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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 ¢,17 to be sizable along the first quark
generations. A particular example, which we refer to as “inverse hierarchy MFV”, features
Wilson coeflicients 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 ¢,y at colliders and at lower-energy flavor
experiments. We show that precision measurements of the process pp - Wh — yvflv at
FCC-hh could set an upper bound on |c,| < 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)?. 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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1 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-§]
(see [9-11] 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 parameters. Although one may consider all parts of this parameter space as equally



probable up to theoretical constraints on its physical region (see e.g., [12—18]), 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. Different foundational paradigms have been proposed
in that direction, which require for instance new family-dependent “horizontal” broken
symmetries [19-21], extra dimensions of space [22-26] or SM couplings to a strong sector
that generate strongly hierarchical fermion kinetic terms [27, 28]. All those constructions
predict very strong hierarchies in the flavored coeflicients of the SMEFT [29-35] which, for the
physicist interested in producing the associated new particles in experiments, is very fortunate:
were the flavored SMEFT coeflicients 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
colliders [36—44]. This is mostly due to the natural suppression of flavor-changing neutral
currents (FCNC) in the SM [45], 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) [46].

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) [38, 47-50], 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 [51, 52] 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 [53-55], on which the strongest flavor bounds apply. U(1)? symmetries have
also been discussed [56, 57|, while extensive studies of flavor symmetries and spurions in
the SMEFT can be found in [34, 35, 58, 59].

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)

! Alternatively, strong misalignment has also been explored [60, 61].



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 [62, 63], for instance in 2HDM [64-70] or in connection with light scalars
and naturalness [71, 72], chirality-flipping transitions can be generated by new spurions
instead of quark masses and therefore might be more 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, 7i) can generate energy-growing amplitudes
and impact the high-energy tails of kinematic distributions, and i) 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 section 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 section 3, we present the projected bounds on the dipole Wilson coefficient
from Wh 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 section 4, we show that flavor bounds on this setup are much weaker than the
collider ones, and we discuss naturalness constraints on quark masses. Finally, we exhibit
in section 5 a UV-complete model that realizes a very particular version of alignment and
ITHMFV, and whose EFT contains EW dipoles as the only flavorful dimension-6 operators.
We conclude in section 6. The work is completed by three appendices. Appendix A gives
details about the collider analysis of section 3, while appendix B presents some of the yPT
techniques underlying section 4. Finally, appendix C exhibits the whole set of dimension-6
SMEFT operators generated by the model of section 5 at one-loop so as to highlight that
they do not lead to noticeable flavor-changing effects, and to briefly discuss the additional
phenomenology that they drive.



SU(3)q | SU(3)u | SUB)a | SUB)L | SUEB).
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 Flavor-aligned electroweak dipoles

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

(2.1)

Oy = W2 Qoo upH
w Caw OdW with uW ,quL R
Oaw

¢
LsMEFT D %Ouw + A " A ,
Wi QrrtotdrH

where 7% = ¢?/2, with ¢® the Pauli matrices, H = ic?H * and we omit the flavor indices
for conciseness. 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 section 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.

2.1 Flavor alignment and CP quasi-conservation

The Wilson coefficients ¢, and cgp 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 table 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,

['Yuk = —QLYuuRﬁI — QLYddRH — Z;LY;6RH + h.c. . (2.2)

Below, restricting to quark quantum numbers, we will also represent the flavor transformations
as Y, ~ (8,3,1), 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 section 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 Yy breaks the U(1)? 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 x, 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

L )
O =l QrimuQr; Qrin™Qr (2:3)

() (Huﬁl)ij Ok1, has the appropriate spurion transformation and generates large

qq,ijkl —
AS =1 FCNC (i.e., those which violate strangeness by one unit), unless the eigenvalues

with ¢

of HUHL along the light generations are much smaller than one. (This is achieved in MFV,
where £, x 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 THMFV.

Moreover, we need to make an assumption about CP violation (CPV): an arbitrary phase
for the diagonal entries of k, in the up-basis would generate tree-level quark electric dipole
moments (EDMs), which are strongly constrained (see, e.g., [73-79], and [58, 80-91] for more
discussions of CPV in the SMEFT). This is due to the strong suppression of CPV in the
SM [92-94]. We therefore assume that, in the absence of Yy, the flavor group is broken to
U(1)3 and CP is preserved. In other words, all CP-odd flavor invariants formed out of Y,
and k, 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,; = Ky, but it does imply that they almost are.
For instance, assuming a polynomial expansion along the spurions,

CuW = P(Xua Xd)Ku + Q(Xm Xd)Yu ) (2'4)

where P, Q are polynomials of arbitrary degree and X, = Y, Y, X4 = Yde , the presence of
Y, slightly misaligns ¢,y from Y, and x,. Nevertheless, our claim regarding FCNC holds, as
will be explained later. Furthermore, since the off-diagonal entries of X, 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,

YVo=YP, Yi=VexmYy , cuw =chy, (2.5)

where Vo is the CKM matrix, Y,? = diag (yu, ¥e, %), YdD = diag (ydq, Ys, Ub), CEW =
diag (CZW) 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. [71, 72]. 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 [38, 47-50] 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 i — 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 s, = 0, and it implies that c.}, < 23, < ¢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 o (YT)il 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 x, = 57” 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 Y, is chosen in order to have a controlled spurion expansion, i.e.
Y, = diag (1, Z—Z, Z—;‘) in the up basis. The IHMFYV expansion can also be understood as
the MFV expansion where polynomials such as P, @ 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 [95], 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

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.



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 section 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

cBy o diag(my b, mgt,mph) (2.7)
if cup o< Yy,. In this case, the Wilson coefficients matrix is diagonal with the inverse hierarchy
of diagonal entries with respect to MFV, C}L%/V > c W > c . IHMFV therefore corresponds
to flavor alignment with a specific inverse hierarchy, 1nstead of arbitrary diagonal entries.*

Similarly to the case of flavor alignment, when we study the consequences of IHMFV
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 [95], 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 cQu’ijQiFuj and a

chirality-preserving current cQQ,ijQiF’ Qj

Cou = (Q“]l+c2QuX +c Xd_|_ )}7“+MFVterms, (2.8)
coo = (291 +§9X, +c§2Xy+ ... ) + MFV terms , '

where ', T” collect all possible Lorentz structures, the different constants c;*¥ are numbers

and X, = YuY,L]L Xy = YdeJr . 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,

0 A% A3 0 AN
(Apc)ij ZXU’Z‘J'Z /\5 0 )\2 , (XFC)ij :Xu,ij ~ )\ 0 A4 y (2.9)
A3 A2 0 A3 At 0

where A = 0.2 is the sine of the Cabibbo angle. The former measure is what is considered
in usual MFV, while the latter corresponds to the IHMFV measure. Comparing Apc to

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 (YH™Y/M = Y, /A, justifying our

normalization of Yu. 37“ = (YJ ) -t X \/ smallest eigenvalue of YuYuJr 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 (YuT )~! 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 ¢23;, < ctiy or 3, 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.



Arc 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\FC)12 ~ (Arc)i12, while
the ‘23’ elements are more suppressed in IHMFV, (5\FC)23 = A2(Arc)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 section 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 matters. For instance, using Yy together with the down-type electroweak dipole, forming
e.g. caw = X, Yy would generate tree-level AS = 1 FCNC such as K — 77y, only suppressed
by (Vokm,32)*Vekm, 31 ~ M. On the other hand, AC = 1 processes driven by the up dipole
with THMFYV in the up sector enjoys the down-type MFV suppression and are suppressed
by (VCKM732)*VCKM731mg ~ AL Therefore, up-sector IHMFV, which arises if the MFV-
preserving NP is only chiral with respect to SU(3), but not SU(3)g4, 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
coefficients 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 IHMFV since }7%11 =1 A
treatment along the lines of refs. [51, 52|, or involving an approximate U(2) symmetry [53-55]
(but now acting on the two heaviest quark generations), is possible.”

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 operators 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
MFYV suppression. In section 2.2, we have argued that UV theories satisfying the MFV

5When both Y, and Y, are present, the large Y, 33 and Yu,u entries only leave a subgroup U(1)g, x U(1).
unbroken in the up-sector, so that spurions should be assigned transformations under this group instead
of a larger one like U(2)®. 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 Q1 and uq: g in (2,1,0,3), Ag in
(1,1,0,3) and A, in (2,2,0,1), which can be chosen so that, in an appropriate flavor basis,

- (10 [ %a
D) )

In particular, in the up basis, A, = diag(mw/mec, my/m:).



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 section 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 VA 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 [96],
unlike that of 4-fermion operators which are stringently bounded. Generically, we expect
those additional operators to be present, since the flavor-aligned ansatz does not restrict the
kind of operator that should be included in a generic EFT analysis from the beginning. It
would at most justify an analysis with diagonal but non-universal WCs [97]. (As we argued
above, all operators need not communicate with the new aligned spurions.) In section 5,
we actually discuss explicit models realizing our flavor-aligned scenario at the level of the
dipole operator, and it turns out that they also generate 4-fermion operators at one-loop
level. Such additional operators might drive the most stringent bounds on the models that
realize our flavor assumption. Nevertheless, we wish to study the effects of non-universal
flavor-diagonal EW quark dipole operators on the phenomenology at hadron colliders, which
justifies our focus on V h production as a representative example. We dedicate the rest
of this section to this topic.

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 [98, 99]. 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 [100]
and representing ~ 5% of the cross-section at FCC-hh [98]. 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 Ci%/v»
can be independently constrained in top-quark processes [101, 102]. Thus, we study only
the effects of EW dipoles on Wh production.

The operators O, and Ogy 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. More precisely, the part of the dipole operators that generate
the contact term follows the general structure,

O D hOW,gc"q . (3.1)



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

where D contains the involved couplings, C encodes the color structure, and T represents
the kinematics 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 interference with the SM amplitudes [103]. In the all-incoming
convention and for massless quarks, the final result is

1 1 e~ 4 sm?
T(i,i,ﬂ):;sine s —ms —m? 1i\/1— W )
20 2 V2 ( " W) (s —m3? +m#,)?

T(ﬂ:;,i;,o) =0, (3.3)

where 0 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, Qg , 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 section 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
C’)g’q) thanks to the induced energy growth [99, 104-106]. 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 [107].

These studies can be carried out already at LHC thanks to the use of the h — 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 — vy 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 — fv~vy process at
FCC-hh from ref. [107], 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 appendix A.

At FCC-hh, the main background processes to Wh — fvvyy are Wy, 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
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Variable Bin limits
p:’} {200, 400, 600, 800, 1000, co} GeV
¢W [—71'7 0}7 [Oa 7T]

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

W~~. 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 appendix A.

The simple cut-based analysis from ref. [107] 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 [107]. Details about the acceptance and selection cuts of this
analysis can be found in appendix A. The events were binned according to the pr of the
reconstructed Higgs boson, pi}ﬁ. 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 table 2.

We show in figure 1 the number of events at FCC-hh from the Wh process after all the
selection cuts in each pi}; bin. We show the contributions of the SM, as well as the ones
from the O&Sq) and O, operators with WCs fixed at the values cgq) =3 x 1073, assuming
a flavor-blind operator, and Cﬁ/{/ = 1.1 x 1072 with A = 1TeV, which are representative

values of the bounds to be shown in the next section. The contribution from O&sq) includes its

interference with the SM. The different behavior with energy generated by the (9&3,1) and Ouw
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 (’)9(03(1) . The total background is

smaller than the SM signal in all p% bins, as can be seen from table 8 in the appendix.

3.3 Bounds on O,w from Wh Production

The analysis outlined in the previous subsection allows us to estimate the FCC-hh sensitivity
to dipole operators. We show in table 3 the projected bounds on the up-quark EW dipole WC,
cuw, at FCC-hh with 30 ab™! of integrated luminosity. The first two rows show the bound
in the diagonal flavor-aligned scenario, in which cl}; and ¢?3, are independent WCs. In the
third row, we show the result for a light-flavor-universal scenario in which CH/V = 072},[, = Cyw-
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 0503[1) , 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
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Figure 1. 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., i.e
) =3 %1073 and ¢}, = 1.1 x 1072 with A = 1 TeV. Notice that the contribution of O%) 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.

the other WCs in the fit. For the first two rows, this means profiling over cc(pgq) and the other
dipole WC, while for the flavor-universal case, it is proﬁhng over c(@q) Notice that in the

IHMF'V scenario, the dipole coefficients are related as c / covy = me/my, ~ 797, and hence

the corresponding bounds would be approximately equal to the ones on C}L%,V

The projected bounds on cl};, are almost a factor of 4 worse than the bounds on cg(oq) 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 c}j/v bound. The
sensitivity to cuW is a 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

(3)

c11 The hierarchy in the bounds between cy¢ and ¢,y ensures that profiling has a limited

(

impact on the cw) bounds. We checked that using the second binning in ¢y also reduces

such impact. For a detailed analysis of the sensitivity to cgq) , see ref. [107].

In figure 2, we show the 95% C.L. on the planes cqu) — ¢l (left panel) and cgq) — 2,

(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 cu. The left panel shows that setting

2%1/ =0 or 02%,[, =c! W has a negligible impact since our analysis is mostly sensitive to

the first-generation quarks. However, profiling over Cz%v explores larger values of cuW and

causes a sizeable difference in the correlation between cg’q) and cll. for negative values of the
former. The opposite situation can be observed in the right panel, where each choice for CuW
causes very different results, especially for negative cqu) In particular, setting cuW = CZ%,V

generates much tighter bounds.
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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.
ekt [-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.
22, [—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 10=2 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 10°3 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.

Table 3. Bounds at 95% C.L. on the coefficients of the cll;, ¢?3,, c,w (flavor-universal case with

el =%y, and cg’)l 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 ¢,y is obtained by profiling over cgfq) or set it to zero. The profiled

(3) was i i ; 11 22
bound on ¢,y was obtained in the case of free ¢,y and ¢y .

FCC-hh 100 TeV 30 ab™! FCC-hh 100 TeV 30 ab™!
L B B B B B B B B L L s s B S S B B By B S B B B S
[ A=1TeV [ A=1TeV
0.01+ Svs * Ol 9 Qys b
s 1% Syst. —— Profiling over ¢%, | 0.0 b 1% Syst. —— Profiling over cj;
[ — 5% Syst. ; [ — 5% Syst.
F % Sys — - Setting <X, =0 H > % Syst — - Setting cljy =0
— 10 % Syst. . 7 r — 10 % Syst. .
0.006+ e Setting ¢ = clis | 0.006+ e Setting clly = &,
3;V§ 0 E:f{ 0
~0.005]- 4 —0005 ]
-0.01+ B -0.01 - b
I I R R i T R B AR B B
-0.02 -0.01 0 0.01 0.02 -0.06 -0.04 -0.02 0 0.02 0.04 0.06
cur i

Figure 2. Expected 95% C.L. bounds on c}j,v, ci%v, 0&3(1) at the FCC-hh for 30ab™".

Had we considered the h — bb decay channel and adopted the analysis from ref. [99], the
projected bounds at FCC-hh would have been of the same order of magnitude, in particular
for 5% syst. uncertainty. The projections in ref. [99] degrade by a factor of ~ 5 — 6 when

~13 -



going from FCC-hh to HL-LHC.® Hence, we estimate that their analysis for the 1-lepton
channel, i.e. Wh, could yield the HL-LHC bounds |cLh| <6 x 1072, [¢?%,| <2 x 1071, and
lcaw| < 6 x 1072 with A = 1TeV. A reduction of the luminosity to the values of Run 2
(£ =139fb~1) or 3 (£ = 300 fb~!) worsens the bounds by ~ 80% or ~ 50% respectively. Thus,
our estimated bounds for LHC Run 2 (3) are |ctl,| < 1.1(0.9) x 1074, |23, < 4(3) x 1071,
and |cuw| < 1.1(0.9) x 107! for A = 1 TeV. This should be compared against current and
projected bounds from other collider processes. For instance, the quark dipole operator has
also been studied with Drell-Yan data from LHC [96, 97, 108]. For A = 1 TeV, ref. [108] obtain
lcuw| < 3.8 x 107! from a single-operator fit and |c,| < 5.3 x 107! from a profiled fit, in
agreement with ref. [96]. Assuming that these bounds are statistically limited, we can rescale
them to HL-LHC luminosity and obtain |c,w| <1 x 107! and |cuw| < 2 x 1071, Ref. [97]
finds slightly better bounds from LHC data, |cLl,| < 1.4 x 107! and |¢?2,| < 5.7 x 1071,
which could become equal to our Wh estimates at HL-LHC. A recent study shows that
at HL-LHC, Zh — ¢1¢~bb will have worse sensitivity to ¢,y than our expectation from
Wh [109]. Overall, at LHC, Wh and Drell-Yan show a similar sensitivity to these operators
and further studies are needed for a detailed comparison. There are no Drell-Yan estimates
for FCC-hh that could be easily compared against our bounds. In addition to high-energy
tails, electroweak precision data also constrains the light quark dipole coupling to electroweak
gauge bosons; for instance the coefficient ¢, will modify the Z decay width. However, these
bounds are weak, |c, | < 10, in part due to the mass-suppressed interference between the
SM and dipole amplitudes [108, 110-112]. Therefore, the high-energy regime of Wh could be
a useful probe of light-quark EW dipole operators at LHC, 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. [107], the bounds presented before are valid for an EFT cutoff” > 5 TeV,
while they degrade slightly for a cutoff ~ 2 — 5TeV 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 [14], so that one might expect a naive bound of ¢, ~ ?6(72 ~ 6.3 - 1073 which is

beyond the reach of most of our bounds. However, we expect a scaling ¢,y ~ where

gs 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, < 47 [117-119].

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 amplitudes, 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 production from interference between dimension-8 and SM

amplitudes are highly suppressed by the SM couplings [120], and by the fact that we would

5We chose the diphotonic Wh analysis at FCC-hh as the showcase due to its simplicity and constraining
power.

"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 [113-115]. From
the top-down, the mass scale of NP relates to A in a way that depends on the UV couplings, see e.g. [116].
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also need to make flavor and operator assumptions at dimension-8, themselves backed by
UV model examples as in section 5, we neglect dimension-8 contributions. 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 section 5.

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 [121-123],

Het =Gp»_ CiQi +hec., (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 Pertur-
bation Theory (xPT) for the light mesons, takes over. Through this matching and running
procedure [121-129], 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 [130].

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 figure 3. This figure shows diagrams with
AF =1 (where AF = AS, AC) and two insertions of the dipole operator that generate
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FCNC in the down-quark sector.® The flavor suppression with a single insertion of the
aligned dipole operator to the considered observables is yu,iCuWiiVCKM,ijVSKM,ika where 1
labels the up-type quark running in the loop and j, k label the external quarks. For an
inversely hierarchical scenario, c,Y, o 1, therefore flavor violation in such diagrams is very
suppressed due to the GIM mechanism. In a generic aligned scenario, the contributions from
the second and third generations are comparable, and they are a factor of 103 larger than the
contribution from the first generation.” 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
MFYV in the down sector. Therefore, in this subsection, we focus on 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,

Qun = (dy" Prd)(f,Pre) Q(72 = emg, (JO'“”PR(L)d) Fu, “2)
qu = (CZ’}/“PLd) ((j*yuPLq) , Qgg = gsMdy (CZU”VPR(L)TAd) G;‘V ,

where ¢ 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 figure 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+ — 7t7%y. K — 7 can also
be induced by Q43 and leg) [132], however, current uncertainties in SM computations via
lattice simulations limit the accuracy in determining chiral Lagrangian parameters. Therefore,
we leave a discussion of K — 77 to appendix B.1. For a given process, several operators
in eq. (4.2) are likely to contribute at a given order in xPT. For instance, both the photon
and gluon dipoles can contribute to K — vy at O(p®), or the 4-quark operator Q3 can
contribute to K+ — 7ty through the inner bremsstrahlung [133]. We leave a precise
determination of each operator contribution for future work, and focus on that of Qs and
Q(72 We checked that all other contributions to the processes of interest are smaller or equal

according to the yPT power counting, so Qg and Qgg serve as a proxy for the full result. As

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.

9Note that a sizeable ¢33, is compatible with the regular MFV assumption, and therefore it cannot
generate larger flavor-violating effects than the complete SMEFT constrained by that assumption. In that
case, low-energy flavor bounds imply that the cutoff should be larger than ~ TeV, even accounting for all
possible tree-level operators [50]. In our case, flavor-violating observables all originate at loop level from the
dipole, and are expected to be much weaker when they are driven by ¢33;,. Given the strength of the bounds
that we derive below, we conclude that the presence of ¢33, does not affect noticeably the low-energy flavor
phenomenology. This also allows us to focus on the light-generation dipoles CE,V’QQ in the current section, so
that the results can directly be compared to the collider bounds of section 3, which are only stringent at
the level of the two light generations. At colliders, an aligned up-type EW quark dipole with a sizable third
generation entry would, for instance, receive stringent bounds from Higgs data (e.g. H — 7). Recent global
fits of the LHC Run-2 data suggest bounds similar to or slightly stronger than the ones presented here [131].
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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 ¢. In the second row, the external gauge boson in the first diagram
could also be a gluon.

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 Qp; and Q(72 are the following,

2o Caw €Ly m Zrm Ca €L 02
Cn = HIWEN | Cry = O, = TR (4.3)
where the values of z; are log-dependent of the renormalization scale p ~ myg. We find
that the leading contribution of z; are about O(10), zn ~ 3log(mw/mgk) + 3/2, and
274 & (10/9) log(my /m) — 277/54. Using our flavor assumption from eq. (2.5), if ¢l is
not accidentally small, the off-diagonal components of the Wilson coefficients depend on
(cuwciw)#j R~ ‘quﬁ/vf Arc, which is real at the leading order, so that we can focus on FCNC

constraints applicable to the real components of C;. (We nonetheless remind that we have
assumed no new source of CP violation.)

The experimental bounds on Cyp; can be obtained from kaon leptonic decays. They also
receive a contribution from C’ég,
limits on BSM physics arise from K, — £7¢~, for which the SM prediction has been recently

but it is suppressed by sin? 6y m /mg. The most stringent

improved [134]. Normalizing to the Kj — ~7 decay, the decay rate can be expressed in
terms of the reduced amplitude A, [130],

BR(K AN/ 4m? 2
Ro=CREL DE) oy fy o 20 (Gente) g (14)
BR(Kp — vy) mi \ TMg
Using BR(K — v7) = 5.47(4) x 1074 [135], the experimental value of R/ implies that
Re AP = +£1.16(24), while the SM prediction is Re AEM = —1.96(36) [134]. Assuming

the negative value for Re A7*P, we can derive the BSM constraint Re AESM = 0.80(43).19

The presence of Q1 leads to

Re ABSM _ 4.5
e A 1670(KL — v7) (4.5)

aem

TGrpmi [k CE \/ mK

10We refrain from deriving an analogous constraint from RS due to high experimental uncertainties.
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where fx = 35MeV/V,s [135] 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 C of [—0.1,3.6] x 107%, which translates into a 95% C.L.
upper bound on C}L%/V,

et | < 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 for FCC-hh presented in table 3 and, in particular, at best of
the same order as our estimates for LHC Run 2. Turning now to the dipole operator Q%,
it can induce d; — d;vy transition. The magnetic and electric dipole WET operators are
commonly defined in the basis [136] as follows,

e v — v
0% = 1 syt 510 (47)

(

where we can relate 072 to the Wilson coeflicients of the new operators via

21 _ Qa (C“JYF + C;) o2l Qa (C“JYr B C'Y_) _ (4.8)

T 16n2GEmg ™ 1672G pmy

SM
s

In the SM, the estimated value of the real component of C’;;E, denoted as ‘Re Ciyt
approximately 0.06 G mg, and the experimental constraints on C’,Yi are derived from the
processes K+ — 77 7% and K° — ~v [136]. The s — dy contributions consist of an electric
(o< C) and magnetic component (o< CF). Among them, the electric amplitude is more
precisely measured and leads to the constraint, |Re cy | < 0.1Gpmg.

For Kg — ~(k1, p)y(ka,v) decay amplitudes, the photons produced in this decay have
parallel polarization, A(K° — (yy))) x (k{ky — k1 - kog"), while the photon produced by
K|, — 77 have perpendicular polarization, A(K® — (77y) 1) Xi€upok kS . In this notation, the
decay width is given by T'(K° — v7) = m3|A|>/647. Parametrizing the amplitudes as [136],

Il 1

AK® = (7)) = il/'g x (aemGpmr) ,  AK® = (y9)1) = il/g X (@emGrmi),  (4.9)

we can fix \Aﬂ,y\e"p =0.191 and |AZ |*P = 0.115 from the K g — 7 decay rates [135]. The
dipole operator Q$ contribute to the kaon diphoton decay amplitude [136] as
2FBp.C+

AAlLL —
Rl QWGFm%(

(4.10)

where F; = 92.4MeV and B} = 2.67(17) is extracted from the lattice estimation [137].
The SM prediction, ]AUW]SM = 0.166 and ]A%]SM = 0.126 provides constraints [Re C| <
0.7Grmp, and [ReCf| < 0.3Grmg. This turns into the following bound

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

from the K° — ~v channel.
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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 7~ — e~y 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 yPT.
In particular, the effect of other tree-level operators such as 4-quark operators is subleading.

The decay = — e~ Iy 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. [138, 139] and match to the lowest-order operator involving
a photon field strength in xPT,

2
£oFT 5 % (5 frm) (4.12)
p
where BoF? = —(qq) = —[242(15) MeV]? [140], M, = 0.775 GeV is the p meson mass, and
the definitions of ¢4 and fy,, are given in appendix B.2. Expanding to leading order in
F; one finds,

’L'QeBQFWGFUhVudC}L%/V + 7= my - Py
a2 Oty (P +iF™) + hee. (4.13)

o)

where J,” = vy#Ppe is the weak current and F, w = €upo F'P7 /2. This implies that the quark
dipole can induce additional contributions to the form factors Fy and F4 describing the
T~ — e Uy decay amplitude Mgp [141, 142],

eGrVug . o o7 . _
Msgp = ,ﬂ#ude PPy €vor 70" + 1FA(gu - 4 — pugu)] 7" (1 +9°)v . (4.14)

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

4\/2 c}j/v BoFrvpmy

AFy = ARy = ==

(4.15)

The theoretical values of the pion form factor is related to the conserved vector current to
the 7 — vy decay width [143, 144],

FM = g0y /2T 000 /(71000) = 0.0262(5)

(4.16)
FSM = 4y/2 (Lg + L1g) my+ /Fy = 0.0106(36) .

In this context, Ly ~ 6.49 x 1073 and Lo ~ —5.10 x 103 are the coefficients within the
general xPT of the order of O(p*) as outlined in [145, 146]. The value of Lg can be determined
from the charge radius of the pion. Recent analysis of the CERN SPS experiment [147] and
the new data by the JLAB-7 Collaboration [148] imply that Lg differs by ~ 1.6 standard
deviations [149] from the current result. We thus expect to improve the theoretical prediction
of FEM in the near future. The experimental values of the form factors are measured by
the CsI crystal calorimeter of PIBETA group [150], Fy/® = 0.0258(17), F;y® = 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,

et | < 13 (A/TeV)? . (4.17)
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4.3 Quark mass naturalness

Finally, we investigate naturalness constraints on the quark masses. As we are introducing
additional 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.

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

omu _ 3egymw (P dlq  9u.0™dw 3eyiymw E?

4.18
My 2m, A% Jo (2m)t ?(? —mdy)  16m2m, A% T (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, |dm,/m,| < 100, the quark Yukawa naturalness provides an upper bound on the
Wilson coefficient,

ety <01, (4.19)

In appropriate UV models, threshold corrections to the small up-quark mass can be con-
trolled employing symmetry. For instance, ref. [151] 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 symmetry 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 ¢, as in
eq. (2.7), and to no other dangerous flavorful SMEFT operators. As IHMFV 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 table 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 table 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. Therefore, IHMFV will only be active in the
up sector — only inverse powers of Y, will be present in the SMEFT Wilson coefficients,
while Yy will always appear as in regular MFV. The most general Lagrangian respecting
all (spurious) symmetries reads

L=Qr\FS+ FAprPrS'X + X \yurH + XMY,PpX + QrmX

_ B o (5.1)
+ XEYIPREFS + QrYyurH + FMpPRrF + h.c. + m%|S|* .

—90 —



BSM Fields F S X
Gsm (3,2,%4) | (1,1,0) | (3,2,%)

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

Names | Qp | ugp |PLF|PrF | PX |PrX | S Y,
GE | (8,1)](1,3) (3,1) (1,3) | (3,1) | (1,1) | (8,3)
U(1)m 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.

m mixes Qr, with X, but this mixing can be removed by a field redefinition.!! 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. Assuming only positive powers of those spurions, we have

A X L+ar Xy +aaXg+-, A~1+bY YV, + -, (5.2)

where X, 4 = Y., le 4 as defined in section 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 QQAqAFMFM)zlAu

= FE(r), (5.3)
A2 1287‘(‘277”6% 2

where My = YJ M is the mass matrix of X and the loop function fr? is given by

FC(r) = 2[3 - 47«(4; i214532 ln(r)]7 with r — (yjn]\g)Q _ (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 c,p is

" The mass mixing term in eq. (5.1) can be removed by redefining X, and Qy, via,
-1 , _
X = (X[yl+aQ)) (ViZ)" , Qf=(-aXi+QLY.) (2Y)",
where a = m/M and Z = \/14 a2X,; ', so that the new Yukawa matrix reads

Yy=(1—-aXX;NZ'Y,.

— 21 —



dictated by the inverse Yukawa, ¢, o ?u This realizes IHMFV. Due to the MFV expansion
of Aqu, the off-diagonal components of ¢, in the up basis is suppressed by Arc,

el ~ At (5.5)

We stress again that the fact that the off-diagonal elements of ¢,y are proportional to entries
of Xy in the up-basis, and not of X, which would yield a much weaker suppression, is due to
the fact that we did not introduce any BSM field whose mass arises from Y.

As discussed in section 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-diagonal in the model presented here. Other operators
which do not feature left-handed quarks turn out to be flavor diagonal in the mass basis,
as they should given the underlying aligned IHMFV structure. A detailed discussion can
be found in appendix C, where we show the dimension-6 Q;Qr-type SMEFT operators
induced by the model in eq. (5.1), up to one-loop level. In this appendix, we also briefly
assess the collider phenomenology associated to these additional operators. A complete list of
dimension-6 SMEFT operators generated by Matchmakereft [152] is available upon request.

6 Conclusion and discussion

SMEFT provides a convenient and consistent description of physics beyond the SM when
the new particles are heavy enough to not be produced on-shell at a given experiment. The
effects of different UV 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 MFV 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
MFYV 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 inverse 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
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Figure 4. 95% C.L. bounds on cl%,, ¢22,,, and ci). 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 ¢l and ¢?%;,, the bounds are taken

from the HighPT fit [97]. For csggq) , the lighter and darker green bounds are from LHC and HL-LHC
using leptonic WZ [153], and the bounds in medium green is from a global fit [154]. In lighter and
darker orange for c<(p3q) , the bounds are from LEP [153] and FCC-ee global fit [155].

bounds from flavor violation are rather weak, even for dipoles of the light quark generations.
Instead, we showed that those dipoles can be equally well constrained from current LHC data,
and will be much better probed at future hadron colliders such as HL-LHC and FCC-hh.

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 fvvyvy. A simple scaling, based on the comparison
with previous analyses, showed that the same process, but with the Higgs decaying to bb,
would yield relevant bounds at LHC Run 2, Run 3 and HL-LHC, even in comparison with
current and projected bounds from Drell-Yan high-energy tails. In figure 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
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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, IHMFV.

Acknowledgments

We are particularly grateful to Christophe Grojean for his collaboration during the early
stages of the project. We thank Fady Bishara, David Friday, Guilherme Guedes, Thomas
McKelvey, Peter Stangl, Luiz Vale Silva, Eleni Vryonidou, Ludovico Vittorio and Jure Zupan
for discussions. This work is supported by the Deutsche Forschungsgemeinschaft under
Germany’s Excellence Strategy EXC 2121 “Quantum Universe” — 390833306, as well as
by the grant 491245950. This project also has received funding from the European Union’s
Horizon Europe research and innovation programme under the Marie Sktodowska-Curie Staff
Exchange grant agreement No 101086085 - ASYMMETRY. C.Y.Y. is supported in part by the
Grants No. NSFC-11975130, No. NSFC-12035008, No. NSFC-12047533, the National Key
Research and Development Program of China under Grant No. 2017YFA0402200, the China
Postdoctoral Science Foundation under Grant No. 2018 M641621 and the Helmholtz-OCPC
International Postdoctoral Exchange Fellowship Program. Q.B. received support from the
DOE Early Career Grant DESC0019225, and is currently supported by a starting grant of the
French Ministere de ’Enseignement supérieur et de la Recherche. A. N. R. has been supported
by the European Research Council (ERC) under the European Union’s Horizon 2020 research
and innovation programme (Grant agreement No. 949451) and a Royal Society University
Research Fellowship through grant URF/R1/201553 during the completion of this project. A.
N. R. acknowledges support from the COMETA COST Action CA22130. D.L. acknowledges
funding from the French Programme d’investissements d’avenir through the Enigmass Labex.

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 [156] and the UFO model SMEFTsim
v.3.0.2 [157]. The simulations were performed at LO and NLO QCD and EW corrections
were accounted for via p%—dependent k-factors, listed in table 6. The SM signal number of
events as well as its dependence on cgq) and the background number of events were extracted
from ref. [107]. There, the signal and the main background, Wy, 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 W jvy and Wjj

were simulated at LO QCD, and a flat jet-to-photon mistagging rate of 10~2 was assumed.
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p% bin kqcp | 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 UNLO/ULO = 1+kqcp +kEw.

Selection cuts

pKT,min 30 GeV

p%}mm 50 GeV
E7 min 100 GeV

Mepry [120, 130] GeV
ARYY {1.3,0.9,0.75,0.6,0.6}
Prax | {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 table 2.

A.2 Event selection

The analysis strategy is the same as the one adopted in ref. [107]. 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, £p. 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 table 7. An analysis of the effectiveness
of these cuts can be found in ref. [107].

A.3 Signal and background cross section

In table 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 clj;, and ¢Z3;,. Its dependence on the WCs cc(pgq) ; Cow and ¢,
can be found in ref. [107].

Additionally, we show in figure 5 the number of events from each background process
and the signal in each p?p bin. In the case of the signal, we show the number of events for
the SM case and the contribution from the O&Sq) , Ouw,11, and Oy operators with WCs
at values representative of the computed bounds, cfﬁz} =3x 1073, cll, = 1.1 x 1072 and
23, = 3.3 x 1072 with A = 1 TeV.
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. . Number of expected events
p% bin dw bin Signal Background
2
_p 1310+ 26700 (e uW) +5300 (cZy) -
1200—400] GV +10380¢(5) + 25700 (c3) )
1310 +25200 (e uW) 15380 ()’
[0, ] 960
+10480¢(5) + 27000 (e <3>)2
2844 36500 ( uw) + 6300 (cZy ) ?
[~ 0] ) 119
1400—600] eV +5820c3) + 35800 ()
o 283 + 36600 ( uW) +6290 (<2 ZW) s
+5860¢C) + 36000 (cf >)2
70437300 (e )+ 5610 (23
[, 0] 21
[600—800] GeV #2760 + 33500 ()
70+ 36700 (c uW) +5590 (<2 2W)2
[0, ] 22
+2850¢%) + 33800 ()
15+ 20300 (¢ uW) +2700 (% )2
[—r, 0] ) 3
[800—1000] GeV +947¢() + 17900 ()
15+ 20400 (c uW) + 2800 (oZ%V)Z
[0, ] 5
+047¢l) + 18200 ()
o 4421900 () + 2230 (23,)° 2
11000—00] GV +426¢5) +16400 (e <3>)
o 4421600 (c uW) + 2210 (cfwf 1
+428¢3) + 16600 (c <3))

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 = 1TeV). Notice that the coefficients have
errors of order few percent due to statistical fluctuations. The contribution of Wjj to the background
events is neglected.

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 <qTLqR> #0. In
the non-linear o model described by Chiral Perturbation Theory (yPT), the pNGBs are
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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.

packaged into

U =exp (};ﬂ'ﬂ-a)\a) , (B.1)
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 [158]. At the two-quark level, one finds matrix-valued Lorentz scalar (s,p), vector
(v,a) and tensor sources (t),

Laep = ¢ (7" [v + v5au] = [s = ivsp] + 0" ) ¢ - (B.2)

One also encounters the left/right equivalent of the vector/axial vector sources, [, = v, —
Ay, 7y = vy + a,. Other spurions appear at the four-quark level and higher orders.

Bl K — nmw

The WET operator 5y*dq7y,q will induce the non-leptonic K — 7 decay [124, 159]. The
decay rate can be computed via the chiral Lagrangian [132, 160],

Eweak D) _QSGF;I Tr (Pde'uLu) ’ (B3>

where L, = iUTD“U and the covariant derivative D*U = O*U — irt*U + iUI*, and P,y =
(X6 — A7) projects onto the s — d transition. Following ref. [132], 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
Ouw contributes at the weak scale as shown in eq. (4.3), one finds,

V2 (ag — a?) ACy3

B.4
SVUqu*S ’ ( )

Agg =
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where ags’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.
ACy3 is the contribution of O, which alters the parameter gg. As shown in figure 3, the
two-dipole insertion contributions to Cy3 are given by the same diagrams as for Cyy, so that
we find ACy3 = ACy;. The theoretical value of gg, given by the Standard Model contribution
to Cy3 and lattice simulations of a§ = —0.20(24), a§ = 2.7(5), is g§™ = 2.6(5) [132]. On the
other hand, through measurements of the K — w7 decay amplitude, we can determine its
experimental value as g5 @ = 3.07(14). Assuming that gs falls within 1o of the difference
Ags = gSM — 5P = 0.47(52), one establishes the following bound on the W-dipole Wilson
coefficients,

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

As explained around eq. (4.2), the EW quark dipole also contributes to the flavor-changing
chromodipole [128],

030 = gom, [ng( L)UWTAd} el (B.6)

Its contribution to the K — 77 hadronic matrix elements has been studied in ref. [161], while
its effect on the kaon direct CP violation is discussed in ref. [162]. Systematically exploring
the FCNC effects of (’)gg could be a promising avenue that we leave for future research.

B.2 xPT with a tensor source

We discuss here the embedding in yPT of a tensor source which couples to quarks as follows,
L =qLo™tl,qr + Gro" 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 Vh 1

tNV = A2 wa\pwkp ’ Pgl’)\p = Z (g[,u)\gz/}p - ielw}\p) . (B8)

The projector P, appears due to the relation o5 = %e’\p“” 0p- Following the notation in
ref. [138], it is also convenient to rewrite the chiral Lagrangian in terms of p = VU, and to
trade the tensor source for the building blocks #”. Their definition, which can be extended
to the field strengths Fp, Fr of the vector sources [, r, is as follows,

= phepl vty 1 = pFf ot £ p (B9)

where F' fé’ R = Pfé’ é\)p F,. One then finds that the chiral invariant operators at the lowest
order are given by [13§]

LTS et Fy(t fow) + caFg (8 4 ) + 3 FG (Ew)? (B.10)

where (---) stands for the trace in the u,d, s flavor space. As, in our case, t’fry scales as A2,
where A is the SMEFT cutoff, the dominant contribution is given by the first term of eq. (B.10).
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C Other effective operators

As discussed in section 2.2, in IHMFV, large left-handed FCNC may arise from the LL
type operators,

To check the size of these FCNC in the model of section 5, which realizes IHMFV, we use
Matchmakereft [152] to compute the dimension-6 Q1Qr-type operators induced by X at
1-loop and the result is,

1672 ? M3
sty = o+ 1ot (1w )
AT [(Mx M)~ - 72 90 H
1672 2
G = %2 (92 — 51 12) 6.
C — 9 5 )\u 5Z )
A ] P ™ a0 (% 3
1672 T ()] 4 t
(1) _ _Bs.s 91 5
cl | = ijOke + 0ij0ke
AQTr[(MXM;L()—l] L 799 ke 30 J 540 J
1672 C )] 5 395
@] B P25 s
APTe[ (M M) 1] L0 Jigne = 107400~ 0 2%k
1672 T (1) g1
el =200k,
APTY{(Mx M) 1) E7 Jiake 907
1672 F 3) 395
AT 2l 1] Lo Jisve = 70 290
1672 o 242 ul? M? Mx M)
b (W] 2|2y A g gy M) M)y
AT (M M) 1] L0 Jigie 135 648 12 ) Te[(Myx ML)=1]
1672 -0(8)- _ _gg %&d + 8’)‘11‘2 (MXM;()I:II i
AzTr[(MXM;()*l] L9 Jijke ) 9 Tr[(MxM)T()*l] 7
1 2 _ _ 4
2 o Ty—1 ct(lil) ke %5@'51@4,
APTr[(Mx My )=t =7
1672 8 493
A2T -1 [qu)}im = =75 Oudke,
r[(Mx M)~ g
16772 gfilé

Cqe];: = 7,(5 )
R e 3 .

where we have used the Fierz identity
OT8M (i) (Rarxe) = 098 (ivuxe) (e (C.3)
to simplify the expressions. We also neglected terms which arise from loops of F' and S,
as they automatically conserve flavor. We nevertheless stress that such terms, suppressed
by mg and Mg, are present.
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 figure 6.
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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 section 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, one finds that large FCNC mediated by the operators in eq. (C.1) can only be
generated through the coupling between Qr, X and another operator @. The mass dimension
of O in the renormalizable theory is 1 and we collectively denote the properties of O as,

LOAQLXO, [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 the gauge boson V), which appeared
in the covariant derivative D = 0 + igV/,

LD XvéLlDX + :\sQLSX . (C.5)

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),, symmetry forbids the Q@ 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.

Being flavor-universal and loop-suppressed, those operators accompanying the dipole are
very weakly bounded by low-energy flavor probes. However, they can source new collider
signals beyond those studied in section 3, which would constitute complementary tests of
this specific model. In the first sections of this paper, we did not commit to a specific UV
scenario, hence we focused on the phenomenology associated with the dipole. Nevertheless, it
is worth assessing how this phenomenology is complemented in the case of the UV model
which we analyzed, and when it is representative of the complete physics. At the level of Wh
production, which was the focus of section 3, c<(p3q) and cll;, contribute equally: the slightly
stronger bounds on 6503(1) from table 3 are offset by the fact that this WC is naturally a factor
of a few smaller than quﬁ/v in our model. Thus, in this channel, the dipole phenomenology
is representative of the physics and of the FCC sensitivity to the whole model. 4-Fermi
operators that are generated by the model are constrained by the Drell-Yan process, leading
at the LHC to a bound on their WCs of the order of 102 TeV~2. This happens to be a factor
of a few above the natural value that they take in our model for BSM masses around a TeV.
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Evaluating how the Drell-Yan bounds will change at the FCC-hh is certainly interesting, and

has not been done to the best of our knowledge, but it lies beyond the scope of this work

and we leave it for a future publication. Generally, a multi-channel analysis of the model will

likely strengthen the sensitivity at the FCC-hh, and would be necessary in order to pinpoint

the precise model, were a signal found in a specific channel.
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