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We construct an extension of the Standard Model with a scalar leptoquark ¢ ~ (3, 1, — %) and the discrete
flavor symmetry G, = D7 X Z;7 to explain anomalies observed in charged-current semileptonic B meson
decays and in the muon anomalous magnetic moment, together with the charged fermion masses and quark
mixing. The symmetry Z‘f;ag, contained in Gy, remains preserved by the leptoquark couplings, at leading
order, and efficiently suppresses couplings of the leptoquark to the first generation of quarks and/or
electrons, thus avoiding many stringent experimental bounds. The strongest constraints on the parameter
space are imposed by the radiative charged lepton flavor violating decays 7 — uy and u — ey. A detailed
analytical and numerical study demonstrates the feasibility to simultaneously explain the data on the lepton
flavor universality ratios R(D) and R(D*) and the muon anomalous magnetic moment, while passing the

experimental bounds from all other considered flavor observables.
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I. INTRODUCTION

The Standard Model (SM) has been very successful in
describing the gauge interactions involving SM fermions,
the Higgs boson, and gauge bosons. However, the observed
values of fermion masses and mixing can only be accom-
modated with a judicious choice of free parameters,
appearing in the Yukawa matrices, and cannot be predicted.
In particular, the strong hierarchy among charged fermion
masses, the potentially different type of mass spectrum
in the neutrino sector, as well as the fact that only the
Cabibbo angle is sizeable among quarks, while two of the
mixing angles in the lepton sector are large, necessitate a
profound explanation.

Given the success of symmetries in describing the gauge
interactions of the SM particles, it is tempting to also
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employ a symmetry G, acting on the flavor (or generation)
space, in order to explain the features of fermion masses
and mixing. Abelian symmetries, such as a U(1) group [1],
have turned out to be sufficient in order to correctly
accommodate the hierarchy among charged fermion
masses by an appropriate choice of the U(1) charges of
the different generations of the SM fermion species.
However, fermion mixing, especially the striking difference
between the mixing among quarks and leptons as well as
the possibility to predict a certain mixing pattern (e.g.,
tribimaximal mixing among leptons [2-5]), points towards
a non-Abelian, discrete group as flavor symmetry which
can be broken nontrivially. For reviews about the applica-
tion of these groups in high energy particle physics,
see Refs. [6-9].

In recent years, there have been several measurements
in flavor physics which deviate from the SM predictions
and hint at a nontrivial flavor structure. BABAR [10,11],
Belle [12-15], and LHCb [16-18] have measured the
ratios,l
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'For brevity, we do not indicate antiparticles by overbars
unless required for clarity.
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TABLE I. Overview of the three anomalies to be addressed in this work and their present significance. The
experimental values for R(D) and R(D*) are quoted from the Heavy Flavor Averaging Group (HFLAV) fit circa
2021, and the combined significance of these two anomalies is 3.46, with a correlation of p = —0.38 [19].
Anomalies
Observable SM prediction Experiment Significance
R(D) 0.297 4+ 0.008 [62—-64] 0.340 +0.027 £ 0.013 [19] 140
R(D*) 0.245 4+ 0.008 [62—-64] 0.295 +0.010 £ 0.010 [19] 2906
Aa, 0 (2.51 £0.59) x 107 [21,57] 420

with £ = e, u, which are sensitive probes of lepton flavor
universality (LFU). The result of the combined fit leads
to larger values for R(D) and R(D*) and exhibits a tension
with the SM prediction at the 3.4¢ level [19]. There is also a
long-standing discrepancy between the measured value
[20,21] and the theoretical prediction [22-57] of the
anomalous magnetic moment (AMM) of the muon,
a, = (9-2),/2. The combined fit to the experimental
data shows a 4.2¢ tension [21] in Aa, =a," — aﬁM.z
These three anomalies are summarized in Table 1.

In Ref. [65], Bauer and Neubert have proposed a
simultaneous explanation of the flavor anomalies in terms
of the scalar leptoquark (LQ) ¢ transforming as (3, 1, —%)
under the SM gauge group. The importance of LQ
couplings to right-handed (RH) fermions has been empha-
sized in Refs. [66,67], and it has been demonstrated that the
LQ ¢ cannot explain the discrepancies in b — sup which
requires the introduction of additional particles; see, e.g.,
Refs. [68—80]. In the vast majority of these studies, only the
couplings which are needed to explain the flavor anomalies
are introduced, while all other couplings are set to zero
without providing any explanation for the vanishing of
these couplings nor for the size of the nonzero ones.

In this work, we construct a model with a discrete flavor
symmetry to explain the observed flavor anomalies in
R(D), R(D*), and in the AMM of the muon. This model is
also capable of correctly describing the strong hierarchy
among charged fermion masses as well as the quark
mixing, leaving aside neutrino masses and lepton mixing.
Given this focus, the three generations of SM fermions are
(mostly) assigned to a doublet and a singlet of G. For this
reason, we choose a dihedral group as flavor symmetry.
Both single-valued dihedral groups, D,,, as well as double-
valued dihedral groups, D), form series of groups that
feature one- and two-dimensional irreducible representa-
tions in case the index n of the group D, (D)) is at least
n =3 (n = 2); see, e.g., Refs. [§1-84] for their application

*There is an ongoing debate about the theoretical prediction of
the hadronic vacuum polarization. While the current determi-
nation of the leading-order hadronic vacuum polarization is
obtained using dispersion relations, cf. Ref. [57], recent lattice
calculations [58-61] predict a value consistent with the exper-
imental result of the AMM of the muon.

to fermion mixing. A thorough analysis shows that a model
with the flavor group G, = D7 X Z;7 can pass all require-
ments, e.g., coming from the nonobservation of charged
lepton flavor violating (cLFV) decays such as 7 — py.
The residual symmetry ZS“%, the diagonal subgroup of Gy,
which is preserved by the LQ couplings to the SM
fermions, at leading order, is crucial in order to appropri-
ately suppress those to the first generation of quarks
and/or electrons. The breaking of the flavor symmetry is
achieved with the help of four spurions that acquire a
certain vacuum expectation value (VEV), given in terms of
the expansion parameter 4, 1=~ 0.22, of the model. For
related studies on the use of flavor symmetries to explain
the anomalies observed in semileptonic B meson decays,
see Refs. [85-90].

The paper is organized as follows. In Sec. I, the model is
introduced, the choice of Gy, its residual symmetry and the
particle assignment are explained as well as the spurions
necessary in order to achieve viable textures for the LQ
couplings, and the charged fermion mass matrices are
specified. The explicit form of the mass matrices and the
LQ couplings in both the interaction basis and the charged
fermion mass basis is derived in Sec. IIl. Analytical
expressions for charged fermion masses and quark mixing
are also given. Section IV serves as introduction to the
phenomenological study which includes the analytical
estimates, the numerical scan of the primary observables
in Sec. V and the comprehensive numerical analysis of
all observables in Sec. VI. We summarize and give an
outlook in Sec. VII. Technical details and supplementary
material are collected in Appendices A-E.

II. SETUP OF MODEL

In Sec. II A, we first argue for the choice of the flavor
symmetry to be a dihedral group and establish assignments
under this group for the three generations of different
SM fermion species. We continue in Sec. II B with the
introduction of the LQ and its relevant couplings. In
Sec. IIC, we focus on particular textures of the LQ
couplings and further specify the transformation properties
of the fields of the model, as well as the employed flavor
symmetry and its breaking. In Sec. IID, we turn to the
Yukawa sector and ensure that the observed charged

075014-2



FLAVOR ANOMALIES MEET FLAVOR SYMMETRY

PHYS. REV. D 108, 075014 (2023)

fermion mass hierarchies and the Cabibbo-Kobayashi-
Maskawa (CKM) mixing matrix are correctly generated.
For convenience, in Sec. Il E, we summarize the choice of
the flavor symmetry G, all fields, and their transformation
properties under G, as well as the employed spurions and
their assumed VEVs.

A. Choice of flavor symmetry and fermion assignment

We choose a member of the series of dihedral groups D,
with n > 3 as candidate flavor symmetry, as these groups
contain several inequivalent one- and two-dimensional
irreducible representations. This permits two distinct
assignments of the three generations of SM fermions,
either 1+ 1+ 1 or 2 + 1. Both assignments prove to be
useful for our purposes.

For the charged fermions, we are motivated to use the
assignment 2 4+ 1 as much as possible, since the heaviest
masses are associated with the third generation and the
mixing between the first (second) and third generations of
quarks is small. The doublets and singlets used for the
different SM fermion species, left-handed (LH) quark
doublets Q;, RH down-type quarks dg;, LH lepton doublets
L;, and RH charged leptons ep;, are in general inequivalent.3
We, consequently, expect that the index n of the dihedral
group should be at least n = 9 in order to offer a minimum
of four inequivalent two-dimensional representations.

For the RH up-type quarks ug;, we choose to assign each
generation to a singlet, 1 + 1 4 1, which may or may not be
inequivalent.4 This can facilitate the accommodation of
the very pronounced mass hierarchy among the up-type
quarks. Such an assignment also simplifies the achievement
of the desired texture of the LQ coupling y to RH charged
leptons eg; and up-type quarks ug;; see Eq. (8). Thus, we
are able to partially unify the three generations of four of
the five different SM fermion species.

We do not discuss neutrino masses nor lepton mixing in
this work, which may otherwise hint at a different
assignment of the three generations of LH leptons under
the flavor symmetry.

Furthermore, we consider a two Higgs Doublet Model
(2HDM) of type-II [91,92], in which one of the Higgs
fields, H,, is responsible for the masses of up-type quarks,

The fields d;; (u;;) denote the LH down-type (up-type)
quarks that are the lower (upper) component of the LH quark
doublets Q,. Similarly, the fields e;; (v;;) are the LH charged
leptons (neutrinos), being the lower (upper) component of the LH
lepton doublets L;.

*Whether or not all RH up-type quarks can be assigned to
inequivalent one-dimensional representations of the dihedral
group depends on whether the index n of the chosen group is
even or odd, since in the case of even n the group has four
inequivalent singlets, while D,, with n odd only comprises two
inequivalent singlets [83]. One could also consider double-valued
dihedral groups D),, n integer, which all provide four inequivalent
one-dimensional representations [83].

while the other one, H ,;, provides the masses of down-type
quarks and charged leptons. We assume the decoupling
limit, in which the lightest Higgs boson is SM-like and the
further scalars are decoupled. This can be achieved, e.g.,
in case one of the VEVs is induced [93].5 Considering a
2HDM simplifies the search for and, at the same time,
amplifies the choice of a suitable flavor symmetry, as we
see below.

We can thus write the Lagrangian containing the Yukawa
couplings of the charged fermions as follows:

Ly = —Y?J‘EHMRJ' - YideHdde

— ijLineRj +H.C., (2)

with the Yukawa coupling matrices Y*, Y?, and Y being, in
general, complex three-by-three matrices.

B. Leptoquark couplings

The main topic of this study is, however, not the correct
description of charged fermion masses and quark mixing
with the help of a flavor symmetry. Rather, it is exploring
the possibilities of capturing the main features of a
particular flavor structure of the couplings of the LQ, ¢,
to the SM fermions, which satisfactorily explains (some of)
the present flavor anomalies, while also passing existing
phenomenological constraints.

For this reason, we begin with the Lagrangian containing
the two relevant LQ couplings, before electroweak sym-
metry breaking,

1o = XLi¢"Q; + Pijeqip ug; +Hee., (3)

where %;; and §;; are, in general, complex numbers. We
define X and y as complex three-by-three matrices whose
elements are denoted as %;; and 9;;, respectively. The hatted
notation ~ is used to indicate that these LQ couplings are
given in the interaction basis of the SM fermions.

The quantum numbers of ¢' coincide with those of the
scalar LQ conventionally denoted S, [94], i.e., under the
SM gauge group ¢ ~ (3,1, —1). In contrast to Ref. [94], we
omit the possible coupling to RH neutrinos that are absent
in this model as well as diquark couplings, since the latter
can induce proton decay if not appropriately constrained.
Imposing baryon number conservation forbids such
diquark couplings. Additionally, we neglect possible cou-
plings between the LQ ¢ and the Higgs doublets H,, and H
and assume that ¢ does not acquire a nonvanishing VEV.
In this way, the LQ does not impact the potential of H,
and H .

The potential of the two Higgs doublets H, and H, is not
discussed and might require adding further scalar fields and/or
terms, softly breaking the imposed symmetries, in order to
correctly achieve the VEVs of H,, and H,, shown in Eq. (13).
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In the following, we use the results of Ref. [67] to derive
suitable textures of the LQ couplings as a starting point for
this model. In order to match the convention of Ref. [67],
we change to the charged fermion mass basis,

o = xij(ygli)cqudglj + yij(egi)cqﬁu??lj

- Zij(e?i)cfﬁb‘?j +H.c. (4)

The fields with the superscript ™, uj;, uk;, diy, dg;, €15, €gis
and v, represent the SM fermion fields in the mass basis.
These are related to the fields, u;;, ug;, dr;, dgi, €Li> €ri,
and v;;, in the interaction basis as follows, formulated in
matrix-vector notation,

up = L,uf, ug = R, uy,
dL - dean’ dR - Rddm,
e = Lel, er = R,ef and v, =L (5)

We reiterate that the basis change of LH neutrinos coincides
with the one of LH charged leptons, since neutrinos are
massless in this model, and thus, lepton mixing is unphys-
ical. The couplings x;;, y;;, and z;; in Eq. (4) are, in general,
complex numbers, like %;; and J;;, and we define the LQ
couplings x, y, and z as complex three-by-three matrices
with elements x;;, y;;, and z;;, respectively. The two LQ
couplings x and z in Eq. (4) both stem from the LQ
coupling X in Eq. (3) and are, consequently, related by the
quark mixing matrix Vcgm-

C. Viable textures of leptoquark couplings

Possible textures of the LQ couplings x and y that permit
an explanation of the flavor anomalies in R(D), R(D*), and
in the AMM of the muon have been proposed and studied
in numerous publications. The study in Ref. [67] has
performed two separate scans of these couplings, each
assuming a slightly different texture for y. We use the
results of the scan in which the form of the LQ couplings x
and y has been fixed to

00 O 00 O
x=|0xp x3 | and y=10 0 ¥y |, (6)
0 x3 x33 0y O

where, a priori, all nonvanishing entries of x and ys, can be
of order one (or even larger), while y,; is bounded as
[y23] < 0.05. A detailed analysis of the results of this scan
shows that for 71, < 5, where i, measures the mass m,, of

the LQ ¢ in TeV, the textures of x and y can be expressed in
terms of the expansion parameter 4,

A~ 0.2. (7)

One viable set of textures is

0 0 0 00 0
x~[0 2 2| and y~|0 0 2|, (8
0 2 1 01 0

where each nonzero element is accompanied by a complex
order-one number.’ In particular, x33 ~1 and y3 ~ 1
facilitate the explanation of the anomalies in R(D)
and R(D*), while z,3y,3 ~ X23y23 ~A* helps to achieve
Aa, ~ 10~°. We concentrate on achieving these textures of
x and y, with the zeros denoting elements (much) smaller
than A* ~ 1073,

These couplings are specified in the basis where the
down-type quark mass matrix, M, and the charged lepton
mass matrix, M,, are (nearly) diagonal, whereas the up-
type quark mass matrix, M, is the origin of the CKM
mixing matrix. The unitary transformation associated with
the RH up-type quarks is assumed to be (close to) the
identity matrix in flavor space. Furthermore, all fermion
masses are canonically ordered, so that no additional
permutations of columns and/or rows of the mass matrices
are necessary.

In order to proceed with the assignment of the particles to
representations of the flavor symmetry, we first fix the
transformation properties of the LQ ¢. We choose it to be in
the trivial singlet of the entire flavor symmetry G;. The
elements x33 and y3, are both of order one and thus, should
be nonzero in the limit of an unbroken flavor symmetry.
More generally, this should be true for all couplings,
including the Yukawa couplings of the charged fermions
of order one, e.g., the Yukawa coupling that gives rise to the
top quark mass. Otherwise, large flavor symmetry breaking
effects would be needed, which are difficult to control. We
discuss this issue, when addressing the charged fermion
mass matrices in Sec. II D.

To achieve x33 ~ 1 constrains us to assign the third
generation of LH lepton doublets, L3, and of LH quark
doublets, O3, to complex conjugated representations of
the flavor symmetry. Furthermore, y3, ~ 1 requires that the
third generation of RH charged leptons, eg3, and the second
generation of RH up-type quarks, ug,, also transform as
complex conjugated representations. Note that they should
be in complex conjugated representations given the form of
the LQ couplings in Eq. (3). However, as all representations
of (single-valued) dihedral groups are real, complex con-
jugation refers to an external Zy symmetry with N > 2,
whose purpose becomes clear in the following. Indeed, we
can fix, without loss of generality, L; ~1;, O3~ 1y,
ep3 ~ 1y, and up, ~ 1; under the dihedral group.

®We note that many phenomenological analyses take the
elements of the LQ couplings x and y to be real for simplicity.
We refrain from doing so, since we do not include a CP symmetry
in this model.
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1. Flavor symmetry breaking in leptoquark couplings

The other nonzero elements of the LQ couplings x and y
are achieved by breaking the flavor symmetry with some
spurion, acquiring a suitably aligned VEV. The largest
nonzero element of x and y that is not of order one is of
order A. This determines the size of the symmetry breaking
parameter, at least for the LQ couplings. We follow a
minimalistic approach by generating all elements, x,,, X»3,
X3, and y,3, with the help of a single spurion, called S.
Since these nonzero elements have different orders of
magnitude in A, we expect that x;;,y;; ~ ¥ arise from
the insertion of k powers of the spurion.7

The insertion of a single spurion S for x,3 ~ 4 forces us to
assign the spurion S to the same (real) two-dimensional
representation of the dihedral group as the first two
generations of LH lepton doublets L. This two-dimensional
representation can be chosen without loss of generality as
2, of the dihedral group. Clearly, the VEV of the spurion
also needs to be aligned in a specific way in order to only
generate the element x,3 ~ A and not x;3 at the same or
similar level. We come back to this point in Sec. II C 2.

Knowing that x3, ~ A% and thus is due to two spurion
insertions, we have to have the first two generations of LH
quark doublets, Q, in a representation different from 2, and,
indeed, a suitable choice is 2,, since the product of 2; with
itself contains as two-dimensional irreducible representa-
tion 2,; see Appendix A. Choosing L ~ 24, but Q ~ 2,, also
ensures that no large elements are generated among x,
X125, X21, and X27.

At the level of three spurion insertions, S°, however,
X», ~ A% can be generated, as desired, compare Eq. (8). This
is possible, since the product 2; x 2; x 2; can contain the
doublet 2.

Finally, we note that also y,; should be generated at
order 23. So, the combination of the first two generations of
RH charged leptons, e, and of the RH up-type quark up;3
should transform as the same two-dimensional representa-
tion 23 (and possibly with an appropriate charge under an
external Zy symmetry). We arrive at the conclusion that e
has to be in 23. We remind that it remains to be checked
explicitly that only the element y,; ~ A* is generated and
not y;3 as well. Whether or not this happens, depends on
the alignment of the VEV of the three spurion insertion and
the relevant Clebsch-Gordan coefficients; see Appendix A.

At the same time, we have to ensure that the elements y,;
and y,, (and also y,; and y,,) are not generated at order A3
or larger. The best option in order to achieve this goal is to
assign different charges under an external Zy symmetry to
the RH up-type quarks. This is in general also required in
order to keep y3» ~ 1 and y;; and ys3 (much) suppressed,

"Since we work in a nonsupersymmetric model, it can also be
the conjugated spurion and/or some suitable combination of both.

since the dihedral group might not offer enough inequiva-
lent one-dimensional representations to achieve this.

In summary, we are able to generate all nonzero elements
of the LQ couplings x and y of their correct order in A.
Since we are in a nonsupersymmetric context, also the
conjugated spurion ST can couple. Indeed, this cannot be
avoided by the dihedral group as part of the flavor
symmetry, since it only provides real representations.
This is one of the arguments for considering as flavor
symmetry the direct product of a dihedral group D,, and an
external Zy symmetry with N > 2.

Due to the size of the symmetry breaking parameter,
A= 0.2, the spurion S might not be suitable for generating
charged fermion masses. Since these follow a stronger
hierarchy, this would not be possible unless we could
achieve this by multiple insertions of the spurion. As we
see in Sec. II D, it is necessary to introduce three further
spurions, 7, U, and W, with different transformation
properties under the flavor symmetry and with different
VEVs (in size and/or alignment), for correctly describing
the charged fermion masses and quark mixing.

2. Protecting textures of leptoquark couplings
with a residual symmetry

It is well-known that the zero elements in the first
column and row of the LQ couplings x and y should be
preserved to a high degree. As these couplings induce
interactions involving the first generation of leptons and/or
quarks, experimental bounds on them are particularly
strong. In this model, we ensure such a suppression by a
residual symmetry, i.e., the vanishing elements in x and y in
Eq. (6) are protected from becoming nonzero, so long as the
residual symmetry is intact.

This residual symmetry is a subgroup of the flavor
symmetry D, x Zy of the model. As residual symmetry,
we use an Abelian symmetry because a non-Abelian one
can easily become too constraining. A type of residual
symmetry which has been successfully employed in
approaches with flavor symmetries of the form X x Zy
is Z5". The symmetry Z5¢ corresponds to the diagonal
subgroup of a Zy symmetry, contained in the non-Abelian
group X, and the external Zy symmetry [95,96]. We, hence,
choose N = n in the following, i.e.,

G; = D, x Z, with a single index n. 9)

Furthermore, we assume that the Z,, symmetry contained
in D, is generated by the generator a of D,—see
Appendix A for the generators of the dihedral group
D,;. Since the residual symmetry Zs“€ should be pre-
served by the textures of the LQ couplings x and y, all
nonvanishing elements of x and y in Eq. (6) should

correspond to combinations of SM fermions (and the
LQ ¢) with zero charge under 73932 At the same time,
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the spurion S should acquire a VEV that is compatible
with the preservation of this residual symmetry.
We make the eventual choice,8

n=17. (10)

It is straightforward to derive a set of charges under the
external Z,; symmetry in order to ensure the preservation
of the residual symmetry in the LQ coupling x, given
that we have already fixed that Ly ~ 1y, Q3 ~ 14, L ~ 24,
0 ~2, as well as S ~2;.

Let us set the charge of L; under the external Z;
symmetry to 1.7 Then, we have to have that Q5 carries the
Z7 charge 16. Since L5 and Q5 are both singlets under D,

their charge under the external Z;; symmetry coincides

with their charge under the residual symmetry Zo°%,

Furthermore, the fact that both x,; and x3, in the LQ
coupling x should be allowed as well, compare Eq. (6),
requires L, and Q, to transform in the same way under

the residual symmetry Z“¢ as Ly and Qs, respectively.
Knowing this, we can compute the charge of L ~ 2;, whose
second component is L,, under the external Z;; symmetry,
and arrive at 2 as Z;; charge for L. Similarly, we have for
Q ~ 2,, whose second component is Q,, that its charge
under the external Z;; symmetry is 1. Then, automatically
also the element x,, in the LQ coupling x is invariant under

the residual symmetry Z{-%. Additionally, we can check
that L; and Q1 both have the charge 3 under the residual

symmetry Z5 7%, and hence, none of the elements of the first
column and row of the LQ coupling x is allowed in the limit

of the residual symmetry Z°“% being preserved.
In order to couple the spurion S in a Z;-invariant way
to the combination L¢¢"Q5, we have to assign the Z;

charge 16 to S. For § ~2; thus its first component $;

carries no charge under the residual symmetry Zd'ag.

Consequently, this has to be the component Wthh
acquires a nonzero VEV, while the VEV of the other
one, S,, has to vanish,

8We do not comment further about this choice. However, we
mention that we have studied different values of the index 7 of the
dihedral group D, with regard to the possibility to generate all
operators needed for the LQ couplings x and y and for a valid
description of charged fermion masses and quark mixing and, at
the same time, not to give rise to other contributions to the LQ
couplings and the charged fermion mass matrices, which strongly
perturb the leading-order results.

°Other choices are possible at this point. A valid choice is
determined by the requirement that no contribution to the LQ
couplings x and y nor to the charged fermion mass matrices,
when including the spurions 7', U, and W beyond S as well as
their conjugated fields, is generated which perturbs the leading-
order structure of these and thus leads to unacceptably large
flavor violation and/or wrong results for charged fermion masses
and quark mixing. The presented set of charges under the external
Z17 symmetry is such a valid choice.

9= (3) an

By explicit computation one can check that the other two
operators, L' QS? as well as L°¢p" QS?, generating x3, and
X,y of the approprlate size, are invariant as well.

In order to protect the vanishing elements in the LQ

coupling y, we appeal to the residual symmetry Z“
well. To do so, we have to assign appropriate charges to the
RH fermions up;, eg, and ep;. Given that only two elements

are nonzero in the limit of unbroken Z{%, we can only fix a
certain combination of Z;; charges. Therefore, the Z,;
charges of the D7 singlets ep3 and ug, should be opposite,
e.g., for 9 being the Z;; charge of egs, that of ug, should
be 8. Also, the charges of eg,, the second component of
er ~ 23, and of the D; singlet ugp; should be opposite
under the residual symmetry. A possible choice is that ep,

has the Z9“ charge 16, since ey has the charge 2 under

the external Z,; symmetry and thus ugs carries the Z{2

charge 1—which also corresponds to its charge under the
external Z,; symmetry.

With this Z;; charge assighment, we can check that apart
from the elements y;, and y,3; no other element of the
second and third columns of the LQ coupling y is invariant
under the residual symmetry Zl7g We can, furthermore,
explicitly check that the operator e%¢’ug;S° is invariant
under the external Z;; symmetry. In order to avoid letting
any element of the first column of y be invariant under
722 we choose the charge of the D5 singlet ug, under the
external Z;; symmetry to be 13.

The presented choice of Z;; charge assignments also
takes constraints into account from the requirement of a
correct description of charged fermion masses and quark
mixing. It, furthermore, suppresses flavor violation, in
particular involving the first lepton and/or quark gener-
ation, by limiting the contributions to the LQ coupling y
from operators involving the other spurions 7, U, W, and
their conjugated fields.

In Table II, the chosen charges of the different SM
fermions, scalar fields and spurions under the residual

symmetry Z{“¢ have been collected.

D. Flavor structure of Yukawa couplings

In the next step, we turn to the construction of the
charged fermion mass matrices and complete the assign-
ment of the SM fermions under the flavor symmetry
Gy = D7 x Z7 by also fixing the transformation proper-
ties of the RH down-type quarks. We introduce three
further spurions, 7', U, and W, all transforming as doublets

""The spurions are treated as dimensionless flavor symmetry
breaking fields. Thus, we do not need to introduce a cutoff scale
in order to restore the correct mass dimension of the operators.
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TABLE II. Charge under residual symmetry Z<% We list the
charge of the different SM fermions, scalar fields, and spurions
under the residual symmetry Z{"¢, preserved by the leading-order

structure of the LQ couplings x and y; see Eq. (8). This residual
symmetry Z(*¢ is the diagonal subgroup of the Z,; symmetry,
contained in D;; and generated by the generator a, compare
Appendix A, and the external Z;; symmetry.

Field Z{%¢ Field Z{s® Field Z{%* Field Z{s® Field Z{:®

Ql 3 de 5 €R1 5 Sl 0 W] 14
0, 16 dp 14 e 16 S, 15 W, 10
Q3 16 dR3 7 €R3 9 Tl 10
ug 13 L, 3 H, 15 T, 6
125:%) 8 L2 1 Hd 9 U] 10
ugs 1 Ly 1 ¢ 0 U 6

under D ;. These are responsible for the generation of the
correct charged fermion mass hierarchy and the Cabibbo
angle 0. of the order of 1. By contrasting Eqs. (14)—(16)
with Eq. (11), we note that the size of their VEVs is
(significantly) smaller than that of the spurion S.

We recall that the LQ couplings x and y are given in the
mass basis of charged leptons and down-type quarks. This
means M, and M, should be (almost) diagonal, while the
CKM mixing matrix should arise from the up-type quark
mass matrix M, and the unitary transformation relating the
interaction and mass bases of the RH up-type quarks should
be (close to) the identity matrix. The approximate form
of the mass matrices M,, M,, and M, in terms of 1 is,
therefore,

* 0 0
M, ~ 20 [(HY).
0 0 1
0 0
My~ | 0 22 0 |(HY,
0 1
Br <P
and M,~| 0 2* 2 [(HY). (12)
0 1

In Eq. (12), all nonvanishing elements are accompanied by
complex order-one coefficients, and the vanishing elements
imply that these entries are (strongly) suppressed.

As discussed in Sec. II A, we work in a 2HDM: H, gives
masses to up-type quarks and H, to down-type quarks as
well as charged leptons. Therefore, the hierarchy between
the bottom quark (tau lepton) mass and the mass of the top
quark can be generated via an appropriate hierarchy among
the VEVs of the two Higgs doublets H; and H,,. Typical
values of these VEVs are

(HO) = %~ 2.4 GeV, (HY) = %~ 174 GeV,  (13)

so that v3 4 v2 = v* ~ (246 GeV)>. Both Higgs doublets
transform as trivial singlet 1; under D;; but need to carry
a nontrivial charge under the external Z;; symmetry to
allow for the generation of the top quark and tau lepton
mass at tree level.

1. Generation of down-type quark
and charged lepton masses

The invariance of the operator LiH eg; under the
external Z;7; symmetry requires that the charge of H,
is 9."" Since the size of the bottom quark mass is similar to
that of the tau lepton, we also require that the operator
Q5H ;dg; is invariant. This fixes the transformation proper-
ties of dg3 to dpz ~ 1 under D;;, and the charge of dgs3
under the external Z;; symmetry to be 7.

In order to generate the mass of the muon and of the
strange quark, we invoke a further spurion, 7. One relevant
operator is thus LH, exT, requiring that the spurion T
carries the charge 8 under the external Z;; symmetry. We
can determine the transformation properties of 7 under D,
to be T ~ 2, by noting that the second component of the
covariant in 2, is L,H jeg,. Furthermore, we know then
also that the first component of 7" should acquire a nonzero

VEV of order A2,
/12
=) (14

For details about the necessary Clebsch-Gordan coeffi-
cients, see Appendix A. We can check that this VEV breaks
the residual symmetry Z'“%, invoked to protect the form
of the LQ couplings x and y. This is not unexpected
but indicates that couplings of this spurion to the LQ ¢
should be appropriately suppressed by the flavor sym-
metry Gy = D7 X Zy5.

At the same time, the spurion 7" should generate the
strange quark mass; i.e., the operator QH dT should be
invariant under G. For this to work, we have to fix the
transformation properties of dp accordingly. Its charge
under the external Z;; symmetry should be 1, and dp ~ 24
under D5 such that the second component of the covariant
in 2, reads Q,H dg,. This completes the fixing of the
transformation properties of the three generations of all SM
fermion species.

The simplest way to generate the mass of the electron
and of the down quark would be to modify the VEV of the

""We do not consider it an issue that the VEV of H, (and also
of H,) spontaneously breaks the external Z;; symmetry, because
it is broken anyway (at a higher scale) by the VEVs of the
spurions S, 7, U, and W.
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spurion T so that its second component acquires a VEV of
order A*. We do not pursue this possibility and instead
introduce a further spurion, U, which transforms in the
same way under G, as T, but acquires a VEV of the form,

(U) = (;) (15)

Similar to the VEV of T, this VEV does not preserve the
residual symmetry ZS~%, maintained in the LQ couplings x
and y (at leading order). The two relevant operators for the
mass of the electron and of the down quark are LH  exU
and QH ,dRrU, respectively.

The reason for employing the further spurion U is
twofold. Firstly, it allows the undetermined order-one
coefficients accompanying the aforementioned operators
to be used to correctly achieve the masses of both the
electron and the down quark. This would not be possible
with only the spurion 7. Secondly, in this way, the
computation of higher-order operators with several inser-
tions of the spurions 7" and U is simplified, and their
number can be controlled better.

This concludes the discussion of the generation of the
charged lepton and the down-type quark mass matrices. In
the end, both mass matrices are not exactly diagonal, since
further operators are always induced.'> We show in the next
section that this neither poses a problem for the charged
fermion mass matrices nor for achieving the textures of the
LQ couplings x and y.

2. Generation of up-type quark masses
and quark mixing matrix

The invariance of the operator QiH,ug; under the
external Z,; symmetry requires that the charge of H,, is 15.
In the limit of unbroken flavor symmetry, the only up-type
quark mass generated is the one of the top quark.
In order to arrive at a nonzero mass for the charm quark,
and to generate the Cabibbo angle of the correct order
of magnitude, we introduce a last spurion, W. It should
couple to QH ,ug,, and, hence, W has to carry the charge 12
under the external Z;; symmetry and transform like Q
under D7, W ~ 2,. Since the purpose of introducing W is
to generate the charm quark mass as well as the Cabibbo
angle, both its components should acquire a nonvanishing
VEYV, ie.,

One example is the operator LH epsST. It is invariant
because L;H eg; is generated at tree level, L transforms as
the same doublet of D, as the spurion S(*), and the piece
L,H yeg; is like LyH jegs invariant under the residual symmetry
7 which is also left unbroken by the VEV of the spurion S(7),
We, hence, already know that the element M, »; of the charged
lepton mass matrix must arise at the order A(HY) from the
operator LH jep;ST.

w=(%) (16

Indeed, given the structure of the covariant QH,ug,, the
lower component of the VEV of W generates the charm
quark mass, while the upper one is responsible for the size
of the Cabibbo angle, which is 6. ~ 1. As can be shown,
the VEV of the spurion W also breaks the residual

symmetry Z{-¢. This completes the set of spurions we
use in this model.

Two points still need to be addressed, namely the
generation of the two smaller quark mixing angles and
of the mass of the up quark. The former issue can be solved
by noting that in this nonsupersymmetric model also the
conjugated spurions contribute to the charged fermion mass
matrices and LQ couplings x and y. Indeed, one can check
that with the assigned transformation properties the oper-
ator QH ,ug3(S™)? leads to an element M, 53 in the up-type
quark mass matrix, which is of the order 42(HY) and thus,
can correctly generate 6,3 ~ 2% At the same time, this
induces 65 ~ A3, where the additional suppression factor 1
arises from the Cabibbo angle.14

The correct order of the up quark mass arises from the
operator QH ,ug,T>U, which is automatically invariant
under the flavor symmetry G, and leads to the term
U (H))ug A8, after flavor and electroweak symmetry
breaking.

E. Summary of flavor symmetry,
particle content, and spurions

In this section, we briefly summarize the essential
information about the model. The flavor symmetry is

BWe note that also QH,dgs(ST)? is invariant, since the
combinations H,up; and H,dp; transform in the same way.
This is due to the fact that both operators Q3 H ,ugs and O3 H ;dgs
are generated at tree level. As we show in the analysis of quark
masses and mixing, this does not pose a problem. It is also not an
obstacle for achieving the texture of the LQ coupling x, as shown
in Eq. (8). From the viewpoint of the residual symmetry Z{2%,
one can argue that not only the mass of the top and of the bottom
quark are invariant under Z(<%, but also the elements M, ;3
and M ,3 of the up-type and down-type quark mass matrix.

"This leads to issues with generating a large enough value for
V.4 and for the Jarlskog invariant J~p [97] as well as to a too tight
relation between the CKM mixing matrix elements V., V;,, and
V.y, as we comment in Sec. III A 4. However, generating 63
directly through an element M, ;3 of the up-type quark mass
matrix of the order 2*{HY) would have as immediate consequence
that also an element M 3 of the order 2*(HY) is produced in the
down-type quark mass matrix, since the combination of fields
OH ,ug; and QH ;dg; transforms in the same way. Such a large
element in the down-type quark mass matrix leads, upon
rediagonalization of the latter, to rather large elements in the
first column of the LQ coupling x. For this reason, we prefer to
neither generate the element M, ;3 nor M, 5 through operators,
respecting all symmetries of the model.
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TABLE III. Particle content of the model. The SM fermions,
scalar fields, and spurions (flavor symmetry breaking fields), and
their transformation properties under the SM gauge group
SU(3) x SU(2) x U(1) as well as the flavor symmetry G, =
D7 x Z7 are given. Particles in a two-dimensional irreducible
representation of D5 are evidenced as two-component vector.

Field SU@3) SU®2) u) Dy, Z\7
2

0, 3 2 ! 1 16

Upy 3 1 % 12 13

Upo 3 1 % 11 8

Ups 3 1 % 11 1

1

dR — (32) 3 1 -3 24 1

drs 3 1 -1 1 7
2

Ls 1 2 1 1 1

on = (5',2) 1 1 1 2, 2

€R3 1 1 -1 11 9

H, 1 2 1 L 15

H, 1 2 ! 1 9

¢ 3 1 -1 1, 0

S = (Sl) 1 1 0 2] 16
S>

T = (T]) 1 1 0 22 8
T,

v () 1 1 0 2 8
U,

Gy =D xXZy3, (17)

and the particle content is given in Table III. The VEVs of
the spurions are

0-() - (2)
w=(3) wm=(%) (18)

Since we do not address the potential of these spurions and
thus, also not how their VEVs can be correctly aligned, we
also do not discuss possible perturbations of these VEVs
and their potential impact on the results for charged fermion
masses, quark mixing, and the form of the LQ couplings
x and y in terms of the symmetry breaking parameter A.

ITII. MASS MATRICES AND LEPTOQUARK
COUPLINGS

In this section, we list the operators contributing to the
charged fermion mass matrices M, M4, and M, and to the

LQ couplings X and § from Eq. (3). We do so for operators
that contribute up to and including order A'? in the
symmetry breaking parameter, and assume that the
VEVs of the spurions S, T, U, and W are of the form
given in Eq. (18). Each operator is accompanied by a
complex order-one coefficient. The lists of operators are
usually ordered according to the number of spurion
insertions. We further emphasize that the spurions are
treated as dimensionless flavor symmetry breaking fields.
Thus, no cutoff scale needs to be introduced to achieve the
correct mass dimension of the operators.

In the lists, the operators stand for all possible
combinations of the involved fields, which lead to an
invariant of the flavor symmetry G;. Thus, they can
correspond to more than one independent contribution to
the charged fermion mass matrices M,,, M4, and M, or the
LQ couplings X and §. We take this into account in the
computation, and signal them by using primed coeffi-
cients in those instances, e.g., af, (ad)'—see Eq. (B2) in
Appendix B.

We generally omit all operators with insertions of powers
of §ST, TT?, UU', and WW', and products thereof.
Typically, these duplicate the contribution from the oper-
ator without this insertion, but have at least an additional
suppression of order A%, 2*, and <48, respectively. There are
two exceptions to this rule: (a) the subleading-order (in 4,
SLO) contribution to the elements M, ;, and M, ,, of the
up-type quark mass matrix involving SS*, and (b) operators
involving the insertion WW?T. For exception (a), the
elements M,;, and M,,, carry the same parameter
dependence at leading order (in 4, LO), generated by the
second operator in Eq. (19), but they receive partially
different SLO corrections at relative order A> from the first
and second operators in Eq. (20), seen explicitly in Eq. (B1)
in Appendix B. For exception (b), WW' also contains a
covariant in 24 with a nonvanishing VEV, so some
operators with this insertion can lead to nonredundant
contributions—although they are always suppressed by at
least A% with respect to contributions from operators with-
out this insertion.

After listing the operators, we present the form of
the charged fermion mass matrices M,, M, and M,,
analytic formulas for charged fermion masses, and the
unitary matrices for LH and RH fermions, needed in
order to arrive at the charged fermion mass basis. The
latter are necessary to compute the LQ couplings x and y
in Eq. (4) from X and §, respectively, in Eq. (3). We also
explicitly detail the form of the LQ coupling z, appear-
ing in Eq. (4).

All matrices, M, M4, M,, X, ¥, X, y, and z, are given in
an effective parametrization, where the parameters are
related to the coefficients of the contributing operators.
For completeness, these relations can be found in
Appendix B. For the analytic computations in this section,
we assume all parameters to be real but note that they are
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taken to be complex-valued in subsequent phenomenologi-
cal studies.

When computing the CKM mixing matrix Vg, we
find analytically and numerically that this model (as out-
lined so far) cannot be in full agreement with experimental
data. Specifically, we find that a large enough value for V
and for the Jarlskog invariant J.p, as well as a correct
value of V,, (with V, and V, already fixed) cannot be
produced. We comment on this in Sec. III A and point out
how this issue can be solved with a slight change in the
form of the up-type quark mass matrix M,, i.e., by
enhancing the element M, 13 to be of the order A*(HY).
We call the results obtained in this model without modi-
fication of M, “scenario A and those with the modification
of M,, “scenario B.” The form of the LQ couplings x, y, and
z is computed in both scenarios.

The quark sector is discussed in Sec. III A, while
the charged lepton sector is addressed in Sec. III B.
Section III C is dedicated to the LQ couplings.
|

A. Quark sector

Here, we discuss the results for the up-type quark mass
matrix M, and the down-type quark mass matrix M,. We
then move on to address the CKM mixing matrix in the
aforementioned scenarios A and B.

1. Up quark sector

In the up quark sector, we consider four operators at LO
that generate the up-type quark masses and the three quark
mixing angles. These four operators read

LY 1o = aYO3H gy + a5OH ug, W
+a§iQHuuR3(ST)2 +aZQHuuRlT2U' (19)

At SLO, the following operators give contributions up to
and including A'? to the up-type quark mass matrix,

LY sto = A QH upySS™W + s QH ugs (ST)*T + a4 Q3 H gy (ST)*T + o Q3 H ,ugy (W) + b QH ,ug, W*WT
+ ayOH ugi TU* + &, O3 H ugy S*W + oy OH ,upy T"UW + o, OH ,ugy TU'W + ¥, OH ,ups TT(WT)?
+ asOH ugs (ST’ TU' + as OH ,up3 S’ T'W + &, OH ,ug3 SSUTW + oty OH ,upy ST W'
+ g OH ugy SPUTWT + a4y OH ,upy (ST (WT)? + o OH ,ugs (ST WW' + a4, O3 H up SPTU?
+ a3 03H ug  (SHHUT)? + b, O3 H jug3 S*TTW + s O3 H ug3 (ST TWT + o O3 H ugy S*TTWT
+ a4 OH ,ugy (S*T*UT + a4 OH ,up3y S*(TT)* W' + abyOH ,ugy S (T)* + o OH ,ups(ST)TW'. (20)

Of the operators in Eq. (20), the first two are the most
important, since they contribute at relative order 4> to the
elements M, 1, and M, ,,. The operators with the coef-
ficients ag and o4 are examples of operators that appear
automatically once the field content of the LO operators is
determined. We note that several of these operators lead to
two independent contributions to the up-type quark mass
matrix M,. The operator with the coefficient af induces
contributions of order A° to the element M, 5, and of A’ to the
element M, ;,, but with a different relative sign; the one with
a, gives contributions of order 1'% and A!!; the one with a;
yields contributions of order 2% and 2%; the one with ag leads
to contributions of order A3 and A°; finally, the operator with
the coefficient o, gives rise to two independent contribu-
tions of order A'” and A'!, respectively.

The up-type quark mass matrix can thus be effectively
parametrized, up to and including order A'2, as

fud® ol fil
fudl® fodt fu2
f31j'12 f32)'4 f33

M, = (Hy).  (21)

where f;; are generally independent, complex order-one
numbers, apart from fi, and f,,. The latter fulfil the
relation,

Ji2=fa~ck, (22)

with ¢ being complex.15 As mentioned above, the first two
operators in Eq. (20), with the coefficients a5 and ag,
are the source of this difference—see also Eq. (B1) in
Appendix B. The expressions for the other parameters f;;
in terms of the coefficients af are given in Eq. (B1) in
Appendix B as well.

From the effective parametrization of M, we can derive
expressions for the up-type quark masses. Note that in order
to clearly show these results here (and in the following), we
only explicitly mention the most relevant terms. Thus, the
quark masses can be expressed as

“In order to reflect this relation better in the effective
parametrization of M,, one can express the element M, |, as
(far + F12A2)2°(HY) instead, where f/, is a complex order-one
number.
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m, = |f114% + O(A10)|(H}),

f2 f23f32>
=|flt + (322 === |2+ O(2%) |(HY),
e =t + (£ = 225201 o )
2
me =\ + 221 4 008 |(HO). (23)
2f33

We confirm that the dominant contributions to the three different masses come from the first, second, and fourth operator in
Eq. (19), as expected from the construction of the model. The matrices L, and R,, transforming LH and RH up-type quarks

from the interaction to the mass basis read, up to and including order M2

o2 4
1—%1 + 01

L,=| -$221+0)

Fofn 3 s
ok +0X)

and

14+ 021
—hde 3+ 020)

fufifs 49 10
N A +O(i )

We note that L, is the primary source of the CKM mixing
matrix, whereas the matrix R, should be close to the
identity matrix—in accordance with the basis in which the
textures of the LQ couplings x and y are given in Eq. (8).
The obtained forms of L, and R, fulfil these requirements
to a good degree.

The largest deviation of R, from the identity matrix is of
order A%, due to the operator with the coefficient o that
appears automatically. As can be seen below, this deviation
in R, is partly responsible for the generation of the element
v33 of the LQ coupling § in the charged fermion mass basis
of order A*—compare Eqs. (56) and (B8) in Appendix B.
Furthermore, R, 5 ~ 4> together with $3, ~ 1, see Eq. (51),
has particular relevance for the texture of the same LQ
coupling y, leading to ys; ~ A°; see Egs. (56) and (B8) in
Appendix B.

2. Introducing scenario B

One can already infer from the form of the matrix L, in
Eq. (24) that the CKM mixing matrix element V,; as well as
the Jarlskog invariant J -p are likely to be very suppressed.
This suppression originates from the entry L, ;3, which is
only of order 28. Furthermore, the tight relation between the

B2)+0(2)
2
1—2%42 +00%

— B2+ 004

1+ O(8)

f3 94 6
ff?’l + O(2°)

L8 4 0()
%/12 + O(19) (24)

L= $32% + O(A)

f1f1.2f1215 +O(/16) f21f2}§f31f33/112+0(/112)
e 3

3

2ot o) : (25)
1+0(%)

|
elements L,,, L,3;, and L, leads to a too-strong
correlation between V,, V,;, and V,. These points are
discussed further in Sec. IIT A 4.

A simple way to resolve these issues is to enhance the
element M, ;5 in the up-type quark mass matrix M,,, namely,

fu2® fd® fiad
M, = f21/110 f22/14 f23/12 <H2>’ (26)
f31/112 f32/14 f33

with f;; being a complex order-one number. Adding
ad hoc a further contribution to the element M, ;5 is not
explained by an appropriate operator in the context of
this model. From the arguments given in footnote 14,
it is, however, likely that such a contribution can only be
generated by either an operator which explicitly breaks the
flavor symmetry G, or by changing at least part of the
fermion assignment and/or G.

The up-type quark masses are mostly unaffected by this
change, except that the SLO term in the top quark mass; see
Eq. (23), is slightly enhanced and of order A°. The matrices
L, and R, read
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1= 4222 + 00

[ 3
2= L2+ 0

[+ o)
f 92 4
L322 + 0"

(%%—%yﬂimﬂ —Eriophy  1-

L,= —12)+ O(#) 2+ 00 (27)

135 44 6
2}%3/1 +O(l )
and

1_'_0(/110) f;.gilzlp_i_o(/{()) f1f1§1?3/111 +O(/1]2)

R,=| -Df2ip+ 008  1+0() Eatrom) . (28)
2 3
el + 0(210) =240+ 0(2°) 1+ 0(43)

As expected, the element L, |3 in the matrix L, is now of order 4* and the tight relation between the elements L, 1, L, 31,
and L, 3, is relaxed. In this way, all mentioned shortcomings of the resulting CKM mixing matrix are remedied; see further
discussion in Sec. III A 4. The matrix R, is very mildly affected by this change in M, since only the element R, 15 is
enhanced to order A'l.

3. Down quark sector

At LO, there are three operators responsible for the generation of the down-type quark masses: one arising at tree level
and the other two requiring the insertion of one spurion, 7" or U. Thus, we have

‘CdYuk,LO = a‘]iQ_3HddR3 + agQHddRT + agQHddR U. (29)
At SLO, we find several more operators,

LY o sto = @4OH ydp3(ST)? + af Q3 H 4dg S°T + a OH ydg T'U* + 0 QH ydg T* U™ + af QH ydgs TT(WT)?
+ adQH jdgTWW' + oy OH ydgs3(ST)*TUT + o, OH 4dp3 S*T'W + o, OH 4d g3 S*UTW
+ ad;0H 4dgS*(WT)? + ad,OH yd g3 (ST WW' + ads O3 H ydp SPTTU? + o OH 4dg S*W
+ad,03H 4dg (ST T? W' + o O3 H yd g3 ST W + afyQ3H 4dgs (STATWT + a8y O3 H ;dr SSW
+ad,OH 4dg (STAT*WT + ad, OH ydgs SH(TT)* W' + a8, OH ydg3 (ST)STWT
+ a4, OH 4dg SSTTW' + s OH 4dg (ST)"(T7)>. (30)

The first operator in Eq. (30) has been discussed already,
since it is automatically present once the corresponding
operator in the up quark sector is considered. Similarly,
the existence of the second operator in this list (with the
coefficient ag ) is automatic, once we have accounted for
the LO operators generating the dominant structures in
the charged fermion mass matrices and in the LQ couplings
X and §.

We note that the operators with the following coefficients
lead to more than one independent contraction, and hence
contribution, to the down-type quark mass matrix. The
operator with agi leads to two independent contributions of
order 2!° and 2!'; the one with o yields two contributions,
both of order A!'; the operator with af, gives two
contributions of order A8 and 1%; the one with a¢; leads
to three contributions of order 2'°, A, and A'2; finally, the

operator with the coefficient a‘fé leads to two contributions
of order A% and A°.

The effective parametrization of the down-type quark
mass matrix, including all contributions up to and including
order A'2, therefore reads

dn/l“ dlzig d13/18
My= | dyAl® dpi® dp2? |(HY)., (31
dy A% dypdt dy

with d;; being, in general, independent complex order-one
numbers, related to the coefficients a¢ as shown in Eq. (B2)
in Appendix B. Furthermore, we arrive at the down-type
quark masses,
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my = |dy A* + O(A?)|(HY),

d3(drdys + 2dspds3)
2d§3

m, :\w . 16 1 O1) (10,

2

d
dy; + =224+ O(2%) (HY). (32)
2d33

my =

with the dominant contributions arising from the three operators in Eq. (29), as expected from the construction of the model.
For the matrices L, for LH, and R, for RH down-type quarks, we have up to and including order A,'2

4 412 12 dip 26 10 diz 18 12
L= 5412 4 0(212) 20+ O(0) 9284+ 0()
Ly= — 92 )6 4+ O(A'0) L= 2t OF) G222+ O(A) (33)

)= d?
_ <d13d;;2di;2d23)/18 + 0(112) _Z_zz}? + 0(16) 1— Tzi/ﬁ + 0(/18)

and
1+ o(21?) W}@ +0(12) wﬂluowz)
Rd = _ (dlldlzdszdlleZ)lg + 0(112) 1+ (’)(18) ([122‘123;#‘!33)/14 -+ 0(18) . (34)
2 3
O(/llz) _ (dzzdzsdtd32d33)ﬂ4 + O(ﬂg) 1+ 0(18)

33

We can see that both matrices, L, and R, are close to the identity matrix, except for the (23)-block in L ;, where a rotation
of order A2 is present. This result has been anticipated in the preceding section; see footnote 13. The effect of this rotation is
twofold. On the one hand, it leads to an additional contribution to the quark mixing angle 8,3, which is of the same order as
the contribution arising from the up quark sector; see L, in Egs. (24) and (27) and compare the form of the CKM mixing
matrix in Egs. (35) (scenario A) and (38) (scenario B). On the other hand, it induces contributions to the elements x,, and
X3, of the LQ coupling X in the charged fermion mass basis, which are of the same order as the elements %,, and X3, of the
LQ coupling X itself; see Egs. (52) and (B6) in Appendix B.

4. Quark mixing

We first present the CKM mixing matrix, V gy, as obtained from the matrices L, and L, shown in Egs. (24) and (33).
This reflects the result of the model without modification of the up-type quark mass matrix M, i.e., in scenario A. Here,
we find

Vexm = LiLy
- f 22+ o) ~L2 4 0 Paldstatatsd o 4 o(y9)
= A+ 0W) 1-;—272 +0(2) (j—gg—%;)% Loty | (35)
dabalisbodsfdpdalnsdadaln b 4 O(F) (- 2)2 +0() 1 -l it 1 o)

There is an obvious suppression of the CKM mixing matrix element V,; ~ A3 compared to its experimentally measured
value, |V,4| = 0.00854f8:888122 ~ 2 [98]. Furthermore, assuming that the effective parameters d; ;j and f;; are complex, we
can estimate the size of the Jarlskog invariant Jp and see that it is of order Jop = Im(V,,V, Vi, V) ~ A1 This is in
conflict with the measured value, J¢p = (3.007555) x 107> ~ 2 [98].

In addition, we note that the relation between V ,, V., and V;, is too tight to accommodate all three CKM mixing matrix
elements in accordance with the experimental data [98]. In this model, we have
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d
Viel#| L2 and [Vln | 221202 02 (36)
f 33 f3'3
and as well
fi2 <d23 f23> 3
v, 93 _JBNIB A, IV, (37
V| = o \dn " VusllVesl,  (37)

which leads with |V,,,| = 0.22650 and |V, | = 0.04053 [98]
to |V,,| = 0.0092. This is about a factor of 2.5 wrong

with respect to the experimental best-fit value of V,,
V.| = 0.0036170050% [98], and clearly outside the range
preferred at the 3o level.

We have confirmed these findings with a chi-squared fit.
While the charged fermion masses are fitted well at the
scale y = 1 TeV [99], quark mixing cannot be brought into
full agreement with experimental data [98].

In scenario B—Using instead the matrix L, as given in
Eq. (27), we have for the CKM mixing matrix,

flz /12 + O(l“) _mﬂ + 0(/13) (flz(djg;;_f—iffﬁ) — %>/13 + O(/ls)
| grron freow  (epan |

%,13 +O) =

As we can clearly see, the anticipated changes in the
CKM mixing matrix are achieved: the enhancement of V,,
which is now of order A%, and in turn, the enhancement of
the Jarlskog invariant to Jp ~ A°, as well as the loosening
of the tight relation between V , V., and V.,

|Vub|

fi2 <d23 f23> +fl3 (39)

o \dss fz)  fi3

Indeed, a chi-squared fit shows that scenario B leads to an
excellent agreement with the experimental data—not only
of the quark mixing parameters [98], but also all charged
fermion masses are fitted very well at the scale y =
1 TeV [99].

_(ZZ: fﬂ)lZ +O(/16) 1 —

(dﬂfzx—dﬂfn )“4 4 0(16)

'K'Sf%

B. Charged lepton sector

Like for the quark sector, we first present the list of
operators. We then give the form of the charged lepton mass
matrix M, in the effective parametrization and extract
analytical formulas for the charged lepton masses and
the matrices L, and R, of LH and RH charged leptons,
respectively, needed in order to arrive at the mass basis.

Three operators are mainly responsible for the generation
of the charged lepton masses, as in the case of the down-
type quark masses, namely,

Li’uk,LO = a‘fL_3HdeR3 + a;ineRT + agl_,HdeR U. (40)

As envisaged in the construction of this model, these have
the analogous form as those found in the down quark
sector, compare Eq. (29). The operators, arising at SLO,
differ in general,

L ysio = @SLH geps ST+ a¢LyH 4eg ST + alLH jeg TWW' + a6 LyH 4egST (T W' + a§LyH 4eg STTTUTWT
+ a§LH 1egS*(W)? + a§oLH 4egs STT(W')? + of | LH 4eg S*(T")? + af,LH e S*T' (UT)?
+ a3 LH 4egS*W + a§y LH 1eg3 SST'W + aSsLyH ger (ST TW + S L3H e (ST UTW
+ &, LH 4eg (S (TT)* W' + &l L3H 4eg S (W) + afgL3H 4eg S* (TT)? + a5o L3 H jeg SSW

+ a5 LsH ey S*T'W + a5, LH e (S')*T'W + a5 LH 4eg (S)'U'W + a5, L3 H ey (ST) TW?
+ &5 LyH 4er (ST T?WT + aSgLH 4egy (ST’ TW' + a§,LH 4er(ST)*T?WT. (41)

We briefly comment on the first two of these operators. The first one with the coefficient af has already been
identified in the preceding section, compare footnote 12. The second one with a5 also turns out to be an operator that is
automatically induced, once the field content of the LO operators, responsible for the dominant contributions to the charged
fermion mass matrices and the LQ couplings X and §, has been fixed. We note that only the operator with the coefficient of
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leads to two independent contributions to the charged
lepton mass matrix M,—one of order A!' and another
one of 1'%, compare also Eq. (B3) in Appendix B.

For the charged lepton mass matrix M, the following
effective parametrization is found,

611/14 612112 0(112)
M, = 621/18 ‘322/12 €34 <H2>7 (42)
631/19 632/13 €33

with ¢;; being complex order-one numbers that are related
to the coefficients af as shown in Eq. (B3) in Appendix B.
We emphasize that the element M, ;5 is only generated at
an order higher than 1'%,

From M, in Eq. (42), we can derive for the charged
lepton masses,

The matrices L, and R, read
1+ ¢(2?)

L, =

6‘]612626]:323 /19 + 0(/111)

22

2
e e U

and R, = — 204+ 0(2%) 1

_ (emesi—eyien) /19 + O(/{”)

€22€33

We reiterate that the matrix L, is also applied to the LH
neutrinos in order to transform from the interaction to the
mass basis, since neutrinos are massless in this model, and
thus, lepton mixing is unphysical.

In both matrices, L, and R,, the (23)-block deviates from
being close to the identity matrix. These deviations are
induced by the operators with the coefficients af and as,
which have been identified as automatically allowed, if the
LO operators for the charged fermion mass matrices and the
LQ couplings X and y are accounted for.

The effect of the rotation of order 4 in L, is to also
contribute to the elements x,, and x,3 of the LQ coupling
X in the charged fermion mass basis and to do so at the
same order as the elements X,, and X,3 of the LQ coupling
X itself, compare Egs. (52) and (B6) in Appendix B. The
impact of the rotation of order A* in R, is to also generate
the element y,, of the LQ coupling § in the charged
fermion mass basis of order A* in addition to the element

cuga )8 4 O(310)
_%%ﬁ+aﬂﬁl—%ﬂ+OW)

€23 3
-2+ 0()

a6 + O(A%)
_ (ementenen)’ 36 | 0(2%)

7
2e3;

— (622623t€32€33>/13 4 (’)(/15) 1

m, = |en At + o(42)[(Hg).

m, = Py ex(eners j2€32€33)’14 + O | (HY),
2e3,
2
m, =|es; + =222 + O [(HO). (43)
2e33

These results match the expectations from the construction
of the model, since the three operators in Eq. (40) domi-
nantly generate the three different charged lepton masses.
We note that, in particular, the muon mass can receive
sizeable contributions from the LQ at one-loop level, if the
observed value of the AMM of the muon is explained in
this model. These contributions can be compensated by
adjusting the effective parameter e,, appropriately; see
Eq. (43). For formulas and estimates of these contributions,
see Sec. VA 2 and Appendix C 1.

0(&12)
04 0(2) (44)

2
l—3222+0()

(321923j€31€33)ﬂ9 4 O(ﬂ“)

€33

(6226235332333)/13 4 0(15) . (45)
33

3

_ (enmentenen)® 16 | 0(2®)

7
2e3,

$25 ~ A3 of the LQ coupling ¥ itself; see Eqs. (56) and (B8)
in Appendix B.

C. Leptoquark couplings

We first list the operators, contributing to the LQ
couplings % and ¥, up to and including order '2, and then
discuss the form of x, y, and z, the LQ couplings X and §
in the charged fermion mass basis, in the two different
scenarios, scenario A and scenario B.

1. Couplings in interaction basis

We begin with the LO operators, responsible for the main
structure of the LQ coupling X. There are four of them,

£t = BELSpT 05 + YL 058
+ BYLSHTOS® + PELpTOSP.  (46)
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They coincide with those anticipated in the construction of the model in the preceding section. At SLO, there are several

more operators,

LYo = PELSPTOTW? + BELEPTOSTTWT + BTL YT OSTUWT + LT OS*TTU + BSLEGT QST (TT )W
+ BE LG OQSTTIUW + BE LT QSTW? + BL LT 03 ST TW? + BE LT Q(ST) TWT + L LT O(ST) > UWT
+ PisLSpTOSPWWT + R LGT QS TTU + B, LT Q5 (ST TWT + BisLed" QS(TT)* W' + By L QS WWT
+ BELEdTQ(STV U + BL L  Q(STVTPW + BLLSP Q3 S TW + L L5 Q3 (ST TWT
+ BE LS O(ST)AT?*W + BLLpT O:S°T'W + BLLSpT QSO TTW. (47)

All couplings pF are complex order-one coefficients.
Like before, we note that several of these operators lead to
two independent contributions to the LQ coupling X. The
operator with the coefficient % leads to contributions of
order 2'% and 2'!; the one with L gives contributions of
order A7 and 43; the operator with 5, induces two of order
M1 and A'%; the one with gk, yields contributions of order
M1 and A'%; the one with pL; gives rise to two of order A3
and A’; finally, the operator with the coefficient 4%, leads to
two independent contributions of order A!'' and 1'2.

From the contributions of these operators, we can
deduce the form of the LQ coupling X, up to and including
order A2,

&”/19 &12/112 0(212)

ﬁ - &2]/18 &22),3 &23}. 5 (48)
N 8 N 2 N
ayA® asmh ass

with the effective parameters &;; being, in general, complex

order-one numbers. How these are related to the
|

coefficients ¢ can be found in Eq. (B4) in Appendix B.
We note that the element X3 is only generated at an order
higher than 1'%

Although not yet in the charged fermion mass basis, we
can already compare this form of the LQ coupling with
the texture, envisaged in Eq. (8). We clearly see that the
elements of the first column and row are protected well by
the residual symmetry Z(-%, while the elements in the
(23)-block of the LQ coupling X all have the desired order
of magnitude in 4; see the texture in Eq. (8).

In the end, we also discuss the operators, contributing
to the LQ coupling §, up to and including order A'%. We
identify only two operators as LO ones,

L = Bt us + b upsS®, (49)

which are expected from the construction of the model. At
SLO, several more operators are found

LY o = Pegd upaST + Pz ups ST + pleqadp upsW? + ffegdp up, ST(UT)? + ff g up SUW
+ B ey ups (ST W' + Bl e ups STTWT + pfjeqd upsST(TT)*W + e ugs STTTUTW
+ Pt ursSTW? + Bsei upnS' (T W + pierd upy ST UTW' + piserd ug (ST)’TU
+ Plsera® uri (ST TH(UT)? + Bk upa (ST TTW + plsed ups (S7) U'W + Biyeied’ ugs S(TT) W'
+ Poerd upa S (WH)? + B e upyS* (T7) + 5y e300 up ST U + pyep ugs (ST UT
+ 5uer0 ury W + Biseind ups (ST TW + pseid ups (ST T*W
+ Preiad ura ST W + Bz upa (ST TW' + e s (S7) T W, (50)

with all coefficients A% being complex order-one numbers.
The presence of the first and the second operator is
automatic after having fixed the transformation properties
of the fields which are relevant for the LO terms of the
charged fermion mass matrices M,, M,, M,, and the LQ
couplings X and §. We note that all listed operators give rise
to a single (independent) contribution to the LQ coupling §.

We arrive at the effective parametrization for ¥ to be of
the form,

b2 bpd® by
f’ = 22119 82213 823/13 . (5 1)
331/112 1;32 333/14
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The parameters b; ; are, in general, complex order-one
numbers and are related to the coefficients X as shown in
Eq. (BS) in Appendix B.

We may already compare this result to the texture of
the LQ coupling y in Eq. (8) and see that it contains the
same two dominant terms, V3, and 9,3, like the texture
with y;, ~ 1 and y,3 ~ A*. At the same time, however, the
form of the LQ coupling § in Eq. (51) also has rather large
elements $,, ~A3 and $33 ~A*. These arise from the
operators with the coefficients f¥ and ¥, which have
been identified as automatically allowed, once the LO
operators, contributing to the charged fermion mass
matrices and LQ couplings X and §, and their particle
content are fixed. We note that none of the elements of
the first column and row of the LQ coupling ¥ is larger
than A2, showing the effectiveness of the residual sym-
metry Z2*¢. Couplings to electrons and/or up quarks are
thus suppressed.

2. Couplings in charged fermion mass basis

In this section, we display the results for the LQ
couplings X, y, and z, namely the LQ couplings X and §
in the charged fermion mass basis, compare Eq. (4). The
LQ coupling x is obtained by applying the matrices L,
and L, to X, while z by applying L, and L, to X. The LQ
coupling y is generated from § by applying the matrices R,
and R,. In doing so, we distinguish between the two
different scenarios, scenario A and scenario B, for the LQ
couplings z and y.

We use the matrices L, and L, in Egs. (44) and (33) and
arrive at the LQ coupling x. This matrix can be para-
metrized as |

apy

(a“ - (;‘?2)2 12 + 0?1/13)19

6111/19 6112/111 Cl13ﬂ.9
X = Lz:ﬁLd = a21/18 a22/13 6123)v . (52)
8 2
a;A°  apd®  axn

where the effective parameters a;; are related to the
parameters a; o d; i and e; s found in the matrix X in
Eq. (48), M, in Eq. (31) and M, in Eq. (42), respectively.
The explicit form of these relations is given in Eq. (B6) in
Appendix B. In general, they can also be expected to be
complex order-one numbers.

Comparing the form of the LQ coupling x in Eq. (52) to
the texture of x in Eq. (8), we clearly see that all elements of
the first column and row are suppressed; i.e., none of them
is larger than A3. At the same time, the elements X33, X53,
X3, and x,, have the expected order of magnitude in A.

In scenario A—The model without any modification of
the up-type quark mass matrix M,,, we find the form of the
LQ coupling z, when applying the matrices L, and L, see
Eqgs. (44) and (24), to the LQ coupling X in Eq. (48). It is

cend el ek’
7z = LZ&LH = C21/’{4 C22/13 C23), . (53)
3 2
c314 C3d €33

The effective parameters c;; are related to a;;, e,
and f;; from Eqs. (48), (42), and (21). Again, the explicit
form of these relations can be found in Appendix B;
see Eq. (B7).

We note that it might be useful to evidence the strong
correlation between the LQ couplings x and z by using a
different parametrization for z, namely,

chato apA’

7 = (— % (Cl22 + a235‘) + C?lﬂ) },4 (Cl22 + a23€’ + C?zﬂz))} (Cl23 + Cé3ﬂ4)l , (54)

A
<_ L (a3, + axt) + 5?1/1) P (axn +ant + ) az et

ay

where a;; are the same parameters as in x in Eq. (52). The new effective parameters c?j and ¢ are rather involved expressions
in the other parameters so that we just take them to be complex order-one numbers, apart from

tufiz +O(4)

and

. dy [
C —_— ——

= . 55
dy3  f3 33)

We use the matrices R, and R, in Eqgs. (45) and (25) and § in Eq. (51) in order to arrive at the form of the LQ coupling ¥ in

the charged fermion mass basis,

by A
by A8
b3 A°

Y= RZS’RL! =

b1 1o by3A?
byd3 by |. (56)
b32 b33/14
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The effective parameters b;; are related to i),» ; from the LQ
coupling ¥ in Eq. (51), to e;; of the charged lepton mass
matrix M, in Eq. (42) and to f;; of the up-type quark mass
matrix M, in Eq. (21). These relations are given in Eq. (B8)
in Appendix B.

Comparing this form of the LQ coupling y with the
texture in Eq. (8), we see that in the charged fermion
mass basis not only the elements y,, ~ A3 and ys3 ~ A* turn
out to be larger, but also the element y5; ~ A3. As we see in
Sec. VA, these couplings do not enter the analytic estimates
for the strongest (primary) constraints on this model. We
find that they generally lead to subleading contributions to
these estimates or appear in the estimates for secondary/
tertiary observables, discussed further in Sec. VI. For
example, y,, contributes to the process b — cuv, relevant
for subdominant contributions to the LFU ratios R(D) and

R(D*), and for the secondary observables R%* and R;/f .
The LQ coupling ys5 relates the top quark to the tau lepton
and shows up in subdominant loop-level contributions to
tau lepton decays, including v — py. The LQ coupling
v3; is relevant for subleading contributions to the decay
B — v, representing a secondary observable, and to tau
lepton decays to light mesons, e.g., 7 — zu, which corre-
spond to tertiary observables. The LQ couplings y;;
involving the electron are still suppressed.

(au - <§;BZ,),2 2+ Cf1/13>/19

7z =

8 - _
(‘a—‘,f (az + azC) — asc + C?M)/P

Most of the parameters cﬁ- are complex order-one numbers.
Their expressions in terms of the other parameters are
rather lengthy,'® apart from c8 = ¢t,, ¢ and ¢. The former
two are still of the form as given in Eq. (55), while the
further parameter ¢ is defined as

fis
f33.

¢ = (59)
Coming to the form of the LQ coupling y, when using
R, in Eq. (28), we see that neither its form, found in
Eq. (56), nor the definition of the effective parameters
b;;, given in Eq. (B8) in Appendix B, are altered.
Nevertheless, the change in the up-type quark mass
matrix M, in scenario B, also leaves a slight imprint at

"*The parameter ¢%; is new with respect to the parametrization
of z in Eq. (54).

B
(‘2_15 (ax + axnt) —ant + 0’1231/1)}L4

In scenario B—Where the element M, ;5 of the up-type
quark mass matrix M, is enhanced, see Eq. (26), the
matrices L, and R, are found in Egs. (27) and (28). When
using these in order to compute the form of the LQ
coupling z, we find the following: while the order of
magnitude in 4 of the different elements of z is not changed
with respect to the matrix shown in Eq. (53), the relations of
the effective parameters c;; to the parameters a;;, €;;, fj,
and f5 are to some extent altered. If we compare these to
the expressions in Eq. (B7) in Appendix B, we now have
for ¢, and c3y,

f . . .
€ = - (033623f23 — ayzezsfaz — axersfis
e fnf3
. ]N‘ . asze
+ ayes3f33) _f_; a; —%323 + O(2%),
a3 = J12(833f 23 — G32f33) _@&33 +O2). (57)
f2f33 f33

As a consequence, the correlation between the LQ cou-
plings x and z leads to a slightly different parametrization
than the one, displayed in Eq. (54), i.e.,

cha!® (a3 + B2

(a + ane + 5252 (ax + 54*)2 (58)

(az + ac + cHA) 2 azy + At

higher order in 4 on the LQ coupling y with the
maximum change in y;; at order A’.

IV. OUTLINE OF PHENOMENOLOGICAL STUDY

In the following, we outline the strategy for the phe-
nomenological study of the aforementioned model. In
particular, we highlight the important features common
to the studies detailed in Secs. V and VL.

A. Classification of observables

We classify all analyzed observables to one of the
following three categories: primary, secondary, or tertiary
observables. The primary observables comprise the anoma-
lies in R(D), R(D*), and in the AMM of the muon, as well
as the observables for which contributions generated in this
model can (substantially) violate the current experimental
bounds and/or are accessible in upcoming experiments.
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Examples of the former are the radiative cLFV decays
u — ey and 7 — uy, while processes such as 4 — 3e and
1 — e conversion in aluminium belong to the latter. These
observables are studied analytically in Sec. V, and numeri-
cally in Secs. V and VI. Secondary observables, for
instance, B — v, do not presently provide any competitive
constraint but are expected to offer an opportunity to further
test this model in the midterm future. These are discussed
both analytically and numerically in Sec. VI. Tertiary
observables, such as the AMM of the electron, do not
lead to any restriction on the parameter space of the model
given the present experimental status. We find numerically
that they do not deviate significantly from the SM pre-
dictions. The projected sensitivity for these observables is
thus not sufficient to probe a signal consistent with this
model. However, if a deviation from the SM prediction is
observed, this could challenge the model. We mention them
in Sec. VI and Appendix E 3, and incorporate them in the
second numerical scan.

B. Implemented model setup

As mentioned in Sec. IT A, the presented model contains
two Higgs doublets, H, and H ,, that give masses to up-type
quarks as well as to down-type quarks and charged leptons,
respectively, upon electroweak symmetry breaking.
Nevertheless, we simplify the model in the phenomenologi-
cal study and consider the decoupling limit. We thus
effectively use a model with one SM-like Higgs doublet;
i.e., we only take into account one SM-like Higgs boson,
ignoring effects due to scalars other than the LQ ¢, and
appropriately rescale the effective parameters f;;, d;;, and
e;j, contained in the up-type quark, down-type quark and
charged lepton mass matrices M, M4, and M ,, respectively.

Since only in scenario B the results for quark mixing are
in full agreement with experimental data, cf. Sec. 11l A 4,
we focus on this scenario in the phenomenological study.
For scenario A, we note that only the form of the effective
parameters ¢, and cs; is slightly different; see Sec. III C 2.
According to the analytic results, the parameter c,; only
contributes at SLO to p — e conversion in nuclei, see
Sec. VA5 and also Table V, while c3; is relevant for the
computation of the secondary observable B — zv, compare
Sec. VI E. We thus do not expect any significant differences
in the phenomenological results for these two scenarios.
This expectation is, indeed, confirmed with a smaller data
sample of the first numerical scan.

C. Bases of LQ couplings

The form of the LQ couplings is presented in two
different bases, the interaction basis as well as the charged
fermion mass basis; see Sec. IIIC. The former basis
refers to the hatted LQ couplings X and § with effective
parameters &;; and I;,-j, see definition in Eq. (3) and explicit
forms in Eqgs. (48) and (51), while the latter basis

corresponds to the unhatted 1.Q couplings x, y, and z
with effective parameters a;;, b;;, and ¢;; or cﬁ-, ¢, and ¢, see
definition in Eq. (4) and explicit forms in Egs. (52), (56),
and (53) or (58) (for scenario B). Each of the parameters
a;j, bjj, and c;; is (at LO) given by a linear combination of
some of the effective parameters @;; and I;,»j with coef-
ficients constituted by f;;, d;;, and e;;, which parametrize
the mass matrices M,, M, and M,, respectively. The
explicit relations between the parameters in the two bases
can be found in Appendix B.

While the interaction basis directly reflects the impact
of the imposed flavor symmetry, the charged fermion
mass basis is usually employed in phenomenological
studies that focus on the effects of the LQ. For this
reason, unhatted LQ couplings are used in analytic
computations with z being parametrized in terms of the
effective parameters c;;, see Secs. VA and VIE, as well as
in the first numerical scan with the LQ coupling z given in
terms of cg., ¢, and ¢, cf. Sec. V B. On the other hand, the
second numerical scan is performed in the interaction
basis; see Sec. VI and Appendix E.

D. Strategy of numerical scans

In order to study the phenomenology of the model in
depth, we perform two numerical scans. In the following,
we give details about the employed strategy.

For the first scan, discussed in Sec. VB, we only
consider primary observables and thus, refer to it as the
primary scan. Since the LQ couplings in the model span a
parameter space of high dimensionality, it is reasonable to
first establish which of the effective parameters prove most
relevant for the induced phenomenology. The main purpose
of constructing the model is generating textures of the
LQ couplings, which are suitable to explain the currently
observed flavor anomalies in R(D), R(D*) and in the
AMM of the muon. So, as a first step, we deem it sufficient
to only consider the effective parameters, contained in the
LQ couplings x, y, and z, without making explicit reference
to the interaction basis. We investigate the capability of the
model to explain the mentioned anomalies and how the
imposed current experimental bounds shape the viable
parameter space. We also establish biases on the relevant
effective parameters a;; and b;; that are applied in the
second numerical scan; see Sec. VI B. The contributions to
the relevant observables are computed with the help of the
analytic expressions given in Appendix C. In addition, we
use Wilson [100] to account for renormalization group (RG)
running under QCD.

For the second scan, detailed in Sec. VI, we take into
account all observables, primary, secondary, and tertiary,
and thus refer to it as comprehensive. In particular, we
include secondary observables and outline how they can
provide tangible signals for this model in the future; see
Sec. VIF. Tertiary observables are also cross-checked, and
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the generated ranges for these observables are summarized
in Appendix E3. In order to ensure that this model
accommodates charged fermion masses and quark mixing,
we fix the effective parameters f;, d;;, and e;; by perform-
ing a chi-squared fit; see details in Sec. VI A. Furthermore,
we vary most of the effective parameters, contained in the
LQ couplings X and ¥, in the ranges laid out in Egs. (60)
and (61), apart from the ones that are identified as playing a
dominant role for the phenomenology of the model. For
these effective parameters, we apply a suitable biasing in
order to more efficiently target the parameter space pre-
ferred by the primary observables, as detailed in Sec. VI B.
As computational tools, we use SARAH, SPheno [101,102],
and FLAVIO [62,63] in the comprehensive scan.

E. Range of LQ couplings

In agreement with the expansion in A, we assume the
magnitude of an unbiased parameter s;; to be in the range,

1

and its phase to lie in the interval,

Here, s;; corresponds to any of the parameters a;;, b;;, and
cij or cf; (except for ¢, see below), while working in the
charged fermion mass basis, and to any of the parameters
a;; and Bi j» in the case of the interaction basis. In two
instances, different choices for certain parameters are made.
In the primary scan, employing the charged fermion mass
basis, smaller ranges for the magnitudes of the effective
parameters cfz, ¢, and ¢ are used in order to better
approximate the relation of the LQ couplings x and z that
is determined by the CKM mixing matrix; see Sec. VB 1.
In the comprehensive scan, using the interaction basis,
biases on certain effective parameters a;; and b;; are
imposed that are derived from the results of the primary
scan; see Sec. VIB.

In the analytical study, it is assumed that all effective
parameters vary as indicated in Egs. (60) and (61).
Depending on the studied observable, we either give an
approximate relation based on the LO in 4 or an estimate
accounting only for the correct order of magnitude.

Inspecting the relations between the parameters in the
interaction and the charged fermion mass basis that are
given in Appendix B, we conclude that the value of an
unhatted parameter can significantly differ from the value
of the corresponding hatted parameter. Consequently, the
results of the primary scan over the LQ couplings x, y, and
z do not entirely agree with those obtained from the
comprehensive scan over the LQ couplings X and §¥; see
discussion in Sec. VID.

F. Range of LQ masses

We consider the following three values of the LQ mass
my as benchmarks:
m
iy = % = 2,4, and 6. (62)
These choices are compatible with current constraints from
direct searches for LQs. The flavor structure of the LQ
couplings predicts the dominant decays to be to z¢, zc, and
vb, while branching ratios (BRs) of decays with muons
and electrons as final states are suppressed by at least a
further A>. ATLAS [103] has constrained LQ masses to
fulfil 7iny, 2 1.2 at 95% CL for BR(¢ — t7) ~ BR(¢p — bv).
The chosen benchmark values for the LQ mass are even
consistent with the strongest present limits from searches
for LQs exclusively coupling to muons (electrons), which
are i, > 1.7(1.8) at 95% CL, with minimal dependence
on the coupled quark flavor [104]; see also Ref. [105].

V. PRIMARY OBSERVABLES:
ANOMALIES AND CONSTRAINTS

In this section, we first present analytic estimates that
help to identify the most relevant LQ couplings for each of
the primary observables in Sec. VA. Then, we turn to a
numerical study for scenario B in Sec. V B.

A. Analytic estimates

The analytic estimates, derived in the following, are
expressed in terms of the effective parameters in the
charged fermion mass basis. The underlying complete
formulas can be found in Appendix C. Note, in particular,
that the low-energy effective field theory (LEFT) Wilson
coefficients are given in the Jenkins-Manohar-Stoffer
(IMS) basis [106].

1. R(D) and R(D*)

The LFU ratios R(D) and R(D™*) are observables of high
importance for this study. Taking into account only tree-
level corrections induced by the LQ ¢, schematically
depicted in the left of Fig. 1, we find the following terms
in the relevant effective semileptonic charged-current
Lagrangian:

L£> CLYeLdi.ijSZ(ITiJ/”PLej)(EyﬂPLC>
+ Cffﬁt,iﬂZ(y_iPRej)(BPRc)
+ CZSlﬁ,iﬁZ (vio* Pge;)(bo,,Pre) +He.  (63)
The relation between the scalar and tensor Wilson coef-
ficients,

Cffdli,ijsz(mtﬁ) = _4C5eliﬁ.ij32(m¢)’ (64)
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. C/\T

Feynman diagrams for tree-level contributions to charged-current b — ¢ processes (left, center) and neutral-current b — s

FIG. 1.
processes (right) via an intermediate LQ, ¢.

which becomes

Cffcﬁ,iﬁz(ﬂlz) ~ —Sczgzﬁ,im (us) (65)

at the hadronic scale ¢ = up = 4.8 GeV due to RG run-
ning, indicates that contributions from the tensor operator
only play a role, if they are enhanced via form factors or the
phase-space configuration.

We derive analytic expressions for R(D) and R(D*)
from the requirement of (approximate) agreement with the
results obtained from FLAVIO [62,63], v2.3, that is, we also
use the values R(D)gy = 0.297 + 0.008 and R(D*)gy =
0.245 £ 0.008 given by FLAVIO. In particular, the latter
exhibits a tension with experimental data at the ~3¢ level;

see Table I and Sec. VB 2.
|

R(D)sw

The LQ ¢ modifies R(D) and R(D*) dominantly via
contributions to the tau lepton channel, that is j = 3 in the
above formulas. As expected, the largest correction occurs for
atau neutrino v, in the final state which allows for interference
with the SM contribution. Nonetheless, we generically also
account for the lepton flavor violating (LFV) contribution
with a muon neutrino v, in the estimates of the relevant
observables in this section [see, e.g., in Egs. (66) and (67) the
rightmost terms], as this may have an appreciable impact.
On the contrary, the channel with an electron neutrino v,
can always be neglected, since the involved couplings are
very small as a result of the residual symmetry Z9°, i.e.,
x11, X3 ~ A2 and x;, ~ A!'; see Eq. (52).

Corrections to R(D) are mainly due to the interference
between the scalar-operator contribution and the SM one,

~1— 1.17Re(@f§£4,3332(/43)) + 0'63(|CS§£,3332(/43)|2 + \65%42332(#3”2)

+ 0-72Re(6351§,3332(/43)> +0.37(|CIER 3350 ()| + |CZ£1§,2332 (up) )

14107 |assbal o Ara(h 46|a33b32\2 ’
~ . Tcos( rg(as;) — Arg(bs,)) + 0. —— +0.0

¢

|6123Ab432|2 ' (66)
My mg

Here, we have introduced dimensionless Wilson coefficients C = C x TeV? for convenience. The dominant corrections to
R(D*) are sourced by the interference between the tensor operator and the SM in this model,

R(D™)
R(D*)sm

~ 1+ 0-10R3(655£43332 (ug)) + 0-03<|éf§£4,3332 (ug)|* + |Cf§£4,2332(ﬂ3)|2)

+ 4~21Re(@fe’2’f,,3332(ﬂ3)) + 850(@351’2,3332 (ug)* + |CVT££.2332(/43)|2)

14036193520 ocar Arg(b o.1214mb2l o0
~ 36—5cos(Arg(as3) — Arg(bs;)) + 0. = 0

my

|‘123b32|2

o4
mg mg

(67)

Note that contributions from the vector operator to R(D*)) are suppressed because of the hierarchy z3,/y3, ~ A%

see Egs. (56) and (58).

Since v2.0, FLAVIO uses the form factors of Ref. [64] which are determined via Heavy-Quark Effective Theory. Furthermore, the
implementation is based on the helicity formalism [107] which has been extensively tested as a general framework.
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3 i v Taking the dominant contribution to be the one with the
Rl R N top quark in the loop, and my > m, , Egs. (C5) and (C19)
/ \ in Appendix C2 reduce to the following:
€ U €j Aa, ~ —72126([3223633) x 107
— g,
Uk,
2|by3cas| _
FIG. 2. Feynman diagram for the one-loop contribution to the = _TCOS (Arg(by3) — Arg(cas)) x 1077,
process e; — e;y via an intermediate LQ (¢) and an up-type 4
quark (uy). (68)
) Contrasting this with Table IV, the order of magnitude
2. Anomalous magnetic momen_t of muon of the AMM of the muon generated by this model can be
and muon mass correction consistent with the present experimental best-fit value.
Given that the deviation from the SM prediction for the Requiring that this anomaly is addressed tightly con-
AMM of the muon, Aq,, is of 4.2¢ significance [21,57], strains the parameter space of the order-one coefficients 3
we discuss the viability of this model in explaining this ~ and b3. To satisfy the current experimental value at the
anomaly. The LO LQ contribution is generated by the one-  7-sigma level requires them to obey the following relations:
loop diagram shown in Fig. 2. In particular, it is dominated
by the contribution in which the chirality flip occurs via a 0.890Re(by3c53) +2.51, iy =2
mass insertion on the internal quark line—and can therefore 0.307Re(byschy) +2.51, sy =4 | < nx0.59[0.4).

be enhanced by the mass of this quark (here denoted m,, . R
consistent with Fig. 2). For the full calculation of the 0.159Re(by3c55) +2.51, iy, =6
leptonic AMM, we refer to Appendix C 2. (69)

TABLE IV. List of primary observables. We list the observables that dominantly constrain this model together with the current
experimental constraint/measurement and the future reach. The values for R(D) and R(D™*) reflect the 2021 averages from the HFLAV
Collaboration. The future reach for BR(u — 3e) (in parentheses) is for phase 1 (2) of the Mu3e experiment. For CR(u — e; Al), the first
(second) value is the future reach of COMET (Mu2e). The future reach for R%. assumes a result, which is consistent with the SM
expectation [108]. For the future projections of g, / M, we have assumed that the measurements of 9., are improved by the same factor
as sin® @, [109]; the unbracketed projection is the one for the International Linear Collider (ILC) [110], and the bracketed value is for
the Future Circular Collider (FCC) [111]. The current experimental constraint on the B,. lifetime is T%tp = (0.510 = 0.009) ps [19,98].
Note that the constraint arising from high-p; lepton searches differs from the other constraints, since it is directly imposed in the primary
scan via an adequate restriction of the range for |bs,| as indicated.

List of primary observables

Experiment
Observable Current constraint/measurement Future reach
R(D) 0.339 £0.026 + 0.014 at 1o level [19] +0.016(0.008) for 5(50) ab™' [112]
R(D*) 0.295 £+ 0.010 £ 0.010 at 1o level [19] +0.009(0.0045) for 5(50) ab~! [112]
Aa, (2.514+0.59) x 107 at 16 level [21,57] +0.4 x 1072 [113]
BR(7 — uy) 4.2 %1078 at 90% CL [114] 6.9 x 107 [115]
BR(y — ey) 4.2 x107"3 at 90% CL [116] 6 x 107 [117]
BR(7 — 3u) 2.1 x 1078 at 90% CL [118] 3.6 x 10710 [115]
BR(7 — pee) 1.8 x 1078 at 90% CL [118] 2.9 x 10719 [115]
BR(u — 3e) 1.0 x 1072 at 90% CL [119] 20(1) x 1071 [120]
CR(u — e; Al) 2.6(2.9) x 10717 [121,122]
RY. 2.7 at 90% CL [123] 1.0 £ 0.25(0.1) for 5(50) ab~! [108]
grA/g/S;M 1.00154 £ 0.00128 at 1o level [109,124] +7.5(0.75) x 107 [109-111]
! 0.5270% ps at 1o level [125]
cC — 17T |bs3a| < 2.6 (i, = 2) [126,127]
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Here, the prospective sensitivity is given in square brackets
as additional information. It assumes that the best-fit value
remains fixed but with the target precision listed in
Table IV. Results for the AMM of the electron and of
the tau lepton are discussed in Sec. VIG.

Given that we generally consider complex LQ couplings,
there is scope to generate both an AMM and an electric
dipole moment (EDM) for charged leptons, as discussed
in Appendix C2. The leptonic EDMs do not presently
provide competitive constraints on the parameter space of
this model and, therefore, we defer the discussion of these
to Sec. VL

Through a diagram similar to that shown in Fig. 2,
the LQ also introduces a correction to the muon mass.
Adapting the result from Ref. [109], the full expression for
this correction can be found in Appendix C 1. At LO, this
contribution reduces to

3
mﬂ ~ ‘m}{ee - Wmtb236’§3j.4(1 + tt In tt)

. (70)

3
< |m§fee|+‘ erbﬂcﬁyﬁ(l +1,Int,)

where m;;* denotes the tree-level muon mass, the upper
bound follows from the triangle inequality, and 7y denotes
the mass squared of particle X normalized to the LQ mass
squared, i.e.,

2
_Mx

Ix = (71)

X
my

In the region of parameter space consistent with
explaining the AMM of the muon, we observe numeri-
cally that the correction can be significant, at the order
of 80%, with this value being extracted from the
data output of the comprehensive scan discussed in
Sec. VI. However, as stated in Sec. III B, it is always
possible to absorb this correction by redefining the
effective parameter 622.18

3. Radiative charged lepton flavor violating
decays e; — ey
Similarly to the AMM of the muon, cLFV decays of the
form e; — e;y proceed at LO via the one-loop diagram
given in Fig. 2. Notably, the diagram for the contribution
to the AMM of the muon shares a common vertex with
both the ones for the cLFV decays 7 — uy and p — ey.
Therefore, we expect these two decays to provide com-
petitive constraints on the possibility to explain the former

"®An alternative approach to addressing the correction of the
muon mass would be to implement a constraint based on its size,
as is done, for example, in Refs. [128,129].

anomaly. From Table IV, we see that the present exper-
imental bound on BR(u — ey) is five orders of magnitude
more stringent than BR(z — puy). However, the former
provides a weaker constraint due to the efficient suppres-

sion of the LQ coupling y;3, y;3 = b;34°, thanks to the

residual symmetry Z{-%; see Eq. (56).

Following from Egs. (C5) and (C17) in Appendix C 2,
we arrive at the following expressions for the LO con-
tributions to these BRs, parametrizing the contributions
from loops containing the top quark:

|b13023|2
~4
My

BR(u — ey) ~ x 107! (72)

and

|b23C33|2 _5
BR(7 = py) ~—=3—x 107. (73)
My

Comparing these with the constraints quoted in Table IV,
these estimates show that significant rates for both decay
modes can be generated. We thus use these to constrain the
relevant couplings as follows, where the current experi-
mental bound is shown with the prospective sensitivity
mentioned in square brackets. For y — ey, we have

0.444[0.168], 1y =2
1.264[0.477), My, =4 %  (74)
5.915[0.845), 1/, =6

|biscas| <

This shows that this constraint is especially strong for
smaller LQ masses. As indicated above, the effective
parameter c,3 appears in the expressions for both BR(u —
ey) and the AMM of the muon, which makes the constraint
from BR(y — ey) important for refining the parameter
space, which could explain the measured value of the
AMM of the muon. Similarly, for 7 — uy, we find

0.259[0.105], 7, =2
1.037[0.420], i, =4 %.  (75)
2.333[0.946], 7, =6

|bascas| <

Here, the effective parameter b,; appears, but also the
parameter c33 & az3. The latter plays an important role in
the generation of the corrections to R(D) and R(D™) in this
model, as discussed in Sec. VA 1.

4. Trilepton decays e; — ejeie;

Trilepton cLFV decays provide another sensitive probe
for new physics, particularly in light of several relevant
future experiments. Representative Feynman diagrams are
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€l

€k

FIG. 3. Representative Feynman diagrams for the process
e; — ejere; mediated by the LQ ¢ at one-loop order, where
the up-type quarks u, and u,, run in the loop.

shown in Fig. 3. The dominant contributions to the three
most sensitive processes are

|b|3023|2

~1

BR(y — 3e) ~
m
Y

x 10714, (76)

|byscss)? 4 0.07|cosca3)?

BR(z — 3u) ~ — x 1077, (77)
g
b 24+0.05 2
BR(T—),ueE)~| 23633 +A4 |c23¢33] « 1077, (78)
m
¢

Besides the respective long-distance y-penguin contribu-
tion with the chirality flip due to an internal top quark, for
tau lepton decays, we also take into account the Z-penguin
contribution with two mass insertions on the internal top
quark line which, although suppressed, becomes relevant
for some regions of the parameter space. The full expres-
sions for the BRs can be retrieved from Egs. (C20) and
(C22) in Appendix C 2 d for the relevant flavor combina-
tions. For y-penguin dominance, one finds [130,131]

BR 2 11 1
BR(z - uy) 3z m;, 4 400

and thus, the existing experimental bound on BR(z — uy)
implies that no signal of 7 — 3u can be expected at Belle II.

Still, sufficiently large Z-penguin contributions can render
the decays v — ue;e; potentially observable at Belle II.

The upper bounds on the BRs can be translated into
constraints on the effective parameters. While the
experimental limit on the BR of 4 — 3e is currently less
sensitive compared to the one on y — ey, the Mu3e
experiment [120] is expected to provide a competitive
sensitivity, i.e.,

0.298, iy =2
|b13C23| ,S 0840, ﬁ’l[/, =4 s (80)
161, 7y =

using the value given for phase 2; see Table IV. The decays
7 — 3u and 7 — pee are both mainly sensitive to |by3ca3]
and lead to similar constraints on the combination. In the
regime of y-penguin dominance the BRs are closely related,
which results in

BR(r = 34) _2In(m,/m,) - 11/4

~ ~1.09. (81
BR(z — pee)  2In(m,/m,) -3 (1)

As the decays are mainly sensitive to small LQ masses, we
only present the constraints for 7z, = 2. Currently, 7 — pee
imposes [118]

|b23C33|2 + 0.0561|C23C33|2 ,S 430 fOf I’h¢ = 2, (82)

while in the future, the sensitivity of Belle I [115] allows us
to probe

|b23C33|2 + 0.0806|C23C33|2 ,s 0.0655 for I’?’l¢ = 2, (83)

assuming the absence of a signal. Due to suppressed LQ
couplings, other cLFV trilepton decays do not provide any
strong constraints and neither achieve a competitive sensi-
tivity at Belle IL

5. u—e conversion in nuclei

There are relevant contributions to y — e conversion in
nuclei mediated by the LQ ¢ both at tree level and one-loop
order. Representative Feynman diagrams are displayed in
Fig. 4. The dominant contribution to y — e conversion in
nuclei originates from the long-range y-penguin. We find
that also tree-level scalar contributions become relevant in
some part of the parameter space. Using this approximation
the conversion rate (CR) can be written as; see Ref. [132]
and also Appendix C 3 h,

Cé2 2 Cgl* () _(n) 2
WDcony = ‘ - 2m}; + ‘ - 2”; D+ gR[?S S(p) + 9rs S(H) ’
(84)
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FIG. 4. Representative Feynman diagrams for u — e conversion
in nuclei mediated by the LQ ¢ at tree level and one-loop order
with up-type quarks u; and u; and the charged lepton e; running
in the loop.

which is expressed in terms of the relevant dipole-operator
Wilson coefficients in the JMS basis [106] and the effective
scalar contribution,

Cg; (7—|—4ln l‘t)C23b13/1

em
64n 2
~(N uNCZIb

ggzs)“Gs m 2“’113

12
Coy =

oz o~ (7 + 41n1,)c3bys 12, (85)

with G§” = 5.1, G¢" = 4.3 [133] and N = p, n. Nuclear
physics effects are parametrized by D and S?) and the

numerical values for aluminium are D = 0.0362m,5/ 2,

S(P) =0.0155m)* and  S™ =00167m)*  [132].
Experiments generally report the CR normalized to the
muon capture rate, CR = @cqny /@capi» With the latter being
Weapr = 0.7054 % 10° s~ for aluminium [132].

Although BR(i — ey) currently leads to stronger con-
straints, ¢ — e conversion in aluminium can provide an
excellent probe for the u — e transition. From the expected
future reach of COMET to CR(u — e;Al), shown in
Table 1V, we derive

0.00486 2

ca3bis + { 0.00344

0.00293

0.00373, 7y =2
<{0.0300, 7, =

0.110, iy =6

cabiy| +0.00263|c5bys

. (86)

under the assumption of no signal. The dominant contri-
bution is constituted by the combination c,3b7; which is
also constrained by the nonobservation of y — ey. In fact,
if all other contributions are neglected, the CR exhibits the
strict correlation CR(u — e; Al) ~ 0.0027BR (1 — ey).

6. B, - w

In this model, the LQ ¢ contributes to the leptonic decay
B. — v and therefore, modifies the lifetime of the B,
meson via the process illustrated in the center of Fig. 1;
see Ref. [134]. In line with this approach, we employ a
constraint on the B, lifetime in the SM in this work. We
equate the measured decay width with the sum of the
contributions of the SM and from the LQ ¢, i.e.,

5P =TM + 1% . (87)

Here, we fix 73" = 1/T" = 0.510 +0.009 ps [98] to
the best-fit value while rg?c accounts for the tree-level

process bc — v induced by ¢. The decay width Fj_{;c can be
calculated by subtracting the SM contribution to
I'(B. — v); see Egs. (C37) and (C39) in Appendix C3e.
Hence, it also captures interference effects. FIS;:’I takes into
account all SM contributions to the B, decay width.

We do not attempt a calculation of T3¥ = 1/73" but
instead indirectly infer it from Eq. (87) and confront this
inferred value with the result z3* € [0.4,0.7] ps [125], see
also Table IV and Eq. (C40) for the complete expression.19
The LQ ¢ mainly sources the channel with a tau neutrino v,
in the final state. Upon rearranging Eq. (87), one approx-
imately finds

For more recent calculations of the B, lifetime in the SM, see
Refs. [135,136].
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i 1—1‘?"_1 ~1+ A 1-0.13
il A vl IR v

c c

=1- 013| 33 %2|cos(Arg(a33)
g

where the rightmost term in both lines represents the LFV
contribution with a muon neutrino v, in the final state.
Equation (87) is also equivalent to the following relation:

B

.

7v_exp
BR(B, — ) = BR(B, — )¢y — ( e - 1). (89)
T

Thereby, imposing an upper bound on the BR, e.g.,
BR(B,. — ) < 0.3 [134] or BR(B. — 7v) < 0.1 [137],
which takes into account the (semi)tauonic contributions in

(033 %2) 019| 33 %2| 001|a23b32|

2
g, m¢ m¢

|023b32|

—Arg(b32))+019| = 432| +0.01 , (88)
m

¢ 47

the SM and from new physics, is equivalent to T%M <

0.70 ps or 73" < 0.55 ps, respectively.

4
7. R,

We consider the decay B — K*)up and normalize it
to the respective SM prediction in the ratio R
Equation (C41) in Appendix C 3 f contains the full expres-
sion, which is derived following Ref. [138]. The dominant
contributions arise via the diagram illustrated in Fig. 1
and give

RY N1+169|a33a32| A A 215|a33‘132|2 009|023022| A A
K0 = . TCOS( rg(azs) — Arg(as)) + 2. — —+0 TCOS( rg(ay;) — Arg(ax))

¢

2
+001| 230 22\ +011(| 23i32| +|03%6:22| >
rig, my My

The first line of Eq. (90) represents the contribution from
the tau neutrino-antineutrino pair v,r, in the final state,
while the first two terms in the second line encode the
contribution from the combination v,7, and, the rightmost
terms contain the LFV contribution from the combinations
vV, and v,U;. As the contributions to RH vector currents
are negligible in this model, we have Ry = R* ., and thus,
the more stringent experimental bound, R%, < 2.7 at
90% CL [123], acts as a primary constraint.

8.7 -1t

Inducing sizeable contributions to b — czv in this
model, as discussed in Sec. VA I, requires that the LQ
coupling to the bottom quark and (in particular) the tau
neutrino, encoded in as33, is enhanced. This effective
parameter is related via the CKM mixing matrix to css,
which describes the coupling between the top quark and the
tau lepton. Therefore, an explanation of the flavor anoma-
lies in R(D) and R(D*) may be associated with large
corrections via a top-quark loop to Z — r7. These con-
tributions are illustrated in Fig. 5.

Following from Ref. [139], we parametrize these con-
tributions by considering the effective axial-vector cou-
plings of the Z boson to fermions, where the full

mg my

F

>
~J

FIG. 5. Dominant LQ contribution to the process Z — e/e;,
arising at one-loop order with the up-type quark u; running in
the loop.
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expressions for these can be found in Appendix C 4. At LO
for the effective 7z coupling, Eq. (C61) in Appendix C 4
reduces to

228, iy =2
5gTA ~ 075, ﬁlqﬁ = 4 |C33‘2 X 10_4. (91)
0.38. 7y =6

Using the definition of g3™(< 0) and taking lepton flavor to
be conserved for SM couplings (i.e., g™ is the same for all
lepton flavors), this yields

4.54, iy =2
gTA/ggM ~1—- 150, I’h¢ =4 |C33|2 X 10_4 ) (92)
0.75, 1, =6

Therefore, allowing for a 3¢ margin about the best-fit
value quoted in Table IV, we obtain the following con-
straints on |c33]:

225, iy =2
550, i, =6

Note that if the present best-fit value for g, / M remains
the same and either of the projected sensitivities to this
observable mentioned in Table IV is reached, this model
would not be capable of addressing this deviation from the
SM value. Thus, we do not give a future reach for the bound
on |c33] in Eq. (93). This is seen explicitly from the results
presented in Secs. VB 5 and VL

9. High-py dilepton searches

Several recent studies [127,140-142] have placed con-
straints on effective operators using LHC data. In
Ref. [127], the process ¢gq — 77 has been considered for
the LQ ¢, among other ones, and the ATLAS analysis in
Ref. [126] has been reinterpreted in order to put a constraint
on the LQ couplings for masses 1 < /1, < 3. Reading off
from the top-right of Fig. 4 in Ref. [127] and using the fact
that the LHC does not distinguish between chiralities, we
find an upper bound for the LQ coupling involving a RH
tau lepton and a charm quark,

V32| = [b3o| < ity +0.6. (94)

Similarly, in Ref. [142], the process b+c—7+v
has been considered and two analyses [143,144] by
ATLAS and CMS have been recast to place a constraint
on the charged-current effective operators. The resulting

TABLE V. List of primary observables and relevant effective
parameters. We list the observables that dominantly constrain this
model together with the effective parameters of LQ couplings in
the charged fermion mass basis, see Sec. III C 2, which capture
the most relevant contributions, in line with the analytic estimates
performed in Sec. VA. The parameters listed in round brackets
refer to subdominant contributions.

Observable Effective parameters
R(D) as3, by, (an3)
R(D*) as3, b3, (az3)
Aa, ba3, 23
BR(7 — uy) ba3, ¢33

BR(u — ey) b3, c3

BR(z — 3p) b3, ¢33, (¢23)
BR(7 — peée) ba3, €33, (€23)
Observable Effective parameters
BR(u — 3e) b3, ¢33

CR(u — e; Al) bi3, ca3, (b11, bas, c13, €21)
RY, sz, sz, (A, ax3)

90, /93 €33

M as3, by, (an3)

cC = 1T b3,

bc — 1w asz, by, (c32)

constraints, under the assumption of the dominance of a
single operator, are found in Table II of Ref. [142]. In
terms of the effective parameters at the LQ mass scale,
they read

\/ |a33c32| < 351’?’!4, and \/ |a33b32| < 070ﬁ’l¢, (95)

where we have included RG corrections due to QCD
using RunDec [145,146]. Still, these constraints are auto-
matically respected in the model, if the experimental
bounds on other primary observables are imposed.

B. Numerical study

In this section, we present and discuss the results of a
numerical scan taking into account the primary observ-
ables. The focus rests on studying the way in which the
imposed current experimental bounds shape the parameter
space of the model, and how this affects the possibility to
explain the observed flavor anomalies in R(D), R(D*), and
in the AMM of the muon; see Table IV. Furthermore, the
results help to establish biases for the comprehensive scan
discussed in Sec. VI.

1. Preliminaries

According to the strategy outlined in Sec. IV, the
following discussion refers to scenario B only. The
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effective parameters a;;, b;;, and cfi- (except for ¢B), see
below)™ of the LQ couplings X, y, and z are independently
varied within the ranges given in Eqs. (60) and (61). Note
that we make a different choice in the case of |bs,| for
iy = 2; see Table IV. Furthermore, combining Egs. (55)
and (59) and the first line in Eq. (B6) in Appendix B with
the structure of the CKM mixing matrix in scenario B, see
Egs. (36) and (38), one finds

B
c ~ _
Vsl —aﬁ A Ve x el and |Vl ~[cd, (96)

up to corrections of higher order in A. Comparing these
predictions to the best-fit values of the experimentally
inferred CKM mixing matrix elements, |V, |=1=
0.22650°08B5, [V, = 004053100888, " and” |V —
0.008541’8‘888122 [98], we conclude that the relation between
the LQ couplings x and z is, indeed, to a good approxi-
mation given by the CKM mixing matrix, if we constrain
the parameters c?,, ¢ and ¢ as follows:

% = ajae™, ¢ = pel, c=ye  (97)
with
05<apy<15. (98)
The phases are varied in the full range,
0<w; <2r fori=1,2,3. (99)

Here, no information about CP phases, captured by the
Jarlskog invariant, has been taken into account.

The subsequent discussion including the figures is
based on a sample comprising 4(3)[2] x 10° points for
ity = 2(4)[6]. The hadronic observables R(D), R(D*),
and r%l:’[ exhibit RG running under QCD, and so we
evaluate them at the scale y = ug = 4.8 GeV, as detailed
in Appendix C 3 b. On the contrary, the remaining leptonic
observables are evaluated at 4 = my, that is, we neglect the
smaller contributions from QED running in this section. We
impose the current experimental bounds on BR(z — uy),
BR(u — ey), BR(z — 3u), BR(z — uee), BR(u — 3e),
RY.), w3 and g, /g3"; see Table IV. For completeness,
we also track the contributions to the scalar charged-current
Wilson coefficient C5XR ) and provide a brief discussion
in Appendix D.

In general, for the scatter plots in this section, we use
round sample points to indicate the violation of at least one
of the imposed experimental bounds, and the ones with a
specific shape (star, plus, cross) show that all considered

**We remind that ¢;j and ¢& are in general two inequivalent
sets of effective parameters; see Sec. II1 C 2.

current bounds are respected. The employed colors as well
as shapes allow us to distinguish well between the results
for the different LQ masses, /i, = 2, 4, 6, as displayed in
the plot legends. Furthermore, solid lines generally refer to
current experimental data at a given confidence level,
whereas a dashed line indicates a prospective bound or a
future sensitivity. Gray shadings are used in order to better
distinguish the regions of parameter space compatible with
current data at different confidence levels. Besides, the
green shaded regions as well as the black cross in the
bottom plot of Fig. 6 indicate the SM prediction for R(D)
and R(D*) at the 1o level.

2. R(D), R(D*) and anomalous magnetic
moment of muon

Addressing the anomalies.—The capability of this model to
explain the anomalies in R(D), R(D*), and in the AMM of
the muon, as found in the primary scan, is illustrated in
Fig. 6. A priori, a value up to Aa, ~ 3 X 107 or larger can
be achieved, depending on the LQ mass, in accordance with
the analytic estimate in Eq. (68) in the case of large LQ
couplings. Still, after imposing the experimental bounds of
all primary observables, a result of the order Aa,, ~ 10~ is
not generic, but instead we find a suppression by one or two
orders of magnitude for about 90% of the viable sample
points with positive Aa, generated in the primary scan,
irrespective of the LQ mass. We remark that imposing these
experimental bounds does not lead to a preference for either
sign of Aa,, as is expected, since none of the primary
observables exhibits a particular sensitivity to the phase of
byz OF Co3 & a23.21 Nevertheless, the results hint towards the
possibility of explaining Aa,, at the 2¢ level or better in this
model; see the top in Fig. 6.

Furthermore, as expected from Eq. (68), ie., Aqg, o

|by;cas], and R(D™)) mainly controlled by |as3b+,|, see
Egs. (66) and (67), these observables are a priori not
(strongly) correlated in this model. The distribution of
viable sample points in Fig. 6 is due to the experimental
constraint on BR(z — puy); see Sec. V B 3 for more details.
In particular, this entails a tension between explaining the
flavor anomaly in R(D*) at the 3¢ level or better and
generating Aa, ~ 1079

Using FLAVIO [62—-64] (since v2.0), one finds that the
SM prediction R(D)gy = 0.297 £0.008 is compatible
with the current experimental average at the 2o level, that
is, the anomaly is primarily constituted by the discrep-
ancy between R(D*)qy = 0.245 + 0.008 and the corre-
sponding experimental value [19], which overlap only at

21 As can be seen in Eq. (58), the effective parameters c,3 and
ay3 as well as ¢33 and a3 agree up to O(A*), respectively. Since
¢y; and c33 are not varied directly in the primary scan, the
implications for these are mainly discussed in terms of a,; and
as; in this section.

075014-28



FLAVOR ANOMALIES MEET FLAVOR SYMMETRY

PHYS. REV. D 108, 075014 (2023)

108

10—11

0.20 0.30  0.35

R(D)

0.40  0.45

0.34 1
0.321
0.301
é0.28-
<
0.26 1

0.24

0.22

0.20
0.20

0.35
R(D)

0.25  0.30 0.40 045

1078

10—11
0.20

0.25

0.30
R(D*)

FIG. 6. Predictions for R(D), R(D*), and Aa,. The regions marked by solid lines are compatible with the current experimental
averages for R(D™)) [19] and Aa, [21,57], respectively, at the indicated confidence level; see Table IV. We use the values output by

FLAVIO, v2.3, for the SM predictions for R(D™)) at the 1o level [62-64]; see Appendix C 3 c. These are shown by the green shaded
bands (top) and the black cross (bottom). The round points (geometric shapes) indicate that current experimental bounds are violated

(respected); see also Sec. VB 1.

the 36 level.? Thus, a combined explanation of the

anomalies in R(D), R(D*), and in the AMM of the muon
at a confidence level of 3¢ or better is challenging in the
primary scan, in particular due to the correlation between
the latter two observables. We refer to Sec. VID for a
revision of these trends.

Since the values for R(D)gy, and R(D*)gy, that are generated
by FLAvIO differ from those quoted in Ref. [19], the significances
are not in exact correspondence with the ones in Table I.

The observables R(D) and R(D*) are linearly correlated
in the model by construction. As is visible in the bottom plot
in Fig. 6, only in the case 7iz, = 6 a combined explanation of
the anomalies in R(D) and R(D*) at the 1o level is a priori
impossible. Imposing the experimental bounds results in a
quite pronounced correlation, namely R(D*) =~ 0.30R(D) +
0.15, and a combined explanation of R(D) and R(D*) is
possible at the 2o level for all considered LQ masses.

Correlations between parameters.—In order to substantiate
these results, we have checked for all LQ couplings
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FIG. 7. Correlation plots for /1, = 4 based on the sample points, which explain R(D'

Aay,

|a73|

EEEENENEE
==IIIIII o

kwll HEENEEN
Arg(ags) .. 0.25
o o0
o) R
— |
| b23| . 0.25
Al’g(bzg) —0.50
|bs2] ~0.75
Al'g(bgf)) 1.00

—_ — — — —

_ = = = —

*>) (left) and Aa, (right) at 2¢ and 1o level,

respectively. The plots visualise Spearman’s rank correlation coefficient, calculated via the library SEABORN [147]. A negative (positive)
correlation among, e.g., the magnitudes of two effective parameters indicates that if one of them increases, the other one tends to decrease (also
increase). Note that sample points not respecting all experimental bounds on the primary observables are taken into account here as well.

whether they display some nontrivial correlation, if the
flavor anomalies in R(D) and R(D*) are explained, or in
the case the measured value of the AMM of the muon is
explained, assuming a certain confidence level in each case.
For that purpose, we make use of an algorithm to calculate
Spearman’s rank correlation coefficient, as provided by the
library SEABORN [147].

The correlation plots in Fig. 7 show the effective
parameters, separated in magnitude and argument, which
display a nonzero correlation, if R(D™)) (left) and Aa,
(right) are explained, respectively. Here, all sample points
for which the respective anomaly is explained are taken into
account, regardless of whether all experimental bounds on
the primary observables are respected or not. The effective
parameter b5 is included as well for the sake of compari-
son, because it is sensitive to the experimental bounds. Its
effects are detailed in Secs. VB3 and VB 4. We have
chosen 711, = 4 and a certain confidence level as illustrative
example. Nevertheless, the results are not appreciably
different for the other considered LQ masses and con-
fidence levels. A negative (positive) correlation is shown in
blueish (reddish) color. The points entering the correlation
plot for R(D™)) and Aa, comprise roughly 10% and 15%
of the entire sample for i, = 4, respectively.

As evidenced by the analytic estimates for R(D) and
R(D™*) in Egs. (66) and (67), the result for either observable
is largely controlled by the product |as3bsz,|, which has
to fall in an appropriate range to explain the anomalies.
Furthermore, the arguments of the (complex) effective
parameters ass and bz, have to be positively correlated,
implying that their difference should be close to zero, and

thus, the cosines appearing in Egs. (66) and (67) take values
close to one. This shows that explaining the flavor
anomalies in R(D) and R(D*) requires the contribution
linear in |as3b3,| to be positive, that is, the contribution
quadratic in |as3b3,| is generically too small to yield a
dominant effect.

Similarly, as explaining the anomaly in the AMM of the
muon needs positive Aa,, the difference of Arg(c,3) =
Arg(ay3) and Arg(b,3) is necessarily close to x so that the
sign of the cosine appearing in Eq. (68) can cancel the
negative overall sign. Thus, the right plot in Fig. 7 indicates
a (moderate) negative correlation, both in the case of |ay;)|
and |bys| as well as for the arguments. Note that the
negative correlation of the magnitudes is less pronounced

interpret this as being due to the fact that the product
|as3b3;| more directly determines the result for R(D™)),
since there is not only the contribution arising from the
interference with the SM, but also the (smaller) contribution
proportional to |as3bs|?, which is unaffected by
Arg(asz) — Arg(bs,), cf. Egs. (66) and (67). For the
dominant contribution to the AMM of the muon instead,
a too large value of |ay3b3| can be easily compensated by
an appropriate value of Arg(a,;) — Arg(b,3). Thus, in the
case of the AMM of the muon, the sensitivities to the
magnitudes and arguments of a,3 and b,3 are more similar.

3. Radiative charged lepton flavor violating
decays T — py and p — ey

Shaping the parameter space.—We move on to the dis-
cussion of the primary observables acting as constraints on
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FIG. 8. Constraining power and future reach of 7 — py and y — ey. The vertical solid (dashed) lines indicate the current bound on
(future sensitivity of) BR(z — py) [114,115] in the upper plots and the bottom-left one, and the current bound on (future sensitivity of)
BR(u — ey) [116,117] in the bottom-right plot; see Table IV. The round points (geometric shapes) indicate that current experimental

bounds are violated (respected); see also Sec. VB 1.

the model, starting with the radiative cLFV decays
7 — py and u — ey. The interplay between the corre-
sponding BRs, R(D™)) and Aa,, is shown in Fig. 8. As is
expected from the analytic estimates, there are correla-
tions between these observables: BR(z — uy) is inter-
twined with R(D) and R(D*) via the effective parameter
|c33| & |as3|, and with Aa, through |bys], while the latter
observable also largely depends on |c,3| & |ay3], which is,
on the other hand, constrained by the experimental bound
on BR(u — ey); see Secs. VA 1-VA3. One typically
generates large contributions to BR(z — uy), also
depending on the LQ mass. Thus, this observable repre-
sents a strong constraint on the parameter space of this
model. Still, the experimental bound on BR(u — ey) can
be easily saturated as well.

This implies that both the flavor anomalies in R(D) and
R(D*) can individually be explained at least at the 26 level
for all considered LQ masses, while passing the current
experimental bound on BR(z — uy); see Fig. 8. Still, the
result for R(D*) turns out to be always smaller than the
experimental best-fit value. Note, though, that even in
the case of a nonobservation of 7 — uy at Belle II [115],
an explanation of R(D) within the 1o level would still be
possible, whereas an accommodation of the anomaly in
R(D*) would be disfavored in that case.

Furthermore, the shape of the viable parameter space
in Fig. 6 can be understood by noticing the role of the
experimental bound on BR(z — uy). As indicated in
Sec. VA, the deviation of R(D)/R(D)gy and R(D*)/
R(D*)gy from one can be approximated as a quadratic
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function in |as3|, respectively; see Eqs. (66) and (67).
Together with Aa, o |bys|, see Eq. (68), and the exper-
imental bound on BR(7z — uy) constraining the product
|byscas| & |bazass| according to Eq. (73), this bounds
R(D)/R(D)gyy and R(D*)/R(D*)gy from above as a
function of Aa,,.

The upcoming searches for 7 — py and u — ey [117] will
both probe large parts of the currently viable parameter space.
In particular, for iz, = 2 the search for 7 — uy is expected to
provide a relevant test for this model. The bottom-left plot in
Fig. 8 also indicates that current data on 7 — uy implies an
upper limit on the AMM of the muon, Aa, < 3 X 1079, in this
model. This can readily be recovered from combining the
estimates in Eqs. (68) and (73) with the current experimental
bound on BR(7 = py), BR(7 = py)ey, < 4.2 % 1078 [114].
In addition, both the future search for 7 — uy at Belle II
and the one for u — ey at MEG 1II will test the capability
of the model to explain the measured value of Aa, and
potentially render an explanation of this flavor anomaly
unlikely; see also discussion in Sec. VID.

Correlations between parameters.—We thus find that the
available parameter space of this model is dominantly
constrained by the experimental bounds on the radiative
cLFV decays ¢ — uy and u — ey. This is further evidenced
by the correlation plot in Fig. 9, which shows the effective

Experimental Bounds
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FIG. 9. Correlation plot for /2, = 4 based on the sample points
which respect the experimental bounds of all primary constraints.
The plot visualises Spearman’s rank correlation coefficient,
calculated via the library SEABORN [147]; see caption of Fig. 7
for more details. We remind that the LO contributions to BR(z —
uy) and BR(u — ey) are proportional to |ay3b,3] and |ay3b5/%,
respectively; see Sec. VA 3.

parameters that display nonzero correlations, if the exper-
imental bounds of all primary constraints are imposed.
As for the correlation plots discussed in Sec. VB 2, the
LQ mass 71, = 4 is chosen as illustrative example and the
results are not appreciably different for the other considered
LQ masses. We also include the effective parameter b3, in
order to contrast the findings to the case of explaining the
experimental anomalies in Fig. 7. Note that only 0.35% of
the generated sample points respect all imposed bounds
for m, = 4 and thus constitute the plot in Fig. 9.

Imposing an adequate negative correlation between the
magnitudes |a,3| and |by3| as well as |as3| and |bos),
respectively, is sufficient in the primary scan to render a
sample point compatible with every experimental constraint
taken into account. This is in very good agreement with the
findings of Sec. V A 3. Generally, at least one of the two BRs,
BR(7 — uy) and BR(u — ey), is larger than its correspond-
ing current experimental bound in the primary scan, if a
bound on one of the other primary constraints is violated.
Thus, the latter appear to be considerably less competitive.
Still, this observation is partly revised in Sec. VID.

4. Trilepton decays p — 3e, © — 3u, T — pee
and p — e conversion in aluminium

In this section, we discuss the findings of the primary
scan for several cLFV trilepton decays and y — e con-
version in aluminium.”

The results, shown in the left plot in Fig. 10, indicate that
the reach of phase 2 of the Mu3e experiment [120] may
render an explanation of the anomaly in the AMM of the
muon in this model unlikely. The right plot in Fig. 10
verifies that 4 — 3e is entirely dominated by long-range
contributions from y-penguin diagrams. Thus, one can
effectively establish a one-to-one correspondence with
the BR of y — ey in the model, as stated in Sec. VA 4.

If 4 — e conversion in nuclei was similarly dominated
by long-range y-penguins, the plots in the top in Fig. 11
would also just feature a straight line in the center of the
colored region. Due to subdominant contributions, see
Sec. VA5, the result can generically deviate from the
y-penguin approximation by a factor of two or three. Still,
the future search for y — e conversion in aluminium can be
expected to complement the one for y — 3e, as can be
seen in the top-right plot in Fig. 11. The experiments

“We note that, relatively independently of the target nucleus,
the model can generate contributions of O(10~!3) to the respective
CRs for /ir;, = 4 and 6, and contributions of O(107'2) for /i1, = 2.
These are, however, ruled out due to the stringent bound on
and the strong correlation with BR(u — ey) in this regime. Thus,
the current experimental bounds, CR(u — e;Ti[Au]{Pb}),, <

0.061[0.070]{4.6} x 107" [148-150], do not impose relevant
constraints on the model. In addition, the reach of future
searches for y — e conversion in aluminium [121,122] is projected
to be three to four orders of magnitude better than for carbon
targets [151].
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FIG. 10. Constraining power and future reach of u — 3e. The vertical dashed lines indicate the respective projected reach of phase 1
and phase 2 of the Mu3e experiment [120]; see Table I'V. The round points (geometric shapes) indicate that current experimental bounds

are violated (respected); see also Sec. VB 1.

COMET [121] and Mu2e [122] are both projected to
efficiently probe the possibility of explaining the measured
value of Aa, in this model; see bottom plot in Fig. 11.

In the following, we only discuss plots involving 7 — 3pu.
However, the obtained BRs for 7 — 3y and 7 — uee are
almost identical in the primary scan, and thus, the inferred
statements also apply to BR(z — uee). There can be,
nevertheless, appreciable differences between the two in
the comprehensive scan; see Sec. VID 3. Figure 12 con-
firms that the upcoming search for 7 — 3u at Belle I [115]
can be expected to probe a region of the parameter space,
which is compatible with current constraints. As demon-
strated in Sec. V A 4, this region corresponds to sufficiently
large Z-penguin contributions. Indeed, if only long-range
y-penguins were present, the top-left plot involving
BR(7 — py) would display a straight line located at the
upper edge of the colored region.

The hierarchy |ca3| & |ass| > |bo3| required for large
Z-penguin contributions also suppresses the product of
the magnitudes of the two effective parameters and thus,
the contribution to the AMM of the muon; see Egs. (68)
and (77). As a consequence, observing 7 — 3u at Belle 11
would indicate that an explanation of the measured value
of Aa, is very unlikely for 71, =4, 6. For these LQ
masses, conversely, the largest contributions to Aa, are
generated, if BR(z — 3u) remains below the prospective
sensitivity. This upper bound on Aa,, Aa, « |by], as a
function of BR(z — 3u), BR(z — 3u) « |c33]?, is again
mainly due to the experimental constraint on BR(z — py),
BR(7 — py) « |byzcasl.

In the model, a signal in 7 — 3u effectively enforces a
signal in 7 — puy, but the reverse is not true in general.
Furthermore, the plots in the bottom of Fig. 12 suggest that

a result BR(z = 3u) 2 O(10719) becomes increasingly
disfavored, if the contributions to cLFV p — e transitions
shrink. Since |b 3| 2 4 in the primary scan, this shrinkage
mostly relies on small values for |co3|= |ass|, see
Secs. VA3 and VA5, and so the Z-penguin contributions
to ¢ — 3u become more suppressed. Hence, BR(z — 3p) is
more tightly correlated with BR(z — py) in this case, and it
is more difficult to respect the stringent experimental bound
on the latter. In turn, if 7 — 3u is observable at Belle II,
|ca3| & |ay3| must be rather large and therefore one gen-
erates an enhancement of BR(u — ey) and CR(u — e; Al).
Note that this interplay is far less pronounced in the
comprehensive scan; see Sec. VID.

5. B, - v, R"K(*), and Z — 7t

We proceed with a discussion of further hadronic
observables as well as the axial-vector coupling of Z
bosons to tau leptons. As illustrated in Fig. 13, a large
contribution from the LQ to the lifetime of the B, meson is
incompatible with the imposed experimental bounds.”* In
particular, the model can accommodate the current best-fit
value of R(D),, = 0.339 £ 0.026 & 0.014, even if that

contribution vanished. Besides, the results suggest that 73"

would still be close to agreeing with the measured lifetime
750 = (0.510 £0.009) ps [98] at the lo level for the

largest value of R(D*) achievable in this model (which
would also be closest to the best-fit value). In case of larger

We stress again that we have not attempted to perform a
calculation of the SM contribution to the B, lifetime but have
indirectly inferred it from the requirement that the combined
contribution from the SM and the LQ agrees with the exper-
imentally determined lifetime.
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as anticipated by COMET [121] and MuZ2e [122]; see Table IV. The round points (geometric shapes) indicate that current experimental

bounds are violated (respected); see also Sec. VB 1.

LQ masses, a substantial contribution to the lifetime of the
B. meson from the LQ only arises, if R(D) and R(D*)
become smaller than in the SM. This is in agreement with
the opposite signs of the respective contributions linear
in |aszbs,| in the analytic estimates in Egs. (66), (67),
and (88). This interdependence can get (partly) lifted, if the
channel with a muon neutrino v, in the final state becomes
more relevant; see Sec. VID for details.

Nevertheless, a deviation of 73" from the best-fit
value of 7" by more than 10% is incompatible with
the considered constraints. This implies that the BR for
B. — tv remains below 0.1 in most cases and can
potentially exceed this limit only to a very small
degree. In line with Eq. (89), imposing the upper bound
BR(B, — 7v) < 0.1 constrains the SM contribution to the
lifetime to fulfil T,S;:’[ < 0.55 ps, indicated by the hatched

region in the top and the bottom-left plot in Fig. 13.
Therein, the vertical solid lines show the region in which
the SM prediction agrees with the measured lifetime of the
B. meson at the 1o level. Furthermore, we recall that
BR(B. — 1) < 0.3 corresponds to 73" < 0.7 ps.

If the measured value of Aa, is explained at the 3¢ level
or better in this model, we find that a substantial deviation
of 73" from the measured B, lifetime is very unlikely for
iy =4, 6. This reflects the fact that an explanation of
R(D) and R(D*) competes with an explanation of Aa,;
see Secs. VB 2 and V B 3. The results of the primary scan
also suggest that R is close to one in that case. We refer
to Sec. VID for a discussion of the results of the
comprehensive scan. Thus, the prospective measurement
of B — K™ 4 invisible at Belle II [108] provides a
promising avenue to test this model, since the primary
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FIG. 12. Constraining power and future reach of 7 — 3u. The vertical solid (dashed) lines show the current bound on (future sensitivity
of) 7 — 3u [115,118]; see Table IV. The round points (geometric shapes) indicate that current experimental bounds are violated

(respected); see also Sec. VB 1.

scan prompts the expectation that the nonappearance of a
substantial excess on top of the SM expectation implies
the best chances for an explanation of the observed
anomaly in the AMM of the muon. As is the case for
R(D)/R(D)gy; and R(D*)/R(D*)gy, the observables
R, and 3™ /7" can also be approximated as quadratic
functions in |as3]|, respectively, and are therefore corre-
lated with Aa,, Aa, o |by3], via the experimental bound
on BR(7 = py), BR(t = uy) « |as3by;|%; see the relevant
estimates in Sec. VA.

As evidenced in Fig. 14, the contributions to the AMM
of the muon, Aa, « |ay3by, and g, /g3 are not per se
correlated, as is expected from Eq. (92) according to which
the difference of g, /g3 from one is essentially only

controlled by |c33| = |ass]. Still, if the experimental con-
straints of all primary observables are imposed, the axial-
vector coupling of Z bosons to tau leptons is necessarily
SM-like, if the measured value of Aa, is explained at the
30 level. In particular, the deviation from LFU would be
constrained to be much smaller than 0.1%. This correlation
is established through the bound on BR(z — uy),
BR(7 — py) o |aszbas)?, which is illustrated by the right
plot in Fig. 14. It is clearly visible that a deviation of g, /3™
from the current experimental average [109,124] by more
than 26 is incompatible with the constraint on BR(z — py).
Furthermore, the future search for 7 — uy at Belle II [115]
can conclusively test the capability of the model to induce a
significant deviation from LFU in axial-vector couplings.
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and R%. . In the top and the bottom-left plot, the vertical solid lines indicate the

region in which the inferred SM contribution to the CBC lifetime agrees with the experimental best-fit value at the 1o level [98], and
the hatched area marks the region in which BR(B, — zv) remains smaller than 0.1, as given via Eq. (89). In the bottom-right plot, the
vertical solid line shows (dashed lines show) the region compatible with the current experimental bound on (future reach of)
R%.. [108,123]; see also Table IV. For the future reach, an SM-like value and an uncertainty of 10% are assumed. The round points
(geometric shapes) indicate that current experimental bounds are violated (respected); see also Sec. VB 1.

VI. COMPREHENSIVE STUDY

In this section, we conduct a comprehensive scan over
the parameter space of this model, only considering the
phenomenology of scenario B. In order to do so, we first
perform a chi-squared fit to the charged fermion masses and
quark mixing, as detailed in Sec. VI A. This fixes (a subset
of) the effective parameters d;;, e;;, and f;. Furthermore,
we obtain the unitary matrices necessary in order to
transform the LQ couplings X and § to the charged fermion
mass basis. Then, we bias this numerical study to account

for the parameter space, preferred by the primary observ-
ables, as has been revealed by the analysis in Sec. V B.
We can thereby focus on important regions of parameter
space and extract the most useful information from this
multidimensional parameter scan. The details of the
biasing can be found in Sec. VIB. Otherwise, we vary
all parameters with flat priors and in the ranges specified
in Egs. (60) and (61). For more information about the scan
procedure, we refer to Appendix E 1.

To perform this numerical study, we use a combination
of different computational software. We encode this model

075014-36



FLAVOR ANOMALIES MEET FLAVOR SYMMETRY

PHYS. REV. D 108, 075014 (2023)

10~8

1079
S
<]
10—10
10—11
0.996 0.998 1.000 1.002 1.004
/]
gral 93

30

-10

1.000

gra/ I

0.996  0.998

1.002

1.004
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the current experimental averages for (future sensitivity of) g, / g/S;M at the shown confidence level [109,124] (at the 3¢ level [109-111]);
see Table IV. The round points (geometric shapes) show that current experimental bounds are violated (respected); see also Sec. VB 1.

in SARAH [101,102]. The program SARAH generates an
output module for use with SPheno [102], which can calculate
the Wilson coefficients, decay rates, and a set of flavor
observables, defined by FlavorKit [101].25 We also make use
of FLAVIO [62] to process analytically defined sets of Wilson
coefficients, where appropriate, and use these to calculate a
broader class of flavor observables. The running of Wilson
coefficients in FLAVIO is implemented using the Wilson
package [100]. In this way, it is possible to construct an
efficient multidimensional parameter scan, the results of
which are discussed in the following. Information regarding
the conventions of the shown plots is given in Sec. VIC.
We consider not only the primary observables in
Sec. VID and Appendix E 2, as explored in Sec. V, but
also secondary and tertiary observables. Secondary observ-
ables are outlined and analytic estimates are provided for
these in Sec. VI E. We discuss the numerical results for the
secondary observables in Sec. VI F and tertiary observables
are commented in Sec. VIG as well as Appendix E 3.

A. Fit of charged fermion masses and quark mixing

In order to fix the effective parameters d;;, ¢;;, and fj,
contained in the charged fermion mass matrices My, M,,
and M, respectively, we perform a chi-squared fit of the
charged fermion masses and quark mixing. As discussed in
Sec. III, accommodating quark mixing correctly requires to
consider scenario B, i.e., the up-type quark mass matrix has
to be of the form given in Eq. (26). As the mass of the LQ is
selected to be maximally a few TeV, see Eq. (62), we fit the

BA comprehensive discussion can be found in Ref. [152].

charged fermion masses at a scale of u =1 TeV, taken
from Ref. [99]. Quark mixing is fitted to the best-fit values
given by the PDG (Particle Data Group) [98], because RG
running effects are small.

This model contains two Higgs doublets, H, giving
masses to up-type quarks and H, giving masses to down-
type quarks as well as charged leptons. The suppression
of the down-type quark and charged lepton masses with
respect to those of the up-type quarks (in particular, the top
quark) is achieved by taking the VEV of H, to be much
smaller than that of H,—recall Eq. (13). Thus, in the chi-
squared fit we have (mainly) varied the size of the VEV of
H 4 such that (HY) takes a minimum value of 1.22 GeV and
a maximum value of 4.86 GeV, generating several viable
datasets. Each of these leads to an excellent fit to the
charged fermion masses taken at 4 = 1 TeV [99] and to
quark mixing [98]. From these datasets, we also extract the
unitary matrices L,, Ry, L., R,, L,, and R,, necessary in
order to compute the form of the LQ couplings X and § in
the charged fermion mass basis, i.e., the LQ couplings X, y,
and z, according to Egs. (52), (53), and (56). For further
details about the implementation of the chi-squared fit in
the scan, see Appendix E 1.

B. Biases from primary scan

We remind that the study of primary observables
involves samples of 4(3)[2] x 10® data points for
iy = 2(4)[6], sampled as described in Sec. VB 1. These
points have been filtered to select only those that pass
the primary constraints in Table IV, including g, / giM at
the 3¢ level and 73" at the 1o level.
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TABLE VI. Inputs for biasing in comprehensive scan, derived from primary scan. These intervals have been identified in the
primary scan as satisfying all primary constraints and explaining at least one of the flavor anomalies in R(D(*>) or in the AMM of the
muon at the 35 level or better. The fact that there is no entry for |ay;] in the case of 7z, = 2 means that no points have been identified in
the primary scan that allow the presented conditions to be met. Therefore, we take [4, 1/4] to be the imposed range for biasing the
magnitude of the effective parameter a,3;. Then, we manually input the restricted range for cos(Arg(a,;) — Arg(b,3)) for 7y, = 2 to
ensure that the contribution to the AMM of the muon is positive, compare Eq. (68). Note that these values are taken together with the
inequalities found in Eqs. (100) and (101) to also bias the values of the effective parameters |b3| and |by3|. All shown numbers are

rounded to one decimal place.

o |ass] b3 cos(Arg(ass) — Arg(bs,)) |ass] cos(Arg(ans) — Arg(by3))
2 [0.2, 0.7] [1.1, 2.6] [0.4, 1.0] cee [—1.0, 0.0]
4 [0.2, 1.9] [1.0, 4.5] [0.1, 1.0] [1.6, 4.4] [—1.0, —0.5]
6 [0.2, 3.6] [0.8, 4.5] [0.0, 1.0] [1.4, 4.4] [—1.0, —0.3]

In an unbiased scan, it turns out to be difficult to find
points capable of addressing the three flavor anomalies,
while passing the constraints arising from the experimental
bounds on the radiative cLFV decays 7 — py and u — ey.
From Table V, it becomes evident why, since common
effective parameters drive these observables, recalling that
a;; and c;; are related via the CKM mixing matrix. For this
reason, the biases in Table VI are presented for points
satisfying all primary constraints, together with two further
numerical restrictions; see Eqgs. (100) and (101). The latter
intend to address the constraints from ¢ — uy and y — ey
by biasing the values of the magnitudes of the effective
parameters b,3 and b3, respectively.

For a value of the magnitude of the effective parameter
a,3 chosen according to Table VI, we also impose a
restriction on the magnitude of b3 in order to pass the
experimental bound on the BR of y — ey, see Eq. (72),

0.41, iy =2
1
a
2222, my=6

Furthermore, respecting the experimental constraint on the
BR of 7 — uy enforces that, once a value for the magnitude
of as3 is chosen according to Table VI, the magnitude of b3
is restricted such that

o [oe =2
1086, m,=6

compare Eq. (73). This means that determining whether a
sample point can rather explain the flavor anomalies in
R(D™)), for which |as;| needs to be quite large, or in the
AMM of the muon, for which |b,3| must be quite large, is
tightly controlled by the bound on the BR of 7 — uy. The
ranges for |as;3| indicated in Table VI are the union of the

ranges separately extracted using the 3¢ ranges of R(D™*))
and of the AMM of the muon.

Note that these constraints are imposed on the effective
parameters in the charged fermion mass basis, while
scanning over effective parameters in the interaction basis
in the comprehensive scan. Therefore, we have two related,
but distinctly defined, regions of parameter space. The
transformations between them are given by the unitary
matrices, generated by the chi-squared fit to charged
fermion masses and quark mixing, as described in
Sec. VI A. As addressed in Sec. IV, varying the effective
parameters in the interaction basis in the range found in
Eq. (60) ensures the preservation of the expansion in orders
of A used to construct the underlying model. In doing so, the
corresponding effective parameters in the charged fermion
mass basis, calculated from this scan, may fall outside the
range [4, 1/4], compare Table X in Appendix E 1.

For practicality in implementing the biases, we assume
that the LO relations listed in Appendix B can be used to
translate between the two bases. In particular, we first
assume that

) \b32|:|i7327 and |b23|:|[;23|,

|033|:|&33 (102)

which allows us to directly bias the input values for

s3], |bsy|, and |bys|. All other effective parameters in
the interaction basis are varied in the ranges, specified by
Egs. (60) and (61). We then bias the magnitudes of a3
and b5 by first extracting their values from the effective
parameters in the interaction basis, using the aforemen-
tioned unitary matrices, and afterwards enforcing the
bounds shown in Table VI and Eq. (100), respectively.
For further details regarding the implementation of the
scan, see Appendix E 1.

We do not claim to have extensively explored the entire
multidimensional parameter space of this model but imple-
ment the biases from the primary scan to better identify
regions capable of explaining the three flavor anomalies
and respecting all considered present constraints.

’
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C. Conventions for plots presented in this section

Before discussing the results of this comprehensive scan,
we first outline the conventions for showing data in this
section. In all plots, the displayed colored points pass all
considered constraints—red stars for 7z, = 2, yellow plus
signs for /1, = 4, and blue crosses for 71, = 6, as shown in
the plot legends. Black dotted lines indicate the central
values for SM predictions, black solid lines show present
experimental constraints, and black dashed lines show
prospective bounds. Where we display a physical observ-
able on an axis, gray shaded regions indicate the 1, 2, and
36 contours about the present experimental best-fit values.
If relevant for that observable, a red-brown shaded region
indicates a prospective reach, as labeled, with a best-fit
value denoted with a solid red-brown line. Where we show
an effective parameter (or combination of them) on an axis,
the gray shaded band indicates the region of parameter
space probed by the primary scan. Overlaid white crosses in
each of the displayed plots, labeled “Anomalies” in the
legends, are points that can simultaneously address the
anomalies in R(D), R(D*), and in the AMM of the muon
within the 3o range of their present best-fit values. Each of
these features can be seen in Fig. 15. Additional features in
plots are defined in the captions.

D. Numerical results for primary observables

For the comprehensive scan, we sample 1.5 x 10° points
for each of the three LQ masses. In the primary scan,
approximately 0.005(0.35)[2.4]% of the sample points
have passed the primary constraints for 77, = 2(4)[6]. In
contrast, for the comprehensive scan, we find that approx-
imately 4(8)[27]% of the sample points pass the primary
constraints for 7, = 2(4)[6]. Therefore, in the compre-
hensive scan, the percentage of viable points has particu-
larly increased for /1, = 2. Below, we discuss the efficacy
of this biased scan for addressing the flavor anomalies and
evading constraints. Once we have imposed all con-
straints, we identify 58(1)[0] points for 7z, = 2(4)[6] that
can generate R(D), R(D*), and the AMM of the muon
within the 30 range of the present best-fit values. These
points are illustrated by white crosses in the plots, as
mentioned in Sec. VIC.*

The difference in the parameter space probed by the
primary and the comprehensive scan, in turn, impacts the
resultant ranges of the observables. This may occur due to
modifying the sampled region for a particular effective
parameter that enters in a dominant contribution according
to Sec. VA (e.g., smaller accessible values of the magni-
tude of b3, discussed in Sec. VID?2) or through an
enhancement of the effective parameters appearing as
subdominant in the primary scan (e.g. enhancement of

*As most of these points correspond to 77, = 2, we do not
distinguish between LQ masses for the white crosses.

LFV contributions in processes with neutrinos in the final
state, see Sec. VID 4). Each of these may be a result of
biasing and/or the use of a different basis. We emphasize
that for the plots contained in this section, used to contrast
the two scans, the colored points always represent those
for which all primary constraints are satisfied. Constraints
from secondary and tertiary observables are automatically
fulfilled after imposing all primary constraints. Table VII
contains a summary of the spread of the numerical results
for the primary observables.

Regarding the computation of the primary observables,
we directly employ the analytic expressions for the
trilepton decays, i.e., for BR(z — 3u), BR(z — uee), and
BR(y — 3e), from Appendix C2d, and for Z — 7z from
Appendix C4. So for these observables the calculation
method is the same as in the primary scan in Sec. V. For
the other primary observables, the method is different
compared to the scan in Sec. V, since we numerically
calculate R(D), R(D*), and R%. using the Wilson coef-
ficients in Appendix C 3, the wilson package [100], and
FLAVIO [62,63]. Furthermore, we compute Aa,, BR(z -
uy), BR(u — ey), and CR(u — e; Al) using SARAH and
SPheno [101,102].

For Z — 7z, we do not find a discernible difference
between the distributions of data from the primary and the
comprehensive scan. We thus refer to Sec. VB S5 for a
discussion of the results. We, however, display the output
for Z — 7z, when discussing the secondary observable
G/ in Sec. VIF.

1. Differences between datasets

Before comparing the results of the primary and the
comprehensive scan, we first comment on some important
differences between the outputs of the primary scan,
discussed in Sec. V, and the comprehensive one, discussed
in this section. In Table X in Appendix E 1, we list the
distributions of the unhatted LQ couplings extracted from
the comprehensive scan. In this way, we can identify the
effective parameters, whose magnitude can be (much)
smaller than A, e.g., |b;3|, or (much) larger than 1/4,
e.g., |axn|, i.e., the region sampled in the primary scan. This
difference impacts the distribution of the observables
influenced by these parameters.

We look at the effective parameters that dominantly drive
the analytic estimates for the primary observables, listed in
Table V. We note that there is complementary influence of
the effective parameters b3 and a3 via the constraints from
u — e processes, especially BR(u — ey). We also see from
Table V that the effective parameter b3 is responsible for
the dominant contributions to both the AMM of the muon
and to cLFV tau decays, especially BR(z — uy). Therefore,
as discussed in Sec. V, the magnitude of b,3 should not be
too large. Table X shows that b5 can take particularly small
values in the comprehensive scan, which means that
sampled points with larger values of ¢,3 & a,3 are capable
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FIG. 15. Results of comprehensive scan for the flavor anomalies in R(D), R(D*), and in the AMM of the muon. The top-left plot

shows points that pass all considered constraints, while the top-right plot shows points that not only pass these constraints but also satisfy
Aa, within 3¢ (light-colored circles) or 26 (dark-colored other shapes) of the present best-fit value. The scale in the top-right plot is
magnified in order to highlight the region populated by the data. In both plots, the purple dot-dashed ellipse shows the 16 contour about
the most recent Belle results for R(D) and R(D*) [13], and a green band shows the 1o region about the most recent LHCb result for
R(D*) [17,18]. The black dashed ellipse indicates the prospective 3¢ reach for 5 ab™! of data at Belle II [112], assuming the best-fit
value from 2021 and the correlation coefficient from the HFLAV Collaboration [19]. The SM values for R(D) and R(D*) (with
associated uncertainties) are illustrated by a black barred cross in the top plots, and the SM central values are given as black dotted
lines in the bottom plots. These SM values are extracted from FLAVIO [62,63], v2.3. The bottom plots show the AMM of the muon
plotted against R(D) (left) and R(D*) (right), with the red-brown band showing the 3¢ projected sensitivity from the Muon g — 2
experiment [113]. This (roughly) overlays the present 2¢ region, assuming the best-fit value remains the same as the current
experimental average (see red-brown solid line). For further information on how to read this figure, see Sec. VIC.

of avoiding constraints from u — e processes; see  the observed anomaly in the AMM of the muon—which is

Eq. (100). These larger values of the magnitude of a,3
then require smaller b3 in order to generate large Aa,
compatible with the experimental indication. At the same
time, large contributions to the BR of 7 — uy are avoided.
This makes the comprehensive scan more likely to identify
a larger sample of viable points consistent with reconciling

a challenge for the primary scan.

Furthermore, we note several instances in which the
differences in the two scans result in an amplification of a
contribution to a primary observable, identified as sub-
dominant in Sec. V. Interestingly, this is relevant for the
case of LFV contributions to decays with neutrinos in the
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TABLE VII. Overview of spread of results for primary observables in comprehensive scan. We present a summary of the statistics
reflecting the distribution of the primary observables: the minimum, maximum, and average values generated for a sample of P points
passing the primary constraints.

Spread of results for primary observables in comprehensive scan

fy =2, P = 5955

Ay =4, P = 12570

iy =6, P = 39807

Observable [min, max] Average [min, max] Average [min, max] Average
R(D) [0.302, 0.452] 0.333 [0.297, 0.442] 0.321 [0.291, 0.436] 0.316
R(D*) [0.245, 0.293] 0.256 [0.243, 0.288] 0.252 [0.238, 0.285] 0.250
Aa, x 10'0 [-0.350, 18.26] 1.658 [0.320, 22.40] 2.363 [0.013, 20.21] 1.252
BR(z — uy) x 108 [0.234, 4.200] 3.123 [0.099, 4.200] 2.997 [0.040, 4.200] 2.834
BR(u — ey) x 10 [0.014, 42.00] 19.96 [0.008, 42.00] 20.65 [0.002, 42.00] 20.10
BR(z — 3u) x 10'° [0.149, 30.92] 1.895 [0.078, 31.42] 3.754 [0.030, 31.86] 3.479
BR(7 — pee) x 10'° [0.103, 59.72] 1.948 [0.036, 28.83] 2.465 [0.016, 18.20] 1.891
BR(u — 3e) x10'° [0.010, 29.54] 14.04 [0.005, 29.53] 14.52 [0.001, 29.54] 14.13
CR(u — e; Al) x 1016 [0.009, 14.40] 6.341 [0.002, 13.56] 6.480 [0.002, 13.37] 6.298
RY. [0.672, 2.695] 1.171 [0.672, 2.694] 1.096 [0.668, 2.698] 1.071
(1- g,A/giM) x 10* [—1.646, 1.963] -0.203 [-1.593,4.791] 0.742 [-0.777,9.193] 1.986
rf}?‘ (inferred) [ps] [0.499, 0.540] 0.506 [0.500, 0.524] 0.507 [0.499, 0.527] 0.507

final state, including R(D), R(D*), 75, and R%,. As we
have seen, cLFV can be considerable in this model, and
it is thus reasonable to expect similar violation in decays
involving neutrinos.

We discuss the features mentioned above and other
differences between the results of these two scans in the
following. Throughout this section, we use the term
“viable” to denote points that are capable of passing all
constraints but not necessarily addressing the three flavor
anomalies. For instance, all data points displayed in plots in
this section are viable points.

2. Addressing the anomalies

In the comprehensive scan, we are able to identify
valid points that can explain the anomalies in all three
observables, R(D), R(D*), and Aa,, at the 3¢ level (see
light-colored circles in the top-right plot in Fig. 15).
Indeed, the data reveal that, with the correlation between
R(D) and R(D*) accommodated, the anomalies in these
two observables and the measured value of Aa, can be
explained at the 2o level for 7ny =2 (see dark-colored
points in the top-right plot in Fig. 15). Note that the
latter cannot be explicitly seen in the bottom in Fig. 15,
because the o-regions about the best-fit values of R(D)
and R(D*) do not consider the correlation between these
two observables.

If we only look at the flavor anomalies in R(D) and
R(D™*), all three considered LQ masses are compatible with
viable solutions at the 2¢ level (see top-left plot in Fig. 15).
This is also found in the primary scan in Sec. V. In case
the best-fit values remain the same and the Belle II
Collaboration increases the precision with which they

can probe these observables [112], the prospective 3o
contour assuming 5 ab~! of data is shown in the top in
Fig. 15 as black dashed ellipse.27 We, therefore, expect that
future measurements of R(D) and R(D*) at Belle II will
provide an important test of this model. We also recognize
that the LQ masses we have shown to be viable to explain
the anomalies are likely within the reach of upcoming LQ
direct-production searches at the LHC.

Furthermore, we indicate the prospects for future mea-
surements of the AMM of the muon. In the bottom in
Fig. 15, the 30 projected sensitivity from the Muon g — 2
experiment [113] is seen to (roughly) overlay the present 2o
region for this observable. If, as we have illustrated here,
the best-fit value remains the same and the sensitivity is
improved, this will challenge the model as an explanation
of the three anomalies but not entirely rule out the viable
parameter space. This is consistent with the preceding
discussion and is evident from the distribution of white
crosses in the plots in Fig. 15.

Simultaneously addressing all three anomalies.—In the
primary scan, it is found to be difficult to identify points
that can address all three flavor anomalies simultaneously.
A key limiting factor is the interplay between large
contributions to the AMM of the muon and large contri-
butions to the radiative cLFV processes 7 — uy and
u — ey. Here, we discuss how this limitation is relaxed
in the comprehensive scan.

In generating this projected Belle II chi-squared ellipse, we
have assumed the same correlation coefficient and best-fit value
as reported for the HFLAV averages in 2021 [19].
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We first analytically show that the maximum value of
the AMM of the muon compatible with the primary
constraints is (roughly) inversely proportional to the
magnitude of the effective parameter b3. Recall from
the estimate in Eq. (68) that

bysc
|Aaﬂ| §| 23223| %

N

)

1079, (103)

The present bound on the combination |bj3c,3| from
BR(u — ey), see Eq. (74), can be used to parametrize
the dependence on |b,3| for a viable point. We can also
bound the magnitude of b,; (roughly) from above by
considering the dominant contribution to BR(z — uy), see
Eq. (75), which is proportional to |by3c33|, and using the
minimum sampled value of the magnitude of c3; =~ as;
from Table VI. Therefore, an approximate upper bound for
the maximally accessible value of |Aa, | for each LQ mass
can be expressed as

0.249, 7y =2
1

Al ] 0993, g =4 0 x 107, (104)
B 2236, =6

This inverse correlation between the maximum value of
|Aa,| and the magnitude of the effective parameter b5 is
also influenced by the biasing procedure, which aims
to target points that avoid constraints from the two
radiative cLFV decays u— ey and 7 — uy using
Egs. (100) and (101).

The influence of biasing the effective parameters and
the distribution of those dominating the contributions to
radiative cLFV decays are illustrated in the top in Fig. 16.
The top-left plot shows the distribution of values of the
magnitude of b;; accessible in the primary and the
comprehensive scan. Whereas the minimum value for
|by3] is seen to be as small as O(1073) in the comprehensive
scan, the primary scan only employs values larger than
A= 0.22. From Eq. (104), we therefore expect larger
accessible values of the AMM of the muon, while, at
the same time, evading the primary constraints. This is,
indeed, the case as shown in the bottom in Fig. 16, where
we show the distribution of Aa, plotted against the value
of |by3|. This effect is especially striking for /7, = 2, for
which the only points that explain the observed anomaly in
Aa, within the 30 range are found outside the gray shaded
region, i.e., the sampled region of the magnitude of b5 in
the primary scan. We note that in the bottom in Fig. 16 we
also overlay as dot-dashed lines the upper bound for each
LQ mass, as shown in Eq. (104). We see reasonable
agreement with the data, given that this upper bound has
been derived under the assumption that the magnitudes of
both as; and by; lie in the interval [1,1/4], which is,

however, not always fulfilled in the comprehensive scan,
compare top-right plot in Fig. 16.

3. Leptonic primary constraints

Contributions from lepton flavor violating channels to
R(D) and R(D*).—We comment on the impact of the
LFV contribution from b — c7v, to R(D) and R(D*) in the
comprehensive scan. Appealing to the analytic formulas in
Egs. (66) and (67), we see that the contribution from the
LFV final state with a muon neutrino is proportional to
|arzbsy|. We recall that the magnitude of a,; is biased
towards larger values, see Table VI, and we thus expect
non-negligible contributions from this decay channel to
R(D) and R(D*) in the comprehensive scan. Even though
this LFV channel does not interfere with the SM contri-
bution, for ﬁ14, = 2, it can generate an enhancement above
the SM value as large as 40% for R(D) and 30% for R(D*),
respectively, using all viable points. For 1, = 4, 6 there is
at most a 10% enhancement in either observable above the
SM value, which is roughly consistent with the present 1o
margin about the best-fit values. Therefore, we emphasize
that this effect cannot be neglected, when considering these
observables in this model, particularly as future experi-
ments will reach increased sensitivity.

In Sec. VB3, it is shown that the strongest present
experimental constraints on this model arise from the
radiative cLFV decays 7 — uy and p — ey. In the
following, we discuss the differences between the results
of the primary and the comprehensive scan for these and
other leptonic primary constraints as well as the pros-
pects that these processes offer as signals of this model
at future experiments.

Radiative charged lepton flavor violating decays.—In
Fig. 17, we show the impact of biasing on the parameter
space in the case of the radiative cLFV decays u — ey and
7 — uy. The upper bounds from Egs. (100) and (101) are
shown as vertical dot-dashed lines.

Since in the comprehensive scan the magnitude of the
effective parameter b3 can be significantly lower than 4, also
the attained values of the product |a,353| can be smaller than
naively expected, compare colored points and gray shaded
region in the left plot in Fig. 17. This product being smaller
generally corresponds to a suppressed value of BR(u — ey),
consistent with the analytic estimate in Eq. (72). We see that a
signal of u — ey is predicted to be observed at MEG I1 [117]
for a large number of viable points, in agreement with the
findings of the primary scan; see Sec. V B 3. Nevertheless,
there are points capable of addressing all three flavor
anomalies that remain unconstrained by this observable even
with the increased sensitivity.

Similarly, we note that the magnitude of the effective
parameter as; can be smaller than 4, see top-right plot in
Fig. 16, though to a lesser extent than in the case of b5.
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shows the influence of this biasing on the viability to explain the anomaly observed in Aa,, for each LQ mass, and overlaid dot-dashed
lines show the approximate bound from Eq. (104). The gray bands, shown for the effective parameters, illustrate the regions sampled in
the primary scan. For further information on how to read this figure, see Sec. VIC.

We thus expect points in the right plot in Fig. 17 to fall
below the gray shaded region for the product |a33b,3].
Smaller accessible values of as; imply viable points with
larger magnitude of b,3, although we see that the present
bound from BR(z — uy) is already very constraining on
this product. Furthermore, we note that the majority of
points able to address the three anomalies, i.e., the white
crosses, lead to a value for BR(z — uy) in the region that
can be probed by the future sensitivity of Belle II [115].

Finally, we mention that the distributions for these
radiative cLFV decays with respect to R(D), R(D*) and
the AMM of the muon can be found in Fig. 26 in
Appendix E2. They can be compared with Fig. 8 in
Sec. VB 3.

Trilepton tau decays.—We discuss the results for the
primary constraints BR(z — 3x) and BR(z — ueé) in
the comprehensive scan. The relationship between these
two observables is displayed in the top-left plot in Fig. 18.
Unlike in the primary scan in Sec. V, we in general do not
find that BR(z — 3u) ~ BR(z — puee); i.e., Eq. (81) does
not hold for the shown data. This is due to the impact of
subdominant contributions to both processes, including
the Z-penguin contributions explicitly detailed in Eqs. (77)
and (78), as well as subleading contributions to both
processes, e.g., contributions due to box diagrams as
discussed in Appendix C2. We show the relation given
in Eq. (81), reflecting y-penguin dominance, as an overlaid
purple dot-dashed line. We note that there is a strong
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for 71, = 6, respectively. For further information on how to read this figure, see Sec. VIC.

positive correlation between the observables but also a
spread influenced nontrivially by these subdominant con-
tributions. Therefore, both observables should be sepa-
rately considered with respect to the future prospects for
signals at Belle II [115].

Next, we would like to contrast the results for
BR(7 — 3u) with those of the primary scan. In the top-
right plot in Fig. 18, we show BR(z — 3u) plotted against
BR(z — uy). The overlaid purple dot-dashed line shows
the estimate from Eq. (79), i.e., the linear correlation
between BR(z — 3u) and BR(z — py) in the case of
y-penguin dominance. Comparing this plot with the
corresponding one in Fig. 12, we notice a large number
of points, particularly for 7z, = 2, that result in a value for
BR(7 — 3u) that can be probed at Belle II, unlike in
the case of the primary scan. This includes a sizeable
number of the white crosses, points capable of addressing
all three anomalies, which motivates further examination
of this difference.

The explanation of this difference lies in the relevance
of Z- and y-penguin contributions to BR(z — 3u).
Equation (77) reveals that both contributions are propor-
tional to |c33] & |ass|, and also to |cy3| & |aa3| (Z-penguin)
or |b,3| (y-penguin), respectively. Smaller y-penguin con-
tributions correspond to smaller values of BR(z — uy),
see Eq. (73), and are thus preferred in the comprehensive
scan due to the biasing, compare Eq. (101). Therefore, in
order to generate a significant contribution to the AMM of
the muon larger values of the magnitude of the effective
parameter a,3 & c,3 are needed; see Eq. (68) and Table VI.
This, in turn, typically enhances the Z-penguin contribu-
tions to BR(z — 3u). From Eq. (77), we can derive the
value of the ratio |by3/cy3| at which the dominant

contribution changes. This is illustrated as a purple dot-
dashed line in the bottom-left plot in Fig. 18. Consistent
with the preceding discussion, we see that points preferred
by explaining the flavor anomalies overwhelmingly corre-
spond to those which have values of |by3/c»3] in the range
of Z-penguin dominance. In the bottom-right plot in
Fig. 18, we also see that, indeed, the same points corre-
spond to significant contributions to Aa,,.

Furthermore, we notice in the bottom-right plot in Fig. 18
a prominent feature, namely a diagonal cutoff towards the
top-right corner of the plot for 71y =4, 6, which is not
present for /m, = 2. In Sec. V B4, this feature has been
associated with the inverse proportionality of the maximum
contributions to BR(z — uy) and Aa,, at LO. In the top-
right plot in Fig. 12, we observe this cutoff for all three
sampled LQ masses, although less clearly for /7, = 2. For
larger LQ masses, subdominant contributions, particularly to
BR(z — uy) and BR(7z — 3u), are more suppressed by the
LQ mass, and consequently this cutoff is more pronounced.
For i, =2, such contributions enter and weaken the
mentioned inverse proportionality—leading to the observed
spread of points towards the top-right corner of the plot.

In summary, the observed anomaly in the AMM of the
muon can be explained, while potentially large signals for
both ¢ — 3u and 7 — pee can be observed at Belle I1. These
signals are driven by largish Z-penguin contributions that,
unlike contributions due to y-penguins, are not constrained
by correspondingly large contributions to BR(z — uy).
The correlation between larger BRs for trilepton tau decays
and sizeable values of the AMM of the muon is enhanced by
the biasing, and particularly by the increase in sampled
viable points with a large magnitude of the effective
parameter a,3, as discussed in Sec. VID 2.
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labeled “y-penguin”, indicates the approximate relation between these observables in the case of y-penguin dominance; see Eqs. (81)
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Further y — e processes.—With smaller values of the
magnitude of the effective parameter b3, see top-left plot
in Fig. 16, in particular the white crosses, we can also
access smaller values of the observables dominantly driven
by this parameter. These include, as we can see from
Table V, BR(u — ey), CR(u — e; Al), and BR(u — 3e).
Although smaller b3 allows us to evade present con-
straints, it does not exclude these channels as means to test
this model at future experiments. As the prospects for
BR(u — ey) are already discussed, we focus in the follow-
ing on the other two processes. From Table VII, we see that
on average BR(u — 3e) ~ O(1071%), which is an order of
magnitude larger than the projected sensitivity of phase 2 of
the Mu3e experiment [120]. Still, we find points that can
evade this constraint, even with the future sensitivity,

including the ones that are capable of addressing the
three flavor anomalies. Similarly, we have on average
CR(u — e; Al) ~ O(10719), which is an order of magnitude
larger than the future projections for COMET [121] and
Mu2e [122]. Compellingly, in Fig. 19, we see that all white
crosses, associated with points that can explain the three
flavor anomalies at the 3o level or better, are within
the region of parameter space probed by either future
search for 4 — e conversion in aluminium. Therefore, we
predict a signal to be observed for this process. Note that
the same proportionality between CR(u —e;Al) and
BR(u — ey) is found in the comprehensive scan as in
the primary scan, illustrated in Fig. 11. So, the upper
bound on CR(u — e;Al), seen in Fig. 19, stems from
respecting the present constraint on BR(u — ey).
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Furthermore, we comment on the relation between
u — e processes and BR(z — 3u) in this model. This is
a continuation of the discussion found in Sec. VB4, in
which it is noted that large BR(z — 3u), observable at
Belle II, is much less likely, if contributions to y — e
processes are beyond the reach of future experiments. This
relation is found to be less pronounced in the comprehen-
sive scan, because smaller values of the rates of y — e
processes can be generally reached, given that their
dominant contributions are proportional to the magnitude
of by3. As this effective parameter can take much smaller
values in the comprehensive scan, larger values of the
magnitude of a,3; & ¢,3 become allowed that can enhance
Z-penguin contributions to BR(z — 3y). This explains the
existence of viable points towards the bottom-right corner
in Fig. 19, not observed in the corresponding plot of the
primary scan; see Fig. 12. We notice that the plots for
BR(u — 3¢) and BR(u — ey) reveal a behavior very
similar to the one for CR(u — e; Al), shown in Fig. 19.

4. Hadronic primary constraints

In the primary scan in Sec. V, the behavior of the
hadronic observables Rl;{* and 78, the B, lifetime, is
explored. Notably, both of these observables involve
neutrinos in the final state. Naively, one may be tempted
to consider only contributions for which lepton flavor is
conserved, since these lead to interference with the corre-
sponding SM contributions. However, as pointed out for
R(D) and R(D*) in Sec. VID 2, the contributions from

LFV channels are found to be non-negligible in the
comprehensive scan. We discuss these and other
differences between the primary and the comprehensive
scan for R}, and zp_in the following.

Contributions to observable RY,.—From Sec. VBS, we
expect the constraint on BR(z — py), whose dominant
contribution is driven by the product |b,3cs3], to impact
the size of the main contributions to R%., driven by the
magnitude of as3 = ¢33, and to the AMM of the muon,
depending dominantly on the magnitude of by3; see
Table V. This correlation is visible to a certain extent in
the primary scan; see bottom-right plot in Fig. 13. In the
comprehensive scan, the relation between the effective
parameters a3 and b,3 is further enhanced by the biasing;
see Eq. (101). Thus, the observed correlation is apparent in
the top-left plot in Fig. 20, in particular for /1, =4 and
7y = 6. As can be seen, the majority of points that imply
values for R%, close to its present bound corresponds to
smaller values of Aa,,. This trend seems absent for 7z, = 2,
as we discuss in the following.

In order to understand the distribution of values for R% .
in the comprehensive scan, we first recall that the dominant
contribution in the model has v,7; in the final state, see
Eq. (90), and is determined by the product |as3asz,|. In the
top-right plot in Fig. 20, we see that there is, indeed, a
strong correlation between larger values of the magnitude
of a3, and large values for R%,,. Numerically we find that
|as,| can be as large as O(10), see Table X in Appendix E 1.
This can be traced back to a potentially large additional
contribution to the effective parameter as,, originating from
the transformation from the interaction to the charged
fermion mass basis, compare Eq. (B6) in Appendix B.
At the same time, we see in the bottom-left plot in Fig. 20
that the biasing prefers smaller values of |as3| = |c33| for
smaller LQ masses, see also Table VI, and that most white
crosses also correspond to smaller |as3|. For these smaller
values, larger values of the magnitude of b,5 are likely to be
compatible with the present bound from BR(z — uy),
compare Eq. (73). These larger values of |bys| tend to
increase Aa,, see Eq. (68), and can push it closer to the
present best-fit value. Altogether, we can generally expect
larger contributions to R’ to be accessible for v;v; in the
final state than in the primary scan, see Sec. VBS5.
However, for 71, = 2 smaller values of |as;| are usually
attained, as we see from the bottom-left plot in Fig. 20.
Nevertheless, large values for R, can be obtained.

From Eq. (90), we note that there can be sizeable
contributions from the channel with v, in the final state
which are proportional to the product |a,za,,| as well as
LFV contributions having v,7; and v,7, in the final state
that are driven by |a,3as,| and |as3ay|, respectively. In
the comprehensive scan, we find that the magnitude of
a,, can be as large as O(10), see bottom-right plot in
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to read this figure, see Sec. VIC.

Fig. 20 and Table X in Appendix E 1. At the same time,
larger values of the magnitude of a,; are preferred by the
biasing; see Table VI. Therefore, the contribution with
vV, in the final state becomes more significant for R% .,
in comparison to the primary scan. This argument is
supported by the positive correlation in the data between
large |a,,| and larger R, shown in the bottom-right plot
in Fig. 20. Additionally, the LFV contributions with v,v;
and vz, in the final state can also be relevant, particu-
larly the one driven by larger values of the product
|aszas,|. For the other contribution proportional to the
product |aszsda,,|, the biasing prefers smaller values of
|ass|, see Table VI and bottom-left plot in Fig. 20,

especially for smaller LQ masses, so that we do not
expect it to be equally important.

In summary, the current constraint on R’ is found to
genuinely shape the viable parameter space, and the pro-
spective measurement of B — K(*) + invisible at Belle II
[108] provides a promising avenue to test this model.

Lifetime of B, meson.—For this observable, we similarly
find differences between the values obtained in the
comprehensive and the primary scan. While a substantial
contribution to the B, lifetime is associated with values
of R(D) and R(D*) below their SM predictions in
the primary scan, see top in Fig. 13 and discussion in
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Impact of sampling on inferred SM contribution to B, lifetime in comprehensive scan. For the B, lifetime, the gray shaded

region represents the 1o region about the present experimental best-fit value of 75 , and the red-brown shaded region shows the area that
corresponds to BR(B,. — 7v) < 0.1. For the bottom-left plot, the gray shaded region represents the sampled parameter range in the
primary scan and the dot-dashed lines show the upper limit on the product |as3b3,| for each LQ mass, calculated from Table VI, in dark
red for 7iny = 2, orange for 71y, = 4, and dark blue for 71, = 6, respectively. Further information on how to read this figure can be found

in Sec. VIC.

Sec. VBS5, in the comprehensive scan, especially for
g =2, points are observed that are in disagreement
with this statement and therefore hint at the influence of
subdominant contributions. This can be explicitly seen in
the top in Fig. 21.

Equation (88) shows that the dominant term for the
inferred SM contribution to the B, lifetime, inferred 1%1:4, is
driven by the product |as3 b5, |, which corresponds to the tau
neutrino being in the final state and which interferes with
the SM contribution. From the bottom-left plot in Fig. 21,
we see that this product is sampled over a much smaller
range for i, = 2 than for the other LQ masses, due to the
biasing imposed; see Table VI. However, for small values

of this product, larger values of the inferred 73" are
nevertheless accessible. This indicates the relevance of
subdominant contributions. The other contribution, men-
tioned in Eq. (88), is proportional to the product |a,3b3,],
and corresponds to the muon neutrino in the final state. One
should recall that the magnitude of a,; ~ c,3 needs to be
quite large to explain the observed anomaly in Aa,, and that
we sample more viable points with such larger values due
to the biasing, see Table VI. We thus can expect an
enhancement of this LFV contribution to the inferred
7y —similarly to the effect found for R(D) and R(D*),
see Sec. VID 2. For i, = 2, we see from the bottom in
Fig. 21 that a sizeable fraction of the points that correspond
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TABLE VIII. List of secondary observables. We list the observables that can potentially be used to further constrain and test this
model, together with their current experimental constraint/measurement and future sensitivity. In the case of the EDM of the muon, d,,,
the future projection without brackets refers to the reach expected from the Muon g — 2 experiment at Fermilab [153] and a similar
experimental effort undertaken at J-PARC [154]. The values in brackets are estimates given for experimental proposals using the frozen-
spin technique [155-157]. In the case of the future projections for g, / giM, we assume that the measurements of g, are improved by the
same factor as sin® @, [109]; the unbracketed projection is for the ILC [110] and the bracketed value is for the FCC [111].

List of secondary observables

Experiment
Observable Current constraint/measurement Future reach
|d,| <15x 107" ecm at 90% CL [158] 1000(60)[1] x 1072* ecm [153-157]
gﬂA/giM 0.99986 4 0.00108 at 1o level [109,124] +6.3(0.63) x 107> [109-111]
Rl;)/L' 0.995 £ 0.090 at 1o level [159] 40.00995 [160]
Rg/f 1.01 £0.032 at 1o level [161] +0.0101 [160]
BR(B - ) (1.09 £ 0.24) x 107* at 15 level [98] +9(4)% at 5(50) ab~! [112]

to small values of the product |as3bs3,| and larger inferred
3" also leads to a larger value for the AMM of the muon,

compare especially the white crosses.

Despite the differences found in the results of the
primary and the comprehensive scan, this model still
predicts BR(B. — 7v) to be below 0.1. More precise
measurements of B, — tv could provide a further test of
this model, in particular, when considering the comple-
mentarity with measurements of R(D) and R(D*).

E. Analytic estimates for secondary observables

As in Sec. V, we first discuss analytic estimates for the
secondary observables. Present constraints/measurements
and future reach for these are summarized in Table VIIL

1. Electric dipole moment of muon

The contributions to leptonic AMMs and EDMs arise both
from the one-loop diagram, shown in Fig. 2 in Sec. VA 2. In
fact, they correspond to the real and imaginary part of the
same effective vertex, as can be seen from Eq. (C19) in
Appendix C 2. As we generate large contributions to the
AMM of the muon and we allow for complex values for the
LQ couplings, we expect that this model can lead to
sizeable values for the EDM of the muon.

Similar to the AMM of the muon, most relevant is the
contribution in which a chirality flip occurs via a mass
insertion on the internal quark line and which can thus be
enhanced by the mass of the top quark. The following
expression for d, can be derived, assuming mgy > m,:

2|Im(C23b§3)|
)
[

|d,| ~ x 10722 ecm. (105)

This predicts the value of dﬂ below the current bound, but
well within the reach of future experiments, as quoted in
Table VIII. This is consistent with the literature for

expected correlations between d, and solutions to the

present flavor anomaly in the AMM of the muon, particu-
larly for the LQ ¢; see, e.g., Refs. [129,162].

2. Z - pu

In the case of sizeable contributions to the AMM of
the muon through loops with a top quark, an associated
enhanced contribution to the process Z — uu is expected;
see diagrams in Fig. 5. Similarly to Sec. VA 8, we use
Eq. (C61) in Appendix C4 to parametrize the contribu-
tion to the effective axial-vector coupling of Z bosons to
muons in this model. Following Appendix C4 for the
definition of g™, g3™ < 0, and taking lepton flavor to be
conserved for SM couplings, i.e., g3™ is the same for all

lepton flavors, we find

231, my=2
QMA/Q/S;M ~1— 0.76, 7y =4 ‘Cz3|2 %« 10-5
0.39, 7, =06
(106)

If we allow for a 36 margin about the best-fit value,
given in Table VIII, we obtain upper bounds on the
magnitude of the effective parameter c,3;, namely the
unbracketed values,

12.1[3.8],
20.1[6.6], iy =4
29.5[9.2], iy =6

g =2

leas| < (107)

In the comprehensive scan, the values of o3 % dy;
typically do not become larger than 1/4, see Table X
in Appendix E 1, and so the present constraints from this
process are not competitive. However, future experiments
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are projected to be much more sensitive, as can be
seen from the values in square brackets in Eq. (107).
These are extracted using the projected sensitivity for
the ILC [110]; see Table VIII. A further reduction of the
error by a factor of ten is expected from the FCC [111],
allowing us to probe more viable parameter space of the
model. Therefore, this observable will be relevant in the
future, particularly for 7z, = 2.

3. Lepton flavor universality ratios R’l‘)/ ¢ and R;)/f

The observed anomalies in R(D) and R(D*) raise the
question whether the effects of LFU violation may be
evident in other ratios of b — ce;v; processes. Two of

particular interest are the ratios R’L‘)/ ¢ and RZ/*” s
g JTEB =D)L e (B~ Dre)
['(B = Dev) I'(B — D*uv)
(108)

Using the expressions from Appendix C 3 d, we arrive at
the following estimates at LO:

RY¢

(R Jsw

52

. <2.25Re(b§2a23> + 19-7Re(033022>> <107,
m
¢

(109)

RJY . <o.68Re(b;2a23)+19.6Re(a;3c22)> 10~

~ ~2
[ReD/ﬂSM my

(110)

The terms proportional to Re(b},ay;) come from the
scalar-operator contribution, while the vector-operator con-
tribution is responsible for the dominant terms proportional
to Re(a};cy,). Both contributions arise at the same order
in A. As shown in Secs. III C 1 and III C 2, in this model, the
LQ coupling y,, turns out to be larger than expected,
y23 = byyA3. This coupling enters the estimates for these
observables. We also note that both of them depend on the
effective parameter a,3 =& c,3, which plays an important
role for addressing the flavor anomaly in the AMM of the
muon. Eventually, note that the SM value for both is
approximately one, with the exact value used in the
comprehensive scan being extracted from FLAVIO, v2.3.

4. Leptonic decay B — v

In this model, the LQ ¢ contributes to the leptonic decay
B — v, which is CKM-suppressed due to |V, ~ 43 in the
SM, see Eq. (C37) in Appendix C 3 e with u;, = u for the
full decay width including the contributions from ¢. We
focus on the case of a tau neutrino in the final state, since
its contribution interferes with the SM one. The largest

contribution arises for the Wilson coefficient C}L% 135,
while the Wilson coefficient CSX 3, is suppressed at
the scale y = my due to the hierarchy ys;/z3; ~ 2% see
Egs. (56) and (53). This suppression is only partly
compensated by the RG running down to the hadronic
scale u = pup = 4.8 GeV and the chirality enhancement of
the scalar-operator contribution. This together results in an
enhancement factor of roughly 6.5. We thus find

BR(B - 1) 1
— " " ~]1-—R 3
BROPS e mg, e(assc))
0.1
-1 _W|a33c31|cos(Arg(a33) —Arg(cy))).
¢

(111)

All contributions which are quadratic in Wilson coeffi-
cients, induced by the LQ ¢, can be neglected. Note that the
currently viable parameter space of the model will only be
probed by future searches for B — zv to an appreciable
extent, despite its dependence on the L.Q couplings y;; and
231, which involve quarks of the first generation.

F. Numerical results for secondary observables

In this section, we analyze the numerical results for the
secondary observables from the comprehensive scan. We
first comment on the leptonic observables, illustrated in
Fig. 22, before moving on to the hadronic observables,
shown in Fig. 23. A summary of the spread of the numerical
results for the secondary observables is given in Table IX.
We note that the EDM of the muon d,, is calculated using

SARAH and SPheno [101,102], for the LFU ratios R’,’)/ ¢ and

RZ/I’ and BR(B — 7v) the Wilson coefficients in
Appendix C 3, the wilson package [100] and FLAVIO
[62,63] are employed as well as Z — pu is calculated

from Appendix C 4.

1. Leptonic secondary observables

Regarding the EDM of the muon, we see that viable
points are capable of generating a maximum of |d,|~
O(10722) ecm and that points, associated with explaining
the anomaly observed in the AMM of the muon at the 3¢
level or better, predict the EDM of the muon to lie in the
interval [1072%,1072%] ecm; see top-left plot in Fig. 22.
While this signal could not be seen at the Muon g —2
experiment at Fermilab, some parameter space is expected
to be probed at the muEDM experiment at the Paul Scherrer
Institute (PSI) and similar experiments using the frozen-
spin technique, as indicated by the black dashed lines in
the top-left plot in Fig. 22. We remind that a bias for the
difference of the arguments of the effective parameters
ay3 & o3 and by is employed, see Table VI, such that more
sizeable contributions to the AMM of the muon, and thus,
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FIG. 22. Future reach of leptonic secondary observables in comprehensive scan. In the top-left plot, we present two constraints on the

magnitude of the EDM of the muon, |d,,

, from the Muon g — 2 experiment [153] and the muEDM experiment [155] (as example for the

frozen-spin technique); see also Table VIIL. For g, / M and 9r,/ g3M, the red-brown shaded regions represent the projected sensitivities
from the ILC [110], assuming the current best-fit values [109,124], shown as red-brown solid lines. For further information on how to

read this figure, see Sec. VIC.

a larger real part of the relevant Wilson coefficient, are
generated. Therefore, we expect the comprehensive scan to
prefer smaller values of the imaginary part of the product of
the same effective parameters; see Eq. (105). This, in turn,
leads to a distribution of values of |d,| below the analytic

estimate of O(1072?) e cm. Still, enhanced contributions to
both observables are seen to be compatible, and so this
effect is limited. Furthermore, note that we do not observe
any preference for the sign of the EDM of the muon. Given
that the contributions to it turn out to be suppressed relative
to present constraints, there is no need for an additional CP
symmetry to restrict its size.

Turning to the effective coupling of Z bosons to muons,
we first repeat that according to the analytic estimate the

dominant contribution to the ratio g, /g3 is proportional
to |cy3|?> and negative such that the resulting value of
G,/ g™ should always be smaller than one in this model;
see Eq. (106). This is consistent with the data, illustrated in
the top-right plot in Fig. 22. Then, we remind that the
comprehensive scan prefers larger values of the magnitude
of a3 = cy3, since this increases the chances to satisfac-
torily address the flavor anomalies. Such larger values
correspond to points with a smaller ratio g, / &M, as
observed in the distribution of white crosses in the top-
right plot in Fig. 22. Present constraints are not competitive
enough to be illustrated in this plot, although the present
best-fit value may hint at contributions beyond the SM
that generate a ratio g, / gf‘M smaller than one. From the
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FIG. 23. Future reach of hadronic secondary observables in comprehensive scan. In both plots, we present the projected sensitivities
from Belle II for R’;)/ ¢ Rg/f [160] and BR(B — 7v), at 5 ab~!, [112]. Note that we do not show the white crosses in the left plot, because
they would uniformly lie across the entire allowed range. A complementary plot showing BR(B — 7v) against R(D*) can be found in
the right plot in Fig. 27 in Appendix E 2. For further information on how to read this figure, see Sec. VIC.

top-right plot in Fig. 22, we see that increased precision will
allow us to probe parts of the viable parameter space of this
model. Note that we use the projected ILC bounds [110],
but a further reduction of the error by a factor of ten is
expected from the FCC [111]. For completeness, a plot
showing the EDM of the muon and the ratio g, /g™ can be
found in the left plot in Fig. 27 in Appendix E 2.

Lastly, we observe no correlation between g, / giM and
9z, / gﬁM. This is expected from the analytic estimates, see
Egs. (92) and (106), since these ratios dominantly depend on
distinct effective parameters. The regions of the two ratios in
the comprehensive scan are displayed in the bottom plot in
Fig. 22 for the three different LQ masses and result from the
biasing imposed on the effective parameters a,; & c,3 and
asz ~ c33, respectively; see Table VI

2. Hadronic secondary observables

The LFU ratios R%/° and Ri)/*” are useful probes for
b — ce,v; processes that do not involve the tau lepton. The
results of the comprehensive scan reveal an anticorrelation
in the deviations of these two ratios from the SM values.
This is consistent with the analytic estimates in Eqgs. (109)
and (110). We note that the effective parameters b,, and
¢y X dyy, Which enter the estimates for these observables,
can be O(10) in the comprehensive scan, see Table X in
Appendix E 1, while a,3 is biased towards larger values;
see Table VI. This enhancement explains the extent of the
distribution of points in the left plot in Fig. 23. Presently, all
predictions are consistent with the measurements, although
the experimental sensitivity is expected to considerably
improve at Belle II [160].

TABLE IX. Overview of spread of secondary observables in comprehensive scan. We present a summary of the statistics reflecting the
distribution of the secondary observables: the minimum, maximum, and average values generated for a sample of P points passing the
primary constraints.

Spread of secondary observables in comprehensive scan

fy =2, P = 5955 fny =4, P = 12570

Ay =6, P = 39807

Observable [min, max] Average [min, max] Average [min, max] Average
|d,| x 10% [ecm] [0.067, 2144] 153.4 [0.033, 1449] 128.1 [0.003, 1417] 86.51
R’,‘)/" [0.983, 1.015] 1.000 [0.994, 1.004] 1.000 [0.996, 1.002] 1.000
R@D/f [0.989, 1.020] 1.003 [0.999, 1.009] 1.003 [1.001, 1.007] 1.003
BR(B — ) x 10° [8.201, 9.505] 8.862 [8.278, 9.341] 8.853 [8.216, 9.396] 8.845
(1- gﬂA/giM) x 10* [0.008, 4.223] 0.292 [0.178, 1.383] 0.427 [0.069, 0.704] 0.214
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On the other hand, BR(B — 7v) is interesting as observ-
able, since it probes the process bu — zv, which is sensitive
to the LQ coupling between the bottom quark and tau
neutrino common with b — czv, but is suppressed by the
small coupling between the up quark and tau lepton in this
model, z3; = c3,4%; see Eq. (53). For this BR, we predict a
value consistent within 2 to 3¢ of the projected sensitivity,
assuming that the best-fit value of this measurement
remains the current one. In the right plot in Fig. 23, we
illustrate this observable plotted against R(D). As one can
see, we find no correlation between these two observables.
A plot for R(D*) shows a similar result and can be found
in the right plot in Fig. 27 in Appendix E 2. We note that
the scalar-operator contribution to this observable remains
suppressed by the size of the coupling y; = b3 A°,
see Eq. (56), consistent with the analytic estimate in
Sec. VIE 4. For the effective parameter b3;, an enhance-
ment only slightly above 1/4 is found in the comprehensive
scan; see Table X in Appendix E 1. This is not sufficient to
make the scalar-operator contribution competitive with the
one from the vector operator. Furthermore, we note that,
indeed, the effective parameter c3; = as; relevant for the
latter can take rather large values.

G. Comment on tertiary observables

In the following, we briefly comment on the results for
the tertiary observables extracted from the comprehensive
scan. We find that none of these observables, listed in
Table XI in Appendix E 3, provides a signal within the
reach of current and planned experiments. Thus, any
observation of new physics in these allows to falsify this
model. We relegate detailed ranges for these observables
for each LQ mass to Table XII in Appendix E 3 and only
make a few comments below. Note that in Table XI also the
present experimental constraints and calculation method
employed in the comprehensive scan are found, while
Table XII also displays the prospective future reach for
these observables.

For processes involving electrons, we first observe that
the effective coupling of Z bosons to electrons is sup-
pressed by small LQ couplings of O(4°); see Egs. (53)
and (56). Thus, we do not expect large LQ contributions to
Z — ee in this model, as reflected in the data in Table XII.
We see that these contributions are up to eleven orders of
magnitude below future sensitivities. Similarly, the con-
tribution to the AMM of the electron generated in this
model for each LQ mass is O(1072!). Present measure-
ments of Aa, hint at a preference for |Aa,|~ 1072
[163,164], although these two measurements indicate
deviations from the SM value with opposite sign and
comparable magnitude. We, therefore, note that this model
would be incapable of addressing this anomaly but could be
revisited in case the present discrepancy in the experimental
results is resolved. Likewise, the results for the EDM of the

electron show that a detection in future experiments [165]
should not be expected.

We predict the BRs for B, — 77, D, - v, and D, — uv
to be only slightly beyond the projected sensitivities
to these observables. Furthermore, the future sensitivities
for tau decays to a muon and light mesons, i.e.,
BR(z — [p, ¢, z|u), are only one or two orders of magni-
tude above the maximum value generated for these observ-
ables in the comprehensive scan. These decays can thus be
of interest when considering a next generation of experi-
ments, beyond what is currently found in the literature.

Lastly, we comment on the results for B, — B, mixing;
see AMp / AM%{YI in Tables XI and XII. Comparing the

obtained values in Table XII with the current experimental
constraint, quoted in Table XI, we note that for 7z, = 6,
there are points which generate AMjy /AM3M outside
the allowed 3¢ region. However, the data, presented in
Table XII, do not necessarily satisfactorily address the
flavor anomalies in R(D), R(D*), and in the AMM of the
muon. Indeed, once a value of Aa, is achieved within
the experimentally preferred 3o range, the obtained interval
for AM 5 / AM3M is significantly reduced for all considered
LQ masses, such that it always agrees with the current
experimental constraint at the 2¢ level or better. As there is
no projection for future reach available for AM_/ AM%{“,
we have classified it as tertiary rather than secondary
observable.

VII. SUMMARY AND OUTLOOK

We have considered an extension of the SM with two
Higgs doublets H, and H, (in the decoupling limit) and
one scalar LQ ¢ that transforms as (3, 1, — %) under the SM
gauge group. The main purpose of the LQ ¢ is to explain
the flavor anomalies in R(D), R(D*), and in the AMM of
the muon. The flavor structure of this model is constrained
by the flavor group G; = D7 X Z5. The three scalars H,,,
H,, and ¢ are singlets under the dihedral group, whereas
the three generations of all SM fermion species transform
as doublet and singlet, apart from the three RH up-type
quarks that are all singlets. In this way, the masses of the
charged fermions of the third generation arise without
breaking the dihedral group.

The flavor symmetry G is (mainly) broken by the VEV's
of four different spurions, called S, 7, U, and W, that are
assigned to doublets of the dihedral group. While the role of
S is to (mainly) generate the LQ couplings X and §, 7 and U
are responsible for the mass of the second and first
generation of both down-type quarks and charged leptons,
respectively. The spurion W, eventually, is necessary in
order to give mass to the charm quark and to generate the
correct size of the Cabibbo angle. The smaller quark mixing
angles as well as the up quark mass arise automatically
due to the spurions S as well as T and U, respectively.
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According to their roles, the VEVs of these spurions are of
different order of magnitude in the expansion parameter 4,
A=0.2,ie., (S)~A, (T)~22, (U)~1* and (W) ~ (13, 2%)".
In order to achieve suitable textures for the LQ couplings X
and ¥ and, at the same time, avoid too large effects related
to quarks and/or leptons of the first generation, a residual
symmetry Z(~%, being the diagonal subgroup of a Zj;
group, contained in D, and the external Z,; symmetry, is
preserved by both % and § at LO.

We have performed analytical and numerical studies of
the phenomenology of this model. In doing so, all con-
sidered observables have been classified as primary, sec-
ondary, or tertiary. The primary observables include the
flavor anomalies in R(D), R(D*), and in the AMM of the
muon as well as observables for which the present
experimental measurements can (significantly) constrain
the viable parameter space of this model. Secondary
observables instead do not currently provide competitive
constraints, but midterm future experiments offer an
opportunity to probe them and, thus, this model. For the
primary as well as secondary observables analytical esti-
mates are given. Lastly, tertiary observables are not
expected to allow us to probe the model in the midterm
future but are discussed lest future measurements bring
these into disagreement with the SM.

In the primary scan, we have focused on the primary
observables and varied the effective parameters of the LQ
couplings in the charged fermion mass basis as (mostly)
independent complex order-one numbers. In this way, we
have identified the two radiative cLFV decays y — ey and
T — py as the most stringent constraints on the parameter
space of the model. Furthermore, we have extracted biases
on the effective parameters of the LQ couplings which have
been used to guide the more thorough comprehensive scan.
A simultaneous reconciliation of all three flavor anomalies
has proven to be very challenging in the primary scan.

The comprehensive scan has involved primary, secon-
dary, and tertiary observables. In contrast to the primary
scan, it has been performed over effective parameters in the
interaction basis. Thus, a subset of these has been fixed by a
chi-squared fit to the charged fermion masses and quark
mixing, achieving excellent agreement with the measured
values (for scenario B). The remaining parameters, taken to
be complex order-one numbers and parametrizing the LQ
couplings, have been biased using the input from the
primary scan. In the comprehensive scan, we have found
that this model is compatible with all constraints, while
being capable of explaining the observed deviations in
R(D), R(D*), and Aa,, from the SM predictions within the
30 ranges of their present best-fit values for LQ masses of 2
and 4 TeV. Furthermore, a LQ with a mass of 2 TeV allows
for compatibility with all considered constraints, while
reconciling the three flavor anomalies at the 2o level.
The secondary observables studied in the comprehensive
scan are the EDM of the muon, the effective coupling

of Z bosons to muons, the LFU ratios R’,‘)/ ¢ and RZ/I’ as well
as BR(B — ).

The differences between the parameter space probed by
the primary and the comprehensive scan have been dis-
cussed in detail. The use of the interaction basis is the main
reason for the comprehensive scan being able to reconcile
all three flavor anomalies. At the same time, this has shown
a considerable preference for one of the effective param-
eters, namely b3, being slightly smaller than expected from
the construction of the model. This indicates that an
improved version of this model should further suppress
this particular LQ coupling by A or 42 Contributions
beyond the ones from y-penguins can play an important
role in several decays such that, e.g., not only the tau decay
7 — uy can be accessible at Belle II, but, at the same time,
7 — 3p and v — pee can be measured. For the primary
observables with neutrinos in the final state, i.e., R(D),
R(D*), R, and the lifetime of the B, meson, LFV
contributions are found to be relevant, generating effects
up to 40% in some instances.

There are several interesting directions to expand the
current study. On the phenomenological side, it is highly
interesting to study the observables R(J/y) and R(A..) that
are (tightly) related to the analyzed b — c transitions as well
as the angular distributions of B — D*e;v [166] and the
longitudinal polarization of the tau lepton in B — D*tv
[134]. Some of these also reveal a (slight) disagreement
between the current measured value and the SM expect-
ation, e.g., R(J/w) [167]. Other flavor anomalies, such as
those observed in b — s transitions, e.g., in R(K), R(K*)
and in the process B, — pu, may also be relevant to
address, see, e.g., Ref. [168] for a recent concise overview.
For this purpose, an additional LQ, for example trans-
forming as (3,3, —1) under the SM gauge group, has to be
added to the model, see, e.g., Refs. [71,75,80,169]. This
may have the added effect of simultaneously generating
neutrino masses. A neutrino mass mechanism could be
incorporated in many different ways. It could be either one
type of seesaw mechanism, e.g., by adding RH neutrinos to
the existing model [170], or some radiative generation
mechanism, see Ref. [171] for a review. In the current
analysis, it has been assumed, for simplicity, that possible
diquark couplings of the LQ ¢ are forbidden by a baryon
number symmetry. However, it may also be interesting
to study the efficacy of G, to suppress these couplings
beyond the strong existing bounds from searches for proton
decay [98], see, e.g., Refs. [88,172] for studies about also
controlling them with the help of a flavor symmetry.

With nonvanishing neutrino masses, lepton mixing
becomes physical and its appropriate description, i.e.,
two large mixing angles and one small one [173], may
require a change in the assignment of the LH Ilepton
doublets to representations of G or even the extension
or change of G itself. The observed lepton mixing angles
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are often interpreted as sign of unification of the three
generations of LH lepton doublets into a three-dimensional
irreducible representation of the flavor symmetry; for
reviews, see Refs. [6-9]. Prime candidates for such a flavor
symmetry are the groups belonging to the series A(6n%)
with n integer and at least two [174]. As has been shown,
they lead to an adequate description of lepton as well as
quark mixing; see, e.g., Refs. [175-179], and also of the
charged fermion mass hierarchies, if accompanied by an
appropriate external symmetry, see e.g. the supersymmetric
model in Ref. [180]. Furthermore, it is interesting to
consider adding a CP symmetry to Gy, given that this
can also constrain the two Majorana phases in the lepton
sector [181] (see also Refs. [3,182—188]). This might, at the
same time, be beneficial for controlling the amount of CP
violation in the LQ couplings.

Eventually, an extension of the SM gauge group similar
to the Pati-Salam theory has proven to be useful, since in
this way the vector LQ transforming as (3, 1.3) under the
SM gauge group arises automatically, when breaking to the
SM; see, e.g., Refs. [189-193]. This vector LQ is capable
of addressing all aforementioned flavor anomalies, assum-
ing an appropriate structure of its couplings to the SM
fermions can be achieved. While in the case of a vector LQ
the flavor structure is determined by the gauge group of the
model, for scalar LQs, explaining (some of) the observed
flavor anomalies, it is also worth considering a possible
embedding of the model into a (partially) unified theory
endowed with a flavor (and CP) symmetry.
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Note added.—After the completion of this work, the
LHCb Collaboration has published a combined analysis
of R(D) and R(D*) [196] using muonic tau reconstruction,
resulting in R(D) = 0.441 £+ 0.060 + 0.066 and R(D*) =
0.281 £ 0.018 £ 0.024, as well as an updated measurement
[197] utilizing hadronic 7zt decays, R(D*) = 0.257 +
0.012 £ 0.018. These results are consistent with the SM
predictions in Table I, for R(D*) within the lo and for
R(D) within the 20 range, but with relatively large
experimental uncertainties. Consequently, the HFLAV
averages for R(D) and R(D*) have been updated to include
the new measurements [198], giving R(D) = 0.356 +
0.029 and R(D*) = 0.284 £+ 0.013 (with a correlation of
p = —0.37). Compared with the previous averages, quoted
in Table I, this is closer to the SM prediction for R(D*), but
further away from the SM value of R(D). Nevertheless,
both averages remain in agreement at the 1o level with the
previous ones. The discrepancy with the SM predictions
now amounts to 3.2, which is only slightly reduced from
3.40, see Table I. Thus, the results have not changed
significantly and remain qualitatively the same.

In any case, it is interesting to confront the outcome
of the comprehensive scan with these new averages. In
order to do so, we employ the same dataset as shown in
Sec. VI and present Fig. 24 as updated version of
Fig. 15. Once the primary constraints, see Table IV,
are enforced in the comprehensive scan, we find
75(5)[0] points for 7z, = 2(4)[6] that can now generate
R(D), R(D*), and the AMM of the muon within the
respective 3¢ ranges. In fact, this is a slight quantitative
improvement over the 58(1)[0] points identified and
discussed in Sec. VID.
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FIG. 24. Results of comprehensive scan for the flavor anomalies in R(D), R(D*) and in the AMM of the muon using updated HFLAV
averages for R(D) and R(D*). This figure is an updated version of Fig. 15, taking into account the new LHCb combined analysis of R(D)
and R(D*) [196] and the latest LHCb measurement of R(D*) using hadronic z* decays [197], which have led to new HFLAV averages for
these. In the top-left plot, the blue dotted ellipse represents the 1o contour of the new LHCb combined analysis, while the green band now
shows the 16 region about the most recent LHCb result for R(D*). The black dashed ellipse indicates the prospective 3¢ reach for 5 ab~! of
data at Belle II [112], assuming the best-fit value from 2023 and the correlation coefficient from the HFLAV Collaboration [198]. In the
top-right plot which shows points that not only pass all considered constraints but also satisfy Aa, within 3¢ (light-colored circles) or
20 (dark-colored other shapes) of the present best-fit value, we have magnified the scale and, at the same time, removed the results by single
experiments for better readability. For further information on how to read this figure, see Sec. VIC, in particular Fig. 15.

APPENDIX A: GROUP THEORY OF Dy, al—e B —e  aba=b (Al

In this appendix, we briefly summarize the main features of

the non-Abelian discrete group D7 [83]. Itis a member of the
series of dihedral groups D, that are non-Abelian
for n > 3. It has 34 distinct elements and contains ten real
irreducible representations: two singlets, the trivial singlet 1;
as well as 1,, and eight doublets, called 2; withi =1, ..., 8.
All these eight doublets are faithful. The group D;; can be
described, like the other dihedral groups, with the help of two
generators a and b which fulfil the following relations:

with e denoting the neutral element of the group. The
representation matrices a(r) and b(r) of the two generators
a and b read in the different representations r,

a(ll) = b(l]) =1 and a(lz) = 1, b(lz) = —1,

(A2)

as well as

075014-56



FLAVOR ANOMALIES MEET FLAVOR SYMMETRY

PHYS. REV. D 108, 075014 (2023)

a(2) = (w(i;7 a);‘i> and b(2;)= (? (1)) (A3)

where w5 is the 17th root of unity, w; = ¢T'. In this model,
we only make use of the doublets 2, 2,, 23, and 24. The most
relevant Kronecker products and Clebsch-Gordan coeffi-
cients are presented in the following. The latter have a
particularly simple form in the chosen basis. Assume a
and b are singlets, ({)), (j;) are doublets, then we have [83]

11 X 11 cab ~ 11, (A4a)
11 X 12:(1b ~ 12, (A4b)
12 X lz:ab ~ 11, (A4C)
acy
11 X 2i: N2i, (A4d)
acy
acy
12 X 2i: ~2i, (A4e)
—ac)
cid;
21X21:C1d2+C2d1~11, ~22,
Cody
Cldz - C2dl ~ 12, (A4f)
d d
21><22:<C2 ‘>~2l, <cl 1>~23, (Adg)
c1d, cody
. c1d,
22X22.C1d2+6‘2d1~11, N24,
C2d2
C1d2 - C2d1 ~ 12, (A4h)
d d
21><23,:<C2 ‘>~22, (Cl 1)~24, (Adi)
c1dy cordy
d d
22X23:<02 1)"‘21, (Cl 1)"‘257 (A4.])
ci1d, Cardy
cid;
23X23:C1d2+6'2d1~11, ~26,
Crdy
C]d2 - C2d| ~ 12, (A4k)
crd cd
21x24:< : 1>~23, < ! 1>~25, (A4))
ci1d, Cady
d d
22X24:<C2 1>N22, <C1 1>N26’ (A4m)
ci1d, crdy
d d
23><24:<C2 1>~2l, (cl 1>~27, (Adn)
Cld2 C2d2

24 X 24:C1d2 +C2d1 Nll,

d
(01 1> ~2
c2dy

We note, furthermore, that the Clebsch-Gordan coefficients
for combinations, involving conjugated fields, look slightly
different, since the generator a is chosen as complex matrix
in the two-dimensional representations 2;, although all
these representations are real. For a being a singlet and
(e), (2) being doublets, the combinations involving ¢} ,
read e.g.,

C1d2 - C2d1 ~ 12. (A40)

cya
2ix11:< 2 )Nzi, (A5a)
cla
2 x 1, < c2% > ~2 (A5b)
—cja
cydy
21X21:CTd1 +C§d2~11, . N22,
C1d2
cidy — c3dy ~ 1, (A5c)
. Cle C;dl
21 X 22 . ~ 21, ~ 23. (ASd)
C;dz Csz

The general form of the Kronecker products and Clebsch-
Gordan coefficients can be found in Ref. [83].

APPENDIX B: RELATIONS BETWEEN
LAGRANGIAN AND EFFECTIVE PARAMETERS

Here, we collect the relations between the Lagrangian
parameters and the effective ones, appearing in the charged
fermion mass matrices and LQ couplings assuming real
parameters.

The effective parameters f;;, appearing in the up-type
quark mass matrix in Eq. (21), are related as follows to the
Lagrangian parameters a':

fu=aj,

fio=a4 4+ a2 + (o) 22 + a3 10 + a2’ + alfg2®
+ a4y A + A AT + A,

f13 = a2 + als + Al d + a2 + s A+ alg At

Sfar = afy,

oo =as+ atd? — () 2% + all® + a§2® + oty A
+ (alg) 2 + () 2,

fa3 = o + (afy)' 2 + (atfg)' 2° + ajpd'”,

f31 = ag, + ags,

[ = a4 + a2 +al\ 2 + s,

U u 710 u 710
[ =af +a5,A" + a554™".

(B1)
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For the effective parameters d;;, used in the down-type
quark mass matrix in Eq. (31), we have as relations to the
Lagrangian parameters o,

dyy = af + add’ + 28,

dip = af + (a§)'2 + (af3) 2 + afed + a5,4* + agsh,
dyy = ad? + &y + o A+ a2 + a3 + ady 24,

dy = ag,

dyy = af + (afy)"2 + (afs)'2° + 5,21,

dys = af + (a)' 2’ + (af ) 2° + 532",

d3 = afs,

dy, = af + a7 + a5y,

dz3 = af + a A0 + adg 210, (B2)

Likewise, we find for e;;, the effective parameters con-
tained in the charged lepton mass matrix M,, see Eq. (42),
that they are expressed in terms of «f, appearing in the
Lagrangians in Eqs. (40) and (41), as follows:

el = a§ + il + agld,
— e

612 - a]z’
ey = afy + A, A% + al, 23 + a4t

21 1 17 2 2347
exn = a5 + (a§)' A + a§32° + a5, 410,
er3 = af + afpAtt + a§ 2% + a5Al0,
€3 = a5 + a4+ a5 d + a4 + o,
exp = 05 + afg/lg + 050/16 + a§5/18,

ey = af + a5, 4" + a5, 210 (B3)

We continue with the relations between the effective
parameters @;;, appearing in the LQ coupling X, see
Eq. (48), and the coefficients SF,

ayy = P§A+ oA + Pigh® + P,

&12 = (ﬂ%o)/’

Ay = P + PEA+ P12 + Pish + PloA* + P54,
ayy = P + (BE) 2+ ()2 + (B5) 7.

dy = ﬂ% + ﬁlell + ﬂ%ﬂg + ﬂ%sflm’

a3 = PEA* + P + Plad + PLAT + PLA + oA
az = 5 + (B5)'F + (B13)'2° + B3,

azy = PL + 520 + p5al0. (B4)

For the LQ coupling §, found in Eq. (51), we define the
effective parameters Bi ; in terms of the coefficients PR as

by = B5 + B,

by = By + BRA® + BRoA + BRAZ + P,
bz = B+ PR A2+ pRA% + B,

by = B§.

by = R + BRI + BRC + RS,

byy = B + BEI + B0 + BEA°.

lA73l = ﬁll% +ﬂ§2’

by = B + p5A10 + pA°,

bz = P + PEX° + pEA* + pEAT. (B5)

The effective parameters a;; in the LQ coupling X, given in

. , read in terms of the effective parameters a;;, d;;,
Eq. (52 din t f the effect t ij» dij
and e;;, as follows:
_ A 3
ay = ay +o(4),
iy — apeqiey | anzdpejiey | aneyeren
2= 2 2 2
€2 dyzex, €32€33
_ azzdyser e e + 00
2 9
dyzexes;
apeqiey | azeqeren 2
ap=-—"; + 7 + 04,
22 22€33
ay = ay + O(4),
dy dz3ex3 azen;
_ A 3( 4 2
g = ap == | do3 — - +O(4%),
33 €33 €33
N ds3ens 2
a3 = Gy ——— + O(X°),
€33
dui = & andy, axd;z  apdipdys + (’)(l)
31 = a3z — - )
dy ds3 dyds3
A a33das 2
s = a3y == +O(2),
33
_ A 2
as; = as + O(4%). (B6)

Similarly, we can express the effective parameters c;; in the
LQ coupling z in Eq. (53) in terms of &;;, e;;, and f;; and
find for scenario A,

075014-58



FLAVOR ANOMALIES MEET FLAVOR SYMMETRY

PHYS. REV. D 108, 075014 (2023)

e = ap + 0(4%),

cp = a11f12 + (9( )

fzz
e = _5123611621 aszeri€z1€23 + oM
e%z 632633
S .
€ = (033323f23 — ayenf
923f22f3%
~ 2
—apenfsz + anessfsz) + O47),
ape ayze
Cyy = ligy — 32623 by — 33623 @—k(?(/lz),
€33 e3 ) [33

A dszens 2
Cy3 = dp3 -4 O(/{ )a
€33

f12(a33f23 - 032f33)
Sf2f3

Cyp = &32 - —a?i23 + O(ﬂz)a

+ O(2?),

€31 =

33 = Ay + O(2%). (B7)

The effective parameters b;; in the LQ coupling y, found in

Eq. (56), are for scenario A in terms of b,], ij» and fj,
by = by + o(P),
by = 312 _ 1;22621 _ ];32631 + 1332621632 + O,
€2 €33 €22€33
~ b
biz=by3— E=ie o),
€2
byt — byufiifia | bnenexsfiifi
21 — = 2 2 2
I e/
bye
32 32f;1f12+0(/1)’
e33f3)

s b
byy = by — 32(6223232+ e3€33) +OMR),

€33
b23 - [;23 + 0(14),
b
by = — 32f§1f12+0(/1)’
/2

by = by + O(29),

A b
bz = byz + 3;3][32 + O(2%). (B8)

APPENDIX C: FORMULAS FOR
PHENOMENOLOGY

We use the Warsaw basis [199] for SM effective field
theory (SMEFT) and the JMS basis [106] below the
electroweak scale for LEFT.

1. Correction to charged lepton masses

The LQ contributes via its couplings to the charged lepton
self-energies. This results in a correction to the charged
lepton masses, which is approximately given by [109]

1 1
m, = mm(l TR VS +—2§R> +3ER(C1)

27" 2

in terms of the self-energies XY i, where X, Y € {L, R} label

the chiralities of the charged leptons and i, j the lepton
flavor. It can be compactly rewritten as

3

3 *
mgee - @ =1 <mlt/yijzijIO(1’ tu‘,-)

mei -

1
el + P (1,1

, (C2)

where ty is defined in Eq. (71). After removing the UV
divergences using minimal subtraction, the loop functions
take the simple form,

1
Zo(x,y)=1+Inx+ylny, I,(x,y):§+lnx—y. (C3)

The last terms of the loop functions Z, and Z; are only
numerically relevant for the top quark and can be neglected
otherwise.

2. Leptonic processes
a. Effective interactions at one-loop order

The relevant effective Lagrangian using the JMS
basis [106] reads

LD CVHL (@' Pre;) (e, Pre))

ce.ijkl
+ CYRR (@ Pre;) €y, Prer)
CZeLszkl(eiy”PLej)(e_kVyPRel)
+ [COX% i (€iPre;) (€xPre;) + H.c]

+[Cl (e ;0" Pre;)F,, +H.c.l]. (C4)

Note that some of the Wilson coefficients contain redun-
dant indices. We define the covariant derivative in QED
as D, =0, + iQeA,, following the convention in [106].
We use FeynRules [200], FeynArts [201], FormCalc [202,203],
Package-X [204], and ANT [205] to evaluate the amplitudes
and match the result to the operator basis. The Wilson
coefficient of the dipole operator is given by
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ij e * *
Cor == 32ﬂ2m§5 Z{(meiyimyjm + mszimzf’”)
m

X [fS(tum) - 3fF(tu,,,)}

= M, 2 iml95(t,) = 39 (1)) | (C5)
~ € * *
T 2 (endin i

2y, (T 4+ 4101, ) (C6)

where e = |e| is the unit electric charge. The relevant loop
functions are given by

x+1 xInx

fs(x) = 4(x — 1)2 _2(x_ 1)3 ’
x2—5x-2 xInx
Fr) = Ha -1y Pan-
1 Inx

950 = T T o

x—3 Inx
gF(x) = 2(x _ 1)2 + (x _ 1)3 . (C7)

The contributions to the four-lepton interactions can be
split in different parts. The Higgs-penguin contributions are
suppressed by the small charged lepton masses and thus,
negligible. The Z-penguin contributions are given by

3v2Gp(1 = 253
VLL.Z __ F W
Clriil = o Zt 1+1nt, )

X (6i,zzmzl,-m + 6,2 mZim

+ Oz Zm + 5jk22‘mzlm), (C8)

3v2G s
CZeRzI;é 2”2 Wztum(l + In tum)
X (éizyzmy im T 0ijYimYim
+ OuYimYjm + 5j1<)’7m)’1m>’ (C9)
_3V26
VLRZ _ F
Cee ljkl 1671' Ztum +In tu
m
X ((1 — 25%)81Y i Vim + 2S3v5k12?mzjm)7
(C10)

where G5 denotes the Fermi constant and sy, = sin 6y the
sine of the weak mixing angle, 0yy.

The short-distance y-penguin contributions are given by

04
U511 = g 36+ 41010 (i
m

+ 61z Zjm + 6ijZkmZim + éjkz;*mz;m) , (C11)
CZSS}ZI aem 2 Z (5+4Int, (5i1y1*<my i
+ SkYimYjm + 61 Y imYim + 5jk)’?m)’1m>7 (C12)
VLR — “"m o Z +4Int,
X (5,~,~y7§myzm + 5kzZ§‘mZ,~m), (C13)

where a.,, denotes the fine structure constant. Finally, the
box diagrams also contribute to the four-lepton operators,

3
CVH™ = — N 22 (22 + ZimZ).  (C14)
i 2 2 m<ln k k
ee,ij 25671' m¢; J mm~km im*~kn
3
VRR box __ % S
ee,ijklOX = 2567r2m%¢ ;yjmyln(yin)’km + VimYia)s  (C15)
VLR.b
Cee ljklox = 64r 2m2 Zylnzjmykn Zim+ (C16)

m,n

b. Radiative charged lepton flavor violating
decays e; — ¢jy
The BR for ¢; — e,y can be expressed in terms of the
dipole Wilson coefficients,

3

BR(e; — ejy) . F

T (ChP +[cgP).  (c17)

where I', denotes the full decay width of the charged
lepton e;.

c. Dipole moments

The electromagnetic current of a particle of mass m
coupling to a real on-shell photon can be parametrized in
terms of three form factors F;, see, e.g., Refs. [206,207],

(P O)p2) = w00 [P+ o) o
SRS ue). (€19

where g" = pY| — p5. At zero squared momentum transfer,
q = (0, the form factors can be identified with the electric
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charge eF(0), the AMM a = F,(0), and the EDM
d = —eF3(0)/(2m). Taking into account the definition
of the covariant derivative, we find for the contributions
of the dipole operator to the AMM and the EDM of the
charged lepton e; with F;(0) = —1,

d, =2Im(Ci),  (C19)

4m,. -
a, = Te'Re(C’e’,),
respectively.

d. Trilepton decays e; — ejeie,,

We have recalculated trilepton decays due to discrepan-
cies in the literature [205,208] and make use of the
recent calculation in terms of LEFT [209] and earlier
Refs. [130,210]. Note there are no redundant indices in
Ref. [209], and thus, there are additional symmetry factors.

The BR for e; — ¢;eje; is
me VLL2
BR(e; — ¢je;e;) = ——4—— | 16|C
(e; — ejeje;) 3(16n)°T, { | |

+ 16|CVRR|2 + 8|cVLR|2 + 8|cVRL|2

2562 (. m: 11 ; .
252 (-1 ek + i)

e; e;

64e

m,,

i

Re[(ZCVLL + CVLR)CQ*
+ (2CVRR 4 CVRL)CLQ]} , (C20)

where the coefficients in the decay rate are given in terms of
the Wilson coefficients,

CVLL _ CVLL CVRR _ CVRR
=2 ee.jijj’ =2 ee.jijj’
CVLR _ CVLR CVRL _ CVLR C
 Yee,jijj° — Yee,jjji* ( 21)

The BR for ¢; — ¢;eiey is

5

my.
BR(e; = e;erer) = “ [8|CV“‘|2

3(16x)°T,,

+ 8|CVRR‘2 + 8|CVLR|2 + 8|CVRL|2
2562 [ m2 ; »

+= <1nmzf—3>(|céy|2+ C& )

J

64 .
— eRe[(CVLL + CW‘R)C{»;,*

my,
+ (CVRR + CVRL)CZJ};]:| ; (C22)

where the coefficients in the decay rate are given in terms of
the Wilson coefficients,

CVLL — 4CvLL CVRR — 4cVRR

ee,jikk’ ee,jikk’
VLR _ VLR VRL _ ~VLR
c - Cee.jikk’ c - Cee,kkji' (C23)

The BR for ¢; — eiege; is

5

ne, |:16|CVLL|2 + 16|CVRR P

BR(@I- - ekeke_j) = W

+ 8|CVER? ¢ 8|CVRL|2:|’ (C24)

where the coefficients in the decay rate are given in terms of
the Wilson coefficients,

VLL _ VLL VRR _ VRR
C - 2Ceekikj’ c - 2Cee,kikj’
VLR _ VLR VRL _ VLR
C - Cee,kikj’ C - Cee.kjki' (CZS)

The Higgs-penguin contribution is neglected, because it
is suppressed by small charged lepton masses, and thus, no
scalar operators are induced at leading order.

3. Semileptonic processes

a. Effective Lagrangian

The effective Lagrangian relevant for semileptonic interactions is

LD Cl (er*Pre)(qr,PLq) + Cef®(er Pre)(qr, Pra) + Cig®(er* Pre)(qy, Pra) + Cyt®(qr, PLq)(er* Pre)
+ | C3R(2Pye) (aPra) + CEEL(2Pre) (aP L) + CLE¥ (20" Pye) (30, Pra) + Hie

+ CUrE oy Prv)(qy,Prq) + Cyf R (oy* PLv) (G, Pra)

vedu vedu

+ {CVLL (D}’MPLé)(C_Z}/”PLM) 4 CVLR(D}/MPLe)<EZ}/”PRM)

+ CSRR (DPRe)(c_iPRu) + CSRL (DPRe)(C_iPLM) + CTRR

vedu vedu

vedu

(00" Pye)(do,, Prut) + H.c.} ,

(C26)
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where the first three lines describe neutral-current inter-
actions between charged leptons and quarks, the fourth line
describes neutral-current interactions between neutrinos
and quarks, and the last two lines describe charged-current
interactions. The flavor indices are suppressed in the above

equation. In the following discussion, they are indicated as
subscripts, e.g., Cyrby (€ Pre;) (qer Pra))-

The dominant RG corrections are due to QCD. Their
correction at one-loop order to the Wilson coefficients of

operators with two quarks and two leptons is described by
€Y (= my) = CY¥7 (= my).

(m)]
ag(m 5)
CSXY(ﬂ — mb) _ |:a. (m;):| £

as(my) %
s\Mg) |50 ~sxy,
X |\—F o C H=ny),
|:as(mt):| ( /)

™ =my) = [%Fgﬁ

x [%]w C™ (= my), (C27)

where X,Y € {L, R} denote the chiralities of the fermion

bilinears. The Casimir invariant Cp and ﬁéﬂf) that
parametrizes the one-loop RG equation of the strong
coupling are

Cr=(N2=1)/(2N,)=4/3, B =11-2n,/3, (C28)

with N, = 3 colors and n; flavors.

b. Tree-level matching

Here, we provide the matching to relevant operators
in LEFT at tree level. At this level, the interactions of
the LQ ¢ induce Wilson coefficients with two quarks and
two leptons. The nonzero Wilson coefficients for neutral-
current interactions are given by

*
vir  _ Zil%ik
eu,ijkl — 20

2m4,

*

CVIL XjiXik

vdijkl = T~ 3
2my,

vRR _ YikYji SRR _ ZikYjl
eu,ijkl 2m§) ’ eu,ijkl zmé ’
*
ree L2 (C29)
eu,ijkl 4 27’)’15)
and the ones for charged-current interactions are
*
CVLL _ _xikzjl
vedu,ijkl — 2m2 ’
¢
X5y
CSRR ikl
vedu,ijkl 2m2 ’
[
1x5yi
TRR g = (C30)

vedu,ijkl — Z me
¢

For the charged-current observables, involving the b — ¢
transition and defined in the following, the RG running of
the contributions to the Wilson coefficients due to the LQ ¢
between the scale, set by the LQ mass, and the hadronic
scale, u = up = 4.8 GeV, is accounted for as

1.016, 1y =2
Cyﬁzﬁ,ﬁ(ﬁz(/‘z}) 1018, s —
CVLL ~q 1018, sy, =4 5,
ved a2 1.019, iy =6
1.675, iy =2
C§§£A,/)’a32(ﬂ3) 1736, i, —
(SRR ~q 1736, Ay =4 5,
vedu,fa32 1770’ ﬁ’l¢ S
0.860, m, =2
) ¢
CZﬁiﬁ,ﬁaﬁ(”B) 0852 1, —
—RR R 852, iy =45, (C31)
Cuedu.ﬁ(l32 ~
0.848, 7y =6

where the numerical values have been extracted using the
wilson package [100].

c. R(D™))

We define
) 0.500, a=1
G2~ |4 0500, a=
p=1 1.000, a=3
0.596
+{ 0.593 3 |CSRR
1.120

|(148) - 2V2G RV bap = YLk ()

2
vedu,pa32 (HB)‘ + 0.272 CZﬁlﬁ,/}(ﬁZ (”B)’

‘ 2

0.272
2

0.662
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0.000
- 0.079
1.563

0.000
—< 0.084
0.959

and

, 0501, a=1
G ~ Z 0.499,

p=1 1.000, a=3

0.039
+ ¢ 0.039
0.053

0.000
— ¢ —0.012
-0.139

—0.001
- ¢ —0.261
-5.620

Here, o (f) denotes the flavor of the charged lepton
(neutrino) in the final state. The numbers in the first
(second) [third] entry of the vectors in curly brackets
encode the hadronic form factors employed by FLAVIO
[62-64] (since v2.0), and the integrated-out phase space for
a =1 (2) [3]. These numbers can be compared to the ones
that are found in Ref. [211]. The correction 8, 6 = 0.007,
accounts for QED running of the SM contribution to C/:L
from the Z boson mass scale down to the hadronic scale,
u = pup = 4.8 GeV. We use the best-fit value for V., from
the PDG, V., = 0.0405 [98]. These general formulas then
constitute R(D) and R(D*),

R(D)  GY
R(D)syy G5+ GP’
R(D*)  GY

(C34)

R(D*)gy G2 +GP*°

Using the values R(D)qy; =0.297£0.008 and R(D* )gy =
0.245 +0.008 given by FLAVIO, v2.3, we find that the
results obtained from the expressions above deviate from

Re ( ((1 +6)- 2\/EGFVcbéocﬂ - Ct‘//eLdez.ﬁaSZ(ﬂB)) CZZiiﬁTﬁaﬂ(/"B))

@ =2 §|(146) - 2V2GrV ey = CLLks s bn)

Re( (14 6) - 2V2GsVeybip = CVLE 1) ) CTRR i) )

Re(((146) - 2V2GV.bep = CVLk s ) ) CERR 50 (1n))

(C32)

:

6.372

2
Cffzﬁi,/msz(ﬂz;)‘ + < 6.364
15.347

CTRR

2
vedu,fa32 (luB) ‘

Re( (1) 2V2GrVarbup = Clit s () ) CER k)

(C33)

those obtained from FLAVIO only by up to 0.5% in the
ranges of R(D™*)) displayed in the plots.

d. R/ and R%*

Similarly to R(D™*)) in Appendix C 3¢, these observ-
ables can be calculated using Egs. (C32) and (C33),
such that

I'(B— Duv) G2
Ry =——— =2 C35
b T(B - Dev) GP (C35)
and
I'(B - D* GP*
gein - LB = Der) G (C36)

D* _F(B N D*/HJ) - GzD* .

e. Leptonic pseudoscalar meson decays B, — v

A pseudoscalar meson By, constituted by a bottom quark
b and an up-type quark u;, decays into a tau lepton and a
neutrino with a rate [98,212],
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2

FBk—>‘w = ]
T By

where

G m2\2
_FmkaZBk|Vukb|2m% <1 - m; > Z

1 2

& _
Cuedu,ﬁ33k(iu3> = Cz‘//eLd%t,/}%k(/‘B) -

(1+96)- 53/} T A A~ Cfedu./)’33k(//l3) s (C37)
p=1 2\/§GFvukb
2
B, SRR
Cve u HUB)- C38
mT(m”k(:uB) + my,(ug)) d ,ﬁ33k( B) ( )

mp, and fp are the mass and decay constant of the meson, respectively. The correction 6 = 0.007 accounts for QED

k
running of the SM contribution to C

From Eq. (C37), one may define

-2

VLL
vedu

r¢ _G_%"m f2 V2
BC_S]T B.J B,V cb

(1

+68) Sy ———
N TR

from the Z boson mass scale down to the hadronic scale, y = up = 4.8 GeV.

1
¢
Cuedu,ﬂ332 (us)

_a +5)2>, (C39)

which vanishes in the absence of contributions to B, — 7v from the LQ ¢. Then, rearranging Eq. (87) yields the following

inferred SM contribution to the B, lifetime:

1 G AN 1 2 -
SM = | 5 — oL my f3 V2, m? ) (D40 sy —(1+6)? C40
B, ;p 87 .S B. Y ¢cb m%;[ — ( ) 38 2 \/iGFVcb vedu,/;’SSZ(:uB) ( ) ( )

We require that the result for r%lz’[ lies in the interval [0.4,
0.7] ps, following the estimate in Ref. [125], at the 1o level,
and neglect all other uncertainties against the broadness
of this range. Furthermore, we use the PDG values
rg‘p =0.510 ps, mp_ = 6.2745 GeV, m, = 1.7769 GeV,

Ve 2 0.0405 [98] as well as fp = 434 MeV [213] and
the quark masses m,(ug) = 0.9023 GeV and my,(ug) =
4.0945 GeV, as output by FLAVIO, v2.3.

f. B> K*w
The BR of the decay B — K*)+ invisible is normalized
to the SM prediction in the ratio R*, . As C;;* is not
generated at one-loop order in the SM, the decay
B — K"up is dominated by C}fL) . In contrast to the
SM case, the flavors of the neutrinos do not have to

coincide for the contribution due to the LQ ¢. Following
Ref. [138], we obtain

RS V23 ?
Ry = 3 Z Oup + CVLL (C41)
apm vd23,SM
We use C)1%; g ~ (1.01 —0.02i) x (10 TeV)~2, which is

the value given by FLAVIO, v2.3, see also Ref. [214],
converted to the JMS basis and evaluated at the hadronic
scale, y = ugp = 4.8 GeV.

g. Relevant Wilson coefficients for b — se;e;

The relevant Wilson coefficients for b — se;e; at one-
loop order can be obtained from equation (A.6) in Ref. [76],

1
VLL
Ced 1123 647‘[2 2 mezxm3zjnzm
L V2Gr
161 L2 V;ksvthjSZ;%tt’ (C42)
CVLR — 1 * *
de23ij — _764712’%2 mezxm)’jnym
m,n

V26 3
307 2F ViViypyit: <ln I+ 2> . (C43)
Note that the contributions from the up and the charm quark
have been neglected.

For lepton flavor conserving interactions, we have to
additionally consider the down-type quark dipole operator,

ﬁDC%@w%%WW+Ha (C44)
with the Wilson coefficients,
__ m2'xm3
57672 Z
Cor = "ﬂxm3 C4s
dr 5%%52,% (C45)
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These calculated contributions are used in the numerical
evaluation of the tertiary constraints in the comprehen-
sive scan.

h. u —e conversion rate

Not taking into account next-to-leading-order correc-
tions (in the loop expansion), we obtain at one-loop order
the following contributions in the limit of vanishing
external masses and momenta in addition to the tree-
level contributions discussed above. The short-distance
y-penguin contributions result in

VLLy _ ~VLRy
Ceq.ijkk - Ceq,ijkk
Qe

— _sz;mzjm(s +4Inz, ), (C46)

VRRy _ ~VLRy
Ceq ijkk — qu kkij

Q4e?

= G 2N in(3 H 4Nt

(C47)
where Q7 denotes the electric charge of the quark. The
Z-penguin diagrams generate the Wilson coefficients,

672G (T~ — 0452
cruty — OV ON) S (1),
ﬂ m
(C48)
62G Q1
czggki—wzz,mz,m (14mnt,), (C49)
6V2Gp(T; — Q152
cvirz _OVIOHT: —QUSw) S oy ),
167 —
(C50)
6 2G04
crmz — V20K swz Vi vt (111 ).
(C51)

For up-type quarks, there are no contributions from box
diagrams. For down-type quarks, there are only box
contributions to vector operators. Thus, for 4 — e conver-
sion, the only relevant contributions are to vector operators
with down quarks. These are given by, neglecting all
Yukawa couplings apart from the one of the top quark, y,,

t
CVELbox z e szZJm \/EGFx?kxjk re Wi yizazs [ 1 ty In 3"
echijik 64n>m 1622 VY ma2md =ty (1, —ty)?
\/_GF tw(twlntw—tu lntu )
167[ zm: Zlmxjkvu dk + 'xlkzijumdk) tW _ tum
L V2Gr £y Inty twts, Int, twi, Int,
2 szzjm U, dye MndA + (CSZ)
16 m,n ([Mm - tW)(tu,, - (ZW - tu,,,)(tun - tum) (ZW - tu”)(tum - tu”)
CVLR box Z |xnk| yzmy]m |thk|2yt2yj3y;f3 1 _ Z%V In tw (2IW - l,)lt In 1,
de kkij 6471'2m2 64ﬂ2m§, tw — 1, (tW _ tt)2 (fw _ tt)2
Ll ty Inty t,, Int,

_ Z \/EGFVumdk V:ndkyi*nyjmtwtu,,, tun
8ﬂ'2 ([W

m.n

- [um)([W - tu,,)

N t, Int, ]
(tW - tun)(tum - tun) .
(C53)

(tW - t“m)(tun - tum)

The u — e CR can be obtained from the effective Lagrangian following Ref. [132],

Ce 12 ~ ~
@Dcony = | — ﬁl) + gE,I;)S(p) + g<LpV)V(p> + (p - I’l)
u

with the effective coupling constants,

+]-

2

C*
—L2D + G S®) + GV + (p - n)

. (C54)
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SRR
Ceq 12ii + Ceq 1211)

gLS — ZG‘L

~(N) _ 2 : 4N ( ~SRRx SRLx*
9rs = GS (Ceq 21ii Ceq 2111)
i
~(p) VLL
gLV 2<Ceu T Co 1211) ( ed1211 + Ced1211)
~(p) VRR CVLR
QRV 2(Ceu 211 T Cuel 1112) ( ed121] Cie. T12)
( ) _ (~VLL VLR VLL VLR
Irv = (Ceu 1+ Cou D) + (Ced o+ Cod 211)
~(n) VRR VLR VRR VLR
Jry = (Ceu 211+ Crel ) + (Ced1211 Cie. 112)s

(C55)

with N = p, n. In the numerical analysis, we use the
nuclear form factors G?’N given in Ref. [133] and the

overlap integrals D, S™) and VV) as well as capture rates
@ Presented in Ref. [132].

4. Z decays to fermions

For calculating the contributions to leptonic Z decays
due to the LQ ¢, we follow the procedure of Ref. [139].
To parametrize these effects, we consider the
effective Lagrangian for the Z boson interaction with a
SM fermion f;,

z __ 9 T ij
L= cosom Zj:f g} P+ g} PRlfiZ,. (C56)
where ¢ is the SU(2) gauge coupling, and
glf;jL(R - ng 8" + 5gfL(R (C57)

At tree level, the SM effective couplings are given by

9, = T} — Of sin Oy,

9y, = =0/ sin* Gy, (C58)
where Qf is the electric charge of the fermion f, and T4 is
its third component of weak isospin.

For the remainder of this appendix, we focus on the
interactions with charged leptons, i.e., f; = e;. At higher
loop order in the SM, these couplings are modified by
factors p, = 1.00937 and sin® . = 0.231533 [98],

M = /77 (T4 - 07 sin® Our )

gle;’[ = —\//?Qf $in? O (C59)
The contributions to the effective couplings for Z — ff are
calculated in general for scalar LQ models in Ref. [139].
We refrain from detailing these results here, but instead
recast the dominant contributions in the context of
this model.

For charged leptons, to contrast with existing constraints,

we note the relation of the effective couplings gjfL(R) to those
for vector and axial-vector interactions,
Yoy = geL + g (C60)

In this model, charged leptons couple solely to up-type
quarks and an enhancement via the top quark mass yields
the following dominant contribution:

Nc tt(tt_l
¥ 322 (t,—

—1Int,)
1)2 : (|Zi3|zi‘|yi3|2)-

(C61)

6922\( = 59@,,\ (V)

Note that the dependence of the SM value on sin® 6,4
motivates the consideration of the future sensitivities of
collider experiments, as listed in Table VIII. Prospective
sensitivities are quoted from Ref. [109], where they have
assumed that the measurements of g, are improved by the
same factor as sin” O, and 9e,, provides the more sensitive
probe to new physics than g, .

APPENDIX D: SUPPLEMENTARY
INFORMATION FOR SEC. V

In the following, we briefly discuss current constraints on
and the projected sensitivity of future experiments to
contributions to the magnitude of the Wilson coefficient
CRR a5~ It constitutes the dominant contribution to the
observables R(D), R(D*), and 73" in this model. According
to Egs. (C30) and (C31) in Appendix C3b, we find
Cfedu 3332 ~—1 7x33y32/(2m¢) -1 7a33b32/(2m¢) at the
hadronic scale, u = up = 4.8 GeV. Note the following
statements are directly inferred from the primary scan, which
is discussed in Sec. V. A comparison with the comprehensive
scan, see Sec. VI, only reveals small deviations from the
results described below for i, = 2.

As can be seen in the top in Fig. 25, the achievable
deviation of R(D) and R(D*) from their respective SM
values grows linearly with the magnitude of CJXF ...
Only for |CSRR 15, 2 0.2/TeV?, a slight deviation from
this trend becomes visible. This confirms that the con-
tributions to R(D) and R(D*), which are linear in the
Wilson coefficient, since they arise from the interference
with the SM contribution, see Egs. (66) and (67),
dominate for smaller values of the LQ couplings.
These plots also conveniently illustrate that the anomalies
are mainly driven by the experimental data for R(D™*), that
is, explaining R(D*) at the 206(lo) level requires
|szedu 3332/ 2 0.2(0.3)/TeV>.

The center-left plot in Fig. 25 evidences that a correlation
between the AMM of the muon, Aa,  |by3ca3/, and the
Wilson coefficient, [CoXF 5.0 | o |as3b3,|, only arises after
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FIG. 25. Current constraints on and future sensitivity to |Cf§£4,3332|. The Wilson coefficient is computed according to Egs. (C30)
and (C31) in Appendix C 3 b, and the displayed results hold at the hadronic scale, 4 = uz = 4.8 GeV. The plots reflect the findings of
the primary scan, discussed in Sec. V. The round points (geometric shapes) indicate that current experimental bounds are violated

(respected); see also Sec. VB 1.
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imposing the bound on BR(z — uy), BR(z - uy) «
|byscs3|? ~ |bazass)?. Indeed, the current constraint requires
that |C5RR .25)| $0.4/TeV? [114], and the upcoming
search for this process at Belle II [115] can strengthen
this to [CSRR ...,] $0.15/TeV?, see center-right plot. Note
that an efficient test of the capability of the model to explain
the AMM of the muon still requires a further refinement of
that bound, as is visible in the center-left plot.

Lastly, one can see that the inferred value of 73 is
slightly less sensitive to |[CSX% 125 | than R(D) or R(D*)
are. The distribution of generated sample points for /7, = 2
features a kink, which is localized at the upper boundary of
the colored region at |[CSRR .. | ~0.13/TeV?, due to the
experimental constraint on bs,, |b3,| < 2.6; see Table TV.
Note that |CSER .| 2 0.3/TeV? is necessary to have
BR(B,. — tv) exceed approximately 0.1.

APPENDIX E: SUPPLEMENTARY
INFORMATION FOR SEC. VI

1. Details of implementation of comprehensive scan

In the following, we present details of how the compre-
hensive scan has been implemented. First note that,
although the LQ couplings are sampled in the interaction
basis, they are input to SPheno in the charged fermion mass
basis, which avoids modifying the hard-coded fermion
masses in SPheno. As such, we use the unitary matrices L,

R, L,, R,, L,, and R,, extracted from the chi-squared fit
discussed in Sec. VI A, to perform this basis transforma-
tion. As mentioned in Sec. VA 2, the correction to the
muon mass arising from LQ contributions could be
corrected for by appropriately redefining the effective
parameter e,, in the charged lepton mass matrix M,; see
Egs. (42) and (43). Nevertheless, since this redefinition has
hardly any effect on the form of the unitary matrices L,
and R,, see analytic expressions in Egs. (44) and (45), it is
neglected throughout the scan.

Furthermore, we notice that we implement the model in
the comprehensive scan in a simplified version, considering
only one SM-like Higgs doublet that gives masses to all
charged fermions. As explained in Sec. II, the main reason
for having two Higgs doublets, H,, and H 4, is to facilitate the
search for a suitable flavor symmetry. The existence of these
two Higgs doublets is, however, not relevant for the
explanation of the flavor anomalies, observed in R(D),
R(D*), and in the AMM of the muon. As a consequence, the
suppression of the down-type quark masses and of the
charged lepton masses is no longer due to the VEV of H,,
being much smaller than that of H,, compare Eq. (13), but
becomes encoded in the effective parameters d;; and e;;, that
must be appropriately rescaled. Such a rescaling only
changes the magnitudes of these parameters, but not the
results for the unitary matrices L,, Ry, L,, R,, L,, and R,,,
since the latter contain ratios of d;, ¢;;, and f;, respectively.
Therefore, this simplification has no impact on the calculated

TABLE X. Spread of magnitudes of unhatted LQ couplings for viable points in comprehensive scan. Recall that
the effective parameters c;; are related to a;; via the CKM mixing matrix.

Spread of unhatted LQ couplings in comprehensive scan

gy =2 y =4 My =6
Parameter [min, max] Average [min, max] Average [min, max] Average
la] [0.23, 4.41] 2.32 [0.23, 4.41] 2.33 [0.23, 4.41] 2.33
la,] [0.01, 5.70] 0.75 [0.003, 7.59] 1.09 [0.001, 8.62] 1.03
a3 [0.001, 2.01] 0.19 [0.001, 2.63] 0.53 [0.002, 2.73] 0.51
las ] [0.08, 17.1] 3.12 [0.03, 23.9] 4.27 [0.03, 23.1] 4.10
|ax| [0.05, 10.6] 2.12 [0.03, 14.2] 3.27 [0.01, 15.8] 3.21
| [0.23, 4.40] 091 [1.60, 4.40] 2.34 [1.40, 4.40] 2.30
|as| [0.11, 38.3] 8.92 [0.07, 45.8] 10.2 [0.02, 59.8] 11.5
las,| [0.06, 5.31] 2.20 [0.02, 6.55] 2.41 [0.005, 8.94] 2.61
lass) [0.05, 0.73] 0.37 [0.02, 1.90] 0.85 [0.05, 3.62] 1.58
|by1] [0.22, 4.43] 2.33 [0.22, 4.43] 2.31 [0.21, 4.44] 2.32
|D15] [0.07, 48.1] 10.8 [0.12, 65.0] 13.1 [0.09, 69.2] 13.2
|D13] [0.007, 1.67] 0.43 [0.006, 0.70] 0.33 [0.004, 1.57] 0.65
1Dy ] [0.02, 13.3] 3.58 [0.02, 19.9] 3.70 [0.03, 19.6] 4.06
|b2] [0.01, 11.2] 3.63 [0.02, 15.5] 3.97 [0.01, 15.5] 4.20
|bys] [0.15, 0.80] 0.31 [0.18, 1.84] 0.38 [0.15, 3.48] 0.43
|b31] [0.21, 4.07] 1.63 [0.17, 6.08] 1.99 [0.15, 6.34] 2.10
|D3| [1.10, 2.60] 1.70 [1.00, 4.50] 2.23 [0.80, 4.50] 2.27
129 [0.03, 12.9] 2.68 [0.01, 11.1] 2.25 [0.02, 13.5] 3.02
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LQ couplings x, y, and z. In addition, considering only one
SM-like Higgs doublet allows us to simplify the implemen-
tation of this model with the computational tools employed.
We proceed as follows with sampling over the parameter
space consistently with the biasing, discussed in Sec. VI B:
(1) Sample ass, 532, and IA)23 using the biases for the
effective parameters in the charged fermion mass
basis; see Table VI and Eq. (101). Sample all other
effective parameters in the interaction basis, includ-
ing a,3 and 1313, with flat priors within the ranges
specified in Eqgs. (60) and (61).
(2) Transform these parameters into the ones in the
charged fermion mass basis using the unitary

0.45 T
* 2TeV !
4 TeV ! 35
0.404 x 6Tev |
¢ Anomalies E X 20
—— Current 4 :
0.354 - Future i , lo
a ..... SM 3
X
0.30 Ferereenens OO, > - A A Wevrierrrsve /IR
0.25 1
0.20 : .
1071 107° 1078 1077
BR(T = 17)
16 —
*  2TeV =
4 TeV 5
x 6 TeV = 1o
¢ Anomalies 20
10_9 4 —— Current P 30
-=-=-- Future
@1
<
*
10—10 | X X%
L X
X
10—11 . 3
10710 1077 1078 1077
BR(T — )

matrices L;, R;, L,, R,, L,, and R, extracted from
the chi-squared fit discussed in Sec. VIA.

(3) Check that the generated values of the effective
parameters a,3 and b5 satisfy Eq. (100), and that a3
and the cosine of the arguments of the latter and the
effective parameter b,; are within the prescribed
regions in Table VI.

(4) If any of the checks in step 3 fails, return to step 1;
otherwise, a valid set of effective parameters
is found.

The distribution of the magnitudes of the effective param-
eters in the charged fermion mass basis, output from the
comprehensive scan, is summarized in Table X.

0.35 '
* 2TeV [
4 TeV ! 30
X 6TeV i %
¢ Anomalies i
0.304 —— Current ! lo
g ===+ Future :
*Q ..... SM E
— i
S L
0.251.......... - oo T ...
0.20 : .
10710 107? 1078 1077
BR(T — uv)
1078

10—9.
o
<

10—10

Anomalies
Current
- Future Fhn
10114 % = vy s
—15 — P —
10 15 10 14 10 13 10 12

BR(1 — e)

FIG. 26. Constraining power and future reach of radiative cLFV decays in comprehensive scan. These plots show the results for the
BRs of the radiative cLFV decays 7 — uy and u — ey, plotted against the anomalous observables R(D), R(D*), and the AMM of the
muon. They can be compared with the corresponding plots for the primary scan, displayed in Fig. 8 in the main text. For further

information on how to read this figure, see Sec. VIC.
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FIG. 27. Additional plots for secondary observables in comprehensive scan. In the left plot, for g, / gM the red-brown shaded
regions represent the projected sensitivities from the ILC [110], assuming the present best-fit value [109,124] shown as red-brown
solid line. Furthermore, we show as future constraint on the EDM of the muon the one expected from the muEDM experiment [155]
(as an example for the frozen-spin technique). In the right plot, we present the projected sensitivities from Belle II for 5 ab~! for
BR(B — ) [112] as red-brown shaded regions about the current best-fit value [98]. For further information on how to read this

figure, see Sec. VIC.

2. Additional plots

In this appendix, we present some supplementary plots
showing the distributions of different primary and secon-
dary observables in the comprehensive scan. Figure 26
illustrates the correlation between BR(z — uy) and the
three different flavor anomalies as well as between BR (4 —
ey) and the AMM of the muon. These plots should be
compared with the corresponding ones, obtained in the
primary scan; see Fig. 8 in the main text. Observe the

TABLE XI.

effects of biasing in refining the sampled parameter space.
Other features and discussion of these observables can be
found in Sec. VID 3. In Fig. 27, we show two additional
plots for secondary observables, which complement the
discussion in Sec. VIF.

3. Tertiary observables

Table XI details the present experimental constraints
on the tertiary observables and the calculation method

List of tertiary observables and their present experimental bounds and calculation method in comprehensive scan.

Constraints quoted without explicit reference are taken from Ref. [98].

Calculation Calculation
Observable Present constraint method Observable Present constraint method
BR(B, — 1) 6.8 x 1073 Appendix C3 g AMy [AMM 1.11 £0.09 [215] SPheno
& FLAVIO ‘

BR(D, — ) (5.32+£0.11) x 1072 SPheno BR(D; — puv)  (5.43 £0.15) x 1073 SPheno
BR(K" — nfw) (1.74+1.1) x 10710 FLAVIO BR(K; — n'w) 2.6 x 1078 FLAVIO
Aa, et SPheno Aa, <0(0.01) SPheno
|d,| [ecm] <11x107% SPheno |d.| [ecm] <0(10719) SPheno
BR(B — X,7) (3.3240.15) x 107 SPheno BR(7 — ¢y) 33x1078 SPheno
BR(z — 3e) 2.7 %1078 SPheno BR(z — ppe) 2.7%x 1078 SPheno
BR(7 — eup) 1.7 x 1078 SPheno BR(z — jiee) 1.5x1078 SPheno
BR(7 — re) 8.8 x 1078 SPheno BR(7 — 7u) 1.1 x 1077 [208]
BR(z — ¢e) 3.1 x 1078 SPheno BR(7 — pe) 1.8 x 1078 SPheno
BR(z — ¢u) 8.4 x 1078 SPheno BR(r = pu) 1.2x1078 SPheno
geA/gf,M -1 (-3.19 £ 6.98) x 10™* [109] Appendix C4

*Presently, anomalies in Aa, indicate a preference for |Aa,| ~ 107!2 [163,164]. However, as the status of these anomalies is
unresolved (two separate measurements show deviations from the SM with opposite sign), we take this value to be a future reach rather

than a present constraint.
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TABLE XII.

Overview of spread of tertiary observables in comprehensive scan. We present a summary of the statistics reflecting the

distribution of tertiary observables: the minimum and maximum value generated for a sample of P points passing the primary constraints
together with the future reach. For values quoted from Belle II [115], these represent projections for 50 ab™! of data. Prospective reach
intervals illustrate the assumption that the best-fit value of the measurement stays the same. The future projection for BR(K; — 7°w) is
interpreted assuming a future measurement centered at the SM prediction. Note that we quote an extended number of decimal points for
BR(B — X,y) to show that a variation occurs at the third decimal point. Center dots (- - -) are used to indicate where a future reach could
not be identified in the literature.

Spread of tertiary observables in comprehensive scan

fy =2, P = 5955

fy = 4, P = 12570

gy =6, P =39807

Observable Future reach [min., max.] [min., max.] [min., max.]
BR(B, — 77) ~107° [216] [7.21,8.49] x 1077 [6.22,9.36] x 1077 [6.02,9.61] x 1077
AMy [ AM3M [0.96, 1.05] [0.85, 1.11] [0.66, 1.36]
BR(D; — uv)  (5.49 +£0.05) x 1073 [108] [5.45,5.46] x 1073 [5.45,5.46] x 1073 [5.45,5.46] x 1073
BR(D,; —» w) (548 £0.12) x 1072 [108] [5.28,5.36] x 1072 [5.30,5.34] x 1072 [5.30,5.33] x 1072
% 140.09 [217] [0.99, 1.02] [0.99, 1.02] [0.99, 1.02]
ﬁ?ﬁ:’fzm [0.96, 1.03] [0.98, 1.01] [0.99, 1.01]

BR(B - X,y) [3.290,3.292] x 10~ [3.290,3.292] x 10~ [3.290,3.292] x 10~
=g, /@M (3.19£0.041) x 107 [109] [-1.53 x 10713, 1.55 x 1071%] [-8.46 x 10714,7.77 x 107'°]  [-4.62 x 10714,7.77 x 107']
Aa, O(10712) [163,164] [-5.39,7.33] x 107! [-3.46,3.25] x 107! [-1.68,2.10] x 1072!
Aa, < O(1073) [218,219] [-1.28,1.82] x 1077 [-6.50,9.87] x 1078 [-7.29,8.76] x 1078
|d,| [ecm] <5 x 1070 [165] [3.66 x 1070, 1.18 x 1073']  [1.81 x 107%7,6.28 x 1073?]  [1.31 x 10738,3.30 x 10732
|d.| [ecm] <1077 [220] [430x 10726, 1.12 x 1072']  [3.25x 1077,5.10 x 1072%]  [2.77 x 10727,5.70 x 1072
BR(7 = ey) <9x 107 [115] [9.73x1071%,3.31 x 1074]  [2.08 x 1071?,6.24 x 1075]  [8.44 x 10720,3.33 x 1074
BR(z — 3e) < 4.7x1071° [115] [3.51 x 1072°,4.47 x 1071°]  [1.03 x 1072°,7.66 x 10717]  [4.74 x 1072!,4.01 x 1071°]
BR(7 — fipe) < 4.5x 10719 [115] [7.63 x 10721, 1.10 x 10716]  [3.34 x 1072,2.15 x 10717]  [1.38 x 1072!,7.79 x 1077]
BR(z — eup) <2.6x 10710 [115] [1.74 x 107°,2.71 x 1072']  [1.96 x 1072%,4.46 x 1072']  [8.11 x 1072?,3.20 x 1072!)
BR(z — jiee) <23 x 10710 [115] [2.45x107°,1.01 x 10727]  [8.78 x 1073%,9.98 x 10728]  [5.32 x 107%°,2.47 x 1072¥]
BR(z — 7e) <73 x 10710 [115] [1.71 x 1072,5.11 x 107°]  [1.08 x 1072*,1.00 x 10719 [5.55 x 10725, 8.78 x 1072)
BR(z — 7u) <7.1x 10710 [115] [4.70 x 1071°,1.09 x 10712]  [2.87 x 10720,2.29 x 10713]  [4.83 x 1072!,7.77 x 10~14]
BR(z — ¢e) <74 x 10710 [115] [1.26 x 10722,1.08 x 10717]  [5.49 x 1072*,3.80 x 107'¥]  [4.63 x 10725, 1.07 x 107'8]
BR(z — pe) < 3.8 x 10710 [115] [1.41 x10721,5.13 x 1077]  [1.57 x 10722,1.74 x 107'7]  [1.33 x 10723,4.94 x 10~'8]
BR(7 — ¢u) <84 x 10710 [115] [1.28 x 1074,3.52 x 107"]  [6.77 x 10710, 1.58 x 107™'1]  [1.38 x 107'0,4.97 x 1072
BR(7 = pp) <55x 10710 [115] [6.55 x 10714,2.61 x 10719]  [4.67 x 1071°,1.14 x 10719]  [8.44 x 1071¢,3.81 x 107!]

employed for each observable in the comprehensive scan.
Table XII displays a summary of the results for the tertiary
observables, mentioning the range for each of them
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