within the class of left-right operators in the SMEFT at dimension six, dipoles stand
out as those which i) can be probed using low-background events, ii) can generate energy-growing
amplitudes and impact the high-energy tails of kinematic distributions, and 4ii) are not suppressed by
chirality-flipping spurions in the lepton sector. Furthermore, the focus on the up sector is motivated
by the stronger suppression associated to down quark masses. As we demonstrate, our setup generates
very mild FCNC, namely the associated bounds are much weaker than those obtained from collider
probes. Regarding the latter, we focus on diphotonic Wh productions at hadron colliders, which arise
from a dipole operator, have particularly clean backgrounds, and receive negligible contributions from
third-generation couplings. Thereby, it is well adapted to the study of large first- or second-generation
couplings.

This article is organized as follows. In Sec. 2, we detail our flavor (and CP) assumption, its
realization on the SMEFT, and on the EW dipoles in particular. We also briefly comment on its
relation with an alternative flavor assumption, which we dub inverse hierarchy MFV (IHMFV). In
Sec. 3, we present the projected bounds on the dipole Wilson coefficient from W h processes at hadron
colliders, which we take to be FCC-hh; the results show sensitivity to strongly-coupled UV completions
and to the upper edge of weakly-coupled ones. In Sec. 4, we show that flavor bounds on this setup are
much weaker than collider ones, and we discuss naturalness constraints on quark masses. Finally, we
exhibit in Sec. 5 a UV-complete model that realizes a very particular version of alignment and IHMFV,
and whose EF'T contains EW dipoles as the only flavorful dimension-6 operators. We conclude in Sec. 6.
The work is completed by three appendices. App. A gives details about the collider analysis of Sec. 3,
while App. B presents some of the yPT techniques underlying Sec. 4. Finally, App. C exhibits the
whole set of dimension-6 SMEFT operators generated by the model of Sec. 5 at one-loop so as to
highlight that they do not lead to noticeable flavor-changing effects.

2 Flavor-Aligned Electroweak Dipoles

In the following, we focus on the collider and flavor effects of the following dimension-6 electroweak
quark dipole operators,

Owr = W Qoo unfl
G AW 0 with{ W QLo R (2.1)

LsMEFT D Oww + —5- - )
A2 A2 Ouw = W2Qurc™dpH

where 7% = ¢%/2, with ¢ the Pauli matrices, H = ioc?H *, and we omit the flavor indices for con-
ciseness. More precisely, we assume that only one of these operators is present at a time, mostly the
up-quark dipole for definiteness, although very similar collider results apply for the down-quark dipole.
We present in Sec. 5 an example of a UV model which only generates one of the two dipoles, and also
fulfills automatically the flavor assumption that we present now.



SU@B3)g | SUB3)y | SUB)a | SUB)L | SU(3)e.
Y, 3 3 1 1 1
Y, 3 1 3 1 1
Y, 1 1 1 3 3
Cuw 3 3 1 1 1
Caw 3 1 3 1 1

Table 1. Transformation properties of the SM Yukawa couplings and of the electroweak quark dipoles under
the (non-abelian) flavor group SU(3)°.

2.1 Flavor Alignment and CP Quasi-Conservation

The Wilson coefficients ¢,y and cqp are flavorful, i.e. they have spurious transformations under the
global flavor symmetry of the Yukawa-less SM Lagrangian, U(3)® = ®,,U(3),, that acts on the fermion
fields flavor space. Succinctly, each fermion gauge multiplet transforms independently as a fundamental
of the associated SU(3) and is the only field in the SM carrying the associated U(1) charge. This
flavor symmetry is broken down to its baryon and lepton numbers subgroups U(1)p x U(1) x U (1), x
U(1), by the SM Yukawas (and to various subgroups by the SMEFT Wilson coefficients), but it can
be formally extended to the full SM+dipole Lagrangian, provided the different coupling constants
transform as depicted in Tab. 1 (ignoring the abelian factors for conciseness). There, we also included
the transformations of the SM Yukawas, appearing as follows in the Yukawa sector of the SM,

Lyvuk = —QLYUURI:’VI - QLYddRH - ELYeeRH +h.c. . (2.2)

Below, restricting to quark quantum numbers, we will also represent the flavor transformations as
Y. ~ (3,3,1), etc.

As reminded above, the stringent bounds on flavor-changing processes, particularly on FCNC,
restrict the scale of flavor violation or the flavor structure of NP and, in turn, that of the higher-
dimensional operators in the SMEFT framework. This applies in particular to the dipoles. Therefore,
we make a particular flavor assumption, whose effectiveness will be discussed in Sec. 4: we consider
flavor alignment in either the up or down sector, depending on which dipole operator we focus on.
More precisely, if we focus on the up dipole, we assume that there exists a single new flavor-breaking
spurion k, with the same flavor charges as Y,,, and that only Y breaks the U(1)3 group that is left
invariant by Y,,. What that means in practice is that there exists a flavor basis, dubbed the up-basis,
in which both Y,, and &, are diagonal. As we will show below, this assumption is sufficient to suppress
FCNC to a satisfactory level.

However, although one could consider extending this assumption to the whole SMEFT, we stress
that its effectiveness depends on the dipole being the only operator communicating with the new
spurion. For instance, an operator

On =) QLimuQL; QL Qra (2.3)
1)
qq,ijkl
FCNC (i.e., those which violate strangeness by one unit), unless the eigenvalues of #,x along the
light generations are much smaller than one. (This is achieved in MFV, where £, « Y,.) A similar
statement would apply for AC = 1 currents (those which violate charmness by one unit), were we
considering the down dipole. We will expand more on this in the next section about IHMFV.

with ¢ = (Iiuﬁlz)ij dk1, has the appropriate spurion transformation and generates large AS =1



Moreover, we need to make an assumption about CP violation (CPV): an arbitrary phase for the
diagonal entries of x,, in the up-basis would generate tree-level quark electric dipole moments (EDMs),
which are strongly constrained (see, e.g., [71-77], and [56, 78-89] for more discussions of CPV in the
SMEFT). This is due to the strong suppression of CPV in the SM [90-92]. We therefore assume that,
in the absence of Yy, the flavor group is broken to U(1)% and CP is preserved. In other words, all
CP-odd flavor invariants formed out of Y,, and «, vanish. Furthermore, we assume that there are no
flavor-singlet CP-odd spurions.

Finally, let us stress that our flavor assumption does not imply that Y, and ¢, are diagonal in
the same up basis, i.e. that c,;w = K, but it does imply that they almost are. For instance, assuming
a polynomial expansion along the spurions,

CuW = P(Xqud)Hu + Q(XuaXd)Yu s (24)

where P,(Q are polynomials of arbitrary degree and X,, = Y,Y,/, X; = YdeT7 the presence of Yy
slightly misaligns ¢, from Y, and x,. Nevertheless, our claim regarding FCNC holds, as will be
explained later. Furthermore, since the off-diagonal entries of X4 in the up basis are suppressed by
both CKM elements and down-type Yukawas, they are very subdominant in the collider results that
we present later. Therefore, we often neglect them in what follows and take ¢, = Ky, so that, in the
up basis,

Yu = YuD ; Yd = VCKMYdD ; CuyWw — c??W ; (25)

where Vexw is the CKM matrix, Y,2 = diag (Yu, ve, vi), Y, = diag (ya, ys, w), ¢y = diag (c;’W) To
conclude this section, it is important to note that discussions on alignment can be generalized to other
models, e.g. to the scalar singlet extension of the SMEFT for which flavor alignment was considered
in Refs. [69, 70]. We defer the detailed investigation of such extensions for future work.

2.2 An Alternative: Inverse Hierarchy MFV

Before presenting the phenomenological analysis of our flavor-aligned assumption on the quark EW
dipoles, let us present a closely related assumption, which we refer to as Inverse Hierarchy MFV.
It yields a scenario where NP effects predominantly arise in connection to the first two generations,
instead of the third as in MFV, so that the lightest quarks have the largest dipole Wilson coefficients.

MFV [36, 45-48] is defined by requiring that any flavorful coefficient in the SMEFT, i.e. any
Wilson coefficient associated with a higher-dimensional operator that is not a singlet under the flavor
symmetry, has to be built out of linear combinations of products of Yukawa matrices to make the
overall operator formally (or spuriously) flavor-invariant. For the EW quark dipole operators, it is
realized when one sets P = 0 in Eq. (2.4). As a consequence, flavor-changing processes are suppressed
by CKM entries and SM quark Yukawas. For operators with odd powers of a given fermion multiplet,
flavor-changing processes ¢ — j are suppressed at least by the largest of the Yukawas y;;, as well as
some more Yukawas (which could be O(1) for the top quark) and CKM entries. This is easily seen for
the dipole from Eq. (2.4) and (2.5) with %, = 0, and it implies that cll;, < 2, < ¢33, (and similarly
for the down case). It is a particular case of the flavor alignment discussed in the previous section.

Another definition of MFV which is sometimes used is that the Yukawa matrices are the only
spurions of the flavor symmetry. However, although the above MFV prescription certainly abides by
this criterion, it does not exhaust all possibilities. In particular, one is now allowed to consider inverse
powers of the Yukawa matrices: defining Y (YT)_1 we find that those spurions follow the same
transformation rules as the original Yukawas,

Y.~ (3,3,1), Y;~(3,1,3), (2.6)



so that one can consider flavor-aligned ansétze where k, = }N/u This observation leads to IHMFV as
a generalization of MFV, where one relaxes the (often implicit) assumption that only positive powers
of the Yukawas are allowed.

The normalization of ffu is chosen in order to have a controlled spurion expansion, i.e. ffu =
diag (1, g—z, Z—T) in the up basis. The IHMFYV expansion can also be understood as the MFV expansion
where polynomials such as P, @Q in Eq. (2.4) are generalized to rational functions. Its UV interpretation
is clear: the inverse of flavorful spurions in an EFT can only be obtained upon integrating out heavy
particles whose spectrum is dictated by said flavorful spurions. This was noted previously in [93], in
the context of gauged models of flavor where the Yukawa spurions correspond to vacuum expectation
values of flavon fields which break the flavor symmetry. Hence, IHMFV captures the low-energy
effects of a MFV-respecting theory with heavy fields whose mass spectrum follows a hierarchy similar
to that of the SM quarks, dictated by the same UV spurions.? This differs from regular MFV, which
is restricted to MFV-respecting UV physics which is flavor-blind, or with flavorful interactions and
mixings with the SM but with a mass matrix which is a flavor singlet. Then, the normalization of
Y,, which we chose corresponds to normalizing the EFT cutoff A in Eq. (2.1) to the smallest mass
scale of this hierarchical spectrum, which is the scale of NP in such models.® The aforementioned UV
model of Sec. 5 not only fulfills flavor alignment as we defined it, but also exemplifies the UV origin
of IHMFV.

For the quark EW dipole operators, IHMFV can generate scalings such as

cow o diag(mytymo ! my ) (2.7)

if cuw )N/u In this case, the Wilson coefficients matrix is diagonal with the inverse hierarchy of
diagonal entries with respect to MFV, cﬁ,v > ci%v > ci%v IHMFV therefore corresponds to flavor
alignment with a specific inverse hierarchy, instead of arbitrary diagonal entries.*

Similarly to the case of flavor alignment, when we study the consequences of ITHMFV in full
generality, we find that it is not very efficient at suppressing FCNC, in the sense of relaxing the scale
associated with flavor-violating NP to around the TeV scale, despite standing on similar theoretical
grounds as regular MFV. The reason, sketched in [93], lies in the absence of Yukawa suppression for the
lightest generations. To see this, let us write down a spurionic expansion for the Wilson coefficients in
the same way as MFV. We find, for instance, for the spurionic expansion of a chirality-flipping current

2Due to renormalization group (RG) running, we cannot claim that fields with different interactions —here, the new
heavy fields and the SM ones— maintain a spectrum dictated by the exact same spurions at all scales. If the spurions are
generated by the spontaneous breaking of the flavor group, this generically only holds at the breaking scale. However,
RG running will not change the hierarchies, which is what we care about here. Therefore, we use a single spurion at all
scales in this paper.

3For a spectrum of masses given by the entries of Y,M for M a UV scale, the lowest NP scale A is

\/ smallest eigenvalue of Y, Y x M, and interactions are suppressed by (YJ Yy~1/M = Y, /A, justifying our normal-

ization of Y. 17” = (YJ)71 X \/smallest eigenvalue of YuYJ is also the appropriate flavor-covariant definition. One
can further make sense of it from perturbative unitarity, which tells us that the true cut-off of the EFT should roughly
be the scale A suppressing higher-dimensional operators divided by the largest coupling to the appropriate (rational)
power (which is the square root at dimension 6). Therefore, large flavorful couplings such as (Y;r )~ would bring the
true cutoff much below A. The chosen normalization of Y, ensures that the spurion expansion does not diverge and
that A and the true cutoff match.

4A UV theory following the MFV hypothesis that gives rise to IHMFV couplings in the IR likely also generates EFT
coefficients which follow the usual MFV expansion. It is therefore interesting to study the interplay of both contributions
with O(1) flavor-blind coefficients to understand the resulting flavor structure of the EFT. For the dipole, one finds that
ci%v < cﬁ,‘, or ci%,v, or both if the scales of flavor-blind and flavorful NP are similar. We will leave this for future study
and focus on dipole Wilson coefficients with pure inverse hierarchy.



cQu’ijQiI‘uj and a chirality-preserving current cQQ,ijQiF’Qj

CQu = (C?ul + c2Q“Xu + c?“f(d + .. ) ffu + MFV terms ,
. . (2.8)
coo = (c?Ql + 89X, + 99X, + .. ) + MFYV terms ,

XY
i
YuYuJr L Xg = YdeT . We are therefore led to introduce two measures for FCNC as follows: for i # j, in
the down basis relevant for, e.g., kaon oscillations,

where T, T collect all possible Lorentz structures, the different constants ¢:X¥ are numbers and X, =

0 A A3 0 A A
(AFC)ij = Xu,ij = )\5 O )\2 5 ()\FC)ij = Xu,ij ~ )\ 0 )\4 5 (29)
A3 A2 0 Ao

where A = 0.2 is the sine of the Cabibbo angle. The former measure is what is considered in usual
MFYV, while the latter corresponds to the IHMFV measure. Comparing Arc t0 Apc in Eq. (2.9), we
see that the size of flavor changing currents is drastically changed. In particular, the ‘12’ elements are
less suppressed than in MFV, )\4(5\1:0)12 ~ (Arc)12, while the ‘23’ elements are more suppressed in
IHMFV, (S\Fc)gg = A2(Apc)12. Therefore, one has to forbid that the IHMFV spurion communicates
with most SMEFT operators, in particular those mediating left-handed FCNC, if one wants to evade
flavor bounds from meson systems including the first 2 generations of quarks and keep the flavor-
violating NP scale at the TeV scale. The model of Sec. 5 achieves this, by naturally generating a
flavor-violating dipole in the up-sector from up-sector UV physics, together with other flavor-blind
SMEFT operators. We will therefore work under the assumption that such a scenario is at play.

Which dipole one considers in conjunction with a given inverse Yukawa IHMFV spurion also mat-
ters. For instance, using Yy, together with the down-type electroweak dipole, forming e.g. cqw = XYy
would generate tree-level AS = 1 FCNC such as K — 77y, only suppressed by (Voxm 32)* Vekm,s1 ~
A%, On the other hand, AC = 1 processes driven by the up dipole with IHMFV in the up sector en-
joys the down-type MFV suppression and are suppressed by (Vokwm 32)*Vekm zimi ~ A, Therefore,
up-sector THMFV, which arises if the MFV-preserving NP is only chiral with respect to SU(3), but
not SU(3)4, in conjunction with the up dipole is best suited to avoid FCNC. Similar statements hold
in the flavor-aligned case, upon comparing the impact of up- or down-sector new spurions. Hence, we
focus on the up-quark dipole in what follows. Furthermore, as for the flavor-aligned case, we need to
enforce that CP is not broken by new spurions, which means here that the flavor-blind coeflicients of
the IHMFV spurion expansion have to be real.

Finally, we stress that one notorious problem of MFV, namely the fact that y; =~ 1 spoils the
convergence of the spurion expansion, also applies for THMFYV since }7“,11 = 1. A treatment along the
lines of Refs. [49, 50], or involving an approximate U(2) symmetry [51-53] (but now acting on the two
heaviest quark generations), is possible.”

5When both Y, and Y, are present, the large Y, 33 and 17“711 entries only leave a subgroup U(1)g, X U(1)c unbroken
in the up-sector, so that spurions should be assigned transformations under this group instead of a larger one like
U(2)3. UV assumptions can nevertheless allow one to use non-abelian approximate symmetries at the matching scale,
for instance if the up Yukawa dictates mass hierarchies in a heavy sector which couples to the SM through flavor-blind
interactions only. Treating Yy as a whole as a small spurion, one can expand the flavorful SMEFT Wilson coefficients at
the matching scale using three spurions transforming under U(2)g X U (2)y X U(1)y x U(3)4, where U(1), acts identically
on @1 and u1: ¥4 in (2,1,0,3), A4 in (1,1,0,3) and A, in (2,2,0, 1), which can be chosen so that, in an appropriate



3 Electroweak Dipole Operators at Hadron Colliders

Electroweak quark dipole operators are known to generate amplitudes with distinctive kinematical
behaviors, facilitating the design of observables sensitive to their presence. In particular, dipole oper-
ators tend to generate strong growth with energy. However, this class of operators is often neglected
in studies of SMEFT effects at hadron colliders due to their MFV suppression. In Sec. 2.2, we have
argued that UV theories satisfying the MFV assumption may lead to EFTs satisfying IHMFV, such
that lighter quark dipole operators are enhanced instead of suppressed. With such UV completions
in mind, we chose the flavor assumption presented in Sec. 2.1, such that chirality-flipping operators
are not necessarily suppressed by the appropriate quark mass. Hence, we revisit the possibility of
bounding the Wilson coefficients (WCs) of EW quark dipole operator by looking at the tail of the
differential cross-sections at hadron colliders.

3.1 Growing Dipole Amplitudes

As a probe of the EW quark dipoles, we focus on diboson processes that are sensitive to the contact
interaction induced by these operators. In Vh production in particular, where usually the effect of
EW dipoles is neglected by invoking MFV | their contact interactions lead to strong energy growth and
hence could be well probed. The same dipole operators also generate growing amplitudes for the Drell-
Yan process but with a milder growth since there remains a tree-level propagator and a suppression by
the center of mass energy /s [94], unlike that of 4-fermion operators which are stringently bounded.
As it will be shown in Sec. 5, models that realize our flavor-aligned scenario also generate 4-fermion
operators at the tree level so that EFT analyses ought to consider such a class of operators from
the beginning. The flavor-aligned ansatz would at most justify an analysis with diagonal but non-
universal WCs [95]. (As we argued above, some operators also need not communicate with the new
aligned spurions.) This justifies looking at Vh production as a representative example of how the
flavor-aligned scenario impacts phenomenological analyses, even when the most stringent bounds on
the models that realize it come from somewhere else. We dedicate the rest of this section to studying
the effects of non-universal flavor-diagonal EW quark dipole operators on V'h production at hadron
colliders.

V' h production is conveniently split into Wh and Zh production. Although both processes share
many similarities, the second one is typically affected by more operators and one needs to consider
2 Z decay channels, Z — (T¢~ and Z — vi, to obtain similar sensitivity as from Wh [96, 97].
Zh production at hadron colliders is induced by quarks of the 3 different generations, with the bb
contribution being relevant for SMEFT analyses already at LHC [98] and representing ~ 5% of the
cross-section at FCC-hh [96]. On the other hand, Wh can be produced only by quarks of the first 2
generations. This makes it more suitable to probe the hierarchy between light and heavy quark dipole
operators since it can be used to measure the former without contamination of the latter. Heavy quark
dipole operators, such as ¢33, can be independently constrained in top-quark processes [99, 100]. Thus,
we study only the effects of EW dipoles on Wh production.

The operators O, and Oy generate contact interactions between the quarks, the W, and Higgs
bosons. This leads to a quadratic growth with energy in the amplitude for hadronic Wh production.

~ 10 Xa
Y, = Y, = .
u (0 Au) ) d <A1-l>

In particular, in the up basis, Ay = diag(mw/me, my /me).

flavor basis,



More precisely, the part of the dipole operators that generate the contact term follows the general
structure,
O D hd,W,q o™ q . (3.1)

The amplitude of pp — Wh can be written in general as,
M(14,24,3w,45) =Y D C-T(hg, hg,hw) , (3.2)

where D contains the involved couplings, C' encodes the color structure, and 7 represents the kinemat-
ics dependence of the amplitude. The helicity structure of the dipole operator forces, in the massless
quark limit, the polarization of the quark and anti-quark to be the same and this prevents the inter-
ference with the SM amplitudes [101]. In the all-incoming convention and for massless quarks, the
final result is

1 1 e~ 4sm? 1 1
+- 4> 1) =F——sinf (s —m? —m? 1+4/1— w +-.+-.0)=0
e T mW)( V Gomp gy ) TR ER 0 =0

(3.3)
where 6 is the scattering angle and we have assumed that the quarks are approximately massless
making the amplitude for the second helicity configuration vanish.

During the rest of this section, we study how Wh production can be used to probe O, at hadron
colliders as the showcase scenario. The analogous down-type operator, Ogp, can also be constrained
via the same analysis. Since we expect similar results for both operators, we focus on O, as a proof-
of-concept. Moreover, the up dipole is less constrained from FCNC in the flavor-aligned scenario in
the up sector than the down dipole is when flavor alignment occurs in the down sector, as argued in
Sec. 2.2.

3.2 Wh Production at Hadron Colliders

In recent years, Wh has been identified as a powerful indirect probe of NP effects at present and future
hadron colliders. It shows a high sensitivity to the dimension-6 SMEFT operator (9&1) thanks to the
induced energy growth [97, 102-104]. Such an effect can be leveraged with a simple binning in the
Higgs transverse momentum. Additional angular binning can help also to probe subleading CP-odd
operators [105].

These studies can be carried out already at LHC thanks to the use of the A — bb decay channel.
However, the ideal scenario lies in the future, since FCC-hh would allow to study Wh production at
high energies in the h — =~y channel. This final state offers a simpler reconstruction of the Higgs boson
and, more importantly, a smaller background than the hadronic decay channels. Hence, it is the ideal
place to look for deviations from the SM on high-energy tails.

As a proof-of-concept of how well EW dipole operators can be probed at hadron colliders once the
MFV suppression is lifted, we take the analysis of the Wh — ¢~y process at FCC-hh from Ref. [105],
extend it by computing the dependence of the cross-section on the EW dipole operators and then
compute projected bounds on them. During the rest of this section, we describe the main features of
the aforementioned analysis, while the details are collected in App. A.

At FCC-hh, the main background processes to Wh — fvyy are W~~, W~j and Wjj production,
with the jet being misidentified as a photon in the latter 2 cases. We assume a conservative jet-to-
photon fake rate of 1072 and even in that case, the leading background is W+~~y. The main background
and the signal were simulated with 0 + 1-jet merged samples in order to include the main NLO QCD
corrections, which are not negligible. The subleading backgrounds were simulated at LO. We included



parton shower and detector simulation effects by using PYTHIA8 and DELPHES, the latter with the
FCC-hh run card. Generation-level cuts and further details can be found in App. A.

The simple cut-based analysis from Ref. [105] aims at reducing the background cross-section, in
particular at high energies. The most effective cuts for this task are the cut on the invariant mass of
the photon pair to force it to be around the Higgs mass and a cut on the maximum pr of the Wh
system, which reduces the large contributions from W+ with an additional hard jet [105]. Details
about the acceptance and selection cuts of this analysis can be found in App. A. The events were
binned according to the pr of the reconstructed Higgs boson, p. Additionally, a second binning on
the azimuthal angle of the leptons originating from the W was used. The main goal of this second
binning is to allow the measurement to be sensitive to CP-odd operators, but we keep it since it
improves the sensitivity to CP-even operators by reducing the impact of systematic uncertainties.
The chosen limits of the bins can be found in Tab. 2.

Variable Bin limits
péﬂ {200, 400, 600, 800, 1000, co} GeV
(bW [_7-‘—7 0}7 [Ou ﬂ—]

Table 2. Variables and limits of the bins used in the analysis of the Wh process.

We show in Fig. 1 the number of events at FCC-hh from the Wh process after all the selection
cuts in each p% bin. We show the contributions of the SM, as well as the ones from the (’)&3,;,) and

Ouw operators with WCs fixed at the values 05033 = 3 x 1073, assuming a flavor-blind operator, and

c}j,v = 1.1 x 1072 with A = 1 TeV, which are representative values of the bounds to be shown in the
next section. The contribution from O(fq) includes its interference with the SM. The different behavior
with energy generated by the 0&3[,) and O, operators can be easily appreciated. This indicates that,
when probing the dipole operator, the bound comes from higher-energy bins than in the case of (950?:1).
The total background is smaller than the SM signal in all péi bins, as can be seen from Tab. 8 in the

appendix.

3.3 Bounds on O, from Wh Production

The analysis outlined in the previous subsection allows us to estimate the FCC-hh sensitivity to dipole
operators. We show in Tab. 3 the projected bounds on the up-quark EW dipole WC, ¢,w, at FCC-hh
with 30 ab™! of integrated luminosity. The first two rows show the bound in the diagonal flavor-aligned
scenario, in which cll;, and ¢?3,, are independent WCs. In the third row, we show the result for a
light-flavor-universal scenario in which ¢l = ¢?, = c,v. We do not specify the top-quark WCs,
which are associated with negligible effects due to the very small top content of the proton. In our
scenario, it would be best constrained by flavor data (see footnote 9). The last row shows the bounds
from this analysis on the flavor-universal cgq) , the WC that this process is most sensitive to. The right
column shows the bound from a one-operator fit, while the middle column shows the result of profiling

over the other WCs in the fit. For the first two rows, this means profiling over c(fq) and the other dipole

WC, while for the flavor-universal case, it is profiling over cc(p?’q) . Notice that in the IHMFV scenario,
the dipole coefficients are related as cll;, /2%, = m./m, =~ 797, and hence the corresponding bounds

would be approximately equal to the ones on quﬁzv

The projected bounds on cll;, are almost a factor of 4 worse than the bounds on cfogq) . This was
expected from the lack of interference between the dipole operator amplitude and the SM one, and

since only one quark flavor, instead of four, contributes to the cL};, bound. The sensitivity to c2%;, is a
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Figure 1. Number of SM and SMEFT events per pi bin after selection cuts for the signal and backgrounds
at the FCC-hh assuming 30 ab™'. The number of SMEFT events is obtained at the upper bound of the

corresponding Wilson coefficients from a single operator fit with 5% syst., i.e. cgl) =3x107% and ¢l =

1.1 x 1072 with A = 1 TeV. Notice that the contribution of 0&311) includes an interference with the SM and
could be in principle of either sign. Here we chose the sign such that the interference is positive, i.e. it adds

events to the SM prediction.

further factor of ~ 3 worse due to the lower content of second-generation quarks of the proton. Hence,
the flavor-universal results are almost identical to the ones for ci};,,. The hierarchy in the bounds
between cfagq) and ¢, ensures that profiling has a limited impact on the ng) bounds. We checked that
using the second binning in ¢y also reduces such impact. For a detailed analysis of the sensitivity to
05934), see Ref. [105].

In Fig. 2, we show the 95% C.L. on the planes ¢&) — c11, (left panel) and ¢\ — 22, (right panel).
In both cases, we show the result of profiling over the other dipole WC (full line), setting it to zero
(dashed line) or linking it via flavor universality (dotted line). In the latter case, the x-axis should be

read as c,w. The left panel shows that setting ¢2%,, = 0 or ¢23;, = ¢!l has a negligible impact since our

analysis is mostly sensitive to the first-generation quarks. However, profiling over ¢?2, explores larger

values of ¢2, and causes a sizeable difference in the correlation between &) and cll, for negative
values of the former. The opposite situation can be observed in the right panel, where each choice
for CHV causes very different results, especially for negative cg’q). In particular, setting cﬂ/v = Ci%/v
generates much tighter bounds.

Had we considered the h — bb decay channel and adopted the analysis from Ref. [97], the pro-
jected bounds at FCC-hh would have been of the same order of magnitude, in particular for 5% syst.
uncertainty. The projections in Ref. [97] degrade by a factor of ~ 5 — 6 when going from FCC-hh to
HL-LHC.5 Hence, we estimate that their analysis for the 1-lepton channel, i.e. Wh, could yield the
bounds |cll | <6 x 1072, |22,| <2 x 107, and |c,w| < 6 x 1072 with A = 1 TeV. This should be

compared against current and projected bounds from other collider processes. For instance, the quark

6We chose the diphotonic Wh analysis at FCC-hh as the showcase due to its simplicity and constraining power.
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Coefficient Profiled Fit One Operator Fit
[-1.33, 1.33] x 1072 1% syst. [~1.11, 1.11] x 1072 1% syst.
el [-1.39, 1.39] x 1072 5% syst. [-1.12, 1.12] x 1072 5% syst.
[~1.47, 1.47] x 1072 10% syst. [~1.15, 1.15] x 1072 10% syst.
[-4.2,4.2] x 1072 1% syst. [-3.2,3.2] x 1072 1% syst.
A [—4.5, 4.5] x 1072 5% syst. [-3.3,3.3] x 1072 5% syst.
[—4.7,4.7 x 1072 10% syst. [—3.4, 3.4] x 1072 10% syst.
[-1.27,1.27] x 1072 1% syst. [—1.05, 1.05] x 1072 1% syst.
Cuw [~1.34, 1.34] x 1072 5% syst. [-1.07, 1.07] x 1072 5% syst.
[—1.40, 1.40] x 1072 10% syst. [~1.09, 1.09] x 1072 10% syst.
[—4.6, 2.5] x 1073 1% syst. [-2.7, 2.5] x 1073 1% syst.
) (6.3, 3.0 x 1073 5% syst. [—3.3,2.9] x 1073 5% syst.
[~8.3,3.5] x 1073 10% syst. [~4.0, 3.5] x 1073 10% syst.

22)
’

Table 3. Bounds at 95% C.L. on the coefficients of the cLiy, ¢2%, cuw (flavor-universal case with ¢l = ¢23

and cff,)q setting A = 1TeV. Left column: bounds profiling over the other coefficients. Right column:

bounds with a one operator fit, i.e. setting the other two coefficients to zero. For the flavor-universal case,

the bounds of c,w is obtained by profiling over cgq
in the case of free ¢

and ¢,

(3)

or set it to zero. The profiled bound on cgq

) was obtained

FCC-hh 100 TeV 30 ab™* FCC-hh 100 TeV 30 ab™!
— T T B A e o B B B o A
[ A=1TeV [ A=1TeV
001+ ;9 gy o 0.0+ 9 gyg
F 1% Syst. —— Profiling over L’fl%y b 3 1% Syst. —— Profiling over clly
— 5 % Syst. y — 5 % Syst.
% Sys — - Setting ¢, =0 > % Syst — - Setting ¢y =0
— 10 % Syst. ) r — 10 % Syst. ]
0.006+ e Setting 2, = cbiy j 0.006+ e Setting cliy = X
g5 0 eg 01
—-0.0051 b —-0.0051 b
-0.01+ b -0.01+ 7
T B R [ L I S B N B R
-0.02 -0.01 0 0.01 0.02 -0.06 -0.04 -0.02 0 0.02 0.04 0.06
11 22
Culy Culv

Figure 2. Expected 95% C.L. bounds on ¢t} , 22, cf,i} at the FCC-hh for 30 ab™'.

dipole operator has also been studied with Drell-Yan data from LHC [94, 95, 106]. For A = 1 TeV,
Ref. [106] obtain |c,w| < 3.8 x 10~ from a single-operator fit and |c,w| < 5.3 x 10~! from a profiled
fit, in agreement with Ref. [94]. Assuming that these bounds are statistically limited, we can rescale
them to HL-LHC luminosity and obtain |c,w| < 1 x 107! and |euw| < 2 x 1071, which is similar
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or worse than our estimates from Wh production. Ref. [95] finds slightly better bounds from LHC
data, |cli] < 1.4 x 107! and [¢2%,] < 5.7 x 1071, which could become equal to our Wh estimates at
HL-LHC. In addition to high-energy tails, electroweak precision data also constrains the light quark
dipole coupling to electroweak gauge bosons; for instance the coefficient ¢,y will modify the Z decay
width. However, these bounds are weak, |c,w| < 10, in part due to the mass-suppressed interference
between the SM and dipole amplitudes [106-109]. Therefore, the high-energy regime of Wh could be
a useful probe of light-quark EW dipole operators at HL-LHC and FCC-hh.

Finally, it is instructive to assess the EFT validity in this analysis. In agreement with what was
found in Ref. [105], the bounds presented before are valid for an EFT cutoff’ > 5 TeV, while they
degrade slightly for a cutoff ~ 2 — 5 TeV and the analysis becomes invalid for lower cutoff scales.
To properly interpret our bounds in terms of UV physics, it is also worth mentioning that the dipole
operators are only generated at the 1-loop level in weakly coupled theories [12], so that one might

expect a naive bound of ¢,y ~ ?6(7:2) ~ 6.3 - 1073 which is beyond the reach of most of our bounds.

3
However, we expect a scaling ¢,y ~ 16‘;%]\42, where g, is the coupling between UV and SM fields, for
a typical UV model. Our bounds would then mean that we are probing g. = 3.9. Such couplings,

despite being large, remain well within the perturbative regime g, < 4w [114-116].

Another marker of a possible EFT validity loss would be a relevant contribution from operators
of dimension 8 or higher. Indeed, due to the lack of interference between the SM and dipole ampli-
tudes, dimension-8 operators contribute at the same order, A=%, in the SMEFT expansion. Motivated
by the fact that recent studies in the geoSMEFT framework indicate that contributions to Wh pro-
duction from interference between dimension-8 and SM amplitudes are highly suppressed by the SM
couplings [117], and by the fact that we would also need to make flavor and operator assumptions at
dimension-8, themselves backed by UV model examples as in Sec. 5, we neglect dimension-8 contribu-
tions. Nevertheless, a more precise study of their impact on dipole bounds using any of the SMEFT
dimension-8 bases would be interesting and is left for future work.

4 Low Energy Constraints

In this section, we explore the constraints that are imposed by low-energy data on EW quark dipoles
in flavor-aligned scenarios. Usually, bounds on contributions to flavor-changing currents beyond the
SM involving the first two generations give stringent constraints on off-diagonal flavorful couplings,
pushing the NP scale to high values. However, we will show that those constraints loosen significantly
in the case of the EW up-quark dipole O, in the flavor-aligned scenario when new spurions only
appear in the up sector. We will also analyze the particular case of IHMFV. Overall, the flavor bounds
turn out to be much weaker than the collider ones.

We remind the reader that, as explained above, we needed to assume the absence of any new
CP-odd spurion beyond that of the SM, due to the strong EDM constraints on the imaginary part of
dipole operators. Also, if additional SMEFT operators are present, we need to assume that those most
restricted by low-energy flavor data, such as purely left-handed 4-Fermi operators, do not communicate
with the new flavor-breaking spurions. We also remind that we illustrate how the above assumptions
are realized in a UV model in Sec. 5.

"Notice that the scale A which we use throughout this paper and often fix to 1 TeV does not capture exactly the UV
cutoff of the theory. From the bottom-up, the latter can be bounded via, e.g., perturbative unitarity considerations, in
which case the upper bound contains A but also WCs and numerical factors [110-112]. From the top-down, the mass
scale of NP relates to A in a way that depends on the UV couplings, see e.g. [113].
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In the SM and beyond, translating low-energy flavor bounds to the level of UV models first
requires that one integrates weak-scale dynamics out, matching it to the Weak Effective Theory (WET)
Hamiltonian [118-120],

Heg =Gr Y CiQi+he., (4.1)

where G is the Fermi constant and C; are Wilson coefficients. The latter run to lower energies
until the QCD scale, where a theory of hadrons, most particularly Chiral Perturbation Theory (xPT)
for the light mesons, takes over. Through this matching and running procedure [118-125], one can
obtain constraints on the WET WCs and on NP from those on FCNC, arising from various meson
experiments. In particular, rare kaon decays are sensitive low-energy probes of BSM physics [126].
Under our flavor assumption that only the dipole has a non-MFV flavor structure in the SMEFT,
tree-level processes are either MFV-suppressed or flavor-changing charged currents (FCCC), while
FCNC will arise at the loop level. We discuss both types of processes in the following sections. We
finally explore the constraints imposed by the naturalness of the quark masses at the weak scale.

4.1 FCNC

The most stringent flavor bounds usually arise from FCNC, hence we start our analysis from those.
Even when they are absent at tree level, some of the FCNC operators in (4.1) are generated at loop level
by the dipole, as shown in Fig. 3. This figure shows diagrams with AF = 1 (where AF = AS, AC)
and two insertions of the dipole operator that generate FCNC in the down-quark sector.® Diagrams
with a single insertion are suppressed by the GIM mechanism, hence they are up-Yukawa-suppressed,’
and we have checked that they are smaller in magnitude for cutoffs close to the collider bounds. For
IHMFV, they are either down-Yukawa-suppressed or flavor-diagonal. Diagrams in the up sector are
flavor-diagonal or strongly suppressed by the down Yukawa. Finally, AF = 2 operators are suppressed
by the GIM mechanism and by MFV in the down sector. Therefore, in this subsection, we focus on

d :I:::—»— Uq) d M U(q)
5 ———((q) 5 ()
”
d 3 d
v(9) v 5 d

Figure 3. Feynman diagrams with two up-dipole insertions (represented by the large black dots) inducing

AS =1 WET operators. In the first row, fermion lines on the right side of the diagrams can be either leptons
£ or quarks g. In the second row, the external gauge boson in the first diagram could also be a gluon.

8We ignore dimension-8 SMEFT operators, although they may contribute to the processes of interest at the same
order in the SMEFT expansion. How our flavor assumption should extend to these operators is left for future work.

9If the third generation dipole cﬁ,v is sizable, then these graphs are not suppressed as the top Yukawa is O(1). In
our flavor-aligned setup, this would lead to FCNC of similar size to MFV [48], up to loop factors, hence it would imply
that the cutoff should be larger than ~ TeV. However, to make a fair comparison with the collider bounds of Sec. 3,
which are only stringent at the level of the two light generations, we focus on the associated light-generation dipoles

11,22 . .
¢, in the current section.
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WET operators generated by diagrams featuring two dipole insertions and giving rise to AS = 1
processes (Those are the most sensitive AF = 1 processes given our flavor assumption.). They are the
following,

Qu = (dy" Prd)(ly, Prl) . QY) = emay, (do™ Prr)d) o

4.2

Qs = (" Prd) (q7.Pra) , QY) = gsmay (do" PreryT*d) G2, . 2
where g represents any type of quark, ¢ is any kind of lepton, and the generation indices are kept
implicit. We explicitly pulled a quark mass out of the Wilson coefficients of the magnetic and chromo-
magnetic dipoles, since it arises from the diagram in Fig. 3, due to our assumption on the flavor and
operator structure in the SMEFT.

They contribute to several flavor-changing processes involving mesons, and we consider here kaon
decays to lepton pairs or photon pairs, as well as K+ — 770y, K — 77 can also be induced by Qg3
and Qgg) [127], however, current uncertainties in SM computations via lattice simulations limit the
accuracy in determining chiral Lagrangian parameters. Therefore, we leave a discussion of K — 7w
to App. B.1. For a given process, several operators in Eq. (4.2) are likely to contribute at a given
order in YPT. For instance, both the photon and gluon dipoles can contribute to K — v at O(p%),
or the 4-quark operator Q 3 can contribute to K — 77 7%y through the inner bremsstrahlung [128].
We leave a precise determination of each operator contribution for future work, and focus on that
of Q1 and Q%) We checked that all other contributions to the processes of interest are smaller or

equal according to the xPT power counting, so Qy and Q% serve as a proxy for the full result. As
we will show, the resulting bounds are weaker than collider ones, which justifies a posteriori that an
order-of-magnitude analysis is sufficient.

The Wilson coefficients of Q1 and Q;?{ are the following,

T2
_ v _ Py CuW Cyw Y
077 N 077 B 16’7‘(’2(;FA4 ’ (43)

T 2
201 CuW Copy My

C p—
“ 1672GpAE

where the values of z; are log-dependent of the renormalization scale  ~ mg. We find that the leading
contribution of z; are about O(10), z¢1 ~ 3log(mw /mg) + 3/2, and 27, ~ (10/9) log(mw /mx) —
277/54. Using our flavor assumption from Eq. (2.5), if cL};; is not accidentally small, the off-diagonal

components of the Wilson coefficients depend on (cchLW) ) ~ |C}ﬁ/v‘2 5\F07 which is real at the

leading order, so that we can focus on FCNC constraints appliéaﬁ)le to the real components of C;. (We
nonetheless remind that we have assumed no new source of CP violation.)

The experimental bounds on Cy; can be obtained from kaon leptonic decays. They also receive
a contribution from C%), but it is suppressed by sin? 6, ms/mg. The most stringent limits on BSM
physics arise from K — £7¢~, for which the SM prediction has been recently improved [129]. Nor-
malizing to the K — ~~ decay, the decay rate can be expressed in terms of the reduced amplitude

A, [126]7
BR(Kp — () Am? (aemme\? | | o
£ _ =21 - —¢ | == . 4.4
Ry BR(KL — 77) m3 \ mmx A (44)

Using BR(KL, — 7y) = 5.47(4) x 10~* [130], the experimental value of R} implies that Re ASP =
+1.16(24), while the SM prediction is Re AiM = —1.96(36) [129]. Assuming the negative value for
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Re AP, we can derive the BSM constraint Re AE’SM = 0.80(43).'° The presence of Qp; leads to

GFmeKCdS mg
ReABSM _ T ‘1 45
e Ay Qe 1670 (KL — vy) ' (4.5)

where fx = 35MeV/V,; [130] refers to the meson decay constant. Demanding that the contribution
of the WET operator Qy; does not exceed the discrepancy encoded in AESM, we obtain a 95% C.L.
bound on CF of [—0.1,3.6] x 107¢, which translates into a 95% C.L. upper bound on cli;,

el < 0.5 (A/TeV)” . (4.6)

This bound, the strongest of the ones that we derive in this section, is weaker than the projected
collider bounds presented in Tab. 3 and, in particular, at best of the same order than our estimates for
HL-LHC. Turning now to the dipole operator Qgi)/, it can induce d; — d;v transition. The magnetic
and electric dipole WET operators are commonly defined in the basis [131] as follows,

e
Q'jy[ = féj‘rz (50" dr £ 5r0"dL) Fuy (4.7)

where we can relate C’;g to the Wilson coefficients of the new operators via

/21_Qd(0$_07_).

Qa(Cy+Cy)
T 16m2G pmy

C21 _
™ 1671'2Gpm,1 ’

(4.8)
In the SM, the estimated value of the real component of C’ﬁ denoted as ’Re C$ |SM, is approximately
0.06 G mg, and the experimental constraints on C’ff are derived from the processes K+ — 7tn0y
and K — v [131]. The s — dvy contributions consist of an electric (o C;') and magnetic component
(x Cﬂf ). Among them, the electric amplitude is more precisely measured and leads to the constraint,
|RGC,?| <01Grmkgk.

For Ks — ~y(k1,p)v(ke,v) decay amplitudes, the photons produced in this decay have parallel
polarization, A(K® — (vy))) % (k¥k% — ky - kag"”), while the photon produced by Kj — vy have
perpendicular polarization, A(K® — (vy) 1) X i€upokkS . In this notation, the decay width is given
by ['(K° — 4v) = m3|A|?/647. Parametrizing the amplitudes as [131],

[ L

A
AK® = (v))) = il/g X (QemGrmr), AK® = (y7)1) = % X (emGFrmi) , (4.9)

we can fix \AUWFXP = 0.191 and A7, | = 0.115 from the K, g — vy decay rates [130]. The dipole
operator ny[ contribute to the kaon diphoton decay amplitude [131] as

2FBrC+

AAlLL —
L IrGrm3,

; (4.10)

where Fr = 92.4MeV and B/} = 2.67(17) is extracted from the lattice estimation [132]. The SM
prediction, |Al,|SM = 0.166 and |A2[SM = 0.126 provides constraints |[ReC; | < 0.7Gpmg, and
|Re Cf| < 0.3Grmy. This turns into the following bound

ety | < 40.3 (A/TeV)? . (4.11)

from the K — v~ channel.

10We refrain from deriving an analogous constraint from R$ due to high experimental uncertainties.
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4.2 FCCC

Beyond the aforementioned loop-level FCNC, our flavor assumptions lead to tree-level FCCC. Some of
those, including the pion decay #~ — e~ .7y on which we focus below, can be worked out by treating
the W boson field strength in the EW dipole of Eq. (2.1) as an external source that extends the QCD
Lagrangian, and that ought to be integrated out afterwards in xyPT. In particular, the effect of other
tree-level operators such as 4-quark operators is subleading.

The decay m~ — e~ .7y decay requires an operator with a W boson and a photon. Combining
the W boson field strength and the SMEFT WC ¢, in Eq. (2.1) into a chiral tensor spurion t,,,
we follow Refs. [133, 134] and match to the lowest-order operator involving a photon field strength in
xPT,

BoF2. . .
OFT S T (1 fa) (4.12)
p

where BoF? = —(qq) = —[242(15)MeV]? [135], M, = 0.775GeV is the p meson mass, and the

definitions of /" and f,,, are given in App. B.2. Expanding to leading order in F; one finds,

i2 e By FrGpop Vg ctt _ =
LTSt W g ot (F“” +zFW) +he. (4.13)
392M§A2

where J” = vy"Pre is the weak current and 1*:’“,, = €uupo F'P7 /2. This implies that the quark dipole
can induce additional contributions to the form factors Fy and F4 describing the 7~ — e~ Uy decay
amplitude Mgp [136, 137],

e GV

Msgp = —WG*“ (FveuworP°q" +iFA(guw - ¢ — Pugqu)] ay” (1 + v . (4.14)

From Eq. (4.13) and (4.14), we get,

4+/2 cilw BoFrvpm,
392 ]\431\2

AFy = AF, = (4.15)

The theoretical values of the pion form factor is related to the conserved vector current to the 70 — vy
decay width [138, 139],

FgM = Oée_rrlx \/2 Fwoﬁv'y/(ﬂ'mwo) = 00262(5) (4.16)

In this context, Ly and Ljq are the coefficients within the general xYPT of order O(p*) as outlined
in [140]. Their phenomenological vaules are detailed in [141]. The experimental values of the form
factors are measured by the CsI crystal calorimeter of PIBETA group [142], Fy/P = 0.0258(17),
FJP = 0.0117(17). Assuming that the dipole contribution to Fy, 4 can not exceed the discrepancy
between the SM prediction and the measured value we can bound the dipole WC as,

el | < 13 (A/TeV)? . (4.17)

4.3 Quark Mass Naturalness

Finally, we investigate naturalness constraints on the quark masses. As we are introducing addi-
tional spurions beyond the quark Yukawas with sizable entries along the light generations, radiative
contributions to the low-energy quark masses potentially lead to an up-quark hierarchy problem.
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BSM Fields F S X

Gsm (3,2,%) | (1,1,0) | (3,2,%)

Table 4. Standard Model gauge charges of the heavy BSM fields of our renormalizable UV model.

Names | Qy up | PLF | PrF | PLX | PRX S Y,
Gt 1(8,1) ] (1,3) (3,1) (1,3) | (8,1) | (1,1) || (8,3)
U 0 q —q 0

Table 5. Global symmetry charges of the relevant fields in our renormalizable UV model. Among them Y,,
functions as a spurion, whereas the remaining fields are dynamical.

The one-loop diagram that renormalizes the up-quark mass with one dipole insertion gives,

omy  3cthmy [Podiq quot g N 3cl mw B2

My 2m, A% Jy  (2m)* ¢?(¢% — miy) 16m2m,A2

(4.18)

where we considered a hard cutoff E to extract the quadratic divergence, which we take as a proxy
for possible threshold corrections at scales ~ A. If we require one percent tuning, |0m,,/m,| < 100,
the quark Yukawa naturalness provides an upper bound on the Wilson coefficient,

leby| <0.1. (4.19)

In appropriate UV models, threshold corrections to the small up-quark mass can be controlled em-
ploying symmetry. For instance, Ref. [143] argues that a suppressed neutrino mass accompanied by a
sizeable magnetic dipole could result from an SU(4) symmetry in the lepton sector. A similar symme-
try in the quark sector could suppress the light-quark Yukawa couplings, but we leave the development
of a precise model for future work.

5 A Renormalizable UV Model

In this section, we explore fully renormalizable theories that can give rise to c,w as in Eq. (2.7), and
to no other dangerous flavorful SMEFT operators. As IHMF'V is a subclass of alignment as we defined
it, we take this model as proof of principle that either of them can be obtained from weakly-coupled
UV completions.

To this end, we introduce a set of heavy vector-like fermions F';, X and a complex scalar S. The
fermions come in three generations, and the SM charges of the new fields are listed in Tab. 4. As we
are aiming at deriving IHMFV, we need to specify the (spurious) flavor transformations of all building
blocks (fields and couplings) of the theory. IHMFV arising from regular MFV in the UV, we assume
that the flavor non-universal interactions depend on a single spurion Y,,. Focusing on the active subset
G%. = SU(3)g x SU(3),, of the flavor group, we assume the transformations in Tab. 5. We also indicate
there the charges under a global unbroken U(1),; symmetry. No new field is introduced in the down
sector, and Yy is the only spurion with down-type charges. The most general Lagrangian respecting
all (spurious) symmetries reads

L=QpA\FS + FA\pPrSTX + X \urH + XMYPrX + QrmX

_ _ o (5.1)
+ XE¢YPRFS + QLY urH + FMpPrF + h.c. + m%|S|* .
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L Therefore, in what

follows we consider m = 0. Most masses and Yukawa couplings above transform in a singlet or adjoint
representation of the flavor group: Ay, Ap, m, Mp transform as (16 8,1), while A, M, ¢ transform as
(1,1 @ 8). Therefore, they admit an expansion in terms of the only flavorful building blocks, Y, 4.

m mixes @y with X, but this mixing can be removed by a field redefinition.

Assuming only positive powers of those spurions, we have
NoxcltarXy+aXag+ -, A~1+bY]Y, +---, (5.2)

where Xy, 0 =Y, dYJ, 4 s defined in Sec. 2. This expansion leads to flavor-changing matrix elements
suppressed by the normal MFV mechanism. We stress that renormalization group running will slightly
misalign the flavor structures of the various couplings, so that they will not be captured by a single
spurion Y,, at all scales. Therefore, the Lagrangian in Eq. (5.1) is meant to hold at a high scale, for
instance that of spontaneous breaking of the flavor group where the Yukawas are generated, if such a
mechanism occurs. Nevertheless, the hierarchies inherited at the high scale, which are the main focus
of this work, will not be drastically affected by that running.
Integrating out the BSM fields F', S and X at one loop we get,

Cuw _ GoAAEME M\,
A2 1287r2m%

F5(r) (5.3)

where My = Y,/ M is the mass matrix of X and the loop function ¥ is given by

FC () %[3 - 4r(;ri 11;32 ln(r)]’ with 7 — @ié‘g) , (5.4)

The SMEFT cut-off scale is set by the lightest BSM particles, A ~ min (Mg, Mg, y, M). In Eq. (5.3),
My is the only hierarchical matrix in flavor space, so the flavor structure of ¢, is dictated by the
inverse Yukawa, ¢, ffu This realizes IHMFV. Due to the MFV expansion of )y, the off-diagonal
components of ¢, in the up basis is suppressed by Arc,

12 11 (12 5 11
Cuw ™~ Cuw AFC ~ N Cuyy - (5.5)

As discussed in Sec. 2.2, in IHMFV large flavor-changing effects can be mediated by other SMEFT
operators than the dipole, in particular by the LL-type 4-quark operators. However, those turn out to
be flavor-blind in the model presented here. A detailed discussion can be found in App. C, where we
show all the dimension-6 SMEFT operators induced by the model in Eq. (5.1), up to one-loop level.

6 Conclusion and Discussion

SMEFT provides a convenient and consistent description of physics beyond the SM when the new par-
ticles are heavy enough to not be produced on-shell at a given experiment. The effects of different UV

"' The mass mixing term in Eq. (5.1) can be removed by redefining X7, and Qp, via,
—1
xf=(xjvi+e@l) (viz) . @f = (~ax]+Qivi) (2v)",
where o = m/M and Z = /14 a2Xg !, so that the new Yukawa matrix reads

Y, =(1-arX;HZ7Y, .
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models are encoded in the Wilson Coefficients that weigh the SMEFT higher-dimensional operators.
Given that the vast majority of the free coefficients in the SMEFT is associated with the existence of
three generations, i.e. flavor physics, and given that the bounds arising from searches for non-standard
flavor violation vastly dominate other ones for random WCs, it is important to deeply investigate the
flavor structure of the SMEFT. This has been done in the past from a variety of perspectives, most
notably from that of specific UV models and from that of flavor symmetries.

In the realm of flavor symmetries, the most common framework is Minimal Flavor Violation,
where one assumes that the only flavor-breaking spurions that one can use to build SMEFT WCs are
the SM Yukawa couplings. This strongly alleviates FCNC constraints on the scale of new physics.
However the MF'V paradigm only represents a subset of the possible EFTs that evade flavor bounds.
In this work, we scrutinized a flavor structure in the SMEFT which has been dubbed flavor alignment
in previous literature. This structure is similar to MFV in that flavor violation is fully dictated by the
SM CKM matrix, while it radically differs in that WCs do not follow the same hierarchies as quark
masses and couplings to the Higgs boson. In short, light generations are allowed to couple to large
flavor-breaking spurions which are only misaligned from quark masses by the CKM matrix. We also
investigated a more restrictive assumption, which we call tnverse hierarchy MFV, in which the new
aligned spurions are proportional to the inverse of the Yukawa matrices.

As it stands, those assumptions are not as efficient as MFV to weaken FCNC bounds. However,
this depends on the set of SMEFT operators under consideration. We focused on the up-type quark
electroweak dipole operator O, , for which we demonstrated that the bounds from flavor violation
are rather weak, even for dipoles of the light quark generations. Instead, we showed that those dipoles
are much better probed at hadron colliders.

More precisely, this can be done by looking at the high-energy tails in Wh production at hadron
colliders. Indeed, the pp — Wh process is dominated by the light quark operators allowed by our
flavor assumptions. We showed how a simple analysis at FCC-hh could provide competitive bounds
when the final state is fvy7y. A simple scaling based on comparison with previous analyses showed that
the same process, but with the Higgs decaying to bb, would yield relevant bounds at HL-LHC, even in
comparison against projected bounds from Drell-Yann high-energy tails. In Fig. 4, we summarize our
projected bounds for FCC-hh and other current or projected bounds. We only show the general flavor
scenario since the flavor-universal case gives results very similar to the ones for the first-generation
quarks. This plot shows the potential of Wh production as a probe of EW dipoles in the flavor scenario
presented in this work.

Finally, we presented a UV model that realizes our flavor and operator assumptions. Its UV flavor
structure follows the regular MFV assumption, and it features heavy massive fields that transform
chirally under the flavor group, so that the induced low-energy EFT follows the inverse hierarchy
MFV. An appropriate choice of the UV fields and their charges ensures that only the dipole operator
violates flavor at the leading order.

This work represents a first step towards the exploration of exotic but allowed flavor structures
in SMEFT and other similar EFTs and hence the paths for future exploration abound. How our
flavor assumptions can be extended to operators of dimension bigger than six is one of them, for
which our UV-completed model might provide a solid stepping stone. The phenomenology of such
higher-dimensional operators is equally promising for future research. Although our study includes
a comprehensive overview of experimental probes of the aligned flavor scenario, a deeper exploration
could provide new experimental probes both from collider and low-energy experiments. The precise
study of RGE effects on our flavor assumptions is an interesting avenue, as well as a detailed study of
all UV models that could realize either flavor alignment or, more specifically, [HMFV.
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Figure 4. 95% C.L. bounds on clY-, 2%, and cfpsq). We show in blue our bounds from a one-operator fit of
Wh — fvyy at FCC-hh with 30 ab™' for different systematic uncertainties. The filled bars give the bounds
after profiling over the other WCs in the analysis, while the horizontal black line with a triangle indicates the
bounds from one-operator fits. In green for c.}, and c23,, the bounds are taken from the HighPT fit [95].

For cf,sq), the lighter and darker green bounds are from LHC and HL-LHC using leptonic WZ [144], and the
bounds in medium green is from a global fit [145]. In lighter and darker orange for cffq) , the bounds are from

LEP [144] and FCC-ee global fit [146].
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A Wh Analysis

A.1 Collider Event Simulation

The dependence of the signal events on the EW dipole operators was computed via Monte Carlo
simulations with MadGraph5_aMCONLO v.3.3.2 [147] and the UFO model SMEFTsim v.3.0.2 [148].
The simulations were performed at LO and NLO QCD and EW corrections were accounted for via
p’}—dependent k-factors, listed in Tab. 6. The SM signal number of events as well as its dependence
on cEEq) and the background number of events were extracted from Ref. [105]. There, the signal and
the main background, W+, were simulated with merged 0+ 1 jet samples in order to account for the
leading NLO QCD corrections, while the NLO EW corrections were applied via k-factors. The sub-
leading backgrounds Wj~y and Wjj were simulated at LO QCD, and a flat jet-to-photon mistagging
rate of 1073 was assumed.

p}r} bin ‘ kQCD ‘ kEW
[200 — 400) | 0.286 | —0.08
[400 — 600) | 0.36 | —0.15
[600 — 800) 0.42 | —0.21
[800 — 1000) | 0.41 | —0.27
[1000 — o0) | 0.41 | —0.40

Table 6. k-Factors for pp — fvh in the SM. They are defined such that ¢™“°/o™© =1 + kqcp + kew.

A.2 Event Selection

The analysis strategy is the same as the one adopted in Ref. [105]. The sought-after final state consists
of 2 photons that reconstruct the Higgs boson, ensured by a cut on the photon pair invariant mass
M.~ € [120,130] GeV, a hard charged lepton of the first 2 generations and at least 100 GeV of missing
transverse energy, Fr. To increase the signal fraction in the selected events, we further impose cuts
on the angular distance of the diphoton pair and on the maximum pr of the Wh system, as detailed
in Tab. 7. An analysis of the effectiveness of these cuts can be found in Ref. [105].

Selection cuts

p%«ymin 30 GeV
DT min 50 GeV
Eromin 100 GeV

Moye [120,130] GeV
AR {1.3,0.9,0.75,0.6,0.6}
p¥h | {300,500,700,900,900} GeV

Table 7. Cuts used to select Monte Carlo events. The last two rows correspond to cuts that depend on the
p bin and the entries in the list correspond to each p% bin, as defined in Tab. 2.

A.3 Signal and Background Cross Section

In Tab. 8, we present the estimated number of events in each bin for signal and background at FCC-hh
with £ = 30 ab™!. For the signal, we report the number of events only as a function of the dipole
WCs cll and ¢?%;,. Its dependence on the WCs cgfq), cew and ¢, can be found in Ref. [105].
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B . Number of expected events
pp bin ¢w bin
Signal Background
o 1310 426700 (cLiy)” + 5300 (c22;)
—,0 2 830
+10380c(%) + 25700 (cg;)
200 — 400] GeV
| ] o 1310 425200 (L) + 5380 (22,
0,7 [ o2 960
+ 1048065 + 27000 (<))
.y 284 4 36500 (cLiy)” + 6300 (c23;,)”
—m,0 2 119
3 3
100 600 Gev +5820¢(3) + 35800 (c;(})
283+ 36600 (cLy)” + 6290 (¢22,)°
uW uW
[0, ] > 129
+5860c(3) + 36000 ()
70+ 37300 (el ) + 5610 (c33,,)
[=,0] > 21
+2760c(3) + 33500 ()
600 — 800] GeV
[ JGe 70+ 36700 (chby)” + 5590 (c23y,)°
[0, 7] > 22
+2850¢%) + 33800 (cg;)
15+ 20300 (cLiy)” + 2700 (23)°
-, 0 3
0 +947¢(3) + 17900 (0533)2
800 — 1000] GeV
[ JGe 15+ 20400 (cy)” + 2800 (c23,)
0, 5
(0,71 ®) ®)
+947¢) + 18200 (2
4421900 (cliy)” +2230 (c23y,)°
[_ﬂ-v O} 2 2
3 3
1000 — ] Gev +42605) +16400 (<))
4421600 (cLiy)” +2210 (c23y)°
[0, 7] 2 1
+428¢) + 16600 (<))

Table 8. Number of expected signal and background events at FCC-hh with 30ab™*. For the signal, it is
given as a function of the Wilson coefficients (with A = 1 TeV). Notice that the coefficients have errors of order
few percent due to statistical fluctuations. The contribution of Wjj to the background events is neglected.

Additionally, we show in Fig. 5 the number of events from each background process and the signal
in each p bin. In the case of the signal, we show the number of events for the SM case and the
contribution from the Of(,sq) , Ouw,i1, and Oyyy02 operators with WCs at values representative of the

computed bounds, cga3(1) =3x1073, ctl, = 1.1 x 1072 and ¢?3, = 3.3 x 1072 with A =1 TeV.

B Chiral Perturbation Theory and Meson Decays
Below the QCD confinement scale, the light mesons are regarded as the pNGBs from the spontaneous

breaking of the chiral symmetry by the quark condensation <qzqR> # 0. In the non-linear ¢ model
described by Chiral Perturbation Theory (xPT), the pNGBs are packaged into

U = exp (;wav) : (B.1)
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Figure 5. Number of SM and SMEFT events per p bin after selection cuts for the signal and backgrounds
at the FCC-hh assuming 30 ab™!. The number of SMEFT events is obtained at the upper bound of the
corresponding Wilson coefficients from a single operator fit with 5% syst.

where \*, a = 1---8 are Gell-Mann matrices. Above the QCD scale, quarks are coupled to various
spurions of the chiral symmetries, which provide additional building blocks for xPT [149]. At the
two-quark level, one finds matrix-valued Lorentz scalar (s,p), vector (v,a) and tensor sources (t),

Laep = § (Y [vu +vsau] =[5 — iysp] + 0" 1) q - (B.2)
One also encounters the left/right equivalent of the vector/axial vector sources, I, = v, — a,, 7, =
v, + a,. Other spurions appear at the four-quark level and higher orders.
Bl K —nm
The WET operator §y*dgy,q will induce the non-leptonic K — 7 decay [121, 150]. The decay rate
can be computed via the chiral Lagrangian [127, 151],
Lweak D) _QSGVF;—1 Tr (PdeMLu) y (B?’)

where L, = iUTDuU and the covariant derivative D*U = U — ir*U +iUl*, and Pyg = %()\6 —iA7)
projects onto the s — d transition. Following Ref. [127], the chiral Lagrangian parameter gg is
determined by the WET Wilson coefficients C; defined in Eq. (4.1). For the operator Qg3 and its
Wilson coefficient Cy3, to which the EW quark dipole SMEFT operator O, contributes at the weak
scale as shown in Eq. (4.3), one finds,

V2 (ag - agl) ACys
8Vuqu*S ’

Ags = (B.4)

where ag’A are the numerical coefficients associated to the symmetric and antisymmetric combination
of the chiral octets contained in Cy3 and can be computed with lattice methods. ACys3 is the contribu-
tion of O, which alters the parameter gg. As shown in Fig. 3, the two-dipole insertion contributions
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to Cy3 are given by the same diagrams as for Cy;, so that we find ACy3 = ACy;. The theoretical value
of gs, given by the Standard Model contribution to C,3 and lattice simulations of ag = —0.20(24),
ag = 2.7(5), is g§™ = 2.6(5) [127]. On the other hand, through measurements of the K — 77 decay
amplitude, we can determine its experimental value as g5~ = 3.07(14). Assuming that gg falls within
Lo of the difference Agg = g§M — g5** = 0.47(52), one establishes the following bound on the W-dipole
Wilson coefficients,

el | < 13.2(A/TeV)? . (B.5)

As explained around Eq. (4.2), the EW quark dipole also contributes to the flavor-changing chro-
modipole [125],

039 = gomy [8Pr(ryo,u TAd) GY (B.6)

Its contribution to the K — zm hadronic matrix elements has been studied in Ref. [152], while its
effect on the kaon direct CP violation is discussed in Ref. [153]. Systematically exploring the FCNC
effects of (’)g_g could be a promising avenue that we leave for future research.

B.2 xPT with a Tensor Source

We discuss here the embedding in xPT of a tensor source which couples to quarks as follows,

L= qo"tl,ar + @ro" tuwar | (B.7)

from which one reads its chiral transformation rules. In our case, where the tensor source arises from
the SMEFT EW quark dipole, one finds at tree level,

CuW Uh ppuwd wip L .
o = S g e (g o) By
The projector Py, appears due to the relation o#/vy; = £e** g, Following the notation in Ref. [133],
it is also convenient to rewrite the chiral Lagrangian in terms of p = /U, and to trade the tensor
source for the building blocks t4”. Their definition, which can be extended to the field strengths
Fr, Fr of the vector sources [, r, is as follows,

Y = plewpl £ pt"tp 1 = pFpt + p'FiYp (B.9)
where F ﬂ’ R) = Pfé’ 1;‘)” F\p. One then finds that the chiral invariant operators at the lowest order are
given by [133]

LFT S ey Fo(thY fropw) + coFg (17t ) + e3Fg (tow)? (B.10)

where (---) stands for the trace in the u, d, s flavor space. As, in our case, t” scales as A~2, where A
is the SMEFT cutoff, the dominant contribution is given by the first term of Eq. (B.10).

C Other Effective Operators
As discussed in Sec. 2.2, in IHMFV, large left-handed FCNC may arise from the LL type operators,

QLY.Y.IQy . (C.1)
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To check the size of these FCNC in the model of Sec. 5, which realizes IHMFV, we use Matchmakereft [154]
to compute the dimension-6 Q,Q-type operators induced by X at 1-loop and the result is,

e =
167T2Tr(1\{\x21\4§() 503‘1):“ = (9g2 — 5|\ ) i
16W2W :Cf(;z): ke _gB 0igOe + 540 5” Oke
167T2’I‘10(]\/€\X2]W§() :C‘(I}?): ijke - 905”5M 7
167T2TY(MK(2M;<) :c‘ﬁ): ijke - _Sﬂ‘sz‘jéké ) (€2)
1o MM [] i+ i (17w ) ot
ot PO ], = [+ 5 e
16”2Tr(]\f\X2Mg() ] e = 1355”5’“‘ ’
16772Tr(]\{\X2M)T() |:C((13)j|ljk€ —4&&3‘5/4,
167r2Tr(j\{éM)T() [Cqe)ijne = 455w5ke :
where we have used the Fierz identity
885 (ivutty) (v xe) = 69 6% (Davuxe) (Xa"5) (C:3)

to simplify the expressions. None of the LL-type operator in Eq. (C.2) changes the quark flavor,
because they are generated by the gauge interactions. This result can be understood from the diagrams
relevant to the 1-loop matching after integrating out X, depicted in Fig. 6.

QL .«-H' @ f

X _
Qr - g Qr

Figure 6. Feynman diagrams contributing to the one-loop matching between our UV model and the LL-type
dimension-6 SMEFT operators, where V,, = B, W,,. These diagrams preserve the flavor symmetry.

We can further explain the observed pattern as follows. In the model of Sec. 5, the two-point
function of the field X is the only source of the inverse Yukawa coupling, (X X) ~ Y,, /M. At one loop,
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one finds that large FCNC mediated by the operators in Eq. (C.1) can only be generated through the
coupling between @, X and another operator ©. The mass dimension of @ in the renormalizable
theory is 1 and we collectively denote the properties of O as,

LOANQLXO, [0]=1. (C.4)

The operator O can not be the mass mixing which is removable by the field redefinition. The only
two candidates are the singlet scalar S and and the gauge boson V|, which appeared in the covariant
derivative D = 0 + igV/,

LD XVQLmX + }v\sQLSX . (05)

The first term does not mix quark flavors, because both the kinetic mixing and the mass mixing can
be simultaneously eliminated through the rescaling and the rotation transformation. In the simple
model of Eq. (5.1), the U(1) s symmetry forbids the Q1 SX coupling. Then, there is no available field
that can play the role of O. In general, as long as interactions of the type in Eq. (C.4) are absent in
the renormalizable UV model, the FCNC operators Eq. (C.1) will be suppressed in the IR EFT. We
checked this in our model by computing all the dimension-6 effective operators and found that there
are no LL-type flavor-violating operators.
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